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SUMMARY 

i. In order to clarify a role of the 2,3-diphosphoglycerate phosphatase activity 
catalyzed by yeast phosphoglycerate mutase (2,3-diphospho-n-glycerate:2-phospho- 
n-glycerate phosphotransferase, EC 2.7.5.3), chemical modification experiments and 
kinetic studies on the phosphatase activity have been performed. The results indi- 
cated that  the substrate site of the mutase was also required for the phosphatase 
activity. 

2. It was found that such compounds as phosphoglycolate, phosphohydroxy- 
pyruvate and phosphoenolpyruvate stimulated the phosphatase activity, although 
they inhibited the mutase activity. A kinetic pattern of their stimulatory effects was 
consistent with an equation derived from the ideas that a ternary complex (enzyme- 
2,3-diphosphoglycerate-2,3-diphosphoglycerate) was an active intermediate in the 
phosphatase reaction and that the activators interacted with the enzyme at the 
substrate site to stimulate the hydrolysis of a phosphoester bond in 2,3-diphospho- 
glycerate at the coenzyme site. 

3- I t  was found that the phosphatase activity of component I (the native 
enzyme) was stimulated in higher extent than that of component V (the final product 
of the enzymic modification of component I). This observation offered a significant 
clue to explain a cause of the decrease in the mutase activity by the enzymic modi- 
fication of component I to component V. 

4. From these results, a hypothetical model for a role of the phosphatase 
activity on the mutase reaction mechanism is presented in this paper. 

INTRODUCTION 

The phosphoglycerate mutase (2,3-diphospho-D-glycerate:2-phospho-D-glycer- 
ate phosphotransferase, EC 2.7.5.3) preparations highly purified from yeast and 

Abbreviations:  2PGA, 2-phospho-nL-glycerate; 3PGA, 3-phospho-D-glycerate; 2,3PGA, 
2,3-diphospho-D-glycerate; PGA, phosphoglycerate. 
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rabbit  muscle have been shown to exhibit the 2,3-diphosphoglycerate phosphatase 
activity 1,2, although the phosphatase activity was very low compared with the 
nmtase activity. I t  was reported that  Hg ~+ had a st inmlatory effect on the phos- 
phatase activity of the muscle enzyme and no effect on the yeast enzyme a. A previous 
report has suggested that  the phosphatase activity in the yeast enzyme preparation 
is not due to a contaminated enzyme but to the phosphoglycerate mutase". 

in order to obtain further evidence to support that  both the mutase and the 
phosphatase activities in tile yeast preparation are catalyzed by a single enzyme, 
chemical modification experiments by using trinitrobenzenesulfonate were performed. 
Furthermore, from the kinetic studies on the activation of tile phosphatase activity 
by substrate analogues (phosphoglycolate, phosphohydroxypyrnvate  and phost)ho- 
enolpyruvate), a possible role of the l~hosphatase activity on the mutase reaction 
pathway is presented in this paper. It  is also described that the decrease in the mutase 
activity by the enzymic modification 2 may be interpreted in terms of the decrease: 
in the activation of the phosphatase activity. 

M A T E R I A L S  A N D  M E T H O D S  

Crystalline yeast phosphoglycerate mutase 
The methods for preparation of component I and V were the same as in the 

preceding paper 2& 

Other materials 
3-Phospho-D-glycerate, 2-phospho-DL-glycerate, 2,3-diphospho-D-glycerate, 

phosphoenolpyruvate, phosphoglycolate, phosphohydroxypyruvate and trinitro- 
benzenesulfonate were as in the preceding paper 4. The barium salts of phospho-DL- 
lactate were a kind gift from Dr. Pizer, 

Enzyme activity 
Tile mutase activity was determined polarimetrically as described previously '5. 
The reaction mixture for the phosphatase activity measurement contained 

components as described in legends of individual figures and tables in a total volume 
of 2 ml. After incubation at 25 °, inorganic phosphate liberated from 2,3-diphospho- 
glycerate was determined. The reaction mixture was directly subjected to color de- 
velopment by tile method of BARTLETT 6. In Table I, the method of CHEN ct al. v was 
used except that  the method of MARSH s was used when ATP was added to the 
reaction mixture, v in figures is expressed as / ,g  of phosphorous liberated per rain in 
the reaction mixture. The activity in all instances was measured under conditions 
such that  initial reaction velocities were determined. 

