Oligomeric Structure of Mammalian Purine Nucleoside Phosphorylase
in Solution Determined by Analytical Ultracentrifugation
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The influence of phosphate, ionic strength, temperature and enzyme concentration on the
oligomeric structure of calf spleen purine nucleoside phosphorylase (PNP) in solution was
studied by analytical ultracentrifugation methods. Sedimentation equilibrium analysis used
to directly determine the enzyme molecular mass revealed a trimeric molecule with M, =
(90.6 £ 2.1) kDa, regardless the conditions investigated: protein concentration in the range
0.02-1.0 mg/ml, presence of up to 100 mm phosphate and up to 200 mm NaCl, temperature in
the range 4-25 °C. The sedimentation coefficient (6.04 £ 0.02) S, together with the diffusion
coefficient (6.15 + 0.11) 10-7 cm?/s, both values obtained from the classic sedimentation
velocity method at 1.0 mg/ml PNP concentration in 20 mm Hepes, pH 7.0, yielded a molecular
mass of (90.2 + 1.6) kDa as expected for the trimeric enzyme molecule. Moreover, as shown
by active enzyme sedimentation, calf spleen PNP remained trimeric even at low protein
concentrations (1 ug/ml). Hence in solution, similar like in the crystalline state, calf spleen
PNP is a homotrimer and previous suggestions for dissociation of this enzyme into more
active monomers, upon dilution of the enzyme or addition of phosphate, are incorrect.
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Introduction

Purine  nucleoside  phosphorylase  (PNP,
EC.2.4.2.1), an ubiquitous enzyme of the salvage
pathway, catalyzes the reversible phosphorolysis
of the glycosidic bonds of purine ribonucleosides
and 2'-deoxyribonucleosides. PNPs can be divided
into two classes, low molecular mass enzymes,
which usually have a molecular mass of about 90
kDa, and high molecular mass class enzymes with
molecular mass of about 150 kDa (see Bzowska
et al.,2000). Low molecular mass PNPs are specific
for 6-oxopurine nucleosides [or rather N(1)-H
purine nucleosides, according to recent findings
(Bzowska et al., 2004)] and are found both in
higher organisms and in procaryotes, while high
molecular mass enzymes are found mainly in
lower organisms and have broader substrate speci-
ficity, accepting both 6-amino and 6-oxopurine nu-
cleosides, and many analogues (Bzowska et al.,
2000).

PNPs from various organisms and inhibitors of
some PNPs have broad potential medical and

practical applications. Phosphorylases from many
sources are widely used in coupled assays for
phosphate-liberating enzymes, while less specific
E. coli PNP may be employed in the enzymatic
synthesis of nucleosides (Bzowska et al., 2000).
The crucial role of PNP in T-cell proliferation has
been demonstrated in patients with inherited PNP
deficiency. Therefore human PNP is a target for
inhibitor development. Such compounds should be
useful in treating T-cell related autoimmune dis-
eases and T-cell cancers (Bzowska et al., 2000;
Bantia et al., 2002, 2003). The differences in sub-
strate specificity between low and high molecular
mass PNPs is profited from in anticancer suicide
gene therapy in which nontoxic nucleoside pro-
drugs are cleaved in tumor cells transfected with
the gene for E. coli to cytotoxic purine analogs
(Bennett et al., 2003). Selective inhibitors of PNPs
from parasites that lack de novo synthesis of nucle-
osides (e.g. from Plasmodium falciparum and
Schistosoma mansoni causing malaria and schis-
tosomiasis, respectively) are considered potential
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antiparasitic agents (Shi et al., 2004; Freitas da Sil-
veira et al., 2004).

The crystal structures of PNPs from several
sources have been determined revealing homotri-
meric enzymes in the low molecular mass class
(Bzowska et al., 2000, 2004; Fedorov et al., 2001).
However, there was a suggestion in the literature
(Ropp and Traut, 1991) for dissociation in solution
of trimeric calf spleen phosphorylase into active
monomers with specific activity 50-fold higher
than that of the trimer. The monomeric state was
reported to be triggered by either very low en-
zyme concentration or by the presence of high
concentration of phosphate which is one of the
substrates, hence expected to bind in the enzyme
active site. However, in the case of triggering dis-
sociation into monomers, phosphate was claimed
to bind to a distinct regulatory binding site.

