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SUMMARY

Pliosphofructokinase from the guinea pig heart is an extremely labile enzynme. It be-
comes more stable in the presence of perchlom-ic acid extracts from the liver. Fructose-
1,6-P2 has been identifle! in these extracts as a potent stal)ilmzer for the enzyme. The

stabilizing effects for enzyme activity of the following foum- groups of compounds were
tested: thiol (lem-ivatives, hexose phosphate.s, adeny!ic nucleotides, and polyvalent in-

organic anions. The mnost potent representatives of these groups are: glutathione or

mercaptoethanol, fructose-1,6-P2, ADP or ATP, and phosphate or sulfate anion. A com-

bination of these agents, besides providing complete protection for the enzyme. causes a
slight activation during incubation.

iNTRODUCTION

Phosphofructokinase is the enzyme which
catalyzes Reaction 1:

Mg5�

fructose-ti-P + ATP --+ fructose-I,6-P, + Al)P

(1)

A numimbem of reports in time literature in-

dicate that Phosl)lmofructOkinase plays an
important mole in the regulation of gly-

colysis in time cell (1-3). Two types of

(Irugs have been shown to affect glycolysis

through a specific action on the enzyme:

(a) antimonial compounds, whicim inimibit

g!yco!ysis in uSchistosoina inansoni (4)
(b) serotonin, which stimulates glycolysis

in Fasciola h.epatic.a (5). Some evidence has
been reported recently which suggests that

insulin might affect phosphofructokinase in

heart and skeletal muscle (6, 7). Attempts

to ruri fy phosphofructokinase fi-om vaiious

sources have always been handicapped by
the marked instability of the enzyme (8,
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9 ) . Recent investigations in oui laboratory

(lesignet! to isolmtte heart l)hosl)hofructo-
kinasc in a Imigimly l)u�e state demimonstrated

that time enzyme l)econles extremely labile
after a milti degree of I)urification (10).
Factors that were found to contribute to

the instability of the enzyme are: an acid
pH, the l)rcsence of the enzyme in the

diluted form, and the sepat-ation of the
enzyme from certain tissue components,

�artidularly aftem- passage through a Seph-
at!ex G-75 column. Colowick 11) and

Utter (12) suggested that a thermostable
“stabilizing factor”2 is pi-esent in tile tissues

ant! is important for maintaining tile sta-

bility of phosphofructokinase. Recently, it
was demonstrated that certain tissue ex-
tracts from the heart ant! other organs

can reactivate acid-inactivated heart phos-

phofructokinase (13). This effect was not

2 The followimmg terms are used in tlmms paper:

“stabilization” describes the process of preventing

loss of enzyme activity; “reactivation” describes

the iroccss of recovering activity of an enzyme

whichm has previously been inactivated; “activa-

tion” describes an increase in activity of an en-

zvnu whiclm has not previously been inactivated.

�13
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abolislmed aftei i)Oiiing time tissue extracts.

Of time tissue extracts tested livem- extracts
weme the niost l)otent. The question arose

whetimer hmmanmmmalian tissues contain certain

coimiponents that would increase the sta-

bility of l)llO51)lmofflmctokinase. This i�tti�em

l)meseflts data i-elating to time identification
of some of timese coml)onents as well as

time conditions found to he optihmmal for en-

Z’VhIi(’ stal)ilitV.

MATERIALS AND METHOI)S

(; ui nea pig Imeait 1)11051)1)0 fm-uctokinase
was prepared i)y a l)rocedure described
l)efore (10). rn enzyme, isolated after

Mg-ethanol precipitation (step 3) , with a

specific activity of approximately 2.3 units
(see 1)elow) per nmilligraimm 1)motein at 2S�

an(l 1)H 8.2 was used tlmmouglmoimt tlmese cx-

pet-inments. The enzyimmes ttI(!OlaSe, tmi-

osel)lmosplmate isomml(’iase, a-glyceroplmosphate
tleimydrogenase, plmosplmoglucose isoimierase,

glucose-6-phosphate dehydi-ogenase , and
phosphogluconiimt ase weme l)urcllas(’( I fmon
Boeliiinger an(! Sons through time Califoinia

Com-poration fom Biocheimmical Heseaicim.

