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The ability of glucagon and of adrenaline to affect the concentration of fructose
2,6-bisphosphate in isolated hepatocytes was re-investigated because of important
discrepancies existing in the literature. We were unable to detect a significant difference
in the sensitivity of the hepatocytes with regard to the effect of glucagon to initiate the
interconversion of phosphorylase, pyruvate kinase, 6-phosphofructo-2-kinase and
fructose 2,6-bisphosphatase, and also to cause the disappearance of fructose
2,6-bisphosphate. In contrast, we have observed differences in the time-course of these
various changes, since the interconversions of phosphorylase and of pyruvate kinase
were at least twice as fast as those of 6-phosphofructo-2-kinase and of fructose
2,6-bisphosphatase. When measured in a cell-free system in the presence ofMgATP, the
cyclic AMP-dependent interconversion of pyruvate kinase was 5-10-fold more rapid
than those of 6-phosphofructo-2-kinase and of fructose 2,6-bisphosphatase. These data
indicate that 6-phosphofructo-2-kinase and fructose 2,6-bisphosphatase are relatively
poor substrates for cyclic AMP-dependent protein kinase; they also support the
hypothesis that the two catalytic activities belong to a single protein. Adrenaline had
only a slight effect on the several parameters under investigation, except for the
activation of phosphorylase. In the absence of Ca2+ ions from the incubation medium,
however, adrenaline had an effect similar to that of glucagon.

Fru-2,6-P2 was discovered (Van Schaftingen
et al., 1980a,b) because of its property of stimulating
liver PFK 1 and of being destroyed on addition of
glucagon to isolated hepatocytes. It also inhibits
fructose 1,6-bisphosphatase (EC 3.1.3.11) (Van
Schaftingen & Hers, 1981a; Pilkis et al., 1981).
The effect of glucagon has been explained by the
property of cyclic AMP-dependent protein kinase of
inactivating PFK 2 and activating FBPase 2, the
enzymes that respectively synthesize and degrade
Fru-2,6-P2 (reviewed by Hers & Van Schaftingen,
1982). It is by this mechanism that glucagon

Abbreviations used: Fru-6-P, fructose 6-phosphate;
Fru- 1,6-P2, fructose 1,6-bisphosphate; Fru-2,6-P2, fruc-
tose 2,6-bisphosphate; Glc-6-P, glucose 6-phosphate;
Hepes, 4-(2-hydroxyethyl)-1-piperazine-ethanesulphonic
acid; Mes, 4-morpholine-ethanesulphonic acid; PFK 1,
6-phosphofructo-1-kinase (EC 2.7.1.11); PFK 2, 6-phos-
phofructo-2-kinase (EC 2.7.1.-); FBPase 2, fructose
2,6-bisphosphatase (EC 3.1.3.-).

* Present address: Hormone and Metabolic Research
Unit, UCL 75.29, Avenue Hippocrate 75, 1200 Brussels,
Belgium.
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controls glycolysis and gluconeogenesis at the level
of the Fru-6-P/Fru-1,6-P2 interconversion. How-
ever, glucagon, via cyclic AMP-dependent protein
kinase, has other actions which affect directly or
indirectly the rates of glycolysis and gluconeo-
genesis. First, it inactivates pyruvate kinase
(Engstr6m, 1978), and by doing so favours the
conversion of phosphoenolpyruvate into glucose
rather than into pyruvate. Second, by the activation
of glycogen phosphorylase, it initiates glyco-
genolysis and causes the accumulation of hexose
6-phosphates, which in turn favours the formation of
Fru-2,6-P2 and glycolysis (Hue et al., 198 lb). It was
therefore desirable to know if the effects of glucagon
to cause the interconversion of the four enzymes
involved in the control of glycolysis and gluconeo-
genesis, namely PFK 2, FBPase 2, pyruvate kinase
and phosphorylase, occur simultaneously and at
similar doses of the hormone. This problem has been
studied by two other groups of investigators, who
reported a 10- (El-Maghrabi et al., 1982a) to
1000-fold (Richards & Uyeda, 1982; Richards
et al., 1981, 1982) greater sensitivity for the
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interconversion of the two first enzymes, compared
with that of pyruvate kinase (El-Maghrabi et al.,
1982a) or with cyclic AMP formation (Richards &
Uyeda, 1982; Richards et al., 1981, 1982). By
contrast, Hue et al. (198 1b) found the same
sensitivity for the conversion of phosphorylase and
PFK 2.

