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AGAINST THE Fe(I)(NG), GROUP IN SOLUTION. 1. PURINES: ESR STUDY
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The binding sites of purine bases in the presence of the Fe(I)(NO); group were investigated on the basis of the nuclear
hyperfine structure of the electron spin resonance spectra. Selective isotopic substitution with 1SNO was used to clarify co-
ordination. Coupling constants and different types of complexes were determined by means of computer-simulated ESR

spectra.

Comparison was made with the binding sites of nucleotides and it was concluded that N-7, in the imidazole ring, is the
preferred binding site. A structure with two base molecules bonded to the iron atom was proposed.
Finally € azaguanine, an antitumoral agent, was studied and the special behaviour of this antimetabolite was demonstrated

in the biologically-interesting pH values.

1. Ii :roduction

EZ=R spectroscopy provides the opportunity to get
a deeper insight into the co-ordination of nucleobases
in the presence of metal ions. This study is based upon
the considerations that complexes participate in the
regulation and control of metal uptake in biological
systems and that conformational changes induced by
binding of metal ions to DNA are attributed to inter-
action of purine sites with metal ions having d-elec-
tronic configuration [1,17]. Furthermore a great
variety of purines exert an inhibitory effect on the
growth of tumor cells or other chemotherapeutic ac-
tion via chelation of metal ions [2,3].

The Fe(IXNO), group is a particularly suitable
metal probe for such co-ordination studies as it pre-
sents relatively long electron spin relaxation times, al-
lowing good resolution of the nuclear hyperfine struc-
ture [4,5]. Furthermore Fe—NO complexes are of
noticeable importance in some biological processes
[6,7]- Woolum and Commoner [8] revealed the
presence of a paramagnetic complex in the liver of rats
under carcinogenetic diet and the ESR analysis identi-
fied this compound as an iron-dinitrosyl-mercapto-
protein complex.

The iron in the dinitrosyl complexes under study
is in a d7 low spin configuration (S = 1), that is the
same suggested for non-heme iron proteins [9]. Thus
its formal oxidation state is +1.

The aim of our research is to analyze the Fe—NO
complexes with both biological and non-biological
nucleobases with the purpose of identifying the sites
of co-ordination. Qur attention is particularly focussed
on the imidazole-nitrogens of purines, looking at the
effects of substitution of various groups on the mole-
cule rings.

To accomplish these objectives the following proce-
dures were used:

(i) selective isotopic substitution with 15N,

(ii) computer simulation of the ESR spectra in
their derivative forms,

(iii) analysis of the equilibria between different
types of complexes with changing pH.

2. Experimental
Alcoholic and hydro-alccholic solutions of Fe(II)

were saturated under a pure nitrogen stream, with NO
prepared according to Blanchard’s method [10] or via,
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reduction of NaNO, by ascorbic acid. The complexes
were obtained adding the appropriate amount of
nucleobase.

These paramagnetic systems were investigated by
means of a Varian V4502 X-band spectrometer operat-
ing with a 100 ke-field modulation. The g-factors were
evaluated by comparison with an external reference
standard (Fremy salt; g = 2.0055; ayy = 13.0 gauss).
The coupling constants and the relative intensities
were determined by comparison with the compuier-
simulated spectra giving suitable values to the line-

wid the A nconeointad vrith diffarant valupes nf‘ aigon
IGLS LJIT assOiaeq wiann Guirdrent i EAVED

coupling constants. Pure lorentzian lineshapes were
assumed. In the case of isotopic substitution the ratio
between the nuclear g-factors was taken into account.

The nucleobasas were obtained from Cyclo Chemi-
cals, Los Angeles, and were used without further puri-
fication. NalSNO, (99%) was supplied by ICN, Irvine,
California.

