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Abstract

We have investigated the emission properties of §-azaxanthine (8-azaXan) and its triazolo N-alkyl derivatives, with particular emphasis on
N(8)-methyl-8-azaXan. In aqueous medium, both 8-azaXan and its 8-alkyl congener emit at 420 nm, with an unusually large Stokes’ shift, and
decay times of 9 and 12 ns, respectively. With the parent 8-azaXan, emission is observed over a narrow pH range (2-6), where it is partially or
predominantly in its neutral form in the ground state (pK, 4.9), whereas for 8-methyl-8-azaXan emission is observed in the pH range 2—-12, hence
for both the neutral and monoanionic species (pK, 7.2). Fluorescence excitation spectra are in accord with the absorption spectra at all pH values.
In anhydrous methanol, 8-azaX, in its neutral form, emits at about 335 nm. In 10% aqueous methanol, acidified to pH ~3, two emission bands
are observed, at 420 and 335 nm. With the 8-methyl derivative, dual emission at 420 and ~340nm is observed in anhydrous methanol, but in
isopropanol and acetonitrile the 420 band virtually disappears. It is concluded that the 420 nm emission band, ascribed to the monoanionic form of
8-methyl-8-azaXan, appears in neutral or acidic media as the result of rapid deprotonation of the N(3)—H in the excited states of both 8-azaXan and
its 8-alkyl derivative. This leads to phototautomerism in the 8-azaXan monoanion which, in the ground state, is present in the form resulting from
dissociation of the triazole proton, i.e., N(8)-H. This proton transfer is slowed down in non-aqueous solvents, where emission from the neutral
molecules (335-340 nm) is observed. The foregoing interpretation is supported by determination, with the aid of the Foerster cycle, of the excited
state pK" values, close to —0.5 for 8-methyl-8-azaXan. The strong emission of 8-azaXan and its N-alkyl derivatives should prove useful in studies
on enzyme/ligand interactions, several examples of which are proposed. In particular, we report that 8-azaXan is a substrate for purine nucleoside
phosphorylase II from E. coli, and show that the reaction can be monitored fluorimetrically.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
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fluorescent moiety chemically linked to either the sugar or phos-
phate [ 1-3]. These offer a variety of desirable features, including
monitoring of single-molecule fluorescence; but their applica-
tion is frequently limited by steric effects due to bulkiness of the
attached fluorophore.

Also widely profited from are a limited number of fluores-
cent structural analogues of the natural purines, including 2-
aminopurine [2], 2,6-diaminopurine, 1,6-ethenoadenosine and
2,3-ethenoguanosine [4], lin-benzopurines [5], and formycin A
(a close structural analogue of adenosine [6,7]). It is, of course,
necessary to delineate their spectral behaviour in solution, fre-
quently dependent on acid-base properties and both ground-
and/or excited-state tautomerism [4,6,8—10].

Although the synthesis and physico-chemical properties of 8-
azapurines were long ago extensively reviewed by Albert [11],
very little attention appears to have been directed to the fact
that a number of these exhibit intrinsic fluorescence, e.g. the
neutral form of 8-azaadenosine (8-azaAdo), the monoanions
of 8-azaguanosine (8-azaGuo) and 8-azainosine (8-azalno), the
neutral form of §-azaguanine (8-azaGua) [12,13], all of which
are substrates/inhibitors of bacterial and/or mammalian purine
nucleoside phosphorylases (PNP) [12,14].

Our ongoing studies on the properties of 8-azapurines have
profited from the intrinsic emission of 8-azaGua to investigate
its interaction with calf spleen PNP [14,15]. This, in turn, led
to the finding that 8-azaxanthine (8-azaXan, see Scheme 1),
the product of enzymatic deamination of the known cytotoxic
agent 8-azaGua [16], and an inhibitor of several key enzymes
involved in purine metabolism [17-19], reveals strong intrin-
sic fluorescence in weakly acid medium, potentially useful in
enzymological studies.

Nubel and Pfleiderer [20] first reported the synthesis and
some properties of 8-azaXan and its various N-methyl deriva-
tives and, in particular, the marked acidity of the parent 8-azaXan
which, in neutral aqueous medium, exists as a monoanion (pKj,
4.95), resulting from dissociation of the triazole proton (cf.
[11]). Prototropic tautomerism of 1,3-dimethyl-8-azaXan (8-
azatheophylline) was subsequently investigated by L’abbe et al.
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Scheme 1. 8-Azaxanthine (left) and 8-methyl-8-azaxanthine (right), shown in
their most stable ground state neutral (upper) and monoanionic (lower) forms.