a-Adrenergic agents have in common with
glucagon the property of activating phosphorylase
and of increasing the concentration of hexose
6-phosphates in the liver cell. Through this
mechanism, they also increase the concentration of
Fru-2,6-P2 and the rate of glycolysis in hepatocytes
obtained from fed rats (Hue et al., 1981a,b). Their
action is normally not mediated by cyclic AMP, but
depends on the presence of Ca2+ in the incubation
medium [reviewed by Exton (1981) and Williamson
et al. (1981)]. In the absence of Ca2 , a-adrenergic
agents cause an activation of cyclic AMP-dependent
protein kinase, with a secondary inactivation of
pyruvate kinase and inhibition of glycolysis (Hue
et al., 1978; Chan & Exton, 1978). The action of
adrenaline on the liver is mainly a-adrenergic, but a
small activation of cyclic AMP-dependent protein
kinase is observed in the presence of inhibitors of
phosphodiesterase (reviewed by Exton, 1981). The
subsequent report (Richards et al., 1982; Richards
& Uyeda, 1982) that adrenaline caused a Ca2+-
dependent inactivation of PFK 2 and activation of
FBPase 2 was therefore unexpected.
The present work was undertaken to investigate

these various discrepancies.

Materials and methods

Chemicals and enzymes
Glucagon was from Novo-Industri (Copenhagen,

Denmark), adrenaline from Parke-Davis (Brussels),
L-phenylephrine from Sigma Chemical Co. (St.
Louis, MO, U.S.A.), and bacitracin from Aldrich-
Europe (Steinheim/Albuch, West Germany). En-
zymes and other biochemical reagents were ob-
tained either from Boehringer G.m.b.h. (Mannheim,
Germany) or from Sigma. All chemicals were of
analytical grade. Fru-2,6-P2 (Van Schaftingen &
Hers, 198 1b) and Fru-2,6-[2-32P1P2 (Van Schaf-
tingen et al., 1982a) were prepared as described in
the indicated references.

Preparation and incubation ofisolated hepatocytes
In most experiments we used male fed or

overnight-starved Wistar rats (local strain; 200-
250g). In one experiment a fed (CD-strain) rat from
Charles River France was also used. Hepatocytes
were isolated by the following procedure, derived
from that of Seglen (1973); the liver was perfused at
370C, without recirculation, with 200ml of a
Krebs-Henseleit (1932) bicarbonate buffer equilib-

rated with 02/C02 (19: 1) gas phase but devoid of
Ca2 . It was then perfused by recirculating 100 ml of
the same buffer containing 2.5 mM-CaC12 and
50mg of collagenase. After disruption of the liver,
the cells were washed twice with 80 ml of a
Krebs-Henseleit buffer containing 2.5 mM-CaCl2.
Some experiments were also performed with hepato-
cytes prepared as described by Hue et al. (1978).
Both methods gave similar results.

Hepatocytes were incubated at 370C as described
by Hue et al. (1978). Except where otherwise indi-
cated, final concentrations of glucose and bacitracin
were 20mM and 0.5% respectively. Hormones were
added after 30min of incubation. For the measure-
ment of enzymes and of Fru-2,6-P2, samples (0.1 ml)
were withdrawn at the appropriate times and im-
mediately frozen in tubes kept in a cooling mixture
(solid CO2 in acetone). For the measurement of
other metabolites, the cell suspension was mixed
with 0.25vol. of 20% (w/v) HC104. These samples
were kept at -200C for no more than 2 days until
further processing.
Preparation ofa liver Sephadexfiltrate

The liver of a fed rat was homogenized in a
Potter-Elvehjem tube in the cold with 2 vol. of
ice-cold 100mM-KCl/25mM-Hepes, pH7.1. The
homogenate was centrifuged for 30min at lOOOOOg
and the resulting supernatant filtered through 20 vol.
of Sephadex G-25 (fine grade) equilibrated with the
homogenization buffer.
Measurements ofenzymes and metabolites