Phosphofrimctokinase activity was mmmeas-

ure(! in a sei-ies of i-eactions in which it

was coupled With excess mmnmounts of

aldolase, triosei)lmosl)lmate isoimmerase, an( I

g1ycerOphOs�)Imate dehydiogenase systei ii s

for the measuremnent of fructose-I 6-P2 l)m0

!uced. Time rate of disappearance of DPXH
was measum-ed spectroplmotometmi (R 1ly . rfle

reaction mixture provided contlitions for

maximal enzyme activity as m-eportetl be-

fore (10). A unit of phosplmofructokinase
is time amount of enzyme that catalyzes time

foritiation of 1 �mole of fructose-1,6-P2

per minute. Since time enzyiime used in time
experiments descrihetl below’ was highly

diluted, the activity is exj)resse(l in imiilii-

units. Perchioiic acid extracts fi-om time

guinea pig livem- w’ere l)reParetl by imommiog-

enizing the liver in a Waring Blendor with

an equal volume of water; 70�/ peichloric

acid was then a(l(lCd (Irop’visc w’ith eon-

stant stirring until the final concentration

was 4%. The piotein residue was removed
by centrifugation and time supernatant fluid
\%-as tiecanteul anti neutralized with 30%

KOH. Time potassiuimm j)elciiloiate i-esidue
!ornle(! W’t&S centrifuged in time cold anti

!iscam-ded. Time sul)ernatant fluid is referred

to as the liver perchloric acit! extract. The
following hexose phosphates were deter-

nline(i enzyimiicaily tlmm-ougii coupled en-

zvmmie reactions which involveti oxidation of
I)PNH om ieduetion of TPN: glucose-1-P,
glucose-6-P, fmuctose-6-P, fructose- 1 ,6-P�

and ti-iosepimospimates (14). Time following
analytical nietimods were used: time method

of floinori (15 for inorganic pimosphate,

tile methoti of Somogyi (16) for reducing

sugars, and time resorcinoi methoti of Roe

for ketoses (1 fl as modified by Higashi an(l
Peters (18). Stability of the enzyimme w’as

meastmre(! by incubating a diluted solution

of time enzymne containing al)olmt 20 immilli-

units ) mmmU) of plmosphofmuctokinase in

0.05 �m Tris-chiom�ide pH 8.0 and time tested

addit ions. Enzvimme activity �s’as imieasured

before incubation ant! at time end of time
incubation time. The percentage of en-

zvme activity which ��‘as left after such

incubation was cal ciii �it(’(J

RESULTS

�‘�-‘tabiiitij of Ph osph.ofructokinase

As iilustmated in Fig. 1, a dilute sohmtion

of l)imosi)imofmuctokinase, when kept. at 0#{176},
show-s a pmogressive inactivation wimiclm was

nearly coimll)!ete in 4-5 hr. The addition of

0.01 M glutathione and 0.01% albumin did
not significantly affect enzymrme stability.

Inactivation was accelerated at high tem-

peratures and at an acidic pH.
In preliminary experiments, it w’as found

that extracts from tile heart, liver, brain,
an(l other tissues w-ere effective in en-

imancing the stability of phosphofructo-

kinase. This pmoperty was not dinminished

by boiling or by precipitation of time pro-

teins by 4% perchloric acid. Thus, time
stabilizing effect of timese tissue extracts is

not (lime to a mionspecific protein protective

effect. Time stabilizing effect of guinea pig

livem- l)erchloric acid extracts on phospho-

fructokinase is illustrated in Fig. 1. It can

be seen that at. a concentration as low’ as

5% (by volume), the liver exti-acts greatly
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Fia. 1. Stabilizing effect of lirer perc/i!oric acid

