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The subunit composition of phosphofructokinase (ATP: D-fructose-6-phosphate-l-phosphotransferase, EC 
2.7.1.11) was studied in rat lung during perinatal development. No change in subunit composition during this 
period was observed. The three subunits of phosphofructokinase (L, M and C) were present in a ratio of 
approx. 65:25: 10, respectively. In addition the levels of two effectors of phosphofructokinase were 
determined in rat lung during perinatal development: glucose 1,6-bisphosphate and fructose 2,6-bisphos- 
phate. Until day 20 of gestation (term is 22 days)the glucose 1,6-bisphosphate level remains relatively 
constant (approx. 0.55 pmol /g  protein), decreases before birth and increases sharply up to 1.04 #mol /g  
protein 2 days after birth. The amount of fructose 2,6-bisphosphate in rat lung shows a different 
developmental profile. A small peak is shown at day 17 of gestation whereas a larger peak up to 36.4 
nmol /g  protein is shown at days 20 and 21 of gestation. The time of maximal fructose 2,6-bisphosphate 
content corresponds with the time of glycogen breakdown and acceleration of surfactant synthesis in 
prenatal rat lung. Both glucose 1,6-bisphosphate and fructose 2,6-bisphosphate stimulate lung phosphofruc- 
tokinase. Half maximal stimulations occur in the range of 24.1-70.9 #M glucose 1,6-bisphosphate and 
0.17-0.34/tM fructose 2,6-bisphosphate. 

Introduction 

Pulmonary surfactant is a lipid-protein com- 
plex that covers the alveolar surface. One of the 
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important features of pulmonary surfactant is that 
it provides a low surface tension at the air-liquid 
interface thus protecting the lung from alveolar 
collapse and transudation [1]. The synthesis of 
pulmonary surfactant (for review see Ref. 2) takes 
place in the alveolar type II epithelial cells and is 
accelerated considerably in the terminal part of 
gestation. Glycogen stored in the alveolar type II 
cells prior to the acceleration of surfactant synthe- 
sis is probably an important substrate for surfac- 
tant lipid synthesis [3-6]. Bourbon et al. [6] pro- 



vided direct evidence for the formation of 
saturated phosphatidylcholine from prelabeled en- 
dogenous glycogen in fetal rat lung. In a previous 
report we considered the possible role of glycolysis 
during the period of glycogen breakdown and 
onset of surfactant synthesis in rat lung [7]. The 
specific activity of one of the key enzymes of 
glycolysis phosphofructokinase, was found to be 
increased during this period. Phosphofructokinase 
catalyzes the phosphorylation of fructose 6-phos- 
phate to fructose 1,6-bisphosphate; the enzyme is 
tetrameric with a molecular weight of about 
330000. Three types of phosphofructokinase sub- 
units are known: M (muscle), L (liver) and C, 
recently reported to be present in rabbit [8] and 
rat [9] brain. Type C is also known as type F 
(fibroblast) [10] or P (platelet) [11]. Hybridization 
of the three subunits is possible. In this study we 
examined the subunit composition of phos- 
phofructokinase during perinatal development in 
rat lung by means of SDS-polyacrylamide gel elec- 
trophoresis. In addition, the levels of glucose 1,6- 
bisphosphate and fructose 2,6-bisphosphate were 
determined as was their influence on phos- 
phofructokinase activity. Both bisphosphates are 
known effectors of phosphofructokinase. Glucose 
1,6-bisphosphate acts not only as a stimulator of 
phosphofructokinase [12-14] but also as an inhibi- 
tor of hexokinase [13-15], which is another key 
enzyme of glycolysis. The dual role of this effector 
might be of importance in relation to glycogen 
breakdown and accelerated glycolysis during 
surfactant synthesis. The second effector ex- 
amined, fructose 2,6-bisphosphate, is described as 
the most potent activator of phosphofructokinase 
[16,17]. Fructose 2,6-bisphosphate is found in 
many different tissues and is supposed to play an 
important role in control of glycolysis in liver 
[16,18,19], hepatocytes [20,21], fibroblasts [22], 
muscle [16] and pancreatic islets [23]. In this paper 
we report that both glucose 1,6-bisphosphate and 
fructose 2,6-bisphosphate can stimulate lung phos- 
phofructokinase. 