The active form of phosphorylase was assayed as
described by Hue et al. (1975) in extracts prepared
by thawing the cellular suspension in 3 vol. of a
solution containing 0.1 M-NaF, 0.5% glycogen,
10mM-EDTA and lOmM-glycylglycine and adjusted
to pH 7.4. The procedure used for the assay of
pyruvate kinase was described by Feliu et al. (1977),
except that the homogenization buffer was sup-
plemented with 5mM-P1. The pyruvate kinase ac-
tivity ratio (vO./1V) is the ratio of the rates measured
at 0.15 mM- and 5 mM-phosphoenolpyruvate
respectively.

For the determination of PFK 2 and of FBPase 2,
the cell suspensions were thawed in 1 vol. of a buffer
containing 20mM-P1 (PFK 2) or 20 mM-glycerol
2-phosphate (FBPase 2), as well as lOmM-EDTA
and 100 mM-KCl and adjusted to pH 7. The extracts
were centrifuged at 3000g for 5min at 0°C. For
both assays, 10-20,u1 portions of the resulting
supernatants were incubated for 10min at 300C in
the presence of the constituents described below, in a
final volume of 0.25 ml. PFK 2 was assayed in the
presence of 5 mM-ATP, 7mM-MgCl2 and 100mM-
KCI. Furthermore, 50mM-Tris, lmM-P,, 5mM-Fru-
6-P and 17.5 mM-Glc-6-P were also present and the
pH was adjusted to 8.5 for determination of the
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'total' activity; 50mM-Mes, 5mM-Pi, lmM-Fru-6-P
and 3.5mM-Glc-6-P were present and the pH was
adjusted to 6.6 for the determination of the 'active'
form of enzyme (Van Schaftingen et al., 1981). The
assays were stopped by the addition of 1vol. of
0.1 M-NaOH, and the Fru-2,6-P2 formed was deter-
mined, in the resulting mixture. A blank was
subtracted for the presence of Fru-2,6-P2 at zero
time. FBPase 2 was assayed in the presence of
5mM-glycerol 2-phosphate, 1 mM-ATP, 3mM-
MgCl2, 100mM-KCl, l1uM-Fru-2,6-[2-32P1P2 (5 x
104c.p.m.), either with 50mM-Hepes at pH7.1
(active form) or with 50mM-Mes at pH5.8 (total
activity) (Van Schaftingen et al., 1982a). A blank
was incubated in the absence of enzyme. The
incubations were stopped and [32P1P; was isolated
and counted for radioactivity as described by Van
Schaftingen et al. (1982a).

Concentrations of Glc-6-P aiid Fru-6-P (Hohorst,
1963), phosphoenolpyruvate (Czok & Lamprecht,
1974) and Fru-1,6-P2 (Hohorst, 1963) were
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measured enzymically in neutralized HCl04 extracts
as indicated. Fru-2,6-P2 was extracted and measured
as described by Van Schaftingen et al. (1982b).

Results

Our results concern the effect of glucagon and
adrenergic agents on the activity of four inter-
convertible enzymes of carbohydrate metabolism,
namely pyruvate kinase, PFK 2, FBPase 2 and
phosphorylase, in isolated hepatocytes. The changes
in the concentrations of Fru-2,6-P2 and of several
other phosphate esters were also recorded. Further-
more, the effect of cyclic AMP on the inter-
conversion of enzymes in a cell-free system was
investigated. Results shown are illustrative of a series
of experiments which gave consistently the same
type of results.