3- and 2-phosphoglycerate mixture 
The solution containing 3- and 2-phosphoglycerate at the concentrations in 

enzymic equilibrium was prepared as follows. The reaction mixture, in 15.5 111t, 
20 mM 3-phosphoglycerate (pH 5.9), IO #M 2,3-diphosphoglycerate (pH 5.9) and 
876/~g of the mutase. After incubation for 2 h at 25 °, the mixture was passed through 
Amberite IR-I2O ion exchanger (H+ form) to remove the enzyme protein. The eluted 
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T A B L E  I 

EFFECTS OF VARIOUS C O M P O U N D S  O N  P H O S P H O G L Y C E R A T E  M U T A S E  AND 2,3-DIPHOSPHOGLYCERATE 
PHOSPHATASE ACTIVITIES 

The reac t ion  m i x t u r e  for d e t e r m i n a t i o n  of the  m u t a s e  a c t i v i t y  conta ined,  in 5 ml, 8 mM 2- 
phosphoglycera te ,  o.I mM 2,3-diphosphoglycera te ,  o.I M ace t a t e  buffer (pH 5.9) and  1.92/zg of 
the  enzyme.  After  i ncuba t ion  a t  25 °, the  a c t i v i t y  was  measured  po l a r ime t r i ca l l y  as descr ibed 
p rev ious ly  5. The reac t ion  m i x t u r e  for d e t e r m i n a t i o n  of the  phospha t a se  a c t i v i t y  conta ined ,  in 2 
ml, o.I  mM 2,3-diphosphoglycera te ,  24/*g of  the  enzyme  and  o. i  M ace t a t e  buffer (pH 5.9). The 
enzyme  p r e p a r a t i o n  ha d  the  a c t i v i t y  of 60% of componen t  I and  con ta ined  all componen t s  (com- 
ponen t s  I, I I ,  111, IV, and  V). P h o s p h a t e  compounds  in th is  t ab le  did not  serve as a s u b s t r a t e  of 
the  phospha ta se  ac t iv i ty .  

Compounds Conch. Phospho- Conch. 2,3-Diphospho- 
(raM) glycerate (raM) glycerate 

mutase phosphatase 
activity activity 
(%) (%) 

No add i t i on  - -  ioo  - -  IOO 

3-Phosphoglycera te  - -  - -  o.2o 62 
2-Phosphoglycera te  - -  - -  0.20 44 

Phosphog lyco la te  5.5 44 °.27 460 
P h o s p h o h y d r o x y p y r u v a t e  2.o 4 ° 0.72 4260 
P h o s p h o e n o l p y r u v a t e  5.0 78 5.0o 252 
Phospho-DL-lacta te  5 .0 75 5 .00 124 

Ci t ra te  5.o 7° 5.oo 3 i 6  
I soc i t r a t e  5.0 63 i .oo i83 
ATP  io.o 80 i .oo 215 

solution was adjusted to pH 5.9. The equilibrium constant at 25 ° was reported to 
be 5.2 (I3-phosphoglyceratel/E2-phosphoglyceratel) 9. 

Other methods 
The procedures for trinitrophenylation of the enzyme and for determination 

of the enzyme concentration were as in the previous paper 4 . 

RESULTS 

Parallel loss of the phosphoglycerate mutase and the 2,3-diphosphoglycerate phosphatase 
activities by trinitrophenylation 

I t  has been reported in the preceding paper 4 that  amino groups reactive to 
trinitrobenzenesulfonate are located at the substrate site of the mutase. As shown 
in Fig. I, trinitrophenylation of the mutase inactivated both the mutase and phos- 
phatase activities in almost the same manner, while 3-phosphoglycerate (the sub- 
strate of the mutase reaction) protected the phosphatase activity from the inacti- 
vation as well as the mutase activity. Phosphoglycolate, phosphohydroxypyruvate,  
phosphoenolpyruvate and citrate exhibited marked protective effects on the inac- 
tivation of the mutase activity 4. The protection by these compounds against loss of 
the phosphatase activity was found to be the same as the protection against loss of 
the mutase activity. These observations offer further evidence for the idea that  these 
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1;ig. I. The parallel loss of the phosphoglycerate mutase and the 2,3-dil3hosphoglycerate phos- 
phatase activities by triuitrophenylation. (), 0, the mutase activity A, A, the phosphatase ac 
tivity. 0, A, no 3-phosphoglycerate; ( , /'z, 2 mM 3-phosphoglycerate. The reaction mixture for 
trinitrophenylation contained 5 ffM enzyme (component 1) and o. 5 mM trinitrobenzenesulfonate 
in 25 mM borate buffer (pH 7.5). The temperature was 25'. At intervals samples were withdrawn 
to determine the activities and to determine the number of trinitrobenzenesulfonate bound per 
mole of the enzyme by measuring the absorbance at 348 nm as described in the preceding paper a. 
The reaction mixture for the determination of the phosphatase activity contained o. 5 mM 2,3-di- 
phosphoglycerate and the trinitrophenylated enzyme (I2/~g/ml) in 25 mM borate buffer (pH 7.5). 
The mutase activity ~as determined as described in Table 1 by using 2/,g of the enzyme. 

two activities are due t() a common enzyme. I t  is also concluded that  the 1)hosphatase 
act ivi ty  may have an impor tan t  role on the mutase  reaction and that  the substrate  
site of the mutase is essential for the mutase and the phosphatase activities. 

