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ABBREVIATIONS 

Bt
2

-cAMP 

cAMP 

Fru 6-P 

Fru 1 ,6-P
2 

Glc 6-P 

FDPase 

PK 

PFK 

VIII 

dibutyryl adenosine 3 1 ,5 1 -monophosphoric aci·d 

adenosine 3 1 ,5 1 -monophosphoric acid 

fructose 6-phosphate 

fructose 1,6-bisphosphate 

glucose 6-phosphate 

fructose 1,6-bisphosphatase (EC 3.1.3.11) 

pyruvate kinase (EC 2.7.1 .40) 

phosphofructokinase (EC 2.].1.11) 



INTRODUCTION 

For preservation of 1 ife mammals are dependent on a constant 

level of glucose in the blood. If glucose drops below a threshold 

value, the energy provision of the brain, erythrocytes and to a 

lesser extent muscle diminishes. 

The maintenance of blood glucose is ensured by three main 

processes, namely food intake, glycogen uti 1 ization and gluconeo

genesis. Gluconeogenesis is the process whereby glucose is syn

thesized from some precursors. The main precurors for gluconeo

genesis are lactate and pyruvate, produced in exercising muscle 

and erythrocytes and glycerol, the end product of 1 ipolysis in 

adipose tissue. Under low carbohydrate conditions aminoacids, 

released from muscle and other tissues or absorbed from the 

alimentary tract are also utilized. While many organs produce 

substrates for gluconeogensis, the process of gluconeogenesi·s 

itself is restricted to liver parenchymal cells and kidney cor

tex. Gluconeogenesis and glycolysis are both operational in these 

organs, although probably not simultaneously. The processes have 

common steps, but certain reactions that are displaced far from 

equi 1 ibrium are catalysed by different enzymes. These very enzymes 

possess unique regulatory properties, which allows a control of 

the flow in the direction of synthesis or degradation of glucose. 

Furthermore the concentration of these enzymes depends on the 

diet, whereby starvation leads to an increase in the gluconeo

genic and a decrease in the glycolytic enzymes. A carbohydrate

rich diet has the opposite effect. These adaptive changes, the 

so-called ''long term regulation 11
, take place at the level of 

transcription and translation. Finally gluconeogenesis is under 

a minute to minute control by hormones, the so-called 11 short term 

regulation 11
• This regulation can be exerted by covalent modifica

tion of enzymes and/or changes in their ionic environment. 

The topic of this thesis is to point out which enzymes are 

affected by these hormones and to determine the molecular mecha

nism that underlies the activity changes. The involvement of 

cAMP and/or Ca 2 + in the phosphorylation of particular enzymes was 

investigated. A method was developed that could also be applied 

on human 1 iver biopsies. It is pointed out that a defect in the 
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regulatory mechanism might lead to lactic acidosis. Furthermore 

the properties of Fru 1,6-P
2

, an important allosteric effector of 

which the concentration changes rapidly under different hormonal 

conditions, and of the enzyme that catalyses the hydrolysis of 

this metabolite, FDPase, were investigated more closely. 
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II THE PROCESS OF GLUCONEOGENESIS 

1. General consideration 

The sequence of reactions by which gluconeogenic substrates 

released from extrahepatic tissues are converted into glucose is 

given in Fig. 1. The process involves cytosol ic and mitochondrial 

steps and furthermore carrier-mediated transport across plasma 

and mitochondrial membranes. 

The conversion of 2 mol pyruvate into 1 mol glucose requires 

6 mol ATP and 2 mol NADH. The demand for ATP must be fulfilled by 

mitochondrial catabolism. The transport of ATP from the mitochon

drial matrix to the cytosol occurs through the adenine nucleotide 

trans locator. 

The balance of reducing equivalents is somewhat campi icated 

and depends on the substrate considered. In the present case the 

reducing equivalents are provided by transport of malate and 

reconversion to oxaloacetate in the cytosol [1] (Fig. 2). If 

lactate is the substrate for gluconeogenesis, NADH is directly 

provided in the cytosolic compartment. 

The balance of reducing equivalents does not only depend on 

the substrate used, but also on the species considered, i.e. on 

the location of phosphoenolpyruvate c~rboxykinase. In human 1 iver 

this enzyme has a dual location both outside and inside the mito

chondria [2,3]. lntramitochondrially generated phosphoenol

pyruvate is readi Jy transported by the tricarboxylate 

trans locator. 

The presence of both glycolytic and gluconeogenic enzymes in 

one compartment offers the possibl ity that there is a constant 
11 back flow 11 of gluconeogenic intermediates. This so-called 
11 substrate cycling 11 can occur at the level of glucose/Glc 6-P, 

Fru 6-P/Fru 1,6-P
2 

and phosphoenolpyruvate/pyruvate as visualized 

in Fig. 1 . 

Metabolic zonation of the 1 iver [4], analogous to the hetero

geneity in kidney cortex [5,6] should decrease cycling. It has 

been shown that the gluconeogenic enzymes phosphoenolpyruvate 

carboxykinase, glucose 6-phosphatase and FDPase are located 

predominantly around the terminal portal vessels and the glyco-
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lytic PK and glucokinase around the central vein [7-10]. The 

activity ratios of glycolytic and gluconeogenic enzymes are, 

however, only 2:1 to 5:1, which is small compared to the proximal 

to distal activity gradients in kidney tubules that approximate 

10:1 [5,6]. Although the reciprocal loca 1 ization of glycolytic and 

gluconeogeniC enzymes in liver will lead to functionally signi-

ficant metabolic zonation, the activity ratio is not so high to 

exclude cycling. Indeed it has been shown that glycolysis and 

gluconeogenesis occur simultaneously in isolated hepatocytes [11} 

The methodology of the measurement of substrate cycles has 

been reviewed by Katz and Rognstad [12] and recently by Hue [13]. 

The glucose/Glc 6-P cycle can be measured from the release of 
3 H from [2- 3 H, U- 14 C] glucose. 

o, OH H OH OH 
'I, I I I I 

C1 -C 2 -C 3 -C 4 -C 5 -C 5 H OH D-glucose 
/ I I I 2 

H H OH H 

The calculated rates or recycling vary from 0.15-0.65 )lmole min- 1 

per g of 1 iver depending on the glucose concentration [13]. 

The recycling between Fru 6-P and triosephosphates has been 

estimated from the loss of 3 H from [S- 3 H, U- 14 C] glucose. This 

method has been subject to much criticism [14-17] since consi

derable release of 3 H can occur via the active transaldolase 

reaction or via the pentose phosphate pathway. The use of [3- 3 H, 

U- 14 C] glucose is recommended, although loss of 3 H during 

recycling in the pentose phosphate pathway st i 11 occurs [15]. An 

alternative method has been found in the measurement of rando

mization of 14C from [1- 14 C] galactose into C-6 of glucose [16]. 

During starvation very 1 ittle randomization occurs. In fed rats 

the rate of recycling is 30% of the gluconeogenic rate [17,18]. 

The pyruvate /phosphoenolpyruvate cycle can be measured from 

the randomization of 14 C from [2- 14 C] lactate into C-3 of lactate 

[19]. Under certain conditions the recycling is 50% of the glu

coneogenic rate in the fed liver and about 10% in starved liver 

[16]. Higher values have been reported in the presence of 

pyruvate [19,20]. It must be realized that these experiments 

were performed with high substrate concentrations. It might well 

be that these values are quite different under more physiological 

conditions. 
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The utility of substrate cycles must be sought in the fact 

that the cycling enzymes can exert a high control on the net 

flux. This can be formulated in a quantitative way using a con

trol theory [21]. Here the so-called control strength of an 

enzyme is defined as the relative change in pathway flux 

devided by the conjugated relative change in enzyme concentration. 

The sum of control strengths of all enzymes in a 1 inear pathway 

is 1. A 11 rate 1 imi ting 11 enzyme has a control strength of 1; 

opposite a 11 non rate limiting 11 enzyme has a control strength of 

0. A cycle in a pathway introduces an enzyme with negative 

control strength. This means that the other enzymes in the path

way have a high control strength; it is even possible that one 

enzyme has a control strength greater than 1. This principle 

has also been described in a quantitative way [154]. In addition 

the pyruvate/phosphoenolpyruvate cycle is also suggested to play 

a role in the transport of reducing equivalents from the mito

chondria to the cytosol [22, 203]. This will be further discussed 

in connection with the hormonal regulation of PK (Chapter 111.2). 

In vivo the release of substrates from extrahepatic tissue 

regulates the rate of gluconeogenesis by a passive mechanism 

as the substrates reach the 1 iver in a subsaturating concentra

tion [23, 24]. Glucagon and adrenaline exert an active role by 

increasing the gluconeogenic flux. This has been demonstrated 

using a variety of substrates such as lactate, pyruvate, glycerol, 

dihydroxyacetone and fructose [17, 18, 25-31]. 

The site(s) of hormonal action could, according to Fig. 1, 

be summarized as changes in the activity of glycolytic and/or 

gluconeogenic enzymes, influences on the transport of substrates 

and/or ions across plasma and/or mitochondrial membrane and 

changes in mitochondrial metabolism, including alterations in 

phosphate potential and redox level. Many attempts have been 

performed to precisely localize the step(s) that are affected. 

Isolated hepatocytes particularly are very useful as a model 

system. But also the perfused 1 iver and the intact animal are 

often used. The effects in the various systems are sometimes 

different. 
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Abbreviations: OAA, oxaloaceticacid; 2QG, 2-oxoglutarate; 
GLU, glutamate. 

2. Control sites 

It is assumed that only certain reactions are under the 

control of hormones. Three main experimental approaches have 

been used to find out which reactions these are. 

1) The most obvious way to get insight in regulation is to com

pare the concentration of metabolic intermediates in control 

and hormone treated iver cells. A 11 cross-over 11 is suggested 

to indicate a control site [32]. 

Using lactate as a substrate and glucagon as an agonist, there 

is general agreement in the 1 i terature about a cross-over 

between pyruvate and triose phosphate either in fed [33, 34] 
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or starved liver [34-38] (however, see [31]). Some authors 

also report a cross-over between triosephosphate and hexose 

monophosphate [17, 33, 38] although others failed to observe 

such a change [34, 36]. When dihydroxyacetone was used as a 

gluconeogenic substrate, however, a cross-over was found at 

this point [29, 30]. Adrenaline provokes a cross-over between 

pyruvate and phosphoenolpyruvate [34], while the addition of 

Bt 2 -cAMP leads to cross-overs at both substrate cycles [38]. 

This reasoning indicates that glucagon acts by altering the 

activities of at least one enzyme in the pyruvate phosphoenol

pyruvate cycle and most 1 ikely also of an enzyme in the Fru 6-P/ 

Fru 1,6-P
2 

cycle, while adrenaline only seems to exert effec: on 

an enzyme in the former cycle. Furthermore it is very 1 ikely that 

cAMP is the second messenger of glucagon action. 

2) Several groups measured the flux through a specific enzyme 

using radioactive tracers, they found that glucagon depresses 

the PK flux by about 50% [39], just as cAMP does [20]. 

Glucagon also inhibits the flux through PFK [13, 16, 40, 41]. 

In the latter case a high dose of epinephrine is nearly as 

effective [16], but phenylephrine has no effect [13]. 

Unexpectedly even low concentrations of epinephrine increase 

PK flux [39], while vasopressin increases the flux through 

PFK [42]. 

Glucose phosphorylation is not affected by glucagon [13, 43] 

or phenylephrine [13]. 

Concerning glucagon the conclusion is the same as indicated 

above. Clearly the effect of catecholamines is quite different 

from that of glucagon; catecholamines have only a measurable 

effect in the pyruvate/phosphoenolpyruvate cycle. 

3) Adaptive changes have also been used to indicate control sites 

of short term regulation. The rational here is that adaptive 

changes only occur at 11 rate limiting 11 steps. 

8 
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TABLE I The influence OJ' dietary condition on the activity of glycolytic and 

gZuconeogenic enzymes 

Enzyme I Dietary condition 

fed I starved for starved for high carbo-
24 h 48 h hydrate fed 

Glucokinase I I . 6 I . 4 0.7 
- 0. 7 I . 8 

Phosphofructokinase I I 0.5 0. 5 0. 8 
Pyruvate kinase 37 16 14 I 4 5 

63 55 36 
52 52 -

I 0 I 18 3 
I 2 - 7 

Glucose 6-phosphatase 

I 
8 23 26 

Fructose 1 ,6-bisphos- 2 4 
phatase I 0 I 2 I 9 

I 5 30 38 
19 21 19 

Phosphoenolpyruvate I 5 - I 3 
carboxykinase 5 I 2 I 0 

5 14 I 9 
4 I 4 
3 21 26 

Pyruvate carboxy I ase I 4 I 0 8 
7 16 
7 16 I 5 -

Gluconeogenic flux I I . 4 
G 1 y co 1 y t i c flux 3. 4 I 
Activities are calculated in )lmol min- 1 - 1 s per I 0 0 mg protein using the factors: 

I 

1 i ve r 
weight per I 00 g body weight equals 3·5 [204] and I g wet weight equals 73 .I mg protein 

Ref. 

19 0 
I 91 
I 92 
I 93 
I 94 
I 95 

47 
182 
I 97 
I 98 
I 97 
199 
200 

49 
2 0 I 
19 7 
I 95 
199 
19 7 
195 
199 

II 
I 93 

wet 
[205]. 



Table 1). Clearly no unambigeous conclusion is possible as 

the results vary. Regulatory changes seem to occur at the 

level of the pyruvate/phosphoenolpyruvate and the Fru 6-P/Fru 

1,6-P
2 

cycle (Table 1). The activity of the glycolytic enzymes 

glucokinase (for a review see [44]), PFK and PK decrease upon 

starvation to about 50% of the activity in the fed state. The 

activity of the gluconeogenic enzymes FDPase and pyruvate 

carboxylase increases little if any at all, while phosphoenol

pyruvate carboxykinase and glucose 6-phosphatase activity in

crease 2-3 fold. 

The mechanisms that induce these adaptive changes are 

quite different from those involved in the short term regula

tion. The alteration in PK activity upon starvation results 

from a decrease in the amount of functional mRNA coding for 

the enzyme [45], while the half life of the enzyme is similar 

[46]. The activity of the purified enzyme also decreases some 

30% [47, 48]. The increase in phosphoenolpyruvate carboxy

kinase activity in vivo can be blocked by actinomycin D or 

puromycin [49, 50]. In primary cultures of hepatocytes the 

enzyme can be induced by Bt 2 -cAMP which can be blocked by in

hibitors of transcription [51]. In vivo injection of Bt 2 ··cAMP 

results in a 10 fold increase in mRNA coding for phosphoenol-

pyruvate carboxykinase within h [52]. These results indi-

cate that the maximal activities of PI\ and phosphoenolpyruvate 

carboxykinase are regulated at the level of transcription. 

The information gathered with the cross-over studies, flux 

determinations, dietary induced adaptations and the fact that 

gluconeogenesis from substrates entering the gluconeogenic path

wat at the level of pyruvate as well as triosephosphates can be 

stimulated by glucagon with a decrease in lactate/pyruvate [92] 

led to the supposition that the short term regulation is brought 

about by an alteration in one or more of the following enzy11es: 

PFK, FDPase, PK, pyruvate carboxykinase or phosphoenolpyruvate 

carboxykinase. The regulation of glucose 6-phosphatase or gluco

kinase is sought to be secondary. The kinetic properties of 

glucokinase and glucose 6-phosphatase are such that a rapid 

control of the metabolic flow in response to the changing level 
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of glucose or Glc 6-P is ensured [13]. 

In terms of the control theory [21] this means that these enzymes 

have a high elasticity, i.e. there activity varies strongly with 

substrate concentration. 
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III HORMONAL ACTION IN LIVER 

1. General consideration 

Schimassek and Mi tzkat [53] were the first to observe in the 

isolated perfused 1 iver that glucagon stimulates gluconeogenesis. 

Since then many reports have confirmed this observation. SitTilar 

effects were reported using adrenaline (for a review see [54]); 

o the r h o r m ones too-, i n c 1 u d i n g v a sop res s i n [ 55- 57] , a n g i o tens i n I I 

[57], norepinephrine [25, 58, 59] and oxytocin [57] have the 

ability to stimulate gluconeogenesis. The above mentioned hor

mones act on their target cells through specific binding sites 

termed receptors located on the cell surface. The different 

sensitivities of the receptors to various catecholamines were 

used to make a distinction between so-called a- and s-receptors 

[60), which appear to be involved in different mechanisms of 

hormone action. 

Stimulation of S-adrenergic receptors provokes a rise in 

cellular cAMP concentrations [61], while the intracellular 

message of a:-adrenergic hormones is correlated with a rise in the 

Ca 2 + concentration (for a review see [62-64]). The current hypo

thesis on the action of glucagon and catecholamines on the short 

term regulation of gluconeogenesis will be outlined in more 

detai 1 below. 

2. ~~for glucagon action 

Already early in the seventies it became evident that cAMP 

was the second messenger in the glucagon-induced stimulation of 

gluconeogenes~s in the 1 iver [65]. Binding of cAMP to the so

cal Jed cAMP-dependent protein kinase promotes the kinase to 

dissociate into a regulatory and an active catalytic subunit 

(for a review see [66]). 

The next step is to identify the substrate proteins for 

cAMP-dependent protein kinase and to show that indeed phosphory

lation of that protein is directly related to the stimulation of 

gluconeogenesis. Section I I discusses reasons why regulation of 

gluconeogenesis can be expected at the level of the Fru 6-P/ 
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Fru 1 ,6-P 2 cycle and the pyruvate/phosphoenolpyruvate cycle. 

Following this reasoning particular attention has been given to 

enzymes which operate in these cycles. As the mitochondrial mem

brane is not permeable for cAMP, it '1s unlikely that pyruvate 

carboxylase wil 1 be a substrate protein for cAMP-dependent 

protein kinase. Using isolated hepatocytes negative evidence 

has even been obtained. Pyruvate carboxylase isolated from 32 P

injected rats does not contain covalently bound phosphate [67]. 

Also phosphorylation of cytosol ic or mitochondrial phosphoenol

pyruvate carboxykinase has not been reported ti 11 now. 

Phorphorylation of the other enzymes, i.e. FDPase, PFK and PK 

deserves special attention. 

The criteria, originally proposed by Krebs [68], that must 

be met before an effect mediated by cAMP can be said to occur 

through phosphorylation of a specific protein, were recently 

evaluated by Nimmo and Cohen [69] (see also [70]). Based upon 

the progress made during the past few years they proposed the 

criteria cited in table !1. 

Below I shall provide an assessment of the extent to which 

these criteria haVe been met for the aforementioned enzymes. 

The case of PK is complete and therefore most illustrative to 

discuss first. 

Pyruvate kinase 

ad 1. Ljungstr6m et al. [71] showed that purified L-type PK can 

be phosphorylated by a cAMP stimulated protein kinase in vitro. 

This observation has been confirmed by many others (for a review 

see [72]). 

In appendix paper 2 describe a system which allows the deter-

mination of phosphate incorporation into a specific protein of 

rat liver soluble fraction by the endogenous rat liver protein 

kinase. After in vitro phosphorylation, these proteins are 

separated in a polyacrylamide gel in the presence of SDS. The 

identification of L-type PK as a phosphoprotein '1n such a gel is 

reported in appendix paper 1. With the system described it is 

possible to investigate the kinetics of the phosphorylation and 
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TABLE I I Criteria for mediation of a hormonal effect through 

cyclic AMP-dependent phosphorylation according to 

Nimmo and Cohen [69]. 

1. A protein substrate for cyclic AMP-dependent protein kinase 

should exist which bears a functional relationship to the 

process mediated by cyclic AMP. The rate of phosphorylation 

of that protein, in its native state, should be adequate 

to account for the speed at which the process occurs in vivo 

in response to eye 1 i c AMP. 

2. The function of the protein should Qe shown to undergo a 

reversible alteration in vitro by phosphorylation and 

dephosphorylation, catalysed by cyclic AMP-dependent protein 

kinase and a protein phosphatase. 

3. A reversible change in the function of the protein should 

occur in vivo in response to cyclic AMP. 

4. Phosphorylation of the protein should occur in vivo in 

response to a hormone at the same site(s) phosphorylated by 

cyclic AMP-dependent protein kinase in vitro. 

dephosphorylation reaction of the native enzyme. In this way the 

phosphorylation rate of PK has been determined. Extrapolation of 

the data obtained in vitro to in vivo conditions leads to the 

conclusion that the phosphorylation of PK can be completed in 

0.5 s. This high rate is adequate to account for the rapid sti

mulation of gluconeogenesis observed after the addition of 

glucagon. 

~~ EngstrOm and coworkers showed that the phosphorylated 

form of the enzyme has an increased Ko.s for phosphoenolpyruvate 

when the enzyme is assayed at physiological pH in the absence of 

its allosteric effector Fru 1,6-Pz. At a saturating concentration 
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of Fru 1 ,6-Pz the phosphorylated and dephosphorylated enzyme 

behave identically [73, 74]. 

The enzyme can be dephosphoryl a ted by a rat 1 iver protein 

phosphatase, which restores the activity of the enzyme [75-77]. 

The phosphatase can be separated from heat-stable inhibitor 

sensitive phosphorylase phosphatase [76, 77]. 

~Glucagon causes a rapid decrease in PK activity in per

fused liver [78] or hepatocyte suspensions [79-83]. The inacti

vation can be reversed by addition of insulin [67, 78, 79] or 

after sustained incubation [79]. Incubation of the hormone 

treated cell sap in the presence of Mg 2 + also leads to a 

reactivation of the enzyme [81]. 

In vivo inactivation of PK has been reported by relatively 

few authors. Taunton et al [84, 85] observed a SO% decrease in 

activity 10 min after the injection of glucagon. The cAMP level 

was elevated already after 30s and maximal after 1~2 min. The lag 

phase observed in the inactivation of PK weakens the argument 

that there is a causal relationship between accumulation of cAMP 

and inactivation. 

Riou et al. [86] observed a 40% decrease in activity ratio 

(definied as the ratio of activities measured with 0.1 mM phospho

enolpyruvate and with 4 mM) after in vivo injection of glucagon. 

In a simi Jar experiment found a decrease in activity ratio 

(definied as the ratio of activities as measured with 1·7 mM 

phosphoenolpyruvate in the absence and presence of Fru 1,6-P 2 ) 

from 0.58 ± 0.06 in control rats to 0.40 ± 0.03 in glucagon 

treated rats (n=4) within 5 min after the injection of glucagon. 

ad 4. Phosphorylation of PK has been shown by incubation of 

hepatocytes in the presence of 32 P. Glucagon increases the 

phosphate content of the enzyme 3-5 fold [87-89]. In vivo a 2.5 

fold increase in phosphate incorporation was found [86]. 

Finally also the phosphorylation site in vivo and in vitro 

were compared. Tryptic digests of the purified enzyme that was 

either labeled in vivo by injection of 32 P in the presence of 

glucagon or in vitro by cAMP-dependent protein kinase in the 

preSence of [y- 32 P]-ATP revealed the same pattern in SDS poly-
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acrylamide gelelectrophoresis [90]. 

Concluding we can say that all evidence indicates that PK is 

phosphorylated and consequently inactivated by a cAMP-dependent 

protein kinase after an in vivo injection of glucagon. In addi

tion it can be said that also under physiological conditions an 

elevation of glucagon, i.e. starvation, leads to a decrease in 

PK activity [91, 92]. Yet we cannot conclude that the inactiva

tion of PK is the sole event in the onset of gluconeogenesis. The 

allosteric activation of PK by Fru 1,6-P
2 

must be prevented or 

even released. Furthermore Fru 1 ,6-P
2 

inhibits the rate of phos-

phorylation of PK [196, 202, appendix paper 3]. The extent of 

phosphate incorporation is also deminished. In appendix paper 3 

we conclude that in the presence of Fru 1,6-P 2 half of the phos

phorylation sites is exposed to cAMP-dependent protein kinase. So 

a high concentration of Fru 1,6-P
2 

will prevent in all respects 

the inactivation of PK in response to glucagon. This argues for 

a complementary regulatory site at the level of the Fru 6-P/ 

Fru 1,6-P
2 

cycle which acts in concert with the effect on PK. 

Fructose 1 ,6-bisphosphatase 

Concerning FDPase there is 1 ittle evidence for the direct 

participation of a phosphorylation mechanism in the onset of 

gluconeogenesis as will be outlined below. 

Riou et al. [93] reported that purified FDPase can be 

phosphorylated by cAMP-dependent protein kinase. This was con

firmed by Humble et al. [94] and Marcus and Hosey [95]. However, 

in an in vitro phosphorylation system of 1 iver supernatant 

found no evidence for phosphorylation of FDPase (see appendix 

paper 1). Such a system appears more closely related to the in 

vivo system than the total iy purified system. One can argue that 

phosphorylation can only occur in the presence of some metabo

lites. We determined the effect o~ various metabolites on the 

phosphorylation of cytosol ic enzymes (appendix paper 3). One 

can notice that also '1n the presence of these metabolites no 

phosphorylation band appears in the Mr 40,000 range. In addition 

we tested the effect of AMP, which is a well known inhibitor of 
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FDPase activity. No phosphoprotein could be detected with a 

similar mobility in SDS gels as FDPase. 

Using in vivo concentrations of protein kinase and FDPase, 

Riou et al. found that 1 mol phosphate per mol enzyme can be 

incorporated during 20 min of incubation. From the results of 

Marcus and Hosey [95] deduce that an incubation time of 7 min 

is sufficient and from the report of Humble et al. [94] a period 

of 17 min can be calculated. Cohen et al. [96] found that the 

rate of FDPase phosphorylation is only 0.6% of that of PK. Apart 

from these reports that leads to the conclusion that FDPase 

phosphorylation is slow, one report gives a much higher phos

phorylation rate [97]. In thisreport it is claimed that the 

maximal phosphorylation rate of FDPase is 1/3 of that of PK, 

while the Km of the protein kinase for FDPase is about 3 times 

greater than that for PK. This means that under in vivo condi

tions the phosphorylation rate of FDPase could be as high as 10% 
of thephosphorylat"1on rate of PK and even so the rate ·Is rather 

low. Furthermore it is not clear if phosphate incorporation is 

accompanied by an activity change. 

Only Riou et al. [93] reported a 40% increase in activity at a 

maximal phosphate incorporation of 4 mol phosphate per mol enzyme. 

The phosphorylated enzyme can also be dephosphorylated with 

a partially purified preparation of phosphoprotein phosphatase 

from rat liver [97]. If such a dephosphorylation is accompanied 

by an activity change has not been reported. 

In vivo activation of FDPase in response to glucagon has been 

reported by Taunton et al. [84, 85] and recently by M6rikofer

Zwez [98] in rat J iver and by Chatterjee and Datta [99] in mouse 

and rabbit 1 iver. Concerning the latter report a phosphorylation 

mechanism is unlikely as it was found that rabbit and mouse 

1 iver FDPase cannot be phosphorylated by the catalytic subunit 

of cAMP-dependent protein kinase [100]. It was concluded that 

these enzymes lack the peptide that contains the phosphorylation 

site. A simi Jar situation is found in pig kidney [100]. However, 

more confusion raises as, at the same time, Mendicino et al. 

[10Jl report that pig kidney FDPase can incorporate 4 mol of 

phosphate, however, apart from that without activity change. 

Also failures to measure increases in activity in response 
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to glucagon have been reported. In an attempt to reproduce the 

experiments of Taunton et al [84, 85] I observed a peculiar non 

1 inear product formation in the FDPase reaction. As this 

phenomenon could mask or even be related to the expected kinetic 

changes a more systematic study was undertaken (appendix paper 

5). It appeared that at least three parameters must be measured 

to standardize the activity of FDPase. These are the initial 

reaction rate, the final steady state reaction rate and the 

reaction constant related to the achievement of the steady 

state. The experiments of Taunton et al. were repeated exactly. 

