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We review fluorescence emission properties of 8-azapurines and related compounds, and their
potential as fluorescence probes in various biochemical systems.
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The 8-azapurines, and their 7-deaza and 9-deaza congeegrssent a unique class of isosteric (isomorphic) ana®gi

the natural purines, frequently capable of substitutingtfi@ latter in many biochemical processes. Particuladgrasting

is their propensity to exhibit pH-dependent room-tempegatluorescence in aqueous medium, and in non-polar medea. W
herein review the physico-chemical properties of thisstaixompounds, with particular emphasis on the fluorescemigsion
properties of their neutral and/or ionic species, which legsto their widespread use as fluorescent probes in enzgyolo
including enzymes involved in purine metabolism, agofastgonists of adenosine receptors, mechanisms of tateMAS,
RNA editing, etc. They are also exceptionally useful fluoezg probes for analytical and clinical applications indericell
homogenates.

1 Introduction X

One class of structural analogues of natural purines ca®pri

the 8-azapurines, in which the C(8) of a natural purine is re-

placed by nitrogen, so that they are isosteric (isomorpit) Y
the parent purine. Our attention was initially directedhe t
8-azapurines (1,2,3-triazolo[4,5-d]pyrimidines), themistry

of which was earlier reviewed by Albettfollowing the find-
ing that 8-azaguanine (8-azaGys a substrate for the reverse
synthetic pathway of purine nucleoside phosphorylase JPNP
and that the intrinsic fluorescence properties of this anedo
and its nucleoside could be utilized both to monitor the reac X

tion and its kinetics, as well as to study its mode of intécact

with the enzyme?° NZ | A\
Subsequent studies revealed that other 8-azapurines, and S /N
their nucleosides and nucleotides, exhibit measurable-emi Y N N

sion in the neutral and/or ionic forms, of obvious utility in
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H

Fig. 1 Structures of 8-azapurines (top), 8-aza-9-deazapurines
(pyrazolo[4,3-d]pyrimidines, middle), and 8-aza-7-deazapsrine
(pyrazolo[3,4-d]pyrimidines, bottom). All three exhibit prototropic
tautomerism, not shown here, but discussed below. Throughout, the
IUPAC numbering system is replaced, for the sake of uniformity, by
purine numbering (X, Y =H, or O, or N§J.

studies on nucleic acids and ligand/protein interaction$.
The importance of fluorescent analogues in this figtéf has
been highlighted by a special issue of Tetrahedron deveted t
this subject, edited by Y. T8f and more recent reviews by
Sinkeldam et al?’ and Tanpure et &@? Somewhat surpris-
ingly, these do not include the 8-azapurines and their odcle
sides, the most closely related to natural purines, in texins
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structure and molecular interactions. some catalytic RNAs (see below). To gain maximum infor-
8-azaGua was the first purine analogue demonstrated to eriation from fluorescence data, it is necessary to identifly an
hibit antitumour activity?%-311t was long ago isolated, in crys- characterize all fluorescent species of the fluorophorekdn
talline form, from fermentation broths @treptomyces albus ing ionic and tautomeric forms, and identify those, which un
var. pathocidicusand its possible mode of biosynthesis ex- der physiological conditions, are reponsible for the obser
amined by Hirasawa and Isori8. fluorescence. We herein review the emission properties of
There are now many reports on 8-azapurine analogues dree 8-azapurine bases and their alkyl deivatives, exctitie
modulators of biological targets, e.g. acyclonucleotidés C(6)-unsubstituted 8-azapurines, which are known to wgaler
8-azapurines have been listed as potent antiviral agérfs, covalent hydration in aqueous medidm.
and various derivatives as adenosine receptor antagdnists
A C(2)-substituted 8-azaHx (Zaprinast), first identifiedaas
anti-allergic drug?**° has been shown to be a selective in-

hibitor of phosphodiesterase®8 Jeading to the finding of its and Augensteif? with the marked discrepancy between

ability to correct for erectile dysfunction, and stimutagithe ; e
. . . . absorption and fluorescence excitation spectra of the neu-
development of more effective drugs, such as Sildenafil (Vi- ; .
7 . tral 8-azaGua erroneously ascribed to keto-enol tautemeri
agra) and other/ And 8-azaGua is a useful probe for the

ionic state of catalytic Gua residues in structured RNAshsu Strong fluorescence of N(8)-methyl-8-azaGua was also noted

as ribozyme$13as well as in synthetic DNA fragmenté:15 by Albert and Taguch?’ Subsequently, a detailed analysis of

. . .. the fluorescence excitation spectra of 8-azaGua and itgderi
The present review describes the fluorescence emissioh

. : . ) . ives methylated on the triazole riAg led to interpretation
properties of 8-azapurines, their nucleosides and nudkst o
; ; ) of the anomalous 8-azaGua fluorescence excitation as-+result
together with some structurally related isosteric anadsgu

. . o7 i : ing from annular prototropic tautomerisfrmost likely N(9)-
such as the 8 aza 9 Qeaza and 8-aza-7-deaza purines, Ir—13<—>N(8)-H, but with possible participation of the N(7)-H pro-
pyrazolo[4,3-d]pyrimidines and pyrazolo[3,4-d]pyrirméds,

. h : . . . tomer (see Section 2.1.2).
respectively (Fig. 1), with particular emphasis on their-ta , . ,
tomerism and acid-base properties, both in ground and ex- 1he most intensely fluorescent 8-azapurine reported is 8-
cited states, and their widespread utility as substratdfoan 8ZaDaPur (2-amino-8-azaAde), with quantum yield reaching

s . . . . . i i 9 Wi -
inhibitors in many enzymatic reactions, and their potdratia  0-4» @nd increasing to 0.9 for the HUCIEOS?&_@* with max
fluorescence probes in various biochemical systems. imum emission at ca. 365 nm. These emission paramaters

are comparable to those of 2-aminopuriie, frequently used
o _ probe in nucleic acid and enzymological reseaf€h’
2 Fluorescence emission of 8-azapurines and Most unexpected was the discovery of the intense fluores-

2.1.1 Overview. The room-temperature fluorescence of
8-azaGua (see Table 1) was long ago noted by Drobnik

nucleosides cence of 8-azaxanthine (8-azaXan) in weakly acidic aqueous
. medium® This emission, with maximum at 420 nm, is charac-
2.1 Fluorescence of 8-azapurines terized by an unusually large Stokes shiftl6000 cnt) and

It is well known that the canonical purines, pyrimidines was subjected to detailed analysis, which led to identificat

and the corresponding nucleosides are characterized y vep' lthe emitting spIeC|es asa pho'FotautomerlchrnCJfroan|on (see
low fluorescence yields and short excited-statg) (@ecay PeloW)- In neutral aqueous medium (pH 7) this fluorescence

times 4849 By contrast, the analogous 8-azapurines and theifiSaPPears, due to dissociation of the triazole protor, (&,
nucleosides display measurable fluorescence in neutrat aquS€® Section 2.1.3). Various N-methyl derivatives of 8-aaX
ous mediun? of obvious utility in studies on protein-ligand '€ intensely fluorescent (see next Section).

interactions, as well as in enzymology, including catalyti ~ Another example of phototautomerism is 8-azaisoGua,
RNAs (ribozymes). Similarly, moderate to high fluorescencewhich, in its neutral form, reveals two-band fluorescefice.
was reported for pyrazolopyrimidine analogs, the best know Similar, but more intense emission was recorded for the-N(8)
being Formycin A (8-aza-9-deazaadenoéfii®), which has ~ methyl derivative. By contrast, the N(9)-alkyl derivative
found many applications in structural and analytical beroh ~ (@nd nucleoside) reveal single-band fluorescence, cehégre

istry,51-56 360 nm, recently applied to polynucleotide studies (Setla e
. . . 15,60,
8-azapurines, and the corresponding nucleosides, may eRl- :

ist in various forms, including ionic and tautomeric sturess. With the exception of 8-azahypoxanthine (8-azaHx), 8-

These usually differ markedly in their spectral propestias  azpurine analogs reveal moderate to intense fluorescesce, a
cluding fluorescence emission (see Tables 1 and 2), eslgecialdo the corresponding nucleosides (see Section 2.2). This flu
the pH-dependance of the emission of some of these, whicrescence is higly sensitive to pH, solvent, and sometimes ev
has been profited from, e.g. to elucidate the mechanism dfotope changes, suitable for biophysical applications.

2| Journal Name, 2010, [vol]1-21 This journal is © The Royal Society of Chemistry [year]
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Table 1 Spectral parameters for neutral and ionic forms of selected 8-Amapuin aqueous medium. UV spectral data are compiled in
part from Albert1:33-35Albert and Tratt3® Albert and Taguch?’ Nubel and Pfleidere?® Blank et al.3° Islam and Nagamatstf. Unless
otherwise indicated, fluorescence data refer to excitation at 280 nnubllisiped data are indicated by an asterisk (*).

Form UV absorption Fluorescertte
Compound pK (pH) Amax[NM] — gmax[Mcm]  Amax[nm] @ T [ns]
8-azapurine 2.054.84 n 263 7400 nf <0.001 -
ma 268 7800 nf - -
cat(hydr) 248 8100 nf - -
8-azaAde 2.7,6.24 n(4.0) 273 10500 345 0.008 -
ma(9.0) 275 10800 328 0.002 -
8-azaGua 1.2,6.5,10.8 n(4.5) 249 11200 395 0.05£0.33 6.2
ma(8.9) 278 6200 355 0.03 6.6
da(12.2) 280 7900 360 0.12 -
8-azaHx 5.2,10.8 n(3.5) 253 8710 340 ~0.003 -
ma(7.5) 273 9120 360 ~0.001 -
da(12.2) 270 10100 nf <0.001 -
2-(2-propoxyphenyl)-8- 5.4,10 n(3.0) 267 10700 400 ~0.02 -
azaHx (Zaprinast)
ma(7.0) 270 10900 - - -
8-azaDaPur 3.8,7.7 n(6.5) 280 8500 365 0.40 7.5,0.25
ma(10.0) 290 6400 372 0.36 3.4
cat(2.0) 253 9500 410 0.26 13,84
8-azalsoGua 225412 n(4.3) 281 11000 360,420 ~0.017 0.3,8
ma(7.5) 278 13400 360 ~0.005 <0.2
cat(~1) 277 9030 420 ~0.21 ~7
8-azaXan 4.96,10.2 n(3.0) 263 6500 420 ~0.219 9.0
4.66,9.79
ma(7.0) 265 8500 nf <0.001 -
da(12.3) 285 6500 nf <0.005 -

an, neutral form: cat, cation; ma, monoanion; da, dianfori; no detectable fluorescence in aqueous medium; nd, no%atag perturbed by
covalent hydration?Dependent on excitation wavelength. For 8-azaGua, the value 0.38at&rsnined witheyxc 315 nm, and 0.05 withexc
270 nn?; € Data from Nubel and Pfleideréf pK, values determined electrochemicallypata for 9-benzyl derivative

This journal is © The Royal Society of Chemistry [year]
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Table 2 Spectral parameters for neutral and ionic forms of some N-methiyladizes of 8-azapurines in aqueous medium. UV spectral data are
compiled in part from Albert:33-35Albert and Tratt3® Albert and Taguch£’ Nubel and Pfleideret® Blank et al.3? Islam and Nagamatstf.
Unless otherwise indicated, fluorescence data refer to excitation an280mpublished data are indicated by an asterisk (*).

