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Reaction Mechanism of Purine Nucleoside Phosphorylase
and Effects of Reactive Agents for SH Group on the
Enzyme in Saccharomyces cerevisiae

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

Kinetic analysis was done to elucidate the reaction mechanism of purine nucleoside phos-
phorylase (PNP) in Saccharomyces cerevisiae. The binary complexes of PNP - phosphate and
PNP - ribose 1-phosphate were involved in the reaction mechanism. The initial velocity and
product inhibition studies demonstrated were consistent with the predominant mechanism of the
reaction being an ordered bi, bi reaction. The phosphate bound to the enzyme first, followed
by nucleoside and base wére the first product to leave, followed by ribose 1-phosphate. The
kinetically suggested mechanism of PNP in S. cerevisiae was in agreement with the results of
protection studies against the inactivation of the enzyme by sulfhydryl reagents, p-chloromer-
curibenzoate (PCMB) and 5,5 -dithiobisnitrobenzoate (DTNB). PNP was protected by ribose
1-phosphate and phosphate, but not by nucleoside or base, supporting the reaction order of
ordered bi, bi mechanism. PCMB or DTNB-inactivated PNP was totally reactivated by dithio-
threitol (DTT) and the activity was returned to the level of 77% by 2-mercaptoethanol, indicating
that inactivation was reversible. The kinetic behavior of the PCMB-inactivated enzyme had been
changed with higher K, value of inosine and lower V,,, and was restored by DTT. Inactivation
of enzyme by DTNB showed similar pattern of K, value with that by PCMB, but had not changed
the V, value, significantly. Negative cooperativity was not found with PCMB or DTNB treated
PNP at high concentration of phosphate.

KEY WORDS [ | purine nucleoside phosphorylase, S. cerevisiae, reaction mechanism, PCMB,

Vol 32 No. 3

DTNB

Purine nucleoside phosphorylase (PNP) is a
key enzyme in the purine salvage pathway. It
catalyzes reversibly the phosphorolysis of purine
nucleosides and deoxynucleosides according to
the following reactions:

LN

guanosine+Pi < guanine+ribose I-phosphate
inosine +Pi < hypoxanthine + ribose 1-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. The
reactions catalyzed by this enzyme generated the
major source of xanthine and hypoxanthine
produced in the cells.

The association of a deficiency in PNP with
an immunodeficiency disorder has been reported

(24.27.30). Patients with a genetic deficiency of

PNP gene  showed severe impairment in T
lymphocyte functions, but not in B lvmphocyte
functions. T cell selective immunosuppressive
agents could be used for the treatment of human
T cell leukemia and autoimmune diseases and
the prevention of organ transplant rejection. A

(397

o

potent PNP inhibitor (8. 11.16.34.36) was con-
sidered to cause similar selective inhibition of T
cell-mediated immunity. The importance of PNP
in immunodevelopment (29.30) and in the me-
tabolism of purine nucleoside has prompted de-
tailed structural and kinetic studies of the en-
zyme in mammalian cells (2.7.9. 10,25, 26, 35).
However. the utilization of PNP for the enzy-
matic production of purine nucleoside analogs
{38). such as adenine arabinoside for an antiviral
drug, has encouraged to screen the bacteria
which is a potent producer of PNP (20.21) and
require specific characteristics and kinetic studies
of the enzyme in microorganisms.

In a previous paper (5). PNP from Saccharo-
mivees cerevisine has been partially purified and
characterized. Kinetic parameters of nucleoside
substrates and inhibitors were measured and the
phenomena of negative cooperativity for cosub-
strate. inorganic phosphate was demonstrated in
a following study (6). We have undertaken a de-
tailed kinetic investigation to  determine the
reaction sequence of PNP in S0 cerevisive. In
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addition, the effects of sulfhydryl group reagents,
p-chloromercuribenzoate (PCMB) and  55'-
dithiobisnitrobenzoate (DTNB) and thiols, di-
thiothreitol (DTT) and 2-mercaptoethanol on
PNP were determined to understand the role of
sulfhydryl group in the enzyme.

