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SUMMARY

Hexokimase from the Krebs-2z ascites carcinoma has been partially purified and its
properties have been investigated. [t was obtained in good yield in particles which
sediment at a centrifugal force of 4000 - g from isotonic sucrose homogenates of
these cells. Treatment of the large particulate fraction with 0.6 2, deoxycholate in
the presence of glucose led to a zz2-fold purification with respect to original ccll-free
homogenate. ‘

Particulate tumor hexokinase exhibited a plateau of maximal activity over the
pH range 5.6 to 7.8 and was inhibited by its reaction products, glucose-6-phosphate
and ADP, :

The Michaelis constants of ascites tumor hexokinase for 11 sugars were deter-
mined as well as the maximum rate of phosphorylation of those compounds which
served as substrates. The compound exhibiting the highest affinity for tumor hexo-
kinase was glucosone, whose Michaelis constant was 8+107%. Competition between
the various substrates and inhibitors when incubated with the purified enzyme
preparation indicated that the observed phosphorylations were catalvzed by a
single enzyme. :

A comparison with the brain particulate enzyme reported by CRANE AND SoLs
revealed no outstanding difference between it and particulate tumor hexokinase.

INTRODUCTION

Hexokinase of the Krebs-2 ascites carcinoma has been studied to determine whether
it differs from that found in normal tissues and to ascertain whether the effect of
certain sugar analogs on carbohydrate metabolism of the Krebs-z ascites tumor is
related to the affinity of the analog for tumor hexokinase. Previous investigations by
YusHOK!- 2.3 had shown that the inhibition ¢f glucolysis and fructolysis in these cells
by a number of sugar analogs paralleled their aflinities, as reported by SoLs AND
CraNE!, for particulate brain hexokinase.
Particulate tumor hexokinase has been purified to a state free of interfering
enzymes by a modification of the procedure used for brain hexokinaseS. The properties
* A preliminary report of this work was presented hefore the 132nd meeting of the American
Chemical Society at New York, 1957.
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of this purified enzyme have been investigated. No ontstanding difference has been
found between particulate hexokinase obtained from these cancer cells and that
reported for brain?, the normal tissue most studied. The small dissimilarities between
certain properties of tumor and brain hexokinase were no greater than the reported
differences between the hexokinase of brain and that of other normal tissue®s. A
correlation has been observed between the degree of inhibition of glycolysis in ascites
tumor cells®# by certain sugar analogs and the affinity of these compounds for par-
ticulate tumor hexokinase.

MATERIALS
Componsuds used

Mannose and glucosamine were obtained irom Pfanstichl Laboratories, N-acetyl-
glucosamine (NAGA) and lyxose from Mann Laboratories, 3-O-methylglucose from
L. Light Company and glucose-6-phosphate, as the crystalline heptahydrate of the
barium salt, from Sigma Chemical Company. Glucose was Baker’s C.P. Analyzed.
"z-Deoxyglucose (21G) and glucosone were prepared in this laboratory, z-deoxy-
glucose by Dr. F. B. CRAMER" and glucosone by Miss Mariz Hupson®. Manno-
heptulose was kindly supplied by Dr. N. K. RicarMEYER. Adenosine triphosphate
{ATP) and adenosine diphosphate (ADP) were obtained as the crystalline sodium
salts {rom Pabst Laboratories.

Fructose (Pfanstichl CP Special) was used either directly without purification or
after recrystallization from methanol. The unrecrystallized Pfanstiehl product had
less than 0.025 %, glucose impurity as determined by a modification® of the specific
glucose oxidase assay!l. Galactose (Pfanstiehl CP) was freed of glycolyzable impurities
by treatmenrt with baker's yveast followed by recrystallization from 8o 9, ethanol.

All materials were of reagent grade or the equivalent. The sugars and sugar
derivatives were of the D or natural configuration.

