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Kinetic Analysis of Purine Nucleoside Phosphorylase
in Saccharomyces cerevisiae

Hye-Seon Choi
Department of Microbiology. Ulsan University, Ulsan 680-749. Korea

Kinetic parameters of purine nucleoside phosphorylase (PNP) from Saccharomyces cerevisiae
were measured. The Michaelis constants determined for substrates of the enzyme were 2.0 107*
M for inosine, 2.0X10* M for deoxyinosine, 2.0X10~° M for guanosine and 2.0X107* M
for deoxyguanosine. According to the ratio of relative K./Km, substrate specificity of each
nucleoside was in the order of guanosine or deoxyguanosine, inosine and deoxyinosine. Cosub-
strate, phosphate, revealed downward curvature in Lineweaver-Burk plot at high concentrations,
indicating a negative cooperativity between subunits. The inhibition constants for purine analogs
were measured to be 6X10~* M for formycin B as the competitive inhibitor of inosine, 9X107¢
M for guanine as the competitive inhibitor of guaneosine, 2X10°* M for hypoxanthine as the
non competitive inhibitor of guanosine and 4.5X107* M for 6-mercapiopurine as the non
competitive inhibitor of guanosine. Alternative substrates, guanosine, deoxyguanosine and
adenosine were found to act as competitive inhibitors with Ki values of 2.0X10"° M, 2.6X10"%
M and 8.5X10°* M, respectively, when inosine was the variable substrate. Guanosine and
deoxyguanosine were also observed as competitive inhibitors with the Ki values of 1.8X10°°
M and 3.0X10°* M, respectively, when deoxyinesine was the variable substrate. The results
of alternative substrate studies suggested that a single enzyme acted on different nucleosides,
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inosine, deoxyinosine, adenosine, guanosine and deoxyguanosine.
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The relationship between deficiency of purine
nucleoside phosphorylase (PNP) and certain im-
munological disease (22, 26, 28) has made this en-
zyme a primary target for chemotherapy. Absence
of PNP is associated with severe T cell immuno-
deficiency while B cell immunity remains func-
tional. Therefore, PNP inhibitors might be used
to treat T cell leukemia or to counter autoim-
mune disease without destroying the humoral
immunity (4, 8, 27). Inhibitors of PNP might also
be useful for enhancing the activities of certain
purine nucleoside analogs according to their role
in purine metabolism (16, 31, 34, 36). The im-
portance of PNP in immunodevelopment and in
the metabolism of purine nucleoside has prom-
pted detailed structural and kinetic studies of the
enzyme (3, 5, 6). In addition, the utilization of
PNP for the enzymatic production of purine
nucleoside analogs, such as adenine arabinoside
for an antiviral drug, has encouraged to screen
the bacteria which is a potent producer of PNP
(20, 21).

The enzyme, PNP, catalyzes the reversible phos-
phorolysis of inosine, guanosine and their res-
pective deoxynucleosides, using inorganic phosph-
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ate as cosubstrate to generate the free base and
ribose 1-phosphate or deoxyribose l-phosphate.
At equilibrium, the direction of nucleoside syn-
thesis is favored, but net flux of the reaction in
intact cells is in the catabolic direction. PNP also
catalyzes the phosphate dependent pentosyl
moiety transfer between purine base and nucleo-
side to produce another purine nucleoside.

PNP has been purified from a variety of
sources including human erythrocytes (33, 38),
placenta (7), granulocyte (37), bovine brain (18),
rabbit brain (17), rabbit liver (19), chicken liver
(25), developing embryos of Hyalomma dromdarii
(14), Escherichia coli (15), Bacillus subtilis (11) and
Proteus vulgaris (35). Major physical and kinetic
differences in the enzymes from the various
sources has been reported (1, 32) and compared
to get the information of detailed structural char-
ateristics and reaction mechanism.

In a previous paper (2), PNP from Saccha-
romyces cerevisiae has been partially purified and
characterized. This study presented kinetic para-
meters of nucleoside substrates, inosine, deoxy-
inosine, guanosine, deoxyguanosine and adeno-
sine and demonstrated the effect of alternative
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substrates for a detailed studies of the enzyme.
In addition, the phenomenon of negative coopera-
tivity for inorganic phosphate was observed. The
inhibition constants of purine analogs for PNP
were estimated from replots of double reciprocal
plots.