Materials and Methods 

Matermls 
Glucose 1,6-bisphosphate, substrates and aux- 

iliary enzymes for the determination of phos- 
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phofructokinase activity were obtained from 
Boehringer (Mannheim, F.R.G.). Fructose 2,6-bis- 
phosphate, dithiothreitol, p-aminobenzamidine, 
leupeptin and p-tosyl-l-lysine chloromethylke- 
tone-HC1 were purchased from Sigma (St. Louis, 
MO, U.S.A.). SDS, acrylamide and bisacrylamide 
were purchased from Bio-Rad. Cibacron blue 
FaGA gel was obtained from Pierce Chemical Co. 
(Rockford, IL, U.S.A.). The phosphofructokinase 
antiserum was a gift from Dr. Dunaway, Depart- 
ment of Pharmacology, Southern Illinois Univer- 
sity School of Medicine, Springfield, IL, U.S.A. 

Animals and lung tissue 
Pregnant Wistar rats of known gestation times 

were purchased from the Central Institute for 
Breeding of Laboratory Animals in Zeist, The 
Netherlands. After killing the rat mothers (CO 2 
inhalation) and decapitating the fetuses, fetal lungs 
were rapidly moved. Lungs of adult rats were 
perfused with saline to remove the red blood cells. 
Lung tissue used for the determination of fructose 
2,6-bisphosphate and glucose 1,6-bisphosphate 
were stored in liquid nitrogen, those used for the 
characterization of phosphofructokinase subunits 
or kinetic studies were immediately homogenized 
in 3 vols. of ice-cold extraction buffer as described 
by Dunaway and Kasten [9] containing 50 mM 
Tris-phosphate (pH 8.0)/25 mM N a F / 1  mM 
ATP/0.1 mM EDTA/25 mM (NH4)2SO4/10 
mM dithiothreitol/0.5 mM phenylmethylsulfonyl 
fluoride/1 mM p-aminobenzamidine/250 /xg/l 
leupeptin/0.1 mM p-tosyl-l-lysine chloromethyl- 
ketone-HC1. The homogenate was centrifuged for 
1 h at 100000 × g and the supernatant was stored 
at - 8 0 ° C .  

Characterization of phosphofructokinase subunit 
compositions 

Lung supernatants prepared as described above 
were thawed quickly, heated for 3 min at 60 °C 
and subsequently cooled in a NaC1 ice bath to 
4 ° C. The solution was centrifuged for 30 min at 
48 000 × g and 4 ° C. The supernatant fluid was 
partially purified by Cibacron blue F3GA affinity 
chromatography as described by Dunaway and 
Kasten [9]. The eluted fraction containing phos- 
phofructokinase activity was concentrated with an 
Amicon C30 microconcentrator and subjected to 
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SDS electrophoresis in 6% polyacrylamide gels 
according to Laemmli [24]. The gels were 
silverstained as described by Wray et al. [25]. The 
quantification of the phosphofructokinase subunit 
bands was performed using a Gilford Response 
spectrophotometer with gel scanning accessory. 

Immunoblotting 
Proteins separated.by SDS electrophoresis were 

transferred from un unfixed gel to a 0.45 /~m 
nitrocellulose sheet at 60 V for 2 h at 4 ° C  using a 
Bio-Rad Trans-Blot apparatus. The transfer buffer 
contained 25 mM Tr is /192  mM glycine (pH 8.3)/  
20% (v/v)  methanol. The nitrocellulose sheet was 
blocked overnight in blocking solution containing 
10 mM Tris-HC1 (pH 7.4)/0.9% NaC1/0.05% 
Tween 20. Subsequently the sheet was exposed to 
anti-phosphofructokinase serum in a 1 : 1000 dilu- 
tion for 2 h at room temperature. The diluent was 
a 10 mM Tris-HC1 (pH 7.4) solution with 0.9% 
NaC1 and 1% gelatin. After washing the blot with 
blocking solution, horseradish peroxidase con- 
jugated goat anti-rabbit IgG, diluted 1:5000 in 
the above diluent, was added and incubated for 90 
min at room temperature. After washing with 
blocking solution the blot was visualized using a 
4-chloro-l-naphthol staining solution [26]. 