However, none of the above described parameters were changed 

after glucagon injection (appendix paper 5). Hue [13] could not 

reproduce the experiments of Chatterjee and Datta [99] in which 

mouse 1 iver is used. Veneziale et al. [83] used a hepatocyte 

incubation system and also found no change in FDPase activity 

after the addition of glucagon. 

It is not clear which kinetic parameter might be changed: 

Riou et al. [86] indicated that the activity had to be measured 

in the absence of EDTA. In the absence of EDTA no maximal 

activity is measured (for a review see [102]). However, 

Chatterjee and Datta [99] used an assay in which EDTA is included. 

Taunton et al. used an unphysiological pH of 8.8 and inhibitory 

concentrations of Fru 1 ,6-P~. The kinetic change must be 
< 

established more profoundly to get more insight in its 

physiological sign.lficance. It is very well 90ssible that the 

effects are due to changes of contaminating metabolites in the 

assay. 

An increase in phosphate content in response to glucagon has 

only recently been reported [103]. On the other hand, Riou et al. 

[86] observed that in the presence of glucagon the phosphate 

content of FDPase is not changed. The same conclusion was reached 

by Garrison et al. [88] using hepatocyte incubations. 

My present view concerning the involvement of cAMP-dependent 

phosphorylation of FDPase in the stimulation of gluconeogenesis 

by glucagon is as follows: FDPase contains a site that can be 

phosphorylated at least by cAMP-dependent protein kinase. (This 

site has been identified by two groups [94, 97]. Although the 

amino acid sequence around the serine (P) residue is not exactly 
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the same in these reports, most 1 ikely the same phosphopeptide 

was considered.) Phosphorylation of this site is too slow to be 

involved in the minute to minute regulation of gluconeogenesis. 

The diversity in the phosphorylation rates results most 

likely from partial denaturation of the enzyme near the phospho

rylation site. Indeed the phosphorylation rate can be accelerated 

considerably when the enzyme is treated with urea [100]. Finally 

there is 1 ittle evidence for in vivo phosphorylation or activity 

changes in response to glucagon particularly since the activ"1ty 

changes reported are poorly characterized. It must be realized 

that the recent discovery of Fru 2,6-P
2

, which is a potent 

regulator of PFK activity, can change this picture. It is very 

well possible that this metabolite influences the phosphorylation 

of FDPase and/or the expression of its activity. 

Concluding one can say that none of the criteria 1 isted in 

Table II have been fully met in the case of FDPase. 

Phosphofructokinase 

The 1 iterature concernihg hormonal regulation of PFK by a 

cAMP-dependent mechanism is 1 imited, but active research is 

going on. 

Brand and SOling [104] showed that rat J iver contains a 

protein kinase and phosphatase which respectively activates and 

inactivates the enzyme. The protein kinase described, however, 

is cAMP-independent. 

Kagimoto and Uyeda [105] reported that glucagon stimulates 

in vivo the phosphorylation of PFK approximately 3 to 5 fold. 

A similar result was obtained in ~he perfused rat liver [106] 

using physiological glucagon concentrations. In a hepatocyte 

incubation system a relat"1vely high concentration of glucagon 

was necessary to obtain a 2 fold increase in 32 P incorporation 

[108]. On the other hand, Garrison [107] found no evidence that 

PFK is among the proteins that incorporate phosphate after treat

ment with glucagon. One can see that in an in vitro incubation 

system of liver supernatant (see appendix papers 1 and 2) no 

phosphoprotein that corresponds to the Mr of PFK (80,000) is 

present. The argument of Kagimoto and Uyeda [1 05] that PFK 
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escapes detection in SDS-gels can be rejected as its concentra

tion is 10 times higher than they assume. 

Considerably less controversy exists about in vivo inactlva

ti·on after injection of glucagon [105, 109] or after addition of 

the hormone to hepatocyte incubations [83, 108, 110, 111]. The 

kinetic change most likely is an increase "tn KO.S for Fru 6-P 

[108, 110, 111] although also a higher sensitivity to inhibi:ion 

by ATP has been observed [105]. The inactivation does not persist 

after ammoniumsulphate precipitation [108] or gel filtration 

[112] (however, see [110]). 

It was attractive to think that these activity changes a-:-e 

caused by cAMP-dependent phosphorylation of the enzyme. No clear 

evidence for such a causal relationship was presented. Recent 

investigations indicate that the regulation is excerted by a 

newly identified metabolite. 

Concluding: some experiments point in the direction of cAMP

dependent phosphorylation of PFK, however, the prerequisite that 

the enzyme is a substrate for cAMP-dependent protein kinase in 

-vitro (1 "1n Table II) 'ts not fulfilled. Furthermore Claus et al. 

[108] pointed out that there is no correlation between inactiva

tion and glucagon concentration, which indicates that the 

inactivation is probably a secondary event. 

Fructose 2,6-bisphosphate 

First it was shown that rat iver cytosol ic fraction contains 

a factor that activates PFK [108, 112, 113]. This factor was 

tentatively identified as Fru 2,6-P
2 

by Van Schaftingen et al 

[114] which was confirmed later [115, 116]. The concentration of 

Fru 2,6-P
2 

increases with increasing glucose concentration and 

rapidly decreases after the addition of glucagon [44, 116, 117]. 

Half maximal effects are already observed with a glucagon con

centration of 10- 13 M [118] or 10- 9 M [119]· A decrease in the 

Fru 2,6-P 2 concentration leads to the above described increase 

in K0 .
5 

for Fru 6-P [120-123] and it rei ieves the inhibition by 

ATP [109, 122, 123]. These effects are observed with Fru 2,6-P
2 

concentrations well below 1 )JM [115, 120, 123-125]. Several 

groups concluded that the activity of PFK is most likely regu-
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lated by this factor rather than Fru 1,6-P
2 

[122, 123, 126]. 

Furuya and Uyeda [109] describe a model in which phosphorylation 

of PFK still is the primary event; phospho-PFK should posses a 

decr·eased affinity for the activating factor. SOling et al. 

[126] indicate that the phosphatase catalyzed inactivation of 

PFK is inhibited by Fru 2,6-P
2

. 

The inactivation of PFK in response to subsaturating concentra

tions of glucagon is spontaneously reversible upon prolonged 

incubation, while insulin accelerates the reactivation [106]. 

The discovery of Fru 2,6-P
2 

as a regulatory compound is so 

important that it deserves some more attention here. After the 

recognition that it strongly influences the activity of PFK it 

was Investigated if FDPase and PK are also regulated by Fru 2,6-

P2. indeed, inhibition of FDPase might occur as a result of the 

increased KO.S for its substrate in the presence of Fru 2,6-P
2 

[124, 125]. The inhibition is synergistic with the inhibition by 

AMP [124, 125]. It was also observed that PK is slightly stimu

lated by Fru 2,6-P
2 

[12]. It must be stressed that in the case 

of FOPase and PK relatively high concentrations are necessary 

so that these effects are most 1 ikely of 1 ittle physiological 

importance. 

The enzyme responsible for the synthesis of Fru 2,6-P
2 

has 

been recently partially purified [123, 127, 128]. It catalyses 

the transfer of phosphate from ATP to Fru 6-P. The apparent 

molecular weight of the enzyme is 85,000-90,000 D (129]. The 

enzyme is stimulated by P
1 

and AMP and inhibited by phosphoenol

pyruvate and citrate [128]. It has been shown that the enzyme can 

be separated from PFK [127, 128]. 

After addition of phenylephrine the level of Fru 2,6-P
2 

increases [119]. Vasopressin also causes the accumulation of the 

factor and stimulates glycolysis [119, 130]. However, vasopressin 

stimulates gluconeogenesis from 14 C labeled lactate or pyruvate 

(33, 55]. This could mean that indeed the inhibitory effect of 

Fru 2,6-P
2 

on FDPase activity is of minor importance. 

The problem remains of understanding the sense of the regu

latory properties of Fru 2,6-P
2 

as Fru 1 ,6-P
2 

has essentially the 

same effect. If we assume that in vivo only PFK activity is 

affected by the compound, then it is striking that Fru 2,6-P
2 

is 
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one of the few compounds which only regulates PFK and not PK 

activity. This makes it possible that gluconeogenesis is stimu

lated by inhibition of PFK while the pyruvate-phosphoenolpyruvate 

cycle still operates to transport reducing equivalents to the 

cytosol. 

In appendix paper 3 it is shown that hexose phosphates 

inhibit the cAMP-i'ndependent phosphorylation of a Mr-68,000 

protein. The phosphorylation of PK can only be inhibited by 

hexose-diphosphates. Two explanations can be given for the dif

ferential effect of hexosephosphates on PK and the Mr-68,000 

protein. In the first place the effect of hexosephosphates on 

the phosphorylation of the Mr-68,000 protein could be non

specific. The second explanation is that a compound that is 

quickly synthesized from the added hexose-phosphates, is respon

sible for the inactivation. In this respect it would be interest

ing to investigate a possible regulatory role of Fru 2,6-P 2 in 

this phosphorylation reaction. It appears that in human 1 iver 

also a Mr-68,000 phosphoprotein is present which has similar 

regulatory properties (appendix paper 7). It is remarkable that 

in all human liver samples tested this protein is the main 

phosphoprotein detectable. 

So far our conclusion must be that only in the case of PK 

convincing evidence exists that the enzyme is phosphorylated in 

response to glucagon. Below I shall discuss the possibility and 

the evidence that subcellular compartments, as mitochondria and 

endoplasmic reticulum, are affected after glucagon treatment of 

the intact cell. 

Mitochondria and endoplasmic reticulum 

Numerous effects in mitochondria and endoplasmic reticulum in 

response to glucagon have been reported. One of the early events 

observed in mitochondria isolated from glucagon-treated hepato

cytes is the increase in state 3 and uncoupler stimulated respi

ration (see Table Ill). A similar stimulation is observed in 

submitochondrial particles [139], however, when ascorbate is the 

substrate no change in respiratory rate is observed [119, 131, 
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TABLE l l l Effects of glucagon observed in rat liver mitochondria 

Mitochondrial function/property effect 

State 3 respiration t 

Uncoupler stimulated respiration t 

Transmembrane pH gradient t 

Membrane potential t 

Succinate dehydrogenase activity t 

Uncoupler dependent ATPase activity t 

Adenine nucleotide translocator act. t 

ATP/ADP ratio t 

Adenine nucleotide content t 

Citrulline synthesis t 

Glutamate synthesis t 

Pyruvate carboxylation t 

Pyruvate decarobylation t 

Pyruvate transport t 

Phosphate transport 

Ca Z+ retention 

Mg 2 + content 

N-acetyl glutamate content 

t 

t 

t 

t 

ref. 

83, 131-138 

83, 131-138 

138, 141' 142 

142 (however 138) 

134, 136 

131' 143 

131' 143 

35' 133' 135, 143, 202, 203 

144, 145 

133' 135, 144, 146, 147 

67 

83, 143, 146-148, 

146, 148, 

138' 141' 

150 

137' 151 

142, 152 

203 

142, 149 

144 (however 135) 

203 
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132, 138]. An explanation of these changes is based on the obser

vation of Zahlten et al. [140] that glucagon stimulates the 

phosphorylation of mitochondrial membranes. Together with the 

fact that a cross-over was found in the respiratory chain between 

cytochrome band c [132], it was postulated that the activity of 

cytochrome c was stimulated by a glucagon-induced phosphorylation 

mechanism [132]. However, experimental Jy no change in the phos

phoprotein pattern of mitochondria was observed [134]. Further

more the cross-over between cytochrome b and c was not observed 

by others [137, 139]. Other changes that have been reported to 

occur in mitochondria from glucagon treated animals or cells are 

1 isted in Tabel Ill. An intriguing question in the understanding 

of these effects is how the extracellular derived signal, carried 

by glucagon, reaches the mitochondria and what the final target 

i s . 

Recently it was described that glucagon stabilizes rather 

than activates mitochondrial functions [153]. It appears that 

only smal 1 effects are observed on state 3 respiration and the 

activities of succinate dehyd·rogenase and pyruvate carboxylase 

when mannitol instead of sucrose is used for isolation or when 

quinoline derivates are added to the isolation medium. This means 

that most of the effects reported in Table I I I are suspect to 

doubt. The increase in the mitochondrial concentrations of 

acetyl-CoA, ATP and phosphoenolpyruvate reported by Siess et al. 

[35] are derived from mitochondria obtained with a digitonin 

fractionation procedure. Consequently this result cannot be 

explained by a stabilization of mitochondria in sucrose medium. 

Similarly the increase inN-acetyl-glutamate is observed in liver 

extracts rather than isolated mitochondria [144] and must be 

related to other effects of glucagon. 

Endoplasmic reticulum-rich fractions show glucagon-sensitive 

Ca 2 + uptake. This uptake is ruthenium red-insensitive and can be 

inhibited by insulin [155-157]. Glucagon acts, however, relative

ly slowly [156, 157] so that this is probably a more trophic 

effect of glucagon. 

A high concentration of glucagon stimulates Ca 2 + efflux from 

hepatocytes [158-163] and does not increase the uptake [158]. 

This might imply that the cytosol ic Ca 2 + concentration drops in 
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response to glucagon. An important implication could be that 

FDPase will become more active as Ca 2 + is a potent inhibitor of 

the enzyme [164] (see also F"1g. 4 in [13]). 

3. The pyruvate kinase hypothesis 

According to the so-called second messenger hypothesis 

glucagon provokes a rise in the intracellular cAMP concentration. 

As out] ined in the previous section this leads to the phosphory

lation of PK. It is not clear at the moment if other enzymes are 

also phosphorylated or that intracellular organelles are affec

ted. The question is: Can we explain the increased gluconeogene

sis in response to glucagon solely by assuming that PK is phos

phorylated by cAMP-dependent protein kinase? 

Phosphorylation of PK, which decreases its activity, leads 

to a diminished cycling between phosphoenolpyruvate and pyruvate. 

The phosphoenolpyruvate concentration wi 11 increase and so stimu

late gluconeogenesis by a feed-forward mechanism. In the latter 

statement lies an argument that already enfeebles the possibili

ty of a sole role of PK: The increased substrate concentration 

will saturate the enzyme and nullify the effect of phosphoryla

tion. Otherwise a feed-forward mechanism is also unl'1kely, as 

this will cause an increase in the subsequent gluconeogenic 

intermediates including Fru 1,6-P
2

. By this, PK becomes fully 

activated in spite of the fact that the enzyme is phosphorylated. 

Yet inactivation of PK offers an elegant explanation for the 

inhibition of gluconeogenesis observed in particular cases. This 

phenomenon has been reported in starved rat 1 iver using pyruvate, 

at a high concentration, as a substrate [20, 165-168] (however, 

see [25-27]). At first this inhibition was attributed to 

hormonally induced inhibition of pyruvate dehydrogenase [17] 

which would prevent alleviation of the deficiency in NADH. This 

hypothesis could be rejected as dichloroacetate, an activator of 

this enzyme, did not overcome the inhibition [165]. It was also 

proposed that inhibition of PK would prevent the energy-dependent 

translocation of reducing equivalents from the mitochondria to 

the cytosol [20, 168]. This implies that there is a considerable 

recycling in the presence of pyruvate at the level of phospho-
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enolpyruvate/pyruvate in fasted rats. This probably stems from 

the high phosphoenolpyruvate concentration under this condition 

[34]. The high PK flux can be inhibited by cAMP [20, 168] or 

glucagon [34] which wi 11 reduce the generation of cytosol ic 

reducing equivalents and consequently inhibit gluconeogenesis. 

This hypothesis is further strengthened by experiments with 

chicken hepatocytes. The PK isomer of these cells is not inacti

vated in response to glucagon and concomitantly no decrease in 

gluconeogenesis from pyruvate is observed [166]. 

A quite different explanation has been put forward by Clark and 

Jarret [169]. They showed that at a high NAD+/NADH ratio, as in 

the presence of pyruvate, the increase in cAMP content due to 

glucagon is diminished. It was proposed that the molecular basis 

of this observation is a lack of inhibition of cAMP phospho

diesterase by NADH. This hypothesis gives, however, no explana

tion how g 1 ucagon causes the inhibition of g 1 uconeogenes is from 

pyruvate and why this is restricted to starved 1 ivers. 

Concluding one can say that the cAMP-dependent phosphoryla

tion of PK alone cannot account for the stimulation of gluconeo

genesis in fed or starved liver. Other factors must act in 

concert with the phosphorylation of PK.The cytosolic Ca 2 + concen

tration might change as wel 1 and affect protein phosphatases by 

which other enzymes are phosphorylated or dephosphorylated. The 

diminishment in the Fru 2,6-P 2 concentration might inhibit PFK 

activity, by which a control of the Fru 1,6-P 2 concentration is 

possible. The mechanism by which the concentration of the former 

metabolite is regulated needs to be elucidated before its 

importance in the regulation of gluconeogenesis can be fully 

recognized. 

4. Targets for catecholamine action 

As stated in chapter 11.2. adrenaline stimulates gluconeo

genesis from substrates that enter the pathway at the level of 

pyruvate and lactate and also, although not so commonly reported, 

from substrates that enter at triosephosphate [14, 16, 27, 30]. 

Concerning phenylephrine only gluconeogenesis from pyruvate and 

l~ctate has been studied [25, 33, 55, 58]. The mechanism involved 
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in the stimulation of gluconeogenesis by catecholamines does not 

necessarily involve an increase in cAMP. Adrenaline for instance 

gives rise to an elevation of the cAMP concentration [58, 170] 
whic1 can, however, be blocked by the s-blocker propranolol with 

preservation of its stimulatory effect [58]. Dehydroergotamine, 

an a-blocker, effectively blocks adrenaline stimulation of 

gluconeogenesis, while other a-blockers, such as phentolamine 

and phenoxybenzamine, are less effective f58l. Phenylephrine 

does not cause the cAMP concentration to rise [54]. 

These observations have led to the statement that the effects of 

catecholamines on liver are caused by an a-adrenergic mechanism 

(for reviews see [62-64]). In rat 1 iver such a mechanism involves 

the mobilization of Ca 2 + ions from mitochondria resulting in an 

increase in cytosolic Ca 2 + concentration. It is not clear how 

mitochondria receive the extracellularly derived information. A 

primary response in a-adrenergic stimulation '1s an ·Increase of 

phosphatidylinositol breakdown (for a review see [171]). 
Michell proposed that the product formed, myoinositol 1,2 cyclic 

phosphate, could act as an intracellular second messenger. How

ever:, up till now no experimental evidence has been given for 

this hypothesis. 

The mechanism whereby an increased Ca 2 + concentration leads 

to a physiological response is largely unknown. In the case of 

glycogen breakdown the explanation is straightforward. 

Muscle phosphorylase kinase (for review see [172]) is directly 

activated by Ca 2 +. A similar activation has been reported for 

1 iver phosphorylase kinase [173, 174]. This leads to the phos

phorylation and concomittant activation of phosphorylase . Also 

because of the discovery of Ca 2 +-stimulated phosphorylation in 

membrane preparations from various tissues [175, 176] it was 

thought that Ca 2 +-activated protein kinases stimulate the phos

phorylation of specific cytosol ic proteins. The effect of Ca 2 + 

could be exerted through a calcium binding protein particularly 

calmodulin (for the most recent review see [177]). 

Garrison [197] found that phenylephrine increases the 

phosphorylation of cytosol ic proteins and a comparison with 

glucagon treated 1 iver cells revealed that in both cases the 

same proteins become phosphorylated. He reported that phosphory-
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lation of these proteins in the presence of phenylephrine, 

vasopressin, angiotensin I I and A23187 was Ca 2 +-dependent [80]. 

We investigated this topic further as described in appendix paper 

2. The relative role of cAMP-dependent, cAMP-independent and 

Ca 2 +-dependent phosphorylation was examined. It appeared that 

the substrate specificity of Ca 2 +-dependent protein kinases is 

quite different from that of cAMP-dependent protein kinase. Only 

the phosphorylation of a Mr-100,000 protein, which was tentati

vely identified as phosphorylase, was cAMP- and Ca 2 +-dependent. 

So in the cytosol ic phosphorylation system no evidence for a 

simi Jar Ca 2 +- and cAMP-dependent phosphorylation system has been 

obtained. In contrast specific Ca 2 + effects were noticed and it 

was also found that Ca 2 + most 1 i kely stimulates the dephosphory

lation of a Mr-115,000 protein. 

It is interesting to note that according to the interpreta

tion of Garrison [107] glucagon and adrenaline exert the same 

physiological effect through phosphorylation of the same proteins. 

We conclude (appendix paper 2) that the mechanism by which these 

hormones could provoke this phosphorylation must be quite 

different. The most intriguing question here is why there should 

be different mechanisms to exert the same effect. 

£1.ruvate kinase 

In chapter I I I .2 have already discussed the fact that PK 

becomes phosphorylated and inactivated by a cAMP-dependent 

mechanism. As in some cases cAMP rises after addition of an 

a-adrenergic agonist, we have to be very careful to conclude 

that there is an a-adrenergic, cAMP-independent mechanism by 

which PK becomes phosphorylated or inactivated. So, the inactiva

tion in response to adrenaline reported by Kemp and Clark [178] 

can be explained by a cAMP-dependent mechanism as they found a 

rise in cAMP and an increase in cAMP-dependent protein kinase 

activity. The phenylephrine induced inactivation observed by 

Blackmore et al. [163] can also be attributed to a cAMP-dependent 

mechanism. Other reports give no decisive about a possible 

involvement of a cAMP-dependent mechanism in the inactivation of 

PK by phenylephrine [179] or adrenaline in the absence [79] or 
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presence of propranolol [90, 180, 181]. Chan and Exton [33] 

showed that addition of phenylephrine leads to a small inactiva

tion of PK without a rise in the cAMP concentration. Using 

adrenaline+ propranolol they found no r"1se in cAMP and no 

inhibition of PK wl1ich was also reported by Hue eta]. [55] 

using phenylephrine as an agonist. So at this time no clear proof 

exists that PK can be phosphorylated as a consequence of an a

adrenergic mechanism. It must be stressed that the measurement 

of activity changes in PK can be misleading. If even small 

amounts of Fru 1,6-P 2 are bound to the enzyme, the inactivation 

esca~es detection. For this reason special precautions have to 

be taken to remove Fru 1,6-P
2 

(182]. 

Fructose 1,6-bisphosphatase 

The consequence of an increase in cytosolic Ca 2 + will be an 

inh"1bition of FDPase activity [164]. "This results in an increased 

Fru 1,6-P 2 level, which will cause the allosteric activati:on of 

PK. ,fJ.. stimulation of PK flux in the fed 1 iver has indeed been 

observed (39]. It is not understood how these effects on PK wi 11 

increase gluconeogenesis. Probably the main regulatory site is 

still at the level of Fru 1,6-P
2

. In this respect it is interest

ing to discuss some aspects of FDPase that are described in 

appendix papers 4 and 5. In appendix paper 5 it is shown that 

FDPase is a hysteretic enzyme. After addition of substrate the 

enzyme slowly changes from a high activity form with low affinity 

for its substrate to a low activity form characterized by an 

extremely high affinity. Evidence is presented that the transi

tion is introduced by a Fru 1,6-P
2
-divalent cation complex, the 

divalent cation being most 1 ikely Zn 2 +. The phenomenon cannot 

be masked by preincubation with Zn 2 +, Fru 1,6-P
2 

or Fr 6-P+Pi 

An explanation must be given how metal ions, that bind 

relatively weak to Fru 1,6-P
2

, "1ntroduce the low Km form of the 

enzyme. A simple scheme of the hydrolysis of Fru 1,6-P
2 

by 

FBPase is given by: 

E + Fru 1 ,6-P
2 E Fru 1,6-P 2 + E + Fru 6-P +Pi 
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Suppose that the enzyme also binds the Zn-Fru 1 ,6-P 2 complex. 

Then the hystereses could be related to the transfer of the metal 

ion from the substrate to the enzyme: 

Zn Zn 
I I 

E + Zn-Fru 1 ,6-P
2 

2;. E-Fru 1 ,6-P
2 

-r E-Fru 1 ,6-P 2 

The enzyme-zinc complex corresponds to the high 

enzyme. 

K form of the 
m 

After hydrolysis of the substrate or after addition of EDTA 

the dissociation reaction predominates 

Zn - E -r Zn 2 + + E 

and the enzyme is in the low Km form. This rate of dissociati'on 

is slow compared to the rate of catalyses. 

The change in Km is remarkable (from 211M to 0.3 ]JM) and 

offers a possibility to decrease the Fru 1,6-P 2 concentration 

well below 1 ]JM. Another aspect of the FDPase reaction is its 

regulation of the distribution of a- and S-anomeric conformers of 

Fru 1 ,6-P 2 . This is caused by the fact that FDPase hydrolyses 

the a-conformer and furthermore that the rate constant of the 

S _,. a-anomerization is relatively low. 

In appendix paper 4 it is described how this rate constant 

can be determined using 31 P-NMR. We found that kSa is 4s- 1
, 

however, in the presence of excess Mg 2 + this rate constant is 

rather 1s- 1
• If we assume that the specific activity of the 

purified enzyme is 50 U/mg [93] and that the intracellular con

centration of the enzyme is of the order of 5 ]JM, then one can 

calculate that at a Fru 1,6-P 2 concentration of 10 ]JM the enzyme 

activity is 3.5 times the anomerization rate. At a Fru 1 ,6-P, 
' concentration of 2 ]JM this value is 15 times. This means that 

the fraction of a-anomer drops from 0.20 at infinite Fru 1 ,6-P 2 
concentration to 0.12 at 10 ]JM and as low as 0.07 at 2 IJM. This 

might have important regulatory consequences as proposed by 

Koerner et al. [183]. 

Returning to the adrenergic induced rise in the Ca 2 + concen

tration; it might be possible that this event introduces the low 
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Km form of FDPase. The concomitant decrease in the activity of 

FDPase is still sufficient to account for the total gluconeogenic 

flux (compare Table 1). 

Mitochondria 

At least some of the changes in mitochondrial metabolism 

observed after the addition of glucagon are also observed with 

catecholamines. Adrenaline and phenylephrine stimulate citrull i.ne 

synthesis [135] and uncoupler-dependent ATPase activity [135, 

143]. Adrenaline gives rise to an increased ATP/ADP ratio [135]. 

These effects are mediated by an a-adrenergic mechanism as they 

can be blocked by dihydroergotamine [135]. 

Adrenaline also causes an increase in the rate of pyruvate 

(de)carboxylation, pyruvate uptake [138, 146] and state 3 

respiration [138]. It has been reported that the mitochondrial 

transmembrane proton gradient is not affected in contrast to the 

effect with glucagon [138]. However, the matrix volume decreases 

[ 1 3 8 J. As already discussed in section 111.2 it might be 

possible that these effects are a consequence of a stabilizing 

effect of hormones on the mitochondria during the isolation 

procedure. 
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IV GLUCONEOGENESIS AND LACTIC ACIDOSIS 

Gluconeogenesis is important in the regulation of the blood 

glucose level in situations with a 1 imited supply of food or 

where there is a sudden excessive need for energy. On the other 

hand conversion of lactic acid to glucose is a way to metabolize 

hydrogen ions and so to prevent lactic acidosis [186]. Indeed it 

has been reported that a deficiency in one of the gluconeogenic 

enzymes, such as pyruvate carboxylase (see [184] and references 

therein) or FDPase (see [185] and references therein) leads to a 

lactic acidosis. However, several cases are described, in which 

no underlying deficiency could be detected (see cases in [186]). 

