
BIOCHIMICA ET BIOPHYSICA ACTA 367 

BBA 65699 

Hg2+-INDUCED DISSOCIATION OF EXCHANGE REACTIONS FROM CATAL- 

YTIC ACTIVITY OF 2,3-DIPHOSPHOGLYCERATE-DEPENDENT PHOSPHO- 

GLYCEROMUTASES 

SANTIAGO GRISOLIA, ANTONIO TORRALBA AND JOSEFINA TECSON 

Department of Biochemistry, University of Kansas. Medical Center, Kansas City, Kan. (U.S.A .) 

(Received October 3rd, 1967) 

SUMMARY 

I. The rate of 3-phosphoglycerate exchange with 2,3-diphosphoglycerate cata- 
lyzed by phosphoglyceromutase (EC 2.7.5.3 ) increases in the order, rabbit < yeast < 
chicken enzymes. 

2. Treatment of the chicken and of the rabbit muscle mutase with Hg 2+, a 
procedure known to increase their 2,3-diphosphoglycerate phosphatase (EC 3.1.3.13 ) 
activity and to decrease their mutase activity, caused 149 and 294 % increase, respect- 
ively, in their rate of exchange. The phosphatase activity of the yeast enzyme which is 
not affected by Hg 2+ remained also unaffected after Hg ~+ treatment in so far as ex- 
change rates between 3-phosphoglycerate and 2,3-diphosphoglycerate. 

3. The experimentally observed ~2p incorporation from 3-phosphoglycerate into 
2,3-diphosphoglycerate was close to that theoretically expected when equilibration 
of the reaction was reached. 

4. The phosphatase activity showed no direct relationship to the rate of the 
32p exchange between 3-phosphoglycerate and 2,3-diphosphoglycerate. 

INTRODUCTION 

Phosphoglyceronmtase (2,3-diphospho-D-glycerate :2-phospho-D-glycerate phos- 
photransferase, EC 2.7.5.3) catalyses the conversion of 3-phosphoglycerate (3-P- 
glycerate) to 2-phosphoglycerate (2-P-glycerate). This type of phosphoglycero- 
mutase requires 2,3-P2-glycerate and is found in animal tissues and in yeast 1. SUTFIER- 
LAND, POSTERNAK AND CORI 2, on the basis of isotope exchange experiments, postulated 
an intermolecular phosphate transfer similar to that carried out by phosphogluco- 
mutase 3, as per Reaction I: 

C C C C 
J I I I 
C + C-P # C-P + C-P 

I I I I 
C-P C-P C-P C 

3-P-glycerate 2,3-P2-glycerate 2-P-glycerate 

Abbreviation: PEP,  phosphoenolpyruvate. 

(1) 

Biochim. Biophys. Acta, 151 (1968) 367-372 



368 S. G R I S O L I A ,  A. TORRAI .BA,  J .  TKCSON 

R a d i o a c t i v e  e,3-P2-glycerate  was ob ta ined  af ter  a2p-labelled 3-P-g lycera te  was 
incuba ted  with unlabel led e ,3-P2-glycerate  in the presence of nmtase.  However,  in 
none of thei r  exper iments  were they  able to t ransfer  the theore t ica l  amoun t  of a'.,p 
in 2,3-P, ,-glycerate;  we know now tha t  this  is a reflection of the env inmmen ta l  eon- 
di t ions,  pa r t i cu la r ly  salt  concent ra t ionL 

In spite  of f a i r l \  extens ive  inves t igat ions  the  mechanisln of actium of tim 2,3-1'. _, 
g lyce ra te -dependen t  mutase  is not fully unders tood.  The presence ~)1: 2,3-dit~hosph~- 
g lycera te  phost)hatase (2 ,3-diphospho-n-glycerate  2-phost)hohydrolase,  EC 3.I .3.I3)  
a c t i v i t y  in phosphog lycenmmtase  has added  to the  problem of e luc ida t ing  the l a t t e r ' s  
mechanism of action. Recent ly  we found tha t  Hg" '  inhibi t  the mutase  ac t iv i ty  with 
concomi tan t  activati(>n of the phospha tase  ac t iv i ty ,  alld tha t  this effect is reversible a. 
This effect was (fl)served with the mutases  from animal  s o u r c e s  o n h :  the mutase  l~rom 
yeas t  as well as the non-2 ,3-Pe-glycera te-dependent  inutases remained unaffected by  
Hg el . 