[21] by means of '3C and >N NMR spectroscopy, with results
pointing to predominance (80%) of the N(8)-H form in DMSO
solution, the sole form found for the parent neutral monohydrate
of 8-azaXan, and other 8-azapurines, in the crystalline state [22].

We here report on the fluorescence emission properties of
8-azaXan, and its triazolo N-alkyl derivatives, to determine
which of the prototropic tautomers is responsible for its emis-
sion in weakly acidic medium, essential for interpretation of its
behaviour as a fluorescent probe in ligand-binding studies in
solution.

2. Materials and methods
2.1. General

8-Azaxanthine (from ICN Chemicals) was recrystallized as
the monosodium salt. Its triazolo N-alkyl derivatives were syn-
thesized as described below. Solvents (UV spectroscopy grade)
were from Merck, and water was filtered through a Millipore
Milli-Q system. Purified PNP-II from E. coli was a gift of Dr.
Gert Dandanell [23].

Fluorescence spectra were run on a Perkin-Elmer LS-50B
fluorimeter, equipped with a pulsed xenon light source, and with
typical resolution of 3-5nm. UV absorption spectra were run
on a Cary 319. Fluorescence excitation spectra were corrected
for lamp spectral characteristics and for the inner filter effect.
Quantum yields were measured relative to tryptophan (0.15),
additionally checked relative to quinine sulfate (0.55).

Fluorescence decay times were measured using an Edin-
burgh Analytical Instruments (Edinburgh, Scotland) spectroflu-
orimeter model FL-900CDT with a discharge hydrogen lamp as
light source (approximately 2.5 ns impulse width at half-point).
Decays were fitted to single- or double-exponential models, and
the proper model was selected depending on the resultant x>-
value.

2.2. Synthetic procedures

The three alkyl derivatives of 8-azaXan were prepared essen-
tially according to known procedures, with some modifications.
The starting point for all preparations was 1-benzyl-5-amino-
1,2,3-triazolo-4-carboxamide, synthesized according to Hoover
and Day [24], from benzyl azide and cyanoacetamide. When
fused with urea at 175°C for 2.5h as elsewhere described
[25], this compound afforded the hitherto unknown 9-benzyl-
8-azaXan, with ca. 70% yield. Identity of the final product was
confirmed by MS ESI(+) (246 [MH+]), elementary analysis:
(calculated for C;1H;1N5O;: C, 53.87%; H, 4.52%; N, 28.56%.
Found: C, 53.89%; H, 4.55%; N, 28.54%), m.p. 217 °C. Its UV
spectrum, as a function of pH, was virtually identical with that
reported by Nubel and Pfleiderer [20] for 9-methyl-8-azaXan.

N(7)-Methyl-8-azaXan was obtained from the starting 1-
benzyl triazole, by alkylation with tosyl methylate in DMSO
at 150 °C [26], followed by catalytic debenzylation (10 atm H;
with 10% palladium on charcoal, see [20]), and fusion with
urea. N(8)-Methyl-8-azaXan was synthesized from 5-amino-
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Ionization constants (pK, values) and spectral parameters for neutral and ionic forms of 8-azaxanthine and some N-methyl derivatives

Compound PK. Form (pH)? UV absorption Fluorescence
Amax (nm) €max [M~! cm™] Amax (nm) ¢
8-azaXan 4.96,10.2 n (3.0) 263 6500 420 ~0.21°
4.66;9.79°