Form UV absorption Fluorescertte
Compound pks (pH)? Amax[MM] — gmax[M~"cm™7]  Amax[nm] ¢ T [ns]
N(9)-methyl-8-azapurine 0.3 n 264 7590 nd - -
cat 263 5370 nd - -
N(8)-methyl-8-azapurine 32 n 270 11480 nd - -
cat(hydr) 254 10000 nd - -
N(9)-methyl-8-azaAde 2.8 n 277 10230 350 ~0.02 -
cat 264 10700 nf - -
N(8)-methyl-8-azaAde 3.54 n 291 10700 380 ~0.04 -
cat 281 11500 nf - -
N(7)-methyl-8-azaAde 2.45 n 285 9330 nd - -
cat 284 11200 nd - -
N(9)-methyl-8-azaGua 8.1 n 251 11500 ~350° <0.01 0.16
ma 277 10000 362 0.85 6.7
N(8)-methyl-8-azaGua 8.6,1.86 n 293 7400 400 0.51 -
ma 297 7900 410 0.45 -
N(7)-methyl-8-azaGua 8.25,1.6 n 297 5100 390 0.09 -
ma 300 5900 405 0.07 -
N(8)-methyl-8-aza-2,6-diaminopurine ~ 4.85 n(7) 307 8100 412 80.8 127
N(8)-methyl-8-azalsoGua 3.6,10.0 n(7) 284 ~7500 360,420 0.17 0.5,10
cat(2) 287 ~7000 422 0.58 10.3
N(3)-methyl-8-azalsoGua 2.3,5.6 n(4.3) 284 nd 368 0.013 0.4
ma(9) 282 nd 369 0.10 1.4
N(9)-methyl-8-azaXan 5.36 n(2.0) 255 9100 365,430 0.075 -
ma(7.0) 278 7600 360 0.06' -
N(8)-methyl-8-azaXan 7.64 n(4.0) 272 8700 420 0.50 12
ma(11.0) 299 6450 420 0.60 12
N(7)-methyl-8-azaXan 7.22 n(3) 273 6030 400,430 0.13 4.3
ma(11.3) 304,302 5750 401 0.23 4.9
N(1),N(3)-dimethyl-8-azaXan 4.87 n(2) 271 6300 355 0.78 3.7
ma(7) 269 8500 nf <0.001 -
N(1),N(3),N(7)-trimethyl-8-azaXan n 280 7800 350 0.014 ~0.1%
N(1),N(3),N(8)-trimethyl-8-azaXan n 276 10000 355 0.44 3.5

an, neutral form; cat, cation; ma, monoanion; da, dianflori; no detectable fluorescence in agqueous medium; nd, no¥alag perturbed by
covalent hydration“}1 Dependent on excitation wavelength. For 8-azaGua, the value 0.38at&rsnined withAgyc 315 nm, and 0.05 witheyxc

270 nn?; € Data from Nubel and Pfleideréf pK, values determined electrochemicallypata for 9-benzyl derivative

4| Journal Name, 2010, [vol] 1-21
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2.1.2 Identification of emitting species. Ground-state prties of three N-alkyl derivatives, alkylated on the tokz
tautomerism of 8-azapurines is more complex than that of theing. The most fluorescent of these, N(8)-methyl-8-azaXan,
parent purines, due to presence of the ring nitrogen [N(8)]exhibits maximum emission at 420 nm in aqueous solution
Identification of the forms predominant in the ground state i and 355 nm in non-protic media, and clearly resembles the
therefore not easy, and it should be kept in mind that these mafluorescence of 8-azaXghMuch weaker fluorescence of the
not necessarily be identical with the forms responsibldgtier  N(9)-benzyl derivative is centered near 365 nm in water, and
observed fluorescence. The standard approach to resadve thiis excitation maximum is close to 260 nm, quite different
problem is via examination of N-alkyl derivatives. from that of 8-azaXan (275 nm), so that the N(9)H tautomer

Amino and keto strukctures predominate in most aminomust be reagrded as undetectable by the fuorescence method.
and oxo 8-azapurine derivatives, analogously as in thexpuri By contrast, participation of the N(7)H form in the ground
series®162 Such conclusions can be drawn from crystyal- state of 8-azaXan cannot be excluded, as shown by the spec-
lographic data, available for 8-azaAde hydrochlorfdets  tral properties of the N(7)-methyl-8-azaXan (Table 2).
N(7)-methyl derivativé* and 8-azaAdd?® and 8-azaGua and No traces of the N(8)H tautomer can be detected, using this
8-azaHx derivative§3-66-68Spectroscopic (FT/IR) studies of method, in the fluorescence of the neutral 8-azaDaPlihe
8-azapurines also point to predominance of the keto-amin®(8)-methyl derivative of the latter compound is intendly
structures®6.6° orescent (Table 2), but its emission maximum (410 nm) dif-

Crystal structures show the presence of the N(9)-H in 8fers significanly from that of the parent compound (365 nm).
azaGual® while 8-azaGua hydrobromide crystals show theMoreover, the emission of the neutral 8-azaDaPur is vitual
N(8)-H, N(3)-H structure®® The N(9)-H form was also ob- excitation-independent. The N(9)-alkyl derivative emittt
served in Zaprinaéf but only the N(8)-H in 8-azaH¥ and  ~368 nm® so the emission of 8-azaDaPur originates from
8-azaXan’® The N(8)-H tautomer is found also in crys- the predominant N(9)H form.
tals of 1,3-dimethyl-8-azaXan (8-azatheophyllifé)The lat- For 8-azaAde, which is weakly fluorescent at 345 nm, the
ter compound has also been investigated usihgNMR in emission seems to originate from the major N(9)H form, since
DMSO,’? indicating 8:2 predominance of the N(8)H over the the spectral parameters of N(8)-methyl derivative areequit
N(7)H tautomer, with the N(9)H form undetectable. distant from those of 8-azaAde (Table 2). Hence emission

Fluorescence studies of N-alkyl derivatives (see Table 2jlata do not confirm previous theoretical speculations of the
can not only identify the most fluorescent forms, but alsphel predominance of N(8)H form in 8-azaAde, at least in aqueous
to resolve the problem of ground-state tautomerism. A goodnedium.
example is 8-azaGua, where there is a marked difference be- One of the important applications of the isosteric nu-
tween various N-methyl derivatives in terms of emission andcleobase analogs, and their N-alkyl derivatives, are spec-
UV-absorption spectra® While the N(9)-methyl derivative, tral investigations of the enzyme-ligand comple£é3.The
with maximum absorption at 251 nm, is only weakly flu- ligands participating in the complexes may adopt different
orescent, N(8)-methyl-8-azaGua reveals intense fluonesce ionic/tautomeric forms than those predominating in soluti
(¢ ~0.5, Amax 400 nm), and UV absorption maximum at 293 Thus, detailed knowledge of the spectral properties obusri
nm. The UV absorption of 8-azaGua atpH.5 (neutral form)  forms is necassary for proper interpretation of the data.
is clearly similar to that of the N(9)-methyl derivativép(ax
249 nm), indicating predominance of the N(9)H tautomer, but 2.1.3 The pH-dependence.The pH-dependence of 8-
its emission, withAmay at 395 nm and excitation maximum at azapurine fluorescence is determined by the ground-stiake ac
290 nm? must originate from the minor~(5% molar ratio), ity of the triazole proton, the basicity of the pyrimidinetroi

but strongly fluorescent, N(8)H form. gens, and in the case of the oxo-substituted compound, addi-
Similar behaviour is shown by 8-azaisoGua, which exists asionally by the acidity of the pyrimidine proton(s).
a neutral species at pH,° the UV spectrum of whichXpnax 8-azapurines are much more acidic and less basic than the

281 nm) is similar to that of the N(9)-alkyl derivative (Mez  corresponding parent purinegsee also Fig. 2). It is a gen-
unpublished), as well as to the nucleosfeyhile the fluores-  eral rule for 8-azpurines that the triazole proton is moidiac
cence excitation, showing double maxima at 284 and 254 nnthan the analogous imidazole proton in purines, sometimes
resembles that of the N(8)-methyl derivative, the lattewvsh by as much as-5 pK units! and as a consequence at pH 7
ing good agreement between UV absoption and fluorescenaaany 8-azapurines exist exclusively, or predominantlyhi
excitation spectra. It was concluded that the fluorescefce anionic forms. This includes 8-azaAde (pk.1), 8-azaGua
8-azaisoGua, and also its 3-methyl derivative, are duelgnain (pK, 6.5), 8-azaHx (pl§ 5.1) and 8-azaXan (pK4.9), with
to the minor N(8)H protomer, the major form being N(9)H.  the only exception of 8-azaDaPur (pK/.7). By contrast,
Predominance of the highly fluorescent N(8)H tautomer inthe acidity of the pyrimidine proton(s) in oxo-8-azapusng
8-azaXan is evident from a comparison of the emission proonly slightly (~1 pK unit) enhanced relative to the analogous

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-21 |5
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0 0
A N i< N I N
N | > N =\ N \
0 N N/ )\ S /\IH )\ | 6/\‘
| Xan o) T N o T N
H pK, = 7.7 K,=4.9
0 H P H nonfluorescent
H hv
\N)i”\ ‘
_ o _ — _
o T N\ » Q »
R Xao H H
H ~ N ~ N
pK, = 5.9 N =\ N =\
0 NH| =—— NH
)\ \N/ )\ \N/
H 0 N 079N
~y /N\ |
H=
S /N — H - — -
0 N N PK* =-0.5 flyorescent at ~420 nm
| 8-aza-Xan
H pK, = 4.9 Fig. 3 Proposed interpretation of 8-azaXan blue fluorescence in
a aqueous medium(p6). Note that the last step, deprotonation of
Hee N N(3), is very rapid £10 ps).
N | N
)\ N/N is due to the fact that anions of unsubstituted 8-azapugres
O N \ . - - - .
\ 8-aza-Xa0 generated by dissociation of the triazole proton, whilesého

I
H pK, = 4.7 of N-methyl derivatives of oxo-8-azapurines by dissooiati
_ o ~ from the pyrimidine ring. It should be stressed that the N-
Fig. 2 lonization of Xan, Xao, 8-azaXan, and 8-azaXao (R = ri- methyl derivatives are generally much less acidic than &re p
bose). Note that the neutral form of 8-azaXan is shown as the N(8)-kbnt 8-azapurines (Table 1 and 2).
protomer. In DMSO, the 1,3-dimethyl derivative (8-azatheophylline)  thanks to marked differences between the emission form
consists of an equilibrium mixture of the N(8)-H and N(7)-H forms neutral and ionic forms, 8-azapurines can be applied tcsinve
in the proportion 8:2/2 and uniquely as the N(8)-H in the crystdl. - » .
tigations of the enzymatic processes, especially thoseevhe
the ionic intermediates are postulated to exist in someestag

purine species, as shown by titration of N-alkyl derivative of the reaction. Some examples of such studies are available

As a consequence, in all known oxo-8-azapurines the teazoll" the literature (see next chapter).

proton _is more a_cidic that_ the pyrim_idine_one. The basic_fty O 2.1.4 Excited-state proton transfer.Species responsible

the pyrimidine nitrogens in 8-azpurines is lowered reB  ¢o fluorescence emission may not necessarily be the same as
that of the corresponding purines, as illustrated by 8-@8EA ose responsible for absorption, due to possibility oftexi

(PKa 2.1) vs. adenine (pk3.5). state proton transfer.

Fluorimetric titration curves give pkvalues virtually iden- Excited-state proton transfer (ESPT) is a fairly common
tical to those obtained by spectrophotometric procedurephenomenon among fluorescent N-heterocyéfeisicluding
(Wierzchowski), but does not indicate identity of groundea  fluorophores of biological interest, like lumazine, lucifeand
excited-state acidities (see below). The protonated and dehe fluorophore of green fluorescent protéff> This phe-
protonated forms of 8-azaAde and 8-azaGua are only weakljjlomenon is manifested typically as a solvent-, isotope- and
fluorescent (Table 1), and no emission was detected for the apuffer ion-dependent dual fluorescence, and/or partiular
ionic forms of 8-azaHx and 8-azaXan. Only for 8-azaDaPunarge Stokes shift of the observed single emission band. The
was intense emission of the ionic form reporféd. high sensitivity of the emission parameters to the enviremm

Quite different behaviour is observed for N-methyl deriva- is particularly useful for applications in enzymolody."®
tives of the oxo-8-azapurines (Table 2), especially those Thermodynamic possibility of ESPT is a consequence of
methylated on the triazole ring: high fluorescence yieldeewe the large differences between acid-base properties ofngrou
reported for the monoanionic forms of N-alkyl derivativeés 0 vs. excited states. These differences may be calculated fro
8-azaGu&* 8-azaisoGuéand 8-azaXar?:1° This difference  spectral data using the Foerster cy&l€%and may be as large

6| Journal Name, 2010, [vol]1-21 This journal is © The Royal Society of Chemistry [year]
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as 7-8 pH units’381Proton transfer rates are typically compa- ever, dual emission can be observed in non-aqueous medium,
rable to, and sometimes exceed, those of the radiativeeelxcit like isopropanol, containing’0.1 M acetic acid-triethylamine

states deca§f* mixture (10:9), the latter acting as a catalyst for the pmesdi
Examples of ESPT among purine and purine nucleosidéwo-step proton transfer reaction.
analogues have been briefly reviewed receff? some The excited-state proton transfer rate is highly dependent

referring to the 8-azapurines and their N-alkyl derivative on the microenvironment, particularly the hydrogen-boett n

In particular, 8-azaXan in slightly acidified 1% aqueousWwork, and for this reason nucleobase and nucleoside analogs
methanol exhibits two fluorescence bands, with maxima atndergoing ESPT can be used as sensitive probes to study
~335 nm and~420 nm, whereas in water (pi4.5) only the  their interactions with various biomolecules, including- e
long-wavelength band is present, resulting in a large Stokezymes and ribozymes.

shift, 16000 crmt.® Comparison with the N(8)-methyl deriva-

tive, showing similar emission at pH 2-12, allowed identi- 2.2  Fluorescence of 8-azpurine nucleosides

fication of the 420 nm fluorescence band in 8-azaXan as a ) ) _ _
phototautomeric anion, formed in the excited state of the fluNucleosides and nucleotides of 8-azapurines usually rdiffe
orescent N(8)-H protomer, as a result of ESPT from N(3),markedly, in ter_ms of spectral and acid-base propertlgm fr

as depicted in Fig. 3. Using spectral parameters of N(g)he corresponding nucleobase analogs, because the listter d
methyl-8-azaXan, the pKof the N(3)-H in the excited state p!ay annulgr tautomerism, not possple |n.N-r|b05|d<.a.s.sTh|
was calculated to be approximateh0.58 pointing to rapid difference is analytlcally |_mportan_t, since it aII_ows siike
deprotonation, even in moderately acidic aqueous medjunin€asurement of the activity of various glycolytic enzymgs b
This process is much slower in alcohols, resulting in appearméans of fluorescence spt_actroscéﬁ?.Fluore_scence param-
ance of emission from the neutral species-840 nm. The eters of 8-azapurine ribosides are summarized in Table 3. In
fluorescent anionic form is absent in the ground state of ggeneral, they are qualitatively similar to those of the N(9)
azaXan, since, as in most 8-azapurines, the triazole pinton @lkyl derivatives of the corresponding 8-azapurines. Spec
the ground-state is more acidic than the N(3)-H (see above}.ral characteristics of the c_Jeox_yr|b<_35|des are nearlytidah

