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Purine nucleoside phosphorylase (EC 2.4.2.1) from 
bovine spleen is a trimeric enzyme that readily disso- 
ciates to the monomer. Dilution of enzyme from 20 to 
0.02 pg  of protein/ml is accompanied  by a greater than 
50-fold increase in the specific activity (utrimer = 0.23 
nmol/min/pg; umonomer = 12.5 nmol/min/pg).  Gel permea- 
tion chromatography in the presence of the substrate 
phosphate shows the enzyme to be predominantly tri- 
meric at 50 mM Pi and predominantly monomeric at 
100 mM Pi, when experiments are done at 24 "C. No 
significant dissociation was observed at 4 "C with Pi 
or at either temperature with the substrate inosine. As 
measured  by dissociation, the Lo.b for Pi  is 88 mM and 
thus significantly higher than the K ,  of 3.1 mM for Pi. 
Enzyme activity as a function of  phosphate concentra- 
tion showed negative cooperativity, but the confor- 
mational response measured  by the change in  native 
M, during dissociation showed positive cooperativity 
toward Pi. These data support a model for two separate 
phosphate binding sites on the enzyme. 

The activity and stability of purine nucleoside phos- 
phorylase are quite sensitive to the concentration of 
the enzyme as  well as appropriate substrates. Although 
the monomer is interpreted as being a fully active form 
of the enzyme, the data in general are most consistent 
with the enzyme functioning in vivo as a regulated 
trimer. 

Purine nucleoside phosphorylase (PNP,' EC  2.4.2.1) cata- 
lyzes the reversible phosphorolysis of inosine and guanosine 
nucleosides and deoxynucleosides to form the base and deoxy- 
ribose-l-P. Due to  the normal cellular concentrations of the 
reactants, the eukaryotic enzyme is considered to be mainly 
catabolic, converting purine nucleosides to their base (1, 2). 
The enzyme  from most eukaryotic sources has been described 
as a  trimer (3-12), although it has also been reported as  a 
dimer in bovine brain  (13),  human erythrocytes (14),  and 
rabbit brain (15),  and  as  a monomer in rabbit liver (16). 
Kinetic studies have sometimes reported negative cooperativ- 
ity with phosphate (8, 17-20). Some ambiguity as  to  the 
significance of such cooperativity has arisen since other  stud- 
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ies have reported no cooperativity with phosphate (9, 13, 21, 
22). 

The three-dimensional structure for human PNP was re- 
cently reported (23), with some structural evidence for two 
distinct phosphate-binding sites. The present work  shows 
physical and kinetic studies that are also best explained by 
two phosphate binding sites: the catalytic site plus a  potential 
regulatory site. 

EXPERIMENTAL  PROCEDURES 

Materials 

Inosine, xanthine oxidase, Trizma (Tris base) buffer, and  crystal- 
line purine nucleoside phosphorylase (calf spleen) were from Sigma. 
Sephacryl S-300 resin was  from Pharmacia  LKB Biotechnology Inc.; 
molecular weight standards were from Boehringer-Mannheim. All 
other reagents were  of the best grade available. 

Methods 

Enzyme Assay-The standard assay was based on the spectropho- 
tometric method of Kalckar (24) and performed in a l-ml final volume 
containing 50 mM citrate (pH 6.5 at 24 "C), 0.2 units of xanthine 
oxidase, the coupling enzyme, and  PNP  at concentrations denoted in 
the figures. In enzyme dilution experiments (Fig. l), xanthine oxidase 
was present at a minimum of  0.2 units or at 3 times the activity of 
PNP when PNP was at higher concentrations. The substrates were 
normally at fixed concentrations (10 mM Pi and 0.5 mM inosine) or 
a t  concentrations shown in the figures. The formation of the final 
product uric acid was measured by the optical density at 293  nm (c  = 
12,500) on a Beckman model 25 recording dual beam spectrophoto- 
meter. The reference cuvette contained the reaction mixture minus 
PNP. All kinetic values were determined from the linear portion of 
the continuously recorded absorbance. All the kinetic studies have 
been reproduced, and in the figures shown the  data points  are  nor- 
mally the average of three determinations. 