ma (7.0) 265 8500 - <0.005

da (12.3) 285 6500 - <0.005
N(9)-Methyl- 5.36P n (2.0) 255 9100 365,4304 0.0754

ma (7.0) 278 7600 3654 0.06¢
N(8)-Methyl- 7.04%,13.4 n (4.0) 272 8700 420 0.50

ma (11.0) 299 6450 420 0.60
N(7)-Methyl- 7.22° n(3) 273 6030 400, 430 0.13

ma (11.3) 304, 302° 5750 401 0.23
N(1)-Methyl- 4.67,9.85° n 263 6300 nd -

ma 265 8100 nd -
N(3)-Methyl- 44,11.37° n 270 5400 nd -

ma 268 7100 nd -
N(8),N(1)-Dimethyl- 7.7° n 274 8500 nd -

ma 300 6600 nd -
N(8),N(3)-Dimethyl- 9.16 n 277 9100 nd -

ma 282 10000 nd -

Data from Albert [11]; Nubel and Pfleiderer [20], and the present work. Fluorescence quantum yields are relative to tryptophan (0.15), additionally checked against

quinine sulfate (0.55).
2 n: neutral from; ma: monoanion; da: dianion.

b Data from Nubel and Pfleiderer [20], pK, values determined electrochemically.

¢ Value obtained with Aexc 275 nm in 5 mM acetate buffer, pH 4.2 (this work).

4 Data for 9-benzyl derivative.

1,2,3-triazole-4-carboxamine as described by Albert [25,27].
The starting compound was obtained from the benzyl deriva-
tive by treatment with concentrated sulfuric acid for 4 days at
room temperature, with ~70% yield. The spectral parameters for
both 7-methyl and 8-methyl-8-azaXan were identical to those
reported by Nubel and Pfleiderer [20], and are listed in Table 1.
Their purity, assessed by HPLC/MS, was virtually 100%.

3. Results and discussion
3.1. Fluorescence of 8-azaxanthine

8-azaXan is virtually nonfluorescent in neutral aqueous
medium, but below pH 6 it begins to emit, with strong flu-
orescence, centered at about 420nm (Fig. 1). A striking fea-
ture of this emission is its unusually large Stokes’ shift (up to
14,200 cm’l). By contrast, when 8-azaXan was dissolved in
anhydrous methanol, acidified with ~1 mM glacial acetic acid
to ensure the presence of the neutral form of the compound,
the fluorescence maximum was shifted to ~335 nm (Fig. 1). In
10% aqueous methanol, acidified to pH ~3, dual fluorescence
is observed, with maxima at 335 and 420 nm (not shown), and
an identical excitation spectrum for both bands. This spectral
behaviour, in particular the dual emission, is typical for excited-
state molecular rearrangements [28], and the strong influence of
water points to participation of excited-state proton transfer.

8-azaXan has three mobile protons and, additionally, several
basicity centers, offering various possibilities for excited-state
proton dissociation or protonation. Ground-state tautomerism
of this compound has been partially resolved both experimen-
tally and theoretically [20-22]. Like the parent neutral Xan, a
2,6-diketo structure prevails, with the triazole proton located
primarily at N(8), as evidenced by the NMR spectra of the
1,3-dimethyl derivative in DMSO [21], and the possibility to
tautomerize to N(7). This proton is also the most acidic (pK,

Absorbance/fluorescence

34000
Wavenumber [cm™]

0
44000 39000 29000 24000 19000

Fig. 1. UV absorption and fluorescence spectra of 8-azaXan in various condi-
tions. Left-hand side: (—), UV absorption at pH 2; (--), UV absorption at pH 7;
(o), fluorescence excitation spectrum at pH 4. Right-hand side: (e), fluorescence
emission in 1 mM HCI; (+), fluorescence emission in anhydrous methanol.
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4.95), fully confirmed by UV spectra and acid—base properties
of N-methyl derivatives [20].

A possibility of the excited-state proton migration can be
evaluated on the basis of the Foerster cycle [28], allowing cal-
culation of pK* by comparison of the UV spectra of the acidic
and basic forms of the compound. Since the long-wavelength
maxima of the neutral and monoanionic forms of 8-azaXan are
close (see Fig. 1), we conclude that pK* for N(8)-H must be
close to the ground pK, value (4.9), and therefore N(8)-H is not
likely to migrate upon excitation of the molecule.

3.2. N-Alkyl derivatives of 8-azaxanthine

We then turned to an examination of N(8)-methyl-8-azaXan
(mB-8-azaXan), acompound modeling the major tautomer of the
neutral 8-azaXan [22], but lacking the ability to form an anion
with a negative charge on the triazole ring (Scheme 1). It is much
less acidic than 8-azaXan, with a pK, of 7.2 for dissociation of
the N(3)H, and a second pK;, ~13.4 for the N(1)H [11,20]. This
order of dissociation is inferred from a comparison of the UV
spectra of the N1,Ng-dimethyl and N3,Ng-dimethyl derivatives in
their monoanionic forms with the spectrum of the m®-8-azaXan
monoanion (cf. [20] and Table 1).