MATERIALS AND METHODS

Enzyme purification

Baker's yeast commercially available from
Sigma Chemical Co. was used and all purification
procedures were followed as described in the
previous paper (5). The PNP preparations were
used with the specific activities of 0.070~0.080
U/mg. Inosine, deoxyinosine, guanosine, deoxy-
guanosine, guanine, adenosine, deoxyadenosine,
ribose 1-phosphate, xanthine oxidase, DTT, 2-
mercaptoethanol, PCMB and DTNB were pur-
chased from Sigma Chemical Co.
Purine nucleoside phosphorylase assay

The phosphorolysis of inosine was measured
by a spectrophotometric assay coupled to xan-
thine oxidase (14). The assay was based on the
measurement of the increase in absorbance at 293
nm due to the formation of uric acid (Ae=12.5
X107 M' em™'). Spectrophotometer (Kontron,
UVKON 860) equipped with RS 232C-interface
was used. For the kinetic analysis, the reaction
mixture contained, in a final volume of 1 ml, 50
mM Tris-Cl, pH 7.3, 100 mM phosphate. 0.02
units of xanthine oxidase, the various concent-
rations of inosine and an appropriate amount of
PNP. 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
I mM of inosine. The reaction mixture for inhi-
bition studies contained, in a final volume of 1
m/, 50 mM Tris, pH 7.3, | mM inosine, 100 mM
potassium phosphate, 0.02 pM unit of xanthine
oxidase and an appropriate amounts of PNP
treated with the indicated concentration of sul-
fhydryl group reagents. For the substrate pro-
tection studies, the enzyme was preincubated with
the indicated concentration of each substrate for
10 min and treated with 10 uM PCMB or 77 uM
DTNB for 10 min.
Data processing

Points on the kinetic curves represented aver
age of two or three determinations. however, in
the calculations each determination was treated
individually. Reciprocal of velocities were plotted
graphically versus reciprocal of substrate conce-
ntrations.
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The K; values of inhibitors were calculated
from the replots of slopes versus the concentra-
tions of inhibitors shown as insets of figures.

RESULTS

Initial velocity studies

We can divide two substrates reaction such as
PNP into two main catagories. One is those in-
volving a ternary complex and the other is a
ping-pong mechanism. To distinguish between
the various types of possible reaction mechan-
ism, the initial rate of reaction was determined.
When inosine was the variable substrate with
phosphate as the changing fixed substrate, the
Lineweaver-Burk plots reavealed a crossing
pattern in which both the slopes and the inter-
cepts changed as shown in Fig. 1. When phos-
phate was the variable substrate and inosine was
the changing fixed substrate, similar phenomena
were observed (data not shown). These data ex-
cluded the possibility of a ping-pong mechanism.
The kinetic parameters were estimated from the
primary and secondary plots shown in Table 1.
Product inhibition studies

Product inhibition studies were performed to
distinguish between an ordered and a random
ternary complex mechanism. When inosine was
the various substrate with phosphate of constant
saturating level, guanine, the alternative product,
was examined as an inhibitor. Guanine showed
the noncompetitive inhibition as shown in Fig.
2-A. The inhibition constant for guanine was
5.0X 10 *M from the replot of Fig. 2-A. When the
ribose 1-phosphate was used as the product inhi-
bitor, no inhibition was found. However, when the
concentration of phosphate decreased to be un-
saturating, ribose 1-phosphate acted as a noncom-
petitive inhibitor as shown in Fig. 2-B. With
phosphate as the variable substrate at a constant
level of inosine, inhibition by guanine was
measured. As shown in Fig. 2-C, a pattern of
noncompetitive inhibition was observed with the

Table 1. Kinetic parameters of initial velocity studies.

Parameter Phosphorolysis (M)
Inosine, Ka 2.5X10°*
Inosine, Kia 3.1x10
Phosphate. Kb 1.6 X103

The kinetic parameters were calculated by the Line-
weaver-Burk plots or the replots of the slopes or the
intercepts shown in Fig. 1. The average is given when
there is more than one value.
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Fig. 1. The iniual velocity study with inosine as the variable substrate and the plot of reciprocal velocity with re-

spective to reciprocal of inosine concentrations.