PNP was obtained as a suspension in 3.2 M ammonium sulfate, in 
which  form it was fairly stable. When examined by  gel electrophoresis 
(in the presence of sodium dodecyl sulfate) this enzyme preparation 
normally showed one distinct  band and was judged to be greater than 
95% pure. The mobility of PNP is consistent with a  subunit M ,  of 
30,000. PNP was normally prepared fresh by desalting the ammonium 
sulfate suspension. This was done by diluting a sample with buffer 
until the enzyme was totally dissolved and then running  an aliquot 
through  a Sephadex G-25 column maintained in 20 mM Tris buffer. 
Such enzyme is referred to  as freshly prepared in this study. Protein 
was determined by the modified Bradford assay (25) using bovine 
serum albumin as a  standard. 

Molecular  Weight Determination-The enzyme preparation used, 
when examined by sodium dodecyl sulfate gel electrophoresis was at 
least 95% pure and had  a  subunit M ,  of  30,000 (data not shown). The 
native M ,  of the enzyme was determined by  gel permeation chroma- 
tography with a Sephacryl S-300 column (1 X 110 cm) that was 
operated either at room temperature (24 "C) or at 4 "C. The column 
was equilibrated in buffer (50 mM sodium citrate, 250 mM KC1, pH 
6.5) -C the appropriate  concentration of effector ligand and operated 
at a flow rate of 4.1 ml/h. The enzyme sample contained 2 fig of 
freshly prepared PNP in a total volume of  200 ~ l ,  which always 
included three internal M ,  standards:  ferritin (440,000), aldolase 
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(158,000), and  chymotrypsinogen (25,000). The observed M, for PNP 
was always determined from the  three  internal reference proteins. 

Enzyme Stability-For the  preincubation  stability  studies  the  en- 
zyme was diluted  into  citrate buffer (pH 6.5) containing  substrates 
as potential stabilizing ligands  as  shown.  The  concentration of en- 
zyme during  the  preincubation varied  over a range  from 0.19 to  2.25 
pg/ml as shown in  the figure. Except where indicated  otherwise,  the 
preincubation was  always carried  out a t  24 "C. For  the  dilution  studies 
(Fig. l) ,   i t  was desirable to keep the volume of enzyme added to  the 
reaction  constant.  Therefore,  stock enzyme was diluted  into  citrate 
buffer k ligand and assayed 30 s later. 

Calculations-The change  in specific activity of purine nucleoside 
phosphorylase as  a function of enzyme concentration  is  consistent 
with a change  in  the polymeric state of the enzyme. As reviewed by 
Kurganov  (26), two approaches may be used to  evaluate  the  intrinsic 
Kd for the dissociation of the polymer. If the dissociation and  reas- 
sembly  is  best described  by 

3 S 1 + 1 + 1  

then  the  appropriate expression relating  activity to  enzyme concen- 
tration is given by 

where u is  the observed  specific activity,  and a3 and a, are  the specific 
activities of trimer  and monomer,  respectively.  However, if this 
process is  best described by 

3 * 2 + 1 ; 2 S 1 + 1  

then, if the  two equilibria are  similar,  the  appropriate expression 
would be 

Cooperativity  for binding  phosphate as measured by change  in 
native M ,  for the enzyme during dissociation can  be  calculated from 
the  relationship 

where Lo., and L0.s are  the  concentrations of phosphate  required for 
10  and 90% dissociation of the PNP trimer, respectively. 

RESULTS 

Measurement of the specific activity of P N P  as a function 
of enzyme concentration (Fig. 1) showed  a significant  increase 

10 : 

1:  

as enzyme was diluted from  a starting  concentration in the 
reaction of 110 pg/ml(3.7.1O"j M) to a concentration of 0.019 
pg/ml (6.3.10"" M).  The increase in specific activity was 
greater  than 50-fold for  enzyme diluted  into buffer  alone and 
was greater  than 70-fold for  enzyme in  the  presence of 50 mM 
Pi. When enzyme was diluted  in  the presence of substrate, 
the  reaction mix  for the  assay was appropriately  compensated 
to keep final  substrate  concentrations  constant.  The effect of 
substrate  ligands is apparent when  enzyme was most  dilute. 
The most concentrated enzyme had a specific activity of about 
0.23 nmol/min/pg, while the more diluted enzyme  reached  a 
stable  activity of 12.5 nmol/min/gg (buffer only), 17.6 nmol/ 
min/pg (50 mM Pi), or 22.8 nmol/min/pg  (50 pM inosine). 
Similar  studies  with  guanosine  as  the nucleoside effector at  
50 p~ (data  not  shown) showed  a comparable ligand  effect on 
the increase in specific activity  with enzyme dilution;  the 
activity of diluted enzyme was 17.8 nmol/min/pg.  While the 
activity profiles shown  in Fig. 1 are  consistent with  enzyme 
existing  as a trimer  at high protein  concentration (> lO" j  M )  
or as a monomer when  significantly diluted (<lo-' M), cor- 
responding molecular  weight studies were difficult to  perform 
since  the enzyme  does not  remain  as  stable in solution over 
the  time period of a chromatography  experiment when the 
enzyme  becomes too diluted. 