Effects of vario~ts compom~ds olt phosphoglyccrate mutasc a~zd 2,3-diphosphoglycerate 
phosphatase activities 

Effects of various compounds on both tile nmtase and the ph()sphatase acti- 
vities were summarized in Table 1. Substrates  (3- or 2-phosphoglycerate) of the 
mutase  reaction gave a marked inhibi tory  effect on the phosphatase activity.  I t  has 
been reported that  the phosphate compounds (phosphoglycolate, phosphohydroxy- 
pyruva te  and phosphoenolpyruvate)  combine with the enzyme at the substrate  site 
of the mutase  to inhibit  the mutase  act ivi ty  a. These compounds were found to exert 
a s t imula tory  effect on the phosphatase activity,  although they all inhibi ted the 
nmtase  activity.  These compounds did not  serve as substrates  for the t)hosphatase 
activity.  I t  was found that  citrate, isocitrate and ATP st imulated the phosphatase 
act ivi ty,  while they inhibi ted the mutase  activity.  The compounds glycolate (5 mM), 
glycerate (o.5 mM), pyruva te  (5 mM), hydroxypyruva te  (5 mM), lactate (o.5 raM), 
DL-malate (5 mM), fumarate  (5 mM), succinate (5 raM), i taconate (5 raM), glucose 
6-phosphate (5 mM), fructose , ,6-diphosphate (o. 5 mM), 6-phosphogluconate (5 mM) 
and  E D T A  (5 mM) did not affect both activities. However, oxalate (5 raM) inhi- 
bi ted 4 ° % of the mutase  activity,  although the phosphatase act ivi ty  was not  affected. 

PIZER AND BALLOU 1° indicated in the paper studied the substrate  specificity 
of the muscle enzyme that  the enol and  hydra ted  forms of phosphohydroxypyruva te  
were acceptable of a phosphate group from 2,3-diphosphoglycerate. I t  seems to be 
unl ikely  tha t  phosphoglycolate is an acceptor of a phosphate group. Comparat ive 
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studies on effects of phosphoglycolate and phosphohydroxypyruvate may offer an 
important  information on a role of the phosphatase activity. 

Recently, ROSE AND LIEBOWITZll, TM reported that  phosphoglycolate stimulated 
the 2,3-diphosphoglycerate phosphatase activity involved in the muscle phospho- 
glycerate mutase and that  this stimulatory effect could be utilized for the determi- 
nation of amounts of 2,3-diphosphoglycerate in tissues. 

Effect of 3-phosphoglycerate(2-phosphoglycerate) on the phosphatase activity 
The mode of an inhibitory effect of 3- and 2-phosphoglycerate on the phos- 

phatase activity was investigated kinetically. The solution containing 3- and 2-phos- 
phoglycerate in equilibrium was used to keep a constant concentration of the inhi- 
bitor. Inhibition was of the competitive type with 2,3-diphosphoglycerate as indicated 
by the common point of intersection of all plots on the I/V axis (Fig. 2). An inhibition 
constant was found to be 0.24 raM. This value coincided approximately with the 

lOO 

Y~ 6c 

4C 

2C 

E2,3- Diphosphoglycerate~ 
(mM-1) 

Fig. 2. Inhibition of the 2,3-diphosphoglycerate phosphatase activity by equilibrated 3- and 2- 
phosphoglycerate. The reaction mixture contained, in 2 ml, 74 Pg of the enzyme (component I), 
o.i M acetate buffer (pH 5.9), the indicated concentrations of 2,3-diphosphoglycerate and either 
no (G), 0.4 mM (Q), 0.8 mM (/k), or 1.6 mM equilibrated 3- and 2-phosphoglycerate (A). 

value of K m  aPGA in the mutase reaction TM. The K m  2,3t'GA value of 0.22 mM in the 
absence of the inhibitor seems to indicate a Michaelis constant at a different position 
from the coenzyme site of the mutase, since the value of Krn 2,al'c~A in the mutase 
reaction has been reported to be 0.8 #M TM. I t  was found that  2,3-diphosphoglycerate 
at a high concentration in the mutase reaction was a competitive inhibitor of the 
substrate and that  the value of Kf2, al'GA was  0.2-0. 5 mM 4. From these informations, 
it is assumed that  the Krn2, aPGA value in the phosphatase reaction is a Michaelis 
constant of 2,3-diphosphoglycerate at the substrate site of the mutase. This is sup- 
ported by the facts that  amino groups essential for binding of the substrate were also 
required for the phosphatase activity (Fig. I) and that  a higher concentration of 
2,3-diphosphoglycerate than I mM was required for protection of the enzyme from 
inactivation by trinitrophenylation a. A competitive type inhibition by the mixture 
of 3- and 2-phosphoglycerate means that  a competitive binding of these compounds 
with 2,3-diphosphoglycerate occurs at the substrate site of the mutase (Fig. 2). 
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ACTIVATION OE "FILE 2 , 3 - 1 ) I P H O S P I t O G L Y C E R A T E  PHONPHATA-NE A C T I V I T I E S  OF COMPONENT [ AND V 

The reaction mixture contained, in z ml, o.2 mM 2,3-diphosphoglyceratc, 37/~g of the cnzylne 
(component 1 or V), o.l M acetate buffer (pi t  5.9) or 25 mM borate buffer (pH 7.5) and the indi- 
cated concentrations of phosphoglycolate or phosphohydroxypyruvate .  Activity is expressed as 
fig of phosphorous liberated per rain under the above conditions. 

