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SUbWARY 

A lcw molecular weight conpound that activates purified rat liver phos- 
phofructokinase has been isolated and partially purified from rat hepatocyte 
extracts. It can be separated fram both fructose bisphosphate and AMP on 
DlWLSephadex. Incubation of rat hepatocytes with glucagon lowers the level 
of this activator, and this accounts for the inhibition of phosphofructoki- 
nase that was observed in hepatocyte extracts (S. Pilkis, et al. (1979) 
Biochem. Biophys. Res. Conmun. C$, 960-967). Other characteristics of this 
activator are described which suggest that it is not any of the known 
effecters of rat liver phcsphofructokinase. 

IM'ROIXJCTION 

Hepatic phosphofructokinase (PFK) has been identified as a site of glu- 

cagon action (l-4). The hormone stimulates 32P-incorporation into,the 

enzyme in vivo (3) and in isolated hepatocytes (4), and the cyclic -- 

AMP-dependent protein kinase catalyzes the phosphorylation of purified PFK 

in vitro (5). -- From these results, it has been suggested that glucagon causes 

inhibition of the enzyme by stimulating its phosphorylation (2,3). However, 

we recently have shown that the inactivation of the enzyme by glucagcn 

observed in crude bepatocyte extracts is due to a change in the level of an 

unidentified effector rather than to phcsphorylation of the enzyme (4). 

In this report, we describe some characteristics of the effector that is 

responsible for the inhibition of PFK by glucqon. The results suggest that 

it is not one of the km effecters of rat hepatic PFK. 

Preparation of Hepatocyte Extracts and Filtrates. Isolated hepatocytes were 
prepared frcan fed rats as described previously (4). After incubation for 10 
min with or without 10 nM glucagon, heated extracts from 5 ml aliquots of the 
cell suspension (50 mg liver/ml) were prepared as described previously (4) 
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except that the cells were homcgenized in 1.5 ml of buffer that contained 30 
IIM potassium phosphate, pH 7.5, 100 rrM NaF, 1 rrM MICA, and 20 IIM B-mercapte 
ethanol. Filtrates were prepared by filtering the heated extracts through 
YM-5 mambranes (Amicon) in an Amiccn ultrafiltration device. The filtrates 
had no PFK activity and ware essentially free of protein as determined by 
my protein analysis. 

Purification of Pat Liver PEK. Pat liver PFK was purified by a modification 
(5) of the method of Kenp (6) . It had a specific activity of 95 U/rig 
protein, and was bonqeneous as determined @ sodium dodecyl sulfate disc gel 
electrophoresis (data not shown). 

Assay of PFK. PEX activity was determined with the aldolase-oupled assay as 
described previously (1,4). Activation of PFK by the filtrate was determined 
by pre-incubating an aliguot of the filtrate and PFK in 1 ml of the assay 
mixture for 3 min and then starting the reaction with 0.2 rrM fructose-6-phce- 
@ate. The rate of the reaction at a given substrate concentration (v) was 
expressed as a fraction of the maximum rate (Vmax). Ibe maximum activity 
of PFX was determined in the presence of 4 rrM fructose-6-phosphate plus 1 M4 
AMP. In no instance did addition of the filtrate affect the maximum activity 
of PFK measured under these conditions. 

REsums 

Previously, we presented evidence that strongly suggested that the 

inhibition of PFK by glucagcn observed in hepatocyte extracts was mediated 

by a charge in the level of an effector of the enzyme (4). However, the 

identity of this effector had not been established. In order to aid its 

identification, we prepared protein-free filtrates by passiq heated extracts 

of basal and glucagcn-treated cells through a X4-5 membrane. The effect of 

these filtrates an the activity of purified rat liver PFK is shown in Fig. 1. 

Khen PFX was assayed in the presence of filtrate from basal cells, the So 5 . 

for fructosed-phosphate was 0.12 Ml, while the So 5 in the presence of . 

filtrate fran glucqon-treated cells was 0.52 mM. When only hancgenizing 

buffer was added to the enzyme, the So 5 was 1.4 IN. These results are . 

identical to those obtained when PFK was assayed in heated extracts fran 

cells incubated in the absence and presence of glucagcn (4) . Similar 

results were obtained using extracts that had been passed through a U+2 

membrane (IW cut off, 1000) which retains the stabilizing factor that was 

reported & lxlnaway and &gal (7) to be an activator of the en-. 