3. Results and discussion

The purine bases of nucleic acids have two high-
electron-density centers which are possible sites for
metal ion chelation, that is C(6)—NH,/C(6)—OH and
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Bjerrum potentiometric titration suggest [11] chela-
tion in adenine viza NH, - mare tecent notentiometric
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results [12,13] assian chelate structures to complexes
of adenine and other 6-substituted purines with di-
valent metal cations and suggest the participation of
2,6-NH,-purine and 8-azaadenine via N(1). N(7) and/or
C(6)—NE; positions appear to be the sites of binding
in nucleotides according to a Mdssbauer spectroscopy
study on the Fe(IlD)-poly-(A)}system [14].

Infrared spectra of theophilina with methyl groups
at the N{1) and N(3) positions Iead to the hypothesis
that the copper ion is bonded to N(7). Moreover N(7)
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both Cu(Il) and Zn(II) [15,16] and in guanine for
Mn(II) [17]. Eichhom and coworkers affirm that in 3!
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and 5’ nucleotldes the binding of metal ion does oc-
cur at N(7) for adenine and guanine [18].

The problem is not yet unequivocally defined both
in purines and nucleotides and very recent papers
[19,20], based on 13C and proton NMR data, lead to
the conclusion that in adenine-nucleotides the metal

ion holds near the N(7) base position or suggest an
outer sphere complex involving a water molecule
simultaneously coordinated by the metal ion and
hydrogen bonded to N(7) of the adenine ring, as no
direct evidence for metal-nitrogen bond or for inner
sphere complex was reached.

On the other hand ESR nuclear hyperﬁne struc-
lures glVe QIIBC[ EVI(!EIICB Ol' me exnsiem.e OE mL rermn
contact interaction, that is, of the nuclei banded to
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4. ESR spectra

Computer simulation of the ESR spectra was per-
formed giving variable values to the coupling constants,
linewidths, and relative intensities of the theoretical
lines. Different types of complexes with one or more
base molecules involved in the metal binding were
considered. The interaction of the unpaired electron
spin with non-chemically-equivalent nitrogen nuclei
was taken into account. Namely the (IN+2N),
{(2N+2N) and (I1N+ IN+2N) types of spectra were
simulated. Generally agreement is satisfactory with
ISN spectra presenting higher coupling constants; the
imperfect fitting in the case of 14N spectra could be
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shape for the simulated spectra. Furthermore, the
presance of signals due to Fa(NQ),(H, ﬂ}. or to
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Fe(NO)Z(OH)Z in some cases disturbs the shape of
the ESR hyperfine structure [21].

Adenine gives rise to a nine-line spectrum, in the
pH range 7-9.5. A comparison with the simulated
spectra indicates a complex with two NO molecules
and two equivalent base nitrogens bonded to the iron
atom, that is, two adenine molecules involved in the
metal coordination with the exclusion of the possibili-
ty of chelation. A septet is obtained using 15N, with
apparent relative intensities 1:4:8:10:8:4:1; the agree-
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assuming a(1SNO) = 2.8 gauss, ay; =
2= 3 R ganss
2.3 gauss.

Furthermore, a chelate-type complex involving the
-NH, group is ruled out on the basis of the experi-
mental ESR spectra, which are identical to the adenine
spectra, of 1-CHjy-adenine and 6-phenyl-NH-purine. A
pure nine-line spectrum is also obtained with 6-CHgs-
NH-purine.
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Fig. 1. (a) Experimental ESR spectrum of Fe(15NO),(adenine)z. (b) Simulated ESR spectrum.

The ESR spectrum of 2-NH,-adenine is reported in
fig. 2. This base, antagonist of adenine, was the first
purine analogue used as an antitumoral agent [22].
Its antitumoral properties are presumably connected
to the formation of adenine-coenzymes [3}. The
presence of the NH, group in 2-position does not af-
fect the ESR parameters, leading to the suggestion
that the pyrimidine nitrogens are not involved in the
binding. Similar behaviour results in the case of 2-iso-
guanine with the -OH group in 2-position.

At pH = 7, 3-CHy-hypoxanthine is showing a nine-
line ESR spectrum, which converts to a septet in the
presence of 15SNO (fig. 3). These findings, together
with the above-reported results on 1-CHz-adenine, ex-

clude the participation of N-I and N-3 in the metal
binding. Thus imidazole-nitrogens must be involved in
the complex.