MATERIALS AND METHODS

Enzyme Purification

Baker's Yeast commercially available from Sig-
ma Chemical Co. was used and all purification pro-
cedures were followed as described in the pre-
vious paper (2).
Determinations of Kinetic Parameters

The phosphorolysis of inosine was measured
by a spectrophotometric assay coupled to xan-
thine oxidase (13). The assay was based on the
measurement of the increase in absorbance at
293 nm due to the formation of uric acid (AE=
125X10° M~ em™! at 293 nm). Spectrophoto-
meter (Kontron, UVKON 860) equipped with RS
232C-interface was used. The reaction mixture
contained, in a final volume of 1 m/, 50 mM Tris-
Cl, pH 7.3, 100 mM potassium phosphate, 0.02
unit of xanthine oxidase and various concen-
trations of inosine. All reaction mixture except
PNP were preincubated at 30°C for about 3 min
to remove any trace of hypoxanthine or xanthine
as a contaminant in the inosine. The reaction was
started by the addition of PNP and continued
for about 3 min to get the linear region. When
the concentrations of phosphate were variable, the
reaction mixture was the same as above except
1 mM of inosine. The phosphorolysis of guano-
sine was monitored directly at 257 nm with AE
=—5X10* M cm " The reaction mixture
contained 50 mM Tris-Cl, pH 7.3, 100 mM
potassium phosphate and various concentrations
of guanosine in a | m/ cuvette. The reaction
mixture was preincubated for 3 min and the
addition of the enzyme initiated the reaction. The
reaction was carried out at 30°C and continued
for about 2 min. The values of Km and Vm were
calculated from Lineweaver-Burk plot. The Ki
values for all the inhibitors were obtained in the
replot of inhibitor concentrations versus slopes
from Lineweaver-Burk plot.
Data Processing

Points on the kinetic curves represented average
of two or three determinations, but, in the cal-
culations each determination was treated indivi-
dually. Reciprocal of velocities were plotted gra-
phically versus reciprocal of substrate concen-
trations. Curves (Fig. 3-11) were fitted to equa-
tion

I/v=Km/Vm * I/S+1/Vm

The binding curves for phosphate were evi-
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dently not linear, not obeying the above equa-
tion. In Fig. 1A, the value of low Km was ob-
tained from extrapolation of 6 points of low con-
centrations of phosphate and that of high Km
was from 6 high concentrations as shown in inset
of figure. These curves were fitted to the ex-
perimental points according to the Hill equation.

_ V'(S)"”r
(Sy"+K

where ny denoted the Hill coefficient, V the
maximum binding and v the amount of ligand
bound at a certain concentration of ligand. The
Hill coefficient was calculated from the slope of
Fig. 1B over a wide range of phosphate con-
centrations.

The Ki values of inhibitors (Fig 3-11) were
calculated from the replots of slopes versus the
concentrations of inhibitors shown as insets of
figures.

Determination of Equilibrium Constant

The reaction mixture contained 50 mM Tris-Cl,
pH 7.3, 0.1 mM guanosine and different concen-
trations (5, 10, 50 mM) of phosphate in a final
volume of 1 m/ Immediately after adding an
appropriate amount of PNP, the absorption
spectrum was taken from 220 to 300 nm as a 0
hr sample. The reaction was carried out at 30°C
and the absorption spectra at 290 and 350 min
were overlapped. At equilibration, the concen-
tration of guanosine and guanine were measured
and the equilibium constant was calculated. The
conversion of guanosine to guanine gives the
spectral change at 257 nm (AE=—5X10' M !
cm ')

RESULTS

Kinetic Parameters for PNP

The effects of inosine, deoxyinosine, guanosine
and deoxyguanosine concentration on PNP activ-
ity were determined in 100 mM potassium phos-
phate at 50 mM Tris, pH 7.3. The Michaelis con-
stants determined in Lineweaver-Burk plot were
20X107* M, 20X 1071 M, 20X10°* M and 2.0X
10 * M for inosine, deoxyinosine, guanosine, and
deoxyguanosine, respectively.