However, changes  in  native molecular weight could be 
determined  in  the  presence of an effector  ligand,  with the 
enzyme at  a constant  initial  concentration of 10 pg/ml (3.3. 

M).  Example  elution profiles of such  experiments  are 
shown in Fig. 2, where the enzyme eluted  as a trimer  in  the 
presence of 60 mM Pi (Fig. 2-4, apparent M ,  = 86,000) or as a 
monomer  in  the  presence of 100 mM Pi (Fig. 2B, apparent M ,  
= 31,000). When  the  native molecular  weight of P N P  was 
examined by gel permeation  chromatography (Fig. 2),  the 
enzyme  always migrated  as a single symmetric  peak,  and in 
the  presence of increasing  Pi,  the enzyme was steadily  con- 
verted  to  the dissociated  monomeric  form  (Fig. 3). This ob- 
served  dissociation is  dependent  on  temperature, since no 
significant  change  in M ,  was observed at 4 "C, even at  1 M Pi 
(Fig.  3). Since  chromatography was routinely performed  with 

0.5 1 +  4 4 

F ~ G .  1. Change in the specific  activity of purine nucleoside 
phosphorylase with dilution of the enzyme. Enzyme was freshly 
prepared  and  diluted  in  citrate buffer  only (O), or  in buffer plus 50 
UM inosine (0). or 50 mM P; (0). 

elution volume (ml) 
FIG. 2. Elution profiles for purine nucleoside phosphorylase 

during gel permeation chromatography. Enzyme  samples  con- 
tained  the  internal M, standards,  indicated by arrows (from left to 
right: ferritin, 440,OO; aldolase, 158,000; chymotrypsinogen, 25,000). 
The  concentration of P, was 60 mM ( A )  or 100 mM ( B ) .  .~ I 
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FIG. 3. Dissociation of purine nucleoside phosphorylase in 
response to phosphate. Gel permeation chromatography  was per- 
formed as described  for Fig. 2 with column buffer containing phos- 
phate as shown. Chromatography  was done at 24 "C (0) or at 4 "C 
(0). 

column buffers containining 250 mM KC1, control experi- 
ments were done to determine if simple ionic strength could 
lead to dissociation. With  phosphate at 50 mM and KC1 
increased to 400 mM, there was  no measurable dissociation of 
the  PNP trimer at 24 "C (not shown); alternatively, with KC1 
at only 85 mM and with phosphate at 100 mM, the enzyme 
dissociated completely. 

Comparing the results of Figs. 1 and 3 shows that  at  the 
higher concentrations of PNP used in the experiment of Fig. 
1, the enzyme should normally exist as  a  trimer  (in the absence 
of effector ligands). But  addition of Pi to enzyme at a concen- 
tration of PNP favoring trimer led to complete dissociation. 
When examined in the presence of inosine up to 10 mM, the 
observed M, of PNP did not vary from the trimeric form (data 
not shown). Inspection of Fig. 3 shows that  the allosteric 
response, as measured by dissociation, is extremely sharp  and 
is essentially complete over a relatively narrow range of Pi 
concentration. The Hill coefficient for this process yields a 
value of 10.8, suggesting an unusual degree of positive coop- 
erativity in the dissociation process of an enzyme that is 
initially quite stable  as  a  trimer. 