The results of Fig. 1 suggest that the hornone effect is due to different 
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Fiq. 1. Effect of filtrates from basal and glwagm-treated cells on the 
fruAcse-6-phosphate (F6P) dependency of purified rat liver PEK. Filtrates 
and plre PFK ware prepared as &scribed under !4ztlm3.5. PFK activity (20 nU) 
was measured in the presence of 40 ~1 filtrate or hmqeniziq buffer. 

amounts of an activator(s) in the filtrates. This is sqzqorted by the 

results in Fig. 2 where purified PFK was assayed with increasing arfounts of 

filtrate from cells incubated with OK without glucagm. About 3 times mre 

filtrate from glucagcn-treated cells than from basal cells was needed to 

half-maximally activate PFK. When the filtrates were treated with charcoal 

in order to renwve AMP and other nucleotides, the amount of filtrate from 

basalcells that was needed to halfmaximally activate PFX increased from 

8 ~1 tD 16 ~1 (Fig. 2). The am3unt of filtrate from glucagcn-treated cells 

dranratically increased from 25 pl ti 65 ~1. These results suggest that the 

activator was not AMP. They also suggest that the itiibitian of PFK activity 

by glucagcn seen in heated extracts (4) =s due to a substantial decrease in 

the mt of activator in the heated extracts from glucagon-treated cells. 

F'urther purification of the PEK effector from a charcoal-treated filtrate 

of basal cells was &ieved by DEN?-Sephadex chromatography (Fig. 3). The 

fractions that were able to activate PFK were clearly separated from those 

that contained [32P]Pi or the m>nophosphate, [3HJIMP. The activator 

was elutd in the sugar diphosphate region, but was slightly separated from 
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Fiq. 2. Effect of imreasirg axount of filtrate co the activity of purified 
rat liver PFK. PFK was assayed with 0.2 IM F6P in the present of filtrate 
frcxn basal (o,m ) or glucagco-treated cells (o,o ). The filtrates were 
either hot treated (o,o) or treated with charcoal (a ,O ) prior to the assay. 
!Ihe arrcws represent the amunt of filtrate needed to half-maximally activate 
PFK. The values are basal, m-treated (0) : 8 ~1; basal, treated (m ) : 
16 ~1; glucagon, mm-treated (0): 24 ~1; glucagm, treated (0): 65 ul. 

FRACTION NO. 

Fiq. 3. DEW-Sephadex chrcanatcgrap~ of charcoal-treated filtrates. Tracer 
amunts Of [32P]Pi, [3H]AMP, and [l C]EDP were added to 20 ml of 
filtrate from either basal GE gluc;qcn-treated cells and the sarrple wlied 
to a 0.9x10 cm DISE-Sephadex co&m in 10 xt4 triethylammium bicarbte 
~'i-!FX-m), pH 8.2. After washing with 25 ml of 10 IIN 'IEA-q, 
the sanples were eluted with a linear gradient (10-500 Ml TEA-IXDj). 
Aliguots (20 ul) of the fractions (1.3 ml) were assayed for their ability to 
activate PFK (U,*) as described in Fig. 2. 0 , basal filtrate; I , 
glucqm filtrate. 
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Ficl. 4. The time ccurse of inactivation of the PFK activator at pH 3. 
Charcoal-treated filtrak frcm basal cells was adjusted tc pH 3 by the 
addition of 1N IEl and imubated at 250. At the given times, an aliquot 
was withdrawn amI the pH raised tc 7 by the additim of 1 N NaCfi. PEK 
activity was measured with 40 ~1 of the filtrate in the presence of 0.2 Ml 
F6P. 

froctose l,6-bisphosphate. Both glucose-1,6-diphosphate and sedoheptulose- 

1,7diphosphate, known activators of rat liver PFK (8), were eluted prior to 

fructose 1,6-bisphosphate (results not shcwn). k&en a charcoal-treated 

filtrati of glucqco-treated cells ms chrcnnatqraphed on an identical 

column, only abort 10 percent as nuch PER activator was found (Fig. 3). 