compound C(mcn. 
added (m 'M ) 

No addition 
Phosphoglycolate l.o 
Phosphohydroxypyru vatc o. i 

.4 ctivily 

(',ml)om, nt I Conlponen! I" 

/~H.5.9 pH 7.5 /~H.s.(~ /,H 7.5 

o . o 2 0  o . 0 2 4  o . o 2 5  o . 0 2 4  
o . 2 7 o  o . 4 ~ o  o .o .5o  o .OS 4 

o.49o o.74o o.o97 o. I 1 _, 

Iz~ffects of  phosphoglycolate and phosphohydro.D,pyruvate~ o~ the phosphatasc activi O, 
As s h o w n  in  T a b l e  I I ,  c o m p o n e n t  V h a d  a h n o s t  t h e  s a m e  p h o s p h a t a s e  a c t i v i t y  

as t h a t  of  c o m p o n e n t  I, a l t h o u g h  t h e  m u t a s e  a c t i v i t y  of  c o m p o n e n t  V was  a b o u t  5 ~},, 

o f  c o m p o n e n t  12. H o w e v e r ,  i t  w as  f o u n d  t h a t  t h e  p h o s p h a t a s e  a c t i v i t y  of  c o m p o n e n t  I 

was  s t i m u l a t e d  b y  t h e  p h o s p h a t e  c o m p o u n d s  in h i g h e r  e x t e n t  t h a n  t h a t  of  com-  

p o n e n t  V. A d e t a i l e d  k i n e t i c  i n v e s t i g a t i o n  of  t h e  s t i m u l a t o r y  effect  on  t h e  p h o s -  

p h a t a s e  a c t i v i t y  was  also p e r f i ) r m e d  on  b o t h  c o m p o n e n t s .  

A c t i v a t i o n  of  t h e  p h o s p h a t a s e  a c t i v i t i e s  of  c o m p o n e n t  I a n d  V b y  p h o s p h o -  

g l y c o l a t e  a n d  p h o s p h o h y d r o x y p y r u v a t e  was  f o u n d  to  be d e p e n d e n t  on  p H .  T h e  

50-(A)  pH ~:~(~ 

9v ~c 
2 0  

, , , ' ,  _ 5  
0 2 4 6 8 ]O 

50 (B)pH 

4 u  

2 0  

0 4 6 8 lt~ 

1 ~ - - (rrliM 1) 
[23- [~ pnosph,oglycerote j  

4 ( ' 

I/~, 3r) . . . . . .  
j l ~ . . r  ~ - -  

2O 

0 2 4 c'> ~ 1(; 

__  ] . . . . .  ~ ( m[ , . i  ~ 
~2,3~ Diphosphoglycero te  

Fig. 3- Effects of phosphoglycolate and phosphohydroxypyruvatc  on the z,3-diphosphoglycerate 
phosphatase act ivi ty (if component  1. The reaction mixture of (A) contained, in 2 inl, 37 fig of the 
enzyme (component 1), o.i M acetate buffer (pH 5.9), the indicated concentrations of 2,3-di- 
phosphoglycerate and either no ( - - (  ~ ), ~i .2/ ,M phosphoglycolate ( ... .  0 - -  ), o.54 m.M 
phosphoglycolate ( - A  . . . .  ), 4.5/tM phosphohydroxypyruvate  ( . - - I - - I ,  IS//M phospho- 
hydroxypyruvate  ( - -A-o) ,  or 36 tim phosphohydroxypyruvate  ( - - 0 - - ) .  The reaction mixture of 
(B) contained, in 2 ml, 37 fig of the enzyme (component I), 25 mM borate buffer (pH 7-5), tile 
indicated concentrations of 2,3-diphosphoglycerate and either no ( - -  O ), io ffM phosphoglycob 
ate ( - - - O - - - ) ,  or 2o ffM phosphohydroxypyruvate  (--I~--) .  

Fig. 4. Effects of phosphoglycolate and phosphohydroxypyruvate  on the 2,3-diphosphoglycerate 
phosphatase act ivi ty of component V. The reaction mixture contained, in 2 ml, 37 Jig of the en- 
zyme (component V), o.I M acetate buffer (pi t  5.9), the indicated concentrations of 2,3-diphospho- 
glycerate, and either no (-  @--),  o.27 mM phosphoglycolate (- - 0 -  ....  ), 2 itM phospho- 
hydroxypyruvate  ( --I---I ,  2o ffM phosphohydroxypyruvate  ( - -A- - ) ,  or 8o itM phosphohydroxy- 
pyruvate  ( - -O-- ) -  
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values of pH in Table I I  were selected from the facts that  phosphoglycerate mutase 
showed the maximal activity at pH 5.9 9 and that the chemical modification experi- 
ments with trinitrobenzenesulfonate were performed at pH 7.5 4. 

As shown in Figs. 3 and 4, Lineweaver-Burk plots of the phosphatase activities 
in the presence of the activator were nonlinear. A similar pattern was observed in 
both components. The phosphatase activity was decreased progressibely as the 
concentration of 2,3-diphosphoglycerate was increased, when an activator was given 
at a high concentration. On the other hand, at a dilute concentration of an activator, 
the activity was increased. In the absence of an activator, the values of K m  2,aPGA 

were almost the same in both components and no alteration was observed at pH 
tested. 

