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Sea bass (Dicentrarchns labrax L.) liver phosphofructokinase (PFK) presents biphasic ki­
netics with respect to fructose-6-phosphate (F-6-P) in experiments carried out with crude ex­
tract. After the enzyme had been purified, two isozymes have been detected after chroma-
tografic treatment. The two isozymes present different kinetic behaviour PFK-Li, the first
eluted phosphofructokinase activity shows positive cooperativity with respect to fructose-6-
phosphate and PFK-L2, the second activity fraction, has a Hill coefficient of 0.38 (negative
cooperativity). The first isozyme shows less affinity for fructose-6-phosphate than that shown
by PFK-L2. The joint kinetics of both isozymes produces a biphasic kinetics with respect to
fructose-6-phosphate, similar to that observed in crude extracts.
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In the last several years aquaculture has
demonstrated great interest in sea bass
(Dicentrarchus labrax L.), because of its
nutritional and gastronomic characteris­
tics. Lipids and proteins seem to be the
principal source of energy of fish (29), but
under certain conditions fish are able to
utilize carbohydrates for this purpose (22,
25) generally metabolized by pentose
phosphate pathway (1, 2, 30). Moreover, 

* To whom correspondence should be ad­
dressed.

** Present address: Departamento de Bioquim­
ica. Facultad de Farmacia. Universidad Complu-
tense. 28040 Madrid (Spain).

key glycolytic enzymes can be induced
due to a diet with a high content of car­
bohydrates, as it has been described on
trout liver (9).

Carbohydrates are important in the study
of energetic metabolism of sea bass.
These studies will help to establish the nu­
tritional requirements, determining the
ranges of use of carbohydrates in the diet,
as well as resulting in a lower production
and maintenance cost.

PFK (ATP: D-fructose-6-phosphate 1-
phosphotransferase, EC 2.7.1.11), a key
regulatory enzyme of glycolysis, catalyses
the phosphorilation of fructose-6-phos- 
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phate (F-6-P) in the presence of ATP and
magnesium to yield fructose-1,6-bis-
phosphate (F-l,6-P2) and ADP.

The properties of this enzyme from var­
ious animal sources have been investigat­
ed, and multiple molecular forms have
been detected in several species (8, 23).
Four chromatographically different PFK
isozymes from rat were found: PFK-I in
the muscle, heart and brain; PFK-IV in
liver and erythrocytes; and PFK-II and
PFK-III forms in the brain, spleen, kid­
ney and testes; the latter has also been de­
tected in stomach.

The denomination of these isozymes
corresponds to the elution position in ion­
exchange chromatography (DEAE cellu­
lose). Studies on the immunological prop­
erties of these enzymes seem to indicate
that at least three enzymes exist in differ­
ent rat tissues (8). On the other hand,
Dunaway and Weber (5) and Dunaway
et al. (6, 7), by means of chromatographic
and electrophoretic techniques, have re­
ported three enzymes in rat tissue: PFK-
M (muscle), PFK-L, (minor liver PFK
isozyme) and PFK-L2 (the major hepatic
PFK isozyme).

To date, no detailed study has been car­
ried out on PFK purified from fish livers.
Only Sand (20) has notified the existence
of two isozymes with the same molecular
weight but differing in charge distribution
of phosphofructokinase from liver of the
flounder (Platichtys flesus L.).

In this research sea bass liver PFK has
been purified and its kinetic behaviour
studied. A purification method, which al­
lows the separation of the two isozymes
in only one step is described. We have stud­
ied the possible infuence of the most
characteristic effectors of the enzyme in
crude extracts and in the two isozymes.

Materials and Methods

Biological Material. — Sea bass (Dicen-
trarch us labrax L.) were obtained from

«Salina Esperanza Siglo xix» (Cadiz,
Spain) where they were maintained with
controlled diet and optimal oxigenation
and salinity conditions. The temperature
varied with the season (10-28° C).