As discussed in the previous chapter, the process of gluconeo

genesis is under stringent control of hormones. In consequence 

not only a deficiency in one of the gluconeogenic enzymes, but 

also an aberration in the hormonal regulatory mechanism might 

cause lactic acidosis. Some support for this hypothesis can be 

found considering the effects of biguanides. Phenformin 

(N-phenylethyl biguanide) is a hypoglycemic agent and it in

creases blood lactate levels (for an extensive discussion see 

[186, 187]). Phenformin together with other factors (shock, 

diabetes) can be a causative factor in the development of lactic 

acidosis. The theory that phenformin acts through an inhibition 

of tissue oxidation has been criticized [188]. More likely the 

rate of removal of lactic acid is decreased [189]. Tolbert and 

Fain [143] showed that biguanides depress the hormonal stimula

tion, but not the basal level of gluconeogenesis in hepatocytes. 

This suggests that the impairment of the hormonal control of 

gluconeogenesis after administration of phenformin could be the 

cause of lactic acidosis. A simllar diminished hormonal response 

is observed at low pH. In the experiment shown in Fig. 3 it 

appears that glucagon does not stimulate gluconeogenesis at a 

medium pH of 6.9. This observation might be related to the 

clinical experience that the patie_nt hardly recovers, i.e. 

gluconeogenesis cannot be stimulated by hormones. Prolonged 

al kal intzation with bicarbonate is mostly necessary for full 

recovery of tbe patient. 
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Fig. 3 Stimulation of gluconeogenesis in rat-1 iver cells by glucagon. 
Gluconeogenesis was measured as the production of [ 4 C]-glucose from 
[2- 14C]-lactate. Hepatocytes were incubated dur'1ng 10 min at 37°C '1n 

Krebs-Ringer bicarbonate buffer. Cells were continuously gassed with 
carbogen and continuously shaked. pH was set by varying the amount of 
bicarbonate in the buffer. Gluconeogenesis was initiated by the 
addition of 10 mM lactate at t=o. 

Clinical relevance of the investigations 

The investigations presented in this thesis were undertaken 

to develop a procedure for the detection of aberrations in the 

regulating mechanism of gluconeogenesis. With such a procedure 

it is possible to test the hypothesis that some cases of lactic 

acidosis are related to deficiencies in the control mechanism of 

metabolism rather than in metabolism itself. The work hypothesis 

was that hormonal stimulation is affected as consequent on the 

covalentmodification of gluconeogenic and/or glycolytic enzymes 
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by cAMP~dependent and/or Ca 2 +~dependent phosphorylation. Special 

interest was given to develop a screening procedure that could 

be applied to biopsy material. 

ln appendix paper 7 the main characteristics of the phospho

protein pattern of human 1 iver samples are described. lt appeared 

that some striking resemblances with rat 1 iver exist. The phos

phorylation of PK is stimulated by cAMP. Furthermore the phospho

rylation of PK and a Mr-68,000 protein can be inhibited by Fru 

1,6-P
2

. The effects of phosphorylation on the kinetics of PK 

activity are reported in appendix paper 6. Similar to the results 

with rat liver an increase in KO.S for phosphoenolpyruvate is 

observed after phosphorylation. The study in appendix paper 6 

also shows that the phosphorylation reaction is very rapid and 

that stimulation of the phosphorylation is obtained with physio

logical concentrations of cAMP. 

On the other hand it must be clarified why a relatively small 

number of phosphoproteins is detected in human liver samples. 

The samples tested were post mortem and it might be possible that 

t"he use of fresh material changes the picture. 

lt must be realized that a study with human iver on the 

hormonal regulation of gluconeogenesis is still premature as long 

as the process is not fully understood in the laboratory animal. 

Further studies on the molecular basis of the hormonal regulat'1on 

of gluconeogenesis are needed for the understanding of the 

occurrence of lactic acidosis in patients. 
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1. Introduction 

The mechanism by which hormones such as 
glucagon and catecholamines stimulate gluconeogenesis 
in liver has as yet not been elucidated. Injection of 
glucagon or epinephrine has been reported to lead to 
a lowered activity of the glycolytic enzymes phos
phofructokinase and pyruvate kinase, whereas the 
glucon,2ogenic enzyme fructose-] ,6-diphosphatase 
shows an increased activity; all enzymes being mea
sured Lnder one particular condition [I ,2]. The 
mechanism of these changes in enzyme activity has 
not been investigated. The most well-known action of 
glucagon on liver cells is the stimulation of cyclic 
Al\-IP-dependent protein kinases. It is obvious to 
explain the action of glucagon on gluconeogensis by 
phosphorylation of the above-mehtioned enzymes 
which results in a change of ~nzyme activity. This 
seems indeed to be the case for pyruvate kinase, as 
judged from in vitro studies (reviewed in [3]) and 
from in vivo experiments [4]. Phosphorylation of 
purified phosphofructokinase [5] and fructose-] ,6-
diphosphatase [6] \vith concurrent change in enzyme 
activity has been reported. Experimental evidence for 
in vivo regulation of these enzymes by phosphoryla
tion-dephosphorylation reaction is up till now absent. 

Phosphorylation of rat liver cell sap [7-9] or rat 
hepatocyte soluble proteins [10] has been studied in 
the presence of added exogenous protein kinase. The 
effect of glucagon and catecholamines on the phos
phorylation of supernatant proteins has been studied 

Elsevier/:Vonh-Ifol/and Biomedical Press 

[10] in intact hepatocytes where endogenous protein 
kinase \vas used. Although it was not proven, pyruvate 
kinase was indicated as one of the proteins of which 
the phosphorylation is greatly stimulated by these 
hormones. No evidence for a stimulated phosphoryla
tion of fructose- I ,6-diphosphatase was found. We 
investigated the cyclic AMP-dependent phosphoryla
tion of rat liver soluble proteins by endogenous pro
tein kinase(s). Phosphorylated proteins were analysed 
by SDS-polyacrylamide gel electrophoresis and sub· 
sequent autoradiography. With this system we found 
that L-type pyruvate kinase is the major protein 
which incorporates 32P from ['y-32P]ATP in a cyclic 
AMP-stimulated reaction. The phosphorylation of 
pyruvate kinase is greatly diminished in the presence 
of the substrate phosphoenolpyruvate and not influ
enced by the allosteric activator fructose-] ,6-diphos
phate. Phosphorylation of fructose-! ,6-diphosphatase 
was not detectable in this system. 

2. '-1aterials and methods 

2.1. Prepararion of soluble fractions 
Minced rat liver was homogenized (20% w/v) with 

a Potter Elvehjem homogenizer in 250 mM sucrose, 
25 mM Tris-HCJ (pH 7.5), 2 mM mercaptoethanol 
and centrifuged at 105 000 X g for 60 min at 4°C. A 
human liver sample was obtained from a 7 month 
old baby. The sample was frozen in liquid N2 within 
4 h after death. The sample was treated as above. 
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2.2. Phosp!rol}'fation expr.:rimenrs 

Soluble fraction (1 0110 was preincubated ror 
I min with 10 J.Ll from a mixture containing 25 mM 
Iris .. J-{(1 (pH 7.5). 40 m\1 phosphate, 200 mt"vl KCl 
and 10 mivl theophylline at 37"C. Phosphorylation 
was started by adding I 0 ,ul of a mixture of [-y_.l2P]ATP, 
ATP and ivlgCl 2. Tlle final concentration of '\1gC1 1 

was 5 m\1. ATP concentrations ranged from 
10·-100 ,u\1 (see figure legends). The specific activity 
of [ "Y·32P]ATP was 3000 Ci/mmol (The Radiochemical 
Centre, Amersham). About 5 ,uCi/incubation was 
used. The reaction was stopped with 15 pi of a solu· 
tion containing 0.3 ivl Tris-H?04 (pH 6.8), 3% SDS. 
50 ml"vl 2-mercaptoethanol and 20% glycerol. In a 
pilot study it was established that the inactivation of 
pyruvate kinase activity, measured at suboptimal 
phosphoenolpyruvate concentrations, was complete 
;;;;;; 30 s with 10 ,uM ATP. At 100 pM ATP this inacti
vation occurred,;;;;: 10 s. Samples were heated to 95cC 
for 5 min before electrophoresis. 

2.3. };"fectrophuresis 
SDS---polyacrylamide slab gel electrophoresis was 

performed as in [II] in 10% gels. Gels were 0.75 mm 
thick. i\·1arker proteins were (mol. wt): phosphorylase 
(92.5 X 103

), bovine serum albumin (67 X 10'), 
catalase (60 X !03

), ovalbumin (45 X \03
), chymo

trypsinogen (25 X 103
). \-Iarker proteins were mixed 

with an equal amount of the soluble fraction prior to 
electrophoresis_ The gels were stained in a solution of 
0.2% Coomassie brilliant blue R 250 in 50% methanol 
3.5% acetic acid and destained in a mixture of 5% 
methanol and 7.5% acetic acid and subsequently 
vacuum dried. Autoradiographs were made by 
exposing the dried gel to Kodak XR-1 film. Scanning 
of the autoradiographs was performed with a Vitatron 
TLD 100 densitometer at 51 0 nm. Peak area was 
determined by weighing the cut out clensitogram. 
Different exposure times were used to check linearity 
of amounts of radioactivity with optical density. 

2.4. Specific removal ofproreins from a soluble frac
tion 

Antiserum against human liver L-type pyruvate 
kinase was raised in rabbit. The antiserum is mono
specific against human liver L-type pyruvate kinase, 
but shows crossreactivity with L-and M-types pyru
vate kinase of rat liver. In a concentration range of 
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this antiserum and rat liver soluble fraction we 
detected 1 weak precipitation line in an Ouchterlony 
test. Antiserum against rat liver fructose- I ,6-diphos
phatase was raised in cavia. This antiserum showed 4 
precipitation lines in an Ouchterlony test. Antiserum 

a b 
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l'ig.1. Cyclic AMP-dependent phosphorylu tion of rat liver 
soluble proteins as detected in an autoradiograph of a SDS
slab gel. Rat liver soluble fraction was phosphorylated as in 
section 2 with I 0 J.LM ATP, for 30 sin the absence (a] or 
presence of 10 f.IM cyclic AMP (b). 11 denotes number of 
determinations; cyclic A\lP-depcndcnt increase in phos
phorylation is indicated by (.o.). 
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and control serum proteins were precipitated by 50% 
ammonium sulfate and after centrifugation dissolved 
in and subsequently dialysed against 0.1 M ~aHC03 , 

0.5 M :JaCl. The proteins were coupled to CNBr
activated Sepharose 4 Bas described by the manu
facturer (Pharmacia, Sweden). Soluble fractions were 
incubated with control serum- or antiserum-coupled 
Sepharose for 20 min at room temperature. Removal 
of enzyme was tested by measuring the remaining 
enzyme activity in the supernatant. 

3. Results and discussion 

3 .1. Phosphorylation pattern 
Rat liver soluble proteins separated by SDS

polyacrylamide gel electrophoresis contains 20 clear 
phosphorylation bands. The phosphorylation of at 
least 11 bands is stimulated by cyclic A\1P as judged 
by scanning of the autoradiographs and visual inter
pretation, with the most pronounced effect on a 
proteir. with mol. wt (65 ± I X I 03

) (figs.l ,2). A 
similar pattern was found with rat hepatocyte super-

natant fraction upon incubation with protein kinase 
catalytic subunit [IO]. 

3 .2. Jdennfication of phosphorylation bands 
To detect pyruvate kinase in this pattern, we 

prepared a soluble fraction, from which pyruvate 
kinase was removed (see section 2). The major phos
phorylation band disappeared specifically upon this 
treatment (fig.3). The possibility exists that M-type 
pyruvate kinase is responsible for this observation, 
because antiserum against human pyruvate kinase 
shows crossreactivity with L-and M-types pyruvate 
kinase of rat liver [I2]. However, the same result was 
obtained with a soluble fraction from parenchymal 
cells which contains only L-type pyruvate kinase 
[16]. Furthermore, in human liver, this band with 
approximately the same molecular weight also dis
appeared after treatment with Sepharose-bound 
antiserum against L-type pyruvate kinase. In this 
lattEIT case the antiserum is monospecific for L-type 
pyruvate kinase. From these experiments it must be 
concluded that the major phosphorylation band orig
inates from the subunits of L-type pyruvate kinase. 

Fig.2. Cyclic A\IP-dependcnt phosphorylation of rat liver soluble proteins. A typical example or u scanning of an au toradiogrnph 
is shown. For conditions see t'ig.l. The mol. wt X 10·' is indicated. Cyclic A:VlP-stimulatcd bands are indicated by (A). 
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A B 

a b c d e f g h 

Fig.3 .(A) Detection of pyruvate kinase and fructose-! ,6-diphosphatase in SDS-slab gel electrophoresis of rat liver soluble :::>roteins. 
Soluble fractions were incubated with sera bound to Sepharosc and afterwards phosphorylated at 1 !J?vl ATP for 10 s. Rabbit 
control serum-treated sample: (a) - cyclic A :VIP; (b)+ 10 ).(.\'! cyclic AMP. Rabbit antiserum against pyruvate kinase treated 
sample: (c)- cyclic A:VIP; (d)+ 10 M:>.'i cyclic AMP. Cavia control serum treated sample: (e)- cyclic AMP; (f)+ 10 J..!\1 cyclic 
A\IP. Cavia antiserum against fructose-] ,6-diphosphatasc-treated sample: (g) - cyclic AMP; (h)+ 10 pM cyclic AMP. (B) e-h 
were as in (A) but a longer exposure time was used. This experiment was also performed with ] 00 11M ATP for 2 min. The phos
phorylation pattern was almost identical as shown here. Arro>V indicates approximate mobility of fructose-] ,6-diphosphatase sub
units. 

From this, direct evidence is obtained that the 
reported changes in kinetic parameters of pyruvate 
kinase in liver homogenates [13] or homogenates of 
parenchymal cells [14--16] upon incubation with 
MgA TP and cyclic AMP are indeed parallelled by an 
increased phosphorylation state of the enzyme. The 
fact that pyruvate kinase is identified as a major phos-
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phorylated protein is not necessarily surprising as the 
concentration of this enzyme in liver cells is high 
(±211M, calculated from data in [17]). The concen
tration of fructose- I ,6-disphosphatase is similar 
(calculated from data in [6]). However, no intensive 
phosphorylation bands are visible in the region of the 
subunit molecular weight of this enzyme (38 X 103 
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[6]) in SDS-gel electrophoresis (fig.l). Removal of 
low molecular weight components which could act 
as inhibitors of phosphate incorporation in this 
system, by gel filtration, did not influence the phos
phorylation pattern. Phosphorylation of a fructose-1 ,6-
diphosphatase-free soluble fraction did not lead to 
the disappearance of a phosphorylation band as 
compared to control serum treated soluble fraction 
(fig.3). It is not very likely that the non-monospeci
ficity of the antiserum used impaired this result. The 
absence of a detectable phosphorylation band of 
fructose-! ,6-diphosphatase makes it rather doubtful 
whether the reported in vitro phosphorylation of the 
purified enzyme [6] is involved in the hormonal 
regulation of gluconeogenesis. 

3.3. Effects ofphosphoenolpyruvate and fructose-} ,6-
dfphosphate on phosphorylation pattern 

It has been argued that the incubation conditions 
applie::l here in a crude cellular preparation is repre
sentative of native conditions [14]. We agree with this 
view because in these systems, probably because 
endogenous protein kinase is involved, the kinetic 
changes develop very quickly after addition of cyclic 
AMP [13,14] in contrast to experiments in a purified 
system [3] and the inactivation occurs at physiological 
cyclic AMP concentrations [13-15]. Great care has 
to be taken, however, when changes in kinetic param
eters in these experiments are interpreted as changes 
in phosphorylation state. Especially the binding of 
very small amounts of the allosteric activator fruc
tose- I ,6-diphosphate to pyruvate kinase can influence 
the determination of changes in enzyme activity upon 
incubation, unless special precautions are taken [18]. 
The described system makes it possible to discriminate 
between effects upon the phosphorylation state of 
pyruvate kinase and changes in pyruvate kinase activity. 
As shown in table 1, phosphoenolpyruvate caused a 
large d-~crease in phosphate incorporation in pyruvate 
kinase. This agrees with experiments in which enzyme 
activity was used as a parameter for cyclic AMP-induced 
phospLorylation of pyruvate kinase [14,15]. Fruc
tose-! ,6-diphosphate at 1-50 f1M, did not have any 
influence on the phosphorylation state of pyruvate 
kinase (table 1), in contrast to the effect upon enzyme 
activity, as reported [14,15]. The absence of an effect 
of fructose- I ,6-diphosphate on the phosphorylation 
of pyruvate kinase agrees with experiments performed 

Table 1 
Effect of phosphoenolpyruvate (PEP) and fructose-! ,6-

diphosphate (FDP) on phosphate incorporation in 
pyruvate kinase 

Addition - cyclic +cyclic 
AMP AMP (10 MM) 

none 28 I 00 
0.1 mM PEP 25 88 
1.0 ml\1 PEP 37 
none 26 100 

l11M PDP 28 92 
IOMMFDP 32 101 
50 MM FDP 23 94 

Results arc expressed as% of phosphate incorporation 
without addition of metabolitics in the presence of 10 MM 
cyclic AMP. Soluble fraction was pretreated by Sephadex 
G-25 filtration 

in a purified enzyme system [19]. It seems most 
likely that the reported inhibition by fructose-1,6-
diphosphate of the cyclic AMP-dependent inactivation 
of pyruvate kinase activity is brought about by binding 
of the allosteric activator of pyruvate kinase, fruc
tose-1,6-diphosphate. It is important to note the 
detection of a somewhat higher molecular weight of 
pyruvate kinase (65 ± 1 X 103

) in SDS--gel electro
phoresis of a rat liver soluble fraction compared with 
purified enzyme [3,17]. This difference may be 
explained by partial proteolysis of pyruvate kinase 
upon purification. The identification of pyruvate 
kinase as a major substrate for cyclic AMP-dependent 
protein kinase in vitro opens the possibility to study 
the relation between the phosphorylation state of 
pyruvate kinase and the reported inactivation of the 
enzyme upon starvation [18,20]. 
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The Role of Ca2 + and Cyclic AMP in the Phosphorylation 
of Rat-Liver Soluble Proteins by Endogenous Protein Kinases 
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Rat liver soluble proteins were phosphorylated by endogenous protein kinase with [v-32 P]ATP. 
Proteins were separated in dodecyl sulphate slab gels and detected with the aid of autoradiography. 
The relative role of cAMP-dependent, cAMP-independent and Ca2 +-activated protein kinases in 
the phosphory'lation of soluble proteins \Vas investigated. Heat-stable inhibitor of cAMP-dependent 
protein kinase inhibits nearly completely the phosphorylation of seven proteins, including L-type 
pyruvate kinase. The phosphorylation of eight proteins is not influenced by protein kinase inhibitor. 
The phosphorylation of six proteins, including phosphorylase, is partially inhibited by protein 
kinase inhibitor. These results indicate that phosphoproteins of rat liver can be subdivided into 
three groups: phosphoproteins that are phosphorylated by (a) cAMP-dependent protein kinase or 
(b) cAMP-independent protein kinase; (c) phosphoproteins in which both cAMP-dependent and 
cAMP-independent protein kinase play a role in the phosphorylation. 

The relative phosphorylation rate of substrates for cAMP-dependent protein kinase is about 
15-fold the phosphorylation rate of substrates for cAMP-independent protein kinase. The Km for 
ATP of cAMP-dependent protein kinase and phosphorylase kinase is 8 ~-tM and 38 ~-tM, respectively. 

Ca 2 - in the micromolare range stimulates the phosphorylation of (a) phosphorylase, (b) a protein 
with molecular weight of 130000 and (c) a protein with molecular weight of 15000. The phosphate 
incorporation into a protein with molecular weight of 115 000 is inhibited by Ca2 +. Phosphorylation 
of phosphorylase and the 15000-M, protein in the presence of 100 ~-tM Ca2 + could be completely 
inhibited by trifluoperazine. It can be concluded that calmodulin is involved in the phosphorylation 
of at least two soluble proteins. No evidence for Ca2 +-stimulated phosphorylation of subunits of 
glycolytic or gluconeogenic enzymes, including pyruvate kinase, \vas found. This indicates that it 
is unlikely that direct phosphorylation by Ca 2 +-dependent protein kinases is involved in the stimula
tion of gluconeogenesis by hormones that act through a cAMP-independent, Ca2 +-dependent 
mechanism. 

The processes of gluconeogenesis and glycogen
olysis in liver are under stringent control of hor
mones. Originally it was postulated that the effects 
of hormones in liver are mediated by cAMP (for a 
review see [1 ]). According to this concept glucagon 
stimulates gluconeogenesis and glycogenolysis by ac
tivating adenyl cyclase. This elevates the intracellular 
cAMP level and by this means the cAMP~ dependent 
protein kinase activity increases. Subsequently, specific 
enzymes vrere shown to be phosphorylated by cAMP
dependent protein kinase, which alters their activity. 
Evidence exists that phosphorylase kinase [2], glycogen 
synthase [3,4] and L-type pyruvate kinase are phos-

AhhrerJr.-lion. cA.\1P, adenosine 3'.5'-monophosphoric acid. 
Enzymes. Pyruvate kinase {EC 2.7.1.40); phosphorylase (EC 

2.4.1.1). 

phorylated in this way. Of these enzymes only pyruvate 
kinase has been convincingly identified as an enzyme 
of which the activity is regulated by cAMP-dependent 
protein kinase in response to glucagon (for a review 
see [5]). 

Recently, we described the phosphorylation of rat 
liver soluble fraction by endogenous protein kinases 
{6]. After dodecyl sulphate polyacrylamide gel electro
phoresis and autoradiography, 20 phosphorylated 
bands could be distinguished. The phosphorylation 
of 11 of these proteins appeared to be stimulated by 
cAMP. The question remains if these proteins are 
solely phosphorylated by a cAMP~dependent protein 
kinase. In the experiments that we describe here we 
investigated the substrate specificity of cAMP-depen
dent protein kinases in rat liver. 

49 



The intracellular response that mediates the effects 
of catecholamines is not clearly identified. It appears 
that in the action of phenylephrine or vasopressin a 
rise in the cAMP level is not a prerequisite for the 
stimulation of gluconeogenesis and glycogenolysis, as 
these effects are also observed without a concomitant 
increase in cAMP [7- 9] or cAMP-dependent protein 
kinase activity [9]. Furthermore. a stable activity 
change (phosphorylation) in phosphorylase kinase [10] 
and pyruvate kinase [11] does not take place upon 
addition of phenylephrine to hepatocytes. 

Recently it has been suggested that the effects of 
phenylephrine and vasopressin are mediated by alter
ations inCa 2 + flux [12-14], resulting in an increased 
intracellular Ca 2 ... level. This can explain the stimu
lation of glycogenolysis by phenylephrine and vaso
pressin without a rise in cAMP, as phosphorylase 
kinase activity is known to be stimulated by micro
molar Ca2+ concentrations [15, 16]. A possible site 
of action of Ca2+ on hepatic gluconeogenesis is un
known. Whether phosphorylase kinase or some other 
Ca2+-dependent protein kinase mediates the effects 
of phenylephrine and vasopressin on gluconeogenesis 
is unclear. Inhibition of a phosphatase by Ca 2+ could 
also increase the phosphorylation state of specific 
proteins. An investigation of the role of Ca2 + on the 
phosphorylation of rat liver soluble proteins is there
fore also reported in this paper. 

MATERIALS AND METHODS 

Preparation of Soluble Fraction 

Wistar rats. fed ad libitum. were killed between 
9.00 and 10.00 a.m. The liver was excized, minced and 
washed with ice-cold 0.9% NaCl solution. The minced 
liver was then homogenized (20 %, w;'v) with a Potter
E)vehjem homogenizer in 250 mM sucrose, 25 mM 
Tris;'HCl (pH 7 .5), 2 mM 2-mercaptoethanol and cen
trifuged at 20000 x g for 20 min at 4 ·oc. The super
natant was centrifuged at 105000 xg for 60 min at 
4 °C. Low-molecular-weight components were re
moved by applying 5 ml of the soluble fraction to a 
column (2 x 15 em) of Sephadex G-25 (medium) equili
brated with 25 mM Tris/HCl (pH 7.5), 1 mM 2-mer
captoethanoL A fraction of the eluant was used in 
the experiments. 

Phosphorylation Experiments 

Soluble fraction (10 !J.l) was preincubated for 2 min 
with 10 !J.l of a mixture containing 25 mM Tris/HCJ 
(pH 7.5), 200 mM KCl, 10 mM theophylline, 40 mM 
phosphate and all additions as indicated in the legends 
to the figures. The final volume was 30 !J.l. Protein 
concentration, if not indicated, was 0.1 mg./assay. The 
reaction was started by adding [y-32P]ATP (0.10 mM) 
+ MgCh (5.0 mM). The specific activity of [·y-32P]-
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A TP was about 1 Ci/mmol. The reaction was stopped 
with 15 fll of a solution containing 0.3 M Tris;'H3PO,. 
(pH 6.8), 3% sodium dodecyl sulphate, 50 mM 2-mer
captoethanol and 20% glycerol. Before electrophoresis 
samples were heated at 95 GC for 5 min. 

Electrophoresis 

Dodecyl sulphate./polyacrylamide slab gel electro~ 
phoresis was performed as described earlier [6] in 10% 
or 7.5% gels. Usually 15 !J.l of the incubation mixture 
was applied per gel slot. 

Marker proteins were subunits of R::--JA poly
merase (M, 165000. 155000, 39000) P-galactosidase 
(116000) [17] skeletal muscle phosphorylase (97500) 
[18], bovine serum albumin (68000), catalase (58000), 
ovalbumin (43000), chymotrypsinogen (25000). 

We think that a numerical order of the phospho
proteins, as used by Garrison [19], is premature be
cause the number of bands detected depends on the 
specific activity of [r-32P]ATP and on biological 
variations in the amounts of phosphoproteins present. 

Quantification of Phosphorylation Bands 

Quantification of the amount of P; incorporated 
was done either by scanning the autoradiograph or 
counting the radioactivity incorporated into the pro
tein bands. 

Scanning the Autoradiograph. The vacJum-dried 
gels were exposed to Kodak XR-1 film for different 
periods of time. Autoradiographs were scanned with 
a Vitatron TLD 100 densitometer at 510 nm. Relative 
amounts of 32P incorporated were determined by 
integration of the peak with a Vitatron ~ntegrator. 
Different exposure times were applied to check line
arity of the amount of radioactivity with absorbance. 
It appeared that resolution of the peaks by scanning 
methods is always inferior to visual interpretation of 
the autoradiographs. 

Incorporation ofRadioactivity. The absolute amount 
of 32 P incorporated was determined by cutting out the 
radioactive band, which was then treated with 1 ml 
37% H20 2 for 2 hat 70 °C. Samples were mixed with 
Instagel (Packard) and counted in a Packard model 
3380 liquid scintillation spectrometer. 

The methods described here were discussed earlier 
[20]. In our hands the autoradiography-densitometry 
method was the most reliable method. 

The influence of proteolytic inhibitors on the 
phosphorylation pattern was checked by including 
either 0.2 mg/ml phenylmethylsulfonyl fluoride or 
0.1 mM p-mercuribenzoate or 1.0 mM iodoacetate or 
a mixture of these inhibitors of proteolytic activity in 
all buffers used. No change of the phosphorylation 
pattern or protein pattern was observed. 