Effect ofglucagon on isolated hepatocytes
The effects of glucagon were investigated in

hepatocytes obtained from both fed and starved rats.
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U
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Time after glucagon (min)

Fig. 1. Effect of glucagon on the interconversion of enzymes and on the concentration of Fru-2,6-P2 in isolated
hepatocytes

Hepatocytes were obtained from a starved rat. Minimal effects were observed at 3 x 10`M-(O) and 10-" M-(A)
glucagon. The active forms of PFK 2 and FBPase 2 were measured.
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In the latter case, preincubation of the cells in the
presence of 20mM-glucose allowed them to resyn-

thesize a relatively large amount of Fru-2,6-P2, and
in general the behaviour of these cells was very

similar to that of cells obtained from fed rats. The
two factors investigated were the concentration of
glucagon in the incubation medium and the time-
course of its effect. Fig. 1 gives the full details of
such an experiment performed with cells from a

starved rat; it reports the changes induced by a large
range of glucagon concentrations during the first
10min after the hormonal addition. Experiments
shown in Figs. 2 and 3 were performed with
hepatocytes obtained from fed rats and incubated in
the presence of 1 nM-glucagon for various periods of
time. In Fig. 2, the results were normalized in order
to facilitate the comparison between the relative
velocities of the several hormonal effects. Fig. 3
shows the changes in the concentrations of several
phosphate esters. Finally, on the basis of the
previous experiments, a 6 min period of incubation
was chosen to establish the dose-response curve for
the various effects. An example of such an experi-
ment performed with hepatocytes from fed rats is
shown in Fig. 4, and data from a larger number of
similar experiments are collected in Table 1.
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The main conclusions from this series of experi-
ments can be summarized as follows. A half-
maximal effect of glucagon was usually obtained at
0.2-0.4nM, with variations within the limits of the
experimental errors, but not systematically in favour
of one particular parameter. By contrast, systematic
differences in time-course were observed. The
changes in the activity of phosphorylase and
pyruvate kinase were early events that were usually
terminated in 1-2min and were accompanied by a

rise in the concentrations of hexose 6-phosphates
and of phosphoenolpyruvate. The inactivation of
PFK 2 and activation of FBPase 2 occurred more

slowly, reaching half-maximal values after a time
that was 2-3-fold longer than for phosphorylase and
pyruvate kinase. The decrease in the concentration
of Fru-2,6-P2 took yet a longer time, requiring about
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Fig. 2. Time-course ofthe relative changes in the enzymic
activities and Fru-2,6-P2 concentration after the addition

ofI nM-glucagon to isolated hepatocytes
The hepatocytes were obtained from fed rats. Data
shown are the means of two experiments. The results
are expressed as percentages of the maximal change.
Similar results were obtained in two other experi-
ments performed with different timing. E, Pyruvate
kinase; 0, phosphorylase; *, PFK 2;.O, FBPase 2;
o, Fru-2,6-P2.
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Fig. 3. Effect of 1 nM-glucagon on the concentration of
hexose phosphates and ofphosphoenolpyruvate (PEP) in

isolated hepatocytes
The hepatocytes were obtained from fed rats. The
concentrations of hexose phosphates are the
means + S.E.M. for six experiments. The concen-
trations of phosphoenolpyruvate were obtained in a

single experiment, but similar data at different
timings were obtained in two other experiments.
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Table 1. Concentrations of glucagon required to obtain half-maximal effect on the activity of several enzymes and on
the concentration ofFru-2,6-P2 in hepatocytes

Hepatocytes were incubated as in Fig. 1, for the time indicated in parentheses.
IGlucagonI causing a half-maximal effect (nM)

Nutritional Pyruvate kinase Phosphorylase PFK 2
state Expt. no. inactivation activation [Fru-2,6-P2] inactivation

Fed 1 (6min) 0.12 0.63 0.45
2 (6 min) 0.45 0.20
3 (6 min) 0.08 0.45 0.40
4 (6min)t 0.08 0.11 0.16 0.11

Mean + S.E.M. 0.18 +0.09 (n = 4) 0.35 + 0.12 (n = 4) 0.33 +0.09 (n = 3)
Starved 1 (10min) 0.28 0.13 0.16 0.15

2 (IOmin) 0.14 0.19
3 (6min) 0.14 0.20 0.32 0.15
4 (IOmin) 0.25 0.35
5* (2min)T 0.20 0.56 0.63 0.50

(10min)t 0.20 0.70 0.25
Mean + S.E.M. 0.20 + 0.03 (n = 5) 0.32 + 0.16 (n = 3) 0.29 + 0.05 (n 5) 0.27 + 0.12 (n 3)

* Hepatocytes were prepared by the procedure of Hue et al. (1978).
t Results shown in Fig. 4.
:[ Results partially shown in Fig. 1.