Phosphoenolpyruvate exhibited its stimulatory effect in a similar manner to 
that of phosphoglycolate or phosphohydroxypyruvate. 

Based on the results indicating that the binding of 2,3-diphosphoglycerate at 
the substrate site of the mutase was required for exhibition of the phosphatase 
activity and that activators combined with the enzyme at the substrate site of the 
mutase, the most plausible mechanism that may explain the data of Figs. 3 and 4 
was described in the following. 

E + 2,3PGA~- E .2 ,3PG A  1 

E + 2 , 3 P G A ~  E .2 ,3PG A  2 

E .  2,3PGA 1 + 2,3PGA ~ E .  2,3PGA~ • 2,3PGA * 

E .  2,3PGA, + 2,3PGA ~ E .  2 ,3PGA, '  2,3PGA~ 

k 
E ' 2 , 3 P G A 1 - 2 , 3 P G A , - +  E .2 ,3PG A  2 + Pi + 3 or 2PGA 

(E.  2,3PGA, - 2,3 PGA1) 

E + A ~ E . A  

KI~,~PGA (I) 

K3 *,aPGA (2) 

Kz a'al'GA (3) 

K1 *'3P~A (4) 

(5) 

E'2 ,3PGA~ + A ~  E .2 ,3PGA1.A  

E - A  + 2 , 3 P G A ~  E . A - 2 , 3 P G A  1 

K A (6) 

KA (7) 

KI~, 3PGA (8) 

ah 
E ' 2 , 3 P G A I ' A - +  E ' A  + Pl + 3 or 2PGA 

(E.  A.  2,3PGA1) 

v 0 = k [ E '  2,3PGA 1 • 2,3PGA2] = k [E '  2,3PGA 2 • 2,3PGA1] 
V = k[Ejt  
Va = v o + a k [ E . 2 , 3 P G A 1 . A  ] = v o + a k [ E . A . 2 , 3 P G A 1 ]  

(9) 

Here, E .2,3PGA 1 represents an enzyme species which binds 2,3-diphosphoglycerate 
at the coenzyme site of the mutase and E.2,3PGA 2 represents an enzyme species 
which binds 2,3-diphosphoglycerate at the substrate site of the mutase. Dissociation 
constants of 2,3-diphosphoglycerate at the coenzyme site and the substrate site are 
expressed with K12,aPC*A and K22,31"GA, respectively. A symbol of K A represents a 
dissociation constant of an activator, A, at the substrate site. A rate constant is 
represented by k and an activation effect, by a(a > I). 

In this mechanism, the following assumption is made. The enzyme species of 
E .2,3PGA 1 hydrolyses a phosphoester bond in 2,3-diphosphoglycerate with a very 
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low rate  in comparison with  the  enzyme species of E -2,3PGA 1 • 2,3PGA~ or does not  
hydrolyse  the  bond.  The cleavage of a phosphoester  bond  proceeds at  the  coenzyme 
site to produce I mole of inorganic phospha te  per mole of 2 ,3-diphosphoglycera te  
when the complex of E.2,3PGA~.2,3PGA 2 is formed. 

A value of Km 2,aI'GA in the mutase  react ion corresponds to tha t  of K,", ap(~A. 
The value of Kin2, aP°A was found to be 0.8 ffM 'a. Therefore,  the coenzyme site is 
comple te ly  s a tu r a t ed  with 2 ,3-diphosphoglycera te  under  the condi t ions (2 ,3 -d i -  
phosphoglycera te]  ~ o.I  mM) employed  in this paper .  Under  this  condit ion,  the 
steps, I,  2, 4, 6 and  S in the  mechanism can be excluded.  All equat ions  were der ived  
by  the rap id  equi l ibr ium t r ea tmen t .  The equat ion  represent ing the init ial  veh)city 
(%) in the  absence of an ac t iva to r  is, 

1~[ ; ,31) ( ;A ] 
vo . . . . . .  (~ ? 

/£ 2,at,(~A ~ [2,3I}GA] 

where V is the  max ima l  veloci ty  in the  absence of an ac t iva tor .  The equat ion in the  
presence of an ac t iva to r  is 

l ' ( /£A - ' ,31)GAj 1 ~lK22':u'(~'X[AI) 
v~ : . . . . . . .  (_,) 

]'(~2'ap(;'xK a I / £ a [ 2 , 3 P ( ; A !  i K2~'ap(~A[A} 

Theore t ica l  L i n e w e a v e r - B u r k  plots  of Eqn.  2 are shown in Iqg. 5- Pa t te rns  at  differ- 
ent  concent ra t ions  ()f an ac t iva to r  are consis tent  with those of Iqgs. 3 and 4. The 
theore t ica l  lines drawn using the  cons tan ts  (Table I I I )  which were de te rmined  from 
Figs. 6 and  7 coincided with the  lines in Figs. 3 and  4. 

