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� Interactions of trimeric calf spleen purine nucleoside phosphorylase (PNP) with guanine (Gua)
and its analogue, 9-deazaguanine (9-deaza-Gua), were studied by means of the steady-state fluo-
rescence. The aim was to test the hypothesis that the enzyme stabilizes the anionic form of purine,
inferred previously from the unusual increase of fluorescence observed after binding of guanine by
calf spleen PNP. We have found that the dissociation constants obtained form titration experiments
are in fact pH-independent in the range 7.0-10.25 for both PNP/Gua and PNP/9-deaza-Gua com-
plexes. In particular, at pH 7.0 we found Kd = 0.12 ± 0.02 µM for Gua and 0.16 ± 0.01 µM
for 9-deaza-Gua, while at the conditions where there is more than 40% of the anionic form the
respective values were Kd = 0.15 ± 0.01 µM for Gua (pH 9.0) and 0.25 ± 0.02 µM for 9-deaza-
Gua (pH 10.25). Hence, the enzyme does not prefer binding of anionic forms of these ligands in
respect to the neutral ones. This result questions the involvement of the anionic forms in the reaction
catalyzed by trimeric PNPs, and contradicts the hypothesis of a strong hydrogen bond formation
between the enzyme Asn 243 residue and the purine N(7) position.

Keywords PNP; guanine; 9-deazaguanine; fluorescence

INTRODUCTION

Purine nucleoside phosphorylase (PNP, E.C. 2.4.2.1) fulfills the role of
the regulation factor to the nucleoside level, DNA synthesis, and T-cell pro-
liferation in the organism.[1] For these reasons the inhibitors of the enzyme
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are of interest for clinical studies. One of them, immucilin H (BCX 1777),
the strong inhibitor of human PNP, is currently tested as an immunopressive
drug for T-type cell leukemia.[2]

PNP conducts the reversible reaction:
β-purine nucleoside + orthophosphate ↔ purine base + α-D-pentose-

1-phosphate.
The equilibrium of this reaction favors nucleoside synthesis over phos-

phorolysis so the enzyme can be used for the effective purine nucleoside
synthesis.[1] Homotrimeric and homohexameric PNPs are known and sub-
strate specificity depends on enzyme source and subunit composition. While
homotirmeric PNP are highly specific for 6-ketopurine nucleosides, homo-
hexameric phosphorylases show much broader specificity.[1]

Calf spleen PNP, a homotrimer, is characterized by complicated kinetics
caused by the dual regulatory and substrate role of phosphate and strong
binding of some of the purine bases resulting in their rate-limiting disso-
ciation from the active site.[3] It serves as a model for studying trimeric,
including human, PNPs. The details of the molecular mechanism of the
reaction catalyzed by phosphorylases are not fully known, especially for
trimeric PNPs. In particular the tautomeric/ionic form of purine compound
stabilized by the active side of the enzyme, and the reasons of preference of
6-oxopurines over 6-aminopurines remain unclear.[1]

One of the existing hypotheses concerning catalytic mechanism for
trimeric PNPs was based on mutation experiments of the human enzyme.[4]

and the previous suggestion that the N(1) fluorescent anionic form of Gua,
formed in pH above 9, is stabilized in the neutral pH by the calf spleen PNP
active site.[5] This mechanism postulates deprotonation of either N(1)-H[5]

or N(9)-H[4] of the purine ring of the substrate upon its binding with the en-
zyme and/or in the transition state. In the second case the negative charge
would be dislocated between N(9) and N(7) positions, and stabilized by the
Asn243 hydrogen bond donation to the purine position N(7).[4] It, there-
fore, implies that the enzyme prefers binding of the anionic form of the
purine base. However, this mechanism is not fully consistent with the crys-
tallographic findings for trimeric PNP from Cellulomonas sp., where Asn246
(Asn243 in mammalian PNPs) does not interact with the purine base di-
rectly, but via a water molecule. In the reaction catalyzed by this enzyme
the crucial role was therefore attributed to Glu 204, which was proposed
to stabilize the negative charge at the purine position O(6) by stabilizing
a rare enolate anionic form of the base.[6] The following proton transfer
from ribose-1-phosphate leads to the release of the neutral purine base.
The mechanism proposed for Cellulomonas sp. PNP was later claimed to be
correct also for human[7] and Thermus thermophilus phosphorylases.[8] The
other alternative mechanism, based on the idea of acid-catalyzed hydrolysis
of purine nucleosides, assumes protonation of the purine ring N(7) at the
transition state.[9] After the glycosidic bond cleavage the neutral form of
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Calf Spleen PNP Complexes 843