EXPERIMENTAL ANIY RESULTS
Preparation and homogenization of ascites tumor cells

Ascitic fluid was harvested from female white Swiss mice between the seventh
and twelfth day after intiraperitoneal inoculation of the animal with the tumor. The
ascites cells were washed by centrifugation at 700 - ¢ with 0.25 M sucrose containing
0.001 M potassium (ethylenedinitrilo) tetraacetate (EDTA), pH 7.5. They were washed
two times for 1 min periods and a third for 3 min. The w - .ed cells were then re-
suspencdad to four times the packed cell volume in the same medium. The washing
operation and all following manipulations were performed in the cold.

Homogenates® were prepared from 8o mi of this cell suspension in four 20 ml
batches by means of fifty passes with a 30 ml, Potter-type hemogenizer equipped
with a Teflon pestle. Strong hand pressure was exerted on the downward thrust;
the whole operation took about 10 min for each batch. The combined broken cell

. *An alternate method of homogenization was mechanical agitation with 0.2 mm glass beads
abtained from: the Minnesota Mining and Manufacturtng Company, Minneapolis. A mixture of
ane part ascites cell suspension and one part by weight of heads was shaken for 15 sec at 3600
c/min through an amplitude of 0.8 cm in a shaker of electromagmetic vibrator type'?.18, ur 3 parts
hirads and one part cell suspension were stirred from one to 5 min at maximum speed in a Virtis
homogenizer as describied by Lasanyxa axp Marrerrei,
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suspension was centrifuged for 5 min at 700 - ¢ and the sediment was then re-
suspended to 40 ml in sucrose-EDTA, subjected to 25 additional passes in the Potter -
homegenizer, and centrifuged as before. The two supernatant fluids were combined

and recentrifuged for 5 min at 700 .~ g to yield a homogenate free of cells and nuclei.
Purification of hexokinase

Tumor particulate hexokinase was isolated by a modification of the procedure
used by CRANE AND Sors® for preparing brain hexokinase. The method may be
adapted to any quantity of starting material, .

Eighty ml of the cell-free homogenate were centrifuged for one h at 4oo0 - g
and the supernatant fluid was removed by decantation and discarded. The sediment
was resuspended to 40 ml volume with o.oor M EDTA, pH 7.5, and redispersed by
means of a Potter or Dounce™ homoegenizer.,

To the resuspended particulate fraction was added 3.6 ml of o.1 M glucose
followed by 12 ml of 3.3% sodinm deoxvcholate, with stirring. The volume of the
suspension was brought to 60 ml and the material centrifuged for 3o min at 12,000 - ¢
The sediment from the centrifugation was resuspended in 15 ml of c.0o1r A EDTA,
pH 7.5, and recentrifuged as before. The sediment was finally suspended in 1o ml
of EIDXTA, pHl 7.5. The preparation could then be stored at 4° for several weeks
without appreciable loss of activity.

Preparation of phosphofruclokinase

hosph
was prepared by the method of CoLowier!™ Contaminating hexokinase was in-

activated by heating the crude extract 5 min at 35°.

A mixture of crude phosphofructokinase—phosphogluccisomerase (PFK-PGI)

M easnrement of hexokinase activity

The hexokinase preparation was incubated at 30° with o.or A7 ATP, o.007 M
MgCl,, o.013 to c.03 M tristhydroxymethyl)aminomethane (Tmis}, pH 4.5, and
substrate in a total volume of 1.0 or 1.5 ml. Potassium phosphate served equally
well as buffer and was occasionally substituted for Tris. Hexokinase activity was
determined by sugar disappearance; analvsis of the hexose-6-phosphate reaction
product; or by measurement of the increase of acidity accompanying the reaction.
In the last case, a colorimetric indicator method was useds. Conditions for the colori-
metric indicator method differ from those given ahove as follows: 0.003 %, brom-
thymol blue was included in the reaction mixture, buffer was omitted, the final
ATP and MgCl, concentrations were 0.003 and o.oo5 M respectively, and the final
volume was 2.5 ml.