Extraction and determination of glucose 1,6-bis- 
phosphate and fructose 2,6-bisphosphate 

50-100 mg of frozen lung tissue were powdered 
in a mortar cooled in liquid nitrogen. The powder 
was used for an alkaline extraction in 9 vols. of 
ice-cold 50 mM NaOH. After neutralization with 
1 M acetic acid in 20 mM Hepes, the extract was 
centrifuged for 10 min at 48000 × g and 4°C.  The 
supernatant was collected quantitatively and kept 
on ice. To ensure the stability of glucose 1,6-bis- 
phosphate and fructose 2,6-bisphosphate, the ex- 
tracts were brought to a pH of 10. Glucose 1,6- 
bisphosphate was assayed spectrophotometrically 
at 25°C according to Gerber et al. [27]. The 
glucose 1-phosphate used was essentially free of 
glucose 1,6-bisphosphate.  Fructose  2,6-bis- 
phosphate levels in the lung extracts were de- 
termined by stimulation of PPi-phosphofruc- 
tokinase of potato tubers according to Van Schaf- 
tingen et al. [18]. 

Assays of phosphofructokinase activity 
The activity of the enzyme was assayed in a 

final volume of 1 ml at 37°C in a Gilford Re- 
sponse spectrophotometer by measuring the de- 
crease in absorbance at 340 nm in the enzyme 
coupled assay using 1.4 units aldolase, 1.5 units 
sn-glycerol-3-phosphate dehydrogenase, 4.5 units 
triosephosphate isomerase and 0.2 mM NADH. 
Maximal velocities were measured in 100 mM 
Tris-HCl buffer (pH 8.0) containing 10 mM KC1, 
5 mM MgC12, 5 mM (NH4)zSO 4, 1 mM EDTA, 5 
mM dithiothreitol and 2 mM fructose 6-phos- 
phate. After incubation with sample, the reaction 
was started by the addition of 0.5 mM MgATP. 
One unit of phosphofructokinase activity is de- 
fined as the amount of enzyme converting 1 /~mol 
fructose 6-phosphate into fructose 1,6-bisphos- 
phate per min in the above system. 

For regulatory studies the phosphofructokinase 
assays were performed at 37°C in 50 mM Hepes 
(pH 7.1) /50 mM KC1/5 mM MgC12/0.5 mM 
(NH4)2SO4/0.5 mM E D T A / 1  mM dithiothrei- 
tol, 0.04% bovine serum a lbumin /0 .2  mM 
N A D H / 1 . 4  units aldolase/1.5 units sn-glycerol- 
3-phosphate dehydrogenase/4.5 units triosephos- 
phate isomerase/1 mM fructose 6-phosphate. The 
reaction was started by the addition of 1 mM 
MgATP. The activity is expressed as v/Vma x where 
v is the activity in the latter assay conditions (pH 
7.1) and Vma x is the optimal activity determined in 
the assay described above at pH 8.0. Protein con- 
tent was determined according to Bradford [28] 
using bovine serum albumin as a standard. 

Results 

Phosphofructokinase subunit composition in rat lung 
during perinatal development 

Lung phosphofructokinase was partially puri- 
fied using a heat step and Cibacron blue F3GA 
affinity chromatography. The overall recovery after 
Amicon concentration was approx. 60-80%. The 
difference in recovery did not influence the phos- 
phofructokinase subunit composition as proven by 
the following experiment. The same lung homo- 
genate was partially purified with and without a 
heat step of 3 min at 60 ° C. The overall recovery 
of the fraction with the heat step was approx. 25% 
lower than that of the partially purified fraction 
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Fig. 1. SDS-polyacrylamide gel electrophoresis of partially 
purified lung phosphofructokinase. Phosphofructokinase sam- 
ples of different days in rat lung development were subjected 
to SDS-polyacrylamide gel electrophoresis in a 6% poly- 
acrylamide gel and were silver stained. Each lane contains 1 jag 
of phosphofructokinase protein. The figure under each lane 
denotes the age in days relative to term. The far right lane 
( -  1") shows the results of immunoblotting studies with phos- 
phofructokinase at day -1 ,  carried out as described in 
Materials and Methods. 

