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The effect of cations on the electrophoretic mobility and substrate binding 
properties of pyruvate kinase* 

A number of enzyme systems are stimulated by, or show an absolute require- 
ment for, a univalent cation 1. A theory of enzyme activation by univalent cations 
which satisfies available evidence is to consider such enzymes to be flexible and their 
shape dependent on the cationic environment. Thus, when activator ions are bound 
to charged groups on the protein, the conformation is assumed to be such as to expose 
the active site which would remain buried in the conformation resulting from the 
binding of non-activator ions 1. Positive evidence of a conformational change between 
such an enzyme in a medium containing K +, an activator, and one containing Li +, a 
non-activator, would provide support for the above theory. Various at tempts  have 
been made to show a differential effect of various univalent cations on some physical 
parameter of a univalent cation-activated enzyme 2-5. The present study reports the 
electrophoretic mobility of pyruvate kinase (ATP:pyruvate  phosphotransferase, 
EC 2.7.1.4o ) in various environments. In addition, substrate binding studies have been 
made to supplement the conclusions reached by electrophoretic studies. 

In using electrophoretic and gel filtration techniques the time required for 
equilibrium to be reached between enzyme, activators and substrate is negligible 
compared with the period of electrophoresis and chromatography and it is assumed 
that  at near saturating concentrations of activators and substrate the protein exists 
as a single complex with no free protein. 

Electrophoretic mobility was measured using a Perkin--Elmer Model 38 electro- 
phoresis unit. Rabbit  muscle pyruvate kinase (Calif. Biochem. Co. A grade) was 
suspended in the desired buffer medium and equilibrated with the same medium on 
Bio-gel P-2 columns (Bio-Rad Laboratories). The monocyclohexylammonium salt of 
phosphoenolpyruvate and Tris-ADP were adjusted in solution to pH 7.4 with Tris. 
The buffering system was o.oi M Tris-HCl (pH 7.4) in all experiments and the pH 
remained within ~ o.05 pH units. 

Table I shows the results of experiments in which the electrophoretic mobility 

T A B L E  I 

THE EFFECT OF THE CATIONIC ENVIRONMENT ON THE ELECTROPHORETIC MOIIILITY" OF PYRUVATE 
K I N A S E  

E a c h  e l e c t r o p h o r e s i s  m e d i u m  c o n t a i n s  o .o i  M T r i s - H C 1  (p H  7.4) a n d  t h e  c o n c e n t r a t i o n  of  sa l t s  
i n d i c a t e d .  T h e  p r o t e i n  c o n c e n t r a t i o n  wa.s 2 m g / m l ,  t h e  t e m p e r a t u r e  o ~ a n d  t h e  p o w e r  2 \V. D a t a  
r e p o r t e d  a r e  t he  m e a n s  o f  a t  l eas t  t w o  r e p l i c a t e  d e t e r m i n a t i o n s .  

E x p t .  ,4 ddi t ions  to electrophoresis Resis tance Curren t  Alobi l i tv  "/, z o 5 
No.  m e d i u m  of  m e d i u m  ( .4 )  (cm'-'. I ~'x .sec - t )  

(£2) 

I o . I  3I KCI 129 o.o16 1.3o -}: 0.03 
2 o . I  M l.iC1 i74  o .o i  4 1.32 .:: 0.02 
3 o . I  M KCI, o .o i  M MgCI z lO9 o.o18 0.99 ~.. o.o2 
4 o . I  M LiCl, o .oI  M MgCl 2 I45  o.ox5 o .8I  !- o.o 3 

• T h i s  is t e c h n i c a l  p a p e r  No. 2376 of  t he  O r e g o n  : \ g r i c u l t u r a l  E x p e r i m e n t  S t a t i o n .  
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of p y r u v a t e  kinase was measured in media  conta in ing  the chloride salts  of  various 
cations.  No apprec iable  difference was de tec ted  between the mob i l i t y  in o.I  M KCI 
versus t ha t  in o.I  M LiC1, both  cases y ie ld ing an anodic migrat ion of  approx.  I.  3 • IO -s 
cm 2. V -~ .see -~. Thus, any  conformat ional  var ia t ions  in p y r u v a t e  kinase caused by  
an exchange  of non-ac t iva t ing  Li + by  ac t iva t ing  K + cannot  be de tec ted  by  the techni-  
que as appl ied  here. 