As expected, only the short-wavelenghth emission band (355 those of the corresponding ribosicfes >0

nm) is present in the fluorescence of 8-azatheophylline (1,3 221 8-Azaguanosine and 8-azaadenosine. 8-
dimethyl-8-azaXan, see Table 2). Azaguanosine (8-azaGuo) and 8-azaadenosine (8-azaAdo)

Solvent- and isotope-dependent dual fluorescence is algshosphates can substitute for the parent purine nucleotide

observed for neutral forms of 8-azaisoGua and its N-methyln catalytic RNAs, without losing biochemical activities,
derivatives, particularly N(8)-methyl-8-azaisoGU# In the  and thanks to this they can serve as fluorescent probes of
latter compound, dual emission is observed in neutral aggieo the catalytic mechanisi?1® 8-AzaGuo exhibits instense
medium, and the intensities of the two bands, with maximé&fluorescence in the deprotonated form {pk9), and very
at ~360 and~430 nm, are markedly dependent on buffer ionweak as a neutral species. By contrast, 8-azaAdo is moder-
concentration, but independent of excitation wavelengifo  ately fluorescent in neutral medium, but not upon protomatio
indicative of intermolecular excited-state proton tramsf  (Table 3). Their applications include determination of the
The protonated form of 8-aza-isoGua (pK2.2) also exhibits  transition-state structure in ribozyme-catalyzed reasti(see
the long-wavelength fluorescence band (420 nm), with a larg&ection 3.5).
(~12000 cnl) Stokes shift, absent in the cations of N(3)-
alkylated derivative$, suggesting that excited-state N(3)-H
deprotonation is responsible for the dual emission observe
in 8-aza-isoGua.

Another example of ESPT is observed in 8-azaDaPur, bug
only in weakly acidic condition® where dual emission is ob-
served, with a long-wavelength band, centered-410 nm,
showing a Stokes shift 0£11000 cnt!. Comparison with
the N(8)-methyl derivative identifies the 410 nm band asieorig
nating from the neutral N(8)H tautomer, generated by edeite
state deprotonation of the cation. The*pfor this process
was estimated to be less thas2.58 In the ground state, this
tautomer is undetectable, and the phototautomeric pracess
the neutral agueous medium is too slow to compete with the 2.2.3 Other nucleosidesThe 8-azaDaPur nucleoside be-
excited-state decay of the dominant tautomer, N(9)H. Howdongs to the most intensely emitting nucleosides knowrt wit

2.2.2 8-Azainosine and 8-azaxanthosine. Unlike 8-
azaHx, 8-azainosine is moderately fluorescent in neutrad-aq
ous medium, but this fluorescence is due to the anionic form
f the compound and disappears atpH?’ The emission of
-azaxanthosine, centered-aB65 nm, can be observed over
a broad pH area, but this emission is due to the monoanionic
form (pKa 4.6), which at the pk pKj is generated by ESP®,

The very low acidic pK value of this compound is analogous
to that obesrved in xanthosine (Kulikowska et %l see Fig-

ure 2), and is a consequence of the fact that the N(9)H tau-
tomer is energetically much less favored than N(7)H in xan-
thine and N(8)H in 8-azaXan.

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-21 |7
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Table 3 Spectral parameters for neutral and ionic forms of selected 8-simapwicleosides. The UV spectral data are compiled from D&Voll,
Hutzenlaub et al8 Elliott and Montgomen$220Seela et al” and Jiang and Seel?.

Form UV absorption Fluorescertte
Compound pk (pH) Amax [nM] Emax[M ~rcm™] Amax [NM] @ T [ns]
8-azapurine riboside <1 n(1) 262 6600 nf <0.001 -
(8-azanebularine) n(11) 261 6300 nf <0.001 -
8-azaAdo 2.2 n(7.0) 278 12000 352 0.068 0.8

c(1.0) 262 12300 nf - -
8-azaGuo 8.05 n(6.0) 256 12900 347 <0.01 ~0.1

ma(10.2) 278 11700 360 0.55 5.6
8-azalno 7.9 n(5.0) 254 10000 nf <0.001 -

ma(11.0) 275 10700 357 .018 -
8-aza-deoxy-IsoGuo 8.4 n 251,285 6060 ~365 <0.05 nd

ma nd nd 370 >0.2 nd
8-azaXao 4.6 n(3.0) 255 8600 362,430 ~0.07 0.8,5.3

ma(8.0) 278 10000 362 ~0.11 0.9
8-aza-2,6-diamino- ~3.2 n(7) 286 10800 367 ~0.9 nd

purine riboside

an, neutral form; cat, cation; ma, monoanion; da, dianforfi; no detectable fluorescence in aqueous medium; nd, no data.

fluorescence yield-0.9.5%84 Since the corresponding purine 3 Biochemical aspects and applications
nucleoside is used as a probe in biological rese&?cijt is
to be expected that this ca. 100-fold stronger emittingamal 3.1 Metabolism and cytotoxicity of 8-azapurines
can better serve this purpose.
Early interest in 8-azapurine metaboli$hrwas further stim-
Recently Seela et @0 found that the moderate fluores- ulated by the discovery of anti-cancer activities of some of
cence of 8-azaisoGuo and the corresponding nucleotidd is nthese, particularly 8-azaGua, 8-azaAdo and 8-azalno, summ
quenched upon incorporation into oligomers, as frequentlyized by Montgomery® and Albert! and reviewed by Robins
found for other nucleosides. This led to interesting agplic and Revanka?* The overall mechanisms of the cytotoxicity
tions in the area of polynucleotide interactions and assemef 8-azapurines require further characterization, butesgen-
blies.® eral conclusions can be formulated, as follows.
Transformation of 8-azapurines, and/or their nucleosides
to their 5’-nucleotides is a key step in their metabolic\aeti
tion via the purine salvage pathway: (a) phosphoribosydtra
ferases (PRTase, e.g., hypoxanthine-guanine PRTase - HG-
PRT, adenine PRTase - APRT) in the case of 8-azaGua, 8-
2.2.4 N7-and N8-ribosideslt has been demonstrated re- azaHx, and 8-azaAde, or (b) purine nucleoside phosphory-
cently that the non-typical nucleosides, like [87D-riboside  lase (PNP), followed by nucleoside kinase (typically AdpK)
and N88-D-ribosides of various purine analogs can be en-in the case of some 8-azapurines, like 8-azaHx and 6-methyl-
zymatically generated using wild or modified enzymes of nu-8-azaHx?3*4Neither pathway is very effective in mammalian
cleoside metabolisf?®! and some of them can be also de- systems, since both 8-azaGua and 8-azaHx are only weak sub-
graded by these enzym&which makes them applicable to strates for mammalian, including human, HGPRTand 8-
analytical or mechanistic biochemistry. These non-typica  azaHXx is a very poor substrate for the reverse (synthettt) pa
cleosides differ spectrally from the natural N9D-ribosides, ~Wway of PNP (see Section 3.2.2). There is one report implicat-
frequently showing higher fluorescence yields and redeshif ing the PNP-nucleoside kinase pathway in the activatior of 8
spectra, much more suitable for analytical research. SomazaGua in mammalian tissusHowever, cellular resistance
examples include very highly fluorescent 188D-ribosyl-8-  to 8-azapurines, including 8-azaGua, is typically assedia
azaXan, generated by xanthosine phosphorylase in theseeverwith lack of PRTase activity>97
reactior? and non-typical ribosides of 8-azaDaPur, which The metabolic activation of nucleosides, especially 8-
are selective substrates for various types of purine-ogide  azaAdo and 8-azalno, is simpler, since both compounds read-
phosphorylase (PNP ily respond to Ado kinas&89%and this is correlated with rel-
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atively strong cytotoxicity?* Similarly, lack of cytotoxic ef- 3.2 Interactions of 8-azapurines and their nucleosides
fects of 8-azaXan can be explained by resistance to both po-  with enzymes of purine metabolism
tential activating pathways. 8-azaGuo is less toxic than 8-

azaGua, due to the absence of Guo kinase activity in mam-, 3:2.1 Nucleosidases (qucle05|de hydrolasequcl_eo—
malian cells'®® Nevertheless, there are repdfghat, in some side hydrolases are glycosidases that catalyze the isibler

cell strains, 8-azaGuo is almost as toxic as 8-azaGua. ThiggdrOIySiS of the N-glycosidic bond ¢8-ribonucleosides to

could be due to slow nucleoside cleavage by PNP and/or nll'- erate fibose and the free purine or pyrimidine base, bs fo

cleoside hydrolases (see Section 3.2). Partial resistange
azapurin_es may also result from h?gh activity of catabofic e B —ribonucleoside H,0 —  baset ribose
zymes, like Guanase or 5’-nucleotidade.
These enzymes are characterized by a stringent specificity
Once in the form of the 5’-nucleotide, these can be fur-for the ribose moiety, but exhibit broad variability in thei
ther phosphorylated by nucleotide kinases, and the resultapreference for the purine or pyrimidine base. They are very
triphosphates incorporated into RNA& leading to toxic ef-  widely distributed in bacteria, yeast, protozoa, meso#oa,
fects. Interestingly, 8-azalMP is metabolically transfed  sects, the genes of which all exhibit a recurring N-terminal
and incorporated as 8-azaAMP or 8-azaGMPHowever, motif DXDXXXDD, also present in plants, amphibians and
Chen and Sheppatff have shown that incorporation of 8- fish (for review, see Versees and Stey&&)t The metabolic
azapurine nucleotides into RNA may not always be efficientyole of these enzymes has been well established for several
since, e.g., 8-azaATP is a suicidal substrate for the yeagtarasitic protozoa, in which they play a key role in the sal-
poly(A) polymerase. By contrast, 8-azaGTP is apparentlyage pathway, which scavenges purines from the environment
a fairly good substrate for RNA polymerases from variousallowing recycling of the free bases to nucleotides for DNA
sources, both in vitro and in vivd,although it cannot initi-  synthesis. Quite strikingly, neither nucleosidase atigj nor
ate translatiod%4-1%|n tRNA, 8-azaGua can replace Gua via their encoding genes, have been detected in mammals, and
the tRNA-guanine ribosyltransferase reactfdh. thus represent attractive targets for drug developmengrerh
are scattered reports of 8-azapurine nucleosides as atdsstr
5'-Nucleotides of 8-azapurines can also be metabolized b@f nucleosidases, but limited to only qualitive observasio
enzymes of purine metabolism, e.g., 8-azalMP is readily oxand this is worhty of further study, especially with fluores-
idized to 8-azaXMP by IMP dehydrogena®¥ and the lat- cent analogues. We limit ourselves here to one exceptionall
ter is a moderately good substrate for GMP synthet83¢. ~ unique member of this family of enzymes, 5’-AMP nucleosi-
should also be noted that 8-azaXMP is also a relatively goodlase.

inhibitor of OMP decarboxylase (0.4 uM), a key enzyme 3.2.2 5-AMP NucleosidaseThere are now many reports

in pyrimidine biosynthesi_é.lo Differences in metabolism of 4 the existence of nucleotide N-hydrolases, which clehee t

8-azapurines, observed in some parasites, égshmania  gvcosidic bond of 5-nucleotides to release the aglycane a

andPlasmodiumare pharmacologically importaft!:112 ribose phosphate (Yang et &% Dupouy et al12! and ref-

erences therein). We here limit ourselves to one of the first

8-azapurines are probably not incorporated into DNA inreported, and an exceptionally unique member of this family

vivo, but some exceptions have been noted in bacterial sysf enzymes.

tems? and 8-azaGua metabolites were long ago reported as Hurwitz et al 12 first reported the presencen vinelandii

inhibitors of ribonucleotide reductase>“They are not mu-  of an unusual enzyme analogous to a nucleosidase, in that it

tagenic, a necessary condition for utilization of 8-aza@sa catalyzes the irreversible cleavage of 5-AMP, but not aden

a selective grOWth inhibitor in standard mUtageniCity gest sine, to adenine and ribose_s-phosphate’ in the presence of

which are based on mutations in the HGPRT gene, with repmgATP, an allosteric activator of the enzyme, as follows:
sultant resistance to 8-azaGt& 1172-Deoxynucleosides of

8-azaAde are only weakly cytotoxic, whereas the respec- AMP " Adenine-+ ribose— 5 — phosphate

tive 5-bis(pivaloyloxymethyl)-deoxynucleotide dertixges,

which are 8-azaAde pro-drugs, display significant toxjcity Inorganic phosphate (or arsenate) appears to serve as an al-
possibly due to reported inhibition of DNA synthesis by the losteric inhibitor via competitive inhibition relative tdgATP.
triphosphates, although, surprisingly, these triphogshan-  The enzyme appeared to be quite specific for 5’-AMP, inas-
dergo incorporation into DNAvia polymerasen in vitro.2*®  much as a broad range of nucleosides and nucleotides were
Cytotoxicity of 8-azapurines may also be related to thevegti  not substrates (but see below).

of some analogs as receptor agonists or antagonists, lsecent Structural studies of the E. coli enzyme revealed that it is a
reviewed by Giorgi and Scartofi? homohexamer with 32-point symmetry, and that the catalytic

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-21 |9
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domain of each monomer resembles the overall topology and QA
Asp428

active site of members of the nucleoside phosphorylase fam- o)

ily NP-1, which includes the trimeric and hexameric purine Trp383\_ HN
nucleoside phosphorylases (Zhang et'&f.and references \

cited).