extract on phosphofruc/okiuase

Each tube contained an incubation Inixture

(1 ml) which had a final concentration of 0.01 M

Tris-HC1 buffer (iH 8.0) and 34 mU of phos-

phofructokinase. Otimer additions : curve A, none;

curve B, 0.01 M reduced glutathione and 0.01%

bovine serum albumin ; curves C, D, and E, re-

spectively, 2%, 5%, and 10% (by volume) liver

perchioric acid extract. All tubes �sere incubated

at 0#{176}.Aliquots were taken and assayed for en-

zyme activity at time indicated time intervals.

increased the stability of time enzyme. Ex-

periments were carried out to test the
stabilizing effect of the liver extract in

the presence as well as in the absence
of sulfhydryl compounds. It was found that
while the liver extract could stabilize time

enzyme by itself its effect was potentiated

in the presence of glutathione. Glutathione
without liver extracts had no significant

effect.

Studies on the Nature of the Stabilizing
Effect of Liver Perchioric Acid Extracts

Preliminary studies on the nature of the
stabilizing factor(s) in the liver perchloric

acid extract indicated that it. is an anion
since it was atisorbed on Dow’ex-l resin and
not on Dowex-50. In order to achieve a
certain degree of purification of the sta-

bilizing factor(s) in these extracts a sample
was placed on a Dowex-1 resin co!umnn. All

the stabilizing activity was atisorhed on
this column It was eluted with a linear

gradient of animonium formate ant! sodium
formate. When the different fractions of

the eluate were assayed for their effect

on stabilizing l)hosphmofructokinase, it was

observed that the active component in
these extracts w’as eluted as a relatively

broad band. Timis suggested the existence of

more than one stabilizing factor.
The fractions that contained stabilizing

factor(s) eluted from the Dowex-1 were

pooled and lyophilized to eliminate the

formate. The sample was then placed on

a DEAE-celiulose colunin for further frac-
tionation. Linear gradient eiution of this
column iesulted in extraction of the sta-
biiizing factor(s) in two sepamate peaks

which com-responded with UV-absorbing

mmmatem-ial. Analysis of tile pooled eluate

fron time two active l)eaks is summarized

in Table 1. It is observed that these two

TABLE 1
.1 nalys’is of actire elude from DEA E cellulose

Two pooled active fractions eluted from the

DEAE cellulose column (see text) were analyzed.
Enzymic assays for hexose phosphate and trioses

(dihydroxyacetone phosphate and glyceraldehyde-
3-phosphate) were carried out as described in

Materials and Methods. Total reducing compounds,

total ketoses, and inorganic phosphate were deter-

mined nonenzymicaliy (see Materials and Methods).

Results are in j.imoles per fraction (total volume

for each fraction was 102 ml for A and 51 ml for 13).

Componeimts

Fractions

A B

Ketoses 24.7 0.13
Total reducing compounds 2.53 -�

Trioses 0.25 0.05
Fructose-l,6-P2 2.34 0. tO
Fructose-fl-P 0.0 0.0
Glucose-fl-P 0.0 0.0
Glucose-i-P 0.() 0.0
Inorganic phosphate 3.75 0.32
E,na. (mM) 256 258

Emin (mM) 233 238

Not determined.

peaks contain ketoses wimicim include some
D-fructose-1 ,6-P2, inorganic phosphate, and
UV-absorbing substances. A large portion

of tile ketoses meimlained unaccounted for.
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It was further found that time stabilizing

factor(s) in the liver extract can he pre-

cipitated with BaCl2 at pH 8.0. The barium

salts were fractionated on a Dow’ex-l

fornmate column. Two major active peaks

were obtained. Again relatively large

amounts of ketoses were present in both

peaks. About one-third of these could be
accounted for as fructose-1,6-P2, and the
rest remnain as yet unidentified.