Such a dissociation of trimeric PNP into more
active monomers, if confirmed, would account for
the complex kinetic characteristic observed for
phosphorylases (Bzowska et al., 2000). However,
crystal structures of calf spleen PNP complexed
with various ligands, including phosphate, have
not confirmed the presence of any additional site
for binding of phosphate (Mao ez al., 1998). It was
also shown that the specific activity of calf spleen
PNP does not increase upon dilution of the en-
zyme, and for the enzyme in a concentration below
1 ug/ml no monomers were detected in a filtration
through membrane experiments (Bzowska, 2002).
The present study was therefore undertaken to de-
termine by classical analytical ultracentrifugation
methods, most appropriate for this purpose, the
influence of phosphate, ionic strength, tempera-
ture and enzyme concentration on the oligomeric
structure of calf spleen PNP in solution. Experi-
mental conditions were also extended to very low
enzyme concentrations using the active enzyme
sedimentation method introduced many years ago
by Cohen et al. (1967). This approach enables the
correlation of oligomeric state with specific activ-
ity for a highly diluted enzyme.

Materials and Methods
Materials

Calf spleen PNP (20-34 units/mg) and xanthine
oxidase from buttermilk (~ 1 unit/mg) suspensions
in 32M and 2.3 M ammonium sulphate, respec-
tively, inosine, 7-methylguanosine, and Hepes
[N-(2-hydroxyethyl)piperazine-N'- (2-ethanesulfo-
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nic acid)] were purchased from Sigma. The com-
mercial calf spleen PNP was desalted as described
earlier (Bzowska, 2002). For each preparation the
phosphate concentration was determined using a
method involving phosphomolybdate complexes
reduced by ascorbic acid (Ames, 1966) and the
PNP concentration was measured spectrophoto-
metrically and calculated using the enzyme extinc-
tion coefficient of 9.6 cm~! at 280 nm for a 1%
solution (Bzowska, 2002).

Analytical ultracentrifugation

Molecular mass studies of PNP were carried out
in a XL-A type analytical ultracentrifuge (Beck-
man Instruments, Palo Alto, CA) equipped with
UV absorption optics. Three methods were em-
ployed: sedimentation velocity, sedimentation
equilibrium and active enzyme sedimentation.

The sedimentation equilibrium was analyzed us-
ing externally loaded six-channel centerpieces
with 12 mm pathlength, usually filled with 75 ul of
solution. This type of cells allows the analysis of
three solvent-solution pairs in one run. The sedi-
mentation equilibrium was reached after 2 h over-
speed at 22,000 rpm followed by an equilibrium
speed of 18,000 rpm at 10 °C and 25 °C for 24—
30 h. The radial absorbance of each compartment
was scanned at three different wavelengths be-
tween 230 and 300 nm.

Molecular mass calculations were done by si-
multaneous fitting the sets of three radial absorb-
ance distribution curves described by:

Ar = Ar,m eXP[MF(”—”m)]

with
F=[(1 - ov)w?)2RT

using the program POLYMOLE (Behlke et al,
1997). In these equations g is the solvent density,
v is the partial specific volume, w is the angular
velocity, R is the gas constant and 7' is the absolute
temperature. A, is the radial absorbance and A, ,,
is the corresponding value at the meniscus posi-
tion. The partial specific volume v = 0.736 ml/g was
calculated from the amino acid composition of the
protein and the density increments of the individ-
ual amino acids.

Sedimentation velocity experiments were done
in a standard double section cell filled with about
300 ¢4l solution and run at 50,000 rpm at 20 °C.
From the time-dependent radial concentration
profiles recorded either at 280 nm or at 285 nm,
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sedimentation and diffusion coefficients were si-
multaneously determined using the program
LAMM (Behlke and Ristau, 1997). The combina-
tion of both parameters with the partial specific
volume (see above) allows to calculate the molec-
ular mass from the Svedberg equation.