The interesting feature of PNP reaction was
shown when the effect of phosphate on enzyme
activity was measured as the concentration of
inosine was fixed at 1 mM. Fig. 1A illustrated
the biphasic nature of a double-reciprocal plot
with phosphate as the variable substrate, charac-
terizing by a downward curvature of the line.
Two values of Km for phosphate were extra-
polated to be 1.1X107* M and 3.6X10 * M for
the concentration of phosphate of 0.5~50 mM
and 5.0~50 mM, respectively. The deviation from
linearity of the plot was apparant at phosphate
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Fig. 1. (A) Lineweaver-Burk plot of purine nucleoside
phosphorylase (PNF) from Saccharomyces
cerevisiae with phosphate as a variable sub-
strate.

The reaction mixture contained in a volume
of 1 ml: 50 mM Tris-Cl, pH 72, 1| mM
inosine, 0.02 units of xanthine oxidase,
variable concentrations (0.5~50 mM) of
phosphate and PNP. The plot for high
concentrations (5~50 mM) of phsphate were
enlarged in the inset. The values of Km of
phosphate were 1.1X107> M and 3.6X107?
M for the concentrations of phosphate of 0.
5~5 mM and 5~50 mM; respectively.

(B) Hill plot of the same data according to the
equation, log v/V—v=ny log (P)—log K

The value of ny was calculated to be 0.70.

concentrations greater than 5.0 mM. This
phenomenon seemed to be caused by a possible
cooperativity between the subunits. A Hill plot
of the phosphate was shown in Fig. 1B. The
calculated data from Fig. 1B gave a straight line
with a Hill coefficient of about 0.70, indicating
a negative cooperativity in binding of phosphate
to the enzyme.
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Table 1. Kinetic parameters for substrates of PNP from
Saccharomyces cerevisiae

Relative  Relative
Substrat Km (mM
ubstrate (m ) ) - Kcan/Km
Inosine 02 1 50
Deoxyinosine 20 14 0.7
Guanosine 0.02 0.54 27
Deoxyguanosine 0.02 0.54 27

Table 1 showed kinetic parameters for sub-
strates for PNP. The value of relative K. for de-
oxyinosine was 14 folds greater than that for
inosine. Thus, at high concentrations deoxy-
inosine appeared to be a better substrate than
inosine, if two reactions occurred separately. How-
ever, each substrate cannot be considered in iso-
lation from the other under physiological con-
ditions. When the substrates are mixed together,
the ratio of rates of the competing reactions
could be determined by the ratio of relative
Keo/Km. The rate of phosphorylation of inosine
was 7 times faster than that of deoxyinosine
for an equimolar mixture of inosine and deoxy-
inosine at any concentration, showing that ino-
sine is the more specific substrate. The values
of relative K., for guanosine and deoxyguano-
sine were estimated to be 0.54 fold lower than
that for inosine. However, since the ratios of
relative K.,/Km for guanosine and deoxyguano-
sine were calculated to be 5.5 folds greater than
that for inosine, guanosine and deoxyguano-
sine were considered to be better substrates.

The equilibrium constant of the reaction:

Guanosine+ Phosphate = Guanine+ Ribose 1-
phosphate
was determined from the ratio of the equilibrium
concentrations and calculated to be 0.048 (Fig. 2).
This reaction was performed with different
concentrations of phosphate and the value was
averaged.

The affinities of purine analogs for Saccha-
romyces cerevisiae PNP were determined. Formy-
cin B, inosine analog, did not act as a sub-
strate. However, when inosine was a variable sub-
strate at a constant level of phosphate, formy-
cin B acted as a competitive inhibitor with a Ki
value of 6X107* M (Fig. 3). Guanine, hypoxan-
thine and 6-mercaptopurine were tested as inhi-
bitors when guanosine was a variable substrate
at a fixed level of phosphate. Guanine was ob-
served as a competitive inhibitor with a Ki val-
ue of 9X107¢ M (Fig. 4). Hypoxanthine and 6-mer-
captopurine showed noncompetmve patterns with
Ki values of 2X107* M (Fig. 5) and 45X107* M
(Fig. 6), respectively.

