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Summary ~ 

Liver cytosolic or mitochondrial  fractions of  five species were incubated 
with 30 pM Fe 2+ or with 100 pM Mn 2+ prior to assa~,ing for phosphoenol. 
pyruvate carboxykinase (GTP:oxaloacetate carboxy-lyase (transphosphorylat~ 
ing), EC 4.1.1.32) activity in the presence of  3-mercaptopicolinate. Only the 
cytosolic carboxykinases were activated 3--4-fold by Fe 2+ or Mn 2+. Fe 2+ en- 
hanced the inhibitory potency of  3-mercaptopicolinate 10--50-fold against the 
cytosolic and the mitochondrial  carboxykinases, bu t  Mn 2+ was ineffective. Mn 2+ 
interfered with Fe2+-enhancement of  inhibition by 3-mercaptopicolinate in a 
manner competit ive with Fe 2+. It is hypothesized that  Fe 2+ and 3-mercapto- 
picolinate form a coordination complex that  inhibits the carboxykinases and 
that 3-mercaptopicolinate does not  bind to a carboxykinase containing Mn 2+. 

Phosphoenolpyruvate carboxykinase (GTP :oxaloacetate carboxy-lyase 
(transphosphorylating), EC 4.1.1.32) activity is distributed between the 
cytosolic and mitochondrial  compar tments  in the liver o f  almost all mam- 
malian and avian species except  in the rat and mouse in which it is exclusively 
cytosolic. Previous information indicated that, unlike the cytosolic carboxy- 
kinases, the mitochondrial  carboxykinases did not  have a site that  bound di- 
valent transition metal ions not  complexed to a nucleotide. The activity of  the 
cytosolic carboxykinases from 6 animal species is enhanced much more than 
that of  the mitochondrial  carboxykinases by incubation with micromolar 
amounts  of  Fe 2+ or Mn 2+ prior to  assaying for enzyme activity and ferro- 
activator, a protein that  permits Fe 2+ to activate purified phosphoenol- 
pyruvate carboxykinase,  is found almost exclusively in the cytosol  of  these 
species [1].  Fe 2+ enhances the inhibition of rat liver cytosolic carboxykinase 
by the metal chelating agents, quinolinate or 3-mercaptopicolinate [2--5].  The 
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latter finding has prompted us to hypothesize that quinolinate and 3-mercapto- 
picolinate decrease the activity of the enzyme by forming complexes with Fe 2+ 
that inhibit the enzyme [4, 5]. Robinson and Oei [10] found that the 
mitochondrial carboxykinase from guinea pig liver responded less than the 
cytosolic carboxykinase to the inhibitors quinolinate and 3-mercapto- 
picolinate when Fe 2+ was not present. Because of the now widespread use of 
3-mercaptopicolinate as an agent for studying gluconeogenesis, we have com- 
pared the effects of Fe 2+ and Mn 2+ (the transition metal ion previously 
believed to be essential for phosphoenolpyruvate carboxykinase activity) on 
its inhibitory potency against the cytosolic and mitochondrial phosphoenol- 
pyruvate carboxykinases of several species. 

3-Mercaptopicolinic acid was a gift of Dr. Harry L. Saunders, Smith Kline 
Corp., Philadelphia Pa. Cytosol was the supernatant fraction obtained from 
centrifuging a 1 : 3 homogenate (w/v) of liver in 10 mM triethanolamine 
chloride pH 7.5, 0.25 M sucrose at 105 000 × g for 1 h. Mitochondria were 
isolated from the original homogenate of liver according to the method of 
Johnson and Lardy [7], except that the mitochondrial pellet was washed four 
to seven additional times to reduce contamination with cytosolic phosphoenol- 
pyruvate carboxykinase. Mitochondrial fractions were the supernatant frac- 
tions obtained from centrifuging mitochondrial pellets at 30 000 × g for 
30 min after they had been frozen/thawed 3 times on ethanol/solid CO2 in a 
volume of 5 mM HEPES/NaOH at pH 7.5 corresponding to 0.4 of the volume 
of the liver. 
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Fig. 1. Dixon plot of 3-mercaptopicolinate inhibition of rat l iver cy toso l i c  phosphoenolpyruvate carboxy- 
ldnase. Cytosol was incubated with 30 ~M FeC12 , 100 #M MnCI 2 or without  an added transition metal 
salt prior to assaying for e n z y m e  activity in the presence of 3-mercaptopico l inate .  Each point  is the 
mean of  4 or more determinations. The  s y m b o l s  beneath  the abcima indicate the scale of 3-mereapto- 
picolinate concentrations applicable to data points with the same symbol. 