The reaction mixture contained in a | m/ cuvette. S0 mM Tris-Cl. pH 7.3, 0.02 units of xanthine oxid
ase, indicated amounts of inosine and phosphate. Kinetic parameters are estimated from the plot and
replot. Ka, 2.5X107* M: Kia, 3.1X107*M; Kb, 1.6X 107" M.

inhibition constant for guanine of 5.7X 10 M.
When ribose 1-phosphate was tested as a pro-
duct inhibitor, ribose 1-phosphate showed the
competitive inhibition pattern with the inhibition
constant of 6.3X10* M (Fig. 2-D). It suggested
that phosphate and ribose 1-phosphate compete
for the same binding site of the enzyme. The
patterns of the inhibition from product inhibition
studies are shown in Table 2.
Inactivation of purine nucleoside phosphorylase by
sulfhydryl reagents

When the enzyme was incubated at room
temperature with various concentrations of p-
chloromercuribenzoate (PCMB) for the indicated
time intervals, no further change of inactivation

occurred after about 5 min. The plateau level of
inactivation by 5.5'-dithiobisnitrobenzoate (DTNB)
occurred at about 10 min of incubation (results
not shown). In Order to show the effect of
concentration, PNP was incubated for 10 min
with the various concentrations of PCMB and
DTNB. Total inactivation occurred at 5X10 ¥ M
PCMB and 2X10"* M DTNB, as shown in Fig. 3.
Reactivation of PNP by DTT and 2-mercapto-
ethanol

When the enzyme was totally inactivated by
sulfhydryl reagents, the effect of thiols on PNP
had been observed. As shown in Fig. 4, PNP was
incubated with 107 M PCMB for 10 min and
complete inactivation occurred. The enzyme was
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Fig. 2. Inhibition study with altermative products, guanine (A, C) or ribose T-phosphate (B D).
Plot of reciprocal of initial velocity with respective to reciprocal of inosine (A, B) or phosphate (C, D)
concentrations. The reaction mixture contained, in a final volume of 1 m/, 50 mM Tris-Cl, pH 7.3,
0.02 units of xanthine oxidase, 100 mM phosphate, the indicated amounts of inosine and alternative
product, guanine (A). The reaction mixture was the same as above except 1.5 mM phosphate for alter-
native product, ribose I-phosphate (B). When the phosphate concentration was varied, the reaction

mixture was the same as above except 1 mM of inosine and indicated amounts of guanine (C) or ribose
I-phosphate (D).
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Table 2. /nhibition patterns of product mhibition stud-
ies. The results were from Fig. 2.

Variable Product inhibitor
substrate Guanine Ribose -phosphate
Inosine Noncompetitive  No inhibition
at 100 mM Pi
Noncompetitive
. at 1.5 mM Pi
Phosphate  Noncompetitive ~ Competitive
at | mM inosine  at I mM inosine
A56 g <
(%) | — Tl

e

0.1 1 2 5 0 28 50 w00 200 um
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Fig. 3. /ntubition of purine nucleoside phosphorylase

(PNF) by sulthydryl reagents, PCMB (-3 or
DINB ( ).
One milliliter of the reaction mixture contai
ned 50 mM Tris-Cl. pH 7.3, [ mM inosine. |
00 mM phosphate, 0.02 units of xanthine oxi-
dase and an appropriate amounts of PNP
treated with the indicated concentration of
PCMB (——) DTNB ( ) for 10 min.