In  order  to es t imate  q u a n t i t a t i v e l y  kinet ic  pa rame te r s  of K A and (,, experi-  

/ "  

1 
• 1 -  I h d,73- D i phospho glyce co 

Fig.  5- T h e o r e t i c a l  1 . i n e w e a v e r - B u r k  p l o t s  o f  ILqn. z. , in  t h e  p r e s e n c e  of  a n  a c t i v a t o r ;  - , 
in  t h e  a b s e n c e  of  an  a c t i v a t o r ,  t ,  EAI : :  o;  2, IIA] < NA/(~ 1); 3, [A~I = h'a/((l 1 ) : 4 ,  ~,:\! 
I(A/((~- t). 

ments  va ry ing  the concent ra t ion  of an ac t iva to r  at  a fixed concent ra t ion  of 2,3- 
d iphosphoglycera te  were performed.  F r o m  Eqns.  I and  2, p lo t t ing  I /(7.1a--  V0) t o  I / ]  A 

at a fixed concent ra t ion  of 2 ,3-diphosphoglycera te  should give l inear  curves.  The  
values of  K A and a can be ca lcu la ted  from the  in tersec t ing  point  on the  I/ iA~ axis 
and  t h a t  on the  I/(Va V0) axis, respect ively.  The results  ob ta ined  at  the  cons tan t  
2 ,3-d iphosphoglycera te  concent ra t ion  of  o.2 mM and  different concent ra t ions  of an 
ac t iva to r  are shown in Figs. 6 and  7. Linear  curves in bo th  components  were ob- 
t a ined  i ndependen t ly  on a k ind  of  ac t iva tors  and  p H  incubated .  
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T A B L E  I I I  

K I N E T I C  P A R A M E T E R S  OF P H O S P H O G L Y C O L A T E  A N D  P H O S P H O H Y D R O X Y P Y R U V A T E  

Kinetic parameters  were calculated from Figs. 6 and 7. 

603 

Component Phosphoglycolate Phosphohydroxypyruvate 

pH 5.9 pH 7.5 pH 5.9 pH 7.5 

I ~  A ~ K A ot K A a K A a 

(raM) (raM.) (mM) (raM) 

I 0.5 9.8 0.42 18 o.13 32 °.13 54 
V 0.5 I-5 0.5 3 o-13 5.3 o-19 8.2 

As summarized in Table I I I ,  phosphohydroxypyruvate was found to be a more 
effective activator with about 3-fold activating effect as compared with phospho- 
glycolate. Activation depended on the pH incubated, although the values of K A 
were not influenced. The most important result is that  the extent of activation (a) 
was different in components I and V. 

Evidence for competitive binding of 3-phosphoglycerate (2-phosphoglycerate) ,2,3-diphos- 
phoglycerate and an activator at the substrate site of the mutase 

The competitive binding of 3-phosphoglycerate (2-phosphoglycerate), 2,3-di- 

40' 
3O 
2O 

i A) Componen/ 

1c 

100804c6C " ~ (  

o ~ ~ :~ 4 
I (mM I) [Ph osphoglycolate] 

Fig. 6. Effects of pbospboglycolate  on 2,3-diphosphoglycerate phosphatase  activities of compo- 
nent  I and V. The reaction mixture  of (A) contained, in 2 ml, 0.2 mM 2,3-diphosphoglycerate, 37 
fig of the enzyme (component  I), the indicated concentrat ions of phosphoglycolate  and either o.i 
M acetate buffer (pH 5.9) (0) or 25 mM borate buffer (pH 7-5) (O).  The reaction mixture  of (B) 
was the same as (A) except t ha t  component  V was used as the enzyme. Vo, the init ial  velocity in 
the absence of phosphoglycolate;  and va, the initial velocity in the presence of phosphoglycolate  
were expressed as #g of phosphorous  liberated per min in the reaction mixture.  

phosphoglycerate and an activator at the substrate site of  the mutase was also veri- 
fied kinetically by the following studies on the phosphatase reaction. The phosphatase 
activity stimulated by phosphoglycolate or phosphohydroxypyruvate should be 
reduced by the substrate (3- and 2-phosphoglycerate). The equation represents the 
initial velocity (v) of  the phosphatase activity in the presence of 3-phosphoglycerate 
(2-phosphoglycerate), 2,3-diphosphoglycerate and an activator can be derived with 
the additional incorporation of an enzyme species, E .2 ,3PGA 1 • PGA, to the mecha- 
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• ! : f  
!2  
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/ 18 26 3'o ab do 
1 
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Fig. 7. Effects of ph osphohyd roxypy ruva t e  on 2,3-diphosphoglycerate phosphatase  activities of 
component  1 and V. The condit ions for determinat ion of the activity and symbols  in figures were 
the same as in Fig. 6 except tha t  phosphohyd roxypy ru va t e  instead of phosphoglycolate  was used 
as an activator.  