Studies on the Stabilizing Effect of Hexosc

Phosphates, Adenine Nucleotides, and In-

organic Ions

The finding that the stabilizing fraction
from the liver extract contained hexose

phosphates, inorganic phosphate, and nuc-
leotide-like material led to further investi-

gation on the stabilizing properties of these

agents. The protective effect of the adenylic

nucleotides is summarized in Table 2. None

TABLE 2

Stahili:ing effect of adenylic nucleotides

Phosphofructokinase (21 mU) was incubated in 1

ml of a solution containing 0.05 M Tris chloride pH

8.0 for 10 minutes at 300 with the indicated addi-

tions. Enzyme activity was determined at the

beginning as well as at the termination of incubation

time. Figures represent percentage of initial ac-

tivity left in the incubation mixture after 10 mm

incubation.

Nucleotide

Activity after

� of in
10 mm incubation

itial activity)

Without With glutathione

(l0� M) glutathione 0.01 M

None 22 25

ATP 24 77

ADP 32 76

AMP 36 44

Cyclic 3’,5’- 38 50

A1\’IP

of time adenylic nucieotides tested showed

a considerable effect in stabilizing phos-
phofructokinasc when these agents were

tested alone. However, when the nucleo-

tides were tested in the presence of a sulf-

hydryi compound, a significant stabilizing

effect w’as obsem-ved. In experimmients not

summarized imere, glutathione and mci-

captoethanol were show’n to be more effec-

tive than cysteine in potentiating the sta-

bilizing action of the nucleotides. The most

active stabilizing nucleotides tested were

ATP and ADP (Table 2).
Figure 2 shows the pm-otective effect of

different hexose phosphates. Of the com-

Fio. 2. Stabilizing effect of the lerose p/io.�-

phates on phosphofructo/:inase

Each tube contained in 1 ml volume : 0.05 M

Tris-HC1 (pH 8.0), 0.005 �i reduced glutathione,

15.5 mU of phosphofructokinase, and the in-

dicated addition. Abscissa represents log concen-

tration of the indicated hexose phosphate, an(h

ordinate represents percentage of enzyme activity

left in the mixture after 10 mm incubation at

300. The following abbreviations are used in the

figure : G-1-P, glucose-i-P ; G-8-P, glucose-6-P;

P-e-P, fructose-fl-P ; and FDP, fructose-1,6-P�.

pounds tested, fmuctose-1 ,6-P� had time
Imighest protective effect. A concentration

of 10� M of the hexose l)hosl)hate provided
100% protection for time enzymne during

the test period of 10 nmin. A significant

stabilizing effect was also obsemved at con-

centrations of 10� M. For comparison the

effect of ADP is also shown in Fig. 2, an(!

it can be seen that it is less potent than

fructose-1,6-P2. The other hexose phos-

phates, fructose-6-P, giucose-6-P, and
g!ucose-1-P, were less potent. The free

monosaccharides had no protective effect

on the enzyme (Fig. 2).

Experiments on tile protective effect of
inorganic ions on phosphofm-uctokinase am-c
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FIG. 3. Stabilizing effect of inorganic ions on

PS osphofructokinase

Each tube contained in 1 ml : 0.05 M Tris

chloride, 0.005 i�t glutathione, 25 mU of enzyme,

and the indicated concentration of inorganic ion.

Abscissa represents log concentration of the in-

(heated ion, and ordinate represents percentage

of enzyme activity left in the mixture after 10

mm incubation at 30#{176}.

sumiimnariz’ml in Fig. 3. Pimosphate, sulfate,

and pyropimospimate protected tile enzyme

at concentrations above 0.001 �m whereas

Mg�� appeared to have 110 significant effect.