Protein was estimated by the biuret method [21] 
with bovine serum albumin as a standard. 
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Chemicals and Enzymes 

[y-32P]ATP was obtained from the Radiochemical 
Centre, Amersham. ATP was determined enzymati
cally [22]. Protein kinase inhibitor, purified essentially 
according to Walsh [23] and calmodulin, purified ac
cording to Lin [24], were gifts from Dr H. R. de Jonge. 

Phosphorylase activity was measured in the pres
ence of 5'AMP according to [25). Glycogen synthase 
activity v,ras measured in the presence of glucose 
6-phosphate according to [26]. 

Trifluoperazine was supplied by Smith, Kline & 
French Laboratories. The powder was dissolved in 
20% propylene glycol pH 6. 

RESULTS 

Earlier we reported that 20 proteins in rat liver 
soluble fraction incorporate phosphate from ATP. 
Phosphate incorporation of 11 of these proteins 
appeared to be stimulated by cAMP [6]. In the present 
study we paid particular attention to specific major 
phosphorylation bands in the dodecyl sulphate slab 
gels, namely L-type pyruvate kinase (molecular weight 
65000 [6]) and proteins with molecular weights of 
100000, 68 000 and 50000 as detected in 7.5% sodium 
dodecyl sulphate gels. 

Garrison et al. [27] identified a phosphoprotein 
with a molecular weight of 93 000 as phosphorylase. 
As no other clear phosphoproteins appear in this 
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region, we assume that the 100000-M, protein ob
served in our system is phosphorylase. An accurate 
molecular weight determination in a dodecyl sulphate 
gel is given in Fig.l. The molecular weight of 100000 
is the same as the molecular weight of purified rabbit 
liver phosphorylase determined in dodecyl sulphate 
gel [28]. The experiments that we present below further 
confirm the supposition that the 100000-M, protein 
is phosphorylase. 
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Fig. 1. Determination of tile nw/ec-u!ar weight of phosphorylase. 
Marker proteins (0.1 mg/ml) were mixed 1:1 with soluble fraction 
and run in a 7.5% sodium dodecyl sulphate gel. M, was plotted 
on a logarithmic scale Arrow indicates the position of rat liver 
phosphorylase 
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Fig. 2. Time course of the phosphorylation of rat liver soluble proteins by endogenous protein kinases. Rat liver soluble fraction was incubated 
in the absence (closed symbols) or presence (open symbols) of 10 '"'M cAMP at 3rC. (A) Phosphorylase, (B) L-type pyruvate kinase, 
(C) protein with M, 50000, (D) concentration of ATP in the incubation mixture The shortest sampling time was 10 s after the addition 
of [·r}2P)ATP 
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Fig. 3. Time course oj rhe dephosphorylation oj rat liver wlub/e 
proreins by endogenous phosphatases. Rat liver soluble fraction was 
incubated in the presence of 10 !1M cAMP at 37'"(. Afrer 1 min 
the incorporation of 32P was stopped by isotope dilution \'lith 
12.5 m\1 ATP. (D) Phosphorylase; (0) L-type pyruvate kinase 
Closed symbols: amount of 3 '~P incorporated 10 s before the 
addition of unlabeled ATP. Shortest sampling time was 10 s after 
the addition of unlabeled ATP 

Time Course of the Phosphorylarion Reaction 

The time dependency of the phosphorylation of 
pyruvate kinase and phosphorylase in the presence 
and absence of cAMP is shown in Fig.2. The phos
phorylation of these proteins is very rapid. reaching 
a maximum after 2- 3 min, whereafter a slov .. ' de
phosphorylation occurs. This time course is, under 
the conditions used, virtually equal for all phospho
proteins in the soluble fraction with one exception: 
a protein with a molecular weight of 50000. The phos
phorylation of this protein is greatly enhanced by 
cAMP and reaches a maximum already within 10-
30 s, whereafter a rapid dephosphorylation is noticed 
(Fig.2C). 

Fig. 2 D illustrates the decline in A TP concentration 
under the applied conditions. Within 15 min the A TP 
concentration drops to 15% of the initial value. while 
the extent of phosphorylation of the proteins, the 
50000-M, protein excepted, is still more than 70 j{, 
of the maximal amount. This suggests that the endoge
nous phosphatase activity under the applied condition 
is rather low compared to the protein kinase activity. 
If the phosphatase inhibitor phosphate is replaced by 
fluoride, the time course is not changed, although the 
maximal amount of radioactivity incorporated is 
slightly elevated (maximal 20~~). If a phosphatase 
inhibitor is omitted, the maximal amount of radio
activity incorporated is reduced by approximately 
tW~~-

The extent of dephosphorylation under the applied 
conditions is further illustrated in Fig. 3. It appears 
that phosphatase activity is indeed low compared to 
protein kinase activity. After a 30-min incubation in 

52 

Phosphorylation of Rae-Liver Soluble Proteins 

100 

so 

0.' 0.2 
Pro1oin corn :ug /ossay) 

Fig.4. Dependency of the phosphorylation rare of L-rype pyruvare 
kinase on protein concen/rarion. Rat liver soluble fraction was 
incubated in the presence of 10 ~M cAMP at 25'"C during 10 s 
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Fig. 5. Initial phosphorylmion rares u.f rur liver soluble protei11s 
Phosphorylation was performed in the presence of 10 ~M cAMP 
at 6'C. The protein concentration was 0.05 mg/assay. (0) L-type 
pyruvate kinase: (D) phosphorylase: ('V) protein with .-11, 68000 

the presence of a more than 125 times excess of un
labeled ATP, 50~~ of the initial 32P is sti.ll present 
in the protein bands. If the protein kinase reaction is 
stopped by complexing Mg2+ with 10 mM EDT A. 
a similar dephosphorylation pattern is obtained (not 
shown). 

Protein Dependency of the Phosphorylation Reacrion 

The amount of 32P incorporated into pyruvate 
kinase increases exponentially with increasing protein 
concentration (Fig.4). Replotting of the data on a 
logarithmic scale delivers a linear relationship at 25 ''C 
up to protein concentrations of 0.05 mg_/assay (Fig. 4). 
This indicates a second-order reaction which can be 
expected as the protein kinase as well as its substrate, 
pyruvate kinase, increase with increasing protein con
centrations. At high protein concentrations it is not 
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Fig. 6. The inirio/ p/Joophorylarion rmc as a junclirm uf (AT P}. Rat liver soluble fraction IVa> phosphorylated in the presence of 10 f.I.M 
cAMP during 20 sat 25 ·c. (0) L-type pyruvate kinase: (0) phosphoryla,e Insert: Lineweaver-Burk plot 

possible to measure the initial velocity of the phos
phorylation reaction, so that the linear relationship 
is lost. 

Kinetics cf the Phosphorylation Reaction 

The conditions used so far are suitable to detect 
as many phosphorylation bands as possible. To obtain 
reliable k:.netic data about the phosphorylation of the 
major bands it is, hO\vever. necessary to lower the 
temperature of incubation or the protein concentration 
in order to obtain initial phosphorylation rates. Under 
such conditions a great difference in phosphorylation 
rate of the various proteins becomes evident (Fig. 5). 
The phosphorylation of pyruvate kinase is complete 
within 2 min, whereas the phosphorylation of phos
phorylase and a 68000-}vfr protein (not cAMP-stimu
lated) is about 15-fold slower. As a general feature 
we observed that cAMP-dependent phosphorylation 
is much more rapid than cAMP-independent phos
phorylation. Eventual activators of cAMP-independ
ent protein kinase can change this picture. Extra
polation of these data to protein concentrations in 
vivo indicates that in vivo there is a capacity to phos
phorylate pyruvate kinase within 0.1 s once the cA:vlP
dependent protein kinase is activated. 

The affinity of the protein kinases for ATP is 
shown for pyruvate kinase and phosphorylase. Normal 
Michaelis-Menten kinetics are observed (Fig. 6) and 
the Km for ATP of the cAMP-dependent protein 
kinase involved in the phosphorylation of pyruvate 
kinase is low (8 ~t:\1) compared to the Km for ATP 
of phosphorylase kinase involved in the phosphoryla
tion of phosphorylase (38 ~tM). The Km determined 
for cAMP-dependent protein kinase agrees well with 
the value (5 11M) obtained with the purified rat liver 
cAMP-dependent protein kinase with calf thymus 
whole histone as a substrate [29]. Vandenheede et al. 
[30] found for purified rat liver phosphorylase kinase 
with skeletal muscle phosphorylase as a substrate a 
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F1g ~ cA /'>1 P dependency of 1he pho:sphuryla!iun ul ra1 liver so!uhle 
proreins. Rat liver soluble fraction was phosphorylated during 2 min 
at 37 ·c. (0) L-lype pyruvme kinase; (6) 68000-/v!, protein 

Km for ATP of 70 ~tM at pH 8.0 which agrees well 
with the value reported here. 

cAMP-Dependent 
and cAMP-Independent Pho:,phory!arion 

The cAMP-dependency of the phosphorylation of 
pyruvate kinase and the 68000-}..1, protein is shown in 
Fig. 7. The phosphorylation of pyruvate kinase is 
maximal at 1 Jl:\.1 cAMP. Half-maximal stimulation 
is reached with 0.07 ).lM cAMP. This value makes a 
phosphorylation-dephosphorylation process in vivo 
likely. The phosphorylation of the 68000-M, protein 
is clearly cAMP-independent. 

Whether the phosphorylation of a protein is 
cA:vlP-dependent or not is often difficult to establish, 
because in the presence of cAMP the background of 
the autoradiograph increases. Furthermore, even in 
the absence of cAMP. some free catalytic subunits 
of cAMP-dependent protein kinase may be present. 
To establish the role of cAMP-dependent protein 
kinase in the phosphorylation of the different proteins, 
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F1g. 8. The ejfect of protein kinase inhibitor on the phosphorylation of rat liver soluble proteins. Rat liver soluble fraction was incubat"'d in the 
presence of 10 !-lM cAMP during 20 s at 37 'C. (A) Autoradiograph of the phosphorylation pattern in the presence of increasing con
centrations of protein kinase inhibitor. Protein kinase inhibitor concentration in iJ-g/)11: (c) 0.02. (d) 0.05, (e) 0.11, (f) 0.22, (a. b) without 
protein kinase inhibitor in the presence (b) and absence (a) of 10 1-l::vl cAMP. The two most intensive phosphoproteins represent phosphor
ylase and pyruvate kinase. (B) Quantification of the data presented in (A). (0) L-type pyruvate kinase: (D) phosphorylase: (7) 68000-M, 
protein 

protein kinase inhibitor, which inhibits specifically 
the catalytic subunit of cAMP-dependent protein 
kinase [31 ], was added to the assay medium in different 
concentrations. Fig. 8 A shows the effect of increasing 
protein kinase inhibitor concentration on the phos
phorylation pattern. Careful inspection of the auto
radiograph shows that seven phosphorylation bands 
vanish at high protein kinase inhibitor concentration. 
A typical example of this group of phosphoproteins 
is pyruvate kinase. The phosphate incorporation of 
six phosphoproteins is partially inhibited by protein 
kinase inhibitor. In Fig. 8 B it can be noticed, for 
example, that the phosphorylation of phosphorylase 
is decreased by 50% in the presence of the highest 
amount of inhibitor used. In the phosphorylation of 
the proteins that are partially inhibited by protein 
kinase inhibitor both cAMP-dependent and cAMP
independent protein kinases seem to play a role. 

The phosphorylation of eight proteins is not in
fluenced by protein kinase inhibitor and can therefore 
be identified as phosphorylated by cAMP-independent 
protein kinase. The 68000-M, protein is a represen
tative of this group of proteins (Fig. 8 B). 
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Ca 1 +-Dependent Phosphorylation 

The effect of Ca2 + on the phosphorylation pattern 
is studied in an assay containing a Ca2 -./EGTA buffer. 
Under these conditions the Mg · ATP concentration 
is kept constant, whereas the buffer has the capacity 
to absorb 1 ).1M endogenous Ca2

- [32]. 
In the absence of cAMP. micromolar concentra

tions of Ca2 + stimulate the 32 P incorporation into 
phosphorylase and into proteins with molecular 
weights of approximately 15 000 and 130000 (Fig. 9A). 
The 15000-M, protein appears as a relatively weak 
band so that a longer exposure time of the gel is 
necessary (Fig. 9C). In the presence of cAMP the 
phosphorylation of the 130000-M, protein is no longer 
dependent on the presence of Cal+ (Fig.9B). Half
maximal stimulation of the 32P incorporated into 
phosphorylase is obtained with 0.8 11M Cal+, while 
maximal stimulation is observed with 4 )l.M Ca2 -. The 
presence of cAMP does not alter these data (Fig.9B 
and 10). Glycogen synthase (M, 85000) [3, 33] was not 
detected as a substrate for phosphorylase kinase. It 
appeared that glycogen synthase activity was absent 
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Fig.9. Ca2+-dependency of the phosphorylation of rat /il"er soluble pro1eins. Rat liver soluble fraction was incubated in the presence of 
100 1-1M EGTA and increasing amounts of CaCh at 25'( during 1 min. The protein concentration was 0.05 rug/assay. Phosphatase 
inhibitor was omitted. Equilibrium concentrations of CaH were taken from the tables of Bartfai [32]. (A} Autoradiograph of the effect 
of Ca2 + on phosphorylation pattern in the absence of cAMP and (B) in the presence of 10 )J.Yi cAMP. Concentration of Ca 2

- from left 
to right: 0; 0.13; 0.25; 0.50; 1.0 and 2.0 )J.M. (C) Detail of the autoradiograph presented in {B) showing the phosphorylation of a protein 
with M, 15000. (D) Detail of the autoradiograph sho;ving the disappearance of a phosphoprotein with M, 115000 upon addition ofCa2 +. 

Left. absence ofCa2 -; right, presence of 10 )J.M Ca2 -. 10 1-1M cAMP was present. Arrows placed at the left-hand side of the figure indicate 
the disappearance of a phosphorylation band. Arrows placed at the right-hand side indicate the appearance of a phosphorylation band 
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Fig.IO. Ca 2 +-dependency of 1he pho.whory/(11(011 of ra1 liver so/uh!e 
proteins. For details, see Fig. 9. Closed symbold: absence of cAMP; 
open symbols: presence of 10 1-1M cAMP. {0) L-type p)TUVate 
kinase; (O) phosphorylase: {V) 68000-M, protein 

in the 105000xg supernatant in contrast to phos
phorylase activity (see Table 1). 

In the high-molecular-weight region, Ca 2 - inhibits 
the 32P incorporation into a protein with a molecular 
weight of 115 000 (Fig. 9 D). This inhibition and also 
the phosphorylation of the 130000-M, protein is not 

Table 1. Tow! acrivity of glycogen synthase and glycogen p/ws
phorylase in rw liver .fractions 

Fraction Activity of 

glycogen glycogen 
synthase phosphor-

ylase 

nmol min- 1 mg- 1 

20000 xg supernatant 65 
105000 xg supernatant 0 32 
1 OS 000 x g pellet 21 68 

always reproducible. Furthermore, sometimes other 
high-molecular-weiht proteins are visible of which the 
phosphorylation is stimulated or inhibited by Ca2 +. 

A prolonged preincubation (30 min at 25 °C) with 
15 mM MgCh to dephosphorylate the proteins did 
not improve the reproducibility. The observations 
reported here are made with at least three different 
preparations. At higher Ca2+ concentrations (100 and 
500 ~-tM) no other phosphoproteins appeared. 

Calmodulin potentiates the effect of Ca2+ on the 
phosphorylation of membrane proteins of various 
tissues [34]. For this reason we added partially purified 
calmodulin in the presence of 100 ~-tM EGTA or 
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Fig. 11. Effecl of mj/uoperazine 011 1he plrosplwrv/mion ofphosphor· 
.v/ase. Rat liver soluble fraction was preincubtned in the pre>ence 
of 100 f!M CaCJ, and trifluoperazine during 15 min at 6' C. Phos
phorylation time was 1 min. Protein concentration was 0.1 mgi 
assay 

100 ~M Ca 2
- to the phosphorylation assay. The 

amount used was sufficient to stimulate a rat brain 
phosphodiesterase preparation purified according to 
[35] fourfold (J. M. J. Lamers, unpublished result). 
We did not observe a stimulation of the phosphoryla
tion of the Ca2 + -dependent phosphoproteins by added 
calmodulin. A possible effect of added calmodulin is 
most likely masked by the presence of endogenous 
calmodulin. This was tested by using trifluoperazine 
which ·specifically binds to calmodulin in the presence 
ofCa 2 + [36]. If the soluble fraction was incubated with 
trifluoperazine in the presence of 100 ~tM Cal+, phos
phorylase kinase \Vas inhibited in a dose-dependent 
\Vay (Fig.11). The phosphorylation of the 15000-M, 
protein was also inhibited by trifluoperazine. Un
fortunately the phosphory"lation pattern in the high
molecular-\veight region was ahvays rather vague in 
the presence of trifluoperazine. so that we cannot 
conclude anything about an inhibition of the phos
·phorylation of the 130000-lff, protein. The inhibition 
of the phosphorylation of the 115000-M, protein in 
the presence of Ca2 + remained in the presence of 
trifluoperazine and Ca 2 ~. so that a possible indirect 
involvement of calmodulin in the inhibition of the 
phosphorylation of this protein can be excluded. 

D!SCCSSIO'" 

The system as described above allows the study 
of the mechanism of an altered phosphorylation state 
of rat liver proteins. The value of this system for 
studies concerned with the effects of hormones on 
physiological processes must be regarded as an ex
tension of studies with intact hepatocytes because the 
mechanism by which possible second messengers 
influence the phosphorylation state of certain proteins 
can be investigated in a direct way. The application 
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of the system is restricted by' the amount of protein 
in the incubation mixture. because high amounts of 
protein increase endogenous ATPase activity (Fig.1 0). 

For rat liver soluble fraction three types of phos
phoproteins can be distinguished: proteins whose 
phosphorylation can be (a) fully, (b) partially or (c) not 
at all inhibited by heat-stable protein kinase inhibitor. 
This indicates that rat liver soluble fraction contains 
(a) proteins which are solely phosphorylated by the 
cA:\!IP-dependent protein kinase, (b) proteins in which 
both cAMP-dependent and cAMP-independent ki
nases play a role in the phosphorylation and (c) pro
teins which are solely phosphorylated by cA:\!IP
independent protein kinase. The finding that for the 
phosphorylation of six proteins both cAMP-dependent 
and cAMP-independent protein kinase are involved 
can be explained in two ways. A cAMP-dependent 
protein kinase increases the activity of cAMP-in
dependent protein kinase leading to phosphorylation 
of only one site of the substrate protein or both protein 
kinases phosphorylate different sites in one protein. 

It could be suggested that the proteins whose 
phosphorylation depends on cAMP-independent as 
well as cAMP-dependent protein kinase are phos
phorylated by the same protein kinase, i.e. phosphor
ylase kinase. As the phosphorylation of only one pro
tein of this group (phosphorylase) depends on Ca2+, 
it can be concluded that phosphorylase kinase is not 
involved in the phosphorylation of the other five 
proteins. 

The results that we present here on phosphoryla
tion of phosphorylase (effect of cAMP, Ca2 '"-depend
ency'. effect of protein kinase inhibitor and Km for 
A TP) are in good agreement with earlier studies in 
rat liver soluble fraction in \Vhich changes in phos
phorylase activity ¥/ere used to determine phosphor
ylase kinase activity [2, 10, 15, 16. 30]. So these results 
substantiate the supposition that the 100000-M, pro
tein represents phosphorylase. 

Garrison [19] showed that when hepatocytes are 
incubated with 32 POl~, glucagon and phenylephrine 
increase the phosphorylation state of 11 proteins. In 
similar experiments Garrison et a!. [27] showed that 
vasopressin and angiotensin II stimulate the phos
phorylation ofthese proteins through a Ca2 ~-requiring, 
cA.\1P-independent mechanism, while glucagon acts 
through a Ca2+-independent mechanism. From these 
experiments the question emerged how different 
mechanisms exert the same effects on the phosphoryla
tion pattern, A Ca2+-dependent mechanism could act 
through Ca 2 ~-stimulated protein kinases or through 
Ca 2 +-inhibited phosphatases. From our study the first 
possibility seems unlikely. because we obtained no 
evidence for a Ca 2 ~-activated protein kinase with a 
similar substrate specificity as cAMP-dependent pro
tein kinase. Actually, Ca2+ has a very specific effect 
on the phosphorylation pattern. The phosphorylation 
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of three proteins is stimulated by Ca 2 ~. One of these 
proteins is phosphory'lase. The Ca>-dependency of 
the other proteins (M, 15000 and 130000) parallels 
the Ca 2 ~-dependency of phosphorylase (Fig. 9). The 
phosphorylation of the 15000-Af, protein and phos
phorylase appeared to be calmodulin-dependent. This 
conclusion can not as yet be made for the 130000-i\1, 
protein because of the poor resolution of this protein 
in the autoradiographs in the presence of triftuoro
perazine. The inhibition of the phosphorylation of the 
115 000-M, protein in the presence ofCa 2+ can be most 
easily exp:ained by assuming an inhibition of the 
kinase reaction b:y making the phosphorylation site 
less susceptible. The activation of a phosphatase by 
Ca 2 + can not. however. be ex<;luded. The observed 
Ca2 ,_-dependent phosphorylation of the 115 000-/U, 
and the 130000-}d", proteins was subject to variations 
in different experiments. A possible explanation of 
these variations lies in the initial phosphorylation state 
of the proteins. The assumption that all proteins are 
dephosphorylated after a preincubation in the presence 
of high :vig2+ concentrations is probably not valid. 
It is quite possible that Ca 2 +, metabolites or phospho
proteins regulate phosphatase activity·. Examples of 
each of these suggestions can be given. Pyruvate de
hydrogenase phosphatase activity is stimulated by 
Ca 2 ~ [37]. The inactivation of liver phosphorylase by 
its specific phosphatase is enhanced by glucose [38]. 
The loss of phosphate from the j3 subunits of skeletal 
muscle phosphorylase kinase is 50-fold more rapid 
in the absence of divalent cations if the 'l. subunit is 
also phosphorylated [39]. To clarify this problem 
more knowledge about phosphatase specificit;i and its 
regulation in rat liver has to be gathered. 

The rapidly phosphorylated band with M, 50000 
probably represents the self-phosphory'lation of the 
regulatory subunit of type II cAMP-dependent pro
tein kinase. This reaction is known to be very fast [40]. 
Furthermore, the obsen,ed molecular weight is in 
agreement with published values [41]. The question 
arises about the mechanism by \vhich the rapid phos
phorylation of the protein is followed by a rapid de
phosphorylation while in the meantime the A TP con
centration is hardly changed (Fig.1). It appears that 
an activation of a specific highly active dephosphoryla
tion reaction occurs. Two explanations can be given. 
(a) A specific highly active phosphatase is phos
phorylated by the cAMP-dependent protein kinase 
\Vhich activates the enzyme or. alternatively. a phos
phatase inllibitor is phosphorylated which release the 
inhibition. (b) The dephosphorylation is caused by 
the reverse protein kinase reaction. The delay is ex
plained then because the substrate for this reaction. 
ADP, gradually increases in concentration with time. 
Indeed. the concentration of ADP required for half
maximal activation of the reverse reaction in the pres
ence of cAMP is very low (15 )..lM [42]). Further 

experiments are necessary. however. to explore the 
nature of this interesting observation. 

It is not possible to speculate about the nature 
of the Ca2+-dependent phosphoproteins. One im
portant conclusion can be drawn. hov..rever: no en
zymes of the glycolytic or gluconeogenic pathways are 
phosphorylated by Ca2+-dependent protein kinases in 
rat liver. as none of these enzymes has a subunit 
molecular weight that agrees with the high and low 
molecular weights of the Ca 2 ~-dependent phospho
proteins. The observed stimulation of gluconeogenesis 
by phen)'·lephrine and vasopressin and in particular 
the observed inhibition of pyruvate kinase (for a 
review see [43]) cannot be explained by an increased 
phosphorylation state of this enzyme by the action 
of a Ca 2 ~-stimulated protein kinase. The po,.sibility 
that specific CaH -inhibited phosphatases are involved 
must therefore be further investigated. 
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SUMMARY 

Rat 1 iver soluble proteins were phosphorylated by endogenous 

protein kinase with [y- 32 P]ATP. 

The maximal amount of phosphate that can be incorporated into 

pyruvate kinase type Lis 4 mol per mol enzyme. Fru 1,6-P
2 

inhibits the c AMP-dependent phosphorylation of pyruvate kinase 

type L and the initial phosphorylation rate is decreased by 68%, 

while maximally 2 mol P/mol of enzyme can be incorporated. 

The inhibition of the pyruvate kinase phosphorylation is specific 

for Fru 1,6-P
2 

and Glu 1,6-P
2

. We conclude that Fru 1,6-P
2 

and 

Glu 1,6-P
2 

induce such a conformational change in the molecule 

that this results in half of the sites phosphorylation. The 

correlation between phosphorylation and inactivation of the 

enzyme is determined. Almost complete inactivation is obtained 

if two sites are phosphorylated. 

Fru 1,6-P
2 

inhibits the cAMP-independent phosphorylation of 

a protein with M 68,000 completely. The K. for Fru 1,6-P
2 

is 
r 1 

1.1 !JM. The inhibition is not specific for Fru 1,6-P
2

. Fru 6-P 

and Glu 6-P are evenly effective. Glu 1 ,6-P
2

, however, is less 

effective. The Mr 68,000 protein does not represent pyruvate 

kinase type M
2

. The data indicate a role of phorphorylated 

hexoses as possible effectors of cyclic AMP-dependent and cyclic 

AMP-independent phosphorylation. 

INTRODUCTION 

The activity of pyruvate kinase type L in human [1] or rat 

l'1ver [2, 3] can be inh'1bited by incubation of homogenates in the 

presence of MgATP and cAMP. Th[s inactivation is accompanied by 

an increase in 32 P content of the enzyme [4]. Both phenomena, 

i.e. inactivation (Th.J.C. van Berkel, unpublished result) and 

phosphorylation of the enzyme are inhibited by protein kinase 

inhibitor [5]. These facts prove that the cAMP induced inactiva

tion of the enzyme in these systems is caused by phosphorylation 

of the enzyme. 

The effect of the allosteric activator Fru 1 ,6-Pz on the 
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cAMP-dependent inactivation and phosphorylation is under dis

cussi'on. We [4] and Berglund et al. [6] found no effect of Fru 

1,6-P
2 

on the phosphate incorporation, whereas others reported a 

diminished phosphorylation rate [7] or inactivation rate [2, 3] 

in the presence of Fru 1,6-P
2

. To clarify this discrepancy we 

further investigated the phosphorylation of pyruvate kinase in 

the presence of Fru 1 ,6-P
2

. During the course of this study we 

discovered another soluble protein of which the phosphorylation 

is influenced by Fru 1,6-P
2

. These findings will also be 

presented here. 

Fru 1,6-P 2 in the micromolar range is a potent activator of 

pyruvate kinase [8] and phosphofructokinase activity [9]. 

Evidence exists that Fru 1,6-P 2 is a compound of which the con

centration is strongly influenced by hormonal and dietary condi

tions [10]. Several studies consider Fru 1,6-P
2 

as a key metabo

lite in the regulation of gluconeogenesis-glycolysis [11]. !n 

this paper we report an investigation on the role of Fru 1,6-P
2 

as a modulator of the phosphorylation state of rat 1 iver soluble 

proteins. 

MATERIALS AND METHODS 

Preparation of soluble fraction 

r~ale Wistar rats, fed ad libitum, were anesthetised with 

ether. After decapitation the 1 iver was excized. Soluble fraction 

was prepared and separated from low molecular weight components 

as described [5]. !f indicated this fraction was preincubated in 

the presence of 5 mM MgC1
2 

during 30 min at 20°C, at pH 7.5 with 

a protein concentration of 10 mg/ml. 