Effects of alternative substrates
It was demonstrated in the previous paper (2)
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Fig. 2. Absorption spectrum of the conversion of

guanosine to guanine by purine nucloside
phosphorytase (PNP).
The reaction mixture contained 50 mM Tris,
pH 73, 96 ¢M guanosine (E=13.7X10° M}
cm”' at 252.5 nm) and 5 mM of phosphate
in a final volume of 1 m/. Immediatly after
adding an appropriate amount of PNP, the
absorption spectrum was taken from 220 to
300 nm as 0 hr sample (). The reaction
mixture was incubated at 30°C and the
spectrums at 290 and 350 min (--) were
overlapped. The phosphorolysis of guanosine
was measured at 257 nm with — AE=5X10°
M“'em™' as described in Materials and
Methods. At equilibrium the concentration of
guanine was determined to be 72.5 uM. The
equilibrium constant at 5 mM phosphate was
calculated to be 0.047. Those at 10 mM and
50 mM phosphate were 0.050 and 0.046,
respectively. The value of equilibrium
constant for PNP was averaged.

that PNP from S. cerevisiae was capable of
catalyzing the phosphorolysis of inosine, deoxy-
inosine, guanosine and deoxyguanosine. Adeno-
sine seemed to be phosphorolyzed with a relative-
ly slow rate. The compounds of inosine, deoxy-
inosine, adenosine, guanosine and deoxyguano-
sine could react as alternative competing sub-
strates.

In order to study the effect of alternative
substrates, the rate of product was determined
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Fig. 3. Inhibition by substrate analog, formycin B
when inosine was the variable substrate.
Plot of reciprocal of the initial velocity with
respect to reciprocal of inosine concentration.
The reaction mixture was prepared and the
reaction was carried out as described in
Matrials and Methods. Inosine and formycin
B were added in the concentration indicated.
The inhibition constant, Ki of formycin B as
the competitive inhibitor of inosine, was
estimated to be 6X10°* M by the replot
shown in the inset.
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Fig. 4. Inhibition by the purine base guanine, when
guanosine was the variable substrate.
Plot of reciprocal of initial velocity with
respect 1o reciprocal of guanosine concen-
tration. The inhibition constant, Ki of guan-
ine as the competitive inhibitor of guano-
sine, was estimated to be 9X10°° M by the
replot shown in the inset.
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when an alternative substrate was tested as an
inhibitor. When inosine was the variable substrate
at a constant level of phosphate, guanosine and
deoxyguanosine were observed as competitive
inhibitors. As shown in Fig. 7 and 8, the rate of
hypoxanthine was measured by the coupled assay.
The inhibition constants, Ki, of guanosine and
deoxyguanosine were calculated to be 2.0Xx10°*
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Fig. 5. Inhibition by the purine base, hypoxanthine,
when guanosine was the variable substrate.
Plot of reciprocal of initial velocity with
respect to reciprocal of guanosine concen-
tration. The inhibition constant, Ki of hypo-
xanthine as the non competitive inhibitor
of guanosine, was estimated to be 2X10™* M
by the replot shown in the inset.
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Fig. 6. Inhibiion by the purine base, 6-mercapto-

purine, when guanosine was the variable
substrate.
Plot of reciprocal of initial velocity with
respect to reciprocal of guanosine concen-
tration. The inhibition constant, Ki of 6-mer-
catopurine as the non competitive inhibitor
of guanosine, was estimated to be 4.5X107*
M by the replot shown in the inset.

M and 2.6X107° M, respectively, from the replot
of slope versus the concentration of each com-
peting substrate. As shown in Fig. 9, adenosine
was also observed as a competitive inhibitor with
a Ki value of 85X107* M. The inhibition
constant of adenosine was much higher than
those of guanosine and deoxyguanosine. Fig. 10
and 11 showed that the ribo and deoxyribo-
nucleoside of guanine were found to act as
competitive inhibitors when deoxyinosine was
variable substrate at a constant level of phosphate.
The inhibition constants of guanosine and
deoxyguanosine, estimated by the replots, were 1.8
X107 M and 3.0X107° M, respectively. These
results were consistent with the hypothesis that
the enzyme has only one catalytic site for four
different nucleosides, inosine, deoxyinosine, gua-
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Fig. 7. /nhubition by the alternative substrate, guano-
sine, when inosine was the variable substrate.
Plot of reciprocal of the initial velocity with
respect to reciprocal of inosine concentration.
The inhibition constant, Ki of guanosine as
the competitive inhibitor of inosine, was
estimated to be 2.0X107° M by the replot
shown in the inset.
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Fig. 8. /nhibition by the alternative substrate, deoxy-

guanosine, when inosine was the variable sub-
strate.
Plot of reciprocal of the initial velocity with
respect to reciprocal of inosine concentration.
The inhibition constant, Ki of deoxyguano-
sine as the competitive inhibitor of inosine,
was estimated to be 2.6X107° M by the replot
shown in the inset.