In addition to the conventional sedimentation
velocity runs, active enzyme sedimentation experi-
ments were carried out using the Vinograd-type
double sector centerpiece (Kemper and Everse,
1973). A thin layer of PNP solution in 20 mm He-
pes, pH 7.0 was applied on the solution of 200 um
7-methylguanosine (m’Guo) - a substrate of
PNP - in 100 mm phosphate buffer, pH 7.0. The
density of the substrate solution was increased by
addition of 200 mm NaCl in order to form a sharp
enzyme boundary on the top of substrate solution
and to make sure that, before the desired ultracen-
trifugation speed was reached, the enzyme is
present only at meniscus (Kemper and Everse,
1973). The phosphorolysis of m’Guo is almost
nonreversible and the apparent K, is about 13 um
(Kulikowska et al., 1986). The initial substrate con-
centration of 200 um, i.e. about 15 K,,,, was used to
fulfill the condition that every enzyme molecule in
the band reacts with the substrate with the same
velocity. The phosphorolysis was followed by the
direct spectrophotometric assay based on differen-
ces in extinction coefficients between m’Guo and
the corresponding purine base 7-methylguanine.
The moving boundary of PNP through the solu-
tion of m’Guo was recorded at 239 nm (Ae =
+ 1300 M~! cm~!) and 260 nm (Ae = — 4600 m~!
cm~ 1) (Kulikowska et al., 1986) and used to obtain
the sedimentation coefficients of PNP at very low
enzyme concentrations (1-20 ug/ml).

Results
Sedimentation equilibrium

The molecular mass of calf spleen PNP in
20 mm Hepes buffer, pH 7.0, was determined from
the radial concentration distribution obtained at
sedimentation equilibrium. These experiments
covered the range of enzyme concentrations be-
tween 0.02 and 1.0 mg/ml (Fig.1). The average
molecular mass obtained, (90.6 * 2.1) kDa, is
about three-fold that of the monomer (32.093
kDa, Swiss Prot entry P55859) indicating that in
the above concentration range PNP in solution is
a trimeric molecule.
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Fig. 1. Molecular mass of calf spleen PNP in 20 mm
Hepes buffer at pH 7.0 and 10 °C obtained by the sedi-
mentation equilibrium method at various enzyme con-
centrations.

Addition of up to 100 mm phosphate does not
influence the molecular mass value significantly
(Fig. 2) neither at 10 °C not at 25 °C. The stability
of the enzyme is slightly lower when the phos-
phate concentration is raised up to 250 mm, the
effect being more pronounced at 0.02 mg/ml en-
zyme concentration as compared with 0.5 mg/ml
sample concentration (not shown), and also at
25°C as compared with 10 °C (Fig. 2). However,
there is no indication for complete dissociation of
the trimeric molecule into monomers, even at
250 mm phosphate concentration. The maximum
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Fig. 2. Influence of phosphate on the molecular mass of
calf spleen PNP (0.02 mg/ml) at 10 °C (e) and 25 °C (o)
studied by the sedimentation equilibrium method.
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fraction of monomers estimated from the data pre-
sented in Fig. 2 is about 20% (at 0.02 mg/ml and
25 °C). NaCl in a concentration up to 150 mm does
not change the molecular mass of the enzyme
(data not shown).

Sedimentation velocity

The sedimentation velocity method has been
used to confirm the trimeric quaternary structure
of the calf spleen PNP in solution. From the time-
dependent moving boundaries at 50,000 rpm a
sedimentation coefficient of (6.04 = 0.02) S was
obtained for PNP at 1.0 mg/ml concentration in
20 mm Hepes, pH 7.0 (Fig. 3). Using the program
LAMM (Behlke and Ristau, 1997), the diffusion
coefficient (6.15 + 0.11) 107 cm?/s was deter-
mined, which together with the above sedimenta-
tion coefficient and partial specific volume of
0.736 ml/g yields a molecular mass of (90.2 = 1.6)
kDa as expected for the trimeric enzyme molecule.

