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The nuclear magnetic resonance spectra of N6-methoiyadenosine and of uridine, both methylated in the 
2’-, 3’- and 5’-positions to obtain solution in deuterochloroform, reveal the formation of hetero-associ- 
ates in which the amino-tautomeric equilibrium is shifted to the amino form. These results ar discussed 
in terms of the mutagenicity of 0-methylhydroxylamine which converts adenosine to N6-methoxy- 

adenosine. 
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1. INTRODUCTION 

N6_Methoxyadenosine, the product of interac- 
tion of the mutagen O-methylhydroxylamine with 
adenosine [l-4] is a base analogue promutagen in 
the phage T4 [5,6] and E. coli [7] systems, giving 
rise to A * G transitions. In the in vitro transcrip- 
tion of a synthetic matrix containing N6-methoxy- 
adenosine residues by DNA-dependent RNA 
polymerase, the N6-methoxyadenosine residues 
behave like adenosine and guanosine [fl], consis- 
tent with the existence of I@-methoxyadenosine in 
aqueous medium as an equilibrium mixture of two 
tautomers, imino and amino [9], as in scheme 1. 

We have shown elsewhere, with the aid of optical 
and NMR spectroscopic methods, that the tauto- 
merit equilibrium is markedly dependent on sol- 
vent polarity (in preparation). We report here 
observations demonstrating a shift in tautomeric 
equilibrium resulting from addition of a potential- 
ly complementary base, in this case uracil. 

2. MATERIALS AND METHODS 

p-Methoxy-2’ ,3’ ,5’-tri-0-methyladenosine 
was prepared by reacting 2 ’ ,3 ’ ,5 ’ -tri-O-methyl- 
adenosine [lo] with methoxyamine as reported for 
the preparation of N6-methoxyadenosine [2]. The 
preparation of 2 ’ ,3 ’ ,5 ’ -tri-O-methyluridine has 
been described in [ 111. It should be noted that the 
sole purpose of methylation of the sugar hydroxyls 
was to enhance the solubility of the two nucleo- 
sides in chloroform and, for purposes of simplici- 
ty, we shall henceforth refer to them as N6-meth- 
oxyadenosine and uridine. 

Scheme 1. Imino (left) and amino (right) forms of C’HCls (99.5 mol% ‘H) was obtained from 
N6-methoxyadenosine (R = ribose, actually 2’ ,3 ’ ,5 ‘- Merck (Darmstadt). ‘H NMR spectra were record- 
tri-0-methylribose), with the N6-methoxy group in the ed on a Bruker 360 FT instrument, with TMS as in- 
orientation syn with respect to the adenine ring N(1). ternal standard. 
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3. RESULTS AND DISCUSSION 

The ‘H spectrum of N6-methoxyadenosine in 
C’HCls at 30°C exhibits two sets of signals, all 
with identical relative intensities (fig. l), cor- 
responding to the presence of two tautomeric 
species, amino and imino, in dynamic equilibrium 
with each other and with comparable energies, but 
separated by an energy barrier such that proton ex- 
change between them is relatively slow on the 
NMR time scale at this temperature. The existence 
of the imino form, with the proton on the ring 
N(l), is testified to by the coupling constant of 3.5 
Hz between H(2) and the N(l)-H. Fig. 1 shows the 
assignments of the various protons for the two 
tautomeric forms. 

In solvents of low polarity, such as chloroform, 
N6-methoxyadenosine forms planar autoassociates 
via hydrogen bonding, readily followed by the 
changes in chemical shifts of the protons directly 
involved in such hydrogen bonding with changes in 
concentration and temperature. An increase from 
0.04-0.2 M is accompanied by marked deshielding 
of the N6-H of the amino form by 1.37 ppm, and 
of the N(l)-H of the imino form by 0.72 ppm. At 
the higher concentration, a decrease in temper- 
ature from + I JY to - 30” .Z leads to deshielding 
of the same protons by 1.48 ppm and 0.42 ppm, 
respectively. These results suggests that autoasso- 
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Fig. 1. ‘H NMR 360 MHz spectrum of N6-methoxy 
-2’ ,3 ’ ,5 ’ -tri-0-methyladenosine, 0.04 M in C2HCls at 
30°C. Chemical shifts are in ppm vs internal TMS. 
Existence of an equilibrium mixture of amino (A) and 
imino (I) species is shown by the presence of two sets of 
signals for not only the adenine, but also the sugar, 
protons. 

ciation occurs to a greater extent with the amino, 
than the imino, form. An increase in concentra- 
tion, or decrease in temperature, leading to an in- 
crease in the extent of autoassociation, results in 
an increase in population of the amino form (table 
1). Therefore, it is clear that planar autoassocia- 
tion occurs preferentially with the amino form. 