Enzyme assays. — Phosphofructokinase
activity was estimated according to Layzer
(16) by measuring the rate of NADH ox­
idation in a coupled system with aldolase,
triosephosphate isomerase and phospho­
glycerol dehydrogenase. In all experiments
the lack of existence of NADH oxidation
has been proven, initiating the reaction on
adding F-6-P. In a final volume of 1 ml,
the reaction contained: Tris-HCl, pH 8,
100 pmol; KC1, 94.5 pmol; MgCl2, 3.6
pmol; F-6-P, 1 pmol; G-6-P, 3 pmol;
ATP, 3.5 pmol; aldolase 1.8 IU; phos­
phoglycerol dehydrogenase 2 UI; triose­
phosphate isomerase 6 IU and 25 pl of en­
zyme extract (containing 2 mg of protein).
Enzyme units are expressed as micromoles
of substrate utilized or product formed
per minute. All experiments were carried
out at 22° C.

Protein determination. — Protein was
determined by the methods of Lowry et
al. (18).

Purification of the enzyme. — The puri­
fication steps were carried out according
to the following procedure and are sum­
marized in table I. All the experiments
were performed at 4° C. To obtain the
crude extracts, the liver (4 g) was homog­
enized with 4 ml of 50 mM phosphate
buffer pH 8. The suspension was centri­
fuged at 26,000 X g for 30 minutes. The
supernatant layers were applied to a 17 X
1 cm column of Blue Sepharose CL-6B
previously equilibrated with 50 mM
phosphate buffer pH 8 containing 0.2
mM fructose-6-phosphate and 5 mM
2-mercaptoethanol (MET).

Once the extract was added, 50 mM
monopotassic phosphate, pH 8, containing 
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5 mM MET was used as wash buffer.
Then the same wash buffer with added
9 mM ADP was used for the elution. The
low rate was 15 ml/h at constant pres­
sure, 2 ml fractions were collected.

Electrophoresis. — The polyacrylamide
gel electrophoresis was carried out ac­
cording to the method described by Davis
(4). The intensity used was 213 mA per
tube and the tris-glycine buffer had
pH 8.3.

Determination of the molecular weight.
— A 38 X 2 cm. Sephacryl S-300 column
equilibrated with 65 mM Tris-HCl
pH 7.5, containing glycerol was used.
Samples of the crude extract were never
superior to 0.5 mg protein/ml of the gel.
Elution buffer was the same as described
above. The flow was 15 ml/h at a con­
stant pressure. Two ml fractions were col­
lected and the phosphofructokinase activ­
ity was determined. The standard curve
was obtained using a mixture of the fol­
lowing globular proteins: 10 mg chicken
egg albumine (67,000), 6 mg rabbit muscle
aldolase (158,000), 8.5 mg bovine liver cat­
alase (232,000), 1.9 mg horse spleen fer­
ritin (440,000) and 10 mg bovine thyroid
thyroglobuline (669,000) at a final volume
of 1.5 ml. The equilibration and elution of
the column was performed under similar
conditions as previously described.

Chemical and reagents. — Nicotin­
amide adenine dinucleotide reduced form
(NADH), fructose-6-phosphate (F-6-P),
glucose-6-phosphate (G-6-P), adenosine-
5-triphospnate (ATP) were purchased
from Boehringer-Manhein. Other re­
agents of analytical grade were purchased
from Merck. Chromatographic material
(columns, collector, Uvicord, etc.) was
purchased from LKB. Sephacryl S-300
and Blue-Sepharose CL-6B were from
Pharmacia.

Results and Discussion

Experiments carried out with crude ex­
tracts have demonstrated that PFK of sea
bass liver has a biphasic behaviour with
respect to F-6-P (fig. 1, graph. B) (10).
During the first phase of the curve (at
small concentrations of substrate) PFK
presents negative cooperativity, whereas
in the second phase of the curve (at high
concentrations of the substrate) it presents
positive cooperativity. One of the three
possible explanations that we have sug­
gested for this type of kinetics, was the
presence of isozymes with different affin­
ity for the substrate. Nevertheless, results
reported at that moment seemed to be in­
sufficient since the activity curve with re­
spect to the pH, displayed only one max-

(F6P)mM

Fig. 1. Phosphofructokinase isozymes in sea bass
liver.