A combination of different varieties of

stabilizing agents described above could

provide complete protection to the enzyme

under conditions that cause nearly coimi-
plete enzyme inactivation. Timese results

are summarized in Table 3. For example,

a comimbination of an adenyhic nucleotide

(ADP) and a hexose pimospilate (fructose-

1,6-P3) or a polyvaient anion (PO4�� or

SO1�) showed an initial enzyme activity
higher than that of the control and some
degree of enzyme activation during the

15-mm pem-iod of incubation. The high mi-
tial enzyme activity mmght be due to pro-
tection of the enzyme during enzyme

dilution afforded by time stabilizers.

The effect of a combination of stabilizers

was tested on phosphofructokinase during
and after its passage through Sephadex

0-75. Elution in the absence of any stabi-

lizers recovered only 42% of the enzyme

activity. Enzyme recovered through this

procedure lost nearly half of its activity
after standing in ice for half an imour, a
result indicating that time enzyme was

markedly unstable. On the other hand,
when elution was effectet! with a mixture

TABLE 3

Stabilizing effect of a(Ienylic nucleotides n’ilh the hexose phosphates

Phosphofrimetokinase was incubated in 1 ml of a solution containing 0.05 M Tris chloride pH 8.0, 0.005 M

nmercaptoethanl, an(l the indicated additions. Initial enzyme activity (0 time) as well as activity after 15

nmiim incubatu mmat 300 were measured. Phosphate tested was in the form of K-PU4 buffer (pH 8.0), and sulfate
� in the form of (XH1�2SO4 adjusted with NH,OH to pH 8.0.

Enzv me act ivity

Additions

(mth Per cent of

zero time

activity0 time 15 miii

None 21.0 1.2 5.7

ADP10-4�m 23.0 4.0 17.4

F’ructose-l,ti-P, 1()� u 28.4 19.5 68.5

K-P04 � �m#{176} 29.0 9.3 32.0

(NH42S04 I0�� �v 30.6 16.2 53(1

ADP 1O� �i + fructose-l,6-P2 105 � 31 .5 35.5 1 13.()

ADP 10� �i + K-PU4 10� M 29.0 :13.)) 114.0
ADP 10-i �m + (NH18()4 10-s � 29.0 350 121.0

Fructose-i ,6-P2 10� �i + K-PU4 10�3 u + (N114)2804 10’ u

ADP 10-i M + K-P0I 1O-� M + (NH4),SO, l0� M

3() .0

32.()
29.1)

40.1)

97.0

125.0

“The tests for these two anions were carried out in a separate experiment which was run with a different
batch of enzyme from that used with the rest of the additions.
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of 0.01 r�i P0.1 tK) 1)uff em- pH 8.0, 0.001 r�i

MgSO4, 0.01 M mercaptoethanol, and 5 X
10� �i fructose-i ,6-P2 enzyme recovery was

103%, ant! wimen time enzyme was left for

18 ilours in the cold there was only a 30%
loss of enzyme activity.

Atteml)ts w’ere made to test whether the
amount of fructose-I 6-P2 found in the

DEAE-cel!u!ose poolet! fraction from per-
chlom-ic liver extract could account for time

protective effect of this fm-action. Time

pooled extract fi-om fm-action A (see Table
1) was tested at different concentrations

and commmpare(! with equivalent concentia-
tiomms of knowmm sammmples of fi-uctose-i .6-P2.
Curves obtained for time protective effect

of i)Otim samimples were found to approxi-

mately coincide (Fig. 4). Timis intlicates

>

4-

>
.4-
U
0

E
N
C

0
4-

C

0

U
1�

Fa;. 4. (.‘onipari.son of the stabilizing cfjcct of

DEAE eluate (fraction A, Tab!c 1) with that of

fructose-I ,6-P, on phosph ofructokinase

Each tube contained in 1 ml volumne: 0.05 M

Tris-HC1 (pH 8), 0.005u reduced glutathione,

20 units of phosphofructokinase; and in A, graded

anmomints fraction A (see Table 1) to contain the

indicated final concentration of fructose-1,6-P2 and

in B, graded comicentration of a standard sample

of fructose-1,6-P2. Abscissa represents log con-
centr:mtion of fructose-1,6-P�, and ordinate rep-

resents percentage of enzymmme act ivity left in the

incubation mixture after 10 nmin mlmelml)at ion at 300.

that fructose-I ,6-P2 alone immay account for

the nmajor protective effect of this fm-action.