Figure 4 shows the time course of inactivaticm of the activator at pH 3 

and 25o. Approximately half of the ability of the charcoal-treated 

filtrate to activate PFX was lost in 8 min and only 20 percent of the 

initial activity remained after 30 min. Under the sama conditions, fructose 

1,6-bisphosphate was almost completely stable for 30 min (Fig. 4). Glucose 

diphosphate and sedcheptulose 1,7-diphosphate gave results similar to 

fructose bisphosphate (results not shm). When charcoal-treated filtrates 

from basal and glucagon-treated cells ware subjected to pH 3 for 30 min and 

then tested for their ability to activate PFK, no hormcKle effect was observed 

and the So 5 was 0.8 rrEl in both cases (Fig. 5). In contrast, the ability . 
of the filtrate to activate PFX was insensitive to treatment with alkali 

(Fig. 5). In fact, the activator was unaffected by heating at 90° for 30 
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pi. S,.EXfect of acid and base treatment of filtrates m the activity of 
Filtrates frm basal cells (0~0 ) or glucagm-treated cells (0, ) 

&bated at 250 for 30 min at pH 3 (o,o) or pH 11 (m , o ) . 
were 

PFK activity 
uas measured as described in Fig. 1. 

min in 0.25 NacH, corditicns which degrade fructose 1,6-bisphosphate 

(9) (results not shown). 

We have determined soma other characteristics of this activator. It is 

unaffected by boil& at neutral pH for 3 min, or by treatment with 

proteases. It can bedestroyed by treatment with alkaline phosphatase, and 

it can be precipitated with &Cl2 in the absence of ethanol or with 

DISCDSIDN 

Ihe results we report here shav thatglucagon causes inhibition of PFK 

by l-ring the level of a low nolecular weight activator (Figs. l-3). The 

activator is negatively charged. It is not likely a nucleotide or nuclecside 

sitrze it is rot readily adsorbed on charcoal and has no adsorption at 260 run. 

It has scme characteristics of a sugar diphosphate since it is precipitated 

by HaC12 in the absence of ethanol (lo), and it can be eluted fran 

DEAeSephadex in the sugar diphcsphate region (Fig. 5). Of the km 

activators, only fructose 1,6-bisphosphate changes in response to glucagcn 

in such a way as world result in inhibition of PFK (l-l-Y). However, data 

presented here indicate that the activator is not fructose 1,6-bisphoqhate. 
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It does not co-chromaqraph with fructose 1,6-bisphosphate cn DEAE-Sephadex 

(Fig. 3) and it is much xore acid labile (Fig. 4). Also, the fact that the 

activaticm of PFK was measured with the aldolase-cowled assay, &ich 

measures fructose 1,6-bisphosphate production, tends to rule out fructose 

1,6-bisphosphate as the activator. 

Although inhibition of PFK by glucagon is explained in large part by a 

decrease in this activator , the stirmlatian of PFK phosphorylation (3,4) also 

may play a role in regulatim of PFK flux and activity. The possibility that 

phosphorylaticn alters the sensitivity of the enxyne to activation by this 

effector is currently under investigation. 

Sune structural characteristics of the activator are suggested b its 

behavior in acid ard base. The lability of the activator in acid (Fig. 4) 

but stability in base (Fig. 5) are characteristic properties of phosphate 

esters on hemiacetalic hydroxyl groups (15). If the activator is an hexose 

diphosphate, a-m of the phosphates must be located on the hemiacetalic 

hydroxyl grog of either the aldohexose or the ketohexose. Work is in 

progress to elucidate the structure of what may be an as yet unidentified 

effector of the rat liver enzyme. 

Note Added inProof: Since the submission of this manuscript we have 

learned fran the editors of this journal that E. Schaftingen and H.G. Hers 

have described a similar activator and identified it as 2,6-fructose 

bisphosphate. We have preliminary evidence for the same structure. 

Ackmledqenmt. 'Ihis research was supported 5 NIH Grant PM 18270. 
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