the purine is released. Since ther is no acidic residue that could be respon-
sible for the proton transfer occuring in this mechanism it was proposed
that the proton could be transfered form the bulk solvent via a chain of
the immobilized water molecules, which are present in the active site of the
enzyme.

In order to distinguish between the proposed mechanism, in the studies
described here we analyze interactions of calf spleen PNP with its natural
substrate, guanine, and its analogue, 9-deazaguanine, with the aim to answer
the question which ionic form, anion or neutral species, is bound in the
enzyme active site.

MATERIALS AND METHODS

Calf spleen PNP and guanine (Gua) were purchased from Sigma. 9-
Deazaguanine (9-deaza-Gua) was synthesized as described in literature pro-
cedure (Scheme 1).[15−17] The protein and ligand concentrations were
determined spectrophotometrically from their extinction coefficients: 1%
PNP solution ε(278 nm) = 9.6 cm−1, Gua neutral form ε(246 nm) = 10
700 M−1 cm−1, 9-deaza-Gua neutral form ε(266nm) = 6 600 M−1 cm−1. The
fluorimetric titrations with Gua were done in 50 mM HEPES buffer at pH
7.0 and 8.0, and in 50 mM HEBPS buffer at pH 8.0, 9.0, and 9.2. The mea-
surements for 9-deaza-Gua were carried out in 50 mM HEPES pH 7.0 and
in 50 mM CAPSO pH 9.0, 9.6, 10.0, and 10.25. The loss in the enzyme ac-
tivity during the experiments under the non-physiological conditions did
not exceed 15%. The enzyme concentration was in the range 0.3–1.5 µM
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and the ligand concentration was in the range 80 pM to 20 µM for Gua,
and 120 pM to 15 µM for 9-deaza-Gua. All titration experiments were con-
ducted at 25◦C, in the absence of phosphate. The results were corrected for
dilution of the sample during titrations and for the inner filter effect. The
model assuming one type of non-interacting binding sites was fitted to the
data.[10]

The emission spectra were recorded for 0.5–6 µM Gua and 9-deaza-Gua
concentrations. The complex solutions were prepared by mixing 6 µM Gua
with 1.5 µM PNP, 2 µM Gua with 0.6 µM of the enzyme monomer, 10.6
µM 9-deaza-Gua with 5.7 µM of the protein, and 3.5 µM. 9-deaza-Gua with
0.5 µM PNP. In these conditions about 90% of the enzyme active sites are
occupied. Somewhat higher concentrations were used for recording absorp-
tion spectra, the lower for fluorescence measurements. The spectra of the
PNP-ligand complex were calculated by subtraction from the PNP/ligand
complex spectra the spectra of free PNP and that of unbound Gua or 9-
deaza-Gua. The appropriate concentrations were determined from dissoci-
ation constant values obtained form titration experiments and the enzyme
activity versus inosine.

RESULTS AND DISSCUSSION

Binding of Gua and 9-deaza-Gua by calf spleen PNP causes about 170–
180% fluorescence increase of the mixture (Figure 1), as already noted
by Proter[2] for PNP/Gua complex. This behaviour is exceptional among
natural PNP substrates like phosphate or hypoxanthine, where only some

FIGURE 1 Fluorescence titrations of calf spleen PNP by Gua (squares) and 9-deaza-Gua (circles) at
pH 7.0 in 50 mM HEPES buffer. The enzyme concentration was 0.5 µM. Excitation and observation
wavelengths were 290 nm and 340 nm.
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Calf Spleen PNP Complexes 845