Addition to a chloroform solution of N6-meth- 
oxyadenosine of an equimolar amount of the 
potentially complementary uridine results in 
analogous changes in chemical shifts of the N6-H 
of the amino form by 0.68 ppm in a 0.04 M solu- 
tion, and by 0.1 ppm in a 0.2 M solution. By con- 
trast, the change in chemical shift of the N(l)-H 
of the imino form in a 0.04 M solution is only 0.02 
ppm, and in a 0.2 M solution is even negative, 
- 0.1 ppm. This points to preferential formation 
of heteroassociates between uridine and the amino 
form of N6-methoxyadenosine, with the proviso 
that, at higher concentrations, autoassociation 
becomes a competing process. The formation of 
heteroassociates with uridine is further testified to 
by the large change in chemical shift of the uridine 
N(3)-H, about 1.5 ppm. These findings, together 
with the failure of the imino form to heteroasso- 
ciate with uridine, are further supported by the 
results of “C NMR spectroscopy (in preparation). 

‘%e increas : of population ot the amino form is 
pardcularly marked (9Vo table 1) on formation of 

Table 1 

Populations of the amino and imino tautomers of 
N6-methoxy-2 ’ ,3 ’ -5 ’ -tri-0-methyladenosine in C2HCls, 
at two concentrations and two temperatures, in the 
presence and absence of an equimolar concentration of 
the potentially complementary 2’ ,3 ’ ,5 ’ -tri-O-methyl- 

uridine (tri-OMeU) 

Solveut Cont. Temp. Populationa (@/o) 
(M) (“C) 

Amino Imino 

C’HC12 0.2 +30 70 30 
0.2 -30 78 22 
0.04 +30 6i 33 
0.04 -30 76 24 

+ tri-OMeU 0.2 +30 79 21 
0.04 +30 75 25 

aPopulation were determined from relative signal 
intensities of both base and sugar (Hi) protons, and 
occasionally OCHs protons. Estimated accuracy f 2% 

129 



Volume 158, number 1 FEBS LETTERS July 1983 

heteroassociates with uridine. However, this effect 
is, also present with autoassociates (3-4%), due to 
the higher autoassociation of the amino, relative to 
the imino, form. Although the calculated values of 
the tautomer populations are subject to an error of 
about 2%, the reality of the shifts in tautomer 
populations, even when these are low, is testified 
to by the fact that an increase in population of one 
species is accompanied by a simultaneous decrease 
in the other. 

Establishment of the types of base pairing in- 
volved in these shifts in tautomeric equilibrium is 
more difficult. In scheme 1 the exocyclic N6-meth- 
oxy group is shown in the orientation syn with 
respect to the ring N(1). It may, however, also exist 
as the rotamer anti, or syn to N(7). For the imino 
species, the absence of association with uridine is 
consistent with the existence of the syn rotamer. 
With the amino form, on the other hand, 
Watson-Crick base pairing is possible with the an- 
ti rotamer, and Hoogsteen type base pairing with 
the syn rotamer. The change in r3C chemical shift 
of C(5) is consistent with the latter (in prepa- 
ration). 

The experimental demonstration of the effect of 
base pairing on tautomeric equilibrium is of ob- 
vious relevance to interpretations of the mutagen- 
icity of base analogues and, conceivably, of 
natural bases. The present findings are qualitative- 
ly consistent with the observation that, in tran- 
scription of a synthetic template consisting of a 
copolymer of dC with 17-33070 I@-methoxy-2’- 
deoxyadenosine residues, incorporation of uridine 
is lo-fold higher than cytidine [8], and suggests, 
furthermore, that at the polymer level the N6- 
methoxy group is oriented anti to N(l), under the 
influence of the enzyme [12], thus permitting of 
Watson-Crick base pairing. There are no data 
available regarding the orientation of such ex- 
acyclic groups in polynucleotides, but at the 
monomer level the syn forms shown in scheme 1 
are favoured, as detailed for such exocyclic N- 
methyl, ZV-hydroxy and N-methoxy groups in [ 131. 

Furthermore, in contrast to demonstrations of 
possible formation of enol and imino tautomers of 
natural bases by exhange of a proton between the 
bases of a complementary pair at the level of 
monomers [14] and polymers such as tRNA [15], 
the system described here provides a model con- 
sisting of two well-defined tautomeric forms in 
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equilibrium with each other. The corresponding 
I@-hydroxyadenosine provides an additional such 
system, as will be described elsewhere. Further 
studies are under way to examine the behaviour of 
the potentially complementary cytidine in this 
system, and the types of base pairing involved. 
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