without the heat step. The subunit composition of 
both fractions were identical. The heat step was 
necessary to get rid of disturbing proteins in the 
SDS electrophoresis and to enhance the reproduci- 
bility. The SDS electrophoresis of partially puri- 
fied lung phosphofructokinase showed three phos- 
phofructokinase subunits (Fig. 1): L, M and C 
with molecular weights of 80000, 82500 and 
86 000, respectively. These molecular weights are 
similar to those described by Dunaway and Kasten 
for a variety of other tissues [9,29]. The ratio of 
the three subunits (approx. 65% L, 25% M and 
10% C) does not change during perinatal develop- 
ment (Fig. 2). The identity of phosphofructokinase 
was confirmed by immunoblotting with an anti- 
phosphofructokinase serum (Fig. 1). 

Levels of glucose 1,6-bisphosphate and fructose 2,6- 
bisphosphate in rat lung during perinatal deoelop- 
ment 

Glucose 1,6-bisphosphate and fructose 2,6-bis- 
phosphate were determined in a 50 mM NaOH 
extract because both bisphosphates are acid labile 
and easily hydrolyse at low pH to glucose 6-phos- 
phate and fructose 6-phosphate, respectively. The 
amount of glucose 1,6-bisphosphate remained rel- 
atively constant in the period before birth with a 
slight decrease just before term (Fig. 3). A 300% 
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Fig. 2. Percentage of phosphofructokinase subunits L (11), M 
(O) and C (4) in rat lung during perinatal development. Each 
value in the curve represents the mean of three independent 
experiments. 

increase is seen 2 days after birth with a maximum 
of 1.04+ 0.12 /~mol glucose 1,6-bisphosphate/g 
protein. As the protein content of the rat lung at 
day 2 is approx. 44 mg protein per gram wet 
weight [7], the average level of glucose 1,6-bis- 
phosphate is 46/~mol/kg wet weight. 

The fructose 2,6-bisphosphate curve shows no 
similarity to that of glucose 1,6-bisphosphate (Fig. 
4); whereas glucose 1,6-bisphosphate peaks after 
birth, two peaks of fructose 2,6-bisphosphate ap- 
pear before birth. Maximal levels of fructose 2,6- 
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Fig, 3. Glucose 1,6-bisphosphate content of rat lung during 
perinatal development. Values are mean+S.E, of five experi- 
ments. 
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Fig .  4. Fructose 2,6-bisphosphate content of rat lung during 
perinatal development. Values are mean_+ S.E. of five experi- 
ments. 

bisphosphate are reached at 2 and 1 days before 
birth (36.0 n m o l / g  protein). After a minor in- 
crease 2 days after term, an adult value of approx. 
23 n m o l / g  protein is reached. 

Stimulation of rat lung phosphofructokinase by glu- 
cose 1,6-bisphosphate and fructose 2,6-bisphosphate 

To remove endogenous glucose 1,6-bisphos- 
phate, fructose 2,6-bisphosphate and other effec- 
tors, the lung extracts were thoroughly dialyzed 
against extraction buffer (see Materials and Meth- 
ods), with omission of 1 mM ATP. To remove any 
possibly contaminating fructose 2,6-bisphosphate 
in the fructose 6-phosphate solution which is used 
as a substrate in the phosphofructokinase activity 
assay, HC1 was added to obtain a pH of 2. The 
solution was heated for 30 min and subsequently 
neutralized with NaOH. The excess of am- 
moniumsulfate in the auxiliary enzymes was re- 
moved by G-25 gelfiltration. 

The effect of fructose 2,6-bisphosphate and glu- 
cose 1,6-bisphosphate on lung phosphofruc- 
tokinase was studied at three different times in 
perinatal development: 1 day before birth ( d a y -  
1), 1 day after birth (day + 1) and 10 days after 
birth (day + 10). At 1.0 mM ATP and 1.0 mM 
fructose 6-phosphate (pH 7.1), half maximal 
stimulations were obtained with 0.20 ffM fructose 
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Fig .  5. Fructose 2,6-bisphosphate activation of rat lung phos- 
phofructokinase at 1 day before birth ( O ) ;  1 day after birth 
(D) a n d  10 days after birth (zx). Results are expressed as  ratio 
of the maximal velocities ( U / V m a × )  under the conditions de- 
scribed in Materials and Methods. Values are means of three 
independent experiments. 