Phosphorylation experiments 

Soluble fraction (10 ~1) was preincubated at 6°C for 1 min 

with 10 yl of a mixture containing 25 mM Tris-HCl (pH 7.5), 

200 mM KCl, 5.0 mM MgC1
2

, 10 mM theophylline, 40 mM phosphate and 

additions as indicated in the legends to the figures. The final 
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volume was 30 wl. The protein concentration used depended on the 

phosphorylation reaction that was studied. As c AMP-dependen: 

phosphorylation in this system is much faster than c AMP-indepen

den~ phosphorylation [5], the protein concentrations used were 

0.05 mg per assay in the former and 0.1 mg per assay in the 

latter. The reaction was started by adding [y- 32 P]ATP (0.10 mM). 

The final specific activity of [y- 32 P]ATP was about 1 Ci/mmole. 

The reaction was stopped with 15 wl of a solution containing 

0.3 M Tris-H
3

Po 4 (pH 6.8), 3% sodium dodecyl sulphate, 50 mM 

2-mercaptoethanol and 20% glycerol. Before electrophoresis 

samples were heated at 95°C for 5 min. The activity change of 

pyruvate kinase was measured after an incubation as described 

above in a 20 times larger incubation volume except for fig. 5. 

The incubation was stopped by adding saturated (NH 4 ) 2 so 4 (0°C) to 

45% saturation. After centrifugation for 15 min 20,000 x g at 

4°C the pellet was dissolved in 25 mM Tris-HCl pH 7.5, 10 mM 

2-mercaptoethanol and immediately assayed for pyruvate kinase 

activity at 30°C. The assay medium contained 75 mM Tris-HCl 

pH 7.5, 200 mM KCI, 2 mM AOP, 2 mM PEP, 0.13 mM NAOH and 4 U LOH 

per m 1 . 

Electrophoresis 

Dodecyl sulphate polyacrylamide slab gel electrophoresis 

was performed as described in [12] in 10% or 7.5% gels. Per gel 

slot 45 wg of protein was applied. 

Marker proteins were (M ) skeletal muscle phosphorylase 
r 

(97,000). bovine serum albumin (68,000), catalase (60,000), 

ovalbumine (43,000), chymotrypsinogen (25,000). 

Quantification of phosphorylation bands 

Quantification of the amount of Pi incorporated was done 

either by: a) scanning of the autora~iograph or b) by counting 

radioactivity incorporated into the protein bands. 

a. The vacuum dried gels were exposed to Kodak XR-1 film for 

different periods of time. Autoradiographs were scanned with a 

Vitatron TLD 100 densitometer at 510 nm. Relative amounts of 32 p 
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incorporated were determined by integration of the peak with a 

Vitatron integrator. Different exposure times were applied to 

check 1 ineari ty of the amount of radioactivity with optical 

density. 

b. The absolute amount of 32 P incorporated was determined by 

cutt'ing out the radioactive band, which was first made visible 

by autoradiography. The piece of gel was treated with 1 ml 37% 
0 H2o2 for 2 hat 70 C. These extracts were mixed with lnsta-Gel 

(Packard) and counted in a Packard model 3380 liquid scintilla

tion spectrometer. Background radioactivity was determined in a 

piece of gel cut out in a region close to the phosphoprotein of 

interest, where no other phosphoproteins were visible. 

The number of mol phosphate incorporated per mol pyruvate kinase 

was estimated as follows: Mr of a subunit is 62,000 [13]; speci

fic activity of the purified enzyme is 520 U/mg [13]. 

Pyruvate kinase activity was fn these experiments measured 

as described in [13]. 

The specific radioactivity of [y- 32 P]ATP was corrected for 

hydrolysed ATP as follows: 

3 ]Jl of the [y- 32 P]ATP solution, as it was used for the incuba

tions, was added to 200 ]Jl 10 mM H
3

Po 4 followed by 20 ]Jl ammonium 

molybdate (30%, w/v) in 5 mM H2 so 4 and 0.6 ml isobutanol satu

rated with H20. 

The mixture was vigorously mixed.· The organic phase was discarded 

and the extraction was repeated once. An aliquot of the water 

phase was mixed with lnsta-Gel and counted. ATP concentration was 

determined enzymatically [14]. 

Specific removal of pyruvate kinase type M2 from the soluble 

fraction 

Antiserum against rat pyruvate kinase type M2 raised in 

rabbits was a generous gift from Dr. E. Eigenbrodt (lnstitut 

fUr Biochemie und Endokrinologie, Justus-Liebig-Universitat 

Giessen, Giesser.~, F.R.·G.). lmmunoglobul ins of 0.5 ml antiserum 

were precipitated by 50% ammonium sulphate saturation. After 

centrifugation the pellet was dissolved in and subsequently 

dialyzed against 0.1 M NaHC0 3 , 0.5 mM NaCl. The antibodies were 



then coupled to 0.2 g CNBr-activated Sepharose 4B as described 

by the manufacturer (Pharmacia, Sweden). Preincubat~d soluble 

fraction was incubated with control or antiserum coupled to 

Sepharose dur'1ng 45 m'1n at 20°C in an end over end mixer. Add'i

tion of 0.4 ml of Sepharose coupled antibody to 0.8 ml homogenate 

results in a complete removal of M2-type pyruvate kinase. 

RESULTS AND DISCUSSIOII 

Effect of preincubation and sampling 

In earlier experiments we observed no effect of Fru 1 ,6-P 2 on 

the phosphorylation of pyruvate kinase type l in an in vitro 

incubation system of rat liver soluble fraction [4]. Also Berg

lund et al. [6] detected no effect of Fru 1 ,6-P 2 on the phospho

rylation rate of the purifed enzyme. In our study we determined 

the maximal amount of radioactivity which could be incorporated 

into the enzyme starting from a not-pre incubated fresh 1 iver 

supernatant. Now it appears that the state of the sample must be 

more strictly defined. Immediately after gel filtration of the 

soluble rat 1 iver fraction the maximal amount of phosphate that 
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Fig. 1. The influence of pre
incubation of pyru
vate kinase type l 
in rat 1 iver soluble 
fraction . 
Phosphorylation was 
performed in the 
presence of 10 ~M 
c AMP at a protein 
concentration of 
0.05 mg/assay (a) 
without pre i ncubatim 
(e) preincubation 
during 30 min at 
20°C in the presence 
of 5 mM MgC1 2 



can be incorporated into pyruvate kinase is less than 50% of the 

amount that can be incorporated after a 30 min preincubation in 

the presence of 5 mM MgC1 2 at 20°C (fig. 1). 

During this preincubation the activity of pyruvate kinase 

measured at a subsaturating PEP concentration increases, while 

the naximal activity is not changed (fig. 2). These results can 

be explained as a reactivation of the enzyme by the action of a 

Mg 2 +-stimulated protein phosphatase [15]. 
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Fig. 2 The reactivation of pyruvate kinase in the absence and presence of 
5 mM MgC1 2 . The soluble fraction was incubated at 20°C and the 
reaction was stopped at the indicated times by 50% (NH4) 2so4. Pyru
vate kinase activity of the precipitate was assayed at 2 mM PEP in 
the absence (open symbols) or presence of 50 ~M Fru 1,6-P2 (closed 
symbols). 0,1115 mM HgCL2 present; O,Gtno further addition. 

It appears that the initial phosphorylation state of the enzyme 

depends on the method by which the rats are killed. Ether 

anesthetic results in a largely phosphorylated enzyme in contrast 

to decapitation. Preincubation of the soluble fraction under the 

desc,~ibed condition leads. independent of the sampling procedure, 

to a reproducible phosphorylation pattern. 
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Effect of Fru 1 ,6-P 2 on the phosphorylation 

The effect of Fru 1 ,6-P 2 on the phosphorylation of pyruvate 

kinase was reexamined in a preincubated sample. Fig. 3 shows an 

autoradiograph of rat liver soluble proteins phosphorylated in 

the presence or absence of Fru 1 ,6-P 2 and subsequently separated 

in a dodecyl sulphate gel. The identification of pyruvate kinase 

type Lin these gels was described earlier [ 4]. 

M 68000 
~pyruvate kinase 

Fig. 3. The effect of Fru 1,6-P2 on 
the phosphorylation of rat 
1 iver soluble proteins. Rat 
1 iver soluble fraction was 
phosphorylated in the pre
sence of 10 wM cAMP with
out (a) or with (b) 5C ~M 
Fru 1 ,6-P2. Protein concen
tration was 0.1 mg/assay. 

Fru 1,6-P 2 has an effect on two phosphoproteins: a) the phospho

rylation of a protein with Mr of 68,_000 is completely abo] ished 

and b) the phosphorylation of pyruvate kinase is diminished. The 

first observation is most clear if the cytosolic fraction is 

phosphorylated in the absence of cAMP, as this protein runs 

shortly behind pyruvate kinase in a 10% gel and is phosphorylated 
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by a cAMP-independent protein kinase. The effect of Fru 1 ,6-P 2 
on the phosphorylation of the protein is not dependent on pre

incubation of the sample. Low molecular weight components (Fru 

1 ,6-P 2 ) must be removed completely from the cytosol ic fraction by 

gel filtration before incorporation of phosphate into this 

protein can be detected. Some phosphorylation characteristics of 

this protein, with a molecular weight of 68,000, were described 

earlier [5]. 

A comparison of the effect of Fru 1 ,6-P 2 on the kinetics of 

the phosphorylation of pyruvate kinase in a preincubated sample 

is given in Fig. 4. In a not-preincubated sample Fru 1,6-P
2 

has 

no effect on the phosphorylation (Fig. 4A). In a preincubated 

sample, however, the rate of the phosphorylation is decreased by 

68% and the maximal amount of phosphate that can be incorporated 

into the enzyme is reduced by 51% (2 mol instead of 4 mol P/ 

tetramer). This suggests that in the presence of Fru 1,6-P
2 

half 

of the phosphorylation sites cannot be occupied. 
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Fig. L!. The influence of preincubation on the Fru 1,6-Pz dependent phosphory
lation of pyruvate kinase. Preincubated (B) or riot preincubated (A) 
soluble fraction was phosphorylated with 10 fJM cAMP in the absence 
(e) or presence (m) of 50 fJM Fru 1,6-Pz. Protein concentration was 
0.05 mg/assay. 

El Maghrabi et al. [16] also reported that the effect of Fru 

1,6-P 2 was only observed starting with a fully dephosphorylated 
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enzyme. These experiments were performed after preincubation of 

purified pyruvate kinase and catalyti:c subunit of cAMP-dependent 

protein kinase, taking advantage of the reverse phosphorylation 

reac-tion to fu-lly dephosphorylate the enzyme. The endogenous 

phosphatase that is responsible for the here described dephos-

phorylation cannot be the reverse protein kinase reaction as the 

necessary substrate for this reaction, ADP, is absent during the 

preincubation. So we conclude that pyruvate kinase can be fully 

dephosphorylated by an endogenous Mg 2 +-stimulated soluble protein 

phosphatase under the described condition. 

El Maghrabi et al. [16] did not reach the conclusion that 

Fru 1 ,6-P
2 

diminishes the maximal phosphate content of the 

enzyme. This can be explained as evidently these authors did not 

reach a plateau value of phosphate incorporation in the relevant 

experiments. 

The initial phosphorylation rate in the presence of Fru 

1,6-P 2 is 35 ± 5% (n=4) of control values. This value is in good 

agreement with the one reported earlier [16]. To explain this 

result we have to assume that Fru 1,6-P
2 

not only blocks half of 

the phosphorylation sites but also makes the two others less 

susceptible to phosphorylation. 

The diminished phosphorylation of pyruvate kinase in the 

presence of Fru 1,6-P 2 is accompanied by a diminished inactiva

tion of the enzyme. The relative activity of pyruvate kinase 

( 0/V) decreases from 0.64 to 0.10 upon full phosphorylation, 

while phosphorylation in the presence of 50 ]JM Fru 1 ,6-P
2 

leads 

to an enzyme form with a relative activity of 0.25 (Table 1). 

An intriguing question is what the physiological meaning of 

this half of the sites phosphoenzyme is. The activities presented 

in Table suggest that we have to do with an intermediate acti-

vity form. One function could be as suggested earlier [2] that 

Fru 1 ,6-P 2 protects pyruvate kinase against full inactivation 

both by diminishing the phosphorylation rate and even more im

portantly by creating a half of the sites phosphoenzyme. It can 

be argued that a reduction of the phosphorylation rate by 70% 

will not effectively reduce the total amount of phosphoenzyme. 

This can be seen if we write a simple scheme of the phosphory
lation-dephosphorylation reaction: 
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k -1 

p K ~ p Kp 
--.___..;v 

k 1 

The rraximal amount of phosphate incorporated is given by 

P Kp max PK 
tot. 

Assuming a k
1 

= 100 and k_
1 

= 2 [5], the fraction of phosphory

lateC enzyme is maximal 0.98. A reduction of k
1 

by 70% results 

in a fraction of 0.94. This makes only a small difference in the 

final activity of the enzyme. Of course the time to reach the 

maximal phosphate incorporation is considerably diminished by a 
3 0-2 

factor 
100

_
2 

= rv 0.3. As the phosphorylation reaction is very 

fast (we calculated that in vivo pyruvate kinase can be fully 

phosphorylated within 0.1 s [5]) it is difficult to see how an 

extension of this period by a factor 3-4 could form an effective 

protection of the enzyme against full phosphorylation. A half of 

the sites phosphoenzyme with intermediate activity will, however, 

be a more effective mechanism to protect the enzyme against full 

inactivation. 

Phosphorylation versus inactivation of pyruvate kinase 

The data shown in Table I, together with those from fig. 4, 

already indicate that phosphorylation of half of the sites does 

not correspond with a half maximal inactivation. To investigate 

the relation between phosphorylation and inactivation a determi

nation of the stoichiometry of the reaction was made. The maximal 

phosphorylated enzyme contains 3.9 ± 0.7 mol phosphate per mol 

enzyme (n=4). From this result it is obvious to conclude that 

each of the four identical subunits possesses one phosphorylation 

site. 

Fig. 5 shows the relation between phosphorylation and 

inactivation. The curve suggests that the greatest activity 

change is obtained with the incorporation of the second mol of 
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Table I The influence of Fru 1~6-P2 on the cAMP-dependent inactivation of pyruvate 

kinase type L. 

Phosphorylation tlme was 5 min. Activities are expressed in nmoles.min- 1 .mg- 1 at 2 mM 

phosphoenolpyruvate (v) or at 2 mM PEP+ 0.5 mM Fru 1,6-P 2 (V). All values are mean± SD of 

four different preparations. Activity was measured in a o-45% (NH 4 ) 2 so 4 precipitate. 

Not pre incubated Pre incubated 

Addition v v v /V X 1 0 0 v v v/V X 1 00 

No 61 ± 21 261 ± 42 23 ± 6 182 ± 55 281 ± 76 64 ± 8 

50 ~M Fru 1 , 6- p 2 58 ± 22 244 ± 46 2 3 ± 6 192 ± 69 275 ± 69 69 ± 14 

10 ~M cAMP 29 ± 12 262 ± 34 11 ± 4 30 ± 8 290 ± 89 1 0 ± 3 

10 JlM c AMP + 29 ± 7 240 ± 29 12 ± 3 7 0 I 20 276 ± 71 25 ± 5 

50 ~M Fru 1 , 6 -P 2 
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Fig. 5. Relation between 
phosphorylation 
and inactivation 
of pyruvate kinase. 
Activity of de
phospho pyruvate 
kinase was set to 
1 0 0%. Experimental 
points were ob
tai ned from a time 
course. The re
action was stopped 
by 50% (NH4)zS04 
saturation. Acti
vity and 32 P con
tent were deter
mined in the same 
samples as des
cribed in the 
Materials and 
Methods section. 

phosphate, while no activity change occurs with the incorporation 

of the last mol of phosphate. El Maghrabi et al. [16] obtained 

essentially the same curve with phosphorylation of puri.fied pyru

vate kinase and came to a similar conclusion. 

Comparison of the effect of hexose phosphates on pyruvate kinase 

and M 68,000 protein 
---r 

For reason that the phosphorylation of both pyruvate kinase 

and the Mr 68,000 protein is influenced by Fru 1,6-P 2 it was 

investigated whether other hexose phosphates also have simi Jar 

effects upon both phosphorylatable proteins. Half-maximal inhibi

tion of the phosphorylation occurs at 1.1 wM and 1.4 wM Fru 

1,6-P 2 for the 68,000 Mr protein and pyruvate kinase respectively 

(Fig. 6). These concentrations are in the range at which Fru 

1,6-P 2 shows other regulatory properties (Ko.Sa for pyruvate 
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kinase is 0.5 lJM [8] and K0 .
5 

for Fru 1,6-P 2 in the FDPase 

reaction is 1.2 11M [17]. 

100 • 

"" "--' 
.c-., 
u 50 
0 

0 
> 

0 
~ 

0 
0 5 10 

FDPin~M 

Fig. 6. Inhibition of initial phosphorylation rate of pyruvate kinase and 
Mr 68,000 protein by Fru 1,6-P2. Phosphorylat·1on was performed 
during 1 min at a protein concentration of 0.05 mg/assay for 
pyruvate kinase in the presence of 10 11M cAMP (e) and 0.1 mg/assay 
for the Mr 68,000 protein in the absence of cAMP (o). v was cal
culated as percentage of peak area in the absence of Fru 1 ,6-P2. 
100% value for pyruvate kinase is 205 mm 2 and for the Mr 68,000 
protein 115 mm 2 • Simi Jar curves were obtained in two other 
experiments. 

The effect of other hexose mono- and diphosphates on both 

proteins is shown in Fig. 7. It appears that the inhibition of 

the phosphorylation of pyruvate kinase is specific for the hexose 

diphosphates Fru 1,6-P 2 and Glu 1,6-P 2 . These are both allosteric 

activators of pyruvate kinase [18, 19]. The effectiveness of 

Fru 1,6-P 2 and Glu 1,6-P 2 agrees with the effectiveness as allo

steric activators of pyruvate kinase i.e. Fru 1,6-P
2 

is a mo1~e 

potent inhibitor of the phosphorylation reaction than Glu 1 ,6-P 2 
[I 8, 19]. 

The phosphorylation of the 68,000 Mr protein is not specifi

cally inhibited by Fru 1,6-P 2 . The hexose monophosphates Fru 6-P 

en Glu 6-P are also effective inhibitors of the phosphorylation 

(Fig. 7). Only Glu 1,6-P 2 is less effective. As added hexose 

monophosphates are quickly converted to an equi 1 ibrium mixture of 
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Fig. 7. The effect of hexose phosphates on the phosphorylation of pyruvate 
kinase and Mr 68,000 protein. 
Additions: Fru 6-P (o,e), Glu 6-P (•,n), Glu 1,6-Pz (o, n) and 
Fru 1,6-Pz (v, v). Open symbols phosphorylation of pyruvate kinase 
in the presence of 10 ~M cAMP at a protein concentration of 0.05 mg/ 
assay. Closed symbols phosphorylation of Mr 68,000 protein in the 
absence of cAMP at a protein concentration of 0.1 mg/assay. 

Glu 6-P, Glu 1-P and Fru 6-P by the active phosphoglucose iso

merase and phosphoglucomutase reaction_s, it is unlikely that a 

discrimination between the effects of hexose monophosphates can 

be made in this system. 

It is possible that Fru 1,6-P 2 is not the inhibitor, but a 

product that is derived from Fru 1,6-P 2 . In this respect it is 

interesting to note that Van Schaftingen et al. [20] reported 

recently that Fru 2,6-P 2 can regulate phosphofructokinase acti

vity. Because apparently the Fru 2,6-P 2 concentration can be 

hormonally regulated [21] the role of this compound in the regu

lation of the phosphorylation of the Mr 68,000 protein deserves 

special attention. 



identification of M 68,000 protein as pyruvate kinase 
r 

Phosphofructokinase [22] and pyruvate kinase type M2 [23] 

have been reported as substrates for cAMP-independent protein 

kinase. Regulation of the phosphorylation of these enzymes by 

Fru 1,6-P 2 seems quite possible and has even been reported for 

pyruvate kinase type M2 in chicken 1 iver [24]. Eigenbrodt et al. 

[24] reported that Fru 1 ,6-P 2 lowers and L-alanine increases the 

rate of phosphorylation of this enzyme. We checked the possibili

ty that the 68,000 Mr protein represents the subunits of pyruvate 

kinase type M2 . We observed that L-alanine is not able to in

crease the phosphorylation rate of the 68,000 Mr protein. This 

already suggests that the protein does not represent type M2 . 

Definite evidence was obtained in the following experiment: Type 

M2 was specifically removed from the soluble fraction by antibody 

against type M2 coupled to CNBr activated Sepharose. It was 

checked that no M2 type remained in the soluble fraction by 

separating M2 and L type activity by ammonium sulphate fractlo

nation. However, the 68,000 Mr phosphoprotein remains in the 

anti-M 2 type treated sample. So we conclude that the 68,000 Mr 

protein is not pyruvate kinase type M2 . 

Phosphofructokinase is not very likely as a candidate, as the M 
r 

of the subunits of this enzyme is much higher (80,000) [25, 26). 

We now attempt to characterize the 68,000 Mr protein. 

Preliminary results indicate that the protein also in a SDS free 

medium has a molecular weight of 68,000. Furthermore its iso-

electric point is 5.8, while the protein can be collected in 

CONCLUSION 

This study strengthens the evidence that changes in the 

Fru 1 ,6-P 2 concentration has a very important regulatory role in 

I iver metabolism [19, 27]: Fru 1 ,6-P 2 stimulates pyruvate kinase 

and phosphofructokinase activity, Fru 1,6-P 2 inhibits the phos

phorylation of pyruvate kinase by c AMP-dependent protein kinase 
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and Fru 1 ,6-P
2 

or a related component inhibits the c AMP-indepen

dent phosphorylation of a Mr 68,000 protein. As the Fru 1 ,6-P
2 

concentration changes rapidly under different hormonal conditions 

[11]~ we suggest that Fru 1,6-P
2 

or a related phosphorylated 

hexose [20, 21] can be considered for the liver cells as a 11 third 

messenger 11 to translate extracellular hormonal changes into 

intracellular phosphorylation changes. 

A further study on the phosphorylation state of the 68,000 

Mr protein in intact hepatocytes under different metabolic con

ditions is necessary to determine the significance of the regula

tion of this newly ident'lfied protein by hexose phosphates. 
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The anomeric composition and mutarotation rates of fructose 1,6-bisphosphate were 
determined in the presence of 100 mM KCI at pH 7.0 by 31 P NMR. At 23 and 37°C the 
solution contains (15 ± 1)% of the a anomer. The anomeric rate constants at 37°C are 
(4.2 ± 0.4) s-1 for the !3- a anomerization and (14.9 ± 0.5) s- 1 for the reverse reaction. 
A D.20 effect between 2.1 and 2.6 was found. From acid base titration curves it appeared 
that the pK values of the phoqphate groups range from 5.8 to 6.0. Mg-2..._ and Zn2.,.. bind 
preferentially to the !-phosphate in the a-anomeric position. Zn2

- has a higher affinity 
for this phosphate group than Mgz+ has. At increasing pH the fraction a anomer de
creases slightly. At increasing Mg-2+ /fructose 1,6-bisphosphate ratios the fraction a 
anomer increases till 19% at a ratio of 20. Proton and probably Mg-2+ binding decreases 
the anomerization rate. The time-averaged preferred orientation of the !-phosphate 
along the C1-01 bond of the a conformer is strongly pH dependent, gauche rotamers 
being predominant at pH 9.4. In the presence of divalent cations the orientation is 
biased toward trans. A mechanistic model is proposed to explain the Zn2+, Mg-2 ..... , and 
pH-dependent behavior of the gluconeogenic enzyme fructose 1,6-bisphosphatase. 

D-Fructose-1,6-bisphosphate has been 
shown by 13C NMR spectroscopy to be an 
equilibrated mixture in aqueous solution 
composed of approximately 20% a, 80% 
[3, and 2-4% keto anomer (1-3) (see Fig. 
1). The gluconeogenic enzyme fructose 1,6-
bisphosphatase (fructose- I ,6-bisphos
phate 1-phosphohydrolase, EC 3.1.3.11) 
specifically uses a-Fru 1,6-P§ as a substrate 
(4) .. Based on in vitro data it was calculated 
that in rat liver the rate of spontaneous 
anomerization is about 10-15 times slower 
than the maximal activity of FBPase (5, 
6). This led Koerner et al. (5) to propose 
a model for the regulation of the Fru 6-P, 

1 To whom all correspondence should be addressed. 
2 Abbreviations used: Fru 1,6-P~, fructose 1,6-bis

phosphate; UMP, uridine 5'-monophosphate; Fru 6-
P, fn1ctose 6-phosphate; EDTA, ethylenediaminetet
raacetic acid; FBPase, fructose 1,6-bisphosphatase. 

Fru 1,6-P2 cycle based on the anomeric 
specificities of phosphofructokinase and 
FBPase. Earlier it has been proposed that 
divalent cations might shift the equilib
rium of the anomerization to the a form 
by the formation of a chelate between the 
cation and the cis-oriented phosphate 
groups (7). This would mean that in vivo 
the formation of the a anomer is more 
rapid than assumed. Experiments, how
ever, contradicted this proposal (7). It is 
also possible that divalent cations increase 
both anomeric rate constants. Therefore 
we reinvestigated the influence of cations 
on the anomerization of Fru 1,6-P2• It ap
peared that binding of Mg-2+ will have little 
effect in vivo. 

In the course of this study it appeared 
that Zn2+ and Mi.,. bind preferentially to 
the !-phosphate in the a position. This 
phenomenon might have implications for 

0003-9861/82/000000-00$02.00/0 
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keto 

FIG. 1. Schematic representation of anomeric struc
tures of Fru 1,6-P~. 

the inhibition of rat liver FBPase by Znh 
(8-10) and :vJg'~ (11). 

MATERIALS AND METHODS 

Chemicals. Fru 1,6-P2 was purchased from Boeh
ringer, Mannheim. KCl and Mg{N03h (suprapure) 
were from E. Merck, Darmstadt. ZnC12 \ultrapure) 
was obtained from Ventron, Karlsruhe. Fru 1,6-P2 

was prepared in a 200 mM stock solution. If indicated 
this solution was chromatographed over a column 
loaded with Dowex 50\V. The acidic fractions were 
collected and set to pH 7.0 with KOH. Thereafter the 
Fru 1,6-P2 was lyophilized and stored at 4 °C until 
use. The powder was redissolved in a concentration 
as indicated in the legends of the figures in the pres-

_x'_JL 

ence of 100 mM KCl in 50% D 20 for field frequemcy 
locking and other additions as indicated. The pH was 
set to the desired value with KOH or HCL 

NMR spectroscopy. The 31P NMR spectra were re
corded on a Varian XL-100 spectrometer operating 
in the Fourier transform mode at 40.5 MHz. Hetero
nuclear proton noise decoupling was used to remove 
the J coupling induced by fructose protons. A pulse 
width of 20 !J.S was employed corresponding to a ilip 
angle of 45°. Usually 200-1000 scans were accumu
lated with an aquisition time of 5 s, a computer delay 
of 0.5 s, and a digital resolution of 0.06 Hz/pt. Tem
perature was set with an accuracy of:!:l °C by a Varian 
temperature controller. 

Chemical shifts are given relative to 20% H 3P04 

as an external reference with downfield shifts defined 
as positive. 

1H NMR spectra were recorded on a Bruker WM 
90. Chemical shifts are referred to 4,-t-d.imethyl-4-si
lapentane-1-sulfonate. 