FIGURE 2 Fluorescence emission spectra of free ligands and fluorescence spectra of calf spleen
PNP complexed with: (A) guanine, (B) 9-deaza-guanine. The neutral ligand form and spectra of the
PNP/Gua and PNP/9-deaza-Gua complexes were recorded in 50 mM HEPES pH 7.0 (black dashed
line). The spectra of anionic ligand forms were recorded in water (light gray dashed line) or in 95%
ethanol (dark gray solid line) at pH 11 (1 mM NaOH) and at pH 13 (100 mM NaOH) for Gua and
9-deaza-Gua, respectively. The excitation wavelengths for emission spectra were 290 nm for Gua and
285 nm for 9-deaza-Gua. The spectra of the calf spleen PNP/ligand complex (black solid line) were cal-
culated by subtraction from the recorded PNP/ligand complex spectra the spectra of free PNP and that
of unbounded guanine or 9-deaza-Gua. All ligand spectra were calibrated to the concentration of 1 µM.
The spectra maxima are given in brackets.

fluorescence quenching is observed.[3,5] The unbound Gua and 9-deaza-
Gua virtually do not fluorescence at pH 7.0 (Figure 2), thus, the non typical
raise of the fluorescence intensity of the PNP-ligand mixture can be most
likely explained by formation of a complex with fluorescent tautomeric or
ionic form of the purine ring in the PNP active site.

Both Gua and 9-deaza-Gua undergo dissiociation of N(1)-H proton at
alkaline environment, with pKa of 9.3 and 10.3, respectively. The anionic
fluorescence in aqueous medium is in both cases much higher comparing
to that of the neutral forms of the compounds (Figure 2). Furthermore, in
the nonpolar environment (e.g., ethanolic), which can be a good approxi-
mation of the protein neighborhood of a purine compound at the enzyme
active site, the anion emission increases over 7-fold for Gua (Figure 2A) and
about 3-fold for 9-deaza-Gua (Figure 2B).

The comparison of recorded free Gua and 9-deaza-Gua emission spec-
tra in alkaline ethanolic solution with the spectra of the protein-ligand
complex revealed that the emission maxima and spectral distribution of
these were not identical (Figure 2). Even more pronounced differences
can be observed in the excitation spectra of the complex, which are red-
shifted in respect to the anionic absorption and to protein spectra (data
not shown). In addition, the significant differences between absorption
spectra of PNP/ligand complex and the arithmetic sum of the enzyme and
ligand spectra (at the same concentrations as were previously used for the
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complex formation) were observed (not shown). We conclude that spectral
data do not necessarily confim bonding of the anionic species of both Gua
and 9-deazaGua to the protein active site, and the observed fluorescence in-
crease may be explained by shifting of the tautomeric equilibrium towards
the N(7)-H species, as previously demonstrated for PNP/8-azaguanine
complex.[11]

The fluorimetric tiltration curves obtained for both ligands were satis-
factorily well described by the model of identical noninteracting active sites.
The equilibrium between free and occupied enzyme is characterized by one
dissociation constant, which at pH 7.0 is Kd = 0.12 ± 0.02 µM for Gua and
Kd = 0.16 ± 0.01 µM for 9-deaza-Gua (Figure 1). Similar titrations were con-
ducted at pH ranges 7.0–9.2 for Gua and 7.0–10.25 for 9-deazaGua, which
cover <1–44% (Gua) and <1–47% (9-deaza-Gua) of the ligand anion form
contribution in solution. We did not observe any marked Kd change over
the examined pH range, for example, dissociation constants obtained at pH
9.2 for Gua is 0.15 ± 0.01 µM, while at pH 10.25 for 9-deazaGua we found
Kd = 0.25 ± 0.02 µM. We once again conclude, on this basis, that the bovine
PNP does not prefer binding N(1) anionic form of the purine compound
over the neutral one.