The unit of hexokinase activity, the same as that used for the brain enzyme3,
was defined as the amount of enzyme required to phosphorylate one micromole of
glucose in 15 min at 30° under otherwise optimal conditions. Specific accivity was
defined as the units of activity per mg of protein. Protein was determined by the
method of LLOWRY et al.15.

When hexokinase activity was determined by sugar disappearance, 0.2 or 0.5 ml
portions were withdrawn from the reaction mixture at timed intervals and the reaction
stopped by discharging the withdrawn material into 1.0 ml of 0.3 M Ba{OH), or
into an cqual volume of acetone. Initial and final sugar concentrations were deter-
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mined by analysis of the Ba—Zn filtrate by the method of NxLSON'? or by analysis
of the acetone inactivated reaction mixture by the specific glucose oxidase method?®.
Glucose and 2-deoxyglucose disappearance was measurcd by the latter procedure in
the presence of phosphorylated products and other hexoses”.

When the analysis of the reaction products was used as a means of measuring
hexokinase activity, the reaction was followed by either direct analysis of the sugar
phosphate product® or by measurement of the change in absorbance of an acid-base
indicator accompanying sugar phosphate formation® The change in absorbance of
the indicator was measured in microcolorimeter tubes with a Klett-Summerson
photoeleciric colorimeter equipped with a No. 56 filter.

Distribution of hexokinase in cell fractions

Much of the hexokinase activity originally present in cell-free homogenates of
the Krebs ascites carcinoma was found to be associated with particulate material
which sediments at 4000 < g, as shown in Table 1. Isolation of the large particulate
resulted in approximately a two-fold enhancement of specific activity over that
found in the cell-free homogenate. Material sedimenting between 4000 and 20,000 X g,
the small particulate fraction, had negligible activity. Most of the remaining activity
was found in the supernatant fluid after centrifugation at 20,000 x g.

TABLE I
DISTRIBUTION OF HEXOKINASE IN CELL FRACTIONS FROM ASCITES TUMOR CELLS”
Cell fraciion Relative activity Specific activity
Cell-free homogenate 700 < g, 5 min 100 2.4
Large particulate 4000 X g, 30 min 53 {22)"" 5.42 {55)*"
Small particulate 20,000 > g, 30 min I o
Supernatant fluid 20,000 % g, 30 min 39 1.33

* Homogenigation with Potter homogenizer in 0.25 A sucrose. Activity measured Ly glucose
disappearance in the presence of excess PFIK-PGI.

" Deoxycholave-treated laige particulate (final purilied enzvme) sedimented at 12,000 X g,
3o min.

Data on the distribution of activity in material sedimented at 700 < g or less
were not included in Table I, because of gross contamination of this iclear fraction
with unbroken and partially broken cells. The wheole homogenate, which included
the nuclear fraction, had a specific activity of 2.1, which is slightly lower than that
of the cell-free homogenate. ’

The data in Table I are the averages of the results of three experiments among
which variation was small. In preliminary experiments when the cell disruption was
carried out in 0.1 M phosphate, the medium reported to give maximum enhancement
of specific activity for brain particulate hexokinase®, almest all the ascites umor
hexokinase activity originally present in cell-free extracts was found in the soluble

* Several commercial preparations of glucose oxidase were four to be contaminated with
enzyvmes having sucrase activity. Thesc preparations were avoided when analysis of homogenate
prepared in sucrose was made. Gluecose oxidase (Glocostat) obtained from Worthington 1lio-
c¢hemical Corp. was free of sucrase and was found to be satisfactory for analysis of the fractions
containing sucrose.
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5319
fraction regardless of the mechanical means used to disrupt the cells. Because of
the poor yield of particulate hexokinase in phosphate medium, aill subsequent homo-
genizations were carried out in 0.25 M sucrose, i