When the enzyme  was tested for cooperativity against 
phosphate  as  a  substrate, negative cooperativity was observed 
(Fig. 4A). Because of the apparent complexity of the above 
kinetic plots, the  data were reanalyzed by Hill plots to meas- 
ure the cooperativity more exactly; the diagonal reference line 
in Fig. 4B has a slope of 1.0. Negative cooperativity with n~ 
equal to about 0.5 is evident at Pi below 1 mM (Fig. 4B), while 
no cooperativity is apparent at higher concentrations of Pi, 
where the enzyme has attained normal activity. The same 
cooperativity was seen when the enzyme was  100-fold  more 
concentrated (Fig. 4B), although the curve is displaced down- 
ward, indicating a lower affinity for Pi for the more concen- 
trated enzyme. Thus,  the transition of PNP in response to Pi 
as measured kinetically (Fig. 4) occurs at a much lower 
concentration of Pi than  the conformational change of PNP 
in response to Pi as measured by dissociation (Fig. 3). 

As mentioned above, the stability of PNP in solution is 
responsive to substrate ligands as well as to enzyme concen- 
tration.  This was examined at different concentrations of 
enzyme and under three different conditions: no ligands; plus 
inosine; plus phosphate (Fig. 5). In  the experiment of Fig. 5 ,  

0 5 1 0  1 5  2 0  

1 /Pi (mM)- 

n :: > 
> 
W 
\ 

.o 1 .1  1 1 0  100 

pi (mM) 
FIG. 4. Kinetics of purine nucleoside phosphorylase versus 

phosphate. A, Lineweaver-Burk plot; B, Hill plot. The concentration 
of enzyme was 0.06 pg/ml (2.0.10-' M)  (0) or 6 pg/ml (2.0.10-7 M)  
(0). 

enzyme  was preincubated, for the times shown, at three 
different concentrations of enzyme f one substrate. Activity 
was then measured in the  standard assay. The initial specific 
activity was highest for enzyme preincubated at a low concen- 
tration of protein (Fig. 5, A-C). This specific activity declined 
as PNP was preincubated at higher enzyme concentrations 
(Fig. 5, D-F and G-I) .  The most dilute enzyme  was the least 
stable  and showed a loss of activity in a biphasic pattern for 
the 60-min preincubation period, whether or not  potential 
stabilizing ligands were present (Fig. 5, A-C). At an interme- 
diate  concentration of enzyme, continuing loss of activity was 
significant only for PNP preincubated without ligands (Fig. 
5 0 ) .  At both  intermediate  and high concentrations of PNP, 
enzyme preincubated with phosphate had a slightly higher 
specific activity than enzyme preincubated with inosine or 
without substrate. Although inosine did not increase the 
enzyme's specific activity, the enzyme  was  very stable in the 
presence of inosine, with no significant decline from 5 to 60 
min. 

Temperature also affects the initial enzyme activity as well 
as  the stability of this activity. As shown in Fig.  6, the initial 
activity is 20% lower at  the earliest measurement when the 
enzyme had been diluted into buffer at 4 "C as compared with 
buffer at 24 "C, although at 4 "C the activity then remained 
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FIG. 5. Stability of purine nucleoside phosphorylase as a 
function of enzyme  concentration and ligand. During  the  prein- 
cubation  the  concentration of PNP was: A-C, 0.19 pg/ml (6.3.10-' 
M); D-F, 0.94 pg/ml (3.1.10-' M); G-I, 2.25 pg/ml (7.5.10-' M). In 
the  assay  the  concentration of enzyme  was  reduced 50%.  When 
present,  inosine was a t  50 p M  ( B ,  E,  H )  and  phosphate a t  50 mM (C, 
F,  1). 
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Preincubation  Time  (min) 
FIG. 6. Stability of purine nucleoside phosphorylase  activ- 

ity as a function of temperature  at 24 "C (0) or at 4 "C (0). 
The enzyme was preincubated at 0.3  pg/ml in  citrate buffer for the 
times shown and assayed a t  a  final concentration of 0.15 pg/ml  (5.0. 
lo-' M). 

very stable. I t  is worth  noting  that  for enzyme preincubated 
at 24 "C the  activity is quite  stable for the  first 15 min.  This 
is  significant since the enzyme assays were done at  this 
temperature, so that  results showing changes  are probably 
completely  due to  the  preincubation  conditions  and  do  not 
reflect further  instability  during  the  assay itself. 