reactivated up to 77% after 1 min incubation with
an excess of dithiothreitol (DTT) and fully gained
the activity within 30 min. showing that PNP was
not irreversibly inactivated by PCMB. When the
concentration of 10 mM 2-mercaptoethanol was
used for reactivation, the activity of PNP returned
to the level of 77% and no further reactivation
occurred. Fig. 5 showed the effects of DTT and
2-mercaptoethanol on activity of PNP inhibited
by 2.5X10 * M DTNB. Similar pattern was ob-
served when the enzyme was reactivated by DTT.
However, PNP inhibited by DTNB was reactiva-
ted only partially (33%) by the treatment of an
excess of 2-mercaptoethanol. The quantitative
dif-fference in the effects of thiols. 2-mercapto-
cthanol and DTT. on the enzyme was more hi-
gher with PNP inhibited by DTNB than by
PCMB. It seemed that those sulthydryl reagents.
PCMB or DTNB. and thiols, DTT or 2-mercap-
toethanol,

reacted with difterent parts of sulthydryl groups

KOR. JOUR. MICROBIOL.
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Fig. 4. Reacuvation of PCMB treated PNP by thiol rea-
gents. DTT (——) or 2-mercaptoethanol (----)
The reaction mixture was prepared the same
as Fig. 3. The enzyme was inactivated with
10 M PCMB for 10 min and afterwards
treated with 10 mM DTT (——) or 2-merca-
ptoethanol (-~ --) for the indicated incubation
periods. The arrow shows the addition of thiol

resgents.
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Fig. 5. Reactvation of DTNB treated PNP by thiol rea-
gents, DTT (—) or Z-mercaptoethanol ().
The reaction mixture was prepared the same
as Fig. 3. The enzyme was inactivated with
25X 10 M DTNB for 10 min and afterwards
treated with 10 mM DTT (—) or 2-merca-
ptocthanol (- - -) for the indicated incubation
periods. The arrow shows the addition of thiol
reagents.

of PNP.
Effects of sulfhydryl reagents on kinetic behavior
of PNP

It was shown that the low concentration of
sulthydryl reagents inhibited the enzyme only
partially and within 30 min DTT completely rea-
ctivated the enzyme inhibited by PCMB or
DTNB. The kinetic behavior of the residual
activity of PCMB-inactivated PNP was examined.
As shown in Table 3. the value of K., was deter-
mined to be 1.9X 10 * M when inosine was a variable
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Table 3. Comparison of kinetic parameters of PCMB or
DTNB nontreated, treated and reactivated PNP
when inosine is a variable substrate.

K, of ino- Relative
sine (M) V.,
PCMB nontreated PNP 1.4X10+ 1.0
PCMB treated PNP 1.9X10°* 0.78
PCMB treated and reactivated
PNP 14X10 1.1
DTNB nontracted PNP 1.5X1074 1.0
DTNB treated PNP 2.5X107 0.94
DTNB treated and reactivated
PNP 1.5X10°° 0.99

substrate.

The value of K, was higher than that for
non-treated PNP and the value of V,, was reverse.
When the PCMB inactivated enzyme was reac-
tivated by treatment with DTT. the original
kinetic behavior was restored.

A similar pattern was observed for K, values,
but no change was found in V, values, when the
enzyme was inactivated by DTNB and afterwards
reactivated by DTT.

Earlier it was shown that substrate activation
occurred with PNP in S. cerevisiae at high con-
centration of phosphate (6). This phenomenon
could be due to a possible cooperativity among
subunits of PNP. When the enzyme was treated
with DTNB, no substrate activation was observed
with the K, value of 1.5X10 * M when phos
phate was a variable substrate as shown in Fig.
6. The values of K, of phosphate for the non-
treated enzyme were estimated to be 1.1 X10 ' M
and 3.1X10 * M by extrapolation of linear part
of Lineweaver-Burk plot. Similar patterns were
obtained when the enzyme was treated with
PCMB. The K., of phosphate was determined to
be 25X 10 * M for PCMB-treated enzyme.
Effects of substrates on PCMB or DTNB in-
activated PNP

In order to determine whether the substrate
have any effects on PCMB or DTNB treated PNP,
the enzyme was preincubated for 10 min with
each substrate and afterwards treated for 10 min
with sulfhydryl reagents. As shown in Table 4.
guanosine and deoxyguanosine had no effect on
the PCMB-treated PNP. However. ribose 1-phos-
phate (R-1-P) and phosphate among various
substrates showed greatest effect. When the sub-
strates were combined such as R-1-P or phosph-
ate and nucleoside or base. no enhancement of
activity was shown.