After the fairly drastic treatment of the large particulate fraction with deoxy-
cholate, considerable hexokinase activity was found to be associated with particles
that sedimented at 12,000 >« g. The influence of deoxycholate on the activity, protein
content and specific activity of the large particulate fraction of ascites tumor homo-
genates is shown in Fig. 1. Extraction of this fraction with o0.2°9, deoxvchclate in
the presence of 0.006 M glucose only slightly reduced the sedimentable hexokinase
activity although it removed nearly go ™, of the sedimentable protein. The combi-
nation of these two effects resulted in a sharp rise in the specific activity of the re-
covered hexokinase. The specific activity continued to increase after treatment with
higher concentrations of deoxycholate until it reached a roaximum at ¢.62;. This
latter rise in specific activity was mainly due to an increase in recoverable hexokinase
activity. At concentrations of deoxycholate higher than 0.6 %, the yield and specific
activity fell off sharply. All points on the curves represent deoxycholate treatment
in the presence of glucose. As indicated by the isolated points in the same figure,
when the particulate fraction was treated with 0.0 %, deoxycholate in the absence
of glucose, the hexokinase activity associated with the 12,000 x ¢ sediment was
only about one-half that recovered in the presence of glucose.

The deoxycholate-treated partficulate fraction was free from other enzymes
which might intcerferc in the determination of hexokinase activitr. Adenosine-
triphosphatase, phosphofructokinase, phosphoglucoisomerase, phosphemannoiso-
merasc, myokinasc and phosphomononsterase activities could not be detected vnder
the standard conditions used in hexckinase assay. The overall yield of the purified
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Fig. 1. Etfect ol deoxycholate on hexokinase
activity and protein content of the large parti-
culate fraction. Activity determined by glucose
disappearance without correction for glucose-6-
phosphate accumulation. Treatment with de-
oxycholate was performed in the presence of
ov.cob M glucosc except for the three points A,
@ and @. The curves are based on the avelage
of data of two experiments,
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glucose utiiization by purified particulate hexo-
kinase. The activity of the added PFR-PGI
was such that o.4 ml gave maximum stimu-
lation of glucose utilization. No correction was
macle for inhibition due to accumulating ADP.
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enzyme was 22 %, and the final specific activity was 55*. This represents an enhance-
ment of specific activity 22 times that of the original cell-free homogenate.

Propertics of the purified particulate hexolinase

Particulate ascites tumor hexokinase required both ATP and Mg++ as cofactors.
The concentration of ATP necessarv to give half maximal activity in the presence
of 0.005 M MgCl, and 0.c003 M glucose was 1.7-10 % A, This value was determined
by the method of LINEWEAVER AND BURrK®. The concentration of MgCl, necessary
to give half maximal activity when the enzyme was near saturation {o.or M} with
respect to ATP was found to be 1-1073 A7,
- The effect of pH on hexokinase activity is shown in Table I1. The rate of phos-
phorylation of glucose was found to be maximal and coastant from pH 5.6 to 7.8,
Enzyme activity fell off rapidly under mere alkaline or acid condifions.

TABLLE 11
EFFECT OF pH aN ASCITES TUMOR HEXOKINASE ACTIVITY
Hexokinase activity was measured by glucose disappearance (glucose oxidase method). Buffer:
acetate -phosphate-Tris, n.067, 0,033, 0.007 M respectively: adjusted to the indicated pH with

N HCL or NaOH, Total glucose used was 0.4 pmoles por ml. A Beckman pH meter, model G,
was used in determining the initial pll of the reaction mixture.

pif Relati w netivity
4.5 22
4.8 33
5.t 75
5.0 100
6.6 a3
7.0 100
7835 ah
. 08
8.5 4]

The time-course of the hexokinase reaction with glucose, in the presence and
absence of phosphofructokinase--phosphoghicoisomerase, is shown in Fig. 2. The
inhibitory effect of accumulating glucose-6-phosphate on hexokinase activity is
indicated by the decreasing rate with time of glucose utilization in the presence of
the purified enzyme. This falling off in rate as the reaction proceeds was reversed by
additions of phosphofructokinase-phosphogiucoisomerase, which removed glucose-
6-phosphate as it was formed. Even in the presence of an cxcess of these glucose-
6-phosphate-removing enzymes, there was a slight falling off of rate with time,
presumably because of inhibition by ADP, the other reaction product. Independent
experiments indicated that the enzy.ne was inhibited by ADP.