RESULTS 

Figure 2 shows a 31 P NMR spectrum of 
Fru 1,6~P2 at 23°C in the presence of 
EDTA. On the basis of their relative chem· 
ical shifts, intensities, and 31P-1H coupling 
constants the resonances at 5.2 and 4.0 
ppm can be assigned to the 1· and 6·phos· 
phates of a·Fru 1,6·P2, respectively, while 
those at 4.4 and 4.1 ppm are the corre· 

40°C 

' 
FIG. 2. 31 P NMR "pectrum of Fru 1,6-P2 at 23 and 37°C. Spectrum of a solution containing 50 

mM Fru 1,6·P2, 100 mM KCl, and 0.5 mM EDTA at pH 7.0. 
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spending resonances of the fJ conformer 
(12). No resonances could be detected for 
the keto conformation, even in spectra 
measured at -lOoC in the presence of di
methyl sulfoxide. It appeared that the res
onance of the analog of keto-Fru 1,6-P2, 

the keto conformer of dihydroxyacetone 
phosphate, measured under identical con
ditions, has the same chemical shift as the 
1-phosphate of 13-Fru 1,6-P,. So most likely 
the resonance of the keto conformer of Fru 
1,6-P2 coincides with those of the i3 con
formation. 

In the absence of EDTA considerable 
line broadening is observed, most likely 
due to contaminating paramagnetic ions. 
It is also observed that in the absence of 
EDTA the resonances are shifted upfield. 
This could be due to binding of divalent 
cations present in the commercial prepa
ration of Fru 1,6-P2• Indeed, when the Fru 
1,6-P2 solution was pretreated with a cat
ion exchanger (see !v'Iaterials and Meth
ods) a spectrum was obtained comparable 
to r.he spectrum in the presence of EDTA 
(not shown). 

Kinetics of the l\1utarotation 
'i,Vhen the temperature is increased, the 

resonance of the a and [3 conformers be
longing to the 1-phosphate as well as the 
6-phosphate broaden and move to each 
other (Fig. 2). This is typical for an ex
change situation. Kinetic information can 
be obtained from the excess linewidth due 
to this exchange. We shall restrict our
selves to the resonances of the 1-phos
phate, since these are best resolved. Ac
cording to the reaction sequence given in 
Fig. 1, the exchange of this phosphate 
should be treated as a three-sites problem. 

From the reaction rates given by Mi
delfort et al. (3) and the position of the 
keto conformer as outlined above, it fol
lows that the lifetime of the keto confor
mation is small compared to its chemical 
shift differences (in Hz) with the a and /3 
conformations. Furthermore, the keto con
formation constitutes only 2% of the total 
amount of Fru 1,6-P2 (3). With these con
siderations it can be shown that the three¥ 
sites exchange situation can be simplified 
to a two-sites problem (13); in this case 
bP.tween the a and fJ conformations. 

T 
(oCl 

23 
23 
23 
37 
23 

TABLE I 

LINEWIDTH OF UMP ~ 1 P N:V!R RESONANCE 

pH 

5.1 
7.0 
9.8 
7.0 
7.0 

Addition 

0.45 ± 0.07 
0.45 ± 0.06 
0.44 ± 0.05 
0.45 ± 0.06 
0.67 ± 0.04 

Note. Spectra were recorded from a solution con
taining 100 mM CMP and 100 m:Vl KCL EDTA was 
present in a concentration of 0.5-10 mM and the DzO 
concentration was 30-100%. The concentration of 
EDTA and D~O did not influence the linewidth. Val
ues are given ::S.D. (n""' ;3), 

Because, in the present case, the limit 
of slow exchange applies, the rate con
stants of the a - (3 anomerization (kap) 
and the .B - a anomerization (k:3"') can be 
determined from the linewidth of the two 
individual resonances by 

kaa = II(,.~v"- ~v~), 

kea = IT(L.lv:>- .:).v~), 

in which L.lv stands for the width at half
height of the resonance (14). The value 
~v0 is the width in the absence of exchange. 
This value was determined by measuring 
t-he linewidth of UMP. This is a good ap
proximation since UMP has almost the 
same molecular weight as Fru l,6*P2. Rel
evant values of ~v0 are given in Table L 
Only Mg2+ has a significant effect on ~v0 • 

It appeared that the linewidths of the 
resonances of Fru l,6-P 2 depend on the 
D 20 concentration (Fig. 3). Br:;cause such 
a D~O effect could not be measured on the 
line~idth of the 31 P resonance oflJMP and 
dimethylhydroxyacetone phosphate, which 
do not exhibit conversions (not shown), it 
is concluded that this is due to a change 
in mutarotation rate of Fru 1,6-P2• The 
rate constants were evaluated from the 
extrapolated linewidth at zero D2 0 con
centration (Fig. 3). At 23°C this gives a ko.,J 

of (5.1 ± 0.2) s-' and a k," of (1.2 ± 0.3) 
s- 1• These values were also evaluated at 
37°C resulting in a kaa of (14.9 ± 0.5) s- 1 

and a k8"' of {4.2 ± 0.4) s-1
• The D 20 etiect 
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FIG. 3. The effect of D~O on the linewidth of Fru 
l.6-P2 resonances. Spectra were recorded from a so
lution containing 120 mM Fru 1,6-P2, 10 mM EDTA, 
100 m.Yt KC! at pH 7.0 and 23°C. Linewidth of ~ 
anomeric (ill and 13-anomeric (G) resonances of the 
1-phosphate group. 

(defined as k(H 2o1/km2o1 was found to be 
between 2.1 and 2.6. 

The 8.nomeric composition of Fru l,6-P2 

was determined by integration of the a and 
(3 resonances of the 1-phosphate. At 23 and 
37°C the fraction a anomer is (15 ± 1)%. 
This value is not dependent on the D2 0 
concentration. Because nuclear Overhau
ser effects, due to the decoupling of the 
sugar protons, could be different for a and 
!3 resonances and hence affect the calcu
lated ratio a//3-anomer, spectra were also 
recorded without decoupling. In this way 
we found the fraction a anomer to be 16% 
which is in good agreement with the above 
established value. 

Effect of lvfg 2+, Zn2+, and H+ 

The effect of divalent cations on the 31 P 
resonances was studied with a Dowex· 
treated Fru 1,6·P ~solution without EDTA. 

Figure 4 shows that in the presence of 
Mg(N03)z all resonances are shifted up· 
field. Up to a Mg(NO,),/Fru 1,6-P, ratio 
of about l, however, the resonances cor· 
responding to the 6·phosphates are not 
affected which indicates that M~ ... binds 
preferentially to the !·phosphate. Nonlin· 
ear regression of the titration curves yields 

FIG. 4. Chemical shifts of Fru 1,6-P~ resonances as a function of the MgC12 concentration. Spectra 
were recorded from a Dowex-treated Fru 1,6-P~ sample. The final solution contained 60 mM Fru 
1,6-P2, 100 mM KCI at pH 7.0. Temperature was 23°C. Circles, resonances of !-phosphates; o.quares, 
resonances of 6-phosphates. G 0, o: Resonances; 0 Ill, fJ resonances. 
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FIG. 5. Chemical shifts of Fru 1,6-P2 resonances as a function of the ZnCI2 concentration. For 
details see Fig. 4. 

a maximum shift for the 1-phosphate 
group of the a anomer of 1.05 ppm and for 
the (3 anomer of 0.80 ppm. The titration 
points up to aMi+ /Fru 1,6-P2 ratio of 1.2 
were used for a Scatchard analysis. If one 
Mg-2+ cation binds to a phosphate, we cal
culate an apparent binding constant for 
the 1-phosphate of the a anomer of 13 and 
6 :v!-1 for the {3 anomer. This indicates that 
Mi+ binds preferentially to the 1-phos
phate of the a anomer. 

When we consider the binding of Zn2
'" 

(Fig. 5) we may also conclude that Zn2 .... 

has a relatively high affinity for the 1-
phosphate group of the a anomer. How
ever, a quantitative evaluation is ham
pered by the fact that at high concentra
tions of ZnCl2 a precipitate is formed of 
Zn(OHb If we assume that the maximal 
shift is the same as with Mg(N03b then 
we calculate that at a cation/Fru 1,6-P2 

ratio of 0.17, the affinity for Zn2+ is four 
times higher than for Mi+. 

The effect of divalent cations on the 
linewidth and anomeric composition were 
also evaluated. To avoid linebroadening 
from contaminating paramagnetic ions, a 
small amount of EDTA was added. Be
cause an effect on the T 2 relaxation time 
of resonances of phosphate groups in the 

presence of Mg-2+ has been reported (15), 
linebroadening can be expected. As can be 
seen in Table I, line broadening is observed 
upon addition of Mi+ to UMP. 

Considering Fru 1,6-P2 we observed a 

E 
" 3 

0 

" s 4 

-~ 

iJ 

pH 
7 

FIG. 6. Chemical shifts of Fru 1,6-P~ resonances as 
a function of pH. For details see Fig. 4. 
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FIG. 7. Influence of pH on the rate constant of the 
anomerization and anomeric composition of Fru l,6-
P2. Conditions as in Fig. 4. 
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linebroadening of 0.38 Hz for the 6 reso
nance, but only 0.04 Hz for the a res~nance 
of ~he !-phosphate at a Mi+ /Fru 1,6-P2 

rat10 of 6. This might indicate that k"'r3 is 
decreased upon Mg'!- binding. This is sub
stantiated by the observation that at a 
Mg-2+ /Fru 1,6-P2 ratio of 6 the fraction a 
anomer is 17% and at a ratio of 20 this 
fraction is 19%. However the effect is 
small. 

It is well known that the chemical shift 
of phosphate monoesters is very sensitive 
to the degTee of ionization of these acids. 
Figure 6 represents an acid base titration 
curve of Fru 1,6-P2• The pK values for the 
a and {3 conformations of the 1-phosphate 
are 5.8 and 5.9, respectively. These values 
are both 6.0 for the 6-phosphate. 

The effect of pH on the rate constant 
k"'13 and anomeric composition is shown in 
Fig. 7. It can be concluded that the degree 
of ionization influences this rate constant. 
Furthermore at high pH the anomeric 
equilibrium shifts slightly in the direction 
of the (3 anomer. 

Conformation of the Phosphate Groups of 
Fru 1,6-P2 

1H-31 P coupling constants are sensitive 
to the time-averaged preferred conforma
tion of phosphate esters along the C-0 
bonds (16). We measured the effect of tem
perature, pH, and divalent cation binding 
on the coupling constants (.JHP) of the res
onances of the 1-phosphate group. Figure 

8 gives the relevant nomenclature on the 
orientation of the 1-phosphate. The frac
tional population of the transrotarner (.Pt) 
can be estimated from (16): 

p ~ 24- (JlHP + Jl'HP) 
1 18 . 

Coupling constants and calculated Pt val
ues are given in Table II. It can be seen 
that the 1-phosphate of the o: anomer pre
fers gauche orientations, while the time
averaged preferred orientation of the (3 an
omer is trans. 

The time-averaged preferred orienta
tions are dependent on a number of con
ditions. An increase in temperature from 
6 to 34 °C slightly increases the contribu
tion of gauche orientations. At low pH 
both phosphates tend to increase the pop
ulation of their trans rotamer, which is 
also observed in the presence of divalent 
cations. These latter effects are more pro
nounced on the a-phosphate than on the 
p-phosphate. 

The effect of divalent cation binding and 
protonation was further studied by 1H 
NMR. Figure 9a shows a 90-MHz 1H Nl\1R 
spectrum of a Fru 1,6-P2 solution. Up till 
now none of the resonances has been as
signed to particular protons of the sugar. 
After addition of ZnC12 some minor changes 
around 3.85 ppm can be observed (Fig. 9b). 
However the resonance at 4.00 ppm clearly 
shifts downfield to 4.07 ppm (arrow}. Un
der these conditions only the resonance of 
the 1-phosphate of the a anomer shifts 
(see Fig. 5). Therefore the resonance at 
4.00 ppm in the 1H NMR spectrum is ten¥ 
tatively assigned to protons of the a a1n
omer. Upon addition of Mg(N03h also a 
downfield shift of this resonance is ob
served (not shown). 

FTG. 8. Newman projections of the dominant ori
entations of the 1-pho5phate group of Fru 1,6-P" 
viewed along the C:-01 bond. -



T 
{oC) 

6 
23 
34 
23 
23 
23 
23 
23 

TABLE II 

1H-:np COUPLil'.'G CONSTA:-ITS AND TIME 4 AVERAGED PREFERRED 0RJE};TATIONS 

ALONG THE Ct-Ot BOND OF FRU l,6-P2 

a Anomer (3 Anomer 

pH 

7.0 
7.0 
7.0 
5.4 
9.4 
7.0 
7.0 
7.0 

Addition 

ZnCh (O.l7)a 

Mg(N03h (3.3)a 
Mg(N03h i5)a 

J in Hz 

7.8 
7.9 
8.0 
6.5 
8.3 
7.5 
7.2 
7.0 

P, in% .J in Hz ?,in% 

47 5.9 68 a 
46 6.0 67 b 
44 6.0 67 a 
61 5.6 71 a 
41 6.2 64' 
50 6.0 67 b 
54 5.9 68 b 
56 5.8 79 b 

Note. Samples contained 60 mM Fru 1,6-P2, 100 mM KCI in the presence of 5-10 mM EDTA (a). In some 
cases a Dowex-treated Fru L6-P2 sample was used in the absence of EDTA {b). H1 and H~> are virtually 
isochronous in their coupling to the phosphates and are given as one value. P, is the fraction transrotamer. 

a Value in parentheses represents the ratio of cation to Fru 1,6-P2 concentration. 

At pH 5.4 again some shifts around 3.85 
ppm are visible but the resonance at 4.00 
ppm virtually does not change its position 
(Fig. 9c). From this we conclude that di
valent cations bind in a different way to 
a-Fru 1,6-P2 than protons do. 

a b 

I 
II 

I 

~ l_l 
' '' • 

DISCUSSION 

Kinetics and Mechanism of Afutarotation 

The anomeric composition ofFru 1,6-P2 
has been determined by several investi
gators (Table III). The composition of 15% 

* 

c 

* 

CHEMICAL SHIFT (PPM) 

FIG. 9. 1H NMR spectrum of Fru 1,64 P 2• (a) Spectrum of a Dowex-treated Fru 1,6-P2 solution 
(40 mM) in the presence of 100 mM KCl at pH 7.0. (b) Idem after adding ZnCI2 to a ZnCI2/Fru 1,6-
P2 ratio of 0.15. (c) Spectrum at pH 5.4 in the presence of 10 mM EDTA. *, Extra resonance 
intensity due to EDTA protons. 
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TABLE III 

DISTRIBUTION OF THE F"L"RANOSE FORMS 

OF FRU 1,6·P2 

a:{3 Method Reference 

23:70 13C ~MR 
16:84 13C::-JMR 
20:80 1~C ::-iMR 7 
10:90 31 PNMR 11 
15:85 31 PNMR This study 

a: and 85% ;3 anomer reported here agrees 
well with the most accurate values ob~ 
tained by Midelfort et al. (3) using 13C 
NNIR. The mutarotation rate constants 
derived by us are also in good agreement 
with those obtained by these authors. 

The D20 effect of 2.1-2.6 reported here 
has been frequently observed in the mu
tarotation of nonphosphorylated sugars 
(17). A D 20 effect greater than 1 indicates 
that proton transfer is a rate-controlling 
step in the mutarotation. In comparison 
to nonphosphorylated sugars the mutaro
tation rates of phosphorylated sugars are 
very rapid (3, 17, 18). Baily et al. (18) have 
proposed that this is due to intramolecular 
phosphate catalysis. In their model study 
on the mutarotation of a-D-glucose they 
found that this reaction can be accelerated 
by inorganic phosphate; the dibasic species 
being a better catalyst than the monobasic 
species. A similar behavior is reported here 
for Fru 1,6-P2 (see Fig. 7). We also found 
that the time-averaged preferred orienta
tion of the !-phosphate group of the a an
omer is sensitive to the degree of ionization 
of this group. More gauche orientations 
coincide with an increased mutarotation. 
It cannot be excluded that the orientation 
of the 1-phosphate is also important in the 
phosphate catalysis. Considering this type 
of catalysis it can be expected that binding 
of divalent cations has some influence on 
the mutarotation rates and anomeric com
position. However, our measurements with 
M~.~. indicate that these effects are small 
(see also Ref. (7)). 
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From the titration curves with !v1i+ and 
Zn2+ (Figs. 4 and 5) we conclude that the 
!-phosphate has the highest affinity for 
divalent cations. From model building it 

can be seen that divalent cations that are 
bound to the a anomer might coordinate 
with the 3·0H group. The distance of the 
!-phosphate of the a anomer to this hy
droxyl group and its conformation (see 
Table I) makes this less likely to be so for 
the {3 anomer. This could explain the rel
ative high affinity of the a anomer for di
valent cations. Supporting evidence is ob~ 
tained by 1H NI'vlR: Coordination with the 
3-0H group could result in a deshielding 
effect on protons located on C-3 and C-4. 
Indeed in the 1H NMR spectrum a down
field shift was observed of a resonance that 
was tentatively attributed to a::-anomeric 
protons. 

From the upfield shift of the resonances 
observed in '·crude" {i.e., not treated with 
Dowex) preparations ofFru 1,6-P2, we con
clude that these preparations are contam· 
inated with divalent cations. One of these 
ions could be ZnH, which is then respon
sible for the kinetic hysteresis of FBPase 
(see accompanying paper (25)). 

In Vivo Situation 

In vivo the free "Mif+ concentration is 
about 1 mM (19) and the concentration of 
Fru 1,6-P2 in rat liver is only 20 ,u.M (20) 
so that the M~""/Fru 1,6-P2 ratio is about 
50. At such a high ratio the anomeric com
position shifts in the direction of the a 
anomer. The !3/a ratio will be about 4.0. 

Our measurements on the linewidth of 
the phosphate resonance and the a//3 ratio 
in the presence of Mg-2- indicate that the 
kinetics of Fru 1,6-P2 are affected to a 
small extent by this cation. This means 
that in the in vivo situation, when Fru l.,6-
P2 is completely saturated with Mef+, the 
mutarotaion rate constants could be 
slightly different from the values obtained 
by "C NMR (3) and 31P NMR. From the 
considerations given above it is concluded 
that cellular changes in Mi- have no ef
fect on the mutarotation rate and ano
meric composition of Fru 1,6-P2• 

Relation with Enzyme Activity 

FBPase shows rather complex kinetic 
properties, including activation by chelat
ing agents accompanied by a shift of the 
pH optimum from more alkaline to neutral 



pH (19). The inactivation has been attrib~ 
uted to binding of Zn2+ to the enzyme (8). 
Apart from these inhibitory sites it was 
necessary to postulate the existence of ac
tivating sites (8) to account for the activity 
in the presence of Zn 2+ alone. Binding 
studies revealed three classes of binding 
sites(9, 10). 

It might be speculated that, depending 
on the ionic conditions, the hydrolyses of 
Fru 1,6-P2 occurs via a dissociative or an 
associative mechanism, each mechanism 
characterized by certain kinetic parame
ters. Metal ions can inhibit a dissociative 
mechanism or activate an associative 
mechanism or vice versa (21, 22), and so 
change the kinetics of rat liver FBPase. 

As pointed out by Mildvan (22), there 
are differences in space requirements at 
the catalytic site between an associative 
and dissociative mechanism. From Table 
II it appears that the time-averaged ori
entation of the !-phosphate of a-Fru 1,6-
P2 along the C1-01 bond is strongly de
pendent upon the pH. The sharp pH op
timum in FBPase activity in the presence 
of EDTA (23, 24) might indicate that a 
particular conformation of the !-phos
phate group is necessary for hydrolyses. 

As Zn2
"' inhibits at extremely low con

centrations (K; = 0.3 ,uM, Ref. (8)), we as
sume that, after turnover, Zn2+ remains 
bound to the enzyme near the catalytic 
site. Evidence for this proposal is given in 
the accompanying paper (25). 

ACKNOWLEDGMENTS 

\Ve thank Dr . • ). A. L. Walters and Dr. C. A. G. 
Haasnoot for valuable suggestions. Prof. Dr . . ]. F. 
Koster, Dr. Th. J. C. van Berkel, and Prof. Dr. C. W. 
Hilbers are thanked for reading the manuscript. Miss 
A. C. Hanson is thanked for typing the manuscript. 

The Netherlands Foundation for Fundamental 
Medical Research (FUNGO) is acknowledged for par
tial ~'inancial support (Grant 13-39-13). 

REFERENCES 

1. BENKOVIC, 8. J., ENGLE, J. L., AND MILDVAN, 
A. S. (1972) Biochem. Biophys. Res. Commun. 
4 7' 852-358. 

2. KOERNER, T. A. W., CARY, L. W., BHACCA, 
N. S., AND YOUNATHAN, E. 8. (1973) Biochem. 
Biophys. Res. Commun. 51, 543-549. 

3. MIDELFORT, C. F., GUPTA, R. K., A~D ROSE, 
J. A. (1976) Biochemistry 15, 2178-2185. 

4. FREY, W. A., FISHBEI~, R., DE MAINE, M. M., 
AND BENKOVIC, 8. ,], (1977). Biochemistry 16, 
2479-2484. 

5. KOERNER, A. W., VOLL, R. J., AND YOUNATHA:-1, 
E. S. (1977) FEES Lett. 84, 207-213. 

6. BLOXHAM, D.P., Ac'fD YORK, D. A. (1976) Biochern. 
Soc. Trans. 4, 989-993. 

7. BENKOVIC, S. J. (1972) Biochern. Biophys. Res. 
Cornrnun. 4 7, 852-858. 

8. TEJWAN!, G. 0., PEDROSA, F. 0., PONTREMOLI, 
S., Ai:'<""D HORECKER, B. L. (1976) Proc. Nat. 
Acad. Sci. USA 73, 2692-2695. 

9. PEDROSA, F. 0., PONTREMOLl, 8., AND HO
RECKER, B. L. (1977) Proc. Nat. Acad. Sci. USA 
74,2142-2745. 

10. PONTREMOLI, S., MELLO!'<!, E., SALAMINO, F., 
8PARATORE, B., AND HORECKER, B. L. (1978) 
Arch. Biochern. Biophys. 188, 90-97. 

11. MARCUS, C. J., GELLER, A. M., AND BYRNE, 
W. L. (1973) J. Bioi. Chern. 248, 8567-8573. 

12. GRAY, G. R. (1971) Biochemistry 10, 4705-4711. 
13. DE BoER. J. W. ~- (1977) Lanthanide Shifts 

Reagents Binding, Shift Mechanisms and Ex
change, Ph.D. thesis, University of Nymegen, 
Krips Repro, Meppel. 

14. CARRINGTON, A., .o..ND MCLACrtLAN, A. D. (1967) 
in Introduction to Magnetic Resonance, Har
per & Row, :::-Jew York, and John Weatherhill, 
Tokyo. 

15. COHEN, 8. M., ANDB1JRT, C. T. (1977) Proc .• Vat. 
Acad. Sci. USA 74, 4271-4275. 

16. WOOD, D. J., HRUSKA, F. E .. AND OGILVIE, K. K. 
(1974) Canad. J. Chern. 52, 3353-.'3366. 

17. ISBELL, H. 8., A::-:D PIGMAN, W. (1969) Advan. 
Carbohydr. Chern. B~·ochem. 24, 14-63. 

18. BAILEY, J. M., FISHYIAN, P. H., AND PEBTCHEV, 
P. G. (1970) Biochemistry 9, 1189-1194. 

19. VELOSO, D., GCYN:--f, R. W., 0SKARSSON, M., A;sD 
VEECH, R. L. (1973) J. Bioi. Chern. 248, 4811-
4819. 

20. FAUPEL, R. P., SEITZ, H. J., AND TARNOWSKI, W. 
(1972) Arch. Biochern. Biophys. 148, 509-522. 

21. JENCKS. W. P. (1969). in Catalysis in Chemistry 
and Enzymology, pp. 112-115, McGraw-Hill, 
New York. 

22. MILD VAN, A. 8. (1979) in NMR and Biochemistry 
(0pella, S. J., and Lu, P., eds.), pp. 303-304, 
Dekker, New York. 

23. HORECKER, B. L., MELLO!'!, E., AND POXTRE
MOLI, S. (1975) in Advances in Enzymology 
(Meister, A., ed.), VoL 42, pp. 193-226, Wiley, 
New York. 

'.?.4. NIMMO, H. G., A.'\'DTIPTON, K. F. (1975) Biochern. 
J. 145, 323-334. 

25. V Ac"< DEN BERG, G. B., V."'-Ar-:DRAGER-VERDUI:-.1, 
H., VAN BERKEL, T . . ]. C., A.'ID KOSTER,,], F. 
{1982) Arch. Biochem. Biophys. 219,000-000. 

85 





ARCHIVES OF BIOCHEMISTRY .U.rD BIOPHYSICS 

Vol. 219, No. 1, November, pp. 000-000, 1982 

Hysteretic Behavior of Rat Liver Fructose 1 ,6-Bisphosphatase 

Induced by Zinc Ions 

GERARD B. VAN DEN BERG,1 HEDWIG VAANDRAGER-VERDlJIN, 
THEO J. C. VAN BERKEL, AND JOHAN F. KOSTER 

Department of Biochemistry I, }.{edical Faculty, Erasmus L,-niversity Rotterdam, 
PO Box 1738, 3000 DR Rotterdam, The Sether!.ands 

Received March, 2, 1982, and in revised form July 2, 1982 

The measurement of the time dependency of the activity of rat liver fructose 1,6~ 
bisphosphatase shows that the enzyme under certain conditions exhibits kinetic hys~ 
teretics. After addition of the substrate, the enzyme is initially in a state characterized 
by a "high" Km of about 2 ,uM. During the reaction the enzyme is converted in a slow 
process to a low Km form (Km is about 0.5 ,uM). The transition is accompanied by a 
decrease in V. It is concluded that the hysteretic behavior is caused by binding of the 
zn::::+ substrate complex to the enzyme. The earlier reported effect of glucagon treatment 
on the activity of fructose 1,6~bisphosphate (0. D. Taunton, F. B. Stifel, H. L. Greene, 
and R. H. Herman (1974) J. Biol. Chern. 249, 7228-7239) was reinvestigated, taking 
into account the hysteretic behavior. Under conditions where the pyruvate kinase ac
tivity is decreased by glucagon injection, no activity change of fructose 1,6-bisphos~ 
phatase is observed. It can be suggested that for studies concerning the effects of in
cubation or hormone treatment on fructose 1,6-bisphosphatase, the complex kinetics 
of the rat liver enzyme has to be taken into account. 

Fructose 1,6~bisphosphatase (D-fruc
tose-1 ,6~bisphosphate l·phosphohydro
lase, EC 3.1.3.11) catalyzes the hydrolysis 
of fructose 1,6·bisphosphate into fructose 
6·phosphate and phosphate. The enzyme 
requires a divalent cation such as !vi~+, 
11n2+, Zn2+, or Co2+ for catalytic activity 
(1, 2). Zn2-r- in the presence ofMi+ or Mn2+ 

is a very potent inhibitor (2). Half·maxi
mal inhibition is obtained with 0.3 ,uM of 
Zn2+ (2). The observed stimulatorY effect 
of chelators as EDT A, histidine, or fatty 
acids in the neutral pH range are attrib· 
uted to removal of tightly bound Zn2

_,_ by 
these agents (2, 3). Some authors reported 
a nonlinear product formation, tending to 
decrease in time (4-6). Han et al. (6) re
ported that this phenomenon is dependent 
on the presence of Zn2+. Recently we in
vestigated the kinetics of FBPase isolated 

1 To whom all correspondence should be addressed. 

from control and glucagon·treated rat liv
ers. YVe used assay media in which kinetic 
changes induced by hormones (7) or cAMP
dependent protein kinase (8) were de
scribed. It appeared that especially in these 
media a pronounced nonlinear product for
mation occurs (Van den Berg, unpub
lished). As this phenomenon could be im
portant for a proper interpretation of ki
netic changes by phosphorylation, we 
investigated the nature and the factors in
fluencing this behavior more closely. 