FBPase 2
activation

0.12

0.40

10min to be complete, whereas the decrease in the
concentration of Fru-1,6-P2 was a slow event that
was not yet complete after 20min. Differences were
also observed in the time required by the different
systems to return to their initial value. Phos-
phorylase was at least twice as fast as pyruvate
kinase (Fig. 1), which was itself faster than Fru-
2,6-P2 concentration (results not shown).

Since bacitracin was present in all the experiments
described in Figs. 1-4 to prevent the degradation of
glucagon, we have checked the possible interference
of this peptide with the hormonal effect. In the
absence of bacitracin, the sensitivity to glucagon was
the same as in its presence. As a rule, however, all
events were faster in the absence of bacitracin, and
in particular the increase in phosphoenolpyruvate
was already maximal after 1 min (results not shown).

Effect ofcyclic AMP on enzyme interconversion in a

cell-free system.
The slower interconversion of PFK 2 and FBPase

2 as compared with that of pyruvate kinase and
phosphorylase, observed in isolated hepatocytes,
suggested that the two former enzymes could be
rather poor substrates for cyclic AMP-dependent
protein kinase. Accordingly, we show in Fig. 5 that
when a liver Sephadex filtrate was incubated in the
presence of MgATP and of two different con-
centrations of cyclic AMP, the inactivation of PFK
2 and activation of FBPase 2 occurred in parallel
and that the time required to reach a half-maximal
modification was 5-10-fold longer than for the

Vol. 214

inactivation of pyruvate kinase. The system was
entirely cyclic AMP-dependent and, as apparent
from several other experiments (results not shown),
its sensitivity to the cyclic nucleotide was indis-
tinguishable from that for pyruvate kinase inter-
conversion.

Effect ofadrenergic agents
These effects were investigated in hepatocytes

obtained from fed rats, as in the experiments by
Richards et al. (1982) that we wanted to reproduce.
Furthermore, it is known that Fru-2,6-P2 con-
centration is not affected by phenylephrine and
vasopressin in hepatocytes obtained from starved
rats (Hue et al., 1981a,b). The effect of Ca2+
removal was investigated because the Ca2+_
dependence of the action of adrenaline reported by
Richards & Uyeda (1982) and Richards et al.
(1982) was in direct contradiction with the gluca-
gon-like effect of a-adrenergic agents in the absence
of Ca2+ (Hue et al., 1978; Chan & Exton, 1978).
We show in Fig. 6 the effect of 1O pM-adrenaline

on the activity of the four interconvertible enzymes
and on the concentration of Fru-2,6-P2 in hepato-
cytes incubated with or without Ca2 . In the
presence of Ca2+, phosphorylase was clearly ac-
tivated, but all the other changes were either slight or
transient. It is only in the absence of Ca2+ that a
series of other effects were observed, which were all
of the ,B-adrenergic type. This includes the in-
activation of pyruvate kinase and PFK 2, the
activation of FBPase 2 and a decrease in the
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Fig. 4. Dose-response curves of the glucagon effect on

the interconversion of enzymes and on the concentration
ofFru-2,6-P2

Hepatocytes isolated from a fed rat were incubated
for 6 min in the presence of various concentrations
of glucagon. Arrows indicate concentrations of
glucagon causing a half-maximal effect. The active
forms of PFK 2 and FBPase 2 were measured.

concentration of Fru-2,6-P2. Results similar to those
described in this paragraph were also obtained with
10,uM-phenylephrine.
The experiment shown in Fig. 6 was also repeated

with hepatocytes obtained from a Charles River rat,
since this was the strain of rats used in the
experiments by Richards & Uyeda (1982). Several
differences were then observed, as compared with
Fig. 6. First, the inactivaticn of pyruvate kinase and
of PFK 2, as well as the activation of FBPase 2 in
the presence of Ca2+, were greatly increased,
although still less than in the absence of Ca2 .

Second, the initial concentration of Fru-2,6-P2 in

I--,
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.

0.