In order to confism this hypothesis both experi-
mental and simulated spectra were obtained with pure
imidazole. As shown in fig. 4 the ESR pattem of the
Fe(15NO),-imidazole complex at pH = 7 is a septet of
the type 1:4:8:10:8:4:1, and the simulation, based
on the assumption of a coupling constant due to two
NO molecules and of another coupling constant due
to two imidazole molecules, fits the experimental
results. Moreover the nine-line simulated spectrum fits
the experimental one of the Fe(1*NO),(imidazole),
complex previously reported [23].
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Fig. 3. Experimental ESR spectrum of Fe(*SNO) (3-CH;3-
hypoxanthine),.

Fig. 2. Experimental ESR spectrum of Fe(NO)3(3-NH,~
adenine),. ta those described above. The poor resolution ob-
tained with 6-I-puring could be attributed to the

Thus both 9line (1*NQ) and 7-line (15NO) spectra steric hindrance of iodine.

confirm the interaction of the metal vnpaired spin In order to define whether nitrogen-7 or nitrogen-9
with two base molecules via imidazole nitrogens, lead- were involved in the complex formation, 7-CHj-

ing to the following structure for adenine and other adenine, 3-CHy-adenine, 7-.CHy-hypoxanthine, 9-CHy-
purine bases: hypoxanthine and S-cyclchexyl-adenine were studied.

The ESR data display a sedes of spectra with 9 lines
(*4NO) and 7 lines (13NO) as shown in tables 1 and 2.
We can conclude that the imidazole nitrogen coordinag-
ing the iran atom is always the one without the sub-
stituent group, that is, that close to the double bond.

in the pH range 79 the Nemethyl-imidazole shows
the same ESR patiems as imidazole does, further sup.
porting the above conclusion.

Different behaviour is shown by 3-CHj-adenine and
3-CHij-xanthine. The experimenial and simulated

N spectra, both in the presence of ¥NQ and I5NO, are
reported in fig. 5. The ESR results can be explained in
Purine, guanine, xanthine, hypoxanthine, 6Ch terms of a complex with only one base molecule and

purine and 6-I-purine give rise to ESR spectra identical two NO groups, that is, a (IN+2N}-type spectrum.
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Fig. 4. (2) Experimental ESR spectrum of Fe(15NO), (imid-
azole)y. (b) Simulated ESR spectrum.

The 6-C1-9-CH3-purine, together with the usual
sequence of spectra at pHl 79, presentsat pHH=5.5a
single line due to [Fe(NO),(H,0),]" at g = 2.032 and
a quintet at g = 2.022 (triplet with 15NO) shown in
fig. 6. The same characteristic features are present in

R. Basosi et al. [ESR study of purine bases

a, &= 1L? gauss
&, = QD guuss

AT .5 gauss

h du,

= 2.029

o

8-:02.‘4 T
By RO gauss

AMH =21 gauss

Fig. 5. (a} Experimental ESR spectrum of Fe(NO)z(3-CHj-
adenine). (3") Simulated ESR spectrum. (b} Experimental ESR

spectrum of Fe(*SNO), (3-CH a-adenine). (b') Simulated ESR
spectrum.

the case of 6-CH3 and 7-CHjy adenines (fig. 7). In the
above cases it is possible to affinm that a complex is
formed with the base also at acid pH, although on the
basis of the nuclear hyperfine structure only the two
NO groups are evidential and the binding site remains
unknown.

The 8-azaguanine was then investigated, as this base
presents a particular biological interest being an anti-
metabolite of guanine and is used in human cancer
therapy.