The K¢ for the noncompctitive inhibition of both glucose and fructose phos-
phorylation by glucose-6-phosphate was determined in another set of experiments
in which known quantities of glucose-6-phosphate were added. The inhibitor constants,
calculated with the formula K; = f/(V/V; —1}, were 4-10-% and 6 10-* respectively

T No further enhancement of specific activity of ascites tumor hexokinase was obtained by

lipase treatment of the deoxycholate-extracted particulate fraction in the manner recommended
for the purification of brain hexokinase®.
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in the presence of the two substrates. Mannose, 2-dcoxyglucose and fructose did not
form inhibitory phosphate esters of tumor hexokinase as demonstrated by the linear
rate of phosphorylation of these sugars.

Michaelis constants, determined for reprosentative carbohydrate substrates and
inhibito's by the method of LINEWEAVER AxD BUrk!®, have been listed in Table LEL,
These constants were calculated fron: the results of experiments in which either the
substrate or the inhibitor concentration was varied. Usually several methods of
determining K, were employed and the figures listed in Table 1II represent the
averages of the values obtained. Variation in K determined by different methods
was small.

TABLE 1T

MICHAELIS €ONSTANT: O0F KREBS ASCITES TUMOR HEXOKINASE

Metheol f I\"” el in**
L uaper

Coatprownd Astad vifend o
~(h; T) I JR—

Niniin* Tunior Fenmor
Glucosone 0.073 0.1 Fructose competition? Colorimetric indicator
Glucose competition® Ghucose disappearuance
Glucose competitionl Cndemmetric iniddicator
NAGA competition® Colorimetric indicator
Alannose o.15 a.05  Glucose competitiont Glucose disappearance
Glucose 0.5 v.od NAGA competition® Coloarimetric indicator
NAGA competition® Glucose disappearance
N-Acetviglucosamine 0.7 0.8 Fructose competition®  Colorimetric indicator
Iructose competition? Stable phosphate
DG competitinna Colorimetric indicator
2-Deoxyglucose 1.4 0.27  lructose competition? 2DG disappearance
NAGA competition? 2z disappearance
Direct Colorimetric indicator
Mannoheptulose 1.31 0.3 Fructose ¢competitions Calorimetric indicator
Glucase competition? Colorimetric indicator
Glucusamine " 1.7 a.3 DG competitiond 2DG disappearance
Fructose 25.2 1t Drrect Colorimetric indicator
Dircet Stable phosphate
Lyxose 11 13 Eructose competition? Colorimetric indicator
Galactose 1750 1000 Direct Colorimetric indicator
3-0-Methvighicose # LH]

" Data of SoLs axp (rangEY.

Fractose competition®

Colorims:tric indicator
Stable phasphate

" By LiNeweEAvER-BraiK treatment: «, competitor concentration varied, #, compound con-
centration varied. Direct signifies evaluation by means of the effect of substrate concentration

on phospherylation,
LA B3

At pH 7.3, isuelectric pointd.

§ A reproduceable value could not be obtained because of limitations of the testing procedure.

Values ranged from 340 to 1700104,

8% Undetectable.
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The K, values for fructose, z-deoxyglucose, and galactose were calculated from
the effect of substrate concentration on the rate of phosphorylation. A deuble recip-
rocal plot which illustrates the effect of fructose concentration on the rate of phos-
phorylation is shown in Fig. 3. The K,, for fructose® as calculated from these data
was 2.6-107%,

Competitive inhibition by N-acetylglucosamine of fructose phosphorylation is
illustrated also in Fig. 3. In this case the substrate, fructose, was varied at a single

inhibitor concentration. The Ky, calculated for this nonphosphorylated inhibitor
was 7.4-107° .