When  o.oi  M MgC12 (Table I, lines 3 and 4) was added  to the enzyme in bo th  
the K ~ and Li + envi ronment ,  a differential  decrease in mobi l i ty  occurred so tha t  the  
enzyme in K + plus Mg '~- migra ted  at  9.9" IO-6 cm 2 . V-a.  sec -~ whereas the mob i l i t y  
of the enzyme in Li + plus Mg ~+ was 8.1 • IO-6 cm2. V- t .  sec -1. The above results could 
indicate  e i ther  a conformat iona l  difference or an excess of Mg 2~ binding to the prote in  
in the  Li + envi ronment .  Meaningful measurements  of metal  ion binding to the enzyme 
by  techniques  equiva lent  to equi l ibr ium dialysis  were not  possible in med ia  where the 
concent ra t ions  of such ions were massive in comparison to the molar  concent ra t ion  of 
enzyme.  Tha t  Mg 2- can affect the fine s t ruc ture  of p y r u v a t e  kinase was clearly demon- 
s t r a t ed  by  the u l t rav io le t  difference spec t rophotomet r ic  studies of KAYXE AYD 
SUV:I:rER 6. The work of 3']'ELCHIOR 7 indicates,  however,  tha t  .X'Ig 2~- functions in the 
p y r u v a t e  kinase react ion by  forming a M g - A D P  complex.  

There is evidence to suggest tha t  the b inding of subs t ra tes  may  cause a confor- 
mat iona l  change in p y r u v a t e  kinase ~. I t  was of interest  therefore to de termine  whether  
electrophoresis  could de tec t  an effect of K + versus Li e on the enzyme in the presence 
of subst ra tes .  The e lec t rophoret ic  mobi l i ty  of p y r u v a t e  kinase was measured therefore 
in the  presence of e i ther  phosphoeno lpyruva te  or A D P  at concentra t ions  greater  t han  
9 o %  of tha t  required for max imal  ac t iv i ty  8. During pre l iminary  invest igat ions  of  
e lectrophoresis  in the presence of phosphoeno lpyruva te  a progressive decrease in 
e lec t rophore t ic  mobi l i ty  was observed,  whether  K + or Li + was the p redominan t  
univa lent  cat ion in the medium.  If, af ter  equi l ibra t ing  with  the desired medium,  the  
enzyme was incubated  at  4 ° for 1. 5 h prior  to electrophoresis,  a cons tant  mobi l i ty  was 
a lways  obta ined.  No fur ther  inves t igat ion of the effect of phosphoeno lpyruva te  on 
the ini t ia l  changes in mobi l i ty  of the enzyme has been conducted.  

Table  II  shows a comparison of the effect of  subs t ra tes  on the e lec t rophore t ic  

T A B L E  i i  

T H E  I N F L U E N C E  O F  C A T I O N I C  E N V I R O N M E N T S  ON Ti l l : ;  E L E C T R O P H O R E T I C  M O B I L I T Y  OF P Y R U V A T F .  

K I N A S E  I N  T I l E  P R I g S E N C E  O F  S U  B S T R A T E S  

T h e  e l e c t r o p h o r e t i c  c o n d i t i o n s  w e re  a s  in T a b l e  I e x c e p t  fo r  t i le  a d d i t i o n s  as  i n d i c a t e d .  KC1, LiCI,  
o . i  M:  MgCI v o .o I  M ;  p h o s p h o e n o l p y r u v a t e ,  r . 2 8 .  i o  -4 M;  A l ) P ,  7 .3"  i o -*  M. D a t a  r e p o r t e d  a r e  
t h e  m e a n s  o f  a t  l e a s t  t w o  r e p l i c a t e  d e t e r m i n a t i o n s .  

Expt . . . .  1 dditions to electrophoresis medium Resistance Current Mobility × lO 5 
.Vo. of medium (A ) (cm 2 V--Xsec .l) 

(~)  

x KC1, MgCI~, p h o s p h o e n o l p y r u v a t e "  t o  7 o . o 1 8  0 .97  t .  0 .03  
z LiCI, MgCI 2, p h o s p h o e n o l p y r u v a t e "  i 43  o . o r 6  0 .82  -t: 0 .03  
3 KC1, 3'IgC1 v A D P  i o 8  o . o 1 8  I . I 9  -1- 0 .03  
4 LiC1, MgCl~, A D P  i 4 4  o . o x 6  o .97  -t- o .o2  

• T h e  p r o t e i n  w a s  i n c u b a t e d  in t h e  e l e c t r o p h o r e s i s  m e d i u m  fo r  1.5 h p r i o r  t o  t h e  e l e c t r o -  
p h o r e s i s .  
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mobility of pyruvate  kinase in either a medium containing K + and Mg 2+ or one con- 
taining Li-  and Mg 2+. Results in the presence of phosphoenolpyruvate  after a period 
of incubation of 1.5 h at 4 ~> (see "Fable II, Experiments  I and 2) were similar to those 
shown in Table I (Expts. 3 and 4) for the mobility of the enzyme in the same cationic 
environment but in the absence of phosphoenolpyruvate.  When phosphoenolpyruvate  
was replaced by ADP (Table II,  Expts.  3 and 4) the electrophoretie mobility was 
increased no matter  whether K + or Li+ was the predominant  univalent cation species 
present. Thus, the influence of a given substrate on the electrophoretic mobility is the 
same no mat ter  whether K + or Li-  is present. 