In a study on the substrate and inhibitor specificity of
the A. vinelandii enzyme, DeWolf et &f* reported that —
2-aminoAMP, 8-azaAMP, 2-deoxyAMP, 3-deoxyAMPand NH ..
NMN were weak substrates, withy¥x values<10% that for N
AMP. However, a closer examination of their data (including
their Table 2) reveals that 8-azaAMP, with g kf 85 uM, as
compared to 12M for AMP, and a Vinay/Km of 0.76x 1071
min—! as compared to 2:810~1 min~! for AMP, is in fact a

Iz

)

good substrate. As 428\_
Furthermore, it should be noted that 8-azaAdo (hence also o} \ °
8-azaAMP) is fluorescent, with an emission maximum at Trp383\_ N
physiological pH at 352 nm and a quantum yield of 0.068 (Ta- \ 4
ble 3). Under the same conditions, the emission maximum N o
of 8-azaAde is displaced to 320 nm with a very low quantum HaN _
yield of 0.002 (Table 1). It follows that 8-azaAMP should be — _9H
an excellent substrate for continuous fluorimetric momgpr NH oo, F N'\
of AMP nucleosidase activity, as well as for studying its mod | \N
of interaction with the enzyme in solution. Current methods K N/
are based on chromatography to reveal release of free ade- N \
nine, or measurement of formation of reducing sugar from R

AMP, both very inconvenient. The reaction has also beerhg_ 4 Mode of binding by AMP nucleosidase of the aglycone

followed spectrophotometrically by monitoring the chame ¢ Formycin-5'phosphate (upper) and that proposed for 8-azZBAM
absorbance at 275 as AMP is cleaved to adehffidut the (lower).

change is small (1.6 absorbance unitséjnhence not very
sensitive.

Potential inhibitors examined by DeWolf et &% in-
cluded a close structural isosteric analogue of AMP, 8-aza.
9-deazaAMP with a non-cleavable C-C glycosidic bond, viz.
Formycin-5"-phosphate (FMP). This proved to be a potent 3.2.3 Substrate/inhibitor properties of 8-azapurines,
competitive inhibitor with respect to AMP, with a;kof 43  and nucleosides, towards various forms of PNP.
nM, so that it binds 2600-fold more tightly to the enzyme thanPurine nucleoside phosphorylases (PNP, E.C. 2.4.2.1) cat-
AMP. With the enzyme from E. coli, FMP binds 1200-fold alyze the reversible phosphorolysis of purine ribo- and 2-
more tightly than AMP'2> Even Formycin itself is a reason- deoxyribonucleosides, as follows:
ably good competitive inhibitor, with a;kof 5 uM. The struc-
tural basis for this tight binding is therefore of considdea
interest (see below).

The crystal structure of E. coli AMP nucleosidase in a com-
plex with Formycin-5"-phosphate, reported by Zhang et&l., The mammalian trimeric forms of PNP are specific for (de-
displays schematically the mode of binding of the aglyconepxy)guanosine and inosine, while some bacterial forms, e.g
pyrazolo[4,3-d]pyrimidine, as the N(8)-H protomer (Fig. 4 the hexameric E. coli PNP-I, accept Ado and dAdo as well (see
The authors concluded that Asp428 acts as a hydrogen borBzowska et al128 Pugmire and Ealick2” and Edward&8 for
donor to offset the partial negative charge and stabilize threviews). Several other forms of PNP exist, notably the in-
transition state. The same Figure shows, for comparisan, owucible xanthosine phosphorylase fréncoli known also as
proposed mode of binding of 8-azaAMP, which is virtually PNP-11,12° and the ubiquitous 5’-methylthioadenosine phos-
identical with that for Formycin-5'-phosphate, and expai phorylase!3°
why 8-azaAMP is a good substrate. PNP is regarded as a therapeutic target for many

Surprisingly, no attention appears to have been paid to thiealth disorders, including T-cell immunodeficienclés T-

fact that both Formycin and its 5’-phosphate are highly fluo-
rescent, and could be employed as probes for studying their
mode of interaction with the enzyme in solution.

B — purine— nucleosidet ortophosphate

—
=

purinebase- a — D — pentose- 1 — phosphate
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cell leukemiast32133 psoriasis!®* parasitic infections, e.g., rolysis of Guo? and, consequently, much slower than the re-
malarial3®13%and cancer, e.g., gene-oriented cancer therapyerse (synthetic) reaction in phosphate-free medium.a8raz
utilizing the so-called suicidal gene strateljy:'38Recent ad- and 8-azaAdo were not detectably phosphorolyzed under the
vances in understanding the mechanisms of PNP led to desame conditions. The equilibrium constant for 8-azaGue syn
velopment of a series of transition-state analogues, vigth s thesis by the calf enzyme, €320 at pH 7, compared t650
nificant pharmacological potential (see Schratd™ In par-  for natural purine nucleosides; hence, in the presence -of ex
ticular, the so-called immucillins, iminoribitol nucleds ana-  cess ribose-1-phosphate (R1P), the reaction proceedalijrt
logues, mimicking the putative oxocarbenium ionic trangsit  quantitatively in phosphate-free medium. This reactios ha
state structure of the phosphorolytic process, are the mostseful analytical application, thanks to the high fluoresee
potent PNP inhibitors known to daté?13%140mmucilin  of the 8-azaGuo monoanion (observable at{i see Sec-
H (known also as Forodesine) is currently in clinical tri- tion 2.2.4), and can be profited from for continuous monitor-
als 141-143 ing of PNP activity in 2000-fold diluted blood lysates, ugin
Various forms of PNP have been exploited for the preparfluorimetric methods’ The same reaction may also be em-
ative synthesis of various nucleoside analogues, inctulin  ployed for a highly sensitive unique quantitative assay PR
azanucleoside§>9:91.144,145 in cell lysates? Previous methods for determination of intra-
PNP accepts a variety of nucleoside, and purine nucleosideellular levels of pentose phosphates were reviewed by €ami
analogues, as substrates (see Bzowska é2%fqr review).  etall4®
Although 8-azapurine nucleosides (8-azaGuo, 8-azalno, 8-
azaAdo) are known to be relatively resistant to phosphorol- 3.2.4 Interactions of 8-azapurines, pyrazolopyrim-
ysis by both mammalian and bacterial forms of PNP (but seddines and Formycins with PNPs: structural studies.
below), probably accounting for the much lower cytotoxic- Interactions of PNPs with substrates and inhibitors, idclu
ity of 8-azaGuo relative to 8-azaGua (cf. Parks and Agaring purine analogues, have been widely studied by a vari-
wal, 16 Doskocil and Holy!*7), some 8-azapurines are sub- ety of theoretical and physicochemical methods, including
strates for the reverse, synthetic pathway. Additionaliyne  molecular modeling, X-ray crystallography, NMR and fluo-
8-azapurine derivatives exhibit marked inhibitory adivio- ~ rescence spectroscopy (see Ealick et&l Erion et al. 159151
wards various forms of PNP. Thanks to their intense fluoresDeng et al.1>2 Tebbe et al1>3 Bzowska et al}11?6Wielgus-
cence, 8-azapurine nucleosides may be exploited as fluorekutrowska et all? Afshar et al'®¥). These investigations
cent probes in mechanistic studies (see below), and as sensiere directed to elucidation of binding modes and reaction
tive analytical tools for PNP activity assay$? mechanisms, and with a view to development of novel and
Early reports on 8-azapurines as substrates for PNP in theore selective inhibitors (e.g. Schrantd?,13°Ho et al1%9).
reverse synthetic pathway were reported for the mammalian The mechanism of nucleoside phosphorolysis by PNP has
enzyme by Parks and Agarw4f and for E. coli PNP by  been partially elucidated, on the basis of kinetic and afyst
Doskocil and Holy!4” PNP was subsequently postulated as arlographic data, as proceeding via the oxocarbenium ion cen-
HGPRT-independent, but nucleoside kinase-dependertt; pattered on the ribose oxygen-C(1) bond (see Fig. 5). Based
way for metabolic activation of 8-azaGua in some organ-on this mechanism, several transition-state analogues wer
isms 26 Until recently, these reactions were regarded as irresynthesized, and found to exhibit picomolar associatian co
versible, but, in fact, very slow phosphorolysis of 8-azaGu stantst3%155|t is still being disputed as to how the transition
by calf PNP can be observéd. state is realized, and, consequently, which tautomeniwio
Reports on the kinetics of 8-azapurine nucleoside syrghesiform of the purine is the true substrate for the reverse i@act
catalyzed by calf an&. coli PNP-I as a function of pF3, There are at least 3 possibilities, leading to three strastu
concluded that 8-azapurines are relatively poor substfate  shown in Fig. 5. Experimental data suggest that the reverse
the bacterial E. coli) enzyme, with kg values in the range reaction requires the purine substrate to be bound as the neu
of 1% that of the natural purines. By contrast, mammaliantral species, with the imidazole proton either on N(7) or)N(9
(including human) forms of PNP quite effectively catalyke t (see below).
synthesis of 8-azaGuo at ptf. Slow synthesis of 8-azalno  Crystallographic structures of various forms of PNP have
was also observed, but only at pi8.5. The marked pH- been determined (see Bzowska et'af.| ewkowicz and Irib-
dependence of K in both cases suggests that only the neu-arrent for reviews). These include human PNP complexed
tral forms of 8-azaGua and 8-azaHx (i.e. those dominant irwith Gua, and with 8-azaGua (Fig. 63 Interaction of both
weakly acidic media, see Section 2.1) are accepted as subempounds with the active site is essentially similar, Wit
strates? strongest hydrogen bond between N(1)-H and Glu201/°@1.5
Phosphorolysis of 8-azaGuo with calf PNP in 50 mM phos-characteristic also for Ino, Guo, Hx and the potent tramisiti
phate, pH 7, is ca. 2 orders of magnitude slower than phosphatate inhibitor immucillin H12%:151.156|n contrast to the Gua-

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-21 | 11
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Table 4 Kinetic parameters for enzymatic ribosylation of 8-azapurines by PR fiarious sources, with ribose-1-phosphate as ribose donor.
Data from Wierzchowski et &:8

Substrate Enzyme source pH mifuM] Kcat [relative]
8-azaGua Calf 7.0 101 ~20%
Calf 8.05 680 ~19%
E. coli- 7.0 >200 <1%
Human 7.0 225
8-azaHx Calf 7.0 >600 ~0.3%
Calf 6.0 175
8-azaAde Calf 67 no reaction
Human 7.0 no reaction
E. coli-l 6.0 200 ~0.5%
8-azaXan E. coli-ll 55 175
E. coli-Il 7.0 ~330 ~0.8%

*kcat relative to that for the respective purine.

(0] /H
H H
Y " Y
k | 6—> k | 5+‘:;
N N N N

(0]

o, 0. N
5N 5. 5+
"H,PO; " HPO,” “HPO,”

Fig. 5 Postulated structure of the transition state of PNP-catalyzed phosplismflyso proposed by Erion et at2° (left), Tebbe et all53
(middle), as modified by Edward€8 and Kicska et alt>® (right). Note that, with exception of Erion model, the phosphate is in the diamion
form, as postulated by Edward$8 and confirmed by kinetic dats’
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PNP complex, the 8-azaGua-PNP complex exhibits an addi-
tional hydrogen bond between N(8) and Thr242 (/fX)Band
Asn243 binds to N(7) instead offdn guanine (2.8}). In both
structures there is also an intrinsic sulfate moleculejibignto
N(9), but no indication of dominant tautomeric form(s) is-di
cernible.