2,6-bisphosphate at d a y - 1 ,  0.17 ffM fructose 
2,6-bisphosphate at day + 1 and 0.34 ffM fructose 
2,6-bisphosphate at day + 10. Phosphofruc- 
tokinase of all samples could be stimulated by 
fructose 2,6-bisphosphate to activities reached un- 
der optimal conditions, i.e., Vma x (Fig. 5). Under 
identical conditions the effect of glucose 1,6-bis- 
phosphate was investigated (Fig. 6). Half maximal 
stimulations were obtained at 24.1, 70.9 and 51.2 
ffM glucose 1,6-bisphosphate for day - 1, + 1 and 
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Fig. 6. Glucose 1,6-bisphosphate activation of rat lung phos- 
pbofructoIdnase at I day before birth (O); ] day after birth 
([3) and 10 days after birth (zx). Results are expressed as ratio 
of the maximal velocities (v/Vmax) under the conditions de- 
scribed in Materials and Methods. Values are mean of two 
independent experiments. The variation between the two ex-  

p e r i m e n t s  was less than 10%. 
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+ 10, respectively. Glucose 1,6-bisphosphate ap- 
pears to be a weaker activator than fructose 2,6- 
bisphosphate and stimulates phosphofructokinase 
only to 29%, 22% and 43% of Vm~ for d a y -  1, 
+ 1 and + 10, respectively. 

Discussion 

Up to now only little attention has been paid to 
the metabolic pathway between glucose 6-phos- 
phate and dihydroxyacetonephosphate in studies 
on pulmonary surfactant synthesis during lung 
development. Glucose 6-phosphate is formed as 
an intermediate during glycogen breakdown and 
dihydroxyacetonephosphate is a glycolytic source 
for surfactant phospholipid synthesis. In a previ- 
ous study [7] we showed that the specific activity 
of phosphofructokinase, the only key enzyme be- 
tween glucose 6-phosphate and dihydroxy- 
acetonephosphate, increased concomitantly with 
the onset of prenatal surfactant synthesis. 

In this study we examined the role of two 
important effectors of phosphofructokinase activ- 
ity, glucose 1,6-bisphosphate and fructose 2,6-bis- 
phosphate. The effect of these bisphosphates on 
the phosphofructokinase activity depends on the 
isozyme composition of this enzyme [30,31]. Tsai 
and Kemp [32] showed by electrophoretic and 
immunoprecipitation data that rabbit lung phos- 
phofructokinase is composed of M and L types 
and their hybrids. In contrast, our studies show 
that all three types of phosphofructokinase sub- 
units are expressed in rat lung in a ratio L / M / C  
of approx. 65 : 25 : 10. The results also indicate 
that there is no change in subunit composition 
during lung development. Immunotitration studies 
with anti-sera against phosphofructokinase sub- 
units L, M and C also pointed at a constant L, M 
and C subunit ratio in rat lung during perinatal 
development (data not shown). 

In view of these findings the following remarks 
can be made: (i) as hybridization is possible be- 
tween the three subunits, lung phosphofruc- 
tokinase consists of many different isozymes and 
we might expect a very complex regulation of 
phosphofructokinase activity; (ii) the increase in 
phosphofructokinase specific activity in the period 
before birth [7] is not associated with a change in 
subunit composition; (iii) a difference in regu- 

lation of phosphofructokinase activity on the basis 
of subunit composition during lung development 
is not to be expected. 