Of a fair ly extensive nulnber  of kinet ic  and molecular  parameters ,  onh '  small  
changes in K , ,  and in opt ical  ro ta t ion  were found between Hg z ~ - t rea ted  and -un t rea ted  
enzyme samples. I t  appeared  then of much interes t  to de te rminehow the Hg" ~ t r ea tmen t  
of the mutase  with the concomi tan t  increase in phosl)hatase ac t iv i ty  would aft\~ct aq) 
exchange flom 3 P-g lycera te  into 2,3-Pz-glycerate.  The increase in i )hosphatase  
ac t i v i t y  does change the ra te  of a21~ incorpora t ion  into 2,3-P2-glyceratc.  These s tudies  

are presented  in this  paper .  

E X P E R I M E N T A l .  I'I{()(71~21 )U I{E 

M a t e r i a l s  alzd met lzods  

Phosphoglyceronmtases  were ob ta ined  as previously  descr ibed ~;. 
The p repara t ion  of rad ioac t ive  2,3-P,,-glycerate was based on the work o f  

(;RlSOH:\, .loYCt~; A~n lq-~Naxn~.-z v. 25 ml of fresh human hepar inized blood in a 

sil iconized tube were incubated  with I ml sodium phospha te  (approx.  5 mC/ml), 
o.I  ml o fo .o  5 M NaaPO 4 and o. 3 ml of ~-5 M NaC1 at  3 8o for 5 h, mixing cont inously  by  
the slow bubbl ing  of ()., CO.,, (!)5:5)- After  centr i fugat ion,  the  e ry th rocy tes  were washed 
twice with 15 ml of o. 15 M NaC1. 1.5 vol. ()f wate r  and 2 ml of 6 M HC1 were added,  and  
then hea ted  in a boi l ing-water  ba th  fl)r 3 ° rain. After  centr i fugat ion the supe rna t an t  
fluid was ad jus ted  to pI-] 1.8 5 with l . iOH. The solut ion was perco la ted  th rough  a 
column (I cm - 9.5 cm) of Dowex I - X  8 resin (o, oo 40o mesh, (2l) .  The eolunm was 
washed with water  (approx.  5 ° ml) unt i l  the effluent was clear and colorless. The 
a"P-labelled e , 3 - P ~  glycera te  was e lu ted  with , o m l  of o. 5 M NaC1 o.5 M HCI, brought  
to pH 7 with KOH and used as such in the  p repara t ion  of aap-labelled 3-P-g lycera te  as 
follows: 1.7~ #moles  of a2P-labelled z,3-P.,-glycerate,  Io #moles  of 3- t ) -glycerate ,  eo 
/~moles of Tris buffer (pH 7.3) and  Io  units  of chicken breas t  inuscle mutase  (free f rom 
enolase) in a to ta l  volume of I .e  ml were incubated  at  3 o,> for Io rain. The mix tu re  was 
hea ted  in a boi l ing-water  ba th  for IO rain, cooled and d i lu ted  with I ml of o.I  M 3-P-  
g lycera te  and 2 ml of water.  The rad ioac t ive  3-P-g lycera te  was purified using the 
method  of I{AI~TI.I~:I7T s. The a2p-labelled 3-P-g lycera te  ob ta ined  was frec tr(ml 2,3-- 
P, ,-glycerate and Pi but  conta ined I 4 %  of a~p as e-I  ) g lycera te  (resulting from equili- 

b ra t ion  with 3-P-g lycera te  during incubat ion) .  