Our fluorescence studies presented here show unequivocally that highly
fluorescent purine species, which is formed after binding of Gua to the
PNP is not the N(1) anion and that the enzyme does not preffer binding
of the anion of purine base (Gua, 9-deaza-Gua). These results are in agree-
ment with similar experiments conducted for interactions of calf spleen PNP
with formycin B and its aglycone,[12] and with some fluorescent 8-azapurine
analogues,[11] and for Cellulomonas sp. phosphorylase interactions with other
ligands[13] and consequently supports two other postulated mechanisms.
The unique high fluorescence of the bounded guanine can be explained
differently, not by the preferential binding of the naturally occurying an-
ionic guanine form with the negative charge localized at the position N(1)
of the base. One possible explanation could be the assumption that the rare
enolic form of the guanine anion is highly fluorescent. Alternatively, the
strong emission may come from the neutral N(7)-H form of Gua immobi-
lized in the enzyme active site, since it was shown previously that this form is
fluorescent in rigid glasses.[14]

REFERENCES

1. Bzowska, A.; Kulikowska, E.; Shugar, D. Purine nucleoside phosphorylases: Properties, functions
and clinical aspects. Pharmacol. Therap. 2000, 88, 349–425.

2. Balakrishnan, K.; Nimmanapalli, R.; Ravandi, F.; Keating, M.J.; Gandhi, V. Forodesine, an inhibitor
of purine nucleoside phosphorylase, induces apoptosis in chronic lymphocytic leukemia cells. Blood
2006, 108, 2392–2398.

3. Bzowska, A. Calf spleen purine nucleoside phosphorylase: complex kinetic mechanism, hydrolysis
of 7-methylguanosine, and oligomeric state solution. Biochim. Biophys. Acta, 2000, 1596, 293–317.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
1
8
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



Calf Spleen PNP Complexes 847

4. Erion, M.D.; Stoeckler, J.D.; Guida, W.C.; Walter, R.L.; Ealick, S.E. Purine nucleoside phosphorylase.
2. Catalytic mechanism. Biochemistry, 1997, 36, 11735–11748.

5. Porter, D.J. Purine nucleoside phosphorylase. Kinetic mechanism of the enzyme from calf spleen.
J. Biol. Chem. 1992, 267, 7342–7351.

6. Tebbe, J.; Bzowska, A.; Wielgus-Kutrowska, B.; Kazimierczuk, Z.; Schröder, W.; Shugar, D.; Saenger,
W.; Koellner, G. Crystal structures of purine nucleoside phosphorylase (PNP) from Cellulomonas sp.
and its implications for the molecular mechanism of trimeric PNPs. J. Mol. Biol. 1999, 294, 1239–
1255.

7. Canduri, F.; Fadel, V.; Bassco, L.A.; Palma, M.S.; Santos, D.S.; de Azevedo, W.F. New catalytic mech-
anism for human purine nucleoside phosphorylase. Biochem. Biophys. Res. Commun. 2005, 327, 646–
649.

8. Tahirov, T.H.; Inagaki, E.; Ohshima, N.; Kiato, T.; Kuroishi, C.; Ukita, Y.; Takio, K.; Kobayashi, M.;
Kuramitsu, S.; Yokoyama, S.; Miyano, M. Crystal structure of purine nucleoside phosphorylase from
Thermus Thermophilus. J. Mol. Biol. 2004, 337, 1149–1160.

9. Fedorov, A.; Shi, W.; Kicska, G.; Fedorov, E.; Tyler, P.C.; Furneaux, R.H.; Hanson, J.C.; Gainford,
G.J.; Larese, J.Z.; Schramm, V.L.; Almo, S.C. Transition state structure of purine nucleoside phos-
phorylase and principles of atomic motion in enzymatic catalysis. Biochemistry, 2001, 40, 853–860.

10. Eftink, M.R. Fluorescence methods for studying equilibrium macromolecule-ligand interactions.
Methods Enzymol. 1997, 278, 221–257.

11. Wierzchowski, J.; St ↪epniak, K.; Bzowska, A.; Shugar, D. Spectroscopic and kinetic studies of
interactions of calf spleen purine nucleoside phosphorylase with 8-azaguanine and its 9-(2-
phosphonylmethoxyethyl) derivative. Nucleosides, Nucleotides Nucleic Acids, 2005, 24, 459–464.
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