In  the above experiments  it became apparent  that  the 
response  time of the enzyme after being added  to  the  assay 
mixture also  varied. Initially,  after  the  components were 
mixed, the enzyme appeared  to be inactive,  demonstrating a 
readily measurable lag time before a linear progress curve 
developed. Such lag times  are shown in Fig. 7 at two different 
concentrations of enzyme and  with  different ligands as  in Fig. 
5. Highly diluted enzyme  in  buffer alone, or in  the  presence 
of phosphate,  had a greater lag time  than enzyme preincu- 
bated with inosine (Fig. 7 A ) .  Enzyme  preincubated  with  ino- 

6 0 1 .  0 o O n  
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0 1 0  2 0  3 0  4 0  5 0  6 0  

l o o ]  B 
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0 1 0  2 0  30 4 0  5 0  6 0  

Preincubation Time (min) 
FIG. 7. Lag  times in the  appearance of enzyme activity  for 

PNP preincubated under different conditions. The enzyme was 
preincubated a t  a final  concentration of  0.19 pg/ml (6.3. lo-' M) ( A )  
or 2.25 pg/ml (7.5. lo-' M) ( B ) .  The preincubation occurred in buffer 
alone (0) or  in  the  presence of 50 p M  inosine (A) or  50 mM Pi (0). 

sine  consistently showed the  shortest lag times,  but at  higher 
concentrations of PNP the difference  for  enzyme preincu- 
bated in  buffer alone  or with Pi became  less significant (Fig. 
7, A and B ) .  

The  data from Fig. 1 may be used to  calculate a Kd for the 
dissociation of the enzyme trimer.  In  these  studies  it  is  not 
clear if the  trimer  spontaneously dissociates to  monomers 
(Kd(3.1)) or whether  dimers  are  an obligatory intermediate 
(Kd(3.2;2.1)). The  latter is much more  probable, but  the obser- 
vation of enzyme eluting  with  an  apparent M ,  of 60,000 (= to 
dimer) does not  in  fact  establish  that  dimers were a  significant 
species,  since such  an  observation could  also result from  a 
rapid equilibrium  between trimers  and  monomers producing 
a statistical average elution  time equal to dimers. This  last 
explanation most likely accounts for  our  observation of sharp 
enzyme peaks  (as  seen  in Fig. 2) eluting at  various apparent 
M, between 90,000 and 30,000 (Fig.  3). Therefore two ap- 
proaches for calculating Kd, taken from  Kurganov (26), are 
shown  in Table I. Both  the value  for = 1.4. M and 
for Kd(3-2;2.1) = 3.6. lo-' M support  the  observation  that  the 
trimer  is  quite  stable  and dissociates  only at  considerable 
enzyme dilution (Fig. 1) or in response to  an allosteric  ligand 
(Figs. 2 and 3). 

Also shown are  the two affinity  constants  for PNP toward 
the  substrate Pi. As determined by standard  kinetics  with  the 
substrate (Fig. 4), SOa = 3.1 mM, showing that  the enzyme 
catalytic  site  is  half-saturated at  physiological concentrations 
of Pi. However, physical studies following the  change  in M, 
as a function of Pi (Fig. 3) showed that Lo.5 = 88 mM. Thus, 
enzyme activity became saturated a t  a  much lower concentra- 
tion of Pi than  did  the  conformational  change  that produced 
dissociation. Also important  are  the  results  (Table I) showing 
that  totally  different  cooperativity  patterns were seen  for Pi 
when measured by activity or by change in  dissociation. 
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TABLE I 
Physical and kinetic  constants for purine nucleoside phosphorylase 

Buffer +50 mM Pi 

(a) Specific activity (nmol/min/pg) 
Monomer ( a , )  12.5 17.6 
Trimer (ari) 0.23 0.23 

KdW,, 1.4. 5.6 .  
K ~ w z ~ . ~ )  3.6.10-’ 9.8.10-’ 

(b) Enzyme dissociation constant (M)  

(c) Affinity for phosphate 
s , ,  = 3.1 mM 
Lu.5 (AM,) = 88 mM 

nn 

(d) Cooperativity for phosphate 
Measured by activity 0.5 

Measured by AM, with 10.8 
with Pi 

P, as effector 

Negative  cooperativity (nH = 0.5) was seen for the  binding of 
phosphate  at  the  catalytic  site; positive  cooperativity (nH = 
10.8) was observed  for phosphate at the allosteric  site. 