Although we did observe a difference in phos- 
phofructokinase activation by glucose 1,6-bis- 
phosphate at different stages of development (Fig. 
6) it is questionable whether this relative small 
difference has physiological meaning. These stimu- 
lation experiments were performed to show the 
susceptibility of lung phosphofructokinase to 
activation by glucose 1,6-bisphosphate and fruc- 
tose 2,6-bisphosphate under conditions in vitro 
where phosphofructokinase is sensitive to regu- 
lation. On the other hand, there seems to be no 
difference in phosphofructokinase activation by 
fructose 2,6-bisphosphate (Fig. 5) during lung 
development and the results suggest that lung 
phosphofructokinase has a much higher affinity 
for fructose 2,6-bisphosphate compared to glucose 
1,6-bisphosphate. These findings correspond with 
those found for muscle [17] and liver [19] phos- 
phofructokinase. 

The absolute amount of glucose 1,6-bisphos- 
phate in the rat lungs increases dramatically after 
birth with a maximum of approx. 1.0 #mol /g  
protein at 2 days after birth. As both glycogen 
breakdown and the acceleration of surfactant 
synthesis take place in the last 2 days of gestation 
there seems to be no correlation between the time 
of maximal glucose 1,6-bisphosphate content and 
the time of glycogen breakdown and onset of 
surfactant synthesis. It should be noted, however, 
that the rate of surfactant phosphatidylcholine 
synthesis and the accumulation of this lipid in the 
alveolar spaces reach maximal values almost 
coinciding with the glucose 1,6-bisphosphate level 
[33]. We found in adult rat lung 21 #mol glucose 
1,6-bisphosphate/kg wet weight. 

The time of maximal fructose 2,6-bisphosphate 
content in rat lung does correspond with the time 
of glycogen breakdown and the acceleration of 
surfactant synthesis in the rat lung. The con- 
centration of glucose 1,6-bisphosphate found in 
rat lung during perinatal development varies from 
13.5 #M to 55.0 #M and that of fructose 2,6-bis- 
phosphate from 0.29 #M to 2.0 #M. These con- 
centrations were calculated assuming that on aver- 
age 83% of the wet weight consists of water [34]. 
The half maximal activation of lung phosphofruc- 
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tokinase in our assay conditions takes place at 
roughly 0.25/~M fructose 2,6-bisphosphate and 50 
/~M glucose 1,6-bisphosphate. That would suggest 
that in those rat lungs which have high levels of 
glucose 1,6-bisphosphate, phosphofructokinase is 
activated and that in all rat lungs during perinatal 
development phosphofructokinase is activated by 
fructose 2,6-bisphosphate. However, the experi- 
mental conditions used do not reflect the in vivo 
situation and especially the effect of hexose 
bisphosphates on phosphofructokinase is very 
dependent on the experimental conditions [19]. 

Another physiological consequence of the 
changes in fructose 2,6-bisphosphate (and possibly 
glucose 1,6-bisphosphate) levels in rat lung might 
be found in a very recent discovery of a phos- 
phofructokinase inactivating protein by Brand and 
S~Sling [35]. The inactivation of phosphofruc- 
tokinase by this inactivating protein results in 
dissociation of the enzyme to inactive protomers 
and has been demonstrated for liver, muscle and 
brain. Fructose 2,6-bisphosphate and fructose 
1,6-bisphosphate inhibit the inactivating protein; 
the authors suggest that changes in concentration 
of fructose 2,6-bisphosphate or fructose 1,6-bis- 
phosphate (and possibly glucose 1,6-bisphosphate) 
might regulate phosphofructokinase activity in this 
way in addition to their importance as positive 
allosteric effectors of phosphofructokinase activ- 
ity. 

In conclusion, the acceleration of surfactant 
synthesis might well be regulated at the glycolytic 
level by fructose 2,6-bisphosphate activation of 
phosphofructokinase. The onset of this process 
seems neither to be regulated by a change in 
glucose 1,6-bisphosphate nor by a change in sub- 
unit composition of phosphofructokinase during 
perinatal development. 

However, it has to be considered that synthesis 
of lung surfactant takes place in type II alveolar 
pneumocytes. Fetal lungs consist, depending on 
their gestational age, of 20-45% type II pneumo- 
cytes [36]. Preliminary results demonstrated that 
all three subunits of phosphofructokinase are 
expressed in the type II cell and we are now 
investigating the activities of glycolytic enzymes 
and their effectors in the isolated type II alveolar 
pneumocytes. 
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