Active enzyme sedimentation

In order to study the sedimentation behavior at
very low PNP concentrations the analytical active
enzyme sedimentation method was employed (Co-
hen et al., 1967) which permits determination of
hydrodynamic properties of very dilute enzyme
samples (~ 1 ug/ml). The method is based on an

Absorbance
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Fig. 3. Time-dependent moving boundaries (symbols o)
of PNP (¢ = 1 mg/ml, i.e. 31.2 um as monomer) in 20 mm
Hepes buffer, pH 7.0, at 20 °C. Radius is the radial dis-
tance from the center of rotation. The curves were fitted
simultaneously to determine the sedimentation and dif-
fusion coefficient using the program ramMm (Behlke and
Ristau, 1997).
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enzymatic activity of a protein under study. The
sedimentation of the enzyme through a solution
containing all substrates necessary to observe the
enzyme-catalyzed reaction is followed indirectly
via observation of the change in absorption due
to disappearance of substrates and formation of
products. In our case m’Guo and phosphate were
used as substrates. From the moving enzyme
boundary visualized by an absorption change due
to the PNP catalyzed conversion of m’Guo to 7-
methylguanine a sedimentation coefficient of
(6.1 £ 0.1) S was determined for 8.7 ug/ml PNP in
110 mm phosphate buffer, pH 7.0, with addition of
200 mm NaCl. Further dilution of the enzyme to
about 1.0 ug/ml, which is the lower possible con-
centration detected with this method, gave similar
results. Hence, even in a very low concentration
(and in the presence of phosphate) calf spleen
PNP remains trimeric in solution.

Discussion

Sedimentation equilibrium and sedimentation
velocity experiments (with the classic detection
based on protein absorbance and with detection
based on the enzyme activity) yield a molecular
mass expected for the trimeric enzyme molecule.
The presence of phosphate up to 100 mm and dilu-
tion of the enzyme even to 1 ug/ml does not affect
the trimeric state of the protein. Hence, the sug-
gestion of Ropp and Traut (1991) that calf spleen
PNP dissociates into monomers with a specific ac-
tivity much higher than that of the trimer, can not
be confirmed by ultracentrifugation methods em-
ployed here, as could not be confirmed by previ-
ously employed specific activity measurements
and filtration through membrane studies (Bzow-
ska, 2002). X-Ray diffraction revealed homotri-
meric enzyme in a crystal, with active sites located
at interfaces of two monomers and neighbouring
subunit contributing the side chain of Phel59 to
the active site pocket (Mao et al., 1998; Luic et al.,
2001). Hence, also on the basis of the active site
geometry, dissociation of the enzyme into active
monomers seems to be very unlikely. The final
conclusion from the present and earlier studies in-
volving various methods is that a trimer is a bio-
logically active form of calf spleen PNP and that
unusual catalytic properties of this enzyme are not
caused by dissociation into monomers upon en-
zyme dilution or presence of phosphate molecules.



J. Behlke et al. - Oligomeric Structure of Mammalian PNP

Acknowledgements

This project was supported by the Polish State
Committee for Scientific Research (KBN 3 PO4A
03524) and Deutsche Forschungsgemeinschaft
(DFG) (KO 1477/21 and 436 POL 17/22/98). We

Ames B. N. (1966), Assay for inorganic phosphate, total
phosphate and phosphonates. Methods Enzymol. 8,
115-116.

Bantia S., Miller P. J., Parker C. D., Ananth S. L., Horn
L.L.,Babu Y. S, and Sandhu J. S. (2002), Comparison
of in vivo efficacy of BCX-1777 and cyclosporin in
xenogeneic graft-vs.-host disease: the role of dGTP in
antiproliferative action of BCX-1777. Int. Immuno-
pharmacol. 2, 913-923.

Bantia S., Ananth S. L., Parker C. D., Horn L. L., and R.
Upshaw R. (2003), Mechanism of inhibition of T-
acute lymphoblastic leukemia cells by PNP inhibitor-
BCX-1777. Int. Immunopharmacol. 3, 879-887.

Behlke J. and Ristau O. (1997), Analysis of interacting
biopolymer systems by analytical ultracentrifugation.
Biophys. J. 72, 428-432.

Behlke J., Ristau O., and Schonfeld H.-J. (1997), Nucleo-
tide-dependent complex formation between the Es-
cherichia coli chaperonins GroEL and GroES studied
under equilibrium conditions. Biochemistry 36,
5149-5156.