DISCUSSION 

Polymer Dissociation-The dilution  curves (Fig. 1) clearly 
show that  at  concentrations of PNP below 3  pg/ml M)  
the enzyme exhibited a significant increase in specific activity, 
consistent with  a conformational  change stabilized by disso- 
ciation.  In buffer  alone, the increase in specific activity was 
over  50-fold, while in  the  presence of 50 mM Pi this  increase 
was over 70-fold. Since  the  assay  mixture was always adjusted 
to  maintain  substrates  at a constant  concentration for the 
experiment,  then  the effect of substrates  seen  in  the higher 
curves  (Fig. 1) represents  the  induction or stabilization of a 
more optimal conformation. For dilute enzyme the  final  spe- 
cific activity was significantly increased  in  the  presence of 
either  substrate  as a stabilizing ligand. 

Essentially  base-line  resolution was  possible  for the posi- 
tion of trimer  and monomer  when examined by gel filtration 
chromatography (Fig. 2), since  in all  such  studies  the enzyme 
eluted  as a  single sharp peak  even  when the observed M ,  value 
did  not  correspond  to  an  integral  number of subunits.  The 
decrease in  the observed M ,  was consistent  with dissociation 
of the  native  trimer  to  monomers (Figs.  2 and 3). Other 
workers have reported observing both  trimers  and  dimers  in 
the  same  preparation (9, 27). In a study  with P N P  from 
chicken liver it was found  that dissociation toward  the  dimer 
was  promoted by diluting  the enzyme to <3 pg/ml (27). At 
that  concentration PNP was  also partly dissociated in  our 
studies.  These  data  are  all  consistent  with P N P  being  a 
dissociating  enzyme,  where the dissociation  process is  sensi- 
tive  both  to enzyme concentration  and  to  the  presence of 
appropriate ligand  effectors. This may be a  fairly  general 
indicator for allosteric  regulation,  since 15% of all  the  en- 
zymes involved in nucleotide  metabolism are dissociating 
enzymes (28). 

Based on  the  final specific activity of P N P  from different 
sources and  on  the corresponding purification fold, in  most 
eukaryotic sources the  in vivo concentration of PNP is gen- 
erally in the range of  20-100 pg/ml (0.7-3.5 pM) or even 
greater.  The enzyme  used in  the  present  study clearly exists 
as a trimer at  such  concentrations (Figs.  2 and  3),  and  this 
confirms  earlier  reports for calf spleen P N P  (3, 7). Previous 
papers have not always reported enzyme quantities used for 
molecular weight studies. I t  is  therefore possible that  obser- 
vations of PNP as a dimer or monomer (13-16) are  the  natural 
result of a  more diluted enzyme preparation. Although many 

:leoside Phosphorylase 

enzymes change  their polymeric  assembly in response to 
ligands,  only a very few have  been  shown to dissociate to a 
more  active  monomer in response to  a substrate.  Examples 
are  cysteine  synthetase (Salmonella typhimurium) (29), iso- 
citrate dehydrogenase (Blastocladiella emersonii) (30), homo- 
serine dehydrogenase  (Rhodospirillum rubrum)  (31),  and 
CAMP-dependent protein  kinase  (rabbit muscle) (32). 

Enzyme Stability-The stability of the enzyme is very de- 
pendent  on enzyme concentration,  temperature,  and  the  pres- 
ence of appropriate ligands  (Figs. 5 and 6). Since  the  diluted 
enzyme k a stabilizing substrate showed a steady loss of 
activity  during  short  term  preincubation (Fig. 5 ) ,  it may be 
changing  to less active  conformations. Because of these ob- 
servations, for the gel permeation  chromatography  studies 
enzyme was always prepared freshly in  the  appropriate buffer 
(at a concentration of 10 pg/ml) and applied to  the column 
within 30 min.  There was no evidence that  inosine caused 
dissociation of the  native  trimer.  But since at  the  same 
concentration of enzyme the specific activity of enzyme prein- 
cubated with phosphate was always  a little higher, then Pi 
must produce  a  more active  conformation. 

The catalytic  reaction for P N P  follows an  ordered  sequen- 
tial  mechanism (13, 22, 33). 

nucleoside P, ribose-1-P base 

U t t U 
5 c 

Therefore,  phosphate  should  not  bind significantly at the 
catalytic  site  in  the  absence of the nucleoside co-substrate, 
and  in  preincubation  studies  inosine  should  bind  at  the  cata- 
lytic site, while Pi should only bind at a separate  site. 