MATERIALS AND METHODS 

Chemicals and enzymes. Fru 1,6-P2,Z NADP ... , 
phosphoglucose isomerase, and glucose 6-phosphate 
dehydrogenase were obtained from Boehringer 
(Mannheim), 

2 Abbreviations used: Fru 1,6-P2, fructose 1,6-bis
phosphate; FBPase, fructose 1,6-bisphosphatase; SDS, 
sodium dodecyl sulfate. 

0003-9861/82/000000-00$02.00/0 
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FIG. 1. Progress curves of the FBPase reaction. 
Partially purified FBPase was assayed in a spectre· 
photometric assay in the presence of 1 mM MgCl2 and 
15 ~M Fru 1,6-P2• A and B represent different exper
iments. 

Assay. FBPase activity was measured in a medium 
containing 50 mM Tris-HCI, pH 7.5, 1 m:\1 :\1gCl~. 0.2 
m;\.1 NADP-, 7 U of phosphoglucose isomerase and 17 
U of glucose 6-phosphate dehydrogenase in a volume 
of 3.0 ml. The reaction was, unless indicated other
wise, started by adding Fru 1,6-P~. The increase in 
A.140 was followed in an Aminco D\V 2 spectropho
tometer, thermostated at 30°C. In some experimente. 
the dual wavelength mode was used at 370/340 
nm. Specific activity was measured according 
to {8). 

Purification procedure. FBPase was purified as de
scribed earlier (8). In most experiments we used par
tially purified enzyme. Such a preparation was puri
fied as far as the INH 4hS0 4 precipitation step. The 
.'50% (NH4hS04 precipitate was dissolved in 25 mM 
Tris-HCl, pH 7.5, and 5 mM2-mercaptoethanol. Salts 
were removed by gel filtration (Sephadex G-25). The 
column was equilibrated with the aforementioned 
buffer. The pure enzyme preparation was unsuitable 
for direct kinetic studies as it contained Fru 1,6-P2 

introduced during the last specific elution step with 
Fru 1,6-P2• Part of the substrate was tightly bound 
to the enzyme as it could not be removed by gel fil
tration. For this reason the enzyme preparation was 
incubated i.n the presence of 5 mM MgCl2 and 0.1 m:\1 
EDTA in order to hydrolyze Fru 1,6-P2• Finally fruc
tose 6-phosphate and phosphate were easily removed 
by gel filtration. The final preparation had a specific 
activity of6 U/mg and showed a neutral pH optimum. 
In a SDS-gel (9) a strong protein band with M, of 
42,000 and a faint protein band with M, of 150,000 
could be identified. 

RESULTS AND DISCUSSION 

The activity of FBPase is usually mea
sured by a spectrophotometric assay, in 
which the hydrolytic splitting of Fru 1,G-
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P 2 is coupled to the production ofNADPH. 
Coupled enzyme reactions have the advan
tage that the reaction is directly visualized. 
If the coupling enzymes are not present in 
excess, a lag phase will appear in the for
mation of NADPH. Unfortunately such a 
lag phase has been interpreted earlier as 
evidence for kinetic hysteresis of FBPase 
(compare Refs. (10 and 11}). 

We tried to measure more realistic ini
tial rates, especially at subsaturating sub
strate concentrations. For this large 
amounts of coupling enzymes were added 
and it v.:as verified that the reaction rates 
were independent of the amount of the 
coupling enzymes used. It appears that, 
instead of a lag phase, a burst in product 
formation is observed (Fig. 1). After about 
1 min the reaction rate is almost constant 
until all substrate is converted. Addition 
of a second amount of substrate at the end 
of the reaction gives a similar behavior, 
which excludes that an irreversible change 
in the enzyme has occurred. Addition of 
Fru 1,6-P2 during the reaction does not 
result in a burst (Fig. 1, second trace). This 
excludes the possibility that Fru 1,6-P2 
contains some of the intermediate prod
ucts or a related compound that is quickly 
converted by the coupling enzymes. This 
conclusion is further strengthened by the 
observation that the burst is also observed 

l..lE • 0.01 

I 
FOP 

FIG. 2. Progress curves of the FBPase reaction us
ing preparations of different purity. FBPase activity 
was measured in the presence of 1 m.\1 MgCI2 and 20 
J.i.M Fru 1,6-P2. Curve A: lOO,OOOg supernatant frac
tion; Curve B: pure enzyme in the presence of 5 ,uM 

ZnCl2 • 



when the reaction is initiated by the ad~ 
clition of FBPase (not shown) or when 
more enzyme is added during the assay 
(Fig. 1, second trace). The observation was 
always reproducible either in a crude su~ 
pernatant (Fig. 2, trace A) or with partially 
purified enzyme (Fig. 1). The observation 
was also made with a pure enzyme prep
aration. However, in this case a small 
amount of Zn2+ had to be added (Fig. 2, 
trace B). This can be understood in the 
light of later observations (see below). 
Commercial preparations of rabbit muscle 
FBPase (Boehringer, Mannheim) did not 
show this behavior (not shown). The non
linear Fru 1,6-P2 hydrolysis was earlier 
observed by others (4-6). Carlson et al. 
( 4) reported that the change in reaction 
velocity is also observed when the enzyme 
is assayed by the release of inorganic phos
phate. So we conclude that the observed 
nonlinear product formation must be at
tributed to an intrinsic property ofrat liver 
FBPase. Until now no study has been re
ported to clarify the nature of this phe
nomenon. Figure 3A gives the family of 
progress curves using different amounts of 
enzyme. Figure 3B shows that both the 
initial rate and the rate measured in the 
linear part of the curve are proportional 
with the protein concentration. At high 
protein concentrations the rate in the sec
ond slow phase cannot be measured be
cause the substrate is completely hydro-

lyzed before this phase is reached. The lin
ear part of the curves converge at a point 
on the time axis at 50 s before the addition 
of substrate (Fig. 3A). So the enzyme 
reaches spontaneously a state with lower 
catalytic activity as soon as Fru 1,6-P-:! is 
added. Such a slow change in kinetic be
havior in response to the addition of an 
effector is called "hysteresis" (12). The 
transition can be described: 

Fructose 1,6-bisphosphate high activity 7 

Fructose 1,6-bisphosphatase low activity. 

The velocity as a function of time is given 
by the expression 

where V1 is the initial rate and Vr the final 
linear rate (10, 13). The evaluation of k is 
explained in Fig. 4. In this particular case 
k equals 0.0365 s-L. In this figure we also 
plotted the calculated progress curve using 
the integrated Eq. [1}, 

V·- Vr 
P, ~ V,t + -' -k- (l- e-''), [2] 

in which P, is the product formed at time 
t. The parameters V;, Fe, and k were de
rived from the experimental curve. Indeed, 
the calculated curve fits well with the ex
perimental one. However, we have to re
alize that a good fit does not prove that the 

B / 
/ 

FIG. 3. Protein dependency of the FBPase reaction. Partially purified FBPase was assayed at l 
mM MgCl~ and 20 1-LM Fru-1,6-P2• (A) Progress curves with extrapolated linear parts. Protein con
centrations were from left to right 36. 18, 7.2, 3.6 1--'g/ml. (B) Initial velocity (0) and final linear 
velocity (D) as a function of the protein concentration. 
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FIG. 4. Fitting of the progress curve according to a hysteretic model. The parameters "'i and u1 

were measured as indicated in the insert. The rate constant k is given by * 
k"' (u1 - uJ(P,-u. Using the parameters V;, Vr, and k, a progress curve {thick line) was fitted using 
Eq. [2] (thin line). Protein concentration was 9 ~o~g/ml. 

foregoing model is correct. More stringent 
tests must be performed, such as charac
terization of the two forms. 

Carlson et al. (4) observed that large lin
ear initial rates are obtained when the ac
tivity is measured in the presence of 2-
mercaptoethanol or fatty acids. We con
firmed these results (not shown) and found 
that dithiothreitol has the same effect. We 
can interpret this result as that these com
pounds decrease k. We investigated 
whether the rate constant could also be 
influenced by other factors. 

Figure 5 shows the Mi+ dependency of 
the progress curves. It is clear that the rate 
of the second slow phase increases with 
increasing M!f+ concentrations. The ini
tial rate also seems to increase; however, 
as in this experiment the curve is strongly 
curved from the start at Mg-2+ concentra
tions below 2.5 mM, we cannot measure 
accurate initial rates. The value of Vi is, 
however, important for the calculation of 
the rate constant k (Fig. 4). Therefore two 
extreme situations were distinguished: (a) 

* k 
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Vi is independent of Mg2+ and equals the 
maximal velocity obtained in the presence 
of EDTA, or {b) Vi is equal to the rate 
obtained by drawing a tangent to the prog
ress curve at zero time. The apparent rate 
constants calculated in both ways are pre
sented in Table I. In order to find out if 
M!f+ influences the initial velocity or not, 
the progress curves were fitted using either 
of the assumptions. It appears that the 
best fit is obtained if we suppose that at 
every Mi .. concentration V, equals the 
maximal velocity measured in the presence 
of EDTA (not shown). However, the dif
ference with the calculated curve using 
assumption {b) is marginal, so that a clear 
discrimination between the two possibili
ties is not possible. For this it will be nec
essary to use a stopped flow device. Nev
ertheless, from Table I the important con
clusion can be drawn that M!f+ prevents 
the transition of the enzyme from a high
activity to a low-activity form. 

In Fig. 5 it is also shown that in the 
presence of EDTA the progress curve is 



D C 

A 

I MIN 

FIG. 5. Mtf+ dependency of the FBPase reaction. Progress curves of the FBPase reaction in the 
presence of 30 !L!Yl Fru l,6-P2 at: A, 0.6 mM; B, 1.2 mM; C. 2.5 mM; D, 10 mM MgCl2; E, 10 mM 
MgCl2 + 50 jiM EDT A. Protein concentration was 9 ,ugjml. 

essentially linear. This effect of EDT A was 
observed under a variety of conditions; i.e., 
subsaturating, saturating, or inhibitory 
concentrations of Fru 1,6~P2 or MgCl2• 

Furthermore it appears that histidine, 
which is a well-known activator of the en
zyme (14), has the same effect as EDTA, 
i.e., no hysteresis is observed. On the other 
hand in the absence of EDT A the hyster
etic effect could always be observed, unless 
no precautions had been taken to clean the 
cuvets carefully. Trace amounts of fatty 
acids are sufficient to obtain full activity 
(4) and to mask the hysteretic behavior 
(not shown). As in the presence of 50 ,uM 
EDTA the greater part of the Mif+ ions 
is not cornplexed, it is unlikely that re~ 
moval of Mif+ from some site of the en~ 
zyme causes the suppression of the hys~ 
teresis. More likely another tightly bound 
cation is complexed by EDTA. Recent ex· 
periments have shown that FBPase can 
bind divalent cations as ZnH or Co2+ with 
high affinity (2). It has been established 
that the liver enzyme has three binding 
sites for Zn2+ (15); two of which can be 
considered as inhibitory, while binding of 

Zn2- to the third binding site leads to an 
activation. As commercial preparations of 
FBPase are contaminated with divalent 
cations (Van den Berg and Heerschap, ac· 
companying paper (40)) we decided to in~ 
vestigate the possibility that zn:H causes 

TABLE I 

THE EFFECT OF THE DIVALENT CATION 

CONCENTRATION ON k 

k (constant VJ k (tangent) 
Addition in s- 1 in s- 1 

0.6 mM MgCl~ 0.054 0.030 
1.2 mM MgCl2 0.026 0.022 
2.5 mM MgCl2 0.016 0.016 
5 m:-..t MgCl! 

+2 >IM ZnC12 0.036 0.024 
+3 >LM ZnC12 0.053 0.029 
+4 >J.M ZnC12 0.078 0.032 
+5 >LM ZnC\2 0.093 0.036 
+10 1-1M ZnC12 0.263 0.047 

Note. k was calculated as described in Fig. 4 using 
the assumption that V; equals the maximal velocity 
or that V; is equal to velocity obtained by drawing a 
tangent to the progress curve. 
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FIG. 6. Time course of the inhibition of active 
FBPase by Zn~+. Purified rat liver FBPase was in
cubated in the presence of 1 mM MgC\2 and 20 p;Y! 

substrate. At the time indicated by the arrow, .5 p;M 

ZnCl2 was added. 

the hysteresis. Figure 6 shows that addi
tion of 5 J.LM ZnC12 to a cuvet containing 
FBPase under turnover conditions leads 
to a slow decrease in activity to 52% of the 
original activity. The apparent rate con
stant of this transition, calculated as de
scribed in Fig. 4, is 0.018 s-t, which is of 
the same order of magnitude as the rate 
constant connected with the hysteresis 
(Fig. 4). The influence of Zn2+ was further 
studied by analyses of the progress curves. 
Table I shows that the apparent rate con
stants of the transition increase with in
creasing concentration of Zn2+. As in the 
experiments with M,il ... , we cannot con
clude whether Zn~- affects the initial ve
locity. Fitting of the progress curves in
dicates that contrary to the case with 
Mi ..... , the best fit is obtained assuming that 
the initial velocity equals the tangent to 
the curve. These observations give rise to 
the hypothesis that binding of Zn2+ to the 
enzyme in the presence of Fru 1,6-P2 in
duces the transition of an enzyme with 
high catalytic activity to an enzyme with 
low catalytic activity. Contaminating metal 
ions in the Fru 1,6-P2 solution are probably 
sufficient to introduce such a transition. 
Indeed when a Fru-1,6-P2 solution was 
used that was pretreated with a cation ex
change no hysteresis was observed (not 
shown). Recently it has been suggested 

that commercial samples of A TP are also 
contaminated with metal ions. The inhi
bition of FBPase by ATP must, most 
likely, be ascribed to this contamina
tion (16). 

It has been established that FBPase hy
drolyzes a-Fru 1.6-P, (17). As Zn'+ binds 
preferentially to the 1-phosphate of Fru 
1,6- P 2 in the a position (Van den Berg and 
Heerschap, accompanying paper ( 40)) the 
obvious conclusion is that this compound 
binds to the enzyme at or near the catalytic 
site; after hydrolysis of the substrate ZnZ+ 
is not easily released, introducing an in~ 
hibited enzyme form. So the substrate is 
necessary to introduce Zn2+ to a site that 
is otherwise not available. This is con
firmed by the observation that, if the en
zyme is assayed in the presence of Zn~-t
alone, a hysteretic effect can also be ob
served upon addition of Fru 1,6-P2 (not 
shown). The protective effect of Mg2+ 
against inactivation (Fig. 5, Table I) can 
be explained as competition of Mi+ with 
ZnZ+ for binding to Fru 1,6-P2. The ob
served inhibition of the enzyme at very 
high ::VIi+ concentrations (18) might be 
explained by binding of :.vrg-2+ at the cat
alytic site via the same mechanism as de-

_, 
S ;., ~M 

FIG. 7. Determination of kinetic constants of rat 
liver FBPase with a single enzyme reaction progress 
curve. Partially purified FBPase was assayed in the 
presence of 1 mM MgC12, 50 >4M EDT A, and 5 uii"I 
(e) or 1.7 p;M\11, A} Fru 1,6-P2• Protein concentration 
l.ui/ml) was: A, 1.3; II, 2.6; e. 2.6. Progress curves 
were used to obtain data pairs V and S according to 
V = (St ~ S;)/(ti- t;) and S = (Si- Sj)/ln SJSi (20). 



scribed for Zn2 ..... Libby et al. (19) suggested 
that inhibition of the enzyme by high MnZ+ 
concentrations could be correlated to bind~ 
ing of a substrate-Mn2-t- complex to an al~ 
losteric site of the enzyme. This interpre· 
tation can be considered as a slight mod· 
ification of the above·described hypothesis. 

The current model implies an increased 
affinity of the enzyme for the Zn2 + -sub· 
strate complex. Therefore we determined 
the Km for Fru 1,6-P2. However the mea
surement of initial rates is complicated by 
the hysteresis. This problem was elimi
nated as we used an integrative method to 
calculate Km and V from a single enzyme 
reaction progress curve (20). The validity 
of this method for the Fru 1,6-P2 reaction 
is shown in Fig. 7. Here we determined the 
kinetic constants in the presence of EDTA 
at two different substrate concentations to 
exclude substrate inhibition and at differ
ent enzyme concentrations to exclude in
activation of the enzyme during the in
cubation. All progress curves deliver 
straight Lineweaver-Burk plots, intersect
ing on the abscissa giving a Km of 1.4-1.6 
,urvi which agrees with earlier reported val
ues (21). A comparison of the Km in the 
initial and final part of the progress curve 
was made. We assumed that the presence 
of EDTA is representative for the active 
form of the enzyme, while the low activity 
form is manifest in the part of the progress 

•).5 '·' 
FIG. 8. Comparison of Km of FBPase for its sub

strate in initial and final part of the progress curve. 
Partially purified enzyme was assayed in the presence 
of 1 m)..f MgCI2, 10 ~M Fru 1,6-Pz in the presence 
(li) or absence (1111) of EDT A. Progress curves were 
ar,alyzed as described in Fig. 7. 

1 MIN 

FIG. 9. Activation of rat liver FBPase by EDTA 
and MgCI2• (A) Partially purified FBPase was incu
bated in the presence of 9 .-M ZnC12, 1 mM MgCl~, and 
5 iiMFru 1,6-P~. At the arrow 50 ~MEDTA was added. 
(B) The enzyme was incubated in the absence of 
MgCh with 6 J.<M ZnCh. At the arrow 10 mM MgCl2 

was added. 

curve after the burst. Vl e evaluate a K"n in 
the presence of EDTA of 2.6 ,u.M while in 
the absence of EDTA a Km of 0.9 ,uM is 
measured (Fig. 8). The Vis 0.46 and 0.06 
nmol min-1 ,u.g-1, respectively. In the pres
ence of a low concentration of Zn~+ (,u.M 
range) the Km is as low as 0.2~0.3 ,u.M. So 
we conclude that in the presence of Zn~
the Km for Fru 1,6-P2 drastically decreases. 
Such a change in kinetic properties can 
also be connected with the mechanism of 
hydrolysis of Fru 1,6-P2. As described in 
the accompanying paper it is possible that 
in the presence of ZnH or high Mi+ con
centrations a dissociative mechanism is 
prevalent, while otherwise hydrolysis oc
curs by an associative mechanism or vice 
versa. 

The binding of Zn.::!+ is easily reversible 
and an increase in activity can be observed 
(2). When 50 ~M EDTA is added to the 
enzyme, which is inhibited by Zn2+, a grad
ual increase in activity is observed (Fig. 9). 
The apparent rate constant of this tran-
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FIG. 10. The effect of glucagon on the activity of 
rat liver FBPase. Rats were injected with 0.3 mg glu· 
cagon at zero time exactly according to the scheme 
of Taunton et al. (7). Buffers, sampling, homogenizing 
procedure, and FBPase assay were exactly as de
scribed by Taunton et al. (7). FBPase activity was 
measured in the initial phase (G) or in the linear 
phase (a). Also the average amount of product formed 
per minute during the first 5 min (a.) is indicated. 
Results are expressed as the mean of three experi
ments ±SE1:1. 

sition is 0.02 s-1. The addition of M~+ to 
such an incubation leads to an immecliate 
rise in activity (Fig. 9). From this experi
ment we conclude that Mg-2+ does not ac
tivate the enzyme by replacing ZnH. 

The question remains which binding site 
for Zn2+ is responsible for the hysteretic 
effect. In rabbit liver the addition of Fru 
1,6-P2 introduces additional binding sites 
for Zn2+ (22, 23). In rat liver it was claimed 
that Zn2+ binds also to this site in the ab
sence ofFru 1,6-P2, although the substrate 
increases the affinity for Zn2+ (15). These 
observations fit with the properties of the 
binding site for Zn2

'" that is related to the 
hysteretic behavior reported here. 

Using substrate analogs, Marcus (24) 
came to the conclusion that the position
ing of the phosphate group located on C-
1 is important in binding of the substrate. 
This fits well with the model presented 
here in which bincling of Zn2+ to the phos
phate group on carbon 1 introduces an en
zyme form with quite different catalytic 
properties. 
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The question rises if the transition of 
a high- to a low-Km form has physiological 
meaning. For instance in the process of 
gluconeogenesis it will be necessary that 
the Fru 1,6-P2 concentration is well below 
1 ,u:M in order to prevent the activation of 
pyruvate kinase (25) and phosphofructo
kinase (26) by this metabolite. A transition 
of FBPase to a form with a Km of 0.2-0.3 
,u..M could be useful to maintain a low level 
of Fru 1,6-P2• It has been reported that 
indeed the level of Fru 1,6-P2 drops after 
the stimulation of gluconeogenesis by glu
cagon (27, 28). This fall in Fru 1,6-P2 has 
been attributed to a rise in FBPase activity 
(7, 29). We repeated the experiments of 
Taunton et al. (7) in which rats are injected 
with glucagon. Liver samples are taken 5 
and 15 min after the administration of glu
cagon. It appeared that in the assay me
dium for FBPase used by Taunton et al. 
(7) a strong hysteretic behavior is ob
served. Therefore we determined the ac
tivity in the initial and in the linear part 
of the progress curve and also the amount 
of product formed in the first 5 min was 
averaged, which is an indirect measure of 
the rate constant of the transition. It ap
pears that no rise in activity occurs after 
the adclition of hormone when the activity 
is measured by any of these methods (Fig. 
10). The samples were also assayed for 
pyruvate kinase activity. Five minutes af
ter the addition of hormone a 40 ± 2% 
(SEM, n = 3) decrease in activity was ob
served when the enzyme was measured at 
_a subsaturating phosphoenolpyruvate con
centration (2 mM) in the absence of Fru 
1,6-P2 (for method of measurement see 
(30)). This inactivation of pyruvate kinase 
after the adclition of hormones is well es
tablished (6, 31-36) and results from 
cAMP-dependent phosphorylation of the 
enzyme (for a review see (37)). The reason 
for the discrepancy with the results of 
Taunton et al. (7) as far as FBPase is con
cerned is not clear. Hue reports (38) that 
he was not able to repeat the activation of 
mouse liver FBPase published by Chatter
jee (29). Veneziale et al. (39) also found no 
effect of glucagon injection on the activity 
of FBPase while pyruvate kinase and 
phosphofructokinase activity were posi-



tively decreased. These findings weaken 
the evidence that glucagon introduces a 
stable activity change in rat liver FBPase 
and argue for the statement that when ef~ 
fects of incubation or hormone treatment 
are reported, the complex kinetics of 
FBPase has to be taken into account and 
that it has to be verified if changes in one 
of the multiple effectors of the enzyme 
might be responsible for the observed ki
netic changes. 
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SUMMARY 

Human liver pyruvate kinase is rapidly (within 2 min) inactivated 
by incubation of a human liver supernatant with cyclic AMP, when measured at 
suboptimal substrate concentrations. Half-maximal inactivation is reached 
with 0.04 ~M cyclic AMP. The apparent Ko.s for phosphoenolpyruvate shifts 
from 0.5 mM to I .I mM by incubation with cyclic AMP. It is concluded that 
cyclic AMP-dependent protein kinase may catalyze the phosphorylation of 
human liver pyruvate kinase in vivo. 

Recently it has been shown that purified L-type pyruvate kinase of 

rat ! and p<g2 l'ver + ~ can be phosphorylated by a cyclic AMP-dependent 

protein kinase. The phosphorylated enzyme is characterized by a lowered 

affinity to its substrate phosphoenolpyruvate and its allosteric activator 

fructose-1,6-diphosphate 2 •3 . This phenomenon can also be shown with rat 
4 5 

hepatocytes incubated with glucagon ' or rat liver homogenate incubated 

with cyclic AMP 6 . 

The similarity of the results obtained with cells with those obtained 

with purified L-type pyruvate kinase indicates that phosphorylation of 

L-type pyruvate kinase might be a mechanism by which in the liver glucagon 

stimulates gluconeogenesis. Phosphorylation of pyruvate kinase will lead 

to a lowered pyruvate kinase activity resulting in a lowered cycling at the 

level of pyruvate carboxylase, phosphoenolpyruvate carboxykinase and 

pyruvate kinase 7 An impairment in the phosphorylation mechanism can lead 

to an increased cycling through the pyruvate-phosphoenolpyruvate cycle, 

which results in a reduced net lactate utilization. This might be one of 

the possible causes for lactate acidosis. No experimental data are known 

concerning the inactivation by cyclic AMP of human liver pyruvate kinase. 

Therefore, it is necessary to design experiments in which a possible 

phosphorylation mechanism in human liver samples can be tested. In this 

report we present the results obtained for human liver pyruvate kinase. 

MATERIALS AND METHODS 

Liver samples were obtained post mortem from human infants within 
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three hours after death. There were no indications that the liver was 
involved in the cause of death. Material was frozen in liquid N2 and 
stored at -70°C until use. 

Homogenates (5% w/v) were prepared in 25 mM Tris-HCl pH 7,5, 
After addition of I mM 2-mercaptoethanol, the homogenate was centri
fuged 20 min at 48 000 x g at 4°C. 

Pyruvate kinase activity was measured at 30°C in an Aminco DW2 
spectrophotometer by coupling with lactate dehydrogenase. In this way 
the pyruvate kinase activity of 0.2 mg supernatant protein can be 
accurately measured. Cuvettes contained in a final volume of 3 ml: 
25 rnM Tris-HCl pH 7.5, 200 mM KCl, 1.0 mM ADP, 0.13 mM NADH, II U lactate 
dehydrogenase and 0.2-0.5 mg protein. Hg2+ concentrations are indicated 
in the legends of the figures. After a 3 min incubation period the 
reaction was started by addition of the substrate phosphoenolpyruvate. 

Incubations with cyclic AMP were started by mixing 0.1 ml super
natant with 0,1 ml medium containing 50 mM Tris-HCl pH 7,5, 125 mM KF, 
10 mM theophylline, 10 mM MgCl2, 0,4 mM ATP and 0.4 ~M cyclic AMP. 
Incubations were performed during 2 min at 27°C and the activity of 
pyruvate kinase was measured. For the experiment described in Fig. 4 
the medium contained 1.0 mM ATP and 10 ~M cyclic AMP, while the 
incubation time was 5 min. 

Protein was measured according to Lowry et a1. 8 with bovine serum 
albumin as a standard, 

RESULTS 

Incubation of a human liver supernatant with cyclic AMP leads to 

a rapid inactivation of pyruvate kinase measured at suboptimal substrate 

concentrations (Fig. 1). In the absence of Mg-ATP no inactivation is 

observed. Inactivation is virtually complete within 1 min, while up to 

5 min no further change in activity occurs. Controls incubated in the 

absence of cyclic AMP kept unchanged during the time of incubation. 

Fig. 2 gives the dose-response curve of the inactivation. Half

maximal inactivation is reached with 0.04 ~M cyclic AMP. 

In order to investigate more closely the kinetic change in pyruvate 

kinase upon incubation, the phosphoenolpyruvate saturation plots are 

determined after incubation in the absence and presence of cyclic AMP. 