A: Phosphofnictokinase activity sum of PFK-L1
and PFK-L-2 activities with respect to the F-6-P
concentration. B: Phosphofructokinxsc activity
vs. F-6-P in crude extracts. Hill plots arc inserted.
The values represented are average values of at
least three experiments. In both cases, a temper­
ature of 22° C and constant concentration of

3.5 mM Mg-ATP was maintained.
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Fig. 2. Blue Sepharose CL 6B chromatography of
sea bass liver PFK.

Phosphate buffer (pH 8) was used, containing
F-6-P (0.2 mM) for equilibrated and ADP (9 mM)

for elution.

imum at pH 8 and not two as could be
expected. To test the previous hypothesis
a purification process was carried out.

Purification processes are often tedious
and the recovery is low. We have been
able to purify PFK from sea bass liver us­
ing only one step with Blue Sepharose
CL-6B, affinity chromatography with a
100 % recovery. Crude extracts were used
since temperature denaturalization dis­
played by this enzyme does not permit a
thermic treatment prior to the chromato­
graphic process. The results obtained are
shown in fig. 2, two peaks of phospho­
fructokinase activity were observed. The
first enzymatic activity elutes with wash
buffer solution and is called PFK-LI} the
second called PFK-L2, elutes when ADP
(9 mM) is added to the previous dissolu­
tion buffer. The level of purification ob­
tained is 75 and 266 respectively with a re­

covery of 50 % for each enzymatic activ­
ity (table I). These results seem to indicate
the possible existence of two isozymes of
sea bass liver PFK.

The electrophoretic development with
polyacrylamide gel exhibits only one band
of protein using the eluted fractions with
activity corresponding to the PFK-L2.
When wash fractions (PFK-Li) are used,
a number of bands appear, but none of
them have the same Rf value as that cor­
responding to PFK-L2. These facts seem
to confirm the existence of two isozymes
of sea bass liver PFK.

The molecular weight of both isozymes
seem to be very similar since the separa­
tion with Sephacryl S-300 chromatogra­
phy was not possible. This process allow
the calculation of the molecular weight,
being 400,000 ± 37,000. Experiments car­
ried out with Sephacryl S-200 using PFK-
Lj fraction support this theory. These data
are in agreement with those found by
Sand (20) for flounder-liver (Platichtys
flesus L.) in the sense that this author re­
ported the existence of two isozymatic
forms with the same molecular weight but
differing in charge distribution.

On the other hand, none of the frac­
tions with PFK activity obtained, by af­
finity chromatography exhibited a biphas­
ic kinetic behaviour with respect to F-6-P
(fig. 3). PFK-Li displays a slightly sig­
moidal behaviour with F-6-P; Hill coef­
ficient and S0.5 values are 1.3 and 0.22 mM
respectively. The kinetic behaviour of
PFK-L2 is different, its Hill coefficient is
0.38 (negative cooperativity) and S0.5 is

Table I. Summary of the purification of sea bass liver phosphofructokinase.

Activity
(Ul-mr1)

Proteins
(mg • ml’’)

Specific activity
(Ul ■ mg"')

Purification
Factor

Yield
%

Homogenate 0.36 58.5 0.006 — 100

PFK-L, 0.09 0.20 0.45 75 50
Blue Sepharose

pfk-l2 0.08 0.05 1.60 266 50
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(F6P)mM

Fig. 3. Fructose 6 phosphate effect on PFK-Lt (•)
and PFK-L2 (k) activities.

Hill plots are inserted. Mg-ATP constant concen­
tration: 3.5 mM. PFK-Lj (•): So 5 = 0.22 mM,
nH = 1.3. PFK-L2 (a): So$ = 0.05 mM, oh =

0.38.