nism described above, in this case the mixture of 3- and 2-phosphoglycerate was 
expressed by PGA. The equation is 

a N  2.aPGAfA t ]  I'IC~P¢~"I(A'A[2 3PGA] + ~ • ~I 

v K 2 2 " ~ P ( ~ A I q ' K ?  ' ' ' '  ! l q A K i ] ' ( i ' ; ' i - h 3 I ' ( ; A I  -t  K~2"~P"AI t ;~PqA[ , 'k l  i K~2 ' : 'PqAKA[  l ' ( ; : \ l  
(3) 

where all symbols are identical to tile mechanism above described except that Kl pea 
representing a dissociation constant of phosphoglycerate to the complex of E.  2,3PGAf 
PGA is introduced. Plotting I/V v e r s u s  i phosphoglycerate! at different concentrations 
of an activator and a fixed concentration of 2,3-diphosphoglycerate gives linear lines 

~0 

6O 

50 
7v 

4O 

o O,l 0,2 0.3 0N 0.5 0.6 
~3- and 2 phosphoglycecate~ (mM'~ 

1 
i 

o / 

i: 
( i' ) o 

/ f i " 

/ 2 0 F J  - 

0 0.2 0.4 0.6 0.8 
[~ Grid 2 phosphoglycerqte! (ml'¢) 

Fig. 8. Effects of equilibrated 3- and 2-phosphoglycerate on the act ivat ion of the 2,3-diphospho- 
glycerate phospha tase  act ivi ty by  phosphoglycolate.  The reaction mixture  contained, in 2 ml, o.2 
mM 2,3-diphosphoglycerate,  37 fig of the enzyme (component  I), o.i M acetate buffer (pH 5.9), 
the indicated concentrat ions of equil ibrated 3- and 2-phosphoglycerate and either no (()),  o. i mM 
phosphoglycolate  (O) or 0.2 mM phosphoglycolate  (&). 

Fig. 9. Effects of equilibrated 3- and 2-phosphoglycerate on the act ivation of the 2,3-diphospho- 
glyeerate phospha tase  activity by phosphohydroxypyruva te .  The conditions were the same as in 
Fig. 8 except t ha t  p h o s p h o h y d r o x y p y r u v a t e  instead of phosphoglycolate  was used. No phospho-  
hyd roxypy ruva t e  (O),  IoffM phosphohyd roxypy ruva t e  (O), 2offM p h o s p h o h y d r o x y p y r u v a t e  
(&), 4 ° ffM phosphohyd roxypy ruva t e  (ll). 
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having a meet point in second quadrant. The concentration of 2,3-diphospho- 
glycerate was fixed to be 0.2 raM. The results at different concentrations of phospho- 
glycolate and phosphohydroxypyruvate are shown in Figs. 8 and 9 indicating that  
the velocity of the phosphatase activity is changed in the manner being fit for 
Eqn. 3. This observation is consistent with the idea that  3- and 2-phosphoglycerate 
repress the activation of the phosphatase activity by phosphog|ycolate or phospho- 
hydroxypyruvate  through interactions with a common site on the enzyme. 

The values of Ki  POA and a can be also calculated from Figs. 8 and 9. The 
K/PGA value (0.2 mM) was well consistent with the value obtained from Fig. 2. The 
values of a (a = 12 for phosphoglycolate and a = 35 for phosphohydroxypyruvate) 
agreed with those of Table I I I  (a = 9.8 for phosphoglycolate and a = 32 for phos- 
phohydroxypyruvate).  

DISCUSSION 

Kinetic analyses of the 2,3-diphosphoglycerate phosphatase activity which is 
exhibited by yeast phosphoglycerate mutase have been investigated. In order to 
explain a role of the phosphatase activity in the mutase reaction pathway, a hypo- 
thetical mechanism incorporating the results in this paper and in the previous 
papers4,13 is presented in highly schematic form in Scheme i. 

Enzyme Mutas e Phosp hatase 
spec,es reaction react,on 

I ISubstr~lsite Coenzyme site I Active Inactive 
alto ( apparent ) 

r t 
3or 2PGA 2,3 PGA 

~E I n m I Inactive Inactive 

3or 2 PGA 

2,3 PGA 

]3Z: J t i l l  nm ] Inact ive Active 

t P 
A 2,3 PGA 

Scheme I. A hypothet ical  schematic model on a role of 2,3-diphosphoglycerate phosphatase  ac- 
t iv i ty  on the phosphoglycerate  mutase  reaction pa thway.  

I t  seems possible to explain observations in this paper by a ping pong mecha- 
nism 14. I t  should be noted, however, that  this mechanism seems to be unlikely in 
the yeast mutase reaction pathway as described in the previous paper4,13. 

Scheme i is proposed on the basis of the following observations. 
(I) Kinetic studies of the mutase activity 13 and chemical modification experi- 

ments ¢ indicated that  an enzyme species I in Scheme I is an active intermediate in 
the yeast mutase reaction pathway. As shown by an enzyme species II ,  the substrate 
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at a high concentrat ion combines with the coenzyme site to inhibit the nmtase 
act ivi ty  la. 