nosine and deoxyguanosine.
DISCUSSION

Purification of PNP from S. cerevisiae has been
previously reported and the enzyme has been
characterized (2). In the present studies, these
characterization have been extended by kinetic
analysis.

The affinities of various nucleosides to the
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Fig. 9. /nhibition by the alternative substrate, adeno-

sine, when nosine was the varable sub-
strate.
Plot of reciprocal of the initial velocity with
respect to reciprocal of inosine concentration.
The inhibition constant, Ki of adenosine as
the competitive inhibitor of inosine, was
estimated to be 8.5X107* M by the replot
shown in the inset.
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Fig. 10. /nhibition by the alternative substrate, guano-

sine, when deoxyinosine was the variable
substrate.
Plot of reciprocal of the initial velocity with
respect to reciprocal of deoxyinosine concen-
tration. The inhibition constant, Ki of gua-
nosine as the competitive inhibitor of de-
oxyinosine, was estimated to be 1.8 X107° M
by the replot shown in the inset.

ehzyme were determined. Practically identical Km
values were found for guanosine and deoxy-
guanosine. The Km value of guanosine was 10
fold lower than that of inosine. When the hy-
droxyl group of inosine was replaced by a hy-
drogen atom. as in deoxyinosine, an increase in
Km values was found. The affinities of alternative
substrates was in the order of guanosine or
deoxyguanosine. inosine and deoxyinosine.

The observed substrate activation at high
concentration of phosphate suggested that PNP
can be a multivalent enzyme with cooperative
interaction between active sites. Another ex-

05 10 20
(mm")

1/[dIND )

Fig. 11. /nhibition by the alternative substrate, deoxy-

guanosine, when deoxyinosine was the vari-
able substrate.
Plot of reciprocal of the initial velocity with
respect to reciprocal of deoxyinosine concen-
tration. The inhibition constant, Ki of de-
oxyguanosine as the competitive inhibitor
of deoxyinosine, was estimated to be 3.0X
107* M by the replot shown in the inset.

planation for non-linear Lineweaver-Burk plots
could be that PNP from S. cerevisize was a
mixture of two or more enzymes with widly
different affinities for phosphate. However, the
latter seemed to be ruled out. In this case, it was
to be expected that the Lineweaver Burk plots for
another substrate, inosine, would be non linear.
The double reciprocal plots for inosine was
observed to be linear up to 1.5 mM. The similar
substrate activation at high concentration of
phosphate has been reported with bovine thyroid
PNP (24), bovine liver PNP (10), bovine spleen
PNP (29), human erythrocytic PNP (32), rabbit
erythrocytic PNP (30) and PNP from Escherichia
coli and Salmonella typhimurium (12). It was
demonstrated that negative cooperativity at high
inosine conceatration was seen with human
erythrocytic PNP (32), bovine spleen PNP (29)
and chicken liver enzyme (25).

It was reported by Jensen (11) that PNP from
Bacillus subtilis had the apparent Km values of
02 and 39 mM for inosine and phosphate,
respectively. The apparent Km values for inosine
and deoxyinosine were 50 and 47 yM and for
phosphate, 037 mM for PNP from Salmonella
typhimurium (9). When the catalytic properties
were measured in human erythrocytic PNP, the
Km values of inosine, deoxyinosine, guanosine
and phosphate were demonstrated to be 48, 66,
47 and 32 uM, respectively (33).

PNP from Saccharomyces cerevisicze was capable
of catalyzing the phosphorolysis of inosine, de-
oxyinosine, guanosine and deoxyguanosine. From
the value of relative K... deoxyinosine was better
substrate than inosine. Inosine was faster than
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guanosine or deoxuguanosine for the relative
velocity of the enzyme. However, each substrate
cannot be considered separately under phy-
siological conditions. When the substrates existed
simultaneously, the ratio of rates for each
nucleoside could be estimated by the value of
relative K.,/Km. Guanosine or deoxyguanosine
was better substrate than inosine for PNP from
S. cerevisiae, since the value of relative K. /Km
of guanosine or deoxyguanosine was 5.5 times
higher than that of inosine.