Substrate binding was studied using the procedure of HL'.~tMEI. AND DREYER ~a in 
which the binding of a small molecular weight species to a protein takes place during 
the passage of the protein sample through a gel filtration colunm. In those experiments  
in which ADP binding to pyruvate  kinase was studied, the concentrat ions of both 
enzyme and ADP were calculated by developing simultaneous equations for their 
absorbance at 280 and 260 m/z and solving ff)r ADP or protein concentration. Figs. IA 
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Fig .  x. The  b i n d i n g  of  ADI. '  to  p y r u v a t c  k i n a s c  as  i n f luenced  b y  u n i v a l e n t  c a t i o n  sa l t s .  S ~ m p l e s  
c o n t a i n i n g  6 mg  of  p y r u v a t e  k i n a s e  in 0..5 ml  of  m e d i u m  were  c h r o m a t o g r a p h e d  on Bio-ge l  P-2 
c o l u m n s ,  t I  cm x t . i  cm,  e q u i l i b r a t e d  w i t h  t he  s a m e  m e d i u m .  The  flow r a t e  was  o. 3 m l / m i n  
The  m e d i u m  c o n t a i n s  (A) O.Ol M Tr i s  .HC1 ( p t l  7.4), o .o l  M MgC12, o . l  M KC1, 6.87 - lo  ~ M A D P ;  
(13) Tr i s  a n d  .MgCl 2 as  in A, o . t  M l.iC1, 7.57" l ° - ~  M A D I  ). T h e  p r o t e i n  e l u a t e  wa.n c o l l e c t e d  as  
s a m p l e s  of  3 d r o p s  f rom w h i c h  were  t a k e n  o . l  m l  a l i q u o t s  for d i l u t i o n  for a b s o r b a n c e  m e a s u r e -  
m e n t s .  Q), A D P ;  A ,  p ro t e in .  

and IB present the results of experiments designed to determine the effect of K~ 
v e r s u s  Li+ on the binding of ADP to pyruvate  kinase. Calculations reveal that  1. 7 
molecules of ADP are associated with each molecule of enzyme no matter  whether K (- 
or Li + is present in the equilibrating medium. 

Phosphoenolpyruvate  binding was studied by a similar procedure and calculation 
showed that  approximately  two excess molecules of phosphoenolpyruvate are as- 
sociated with each molecule of enzyme no mat ter  whether K +, an activating cation, 
or Li +, a nonactivat ing cation, are predominant  in the protein environment.  Phospho- 
enolpyruvate  binding to pyruvate  kinase in an act ivator  environment has been 
previously reported by REYNARI) et al .  s. 

The results indicate that  one cannot envisage K + causing a conformational 
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change in the enzyme thereby exposing buried active sites. For it is obvious that sites 
for substrate binding are available whether an activator univalent cation is present or 
not. Thus, a proposed enzyme conformation 5 induced by K + and essential for phos- 
phoryl transfer, could be attained either before or after substrate binding but must be 
important at some later stage in the overall mechanism. One can imagine that any 
conformational change involved need be only small, perhaps explaining wily so little 
success has been obtained from most of the existing methods of detecting confor- 
mational variations. 

This investigation was supported in part by Research (;rant AMo8123 from the 
U.S. Public Health Service. The authors are indebted to Dr R. R. BECKER for both 
theoretical and practical help. 
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The inhibition of univalent cation activated enzymes by tris(hydroxymethyl) 
aminomethane 

Many enzyme systems are stimulated by or show an absolute requirement for 
a univalent cationk K + is commonly the most effective ion, and in general, enzymes 
requiring univalent cations are not activated by Li ~. Various organic cations such as 
Tris + and tetramethylammonium + also fail to activate and have been used widely, 
therefore, in buffering systems where univalent cation requirements are being studied. 
In addition to failing to substitute for K + as a univalent cation activator, Li ~ frequently 
has been shown to inhibit certain enzymes in environments containing K + (refs. 2 6). 
The type of inhibition has rarely been studied adequately, but occa.sionally, has been 
shown to be competitive with K + (refs. 2, 6). The question then arises whether non- 
activators of enzymes such as Tris can also inhibit competitively, in which case 
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