/'io( him. 13i,*ph3'.s.. I ~a, r .~, (19~i8) 3 ~, 7 37-' 
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HgCl 2 treatment 
Three mg of enzyme, o.2/~mole of HgC12, and 5o/,moles of Tris buffer (pH 7.3) 

in a total  volume ofo.6 ml were incubated for 5 min at 38°. The supernatant fluid, after 
centrifugation, was used for the exchange experiments (increasing the amount of 
HgC12 did not produce marked changes in phosphoglyceromutase and/or phosphatase, 
in confirmation of previous findings) 5. 

Exchange experiments 
Ten/~moles of 32p-labelled 3-P-glycerate, I / ,mole  of 2,3-P2-glycerate, 5 #moles 

of MgSOa, 5 °/~moles of Tris buffer (pH 7.3) and 7 units of enolase (mutase free) were 
mixed in a total volume of 1.6 ml. The mixture was allowed to stand at 3 °° until the 
initial 2-P-glycerate present in the mixture equilibrated with phosphoenolpyruvate 
(PEP) as observed by no further change in A 24o ms. o.I ml of the incubation mixture 
was then withdrawn and IO #1 containing 2 units of mutase were added. I t  should be 
kept in mind that  in order to add the same amount of mutase activity, the protein in 
the samples of the partially inactivated Hg2+-treated animal mutases was approx. 
5O-lOO larger than for the control samples. The reaction was followed at 3 °° by reading 
A 24o ms. From time to time o.i-ml aliquots were taken and immediately added to 
20/~1 of 5 M HC10,. After about 2 min at room temperature they were heated in a 
boiling-water bath for 5 min. The samples were brought to pH 9-1o with dilute KOH 
using phenolphthalein as indicator (end point, pale pink color). The final volume of 
the samples which were now ready for chromatography was 0.2-0.3 ml. 

For chromatography, prewashed Whatman No. I paper and tert.-amyl alcohol- 
formic acid-water (3:2 :I, by vol.) were used 9. 50/~1 of the samples were chromatograph- 
ed along with o . I / ,mole  each of non-radioactive 2,3-P2-glycerate and 3-P-glycerate 
(both at pH IO) for 14 h at room temperature. The phosphate compounds were detected 
by spraying the dried chromatogram with o.I °/o FeC13 in 75 % ethanol, followed by  
I °/o sodium-potassium salt of sulfosalycylic acid °. 

Spots corresponding to 2,3-P2-glycerate (1.5 inch × i inch) and mixtures of 
3-P-glycerate, P E P  and Pi (1-5 inch × 2.5 inch) were cut and the 32p measured as 
previously described 9. 

The amount of 2-P-glycerate formed was calculated from the measured value 
for PEP. Under our experimental conditions, 1. 4 ,umoles of 2-P-glycerate formed 
corresponded to I #mole of PEP  measured. The molar extinction coefficient of P E P  
at 24 ° m# was taken as 1.75. IO a. 

Phosphatase measurements 
2,3-Diphosphoglycerate phosphatase was measured by modification of a previ- 

ously published procedure lo as follows: 3/,moles of 2,3-P2-glycerate, 50 #moles of Tris 
buffer (pH 7.4) and about 0.3 mg of the enzyme in a total  volume of I.O ml were mixed 
and incubated at 380 for 30 min. The incubation was stopped by the addition of I ml 
lO% HC104, centrifuged and the supernatant fluid was assayed for Pi. 

RESULTS AND DISCUSSION 

Fig. I shows, in confirmation of previous findings4, 9, that  the synthesis of 2-P- 
glycerate is faster than the 32p incorporation of P-glycerate into 2,3-P2-glycerate with 
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both non- t rea ted  and  Hg 2÷- t reated rabbi t  muscle mutase.  Moreover, as i l lustrated, 
the incorporat ion of 32p into 2,3-P2-glycerate with the Hg2+-treated enzyme is faster 
than  with the un t rea ted  enzyme. However, as expected, as the reaction approaches 
equi l ibr ium the values obta ined  with the un t rea ted  enzyme approach those obta ined 