Several spectroscopic investigations were directed t-elu
dation of the role of tautomerism and ionic state of ligands
bound to PNP (purine or purine analogdé)!1.51,52.152,160
E.coli PNP-I binds Formycin A (a fluorescent C-nucleoside
inhibitor) and some its methyl derivatives in a fixed, neu-
tral tautomeric form. Furthermore, 8-azaGua forms a highly
fluorescent complex with calf spleen PNP, the binding con-
stant of which corresponds to the kinetically determingg K
(~100uM). Analysis of the fluorescence emissioptx~375
nm) and excitation spectra of this compféxexcluded the ma-
jor N(9)-H tautomer of 8-azaGua from the complex structure,
and pointed to participation of either the N(7)-H or N(8)-H
form (see Section 2.4). AntPN NMR analysis of the human
PNP-hypoxanthine complex clearly pointed to participatid
the N(7)-H tautomet>2

Additional support for the foregoing was pro-
vided by analysis of a series of complexes of calf
PNP  with  N(9)-phosphonoalkoxy-substituted  purine
analogues, including the highly fluorescent com-cell extracts. The applicability of FA for this purpose wasd
plexes with phosphonomethoxy(PME)-8-aza&tia and  ago described®! It has the marked advantage that, because of
phosphonoalkoxy-8-aza-2,6-diaminopurifeThe phospho- its C-C glycosidic linkage, it is resistant to purine nudlieie
noalkoxy analogues represent a class of bisubstrate araloghydrolases, as well as to PNPs from both mammalian and bac-
PNP inhibitors, binding very tightly to the enzyme in the terial sources.
absence of phosphate, and much less so in the presence ofADA inhibitors are considered as promising anti-
phosphate, due to competition for the binding site. Theinflammatory drugs, and for treatment of leukemia. One
emission properties of the enzyme-bound PME-8-azaGua amsuch inhibitor, the naturally occurring Pentostatin (the R
quite distinct from those of bound 8-azaGua (blue ski#5  epimer of 8-hydroxy-2-deoxycoformycin), has been appdove
nm), indicating that the latter cannot be bound as the N(9)-Hor treatment of hairy cell leukemi¥? However, because
tautomer? of possible stimulation of adenosine receptors by some

The foregoing data clearly indicate that 8-azapurines and\DA inhibitors,*? interest in development of more selective
their derivatives, as well as analogous pyrazolopyringdior ~ inhibitors continues unabated.

Fig. 6 Binding sites of human PNP with 8-azaGua (upper), and gua-
nine (lower)

Formycin) analogues, are particularly useful in spectmp&c Many known inhibitors are nucleoside analogues or alky-
investigations of the PNP active site, and possibly of olmer  lated adenines, the latter including (+)-erythro-9-(2hoxy-
zZymes. 3-nonyl)adenine, known as (+)EHNA, a ground-state inbibit

with a K; in the nM range, and Pentostatin , a transition-
3.2.5 Substrates/Inhibitors of Adenosine Deaminase state inhibitor, further discussed below. Current efftotsle-
(ADA). Adenosine deaminase (ADA) is a key enzyme invelop potent and specific inhibitors are now based largely on
purine metabolism and plays an important role in mainte@ancthe initially postulated mechanism of the deamination reac
of immune competence. It is specifically involved in a num-tion, involving stereospecific addition of water acrossif:
ber of pathological states, e.g. overproduction of the erezy double bond of adenosine to yield the tetrahedral interatedi
has been associated with hemolytic anemia, and ADA defi{Fig. 7), followed by elimination of ammonia to yield inosin
ciency leads to severe combined immunodeficiency diseasthis proposed mechanism has been confirmed®ayNMR
(SCID).131 spectroscopy®® X-ray crystallography®* and Raman spec-
The fluorescent 8-azaAdo (Table 2), as well as its 9-deaztroscopy*®®
congener, Formycin A (FA), are both excellent substrates of The foregoing mechanism was subsequently invoked to in-
ADA, suitable for continuous monitoring of ADA levels in terpret the inhibition of ADA by purine riboside (nebulagin
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Z”Zt\__ - strategies between ADA and ADARs. For example, whereas
2,6-diaminopurine riboside is a good substrate of ADA, it is
not a substrate for an ADAR. And 7-deazaAdo, which is not a
substrate or inhibitor of ADA, is a good substrate for ADAR2,
but not ADAR1. Coformycin, a potent inhibitor of ADA, does
not inhibit ADARs 170
Studies on the reactivity of adenosine analogues incorpo-
rated at editing sites have proven quite informative. In par
ticular, replacement of a susceptible adenosine residaa in
oH RNA substrate by 8-azaAdo led to a large increase in the rate
HO of deamination, in accord with both experimental and the-
_Fig._ 7 Structure of the transition state of the ADA-cataIyze_d deam-g(r)i“;ilror;rse?;gl?\Irzi)fr&%;g a%sz|Seugizgj}1?lngéﬁllgait?nfgz
ination of Ado and 8-azaAdo (left) and of hydrated nebularine (X = . . L ]
C) or 8-azanebularine (X=N), bound to the active site (right). whereas incorporation of 8—gzanebular|ne into an edititeg s
of an RNA substrate recognized by human ADAR?2 resulted
. ] ) ] in high-affinity binding (Ko = 2 nM), similar incorporation of
via formation of 6-hydroxy-1,6-dihydronebularine. If cect, ¢ C(6)-methyl congener of 8-azanebularine, which is kmow

then analogues of nebularine with an increased propermsity f  inhibit covalent hydration, leads to a dramatic decréase
hydration of the 1,6-bond should exhibit enhanced affiroty f binding affinity, with Ko = 150 nM 173

the enzyme. And, in fact, whereas nebularine exhibitegdaf K
16 uM, 8-azanebularine, with a;kof 0.04 uM, was 400-fold
more potent.66

ADAR enzymes also differ from adenosine deaminases in
that the adenosine to be deaminated must be located in a du-
plex structure of at least 15-20 base pairs for deamination t

3.2.6 Adenosine to Inosine RNA editingThe numerous occur. One consequence of this is a requirement for a confor-
post-transcriptional modifications of mMRNA transcriptsep  mational change of the duplex substrate so that the base to be
mRNA), referred to as RNA editing, include the enzymatic edited can be flipped out of the helix to access the active site
deamination of one or more cytidine and adenosine residue@f the enzyme. Support for this has been indirectly demon-
residing at specific sites in the pre-mRNA substrate. The enstrated by preparation of RNA duplex substrates incorpuayat
zymes responsible for deamination of adenosine residges athe fluorescent 2-aminopurine riboside at various posstion
known as Adenosine Deaminases that act on RNA, ADARIcluding a known editing site. The emission of 2-aminopurine
and ADAR2, the most widely studied. The resulting generafiboside was appreciably (but not fully) quenched on incor-
tion of inosine, which is decoded as guanosine during transporation, as a result of base stacking. Subsequent addition
lation, leads to introduction of amino acids into a produstt n ADAR resulted in a 3-fold enhancement of emission of only
encoded by the gen®’ the 2-aminopurine riboside incorporated at an editing site

Ado—Ino editing is unique in organisms with developed tifying to its being flipped out of the duplex. No such effect
tissue systems (metazoa), and occurs in mRNAs that cod&as observed with 2-aminopurine riboside incorporated int
for proteins essential to functioning of the nervous systéfn  single-stranded RNA’

Some viruses generate RNAs that are targets for editing. The foregoing may prove to be more instructive by incor-
Hence selective inhibitors of editing may be potential #her poration at an editing site of a fluorescent purine ribositke a
peutic agents. logue which base pairs with the uridine in the complementary

The structure of the active site of the ADARs suggests thastrand (so that its emission would probably be more effettiv
the mechanism of deamination resembles, in some respec@ienched), and is susceptible to covalent hydration. Ocle su
those of adenosine and cytidine deaminases. Both make uggomising candidate is 8-azaAdo (cf. Veliz et’dP). It ex-
of a zinc-bound water molecule to carry out hydrolytic deam-hibits good emission, withmax 352 nm (see Table 3). And,
ination. This is consistent with the finding that mutation of when located at an editing site, it is a far better substiatari
the active site residues of ADARSs involved in zinc binding ADAR than Ado (see above). Another potential candidate is
leads to loss of activity. It is, furthermore, quite strigithat  the strongly fluorescent Formycin A (8-aza-9-deazaAdo), an
ADAR enzymes share little sequence homology with adenoexcellent substrate for free adenosine deaminase (see)abov
sine deaminases (ADA), but have conserved sequencesrsimila No effective low-molecular weight inhibitors of ADARs
to the consensus sequence of the active site of cytidine-dearare presently known. Veliz et af° reported that 8-aza-
inases (CDA), hence appear to have evolved from the CDAebularine, but not the parent nebularine, as the free nucle
family.1° They do not deaminate free cytidine residues. oside, very weakly inibits ADAR 2, with an g of 50 mM,

There are some marked differences in base recognitioit would have been interesting to examine the effect of 8-aza
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nebularine on ADARL, as well as trials with other 8-azapeirin H ? o
nucleosides, bearing in mind that RNA editing may have a \N N N
profound impact on drug discovery and development, and lead | \> Zneee ety HN | \>
to major discrepancies between the results of pharmaaalbgi HO ")\

studiess in vtro and in vive’® e 'i‘ H.N N 'i‘

| w H

3.2.7 Guanine deaminase (Guanase, Cypin)This en- ;
zyme, which catalyzes the hydrolytic deamination of Gua torig. g Azepinomycin (left), a putative transition-state analogue of
Xan, effectively eliminates Gua from further utilizatios a Guanase, and the proposed transition state strué¢8ire3
Gua nucleotide. The enzyme is not ubiquitous, is generally
absent in lymphoid tissues, and is variously expressed-n hu o o
man liver, brain and kidney. Abnormally high levels exist in Monitoring of the product, would clearly lead to a sensijivi
patients with liver diseases, including those resultigrfin- at least two orders of magnitude higher than existing method
fection with hepatitis B and C viruses. Consequently, serum 1here are numerous reports on development of Guanase in-
enzyme levels are a highly sensitive indicator of hepaditig  hibitors (see citations in Ujjinamatada et'&f), but none with
hepatoma. Elevated levels of the enzyme are also found in th@ Ki in the submicromolar range. Furthermore, some reported
cerebrospinal fluids of patients with multiple sclero%is. inhibitors lack selectivity, in that they also inhibit othen-

An important function has been ascribed to Guanase in thdYMes such as adenosine deaminase and xanthine oxidase.
brain. Dendrite morphology is crucial for normal neuronal A relatively recent, and rational, approd€haimed at the
communication, including spatial and functional assenafly ~d€sign of more potent inhibitors, was based on the known re-
signal transduction pathways at synaptic sites and paitern action mechanism, |nvol\_/|ng an active site’Znwhich forms
of dendrites and their branches, and regulates how a pos® tetrahedral complex with His53, Cys83, Cys86 and a water
synaptic neuron receives information from presynaptic- neumo_le(:ule. Glutamate55 then abstracts aproton from tHé_—Zn
rons. Following isolation of a protein named Cypin (post- activated v_vater molgcule to form a hydroxide nucleophrle,_a
synaptic density, PSD-95, protein), which decreasesitmsal the same time enabling protonation of the N(3) of Gua, lepdin
tion of membrane-associated guanylate kinases that ptaig ar t0 the transition-state intermediate shown in Fig. 8, sufepb
in maturation of excitatory synapses, it was found thatoesir  PY an%gss of the crystal structure of the Bacillus subin-
overexpressing Cypin display increased dendritic bramghi  ZYMe:
Furthermore, Cypin was found to be a guanine deaminase, In accordance with the foregoing, the naturally occurring
making it a promising candidate for identifying mechanismsazepinomycin (Fig. 8), a ring-expanded purine analogue; co
by which purines are known to regulate neuronal morpho|.$ide|'ed a mimic of the transition-state of the enzyme—yami
ogy.178 deamination reaction, is an inhibitor, but surprisinglyiyoa

Substrates, at pH 6, include the 1-methyl-, but not the 3-moderate one, with 16 ~ 5 M. Introduction of an addi-

7- and 9-methyl-, guanineéd? At the same pH, 8-azaGua is a tional p_oteqtlal Zﬁf—coordlnatlon. §|te on azepinomycin, as
very good substrate. Although its:{s about 2 orders of mag- shqwn in Fig. 8, did not, as anticipated, enhance inhibitory
nitude higher than that for Gua, its\¥xis 10-fold higher, and activity.'#?

it has been widely used as a substrate for spectrophotametri Alternatively, bearing in mind that 8-azaGua is a very good
assays of the enzymé& Bearing in mind that the pXof 8- substrate, a more promising inhibitor might be the corradpo
azaGua is 6.5 (Table 1), it exists at physiological pH, wnlik ing hitherto unknown 2-aza-azepinomycin (Fig. 8).

guanine, as a mixture of the neutral and monoanionic species
Lewis and GlantZ8! reported that the optimum pH was 6.8 3
with Gua as substrate, whereas a sharp optimum was observe&?
at pH 6 with 8-azaGua. This suggests that the neutral form of
the latter is the substrate. Like all protozoan parasite®/asmodium falciparunthe most

Development of a more sensitive assay for levels of Gualethal responsible for malaria, is unable to synthesize the
nase in various pathological states would be highly deldrab purine ringde novg and is strictly dependent on the salvage
However, continuous monitoring of deamination of the fluo-of purines from the host cell (salvage pathway), which are
rescent 8-azaGua by emission spectroscopy is precluded klien converted to purine nucleotides for DNA and RNA syn-
the fact that the high emission of the product, 8-azaXan, athesis (for review, see el Khoutf). An essential enzyme
420 nm (p = 0.23 at pH 3.5) overlaps that of the substratein this pathway is the parasite hypoxanthine/guaninehiaat
with maximum emission at 390 nm (see Table 1). But appli-phosphoribosyl transferase (HGXPRTase, 6-oxopurine HGX-
cation of HPLC or capillary electrophoresis, with fluorimiet PRTase), which catalyzes formation of 6-oxopurine nucleo-

Purine salvage pathway: Chemotherapy of malaria
with 8-azapurines
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side 5’-monophosphates from the parent base and 5-phospho-
a-D-ribose-1-pyrophosphate.