0.05 mM. This isozyme is saturated at low
concentrations of F-6-P (0.4 mM). These
results coincide with those of the crude
extract. The superior part of the biphasic
curve of the crude extract (fig. 1, graph.
B) can correspond with a predominant
PFK-L] phospnofructokinase activity and
the inferior part with PFK-L2, since they
act simultaneously. This hypothesis is
supported by the fact that a biphasic curve
is ootained when the results for the two
purified fractions are collected (fig. 1,
graph. A). This is more evident in the
Hill representation where S0.s and hh val­
ues are similar to those obtained in crude
extract (fig. 1, graph. B).

These results at 22° C are also impor­
tant since they imply a higher validity to
thermoregulation mechanisms of sea bass
liver phosphofructokinase activity pro­
posed by us and based on the changes on
So 5 and nH observed in crude extracts for
each part of the biphasic curve (10). These
mechanisms can permit a constant glyco­
lytic activity, independent of the temper­
ature, in a range that can be considered
more normal in an artificial habitat (dur­

ing culture in zones with a Mediterranean
climate). Based on the data reported by
Fideu et al. (10) it is possible to indicate
that the isozyme PFK-L2 (with higher af­
finity for the substrate, and that acts at
lower concentration of the substrate) is
the most operative to reach an indepen­
dent phosphofructokinase activity with
respect to temperature.

On the other hand, the existence of nu­
merous effectors that regulate this enzy­
matic activity in different organisms has
been described. PFK is a multi-modulated
enzyme prototype: We have studied the
possible effect of fructose-2,6-bis-phos-
phate (F-2,6-P2); adenosine-5'-mono-
phosphate (AMP); adenosine-3':5'-mono­
phosphoric acid cyclic (c-AMP); aden-
osine-5'-diphosphate (ADP); inorganic
phosphate (Pi); phosphoenolpyruvate
(PEP) and citrate as the most characteristic
modulators of this activity (12, 14, 17, 19,
21, 27, 28) in crude extracts of PFK. as well
as in the PFK-Lj and PFK-L2 isozymes,
with the aim of determining the possible
differences in the regulation of these en­
zymatic activities. The chosen concentra­
tions of these effectors are within the phys­
iological range described for fish (12).

The results of the experiments carried
out in crude extracts are shown in table II,
where the examined concentrations are in­
cluded for those in which modulation has
been observed. Cyclic-AMP (0.05,
0.1 mM), citrate (0.1, 0.2, 0.6 mM) and Pi
(10, 20 mM) have displayed no effect. F-
2,6-P2 and PEP act as activators of sea bass
liver PFK.

It is interesting to note that the intensity
of the influence shown by these com­
pounds differs in the two sections of the
biphasic curve that this enzyme presents
in crude extracts with respect to the sub­
strate fructose-6-phosphate. In this sense
F-2,6-P2 (0.1 mM) exhibits an activating
effect in the lower section (0.01 mM F-6-
P), an effect not seen in the higher section
(0.4 mM F-6-P).

PEP behaves as an activator, unlike
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(+) Activator effect. (-) Inhibitor effect.

Table II. Influence of different effectors on sea bass liver PFK activity (%).

Effectors /
concentration (mM)

Crude extract PFK-L, PFK-Lj

F-6-P (0.4 mM) F-6-P (0.01 mM) F-6-P (0.4 mM) F-6-P (0.4 mM) F-6-P (0.01 mM)

F-2,6-P2; 0.1 No effect (+) 10 No effect — —

PEP 1.0; 2.0 (+) 100 (+) 250 (+) 500 — —

0.1 No effect No effect — — —
ADP 1.0 No effect No effect — — —

9.0 (-) 25 (-)50 (-)50 — —

ADP (9.0) PEP (1.0) (+) 85 (+) 200 (+) 600 (+) 900 (+) 1600

ADP (9.0) F-2,6-P2 (0.1) — (-) 45 — No effect (+) 30

what is observed in this same enzyme
from other organisms (3, 15, 17, 26, 27).
This activation is more intense in the low­
er part of the saturation curve with respect
to fructose-6-phosphate, the same as in
the case of the previously mentioned ef­
fector.