The equilibrium constant for phosphorolysis
was calculated to be 0.048. Equilibrium favors the
reversible reaction, nucleoside synthesis. The
value was approximately equal to equilibrium
constants from mammalian tissues and micro-
organisms (25).

Various purine analogs were tested as an inhi-
bitor for PNP from S. cerevisiae. Inosine analog,
formycin B acted as a competitive inhibitor, but
had no substrate activity, suggesting that formycin
B could bind the enzyme without converting
product. Guanine was found to have better
affinity for PNP than hypoxanthine. The value
of Ki for guanine (9X10°*M) was one order
lower than that for hypoxanthine (2X107%M).
That phenomenon was true when they acted as
a substrate. The Michaelis constants of guanosine
and inosine were 2X107°M and 2X107*M, res-
pectively.

The effects of alternative substrates were ob-
served when these compounds were treated as
inhibitors. Each different nucleoside, guanosine,
deoxyguanosine and adenosine, was found to act
as a competitive inhibitor when inosine or
deoxyinosine was the variable substrate at a fixed
level of phosphate. These results suggested that
a single enzyme acted on all nucleosides tested,
inosine, deoxyinosine, guanosine, deoxyguanosine
and adenosine. It could not be possible that there
are more than one enzyme, each highly specific
for each differnt nucleoside. None of the purified
mammalian PNP enzymes has not been reported
to use the nucleobase, adenine or its analog as
a substrate. It was demonstrated that PNP from
B. subtilis consisted of two enzymes, inosineguano-
sine phosphorylase and adenosine phosphorylase
(11). Adenosine phosphorylase was found to be
different from inosine-guanosine phosphorylase in
chemical and physical properties in E. coli (15)
and Acholeplasma laidlawii (23), PNP from S
cerevisiae might have more than one catalytic
center with competing alternative substrates. Fur-
ther studies with competing alternative substrates
and more purified enzyme could give detailed
information on PNP from S. cerevisiae.
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X R: Saccharomyces cerevisiaeOllA{ UL Purine Nucleoside PhosphorylaseQ] yi2 &T 2%
24

HalMd (At v g &3t

Saccharomyces cervisiaee) 4] 2213l purine nucleoside phosphorylase(PNP)¢] uh-2 4% .23
AHpgol &4 =lo] 2l Nucleoside 71252 Michaelis 9% inosine®] 2.0X107*M, deoxy-
inosine©] 2.0X107°M, guanosine®] 2.0X10~°Me]3 deoxyguanosineo] 2.0X10-° Mo|gic}.
49 H Ka/Km gtell 4 nucleoside®] 7)1 E90]4-& guanosineo|t} deoxyguanosine, inosine,
12| 3L deoxyinosine®] ]3]t} . t}Z 7]"al phosphatet Lineweaver-Burk plotel| A &2
TEAGAA Rlog 7)) TUE BoiFn Azt S4H FEAS Ak Q).
Purine -A}#159] inhibition constantE formycin B7} inosine®) A4 o224 6.0% 10
M, guanine®] guanosine®] ZAAA JAAZA 90X10°°M, hypoxanthineo] guanosine 2]
B3 A AR R A 20X 1074 M, 6-mercaptopurine®] guanosine2] B A A A AZ A 45X
107*Mo] it} Inosineo] M 3}3R= 7] "<l w} guanosine, deoxyguanosine} adenosine-& 74 =
A2 2Agstxm 2z 20X107°M, 26X107°M, 85X107°M9] Ki g& 714z deoxy-
inosine®] W#}3h= 7|2 o) % guanosine®} deoxyguanosinee AW AMAZA 18X 1075
M3zt 30X107° M9 Ki gte] doizich. Al 714l nucleosideS-S A AZ ZA}g dpe
S. cerevisiae®] PNP= 7}7] t}& nucleosides! inosine, deoxyinosine, adenosine. guanosines}
deoxyguanosine& 7|AE & £ gl WY EA4E o]Folx gle-e Al