A recent promising approach to chemotherapy of mal&tia,
profiting from the purine salvage pathway, was based on a
search for purine base analogues which are good substrates
for the P. falciparumHGXPRTase, but not for the host (mam-
malian) HGPRTase (for which Xan is not a substrate). Such
analogues, once inside the cell, may then be converted by the
parasite enzyme to the corresponding toxic nucleotides, si
ilar to the mechanism of the clinically approved antitumour
drug 6-mercaptopurinéé

Screening a series of purine analogues revealed that three
of them, 6-chloroguanine, 8-azaHx and 8-azaGua, potently HZN@
discriminated between the parasite and human enzymes, the
more effective being 8-azaHx, for which the;#K, was al-
most 350-fold higher than that for the human enzyme. FoiFig. 9 Pyrazolo[4,3-d]pyrimidine analog of myoseverine (upper, R =
8-azaGua, it was 80-fold higher. By contrast, 8-azaXan wassopropyl), active as an inhibitor of CDK and tubulin polymerization,
neither a substrate, nor a competitive inhibitor, althoMgim and one of the synthesized 8-azaDaPur analogues(lower), the most
is a weak substrate of the parasite enzyme. active as a p53 inducer.

Both 8-azaHx and 8-azaGua inhibited the growthPofal-
ciparumcells in erythrocytesn vitro at micromolar concen-  pathways operate by transfer of information between sgecifi
trations, 8-azaGua being 2-fold more effective than 8-azaH ¢¢|1yjar sites. Dysfunctions of such kinases have beeniimpl
notwithstanding that 8-azaGua is a less effective sulsstit  ate4 in a variety of pathological states, ranging from eanc
the enzyme in vitro than 8-azaHx (see above). This differyhrough Altzheimers disease and diabetes. Hence consider-
ence may conceivably be due to differences in ability of the; e efforts are directed to development of selective it

two purine analogues to traverse the parasite membrane, e & these enzymes, as well as their potential as chemotherape
both analogues, but not 8-azaXan, inhibited the uptake ofi; agents.

[3H]hypoxanthine, but 8-azaGua was 15-fold more effective

than 8-azaHx. In this context, it is of undoubted intereat,th 3.4.1 Inhibitors of cyclin-dependent kinasesInhibitors

for P. falciparumuptake of purines is strictly under the control of cyclin-dependent kinases are among the most promising
of the plasma membrane permease PfN3land this perme- anti-cancer agents, selectively inducing apoptosis afstra
ase is itself a potential therapeutic target for malarighttuld, ~ formed cell$®’ Derivatives of 2,6-diaminopurine, substituted
however, be recalled that 8-azaGua has been reported to la¢ the 2, 6 and 9 positions, are amongst the most potent
toxic to human cells, as a result of its incorporation intoARN inhibitors of these kinases, particularly CDK1, CDK2 and
(see Section 3.1). CDKS5, with IC50 values in the nanomolar ran$f®.

In attempts to account for the discrimination between the Several analogous 8-azapurine and pyrazolo[4,3-
human and parasite PRTases, the authors erroneously assunipyrimidine derivatives were synthesized and examined
that all the base analogues, including Xan, 8-azaHx and 8as potential alternatives. Although their in vitros{values
azaGua, are uncharged molecules, existing only as equilitewards the CDK1 and/or CDK2 kinases were only in the low
rium mixtures of the N(7)-H and N(9)-H prototropic tau- micromolar range, some of them, especially the 8-azapurine
tomers. This is obviously not applicable to the 8-aza anaderivatives, exhibited promising behaviour in biologitests,
logues (see Gasik et &%) which are exclusively or predom- showing inhibition of proliferation of several neoplastell
inantly monoanions at the pH employed, 7.4 and 8.5 (sedines. This activity may be related to the observed indurctio
Section 2) notwithstanding that both were more efficient sub of wild-type tumor suppressor p53 in these Iifég.
strates for the parasite enzyme at pH 7.4 than at pH 8.5. It is of some interest that the pyrazolo[4,3-d]pyrimidine
analogue of myoseverin (2,6-di-p-methoxybenzyl deriati
of DAP), a strong tubulin polymerization inhibitor (Fig.,9)
is also an inhibitor of CDK1, CDK2 and CDK¥°.

In contrast to the 2,6-diaminopurine derivatives, which
Reversible phosphorylation of proteins by protein kinasés are only weakly fluorescent, the N2, N6- disubstituted 8-
which more than 500 are encoded in the human genome alonazapurine analogues exhibit fairly intense fluorescenoein
is the predominant mechanism whereby signal transductiotral agueous medium, centered~a870 nm (see Section 2).

3.4 8-azapurine derivatives as inhibitors of protein ki-
nases
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Weaker, but readily detectable, emission is observed for thously, the pH-activity profile pointed to a pkof 7.9 for the
corresponding pyrazolopyrimidine analogues. This pdints glmS, and~6.5 for the hairpin rybozyme, respectively, thus
the possibility of studying CDK-ligand interactions by spe quite distant from the former values, suggesting that, ith bo
troscopic methods. instances, Gua residues participate in catalysis as theaheu
species. When, in the hairpin ribozyme, the active Ade was
replaced by 8-azaAde, the intrinsic pHetermined fluorimet-
rically correlated well with the pKof the pH- activity profile,
indicating that the neutral non-protonated 8-azaAde uesid

Charged amino acid residues play key roles in catalysis by involved in catalysis'® The authors proposed general acid-
protein enzymes, e.g. lysine and arginine function as deyan base catalysis involving both Gua (at position 8, acid) add A
holes to stabilize charge development in the transitiotesta (at position 38, base) in the transition state.
while transfer of protons is mediated by cycling of histilin ~ Some ribozymes (e.g. group I intron-splicing ribozymes )
residues between the neutral and positively charged formgequire a free nucleotide (GMP, GTP) or a nucleoside, like
Natural ribozymes utilize many of the strategies of protin ~ GUO, as co-substraf®>-2%*Binding of Guo was found to be
zymes, such as the the role of metal ions, and general acid rate-limiting step for thdetrahymenaibozyme at neutral
base and electrostatic catalysis. The role of charged nucleH.?°*?%°And 8-azaGuo was found to be one of the best non-
obases in catalytic RNAs (ribozymes) has been concisely redatural co-substrates for this reacti#?. The apparent i for
viewed by Bevilacqua and coworket&! 8-azaGuo {25 uM) compares well with that for Guo~30
The mechanism of enzymatic activity of catalytic RNAs in- M), and the ka/Km is more than 3-fold higher~(3x10*

volves metal-ion and/or nucleobase catalysis (for reviess M~ 'min~%). Hence 8-azaGuo and, possibly, some reated
Fedorl92.193| pnnberg and Lonnberg® Bevilaqua and Ya-  derivatives, are likely suitable tools for mechanistic amnd

jima, 198 and Wilcox et al'®Y). In general, ribozymes are di- hetic studies of this class of reaction® a fluorescence ap-

vided into two classes with respect to their catalytic sggt ~ Proach.
Large ribozymes, like RNase P, and group | and group Il self-
splicing introns, usually require divalent metal ions foeit 3.6 Adenosine receptors

activity. Small ribozymes, exemplified by the hairpin or ham

merhead ribozymes, are fully active in the absence of thesBdenosine receptors, coupled with various G proteins, regu
ions, pointing to direct involvement of active nucleotidas late the activities of mtracellular_factors suc_h as CAMBMP,

the catalytic process. In consequence, efforts are ditecte PhOSPholipases A or C, etc, in mammalian céf$.They
identify catalytically active nucleotides and to eluciglahe ~ CONSist of 4 sub-types, and there is considerable intenest i

role of the ionic forms of their bases. Isosteric purine anad€velopment of agonists/antagonists selective for eabh su

logues, such as 8-azapurines, particularly fluorescens,onelYP€: Hundreds of more or less selective ligands, largedy ad

: : 207,20 )
have proven to be exceptionally useful probes for this purline and xanthine analogues, are now knd#:07 2%%Selec

pose816.17 tive ligands of the Al receptor are considered pharmacolog-

One way in which 8-azapurines may contribute to mech-ic.aIIy usgful in. hypgrtens?on, an.d. [(idney and cardiac thera
anistic studies of ribozyme activity is by following the pro 2';3’ while anu-pgrkmionlan act|v(|jt|es gac\_:‘/e_ bzg: req;bfofr
ton transfer reaction of the N(1)-H in Gua or to N(1) in Ade ” -;ype antagonists (Legraverend and Griersghand ref.
residues, presumed to be involved, inter alia, in RNA clgava cite _)' _ . _ _
catalyzed by the hairpin ribozyn#@51% The intrinsic pk, Giorgi and Scartorf® have recently reviewed various ap-
values are measured, and compared with pH-activity profileso_l'Cat'onS of 8-azgpqr|ne der!vat|ves n th_|s field, withzima-
Typical approaches to this problem are via NMBcrystal- SIS ON receptor binding studies. They did not, hpwever, tgke
lography296-198oy kinetic isotope effectd9 However, thanks into account the fluorescence emission properties of variou
to the relatively high fluorescence of 8-azaAdo and 8-azaGu-32Ade and 8-azaXan derivatives characterized as recep-
(the latter in its monoanionic form), this can be performes fl tor. ligands (agonlgts and a’.‘tagon's_ts)- This aspect gleasl
orimetrically, by titration of the modified ribozyme in whia ~ 9Uireés more attention, bearing in mind that fluorescence-spe
presumed critical Gua residue is replaced by 8-azat3dd’ troscopy has already been successfully applied to stugies o

or, alternatively, a suspected catalytically active Adeds receptor dynamic§>-212
placed by 8-azaAdé&®
Results reported by Fedor et &'%17suggest that the in- 4 Summary and Perspectives
trinsic pK, of 8-azaGua in the hairpin and glmsS ribozymes is
elevated (ca>9 and 8.9, respectively), so that in both casesWe have, in the foregoing, presented the most comprehen-
the 8-azaGua residue remain protonated at pH 7. Simultaneive, to date, review of the physico-chemical properties of

3.5 8-Azapurine fluorescent probes of mechanisms of
catalytic RNAs (ribozymes)
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the 8-azapurines and their nucleosides and nucleotidéls, wi 15
particular emphasis on the intrinsic fluorescence of some 0f16
them. Since all of these are isosteres (isomorphs) of the nat
ural purines, it is to be expected that they may simulate, or
compete with, the latter in various biochemical pathways in ;g
volving natural purines and their glycosides. Several gplam

are presented, e.g. the ability of some azapurines to replac 19
catalytically active purines in ribozymes, and in RNA edit- 20
ing. The fluorescence properties of some 8-azapurines havé
been profited from to accurately delineate the mode of action
of purine nucleoside phosphorylases and phosphoribasghr
ferases, and to monitor their activities by fluorescencespe 24
troscopy. Overall, it is clear that the 8-aza purines, amitth 25
fluorescence emission properties, are useful tools in dutur 26
studies on metabolic pathways involving purines and purine
analogues.

23

27

28
Acknowledgements *

30
We gratefully acknowledge support of the University of
Varmia & Masuria in Olsztyn (JW), the University of Warsaw
(JMA, grant BST-166700), and the Institute of Biochemistry
& Biophysics, Polish Academy of Sciences (DS). Figure 6
was prepared using Chimera softw&re and 1v41.pdb>°
and 1v2h.pdB'® data files, for PNP complexes with 8-azaGua
and Gua, respectively.

W N P

w w w w

4

36
37

38

References 39

1 A. Albert, Adv. Heterocycl. Chem1986,39, 117-178.

2 J. Wierzchowski, B. Wielgus-Kutrowska and D. Shudgigchim. Bio-
phys. Acta1996,1290 9-17.

3 J. Wierzchowski, M. Ogiela, B. Iweka and D. ShugaAnal. Chim.
Acta 2002,472, 63-74.

4 J. Wierzchowski, A. Bzowska, K. Stepniak and D. ShugarNatur-
forsch. G 2004,59, 713-725.

5 J. Wierzchowski, K. Stepniak, A. Bzowska and D. Shulrcleosides
Nucleotides & Nucl. Acid2005,24, 459-464.

6 J. Wierzchowski, J. Sepiol, D. Sulikowski, B. Kierdaszuki@®. Shugar,
J. Photochem. Photobiol. A: Cher2006,179, 276-282.

7 F. Seela, A. M. Javelakar and |. Munstkielvetica Chim. Acta2005,
88, 751-765.

8 C. P. da Costa, M. J. Fedor and L. G. ScdttAm. Chem. Soc2007,
129 3426-3432.

9 J. Wierzchowski, G. Medza, J. Sepiol, M. Szabelski and lugahJ.

Photochem. Photobiol.,2012,237, 64—70.

G. Medza, J. Wierzchowski, B. Kierdaszuk and D. Shugmorg. Med.

Chem, 2009,17, 2585-2591.

B. Wielgus-Kutrowska and A. BzowskBjochim. Biophys. Acte2006,

1764 887-902.

B. Wielgus-Kutrowska, J. M. Antosiewicz, M. Dlugosz, Aokl and

A. Bzowska,Biophys. Chem2007,125 260-268.

L. Liu, J. W. Cottrell, L. G. Scott and M. J. Fedddat. Chem. Biol.

2009,5, 351-357.