with the Hg2+-treated enzyme. 
Although not  i l lustrated for compactness of presentat ion,  similar experiments  

carried out with chicken breast  muscle mutase  showed a greater rate of exchange of 
32p-labelled 3-P-glycerate and 2,3-P2-glycerate with the Hg2+-treated enzyme than  
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Fig. i. The effect of Hg ~ on the mutase and exchange reaction of rabbit muscle phosphoglycero- 
mutase. The conditions were as described in the text. The amounts of 2,3-P2-glycerate found 
to be exchanged with 3-P-glycerate at the indicated amounts of 2-P-glycerate formed are re- 
corded in the ordinate. 
Fig. 2. The effect of Hg "°~ on the mutase and exchange reaction of yeast phosphoglyceromutase. 
The conditions were as described in the text. The amounts of 2,3-P2-glycerate found to be ex- 
changed with 3-P-glycerate at the indicated amounts of 2-P-glycerate formed are recorded in 
the ordinate. 

with the na t ive  mutase.  Again, as expected, the amoun t  of 32p incorporated into 
2,3-P2-glycerate as the reaction approaches equil ibrium, is essentially the same in 
both  cases. I t  should be noted also tha t  the rate of exchange both for the non- t rea ted  
and for the Hg2+-treated chicken muscle enzyme is slower than  for the formation of 

2-P-glycerate.  
The yeast enzyme showed a different behavior.  Although again the exchange 

rate is slower than  for the synthesis of 2-P-glycerate this enzyme, which is not  affected 
by  Hg 2+, shows no change in the rate of exchange whether Hg 2+ is present or not 

1 H "2~ complex (see Fig. 2). These experiments  fur ther  confirm that  it is the enz 3 me-- ~ 
or the 'a l tered '  enzyme, and  not  the Hg 2+, tha t  causes the difference in the rate of 

exchange. 
I f  it is assumed tha t  the phosphoglyceromutase action proceeds as postulated 

by  SUTitERLAND, POSTERNAK AND CORI 2, it could be expected tha t  in a system con- 
ta in ing  an excess of 3=P-labelled 3-P-glycerate and I / , m o l e  of 2,3-P2-glycerate, when 
I /,mole of 2-P-glycerate is formed, I phosphate in the 2,3-P2-glycerate should be 

labelled, as i l lustrated in React ion 2. 

c c c c 
I I I I 
C + C P ~ - ~ C - P  + C-P (2) 
I I / q 
C-P* C-P C-P* C 
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When 2/~moles of 2 P-glycerate are formed, both of the phosphate groups in the 
cofactor will be labelled as illustrated. 

C C C C 

I I I I 
C + C-P . , C-P" + C-P 

I I I I 
C-P* C-P" C-P" C 

(3) 

From here on, further synthesis of 2-P-glycerate will not increase the specific activity 
of the 82P-labelled 2,3-P2-glycerate. 

In the systems used in this paper I ml of the incubation mixture contained 6.25 
/~moles of 32P-labelled 3-P-glycerate and 0.625 /,mole of 2,3-P2-glycerate. If  the 
reaction proceeds as postulated by SUTHERLAND, POSTERNAK AND CORI 2, it is possible 
to calculate the values of 8zp at all stages of the reaction. Calculations were carried out 
from data similar to that illustrated in Figs. I and 2, and the experimental data agreed 
very closely with the theoretical. I t  is of interest that  the amount of 3zp incorporated 
into 2,3-P~-glycerate leveled off in all cases when about 1.7 #moles of 2-P-glycerate 
were synthesized. 

Table I presents a comparison of mutase, exchange and phosphatase activities 
of several phosphoglyceromutases. It  appears that the HgZ+-induced increase in the 
2,3-diphosphoglycerate phosphatase activity of the animal mutases results in an 
increase in the extent of 3zp incorporation into 2,3-P2-glycerate. However, there 
appears to be no direct relationship between the phosphatase activity and the rate of 
exchange into 2,3-Pe-glycerate with enzyme from different sources. With the untreated 
enzymes, the yeast mutase, with nearly 3 times more phosphatase activity than the 
rabbit and chicken enzymes, incorporated less 32p into 2,3-P2-glycerate than the 
chicken enzyme. Moreover, under the same conditions, the rabbit enzyme, having 
about the same phosphatase activity as the chicken enzyme, exchange, up to the 
point when 1.25/,moles of 2-P-glycerate are formed, only half as much 3zp into 2,3-P2- 
glycerate as the chicken enzyme. 