ADP as reported by different authors,
shows a different behaviour on the PFK
activity of different species (8, 17, 21, 24,
27). This nucleotide did not show inhi­
bition of sea bass liver PFK at physio­
logical concentration (0.1, 1 mM) but
ADP at 9 mM behaves as an inhibitor, and
its effect is also more intense at concen­
trations of F-6-P inferior to 0.1 mM.

The activities of the crude extract and
PFK-Li were assayed in the presence of
9 mM ADP, in order to be compared with
PFK-L2, which is affected by this nucleo­
tide at this concentration, after being elut­
ed in the affinity chromatography (see
Materials and Methods).

All these results demonstrate a greater
effect of these compounds when the con­
centration of F-6-P is closer to physio­
logical levels. Moreover, the inhibitor ef­
fect observed with ADP is annulled in the
presence of PEP.

The compounds that showed regulation
of this phophofructokinase activity in the
crude extract were those that were tested
in samples of isozymes PFK-Li and PFK-

L2 (table II). The concentration of sub­
strate fructose-6-phosphate used were
0.4 mM for this study with PFK-Lj and
0.01 mM for the PFK-L2 isozymes, con­
centrations at which the experiments with
crude extract have been carried out and
clearly correspond to the two different
sections of the biphasic saturation curve.
In the case of PFK-L2, 0.4 mM of F-6-P
was also used to compare the behaviour of
the different effectors on both isozymatic
forms at the same substrate concentration.

Qualitatively, the effect of these com­
pounds on both isozymes is similar to that
observed when the same fructose-6-phos-
phate concentrations are used in crude ex­
tract. Quantitatively, this effect is some­
what different (tame II). Since eluted
PFK-L2 fractions contained ADP from
the elution medium, the isolated effect of
these compound was not investigated for
this isoenzyme.

The maximun effect of all these modu­
lators can be observed in concentration
0.01 mM F-6-P and PFK-L2 isozymatic
species, the results for 0.4 mM F-6-P are
very similar for both isozymatic species.
All these results seem to indicate differ­
ences in the regulation of both isozymatic
forms.

The slight or non-existent influence
found in some significant modulators of
the PFK of other origins, such as F-2,6-
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P2 or AMP and citrate could be due to a
slight inhibition (11) produced by 3.5 mM
Mg-ATP used in the experiments. The ex­
istence of a positive modulation of the
glycolysis in sea bass liver by PEP, prob­
ably necessary when there is a reduction
of lipids and aminoacids, can be shown. A
similar activator effect of PEP has been
observed in PFK of trout haematopoietic
cells, which is not inhibited by ATP (13).
The metabolism of carbohydrates in fish
is fundamentally performed by the pen­
toses phosphate pathway. The production
of PEP will activate glycolysis, which can
indicate that both routes are operative in
livers of this aquatic species, at the indi­
cated physiological conditions.

It is concluded that the activity phos-

C' rructokinase of sea bass liver is regu-
by two isozymes. One (PFK-L2) can

be isolated pure by chromatographic
treatment with Blue Sepharose CL-6B,
presents negative cooperativity and has
high affinity for the substrate F-6-P. This
enzyme has greater sensitivity to the effect
of the modulators and to F-6-P concen­
trations, which can be considered in the
physiological range (12).
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Resumen

La fosfofructoquinasa (PFK) de higado de lubina
(Dicentrarchiis labrax L.), presenta cinetica bifasica
con respecto a la fructosa-6-fosfato (F-6-P) en ex-
perimentos realizados con extracto crudo. Debido a
esto, la enzima se purifica mediante tratamiento cro-
matografico, detectandose dos isoenzimas que ma-
nifiestan distinto comportamiento cinetico. PFK-Li,
la primera en eluir, muestra cooperatividad positiva
respecto a la F-6-P. PFK-L2, por el contrario, pre­
senta un coeficiente de Hill de 0,38 (cooperatividad
negativa). La primera isoenzima manifiesta, ademas
menor afinidad por la F-6-P que la PFK-L2. La ci­

netica conjunta de ambas isoenzimas produce una ci­
netica bifasica respecto al sustrato F-6-P, similar a la
observada con extracto crudo.

Palabras clave: Lubina, Higado, Isoenzimas de
PFK.
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