The methylated compound is also intensely fluorescent at
420 nm, but, unlike 8-azaXan, its emission is observed over a
very broad pH range, from pH ~2 to ~12 (cf. Figs. 2 and 3).
The fluorescence excitation spectrum is virtually identical to the
UV absorption spectrum in this pH range (cf. Fig. 2). This situa-
tion is somewhat reminiscent of Ny ,N°_ethenoadenosine, which
exhibits unchanged fluorescence in neutral and acidic media
despite its being protonated in the ground state, a fact inter-
preted as a fast proton dissociation after excitation of the cation
[4]. By analogy, we postulate rapid deprotonation of N(3)-H in
the excited state of m3-8-azaXan to interpret its fluorescence
spectrum in weakly acidic media.

It should be noted that deprotonation of N(3)-H is in this
case much more energetically favorable than dissociation of
N(1)-H, as concluded from a comparison of the UV spectra

Wavelength [nm]
% 300 i-%,

Q \ 250 500

39000 34000 29000
Wavenumber [cm"]

44000 24000 19000

Fig. 2. UV absorption and fluorescence spectra of N8-methyl-8-azaxanthine
(100 wM) in various conditions. Left-hand side: (—), UV absorption at pH 3;
(--), UV absorption at pH 11; (o), fluorescence excitation spectrum at pH 3; (A),
fluorescence excitation spectrum at pH 11. Right-hand side: (-----), fluorescence
emission in 1 mM HCI; (—), fluorescence emission at pH 11; (+), fluorescence
emission in methanol. Fluorescence spectra are normalized to the absorption
band of lowest energy.
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Fig. 3. Fluorescence intensity of 8-azaX (e) and m?®-8-azaXan (W) monitored at
420 nm, as a function of pH. Fluorescence was measured in 5 mM acetate and
phosphate buffers (pH 3.6-8.5) and in dilute HCI and KOH (extreme pH values).
Excitation wavelengths were 275 nm for 8-azaXan and 287 nm (isosbestic point)
for m8-8-azaXan. The fitted pK values for 8-azaXan are 2.3 and 4.65, and for
m8-8-azaXan 2.5 and 7.4.

of the dimethyl derivatives in alkaline media (cf. Table 1). Since
the batochromic shift between the neutral and monoanionic
forms is ~26 nm for Ng,N|-dimethyl-8-azaXan, compared to
only 5nm for the Ng,N3-dimethyl derivative, ApK =pK,—pK"
must be much greater for the N(3)-H than for the N(1)-H, indi-
cating that pK™ for the latter is higher by at least 4-6 pH units
(cf. Table 1). Therefore, the excited-state dissociation of N(1)-H,
even if possible energetically, certainly cannot kinetically com-
pete with the N(3)-H.

In non-aqueous solvents, such as anhydrous methanol, iso-
propanol and acetonitrile, an intense fluorescence band at ~340
appears, which must be ascribed to the neutral form of the
molecule. But, in contrast to the parent 8-azaXan, the 420 nm
band is still present in anhydrous methanol (Fig. 2), and to
much lesser extent, in isopropanol, disappearing completely
in acetonitrile (data not shown). This indicates that some non-
aqueous solvents, like anhydrous methanol, albeit poorer proton
acceptors than water, may occasionally also enable excited-state
proton transfer.

Deprotonation of the excited molecule during its lifetime,
with water as the proton acceptor, is possible only if pK™ is
sufficiently low [28]. This value for the N(3)—H of m3-8-azaXan
is readily estimated, using the Foerster cycle (cf. [28]):

pK* —pK = 2.1 x 1073 (vgoa— — V00AH) (1)

where vgpa and vgoan are the wave numbers of the 0-0 tran-
sitions of the deprotonated and protonated forms, respectively.
The large red shift of the monoanionic UV absorption relative
to that of the neutral molecule (cf. Fig. 2 and Table 1) points to a
marked difference between pK and pK”. Since the fluorescence
of the neutral molecule is not observed in water, we approximate
it by its fluorescence observed in anhydrous methanol. With this
assumption, and estimation of vgy as a crossing point of the
normalized lowest absorption and fluorescence bands [28], we
obtain vopa — vooan ~3800cm™! (cf. Fig. 2) and, consequently,
pK” close to —0.5. This value is amongst the lowest values for
a pK” reported in the literature [28].