When the enzyme was inactivated by DTNB
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Fig. 6. Lineweaver-Burk plot of PNP treated or nont-

reated with DTNB with phosphate as a varia-
ble substrate.
The reaction mixture contained, in a final
volume of 1 m/, 50 mM Tris-Cl, pH 7.3, | mM
of inosine, 0.02 units of xanthine oxidase and
the enzyme treated (----) or nontreated (—)
with 50 uM DTNB. Phosphate was added
in the concentration indicated.

after the incubation with each substrate, similar
results were obtained. R-1-P and phosphate pro-
tected the enzyme from DTNB significantly, whe-
reas guanosine, deoxyguanosine, inosine, deoxyi-
nosine, adenosine. deoxyadenosine and guanine
showed no protection.

DISCUSSION

Purine nucleoside phosphorylase (PNP) in S
cerevisiae has been previously partially charac-
terized (5) and part of kinetic analysis was re
ported (6). Further kinetic analysis was done to
elucidate the reaction mechanism of PNP. The
experiments indicated that the binary complexes
of PNP - phosphate and PNP. ribose 1-phosphate
were involved in the reaction mechanism. The
existence of binary complex of enzyme and pho-
sphate was demonstrated by the competitive inhi-
bition by ribose 1-phosphate when phosphate was
a variable substrate. In addition, when inosine
was a variable substrate. pentose I-phophate
showed no inhibition at a saturating level of
phosphate, but showed a noncompetitive inhibi-
tion with low level of phosphate. The initial
velocity and product inhibition studies demons-
trated above were consistent with the predomi-
nant mechanism of the reaction being an ordered
bi. bi reaction. The phosphate bound to the
enzyme first. followed by nucleoside and base,
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Table 4. Protection of PCMB or DINB treated PNP by various compounds.

Preincubation with indicated compounds

Inhibited by PCMB

Residual PNP activity
Inhibited by DTNB

Control

I mM GR

I mM dGR

I mM Ino

I mM dIno
0.5 mM Gua
1 mM Ado

I mM dAdo
2.5 mM R-1-P
2.5 mM R-1-
2.5 mM R-1-
2.5 mM R-1-
50 mM Pi
50 mM Pi+ 1 mM Ado
50 mM Pi+1 mM Gr
50 mM Pi+1 mM Gua

P+1 mM GR
P+1 mM Ado
P+1 mM Ino

13 11

9 10
9 10
30 4
20 0
9 )
13 11
6 4
52 68
34 23
42 68
50 -
63 85
64 75
36 69
32 65

The reaction mixture was prepared as described in Materials and Methods.

was the first product to leave, followed by ribose
1-phosphate. When the second substrate, nucleo-
side, was bound, an isomerization occurred and
hypoxanthine was detached afterwards with
leaving ribose l-phosphate as a final product.

In fact, there is a confusing result. When phos-
phate was a variable substrate at | mM of ino
sine, guanine showed a noncompetitive inhibition
pattern. If the level of inosine was saturated. the
product would act as an uncompetitive inhibitor.
The K, value of inosine was determined to be
2X107* M as previously reported for this enzyme.
The concentration of inosine at } mM appeared
not to be saturated enough for the enzyme. Much
higher concentration of inosine was not tried be-
cause of relatively low solubility of inosine.
Substrate binding studies with radioactive nu-
cleoside or phosphate would give more evidence
to elucidate the reaction mechanism of PNP in
S. cerevisiae.