295 

Phosphoenolpyruvate carboxykinase activity was assayed in the direction 
of phosphoenolpyruvate formation by the method of Seubert and Huth [8] in 
a final volume of 1.0 ml of 1.5 mM oxaloacetate, 2 mM Na3ITP, 3 mM MgC12, 
50 mM HEPES/NaOH pH 7.5 and the desired concentration of 3-mercapto- 
picolinate at 25°C as previously described [9]. The reaction was initiated by 
adding the incubation mixture described below and terminated by the addi- 
tion of 10 mg KBH4. A standard reaction time of 5 min was used. After the 
reaction mixture was deproteinized with HCIO4 and neutralized with KOH, 
phosphoenolpyruvate was determined by a standard enzymatic assay. Prior to 
enzymatic assay metal salts and 10 to 40 ~1 of subcellular fractions were in- 
cubated at 0°C for 10 min in a final volume of 0.2 ml 0.8 mM dithiothreitol, 
4.2 mM HEPES/NaOH pH 7.5 as previously described [4, 9]. The incubation 
was initiated by addition of metal salt and terminated by addition of 0.1 ml 
incubation mixture to 0.9 ml enzyme reaction mixture. 

Fig. 1 shows that although both Fe 2÷ and Mn 2+ increase the maximal 
velocity of rat liver cytosolic phosphoenolpyruvate carboxykinase, only Fe 2÷ 
significantly enhances inhibition of the enzyme by 3-mercaptopicolinate. 
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Fig. 2. D ixon  p lo t s  of  3 - m e r c a p t o p i c o l i n a t e  inh ib i t ion  o f  l iver  cy toso l ic  an d  m i t o c h o n d r i a l  phosphoenol- 
p y r u v a t e  ca rboxyk in~ses  of  f o u r  species.  C o n d i t i o n s  o f  e x p e r i m e n t s  and p lo t t i ng  o f  d a t a  are the  same  as 
in F i ~  1. The s y m b o l s  b e n e a t h  the  abcisaa ind ica te  the scale of  3 - m e r c a p t o p i c o l i n a t e  c o n c e n t r a t i o n s  ap- 
pl icable  to  d a t a  p o i n t s  w i th  the  same s ymbo l .  
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Essentially identical results were obtained with the carboxykinases in the 
cytosolic and mitochondrial  fractions from 4 other  animal species except  that  
Fe 2+, especially, and also Mn 2+, did not  significantly activate the 
mitochondrial  carboxykinases (Fig. 2). The lack of  strong inhibition of  the 
cytosolic enzymes activated by  Mn 2+ and the strong inhibition of  the 
mitochondrial  enzymes in the presence of  Fe 2+ indicate that  activation in it- 
self is not  necessary for inhibition by 3-mercaptopicolinate. Inhibition 
constants of  the enzymes that had been incubated with 30 ~M Fe 2+ prior to 
assaying for activity were 1/10 to 1/50 of  those when the enzymes were in- 
cubated with 100 pM Mn 2+ or wi thout  an added transition metal ion. In the 
absence of  added Fe 2+, inhibition was in many instances incomplete. The K i 
values of the Fe2+-treated cytosol  enzymes were similar or slightly lower than 
those of  the Fe2+-treated mitochondrial  enzymes (Table I). In the absence of  
added Fe 2+, inhibition of  the cytosolic enzymes tended to be greater than that 
of  the mitochondrial  enzymes. This might have been due to higher concentra- 
tions of  certain transition metals in some cytosol  fractions that  could permit  
3-mercaptopicolinate to inhibit the carboxykinase. Incubation o.f guinea pig 
cytosolic or mitochondrial  fractions with 5, 30 or 300 uM Mn 2+ instead of 
100 pM Mn 2+ did not  enhance inhibition by 3-mercaptopicolinate (data not  
shown). 

When rat liver cytosol  is incubated with Mn 2+ in addition to 30 pM Fe 2+, 
the K i of  3-mercaptopicolinate for phosphoenolpyruvate carboxykinase in- 
creases as the concentrat ion of  Mn 2+ is increased (Fig. 3). The pat tern demon- 
strates that  Mn 2+ interferes with but  does no t  prevent inhibition [10] of  the 
enzyme by 3-mercaptopicolinate-Fe 2+. Mn 2+ (3 mM) did not  decrease whatso- 
ever the absorption at 625 nm due to a complex formed by 0,15 mM 
3-mercaptopicolinate and 0.15 mM Fe 2+ at pH 7.5. Complexes of  Mn 2+ and 
3-mercaptopicolinate do not  absorb at this wavelength (data not  shown). Thus, 
the effect  of  Mn 2+ on 3-mercaptopicolinate inhibition must  have been due to 
an interaction with the carboxykinase rather than to a disruption of  a 

T A B L E  I 

E F F E C T  OF Fe 2+, Mn 2+ A N D  NO A D D E D  T R A N S I T I O N  M E T A L  ION ON 3 - M E R C A P T O -  
P I C O L I N A T E  I N H I B I T I O N  C O N S T A N T S  (/~M) F O R  L I V E R  C Y T O S O L I C  A N D  M I T O C H O N D R I A L  
PHOSPHOENOLPYRUVATE C A R B O X Y K I N A S E S  (PEPCK)  OF F I V E  A N I M A L S  

E x p e r i m e n t s  w e r e  p e r f o r m e d  as in Fig. 1. K i values  w e r e  the h o r i z o n t a l  i n t e r c e p t s  on  D i x o n  p lo t s  for 
lineax patterns .  For  non-lines.r pat terns ,  the K i w a s  the  3 - m e r c a p t o p i c o l i n a t e  c o n c e n t r a t i o n  d e t e r m i n e d  
graphical ly  w h i c h  gave 50% inhibi t ion .  In m o s t  cases, 2 or m o r e  e x p e r i m e n t s  bes ides  those  in Fig. 2 were  
p e r f o r m e d  wi th  c o n c e n t r a t i o n s  o f  i nh ib i to r  h igher  and  l o w e r  t h a n  its K i. 