Bennett E. M., Anand R., Allan P. W.,, Hassan A.E.,
Hong J. S., Levasseur D. N., McPherson D. T., Parker
W. B., Secrist 3 J. A., Sorscher E.J., Townes T. M.,
Waud W. R., and Ealick S. E. (2003), Designer gene
therapy using an Escherichia coli purine nucleoside
phosphorylase/prodrug system. Chem. Biol. 10,
1173-1181.

Bzowska A. (2002), Calf spleen purine nucleoside phos-
phorylase: complex kinetic mechanism, hydrolysis of
7-methylguanosine, and oligomeric state in solution.
Biochim. Biophys. Acta 1596, 293-317.

Bzowska A., Kulikowska E., and Shugar D. (2000), Pur-
ine nucleoside phosphorylases: properties, functions
and clinical aspects. Pharmacol. Ther. 88, 349-425.

Bzowska A., Koellner G., Wielgus-Kutrowska B., Stroh
A., Raszewski G., Holy A., Steiner T., and Frank J.
(2004), Crystal structure of calf spleen purine nucleo-
side phosphorylase with two full trimers in the asym-
metric unit: important implications for the mechanism
of catalysis. J. Mol. Biol. 342, 1015-1032.

931

also acknowledge support for international collab-
oration in the frame of the scientific and techno-
logical cooperation between the Bundesministe-
rium fiir Bildung und Forschung (BMBF) and the
State Committee of Scientific Research (KBN)
of Poland.

Cohen R., Giraud B., and Messiah A. (1967), Theory
and practice of the analytical centrifugation of an ac-
tive substrate-enzyme complex. Biopolymers 5, 203—
225.

Fedorov A., Shi W,, Kicska G., Fedorov E., Tyler P. C,,
Furneaux R. H., Hanson J. C., Gainsford G. J., Larese
L.Z., Schramm V. L., and Almo S. C. (2001), Transi-
tion state structure of purine nucleoside phosphory-
lase and principles of atomic motion in enzymatic ca-
talysis. Biochemistry 40, 853 -860.

Freitas da Silveira N. J., Uchoa H. B., Canduri F., Pereira
J.H., Camera Jr. J.C., Basso L. A., Palma M.S.,
Santos D. S., and de Azevedo Jr. W. F. (2004), Struc-
tural bioinformatics study of PNP from Schistosoma
mansoni. Biochem. Biophys. Res. Commun. 322,
100-104.

Kemper D. and Everse J. (1973), Active enzyme sedi-
mentation. Methods. Enzymol. 27, 67-83.

Kulikowska E., Bzowska A., Wierzchowski J., and Shu-
gar D. (1986), Properties of two unusual, and fluores-
cent substrates of purine-nucleoside phosphorylase: 7-
methylguanosine and 7-methylinosine. Biochim. Bio-
phys. Acta 874, 355-366.

Luié¢ M., Koellner G., Shugar D., Saenger W., and Bzow-
ska A. (2001), Calf spleen purine nucleoside phos-
phorylase: structure of its ternary complex with an
N(7)-acycloguanosine inhibitor and a phosphate an-
ion. Acta Cryst. D57, 30-36.

Mao C., Cook W.], Zhou M., Federov A. A., Almo
S. C., and Ealick S. E. (1998), Calf spleen purine nu-
cleoside phosphorylase complexed with substrates
and substrate analogues. Biochemistry 37, 7135-7146.

Ropp P. A. and Traut T. W. (1991), Purine nucleoside
phosphorylase. Allosteric regulation of a dissociating
enzyme. J. Biol. Chem. 266, 7682—-7687.

Shi W, Ting L. M., Kicska G. A., Lewandowicz A., Tyler
P.C., Evans G. B., Furneaux R. H., Kim K., Almo
S. C., and Schramm V. L. (2004), Plasmodium falci-
parum purine nucleoside phosphorylase: crystal struc-
tures, immucillin inhibitors, and dual catalytic func-
tion. J. Biol. Chem. 279, 18103-18106.