F. Seela, D. Jiang and K. X@rg. Biomolec. Chem2009, 7, 3463—

3473.

40
41
42
43
44

45

46
47
48
49

50

51

10 52

11 53

12 54

13 55

14 56

D. Jiang and F. Seeld, Am. Chem. S0c2010,132, 4016—-4024.

J. W. Cottrell, L. G. Scott and M. J. Feddr, Biol. Chem.2011,286,
17568-17664.

7 J.Viladoms, L. G. Scott and M. J. FeddrAm. Chem. S0c2011,138

18388-18396.

D. C. Ward, E. Reich and L. Stryel, Biol. Chem. 1969,244, 1228—
1237.

N. J. LeonardCRC Crit. Rev. Biochem1984,15, 125-199.

N. J. LeonardBiopolymers1985,24, 9-28.

1 D.M.Jameson and J. F. Ecclestbteth. Enzymo].1997,278 363-390.
2 M. J.Ristand J. P. MarinGurr. Org. Chem.2002,6, 775-793.

A. Okamoto, Y. Saito and |. Saitd, Photochem. Photobiol. C: Pho-
tochem. Revs2005,6, 108-122.

Y. Tor, Tetrahedron2007,63, 3425-3426.

M. E. HawkinsMeth. Enzymo).2008,450, 201-231.

D. U. Dodd and R. H. E. HudsoMini-Rev. Org. Chem2009,6, 378—
391.

R. W. Sinkeldam, N. J. Greco and Y. T@hem. Rey2010,110, 2579—
2619.

B. JuskowiakAnal. Bioanal. Chem2011,399, 3157-3176.

A. A. Tanpure, M. G. Pawar and S. Srivastismael J. Chem.2013,53,
366-378.

G. H. H. K. Sugiura, L. F. Cavalieri and C. C. Sto€lancer Res.1950,
10, 178-185.

L. W. Law,Cancer Res.1950,10, 186—-190.

K. Hirasawa and K. Isond, Antibiotics 1978,31, 628—629.

A. Albert,J. Chem. Soc. B Physical Organit966, 438-441.

A. Albert,J. Chem. Soc. C Organi¢968, 2076—2083.

A. Albert,J. Chem. Soc. C Organi¢969, 152—-160.

A. Albert and K. TrattJ. Chem. Soc. C Organi&968, 344—351.

A. Albert and H. Taguchi]. Chem. Soc. Perkin Transact.1972, 449—
456.

G. Nubel and W. PfleidereBhem. Ber.1965,98, 1060-1073.

H. U. Blank, I. Wempen and J. J. Fak,Org. Chem.1970,35, 1131~
1138.

R. Islam and T. NagamatsBynthesis2006,24, 4167-4179.

A. Holy, Curr. Pharmaceut. Desigr2003,9, 2567-2592.

A. Holy and E. De Clercg)at. Drug Disc, 2005,4, 928-940.

I. Giorgi and V. ScartoniMini-Rev. Med. Chem2009,9, 1367-1378.
B. J. Broughton, P. Chaplen, P. Knowles, S. Lunt, S. Mdirdbal_. Pain
and K. R. H. WoolridgeJ. Med. Chem.1975,18, 1117-1122.

S. R. Wilson, R. B. Wilson, A. L. Shoemaker, K. R. Wooldridayad
D. J. HodgsonJ. Am. Chem. Soc1982,104, 259-264.

L. Merkel,Cardiovasc. Drug Revs1993,11, 501-515.

D. P. RotellaPrugs Future 2001,26, 152—-162.

H. Saigusa]. Photochem. Photobiol.,2006,7, 197-210.

D. Onidas, D. Markovitsi, S. Marguet, A. Sharonov and Tstausson,
J. Phys. Chem. BR002,106, 11367-11374.

J. Wierzchowski and D. Shug&hotochemi. Photobiql1982,35, 445—
458.

B. Kierdaszuk, A. Modrak-Wijcik, J. Wierzchowski and D. §hu
Biochim. Biophys. Acte2000,1476 109-128.

E. Kulikowska, B. Kierdaszuk and D. Shugdwta Biochim. Polon.
2004,51, 493-531.

C. Bashor, J. M. Denu, R. G. Brennan and B. UlimBigchemistry
2002,41, 4020-4031.

J. L. Girardet, Y. Dupont and J. J. Lacapéfer. J. Biochem.1989,184,
131-140.

M. A. Geeves, J. P. Branson and P. V. AttwoB@chemistry 1995,34,
11846-11854.

A. Schlosser, B. Nawrot, N. Grillenbeck and M. SprinklBiomolec.

18| Journal Name, 2010, [vol], 1-21

This journal is @ The Royal Society of Chemistry [year]



Molecular BioSystems

Page 20 of 22

Struct. Dyn, 2001,19, 285-291.

J. Drobnik and L. Augensteifhotochem. Photobigl1966,5, 83—-97.
J. Wierzchowski, G. Medza, M. Szabelski and A. Stachelska
Wierzchowska,). Photochem. Photobiol.,2013,265 49-57.

A. Stachelska-Wierzchowska, J. Wierzchowski, B. Wislfutrowska
and G. Miklewsgvic, Molecules 2013,18, 12587-12598.

F. Seela, D. Jiang and S. Bud@vg. Biomolec. Chem2010,11, 1443~
1450.

D. Shugar and A. Psoda, LandolddBstein Encyclopedia on Numeri-
cal Data and Functional Relationships in Science and TdobpoHei-
delberg, 1990, pp. 308-348.

I. Shcherbakova, J. Elguero and A. R. Katritzikgly. Heterocycl. Chem.
1999,77, 51-113.

L. G. Purnell and D. J. HodgsoActa Crystallogr. B 1976,32, 1450—
1453.

A.L.S.D. J. Hodgsonl. Am. Chem. Socl977,99, 4119-4123.

P. Singh and D. J. Hodgsah,Am. Chem. Soc1977,99, 4807—4815.
W. M. Mcintyre, P. Singh and S. WerkenBipphys. J. 1965,5, 697—
713.

P. Singh, D. L. Lewis and D. J. Hodgsadn Cryst. Molec. Struct1974,
4,263-268.

D. Kozlowski, P. Singh and D. J. Hodgsokgta Crystallogr. B 1975,
31, 1751-1753.

K. S. Pandey, B. P. Asthana and P. C. Misl&jpectrochim. Actal993,
53A, 53-72.

H. C. Mez and J. Donohué&. Kristallogr. Kristallgeom. Kristallphys.
Kristallchem, 1969,130, 376-387.

M. P. Sanchez, M. A. Romero, J. M. Salas, D. J. Cardenas,lihdvamd
M. Quiros,J. Mol. Struct, 1995,344, 257-264.

57
58

92
93
94

59 95

60 96

61 97

98
62

99
63
100
64
65
66

101
102
103

67 104

68 105

69 106

70 107

71 108

72 G. Labke, M.-A. Persoons and S. Topp#agnet. Res. Cheml987, 109
25, 362-364. 110
73 J. F. Ireland and P. A. H. Wyat\dv. Phys. Org. Chem1976,12, 131— 111

221.
S. J. RemingtorCurr. Opin. Struct. Biol.2006,16, 714-721.

I. Presiado, Y. Erez, R. Gepshtein and D. Hupp&rhys. Chem. C
2010,114, 3634-3640.

74
75

112
113

76 A. S. Klymchenko and A. P. DemchenKkdeth. Enzymo).2008,450, 114
37-58. 115
77 A. S. Klymchenko, V. V. Shvadchak, D. A. Yushchenko, N. Jai 116

Y. Mély, J. Phys. Chem. B008,112 12050-12055.

D. Banerjee and S. K. Pdl, Phys. Chem. £2008,112, 7314-7320.

Z. R. Grabowski and W. RubaszewsBaChem. Soc. Faraday Trans. 1
1977,73,11-28.

B. Valeur,Molecular FluorescenceWiley-VCH, Weinheim, 1979, pp.
99-109.

L. M. Tolbert and K. M. SolntseWcct. Chem. Res2002,35, 19-27.

J. WierzchowskiCurr. Top. Biophys. (Poznan, Poland@010,33, 9-16.
J. WierzchowskiNucleos. Nucleot. Nucleic Acid®014,446, in press.
J. Wierzchowski, A. Stachelska-Wierzchowska, B. Wislfutrowska
and G. M. G. Anal. Biochem.2014,446, 25-27.

H. Rosemeyer, M. Zulauf, N. Ramzaeva, G. Becher, E. Feiling, 53
K. Muhlegger, I. Minster, A. Lohmann and F. Seelicleos. Nucleat. 124
1997,16, 821-828.

F. Seela, |. Ninster, U. lbchner and H. Rosemeyedielvetica Chim.
Acta 1998,81, 1139-1155.

J. Davoll,J. Chem. So¢1958, 1593-1599.

W. Hutzenlaub, R. L. Tolman and R. K. RobidsMed. Chem.1972,
15, 879-883.

R. D. Elliott and J. A. Montgomery]. Med. Chem.1976,19, 1186—
1191.

R. D. Elliott and J. A. Montgomery, Med. Chem.1977,20, 116-120.
V. A. Stepchenko, F. Seela, R. S. Esipov, A. |. Miroshnjkgv A.

78
79

117
118
80 119

81 120

82
83
84

121

122
85
86 125

87
88

126

127
128
129

89

90
91

Sokolov and I. A. MikhailopuloSynlett 2012,23, 1541-1545.

J. D. Smith and R. E. F. MatthewBiochem. J.1957,66, 323—-333.

J. A. MontgomeryMed. Res. Rev1982,2, 271-308.

R. K. Robins and G. R. Revankded. Res. Revsl985,5, 273-296.
D. T. Keough, T. Skinner-Adam, M. K. Jones, A.-L. Ng, |. M.eBeton,
L. W. Guddal and J. de Jersely,Med. Chem.2006,49, 7479—-7486.
M. G. Tozzi, M. Camici, V. Falcone, M. Turriani, G. Turchicu®. L.
Ipata,Biochem. Biophys. Res. Comi989,159, 854-861.

W. Szybalski and M. J. Smitleroc. Soc. Exp. Biol. Med1959,101,
662-666.

L. L. BennettJr., D. L. Hilland P. W. AllarBiochem. Pharmacql1978,
27, 83-87.

L. L. Bennett Jr., P. W. Allan, R. D. Elliott and J. A. Montgery,
Biochem. Pharmacql1979,28, 946-948.

A. R. Van Rompay, M. Johansson and A. Karlsgeimarmacol. Thera-
peut, 2003,100, 119-139.

M. B. Meyers and S. ShiGytogenet. Cell Genet1981,30, 118-128.
L. L. Bennett Jr. and P. W. Allaiancer Res.1976,36, 3917-3923.
L.S.ChenandT. L. Sheppadd Biol. Chem.2004,279, 40405-40411.
J. L. Darlix, P. Fromageot and E. Rei@ipchemistry 1971,10, 1525—
1531.

S. lapalucci-Espinoza and M. T. Franze-FernanBexhem. J.1982,
202, 325-332.

R. S. Rivest, D. Irwin and H. G. Mande\dv. Enz. Regul.1982, 20,
351-373.

W. R. Farkas, K. B. Jacobson and J. R. KaBiechm. Biophys. Acta
1984,781, 64-75.

R. L. Miller and D. L. AdamczykBiochem Pharmacoll 976,25, 883—
888.

T. Spector) Biol Chem 1975,250, 7372—7376.

D. J. T. Porter and S. A. ShoBjochemistry2000,39, 11788-11800.
S. W. LaFon, D. J. Nelson, R. L. Berens and J. J. MafBiol. Chem.
1985,260, 9660—9665.

M. H. El Khouni,Pharmacol. They.2003,99, 283-309.

R. W. Brockman, S. Shaddix, W. R. Laster Jr. and F. M. Sdhihe
Canc. Res.1970,30, 2358—-2368.

E. J. LienProgr. Drug Res.1987,31, 101-126.

W. SzybalskiExp. Cell Res.1959,18, 588-591.

M. Bajpayee, A. K. Pandey, D. Parmar and A. Dhawaxjcol. Mech-
anisms and Method2005,15, 155-180.

R. J. AlbertiniMutation Res.2001,489, 1-16.

J. D. Rose, W. B. Parker, H. Someya, S. C. Shaddix, J. A. bomery
and J. A. Secrist l11J. Med. Chem.2002,45, 4505-4512.

W. Vresees and J. Steya&@uyrr. Opin. Struct. Biol.2003,13, 731-738.
Y. Yang, A. Padilla, C. Zhang, G. Labesse and P. A. Kamjrskviol.
Biol., 2009,394, 435-447.

C. Dupouy, C. Zhang, A. Padilla, S. Pochet and P. A. KanidsBiol.
Chem, 2010,285, 41806-41814.

J. Hurwitz, L. A. Heppel and B. L. Horeckek,Biol. Chem.1957,226,
525-540.

Y. Zhang, S. E. Cottet and S. E. Ealitructure 2004,12, 1383-1394.
W. E. De Wolf Jr., F. A. Fullin and V. E. Schramth Biol. Chem. 1979,
254, 10868-10875.