An ima l  K i QRM) 

C y t o s o l i c  P EP CK Mi tochondr i a l  PEPCK 
wi th  added :  wi th  added:  

Fe 2+ Mn 2+ N o n e  Fe 2+ Mn 2+ N o n e  

R a t  5 217  47 
G u i n e a  pig 3 61 30 10 198 400  
Cow 14 140  195 13 178 630  
Pig 6 94  168 21 328 500 
Chicken  4 S2 * 8 123 100  

* M a x i m u m  inh ib i t ion  was  35%. 



297 

6 
INCUBATION MIXTURE Mn 2"1' (HM) 

5 - -  

4 -  0 _ 

3O 

V 

~. tO0 

_ _ o  I 1 I 
0 10 20  30 4 0  

3 - M E RCAPTOPI'COLINATE ()JM) 
IN REACTION MIXTURE 

Fig. 3. E f f ec t  of  Mn 2+ on inh ib i t ion  of  phosphoenolpyruvate c a r b o x y k i n a s e  by  3 - m e r c a p t o p i c o l i n a t e  • Fe 2+. 
R a t  l iver  c y t o s o l  was  i n c u b a t e d  with  30 #M FeCI z and  var ious  c o n c e n t r a t i o n s  of  Mn =+ p r io r  to assay ing  
for  e n z y m e  act iv i ty  in the  p r e s e n c e  of 3 -mercap top i co l i na t e .  Each p o i n t  is the  m e a n  of  2 or  m o r e  
d e t e r m i n a t i o n s .  

3-mercaptopicolinate-Fe 2+ complex. This is assuming that  the complex that 
absorbs at 625 nm is inhibiting the cytosolic enzyme and we have evidence for 
this (unpublished data). Results qualitatively similar to the above were ob- 
tained when the same concentrations of  Mn 2+ as in Fig. 3 and 5 pM or 100 pM 
Fe z+ were incubated with rat liver cytosol  prior to assaying for activity (data 
not  shown). 

The present s tudy shows that the liver mitochondrial  phosphoenol- 
pyruvate carboxykinases of four species are as sensitive as the cytosolic 
carboxykinases to inhibition by 3-mercaptopicolinate when Fe 2+ is present. 
This was unexpected because we had previously assumed that mitochondrial  
carboxykinases did not  bind transition metals not  complexed to a nucleotide 
as Fe 2÷ and Mn 2+ did not  activate the liver mito, chondrial carboxykinases of  
the same species used in the current  s tudy [1] and because of  the findings of  
Robinson and Oei ment ioned previously. This unresponsiveness was not  due 
to the absence in mitochondria  of  ferroactivator, a cytosolic protein which 
permits Fe 2+ to  activate the cytosolic carboxykinases [1, 11, 12] for the 
mitochondrial  carboxykinases were no t  activated when cytosol  from the 
same species or pure rat liver ferroactivator were added to the mitochondrial  
fractions [1]. 

Since iron is about  200 times more plentiful than manganese in the liver 
of  most  animals [13, 14], inhibition of the mitochondrial  phosphoenol- 
pyruvate carboxykinase as well as the cytosolic enzyme, will have to be con- 
sidered likely when 3-mercaptopicolinate is used to study gluconeogenesis. 
Robinson and Oei [6] have presented evidence that  3-mercaptopicolinate can 
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penetrate mitochondria.  Our unpublished data indicate that  complexes of 
3-mercaptopicolinate and Fe 2+ are charge neutral so these might also readily 
penetrate the mitochondrial  inner membrane.  

Speculation: The abilities of  Fe 2+ and Mn 2÷ to activate rat liver cytosolic 
phosphoenolpyruvate carboxykinase are similar [1, 2, 4, 12] (Figs. 1 and 2) 
so the affinities of  the two metals for the enzyme must  be similar. Thus when 
rat liver cytosol  was incubated with 30 pM Fe 2+ and 30 to 300 pM Mn 2+ in the 
absence of 3-mercaptopicolinate and activity stayed maximal (Fig. 3) some of 
the Fe 2+ bound  to the enzyme was probably displaced by Mn 2+ as its con- 
centration was increased. That  Mn 2+ interferes with bu t  does not  prevent in- 
hibition of phosphoenolpyruvate carboxykinase by 3-mercaptopicolinate.  Fe 2+ 
(Fig. 3) indicates that  Mn 2+ must compete  with 3-mercaptopicolinate and/or  
Fe 2+ for a common site on, or the same form of, the enzyme.::!n other  words, 
the enzyme is no t  as strongly inhibited when it contains Mn2~ because 
3-mercaptopicolinate does not  bind as tightly to Mn 2+ on the enzyme as it 
does to Fe 2+. 
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