The lag studies (Fig. 7) also give evidence of different 
conformational  states.  Note  that  the enzyme, in whatever 
preincubation  environment, was  never instantaneously active 
since  it normally took 30 s to combine the  reaction compo- 
nents,  and  then  there was still  an observable  lag  period  before 
product  formation became  measurable. 

Cooperatiuity-The responses of the enzyme to  phosphate 
were complex and  therefore  support a model of at  least two 
different  sites for binding  phosphate.  Kinetic  studies show an 
So.5 value  for phosphate of 3.1 mM, with  activity  reaching a 
maximum at  about 30 mM. However, dissociation did  not 
begin until Pi was at 55 mM, and for  dissociation the  is 
88 mM. Furthermore, enzyme activity  in response to Pi showed 
negative  cooperativity, while dissociation in response to Pi 
showed unusual positive  cooperativity. All these  results sug- 
gest that a distinct  site,  separate from the  catalytic  site  and 
with a lower affinity for phosphate,  mediates  the  conforma- 
tional  change  seen  as dissociation.  Additional support for  a 
separate regulatory site for Pi comes  from the  fact  that  the 
dissociation studies were done  in  the presence of Pi alone, 
such  that Pi should  not  interact significantly at  the  catalytic 
site  in  promoting dissociation. 

In  the  description of the  three-dimensional  crystal  structure 
for human PNP (23),  it was observed that  there  are probably 
two distinct  phosphate-binding  sites,  though  the  authors were 
uncertain if the second site was mechanistically  significant. 
Our  data  support  the existence of two phosphate-binding  sites, 
and  the  results show that  each  site  can lead to a conforma- 
tional  change in the enzyme. Binding at  site l, the high 
affinity  catalytic  site, produces  cooperativity in response to 
the  substrate;  binding  at  site 2, a lower affinity  regulatory 
site,  leads  to a conformational  change  that produces  dissocia- 
tion of the enzyme as well as a  higher specific activity. 

The physiological  relevance of site 2 is  not clear. For 
mammals, cellular phosphate  concentrations have  been re- 
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ported  at 0.4-6 mM (34-37). These values correspond well to 
the  kinetic cooperativity  observed  (Fig. 4) but suggest that 
intracellular Pi would never be high enough  to  produce  dis- 
sociation of PNP. It  is possible that Pi simply  acts  as  an 
analog for an  unknown physiological allosteric  regulator  that 
has  much  better  affinity  at  site 2. 

An important  observation of these  studies  is  that  the  en- 
zyme monomer  is  not only active  but  appears  to  have a higher 
intrinsic  catalytic  rate  than  the  trimer.  In  analyzing  the  three- 
dimensional  human PNP structure,  it was  judged that  the 
catalytic  site  in  each  subunit  is  partly  formed by one loop 
from  the  nearest  adjoining  subunit (23). However, this  inter- 
action  with  the neighboring subunit may not  be  optimal for 
activity.  Our  results  are  consistent  with a  polymer in which 
all  subunits  are  not equally or fully active,  since  both  diluted 
and  concentrated PNP reactions show  negative  cooperativity. 
Phosphate may  produce its effect by such possible mecha- 
nisms as: a conformational  change  in  the  trimer,  or dissocia- 
tion  toward a more active  monomer,  or by mechanistic cou- 
pling between  two sites  on  the  same  subunit. However, both 
dissociation and  conformational  changes may contribute  to 
the observed  response of the enzyme to  substrates in uitro. 

A  simple scheme  to  account  for  the observed results shows 
the enzyme to be a stable  trimer  with low specific  activity. 
Dissociation leads  to  the  monomer  with  maximum activity. 
The  monomer  appears less stable,  and  is more subject  to 
denaturation  and loss of activity. 

J. 
1* $ 3 "  

It 
The  literature suggests an enzyme with  considerable  variety 

in polymer size and  the  presence of cooperativity when PNP 
is  prepared from different sources. We  are  inclined  to  the 
opposite  interpretation;  the enzyme from  most or all  eukary- 
otic sources is probably quite  similar  in  subunit size, polymer 
size, and kinetics. The  present work, as well as  studies  cited, 
shows how differing results  for  the  native size and  many 
kinetic  parameters  are easily  produced by the i n  uitro concen- 
tration of enzyme and  appropriate ligands, as well as by the 
temperature of the enzyme preparation. 
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