The low pK" value allows us to estimate the first-order rate
constant for proton transfer to a water molecule as ~3-fold
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greater than the diffusion-controlled protonation rate constant at
pH 0, which is ~5 x 1010 =1 (¢f. [29,30]). The resultant proton
transfer rate, ~1.5 x 1011 s~1, is much higher than the esti-
mated rate constant for radiative decay of the neutral molecule
(<10%s~ 1), and explains the observed absence of emission of
the neutral molecule in aqueous medium.

There is also some evidence for excited-state-proton transfer
processes in the other two fluorescent N-alkyl derivatives of 8-
azaXan, the m’-8-azaXan, and bz%-8-azaXan (cf. Table 1), but
the general picture for these two is much more complex than
that for m®-8-azaXan, and requires further investigation. The
pK” value for the m’-8-azaXan, evaluated by the methodology
analogous to that applied for the N(8)-methyl derivative (see
above), was found to be ~0.0 = 1.0 (the uncertainty results from
the low fluorescence yield of the 340 nm band in methanol),
again confirming both energetic and kinetic feasibility of proton
photodissociation. Interestingly, the lowest excited singlet states
of bz’-8-azaXan and its monoanion are destabilized relative to
the other two alkyl derivatives (see Table 1), so that the N(9)-H
tautomer, dominating in natural purines [9], is apparently absent
in both ground and excited states of §-azaXan.

3.3. Excited-state proton transfer and phototautomerism in
8-azaxanthine and other purine analogues

Demonstration of excited-state proton dissociation in m®-8-
azaXan leads to a simple interpretation of the parent 8-azaX
fluorescence in weakly acidic media, as originating from the
anionic phototautomer with the N(1)-H,N(8)-H structure, and
the negative charge located either at N(3) or delocalized in the
N(3)-0? enolate, as shown in Scheme 2:

In non-aqueous media, proton-transfer is hindered, and fluo-
rescence of the neutral molecule at 335-340 nm becomes dom-
inant in both 8-azaXan and m®-8-azaXan (cf. Figs. 1 and 2).
The absence of phototautomeric emission in neutral aque-
ous medium, where 8-azaXan exists as a monoanion, may be
attributed to the very short excited-state lifetime of the major
monoanionic form (i.e. that with the negative charge on the tria-
zole ring), as inferred from its low fluorescence quantum yield.
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The foregoing phenomenon of phototautomerism is not
unusual amongst purine analogs, as demonstrated long ago
for pyrazolopyrimidines [6,8] and later for other systems [31],
and postulated for other purine analogues [32,33]. However,
for purine-like systems the energetic possibility of phototau-
tomerism is not a sufficient condition for this to occur, since
two-step tautomerisation, even in aqueous solvents, is typically
much slower than the decay of excited singlet states of these
molecules [34]. Only in very favorable conditions, as for the 7-
azaindole dimer or its complexes with ethanol, may this process
occur via a concerted double-proton transfer, with picosecond
kinetics, leading to phototautomer emission [35-37]. Phototau-
tomerization is, however, much easier to observe if the first of
the two required steps occurs in the ground state, i.e. by prior
protonation or deprotonation of the molecule, as in the case of
formycin A [6] and 8-azaXan.

3.4. Decay times and dynamic quenching of fluorescence

In more acidic media (pH < 3) strong fluorescence quenching
is observed for both 8-azaXan and m®-8-azaXan (Fig. 3). To ana-
lyze its origin, we conducted fluorescence decay measurements,
with results displayed in Fig. 4. It is clear that acidic quenching
of 8-azaXan fluorescence is dynamic, while that observed at pH
~5 (i. e. close to the ground-state pKj,) is static. As expected,
the fluorescence lifetime of the phototautomeric emission of 8-
azaXan is long (~9 ns), and the lifetime of the neutral molecule
in the absence of phototautomerism (i.e. in methanol) is ~0.9 ns,
which is still much longer than the estimated proton transfer rate
in water (see Section 3.2).