The i)rotective effect in the second peak of

tue DEAE-cellulose eluate (fm-action B,
Table 1 ) cannot be accounted for by the

fructose-I 6-P2 i)iesent or I)y time nucleotide
content of thus fraction alone. This mdi-

cates that other factors which are as yet

undetermimined are (omit ru )uting to tile effect

of hivei- 1)eicimloric I1(id exti-acts on phos-
phofructokinase stability.

Attentpts to Reactivate the Enzyme

Phospimofructokinase was immactivated by
incubation at 30#{176}IIS (lescrii)ed in Fig. 1.
It was not i)Ossible to reactivate time en-

zyme l�y adt!ing any of time stabilizers
reported. Timis is in contiast to time slight

activation �vlmicim was ol)sel’ved wimen these

agents w’eme added befome inctmbation had

oecurme(i I s(’C Table 3)

DiSCUSSION

Time experimmments i(ported in timis paper
indicate timat iJllospilofructokinase is an cx-

tremely lai)i!e enzymmme ant! timat its stability
can be enimanced by the imexose phosphates,

time adenyhic nuc!eotides, and inorganic

SO4-- 0’� P0i--�-. Time nmost potent stabilizer
fount! was fi-uctose-1 ,6-P2, one of the
pi-oducts of time l)ilosphofmuctokinase reac-

tion. Time stabi!izei-s tested weme found to

be effective only in time presence of a sulf-

ilydrvl agent, a i-esult suggesting that the

catalytic activity of phospimofructokinase

is (!ependemmt upon the pi-esence of i-educed
sulfhyc!iyl gi-oup (s) . Recently. it was re-

ported that heart phosphofructokinase can
undergo c!issociation to inactive subunits

(13). Reactivation of time dissociated en-

zymime was enimanced by time adenylic
nuclcotit!es, time imexose Phosl)imates, and

percimloric acid! extm-acts from different tis-

sues. Fructose-1,6-P2 was time niost active

agent. Tile stabilizing effect of extracts

froimm tissues could he partly due to the

presence of imexose phospimates and adenylic
nucleotit!es in timese extracts. Time similar-

ity betweeim agents whicim enimance reacti-
vat.ion of time dissociated enzvmmme and timose

whicim stabilize the enzynmc is indicated.

Timis raises time possibility timat inactivation
of time diluted enzyme immight result from
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dissociation of the active enzyme to mac-
tive subunits. Reactivation of the enzyme

in the experinments described above was not

successful, possibly because time enzyme

was highly diluted. It was previously re-

ported that the process of reassociation of

pimosphofructokinase subunits was concen-

tration dependent (13).

The role of enzyme stabilization in vivo
in the control of enzyme activity imas re-
cently been demmmonstrated by Schimke and

co-workers (19) in the case of liver trypto-

phan pyrro!ase. An increase in time pyrro-

lase activity in the rat liver aftet- admin-

istration of the substrate tryptopiman could

he explained by a deciease in time degiada-

tion of the enzyme in vivo. Should this
concept in enzyimme regulation be applied

to l)imospiiofructokinase, it would l)e pos-

sible to speculate on a control nmechanisnm

based on the finding timat time Imexose l)imOs-

pimates are imotent stabilizeis to time enzyme.
An increase in time level of timese esters in

the cell during anoxia or caimsed by insu-

lin (6, 7) would favom- stabilization of

phospimofructokinase and timus mniglmt con-
tribute to the suggested increase of activity
of timis enzyme. Furtimem- studies are imeeded
to ascertain sucim a relationship.
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