Time (min)

Fig. 5. Enzyme interconversion in a cell-free system
A liver Sephadex filtrate, containing 18mg of
protein/ml, was preincubated for 5 min at 250C in
the presence of 5 mM-MgCl2; it was then diluted
4-fold and incubated in the presence of 2.5 mM-ATP,
3.5 mM-MgC12, 125 mM-KCl, lOmM-theophylline,
40mM-Hepes and 5mM-P1 at pH7.1 and without
(a) or with 0.25 pM-(A) or 1 pM-(E) cyclic AMP. At
various times, samples were removed and frozen in a

cooling mixture (acetone/solid C02) and further
analysed. Pyruvate kinase was measured at
0.15 mM-phosphoenolpyruvate, PFK 2 at pH 6.6
and FBPase 2 at pH 7.1. Vertical bars represent the
time required for a half-maximal effect.

these cells was nearly twice that measured in hepa-
tocytes from the local strain, reaching 30nmol/g
at the beginning of the experiment. In the presence
of adrenaline there was a slight and transient (lasting
less than 5 min) increase in Fru-2,6-P2 concen-

tration, followed by a decrease. This decrease was,
however, much larger in the absence than in the
presence of Ca2+, indicating that our disagreement
with Richards & Uyeda (1982) does not result from
a difference in the strain of rats used.
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Fig. 6. Effect of 10,uM-adrenaline on the interconversion of enzymes and on Fru-2,6-P2 concentration in isolated
hepatocytes

Hepatocytes were obtained from fed rats and incubated in the presence of 10mM-glucose. The experiments shown in
the right-hand panels were performed without addition of Ca2+ to the incubation medium and in the presence of
1 mM-EGTA. The activity ratios for PFK 2 and FBPase 2 are the ratios of the active to the total form of enzyme as
defined in the Materials and methods section. 0, Control; 0, adrenaline.

Discussion

Sensitivity to glucagon
It has been known for a long time that the effect

of glucagon to stimulate gluconeogenesis could be
mimicked by cyclic AMP. Like the stimulation of
glycogenolysis, the activation of phosphorylase and

Vol. 214

the inactivation of pyruvate kinase, this effect was
half-maximal at 0.2-0.4nM-glucagon (Exton et al.,
1970; Pilkis et al., 1975; Feliu et al., 1976; Van de
Werve et al., 1977; Hue et al., 1978; Blackmore
et al., 1978; Claus et al., 1980; Hue et al., 198 lb). If
the interconversion of the enzymes that control the
concentration of Fru-2,6-P2 displayed a greatly
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different sensitivity, it would mean that Fru-2,6-P2
concentration does not play an important role in the
control of gluconeogenesis by glucagon. This prob-
lem was therefore of great importance, and our
answer is unambiguous, since we could not detect
any significant difference in the hormonal sensitivity
of the four interconvertible enzymes.
The discrepancy between our results and those

obtained by two other groups of workers is difficult
to explain, particularly since these two groups
disagree deeply. Their results will therefore be
considered separately. However, it must first be
recalled that in the present work Fru-2,6-P2 was
measured by a very simple and accurate procedure
which allowed numerous determinations and also
greatly facilitated the measure of PFK 2.

El-Maghrabi et al. (1982a) found different half-
saturating concentrations of glucagon for the inter-
conversion of FBPase 2 (0.01 nM), PFK 2 (0.04 nM)
and pyruvate kinase (0.25 nM). They tried to explain
these differences by assuming that FBPase 2 and
PFK 2 were better substrates for cyclic AMP-
dependent protein kinase than was pyruvate kinase.
This assumption was, however, not supported by
any comparative experimental data, whereas we
have now found that the contrary is true (Fig. 5).
Furthermore, we obtained no indication that the
interconversion of PFK 2 and of FBPase 2 could
occur at lower concentrations of cyclic AMP than
that of pyruvate kinase.

Richards & Uyeda (1982) and Richards et al.
(1982) have reported that the activities not only of
PFK 2 and FBPase 2 but also of phosphorylase
were half-maximally affected by 0.1 pM-glucagon.
This is obviously in deep disagreement with our data
and with those of El-Maghrabi et al. (1982a), as well
as with all previous work on the activation of
phosphorylase by glucagon in the isolated liver. A
word of caution should be added concerning the use
of extremely low concentrations of glucagon; in fact,
when 100mg of hepatocytes/ml are incubated with
0.01 pM-glucagon (Richards et al., 1981), there are
more hepatocytes than molecules of hormone.