Decay times for m8-azaXan (Fig. 4) are slightly longer,
~12ns, and the apparent pK fitted from the lifetime data (2.4) is
close to that obtained from steady-state titration (2.65). Again,
the ground-state pK, value has no influence on fluorescence
decays, which can be explained by very rapid proton transfer
from neutral excited m3-8-azaXan to a water molecule.

The described dynamic fluorescence quenching in the acidic
region, most likely due to excited-state reprotonation with H;O*
as the proton donor, is also typical for other purine-like sys-

fluorescence 420 nm
(in water)

Scheme 2. Proposed origin of the 420 nm and 335 nm fluorescence bands of 8-azaXan in aqueous and methanolic media.
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decay time [ns]
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Fig. 4. Fluorescence decay times for 8-azaXan (e) and mg-8-azaXan (M), mon-
itored at 420 nm, at various pH. Excitation was at 280 nm for 8-azaXan and
287 nm for m8-8-azaXan. Buffer concentrations did not exceed 5 mM, except
for extreme pH values. All decay curves were analyzed as single exponential
decays, with x> < 1.2 in all instances. The apparent pK for dynamic quenching
is 2.3 for 8-azaXan and 2.4 for m®-8-azaXan.

tems undergoing proton dissociation in their excited states in
weakly acidic media, e.g. formycin A [6], 4-aminopyrazolo[3,4-
d]pyrimidine [8] and Ni,N°-ethenoadenosine [4]. It must be
stressed that, in the case of 8-azaXan, reprotonation most cer-
tainly does not occur at N(3), since the low pK’k (—0.5) precludes
this, and the quenching at pH<3 is not accompanied by an
increase in emission of the neutral molecule at 335 nm. This
fact illustrates some fundamental difficulty with application of
the pK™ concept for multi-basic compounds like purines: due to
lack of thermodynamic equilibrium in the singlet excited states,
no “overall”, or thermodynamic, pI(k value can be estimated,
and values calculated from the Foerster cycle are rather “micro-
scopic” pK”* values for individual basicity centers, and may be
distinct for each individual center.

4. Conclusions and potential applications

The unusual, and strong, fluorescence of 8-azaXan and
its N-alkyl derivatives should prove useful for the studies of
protein-ligand interactions, since these are expected to markedly
influence kinetics of excited-state proton transfer, and, con-
sequently, the emission spectra of the bound ligands. Per-
spectives include, amongst others, investigations of adenosine
receptors, for which some 8-azaxanthine derivatives are known
as potent antagonists [38], and of urate oxidase, for which
8-azaXan (a structural analogue of the substrate, urate) is a
good competitive inhibitor, employed for studying the mode of
interaction of the enzyme with its substrate in the solid state
[19].

Furthermore, since Xan is a substrate for the PNP from mam-
malian sources, but not for the PNP-I from E. coli (product
of the deoD gene) [39,40], we examined also 8-azaXan as a
potential substrate. We have found, in preliminary studies, that
8-azaXan is not a substrate for the foregoing enzymes. In strik-
ing contrast, both Xan and, to a lesser extent, 8-azaXan, are
substrates for the E. coli PNP-II (product of the xapA gene [23]).
The course of conversion of 8-azaXan to its nucleoside by this

5
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Fig. 5. Time-course of the reverse synthetic reaction of E. coli PNP-II with 8-
azaXan as a substrate, in the presence of 2mM a-D-ribose-1-phosphate. The
reaction was carried out in 50 mM Hepes (pH 7) at 25 °C, and the fluorescence
emission of the nucleoside product was selectively excited at 325 nm.

enzyme, although relatively slow, may be readily monitored
fluorimetrically, as shown in Fig. 5, at excitation wavelengths
above 300nm, where the parent 8-azaXan does not absorb,
and the emission originates only from the nucleoside product.
This nucleoside, in its neutral form, exhibits a Stokes’ shift
~13,500 cm™~!, comparable to that for 8-azaXan and its N-alkyl
derivatives (see Section 3.1 and Table 1), suggesting, that simi-
lar proton-transfer phenomena occur also at the nucleoside (and,
probably, nucleotide) level, thus extending the area of potential
applications to investigations on nucleic acids.
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