V. L. Giranda, H. M. Berman and V. L. SchramBipchemistry 1988,
27,5813-5118.

A. Bzowska, E. Kulikowska and D. ShugBharmacol. They.2000,88,
349-425.

M. J. Pugmire and S. E. EalidBiochem. J.2002,361, 1-25.

P. N. Edwards]. Enz. Inhib. Med. Chen2006,21, 483-499.

G. Dandanell, R. H. Szczepanowski, B. Kierdaszuk, D.g&hwand
M. Bochtler,J. Mol. Biol, 2005,348 113-125.

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-21 | 19



Page 21 of 22

Molecular BioSystems

130
131
132
133
134

135
136

137

138

139
140

141

142

143

144
145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

M. A. Avila, E. R. Garca-Trevijano, S. S. Lu, F. J. Corgaénd J. M.
Mato, Intl. J. Biochem. Cell. Bio).2004,36, 2125-2130.

E. R. GiblettTransfusion Med. Rey2006,20, 318-321.

V. L. SchrammBiochim. Biophys. Act2002,1587, 107-117.

S. Bantia and J. M. KilpatrickGurr. Opin. Drug Discov. Develop2004,
7,243-247.

P. E. Morris Jr. and G. A. Omur&urr. Pharmaceut. Desigr2000,6,
943-959.

P. LawtonExpert Opin. Therapeutic Patent3005,15, 987-994.

J. de Jersey, A. HplD. Hockowa, L. Naesens, D. T. Keough and L. W.
Guddat,Curr. Top. Med. Chem2011,11, 2085-2102.

Y. Zhang, W. B. Parker, E. J. Sorscher and S. E. Ealickt. Top. Med.
Chem, 2005,5, 1259-1274.

A. Ardiani, A. J. Johnson, H. Ruan, M. Sanchez-BonillaS€rve and
M. E. Black,Curr. Gene Therapy2012,12, 77-91.

V. L. SchrammAnn. Rev. Biochem2011,80, 703—-732.

E. A. Taylor Ringia and V. L. Schramr@urr. Top. Med. Chem2005,
5, 1237-1258.

A. Al-Kali, V. Gandhi, M. Ayoubi, M. Keating and F. Ravaindruture
Oncology 2010,6, 1211-1217.

K. Balakrishnan, D. Verma, S. O’Brien, J. M. Kilpatrick,Ghen, B. F.
Tyler, S. Bickel, S. Bantia, M. J. Keating, H. Kantarjian,&andhi and
F. RavandiBlood 2010,116, 886—892.

T. Robak and P. RobalkGurr. Pharmaceut. Design2012, 18, 3373
3388.

1. A. Mikhailopulo,Curr. Org. Chem.2007,11, 317-335.

1. A. Mikhailopulo and A. I. MiroshnikovMendeleev Commun2011,
21, 57-68.

E. Parks Jr. and R. P. Agarwal, The Enzymes, New York, 197.6183—
515.

J. Doskocil and A. Hgl Coll. Czechoslov. Chem. Comni977,42,
370-382.

M. Camici, M. G. Tozzi and P. L. Ipatd, Biochem. Biophys. Meth.
2006,68, 145-154.

S. E. Ealick, S. A. Rule, D. C. Carter, T. J. GreenhougB, Babu, W. J.
Cook, J. Habash, J. R. Helliwell, J. D. Stoeckler, R. E. Harker, S.-F.
Chen and C. E. BugdProc. Natl. Acad. Sci. USAL991,88, 11540—
11544,

M. D. Erion, K. Takabayashi, H. B. Smith, J. Kessi, S. Wagne
S. Honger, S. L. Shames and S. E. Ealid&pchemistry 1997, 36,
11725-11734.

M. D. Erion, J. D. Stoeckler, W. C. Guida, R. L. Walter andESEalick,
Biochemistry1997,36, 11735-11748.

H. Deng, S. M. Cahill, J.-L. Abad, A. Lewandowicz, R. H.lli€ader,
V. L. Schramm and R. A. JoneBjochemistry2004,43, 15966—-15974.
J. Tebbe, A. Bzowska, B. Wielgus-Kutrowska, W. Sctar, Z. Kaz-
imierczuk, D. Shugar, W. Saenger and G. KoelldeMol. Biol, 1999,
294, 1239-1255.

S. Afshar, M. R. Sawaya and S. Morris@motein Sci, 2009,18, 1107—
1114.

M. C. Ho, W. Shi, A. Rinaldo-Matthis, P. C. Tyler, G. B. &
K. Clinch, S. C. Almo and V. L. SchramnRroc. Natl. Acad. Sci. USA
2010,107, 4805-4812.

G. A. Kicska, P. C. Tyler, G. B. Evans, R. H. F. W. Shi, A. &exV,
A. Lewandowicz, S. M. Cahill, S. C. Almo and V. L. SchramBip-
chemistry 2002,41, 14489-14498.

A. Modrak-Wbjcik, A. Kirilenko, D. Shugar and B. KierdaszuEur.
Biophys. J.2008,37, 153-164.

E. S. Lewkowicz and A. M. Iribarreurr. Org. Chem.2006,10, 1197—
1215.

F. Canduri, R. G. Silva, D. M. Dos Santos, M. S. Palma, L. As®,
D. S. Santos and W. F. De Azevedo Arcta Crystall. Sect. D Biol. Crys-

160

161

162

163
164

165
166
167
168
169
170

171
172

173
174

175

176

177

178

179
180

181
182

183

184

185

186

187

188

189

190

191

192
193
194

tall., 2005,61, 856—862.

M. Ghanem, S. Saen-oon, N. Zhadin, C. Wing, S. M. CahillpPS.
Schwartz, R. Callender and V. L. SchramBipchemistry 2008, 47,
3202-3215.

J. Wierzchowski and D. Shugdr, Naturforsch. C1983,38, 67-73.

N. Lamanna and N. E. Kaglinical Adv. Hematol. Oncal.2009, 7,
386-392.

L. C. Kurz and C. Friedemiochemistry1987,26, 8450-8457.

D. K. Wilson, R. B. Rudolph and F. A. Quioch8cience 1991,252,
1278-1284.

H. Deng, L. C. Kurz, F. B. Rudolph and R. Callend8ipchemistry
1998,37, 4968-4976.

D. S. Shewach, S. H. Krawczyk, O. L. Acevedo and L. B. Teamds
Biochem. Pharmacql1992,44, 1697-1700.

S. Pokharel, P. Jayalath, O. Maydanovych, R. A. Goodma®, Wang,
D. J. Tantillo and P. A. Bea, Am. Chem. S02009,131, 11882-11891.
0. Maydanovych and P. A. Be@lhem. Rey2006,106, 3397-3411.

P. A. Gerber and W. KelleGcience1999,286, 1146-1149.

L. M. Easterwood, E. A. ®iz and P. A. BealJ. Am. Chem. Soc2000,
122 11537-11538.

M. D. Erion and M. R. Reddy, Am. Chem. S0c1998,120, 3295-3304.
R. A. Mizrahi, J. P. Kelly, A. Y. Ching and P. A. Be&lucl. Acids Res.
2012,40, 9825-9835.

0. Maydanovych and P. A. Be@yg. Lett, 2006,8, 3753-3756.

O. M. Stephens, H. Y. Yi-Brunozzi and P. A. BeBlpchemistry 2000,
39, 12243-12251.

E. A. Veliz, L. M. Easterwood and P. A. BedlAmer Chem So003,
125 10867-10876.

N. Decher, M. F. Netter and A. K. Stre@hem. Biol. & Drug. Design
2013,81, 13-21.

Y. Kanshige, H. Matsumoto, S. Chiba, S. Hashimoto and HoNalin.
Neurol. (Rinsho. Shinkeigak)989,29, 854-858.

B. F. Akum, M. Chen, S. I. Gunderson, G. M. Riefler, M. M. Sieer
Hansen and R. L. FiresteiNat. Neuroscj.2004,7, 143-152.

J. E. Roy and K. L. Royzan. J. Biochem1967,45, 1263—-1269.

S. Ito, T. Takaoka, H. Mori and A. Teru@linica Chim. Acta1981,11,
135-144.

A. S. Lewis and M. D. Glantd, Biol. Chem.1974,249, 3862—3866.
R. K. Ujjinamatada, A. Bhan and R. S. HosmaB®org. Med. Chem.
Lett, 2006,16, 5551-5554.

S. H. Liaw, Y. J. Chang, C. T. Lai, H. C. Chang and G. C. ChanBiol.
Chem, 2004,279, 35479-35485.

N. Erb, D. O. Harms and G. Janka-Schauliranc. Chemother. Phar-
macol, 1998,42, 266-272.

K. E. Bissati, R. Zufferey, W. H. Witola, N. S. Carter, Blirdan and
C. Ben MamounProc. Natl. Acad. Sci. US/2006,103 9286-9291.

Z. Gasik, D. Shugar and J. M. Antosiewi€yrr. Pharmaceut. Design
2013,19, 4226-4240.

M. Knockaert, P. Greengard and L. Meijd@irends Pharmacol. Sci.
2002,23,417-425.

M. Legraverend and D. S. GriersdBioorg. Med. Chem.2006, 14,
3987-4006.

L. Havlicek, K. Fuksova, V. Krystof, M. Orsag, B. \Vojtésend M. Str-
nad,Bioorg. Med. Chem2005,13, 5399-5407.

V. Krystof, D. Moravco#a, M. Paprskrova, P. Barbier, V. Peyrot,
A. Hlobilkova, L. Havicek and M. StrnadEur. J. Med. Chem.2006,
41, 1405-1411.

J. L. Wilcox, A. K. Ahluwalia and P. C. Bevilacquagcc. Chem. Res.
2011,44, 1270-1279.

M. J. FedorCurr. Opin. Struct. Biol.2002,12, 289-295.

M. J. FedorAnn. Rev. Biophys2009,38, 271-299.

T. Lonnberg and H. Lonnber@urr. Opin. Chem. Bio).2005,9, 655—

20 |

Journal Name, 2010, [vol], 1-21

This journal is @ The Royal Society of Chemistry [year]



Molecular BioSystems

Page 22 of 22

195
196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

673.

P. Bevilagua and R. Yajim@urr. Opin. Chem. Bi0).2006,10, 455-464.
J. Salter, J. Krucinska, S. Alam, V. Grum-Tokars and J. Edékad,
Biochemistry 2006,45, 686—700.

A. Huppler, L. J. Nikstad, A. M. Allmann, D. A. Brow and S.HButcher,
Nat. Struct. Biol.2002,9, 431-435.

S. Alam, V. Grum-Tokars, J. Krucinska, M. L. Kundracik andgJ
Wedekind Biochemistry 2005,44, 14396-14408.

M. E. Harris and A. G. CassanGurr. Opin. Chem. Bio). 2008, 12,
626—639.

C. W. Lin, M. Hanna and J. W. Szost&ipchemistry 1994,33, 2703—
2707.

F. Guo, A. R. Gooding and T. R. CedHplec. Cell 2004,16, 351-362.
S. A. WoodsonCurr. Opin. Struct. Biol.2005,15, 324—-330.

J. L. Hougland, R. N. Sengupta, Q. Dai, S. K. Deb and J. écili,
Biochemistry2008,47, 7684—7694.

J. Zhang, M. W. Lau and A. R. FérD’Amaré, Biochemistry2010,49,
9123-9131.

K. Karbstein and D. HerschlaBroc. Natl. Acad. Sci. USA2003,100
2300-2305.

B. B. FredholmPrug News and Perspective®003,16, 283—289.

1. Giorgi, A. M. Bianucci, G. Biagi, O. Livi, V. ScartonM. Leonardi,
D. Pietra, A. Coi, I. Massarelli, F. A. Nofal, F. L. Fiaminga,Ahastasi
and G. GianniniEur. J. Med. Chem2007,42, 1-9.

I. Giorgi, G. Biagi, O. Livi, M. Leonardi, V. Scartoni arid. Pietra,
Archiv der Pharmazig2007,340, 81-87.

J.-P. Renaud and M.-A. Delsu@yrr. Opin. Pharmaco|.2009,9, 622—
628.

M. Rudin,Curr. Opin. Drug Discov. Develop2008,11, 606—615.

L. Groc, M. Lafourcade, M. Heine, M. Renner, V. RacineB JSibarita,
B. Lounis, D. Choquet and L. Cognel, Neurosci. 2007,27, 12433—
12437.

A. Ebner, M. Marek, K. Kaiser, G. Kada, C. D. Hahn, B. Laskand
H. J. GruberMethods in Molecular Biology2007,418, 73-88.

A. Kusumi, H. Ike, C. Nakada, K. Murase and T. Fujiwégaminars in
Immunology2005,17, 3-21.

E. F. Pettersen, T. D. Goddard, C. C. Huang, G. S. CoudH, Gireen-
blatt, E. C. Meng and T. E. Ferrid, Comput. Chem2004,25, 1605—
1612.

W. F. De Azevedo Jr., F. Canduri, D. M. D. Santos, J. H.iRergl. V. B.

Dias, R. G. Silva, M. A. Mendes, L. A. Basso, M. S. Palma and D. S.

SantosBiochem. Biophys. Res. Com003,312, 767-772.

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-21 | 21