As previously shown the Hg 2+ treatment affects slightly the Michaelis constants 
of both the mutase and phosphatase activities of the animal enzymes ~. It  seems that 
the combined effect of the increased phosphatase and of the exchange rate shown in 

TABLE I 

THE INFLUENCE OF Hg  2+ TREATMENT ON MUTASE, EXCHANGE AND 2,3-DIPHOSPHOGLYCERATE 
PHOSPHATASE ACTIVITIES OF SEVERAL PHOSPHOGLYCEROMUTASES 

The actual  values for the enzyme prepara t ions  used were as follows: Mutase, 24oo units  for all 
three preparat ions;  the initial velocity of the exchange reaction was o.35 , o.66, and o.73 the 
mutase  velocity for the rabbit ,  yeast,  and chicken preparat ions,  respectively. The 2,3-diphospho- 
glycerate phosphatase  act ivi ty of the unt rea ted  prepara t ions  was o.62, o.87, mad 2. 3/~moles of  
Pl liberated in 3 ° min per mg protein 9 for rabbit ,  chicken, and yeast  preparat ions,  respectively. 

Enzyme 
preparation 

% of initial activity after Hg~+ treatment 

Mutase Exchange Phosphatase 

Rabbi t  muscle 2 294 205 
Chicken muscle I 149 26o 
Yoast  i o o  i o o  i o o  

Biochim. Biophys. Acta 15i (1968) 367-372 
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this paper would be of opposite signs to the Km change previously reported;  tha t  is to 
say, a lower affinity for the 2,3-P2-glycerate should facilitate exchange as per Reacti(m 
i. Thus, the most likely possibility is tha t  one of the kinetic constants,  is affected. 
"['he present findings, taken in conjunction with previous investigatimls4,'~, ' ' ,  indicate 
tha t  both the kinetic and the structural  behavior of phosphoglyceromutase are 
affected by  Hg 2. as well as by  cofactor and salt. 

I t  has been shown recently n tha t  at both high and low ionic strength the initial 
velocity pat terns  are the same, and show a basic ping-pong pattern with competi t ive 
substrate inhibition bv both substrates. We have outlined a mechanism which predicts 
the observed initial velocity pat terns  regardless of the size of  the rate c(mstants or the 
kinetic constants  which are combinat ions of rate constants. We have shown that  most 
likely at low ionic strength 2,3-P2-glycerate m a y  dissociate froln the enzyme ~mlv once 
in every hundred thousand catalyt ic  cycles, al though its presence is still needed to 
prevent  accumulat ion of inactive free enzyme, and possibly to convert  it int,) an active 
form. At high ionic strength tlle dissociation of 2 ,3 -P :g lycera te  would be so much 
faster than the lnaximum velocity tha t  tile enzyme 2,3-P2-glycerate complex would 
completely exchange with free 2,3-P2-glyeerate and less label w(mld find its way into 
2-P-glycerate. 

The proposed mechanism is a combinat ion of React ion I and Reaction 4, with 
the proportion of each depending on environmental  conditions4, n, and as sh()wn here, 
on modifiers 12 such as Hg ~ .  

3-P-glycerate ~_ 2-P-glvcerate (~) 

I t  seems from these and from previous experiments tha t  the combination of the 
Hg 2~ probe with low and high salt concentrat ion experiments at several levels of 2,3- 
P : g l y c e r a t e  may  be of value in clarifying the mechanism of the reaction. It will be of 
part icular  interest to see if the exchange reaction can be increased above the catalytic 
reaction at high salt concentrat ion and in the presence of Hg 2~ . 
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