(2) The type  of inhibition observed at a high concentrat ion of the coenzyme in 
the nmtase reaction 4 indicates tha t  the coenzyme can combine with the enzyme at 
the substrate site as shown by an enzyme species I I i .  This was supported by the 
chemical modification experiments 4, Amino groups essential for the substrate binding 
in the mutase reaction were also required for the phosphatase act ivi ty (Fig. I). A wdue 
of Kin2, aPGA (o.22 raM) in the phosphatase reaction (Fig. 2) was very much larger 
than tha t  of Kin2, aPGA (o.8 /*M) in the mutase reaction and agreed with tha t  of 
K~ 2,aPGA (o.2-o.5 mM) in the nmtase reaction. The mixture of 3- and 2-phost~h,> 
glycerate functioned as competi t ive inhibitor of 2,3-diphosphoglycerate in the phos- 
phatase reaction (l;ig. 2). From these observations, it may be concluded that  an 
enzyme species i i l  is an active intermediate in the t)hosphatase reaction. The c() 
enzyme site was completely saturated with 2,3-diphosphoglyceratc under the experi- 
mental  conditions (L2,3-diphosphoglycerate] ~-- o.~ raM) enlployed flw tt,c determi- 
nation of  tire phosphatase activity,  since the value of K,[ ' ,  avoa in the mutase reaction 
was very small. 

(3) Such phosphate  compounds  as phosphoglycolate,  t )host)hohydroxypyruvate  
and phosphoenolpyruvate  gave a s t imulatory effect on the phosphatase activity. In 
the mutase reaction, these compounds  were competit ive inhibitors of the substrate 4. 
And these compounds inhibited tr ini trophenylation of amino groups essential 1))l- 
the substrate binding. From these results, it might  be concluded tha t  act ivatols  
combined with the enzyme at the substrate site. l"urthermore, the mode of a stinm- 
la tory effect on the t)hosphatase activity was consistent with such idea that  an 
enzyme species I I I  was an active intermediate in the phost)hatase reaction and 
activators exhibited their effects through interactions with the enzyme at the sub- 
strate site as shown by an enzyme species IV. These results indicate that  the cleavage 
of a phosphoester bond in 2,3-diphosphoglycerate occurs at the coenzyme site. 

From this model, it may  be mentioned tha t  the first step in the nlutase reaction 
is the hydrolysis of a phosphoester bond in 2,3-diphosphoglycerate at the coenzyme 
site. However,  this hydrolysis proceeds at first by the formati~m ~f an enz\qne 
substrate--coenzyme complex. A spatial conformation of the enzyme required for 
hydrolysis of 2,3-diphosphoglycerate may be induced by binding of the substrate. 
However,  acceptance of the t)hosphate group by the substrate results in proceeding 
of  the nmtase reaction and causes apparent  inhibition of the phosphatase activity.  
Such compounds as 2,3-diphosphoglycerate (bound at the substrate site), phospho- 
glycolate, phosphohydroxypyruwrte ,  and phosphoenolt)yruvate contribute to in- 
duction of this conformational  change through interactions with the substrate site. 
I t  was found that  phosphohydroxypyruva te  was more potential actiwttor than 
phosphoglycolate.  I t  is likely that  an act ivator  having high similarity to the sub- 
strate mav induce a more fawmrable conformation for tire phost)hatase ac t iv i t \ .  
And the most  efficient act ivator  m a y  be 3- or 2-phosphoglycerate. 

I t  was found that  different activation (~1) was exerted on the phosphatase 
activities of component  I and V, although K A wdues of actiwttors were almost the 
same in both components  (Table i II) .  I t  was reported that  difference in the specific 
act ivi ty of each component  was not due to alteration in K m  values for the substrate 
and the coenzyme but to alteration in the maximal  activi ty 15. The difference between 
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c o m p o n e n t  I a n d  V in t he  m u t a s e  a c t i v i t y  m a y  be asc r ibed  to  t h e  d i f ference  in 

s t i m u l a t o r y  effects  ( the va lues  of  a in T a b l e  III) on t h e  p h o s p h a t a s e  ac t iv i t i es .  T h e  

less e f fec t ive  i n d u c t i o n  of  a spa t i a l  c o n f o r m a t i o n  in c o m p o n e n t  V m a y  decrease  t he  

eff icient  hyd ro ly s i s  o f  2 , 3 -d iphosphog lyce r a t e  a n d  c o n s e q u e n t l y  t he  m u t a s e  a c t i v i t y .  
H o w e v e r ,  t he  di f ference b e t w e e n  c o m p o n e n t  I a n d  V in t he  va lue  o f  a d id  n o t  corre-  

spond  to  t h a t  in t he  m u t a s e  ac t iv i ty ,  s ince the  m u t a s e  a c t i v i t y  o f  c o m p o n e n t  V was  

a b o u t  5 %  of  c o m p o n e n t  I *. W h e n  t h e  s u b s t r a t e  combines  a t  t h e  s u b s t r a t e  site,  t he  

d i f ference  b e t w e e n  c o m p o n e n t  I and  V in t he  r a t e  o f  hydro lys i s  of  2 ,3 -d iphospho-  
g l y c e r a t e  m a y  co r re spond  to  t h a t  in t h e  m u t a s e  ac t i v i t y .  
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