Supernatant incubated without cyclic AMP (Fig. 3A) as well as super

natant which is not incubated (Fig. 4) shows half-maximal activity 

(Ko.s) at 0.5 mM phosphoenolpyruvate, Upon incubation with cyclic AMP 

this value increases to I .1 mM (Fig. 3B). The activity in the presence 

of an excess of the allosteric activator fructose-! ,6-diphosphate is 

not altered upon incubation. 

The discontinuity in the Hill plot (insert Fig. 3B) shows that 

after incubation of the enzyme with 0.2 ~M cyclic AMP, two enzyme forms 

are present. By applying more extreme conditions for inactivation 

(Fig. 4), the discontinuity in the Hill plot disappears, while the 

KO.S increases still further. 



Vol. 82, No.3, 1978 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

80 

60 

s 
' , 
0 
0 

30 

0,5 
time in min, 

Fig. I. Time course of the inactivation of human liver pyruvate kinase 
by incubation with cyclic AMP. Incubation of human liver supernatant 
was performed as described in Materials and Methods. Activity was 
measured at 0.5 mM phosphoenolpyruvate and I .7 mM MgClz. Activity 
expressed as percentage of maximal activity, measured in the presence 
of 0.5 mM fructose-1,6-diphosphate, 
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Fig. 2. Effect of cyclic AMP concentration upon the inactivation of 
human liver pyruvate kinase. Conditions and expression of results as 
in Fig. I. Incubation time was 5 min. 
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Fig. 4. Influence of incubation on phosphoenolpyruvate saturation of 
human liver pyruvate kinase. Incubation of human liver supernatant 
was performed as described in Materials and Methods except that 
[Mg2+Jf was kept constant at 1 mM (ref. 10). o-o, absence of 
cyclic lli; 0-0,2 )1M cyclic AMP; 6-6, supernatant without incubation. 

The described cyclic AMP-dependent inactivation of pyruvate kinase 

is also found in four other tested human liver samples. 

DISCUSSION 

The present results show that human liver pyruvate kinase can 

be inactivated in a human liver supernatant in a cyclic AMP-dependent 

way. This inactivation requires the presence of Mg-ATP, half-maximal 

rate of inactivation is obtained in the presence of 0.04 )1M cyclic AMP. 

This apparent Ka is comparable to the values observed for cyclic AMP

dependent protein kinases, which makes it very likely that the cyclic 

AMP-dependent inactivation of pyruvate kinase is promoted by a human 

liver protein kinase. This implies that the inactivation is caused by 

phosphorylation of the enzyme. This conclusion is strengthened by the 

observed change in KO.S for phosphoenolpyruvate upon incubation while 

the maximal activity is unaltered. 

0 

• 
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Although no direct evidence is obtained for in vivo phosphorylation 

of human liver pyruvate kinase, the fact that pyruvate kinase in the 

supernatant is inactivated without further addition of protein kinase, 

and the high sensitivity to physiological amounts of cyclic AMP makes 

it very likely that this process is of physiological importance. 

The importance of the phosphorylation of pyruvate kinase for the 

hormonal stimulation of gluconeogenesis is under discussion, however, 

it might be argued that a deficiency in this phosphorylation mechanism 

will lead to an increased phosphoenolpyruvate-pyruvate cycling, This 

results in a lowered lactate utilization by the liver i.e. a diminished 

lactate removal from circulating blood. This might occur in some 

patients with type B lactic acidosis9 , which makes it important to test 

the pyruvate kinase inactivation process in these patients. 
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SU~1MARY 

Cyclic AMP-dependent and independent protein phosphorylation 

is studied in the cytosol ic fraction of human post-mortem 1 iver 

with a method which needs a small amount of 1 iver. 

On sodium dodecyl sulphate polyacrylamide electrophoresis 

3 bands with molecular weight of 65,000 (pyruvate kinase), 

58,000 and 35,000 are reproduc'1bly visualized by autoradiography 

of which the phosphorylation is completely dependent on cAMP. 

Two proteins with molecular weight of 68,000 and 78,000 are 

phosphorylated independent of the presence of cAMP. The phos

phorylation of the Mr 65_,000 protein (pyruvate kinase) is 

partially inhibited by the glycolytic intermediate Fru 1 ,6-P~, 
L 

(10 vM), while the phosphorylation of the Mr 68,000 protein is 

completely inhibited. 

A clinical case is presented with persistent high lactate 

and low fasting glucose levels in the blood. Administration of 

alanine, in contrast to fructose, did not lead to 11 de novo 11 

g.lucose synthesis. The gluconeogenic enzymes pyruvate carboxylase, 

phosphoenol pyruvate carboxylase and fructose 1 ,6-bisphosphatase 

had activities in the normal range. It is suggested that an 

aberration in the regulation of the gluconeogenesis is responsible 

for the clinical features and that the protein phosphorylation 

system might be usefully applied to liver biopsies from patients 

with described abnormalities. 

INTRODUCTION 

Recently [1, 2] we investigated protein phosphorylation of 

the rat-liver soluble fraction by endogenous protein kinases. 

After dodecyl sulphate polyacrylamide electrophoresis and auto

radiography phosphorylated bands were distinguished on basis of 

the difference in molecular weight. These ·studies indicated that 

the phosphoproteins could be subdivided in three groups: proteins 

that are phosphorylated by: a) c AMP-dependent kinase; b) c P.MP

independent kinase and c) proteins in which both c AMP-dependent 

and -independent protein kinase are involved. It was further 
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shown that the glycolytic intermediate, Fru 1,6-P
2

, influences 

the extent of phosphorylation of pyruvate kinase type L and 

inhibits the phosphorylation of a 68,000 Mr protein, of which 

the phosphorylation is cAMP-independent [z]. We suggested that 

phosphorylated hexoses can be considered as third messenger in 

the hormorial regulation of gluconeogenesis [3]. 

In the 1 iterature [cf. ref. 4] lactic acidosis is often mentioned 

but in most cases enzymatic investigations have been incomplete. 

More recently, Robinson et al. [5] reported that from 40 patients 

in which a possible defect of glucose-6-phosphatase or fructose 

1 ,6-diphosphatase activity was ruled out, an enzymatic defect 

could be identified in only twelve cases. This leaves 28 patients 

with lactic acidosis in which no underlying deficiency could be 

detected. This study was hampered by the fact that the investi

gations were performed on fibroblast cultures. We had two 

patients with persistent lactacidemia and low fasting blood 

glucose, in whom all the gluconeogenic enzymes and pyruvate 

dehydrogenase activities in the liver biopsies were found to be 

normal. We speculate that the underlying unknown defect in these 

patients might be related to an aberration in the covalent regu

lation of the gluconeogenic enzymes. For such cases the detection 

system described in this paper might offer the possibility to 

investigate an eventual abnormality of protein phosphorylation in 

a small amount of material. 

MATERIALS AND METHODS 

Human 1 iver samples were obtained within 3 h after death. 

There were no indications that the 1 iver was involved '1n the 

course of death. Material was frozen in 1 iquid N
2 

and stored at 

-?0°C unti 1 use. A piece of 1 iver was homogenized (20% w/v) in a 

Potter-Elvehjem homogenizer in 250 mM sucrose, 25 mM Tris HCl, 

2 mM 2-mercaptoethanol and centrifuged at 105,000 g for 60 min. 

Low molecular weight components were removed by gel fi 1 tration 

(Sephadex G25, medium). 

Tris HCI (pH 7.5), 5 mM 

The column was equi 1 i bra ted with 25 mM 

MgC1 2 
samples were pre-incubated at 

and 2 mM 2-mercaptoethanol. The 

2Q°C during 30 min in order to 
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dephosphorylate the proteins fully before the phosphorylation 

experiments were started [3]. 

The phosphorylation experiments were performed as follows: 

10 wl of the soluble fraction was preincubated at 6°C for 1 min 

with 10 vl of a mixture containing 25 mM Tris HCl (pH 7.5), 

200 mM KCl, 5.0 mM MgC1
2

, 10 mM theophylline, 40 mM phosphate 

and the additions as indicated in the legends to the figures. 

The final volume was 30 f.ll. The amount of protein per 30 111 is 

between 50-100 wg. The reaction was started by adding [y- 32 P]ATP 

(0.10 mM). The final specific activity of [y- 32 P]ATP was about 

Ci/mole. The reaction was stopped with 15 wl of a solution 

containing 0.3 M Tris H
3

Po
4 

(pH 6.8), 3% sodium dodecyl sulphate, 

50 mM 2-mercaptoethanol and 20% glycerol. Before electrophoresis 

the samples were heated at 90°C for 5 min. 

SDS polyacrylamide slab gel electrophoresis was performed as 

in [6] in 7.5% gels. Gels were 0.75 mm thick. The gels were 

stained in a solution of 0.2% Coomassie brilliant blueR 250 in 

50% methanol, 3.5% acetic acid and destained in a mixture of 

s·z methanol and 7-5% acetic acid. For autoradiographs the gels 

were vacuum dried and the dried gels were exposed to Kodak XR-1 

f i 1m. 

Pyruvate carboxylase activity was measured according to ref. 

7 and phosphoenol pyruvate carboxylase activity according to 

ref. 8; fructose 1 ,6-bisphosphatase activity and pyruvate dehydro

genase activity according to ref. 9 and 10, respectively. 

RESULTS 

The phosphorylation pattern of the soluble fraction of 4 

different human livers is shown in fig. 1. Also is exhibited the 

phosphorylation pattern of rat liver soluble fraction, that was 

treated essentially in the same way as human 1 iver. As reference 

proteins pyruvate kinase type Land phosphorylase are indicated. 

The former has been identified earlier with the aid of specific 

antibody (1) and the latter was identified by its Ca 2-+-dependent 

phosphorylation and molecular weight (2). 
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RAT HUMAN 

+ + + + 

phosphorylase 

pyruvate kinase 

+ 

Fig. 1. 

Phosphorylation pattern on 
SDS polyacrylamide gel 
electrophoresis of human 
and rat liver soluble 
fraction in the absence and 
presence of 10 ~M cyclic 
AMP. Four different human 
samples were used. 

A striking difference between the human and the rat liver is that, 

at least under these conditions, in the human liver samples much 

Jess proteins are phosphorylated. Considering the fact that the 

human samples were obtained 3 h after death and the rat sample 

directly after ki 11 ing, protein degradation could have been 

responsible for these differences. Therefore, protein staining 

was appl led on the SDS polyacrylamide gels (fig. 2). 

Comparing the protein pattern of human and rat 1 iver soluble 

fractions, one can conclude that both the rat and human soluble 

fraction do contain the high mol. weight proteins and no 

evidence for protein degradation with the human samples is 

obtained, which is also substantiated by the similarity of the 

protein pattern of the various human samples. 

The phosphorylation of human pyruvate kinase in the human 

liver soluble fraction is highly dependent upon cAMP. The mobi

lity of human pyruvate kinase (L-type) is slightly higher than 
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RAT HUMAN 

-l!llilllll' ---

a b c 

Fig. 2. The protein pattern on 
SDS polyacrylamide gel 
electrophoresis of 
human and rat 1 iver 
soluble fraction. 
a) rat 1 iver; b) and 
c) are human samples. 

-

+ 

Fig. 3. 

·-

+ + 
+ 

-PYRUVATE KINASE 

cAMP 
Fru I ,6-P 

2 

The influence of Fru 1 ,6-P 
(10 ~M) on the phosphorylation 
of human liver soluble frac
tion proteins in the absence 
and presence of cAMP (10 ~M). 
The various conditions are 
indicated in the figure. 

the rat liver enzyme (resp. 65,000 and 63,000 M in these gels). 
r 

Two other proteins with Mr of 58,000 and 35,000 show consistent-

ly in all samples a c 'AMP-dependent phosphorylation. The major 

phosphoprotein in human samples appears to be a 68,000 Mr 

protein of which the phosphorylation is cAMP-independent. In 

rat 1 iver soluble fraction the phosphorylation of a 68,000 Mr 
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protein is also c 

68,000 M protein 
r 

pro~eins, a major 

AMP-independent. Careful inspection of the 

reveals that it is composed of two phospho

(68,000 M) and a minor (67,000 M) protein. 
r r 

In all samples also a phosphoprotein with a Mr of 78,000 can be 

observed of which the phosphorylation is not c AMP-dependent. 

For the 68,000 M phosphoprotein from rat 
r 

iver soluble 

fraction we found that its phosphorylation is inhibted by Fru 

1 ,6-P
2

, while the phosphorylation of rat 1 iver pyruvate kinase 

(type L) is diminished [3]. Fig. 3 shows that these findings can 

be extended to human liver soluble fraction: the phosphorylation 

of the 68,000 Mr protein phosphorylation is completely inhibited 

by Fru 1 ,6-P
2 

and the phosphorylation of pyruvate kinase (type l) 

'1s diminished. 

A difference between human and rat 1 iver phosphoproteins is 

the relative amount of 32 P 'Incorporated '1nto the 68,000 M and 
r 

pyruvate kinase. For human 1 iver about 1.9 times more 32 P is 

incorporated into 68,000 Mr protein than into pyruvate kinase. 

For rat liver this ratio is about 0.5. 

8 

s ,/lact. 

)!, 
s ll"'glc 
4 

2 _,.Pi 

0 40 min so 120 
f Fru(2g/kg)p.o. 

Fig. 4. The blood glucose (111-1111), lactate (.t..-a.) an~ P; (e-e) responses on 
the loading with fructose (2 g/kg body we1ght) p.o. 

!60 

Finally we 1 ike to point out for which cases this advanced 

method should be applied. A typical example is the following case. 
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This child had persistent elevated blood lactate levels (up to 

3.7 mM) and low fasting blood glucose concentrations were re

peatedly found. Glucagon administration resulted in a normal 

blood glucose increase, indicating a normal glycogenolysis. 

Loading with fructose orally showed a normal increase of blood 

glucose(from 2.2 to 4.7 mM) with a concomitant rise in lactate 

level from 3.2 till 6.2 mM, whicb is abnormally high (fig. 4). 

Intravenous administration of L-alanine did not lead to an in

crease, but to a smal 1 decrease in blood glucose and the lactate 

concentration rose till 5.0 mM (fig. 5). This finding gave strong 

12 

10 

8 

• 

4 

2 

0 30 

fL-ala(0.5g/kg) i.'lt 
min so 

l"ct . 

~lc. 

ala. 
~ 

90 

Fig. 5. The blood glucose (.a.-a), lactate (111-11) and alanine (e-e) 
responses on the loading with alanine (0.5 g/kg body weight) i.v. 

evidence for an impaired gluconeogenesis on the level of phospho

enolpyruvate/pyruvate. A 1 iver biopsy was performed. Table 

summarized the enzymatic activities measured in this 1 iver 

biopsy. No enzyme deficiency could be detected, which could 
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TABLE 

The activities of gluaoneogenetic enzymes and pyruvate 

dehydrogenase in the liver of a child with persistent elevated 

lactate and low fasting glucose levels in the blood 

Enzyme Patient Control 

Pyruvate carboxylase with 

0. I mM pyruvate 4. I 4. I - 8. 7 ( n =6) 

I 0 mM pyruvate I 2. 8 I 5. 5 -31 . 6 ( n =6) 

Phosphoenolpyruvate carboxyki nase I 4 0 68-143 ( n=ll) 

Fructose 1 ,6-bisphosphatase (- AMP) 32 21-51 (n=4) 

Pyruvate dehydrogenase I . 6 5 I. 0 3- 4.39 (n=3) 

+ ATP ( 0. 2 mM) 0. 77 0.25- I . 6 5 

Ca 2 +(1 0 mM), Mg 
++ 

(I 0 mM) 2.88 2. 53- 4. 59 + 

Activities are expressed as nmol/min/mg protein. 

underly the elevated lactate concentration and low fasting blood 

glucose levels. Simi Jar data were obtained from a second child 

also with high lactate and low glucose levels in the blood, in 

which all the enzymes involved in the utilization of lactate were 

normal. These two cases emphasize the need to look for an aber

ration in the regulation of gluconeogenic enzymes, but unfortuna

tely this method was not at hand at the time the children were 

presented. 

DISCUSSION 

The most prominent differences between human and rat 1 iver 

soluble fraction is the number of phosphoproteins which can be 
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detected under similar conditions. In rat liver, at least 21 

phosphoproteins can be observed (2, and fig. 1), while in human 

1 iver samples only five evident and three weak phosphoproteins 

are detected. The possibil'1ty that in human liver most of the 

proteins are already phosphorylated is unlikely, because the 

samples have been preincubated with high Mg 2 + in order to dephos

phorylate the proteins [3]. Although from the protein sta'1ning 

pattern no indication for a general proteolysis is obtained, it 

remains possible that partial proteolysis has occurred, which 

could have caused a split of the phosphorylation sites, as 

recently shown for rat liver fructose 1,6-P
2
ase [11]. The use of 

biopsy material will be necessary to investigate this possibility. 

It is striking that the effect of Fru 1 ,6-P
2 

on the phospho-

rylation of M 68,000 and pyruvate kinase (type L) is similar for 
r 

rat and human liver. This similarity extends our earlier sugges-

tion [3] that changes in the Fru 1 ,6-P
2 

concentrations may have 

a very important regulatory role. As the Fru 1 ,6-P
2 

concentration 

changes rapidly under different hormonal conditions [12, 13) it 

was proposed that Fru 1 ,6-P
2 

[3] or a related phosphorylated 

hexose, such as fructose 2,6-diphosphate [14, 15] could be con

sidered as a 11 third messenger 11 to translate or modulate extra

cellular hormonal changes into intracellular phosphorylated 

changes. The present results extend this view to human 1 iver. 

The patient we described showed persistent high lactate and 

low fasting glucose levels in the blood. The administration of 

L-alanine did not lead to an increase of the blood glucose, but 

to a marked increment of lactate, indicating an impaired gluco

neogenesis. However, all the key enzymes involved in the process 

were normal, while the pyruvate dehydrogenase exhibited also a 

normal activity. This latter mitochondrial enzyme could be in

activated and reactivated under various conditions. This indi

cates that the phosphorylation system for this complex was intact. 

Ab<.-'rrations in the gluconeogenesis on the levels of Fru 6-P / 

Fru 1,6-P
2 

and Glc 6-P I Glc cycle could be ruled out on basis of 

fructose loading and administration of glucagon. The possibility 

remains thai there was a fa'1lure in the regulation of the level 

of pyruvate/phosphoenolpyruvate cycle. In this cycle three 

enzymes are involved i.e. pyruvate carboxylase, phosphoenol-
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pyruvate carboxykinase and pyruvate kinase. For the latter 

enzyme it is known that this enzyme in rat liver can be inacti

vated by phosphorylation [16-18] and this phenomenon is also 

valid for human liver [19]. Under gluconeogenic condition this 

enzyme should diminish in activity, otherwise a complete waste

ful cycling would occur, which wi 11 result in elevated lactate 

and decreased fasting glucose levels in the blood. Our method 

offers now the possibility to detect the phosphorylation of 

pyruvate kinase and other relevant enzymes. It is suggested to 

apply the present system for patients with the described impaired 

administration test and in which normal enzyme activities are 

found. 
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SAMENVATTING 

De energie die mensen en dieren nodig hebben, wordt verkregen 

uit voedsel. Het voedsel wordt daartoe omgezet in een vorm die 

voor het lichaam geschikt is. Een groat gedeelte van ons dage

lijks voedsel wordt bijvoorbeeld verteerd tot glucose. De glucose 

wordt vanuit het darmkanaal opgenomen in het bleed en naar de 

verschi llende organen (bijv. de spieren) getransporteerd. Spieren 

kunnen de glucose afbreken, waarbij melkzuur ontstaat. Dit proces 

heet glycolyse. De energie die bij de glycolyse vrijkomt wordt 

gebruikt voor het verrichten van arbeid. 

11elkzuur speelt een belangrijke rol in het vervolg van deze 

samenvatting. In veel gevallen zal het verder worden afgebroken 

tot koolzuur en water, waarbij energie vrijkomt die door het 

organisme nuttig gebruikt wordt. Onder bepaalde omstandigheden 

kan er echter uit melkzuur weer glucose gevormd worden. Dit 

proces wordt gluconeogenese genoemd. Het proces houdt in dat 

melkzuur naar de lever getransporteerd wordt. Daar aangekomen 

wordt het opgenomen in de levercel en via een aantal stappen 

omgezet in glucose. Dit proces kost energie. 

Dergel ijke omzettingen worden gestuurd/bevorderd door een 

bepaald soort eiwitten, die wij enzymen noemen. Bij de omzetting 

van melkzuur tot glucose zijn 10 enzymen betrokken en ontstaan 

evenzoveel tussenprodukten. Het opmerkel ijke is dat in de lever 

(zoals hierboven gezegd is in verband met de spieren) ook glyco

lyse optreedt. Als nu glycolyse en gluconeogenese gelijktijdig 

optreden, zou er sprake z.ijn van een kringproces met als resul

taat verl ies van energie. Echter door een speciaal mechanisme 

wordt. een dergelijk kringproces voorkomen. Hormonen spelen hier

bij een belangrijke rol. 

Wat is nude zin van de gluconeogenese? Welnu, de hoeveelheid 

glucose in het bloed (glucosespiegel) mag niet al te sterk 

varieren. Als de glucosespiegel laag is, komt de glucosevoor

ziening en dus de energievoorziening van de hersenen in gevaar. 

De gluconeogenese zorgt ervoor dat de glucose in het bloed con

stant blijft in situaties waarin geen of onvoldoende aanvoer van 

glucose is vanuit het darmkanaal. Tijdens vasten werkt de gluco

neogenese dan ook optimaal. De enzymsamenstelling van de lever is 

115 



dan zodanig veranderd dat een maximale gluconeogenese gegaran

deerd is. Naast deze tamelijk langzame aanpassing kan de gluco

neogenese oak binnen enkele seconden versneld worden. Dit is 

nodig om een plotseling verbru'1k van glucose (teneinde de trein 

te halen) op te vangen. 

De vraag die in dit proefschrift gesteld wordt is: 11 Hoe 

schakelt de lever in korte tijd over van glycolyse naar gluconeo

genese?11 Hier is heel veel over bekend: Een lichte daling va1 de 

glucosepsiegel zet de pancreas aan tot de afgifte van het hormoon 

glucagon. Dit glucagon bereikt via de bloedbaan de lever, waar 

het zich aan de levercel heche. Hierdoor wordt een enzym dat in 

de membraan van de levercel gelegen is, aangezet tot de vorming 

van de stof 11 cyclisch AMP 11 . Cycl isch AMP stimuleert het enzym 

protein kinase. Protein kinase zorgt ervoor dat in bepaalde en

zymen fosfaat wordt ingebouwd. De activiteit van deze enzymen 

verandert hierdoor, waardoor de gluconeogenese geactiveerd wordt. 

Adrenaline kan oak de gluconeogenese stimuleren. Hierbij 

speelt niet cAMP maar calcium een rol. Preciezer gezegd gaat dit 

proefschri ft over "de vraag 11 i n welke enzymen wordt fosfaat 

ingebouwd? 11 Dit probleem is benaderd door radioactief fosfaa~ te 

gebruiken. Enzymen die fosfaat inbouwen worden aldus radio-

actief gemerkt en zijn daardoor in een complex mengsel van eiwit

ten eenvoudig op te sporen. 

De verwachting was dat een drietal enzymen fosfaat inbouwen onder 

invloed van cycl isch AMP, name] ijk pyruvaat kinase, phosphofructo 

kinase en fructose 1 ,6-bisphosphatase. In appendix paper 1 wordt 

aangetoond dat pyruvaat kinase inderdaad fosfaat kan inbouwen, 

maar fructose 1 ,6-bisphosphatase niet. Fosfaat-inbouw in phospho

fructokinase hebben wij niet direct kunnen aantonen of uitsluiten. 

De belangrijke conclusie uit appendix paper 2 is dat glucagon en 

adrenaline op verSchillende manieren de fosfaat-inbouw bevorderen. 

Dit volgt uit de waarneming dat calcium de fosfaat-inbouw stimu

leert in andere eiwitten dan cAMP doet. 

In de gluconeogenese worden bepaalde tussenprodukten gevormd. 

Een van deze produkten, fructose 1 ,6-bisphosphate bl ijkt de fos

faat-inbouw in pyruvaat kinase en oak in een niet nader geidenti

ficeerd eiwit te remmen. Dit staat beschreven in appendix paper 

3. In appendix paper 4 staan bepaalde eigenschappen van fructose 
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1 ,6-bisphosphate beschreven, terwijl appendix paper 5 ingaat op 

het enzym dat deze stof kan omzetten, het eerder genoemde fruc

tose 1 ,6-bisphosphatase. 

Dit onderzoek werd begonnen vanuit het idee dat een niet goed 

functioneren van de gluconeogenese de oorzaak kan zijn van melk

zuuracidose. In het bloed van patienten die hieraan 1 ijden 

wordt veel mel kzuur aangetroffen. In een 

aantal gevallen kan dit geweten worden aan het niet goed functio

neren van een van de gluconeogenese enzymen. In een aantal geval

len, die niet verklaard konden worden, zou het defect juist 

gelegen kunnen zijn in de beinvloeding van de gluconeogenese 

door hormonen. Hoewel onze kennis over de regulatie van de glu

coneogenese toegenomen is, weten wij nog steeds niet precies hoe 

de regulatie geschiedt. Onderzoek van patienten zal dan ook geen 

definitief uitsluitsel over de relatie melzuuracidose- regulatie 

van de gl uconeogenese kunnen geven. 

Het onderzoek is uitgevoerd in de rat. In de laatste fase van 

het onderzoek hebben wij kunnen laten zien dat deze bevindingen 

ook gelden voor menselijk lever (appendix paper 6 en 7). Toe

passing op pati€.ntenmateriaal is dus in principe mogelijk. 
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SUMMARY 

The mechanism by which hormones affect the activity of glyco

lytjc/gluconeogenic enzymes was investigated. The role of Ca 2 + 

and cAMP as intracellular triggers of hormone action was esta

blished in an in vitro incubation system. In rat liver Ca 2 +- and 

cAMP-dependent protein kinases are operational with different 

substrate specificity. Pyruvate kinase is one of the main sub

strate proteins for cAMP-dependent protein kinase. The phospho

rylation of a protein with Mr 100,000 was dependent on the 

presence of Ca 2 + and cAMP. This protein was tentatively identi

fied as phosphorylase. Ca 2 + also seems to inhibit the phosphory

lation of some proteins. The cAMP-dependent phosphorylation of 

pyruvate kinase and the cAMP-independent phosphorylation of an 

unidentified Mr 68,000 protein can be modulated by Fru 1,6-P
2

. 

It is postulated that Fru 1 ,6-P
2 

acts as a third messenger. 

Part of the resulation of the Fru 1 ,6-P
2 

level resides in 

the kinetic properties of fructose 1,6-bisphosphatase. The enzyme 

shows hysteresis; i.e. it undergoes a reversible change between 

a low and a high affinity form, which is induced by Zn 2 + ions. In 

vivo the anomerization of Fru 1,6-P
2 

is most 1 ikely not in equi-

1 ibrium. Under physiological conditions the S-+a-anomerization 

rate constant is 1S- 1 as determined with 31·P-NMR. 

The findings in rat liver could be largely confirmed in human 

iver samples. The quantitative most predominant phosphoproteins 

are pyruvate kinase and the Mr 68,000 protein. The phosphoryla

tion of pyruvate kinase is rapid at physiological cAMP concentra

tions. It is shown that human liver pyruvate kinase has a 

decreased affinity for its substrate phosphoenolpyruvate. 

The in vitro phosphorylation of 1 iver proteins can be used 

in principle as a screening procedure for aberrations in the 

phosphorylation mechanism in human 1 iver biopsies. As an example 

a clinical case is presented with impaired gluconeogenesis from 

L-alanine, albeit gluconeogenic enzymes show normal activity. 
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