Differences in time-course
An unexpected observation made in the course of

the present work was that the interconversions of
PFK 2 and of FBPase 2 were noticeably slower than
those of phosphorylase and pyruvate kinase. This
difference does not exceed a few minutes and
presumably has little physiological implication if the
changes in hormone concentration in the blood are
relatively slow. As said above, it indicates that the
two first enzymes are relatively poor substrates for
cyclic AMP-dependent protein kinase. The dif-
ference in velocity was even more important in a
cell-free system incubated in the presence of Mg-
ATP and cyclic AMP. This may be related to the

removal of phosphoenolpyruvate and of Fru- 1,6-P2.
two known inhibitors of the inactivation of pyruvate
kinase (Feliu et al., 1977). The relatively slow
decrease in Fru-2,6-P2 is in agreement with our
earlier work on that subject (see Fig. 9 in Van
Schaftingen et al., 1980a), but is again in deep
contradiction with the report by Pilkis et al. (1983)
that full effect was obtained within 1 min.

It is also noticeable that the concentration of
Fru-1,6-P2 decreased more slowly than that of
Fru-2,6-P2, indicating a causal relationship between
these two modifications. This slow change in
Fru- 1,6-P2 concentration is also against the hypo-
thesis (Pilkis et al., 1983) that its disappearance is
required for the inactivation of pyruvate kinase.

Finally, the relatively slow return of Fru-2,6-P2
concentration, as well as of pyruvate kinase activity,
as compared with phosphorylase activity is in
agreement with the previous proposal (Jett et al.,
1981) that pyruvate kinase phosphatase is different
from phosphorylase phosphatase. Nothing is known
of the phosphatase(s) that act on the phospho forms
of PFK 2 and FBPase 2.

Are PFK 2 and FBPase 2 a single bifunctional
protein?

The fact, reported by Van Schaftingen et al.
(1981), that PFK 2 and FBPase 2 co-purify in the
various systems of separation used has since been
confirmed and amplified, and the possibility that the
two enzymes could be activities of a single bi-
functional peptide has received serious con-
sideration (Van Schaftingen et al., 1982a; El-
Maghrabi et al., 1982a,b). However, co-purification,
even if it reaches near homogeneity, indicates very
great similarity of structure, but is no proof of
identity. El-Maghrabi et al. (1982b) have claimed
that the interconversion of the two enzymes by
cyclic AMP-dependent protein kinase occurred in
parallel, but they did not show any intermediary
values. We show in Fig. 5 that this parallelism
actually occurs, and this fact must be taken as an
additional argument in favour of the existence of a
bifunctional protein. It is also consistent with a single
site of phosphorylation controlling the two activities.
Finally, if the two enzymes are catalytic activities of
the same protein, it also implies their identical
sensitivity to glucagon, as was reported in the
present work, but in contrast with others (El-
Maghrabi et al., 1982a; see above).

Ca2+-dependency ofthe adrenaline effect
The data of Fig. 6 show that adrenaline has

minimal effects on the Fru-2,6-P2 system except in
the absence of Ca2+, the effects becoming then
similar to those of glucagon. Again, we have no
explanation to offer for the discrepancy between
our data and those of Richards et al. (1982), which
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have also been criticized by Pilkis et al. (1983). We
have verified that the discrepancy could not be
explained by a difference in the strain of rats used.
This gave us the opportunity to observe that with
hepatocytes obtained from another strain of rats,
adrenaline, even in the presence of Ca2+, had a
pronounced ,-adrenergic type of effect that was not
clearly apparent with our local strain of rats. The
response of rat hepatocytes to adrenaline is also
known to depend on the age and the sex of the rats
(Blair et al., 1979; Studer & Borle, 1982).
As a conclusion, we have no reason to believe that

the hormonally induced decrease in the concen-
tration of Fru-2,6-P2 is mediated by anything else
than cyclic AMP.
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