The ESR behaviour of this base is completely dif
ferent from the purines as it shows, in the pH range
6-9, a quintet spectrum (g = 2.027) which becomes a
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Table 1
Nucleobase gfactor AH Number of a(!*NO) Numberof a(*SNO) a(N) pH
(gauss) lines (1¥*NO) (gauss) lines (1SNO) (gauss) (gauss)
tmidazole 2027 2 9 20 7 2.8 2.7 7-9
N-methyl-imidazole 2028 2 9 2.0 7 2.8 2.7 7-9
adenine 2.028 23 9 2.0 7 2.8 2.7 7-9.5
1-methyltadenine 2.028 1.7 9 21 - - 2.7 7-9
6-phenyl-adenine 2.027 - 9 1.9 - - 2.6 8-9.5
6-methyl-adenine 2.026 1.5 9 1.9 - - 26 7.5-9.5
2.021 - 5 2.8 3 40 - 55
Z-amino-adenine 2.026 1.7 9 2.0 7 2.8 2.7 7.5-9.5
Thydroxy-ademine 59 9 1.9 - - 2.7 7-9
(iso-guanine)
7-methyl-adenine 2.026 - 9 21 - - 2.8 9
2.022 - 5 2.8 3 4.0 - 55
9-methyl-adenine 2.027 - 9 2.1 — - 2.7 7-9
3-methyl-adenine 2.029 1.5-2 9 1.7 7 24 4.0 6-9
9-cyclohiexyl-adenine 2.026 2.2 9 2.0 — - 2.7 7-9
Table 2
Nucleobase gfactors AH Number of 2(!¥NO) Numberof a(15NO) a(N) pH
(gauss) lines ('*NQ) (gauss) lines (*°NO) (gauss) (gauss)
purine 2.029 2.1 9 20 — — 2.6 7.5-8.5
guanine 2.028 - 9 — - - — 6-8
xanpthine 2.029 - 9 2.1 - - 2.6 8-9
hypoxanthine 2.029 2.2 9 2.1 - - 2.7 7-9
7T-methyl-hypoxanthine 2.026 - 9 - — - - 8-9
9-methyl-hypoxanthine 2.026 - 9 - - - - g8-9
6-chloro-purine 2.028 2 9 2.0 7 2.8 24 8.5—9
6-iodo-purine 2.027 2.2 9 2.0 - - 2.4 8-10
6-chloro-9-methyl- 2.028 1.5 9 290 7 28 2.7 7-9
purine 2.022 — 5 2.8 3 4.0 - 5.5
3-methyl-xanthine 2.028 15-2 9 1.6 7 23 3.9 8-8.5
3-methyl-hypoxanthine 2.029 2 9 2.0 7 2.8 24 7-8.5
8-azaguanine 2.027 15 5 23 3 3.2 - 6-9
triplet after 15N isotopic substitution (fig. 8). The obtained on the basis of those best fitting the simul-
coupling constant values (2(NO) = 2.3 gauss and ated spectra. Computer simulation gives values for the
a('>NO) = 3.2 gauss) suggest binding through the peak-to-peak width of each single line (AH) ranging
ionized -OH group in 6-position. This “sui generis” between 1.5 and 2 gauss, that is, electron spin relaxa-
behaviour is easily understandable, as the imidazole is tion times of the order of magnitude of the fiee radi-
no longer present in this molecule. cals. This explains the fairly good resolution of all ESR
All ESR parameters are sumnmarized in tables I and spectra.

2. The reported nuclear coupling constants were always
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Fig. 6. Experimental ESR spectrum of Fe(!5N0), (6-CI-9-CHs-purine), at pH = 5.5,
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Fig. 8. (a) Experimental ESR spectrum of Fe(NO); (8-azaguanine)z. (b) Experimental ESR spectrum of Fe(1SNQ);(8-2zaguanine),.

Acknowledgement Physieal Chemistry, Florence; and for the use of the
ESR spectrometer.
The authors are gratefui to Professor E. Ferroni Thanks are due to Mr. F. Brogi and M. Porci: for

and to C.N.R. for facilities offered at the Institute of their technical assistance.



R. Basosi et al.fESR study of purine bases 73

cH,
P

Fig. 7. Experimental ESR spectrum of Fe(NQ), (7-CH 3-
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