The suggested ordered mechanism was consis-
tent with the mechanism found for PNP from
highly purified bovine thyroid (3) and calf spleen
PNP (28) with same sequence. However, PNP
from calf spleen and human erythrocyte (35) ca-
talyzed ordered bi, bi mechanism with nucleoside
binding prior to phosphate. The proposed me-
chanism for enteric bacteria, Escherichia coli and
Salmonella typhimurium was slightly deviated (13).
Nucleoside and phosphate may randomly bind
to the enzyme and afterwards products dissocia-
ted from the enzyme sequentially, first purine
base and then ribose 1-phosphate. Initial velocity

rate from bovine brain (18) and human erythro-
cyte PNP (19) were suggested to be Theorall-
Chance mechanism with nucleoside or base
bound to the enzyme prior to phosphate or ribose
I-phosphate. The competition between base and
nucleoside and between phosphate and ribose 1-
phosphate was found. Enzyme from these sources
did not obey Michelis Menten kinetics over the
whole range of substrate concentrations. This
seemed to be due to nonequivalent interacting
active sites between subunits (31) or to dissocia-
tion of the enzyme by high concentration of
substrates (35). Since the order of reaction
mechanism was determined from the product
inhibition studies. the errors of the sequence for
substrate addition were possibly existed with a
limited range of substrate concentrations.

Thiol groups in proteins have been widely stu-
died by the process of chemical modification (4,
22, 33). Suitable reagents for this use include N-
ethylmaleimide (15). DTNB (32) and haloacetate
(23). The kinetically suggested mechanism of PNP
in S. cerevisiae was in agreement with the results
of protection studies against the inactivation of
the enzyme by sulfhydryl reagents, PCMB and
DTNB. PNP was protected by some of its subs-
trates: ribose l-phosphate and phosphate. but not
by nucleosides or base, supporting the reaction
order of ordered bi. bi mechanism. When the
phosphate binding site of the enzyme was occu-
pied. the sulfhydryl groups of PNP which PCMB
or DTNB could react seemed to be less. resulting
in inhibition of the inactivation of the enzyme.
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It was demonstrated by Jensen and Nygaard
(13) that PNP from S. typhimurium was inactiva-
ted by PCMB and reversed by excess 2-mercap-
toethanol. Inosine and ribose 1-phosphate prote-
cted the enzyme, whereas phosphate and adenine
had no effect. The protection exerted by ribose
I-phosphate was competed by phosphate, sugge-
sting that three ligands, phosphate, inosine and
ribose 1-phosphate could bind to the free enzyme.
Their reaction mechanism was more likely to be
a random bi, bi with dead end complexes, not
an ordered bi, bi. Argawal et al (1) showed that
DTNB-inactivated human erythrocytic PNP was
protected by hypoxanthine or guanine, not by
phosphate or ribose 1-phosphate These results
were consistent with the ordered bi, bi mecha-
nism.

Two PNP were purified from vegetative Bacillus
subtilis cells (12). Two enzymes specific for ade-
nosine and deoxyadenosine were inactivated by
PCMB and protected by Pi, adenosine and ribose
1-phosphate.

The sulfthydryl reagents, DTNB or PCMB ina-
ctivated purine nucleoside phosphorylase from S.
cerevisiae. The enzyme was totally reactivated by
DTT and partially by 2-mercaptoethanol, indi-
cating that inactivation was reversible. The dif-
ferent effects of DTT and 2-mercaptoethanol ap-
peared to be due to different reactivity to sul-
fhydryl groups. The kinetic behavior of the
PCMB inactivated enzyme had been changed
with higher K., values and lower V, when in-
osine was a variable substrate and was completely
restored by DTT. Inactivation by DTNB showed
similar pattern of K., value with that by PCMB,
but had not changed the V,, value significantly.
That also indicated PCMB and DTNB could
react different sulthydryl groups of the enzyme.
PNP from bovine spleen was demonstrated to be
allosterically regulated (31,37). Negative coope-
rativity was shown to inosine and Pi. The activity
to inosine was sensitive to reducing thiols and
oxidation caused a loss of cooperativity to inosine
as well as a 10 fold decreased affinity for inosine.
However, oxidation had no effect on either the
affinity or cooperativity toward Pi. The reduced
cystein appeared to be specific for binding of
nucleoside. not for that of Pi in PNP from bovine
spleen.

PNP from rabbit brain (17) showed to be su
sceptible to inactivation by PCMB and comple-
tely restored by treatment with an excess of 2-
mercaptoethanol. However, the PCMB-inactiva-
ted PNP from bovine brain (18) regained 50% of
its original activity on treatment with an excess
of 2-mercaptoethanol.
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