8.0
7.0y Vv :f
I 7or
.0
-~ 6.0l
2-Deoxyglucose
500 , . Fructose 7o
A X104 NAGA sar
4.0
_ 4,01 . -~
301 _ *~Fructose 20

2.0 * Glucoscone

2.0
1Lop*"
1.
T S o
4 8 12 16 20 5 10 15 20 a5 20 35
/5 %10 (mM) N -Acatylglucosamine {mM)
Fig. 3. Etfect of fructoscconcentrationonhexo-  Fig. 4. Effect of N-acetylglucosamine concen-

kinase activity in the presence and abscnce  tration on the phosphorylation of z-deoxy-
of NAGA., Activity determined by the colori-  glucose and pglucosone by tumor hexokinase.
metric indicator method. 2-Deoxyglucose phosphorylation determined by

sugar disappearance and glucosone phosphory-

iation by the colorimetric indicator method.

Inhibition by N-acctylglucosamine of glucose, 2-deoxyglucose and glucosone
phosphorylation was determined by varying the inhibitor concentration while
holding the substratc concentration constant. An example of the competitive inhi-
bition of z-deoxyglucese and glucosone phosphorylation by this inhibitor is given
in Fig. 4. From analysis of this graph and the previcusly determined K,, of N-
acetylglucosamine, a K,, of 1.13-10~% was obtained for 2-deoxyglucose and g.6-10-%
for glucosane.

In several instances sugars capable of heing phosphorylated were considered
as competitive inhibitors and used in combinationr with other substrates to evaluate
the K, of either. This procedure was feasible whenever a great diflerence existed
between the rates of phosphorylation of two substrates, ¢.g., glucosone and fructose,
or wherever one substraie could be determined without interference from the other,
e.g., 2-deoxyglucose in the presence of fructose. In these cases cither of the methods
illustrated in Figs. 3 and 4 was used to cvaluate K.

The relative maximum rates of phosphorylation of several of these compounds
have also been determincd. These relative rates are given in Table IV. They were
obtained at or near saturation of the enzyme with respect to the substrate tested
or by extrapolation of values obtained at lower concentrations.

* The value was not changed by recrystallization of fructose from methanol. This indicated

that the commercial product was essentially free of glucose and mannase. The value abtained
for the X,, of fructose is reported to be markedly influenced by trace amounts of these sugarst,
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TABLE iV

MAXIMUM RATE OF PHOSPHORYLATION BY ASCITES TUMOK HEXOKINASE

Meevivenen riete rebotiioe ta plucuse

Camponnd — e e e —_—

Fronurs* Brain*

Glucosone o.08 0.08
- Mannose 0.61 0.1
Glucose 1.¢ t.o

N-Acetylglucosamine e T
2-Deoxyglucose 1.z 1.0

Mannoheptulose 0.06 0.015

rructose 2. 1.5

Lyxose LR R ] - A

Galactaose 0.03 Q.02

* * N -wK

3-O-Methylglucose

* Pata of SoLs axp Crang?,
- -
Determined at 0.0z .M glucosone, 2-deoxyglucose and mannoheptuluse, 0,005 W glucose and
o.0016 M mannose. Galactose and fructose values were obtained by extrapoiation.
*** Undetectable.

DISCUSSION

For enzyme studies the ascites tumor offers an advantage over solid tumors in that
it is composed of a nearly pure population of cancer cells with negligible contamination
from enzymes of normal tissue. In addition, the free ascites cells can easily be sepa-~
rated from extracellular protein. These cells are very difficult to homogenize, how-
ever, and fairly drastic treatment is requited in order to release the internal compo-
nent - of the cell, Since harsh methods of cell disruption may have a damaging ctfect
on the released subceellular particles, the effect of the medium and the means of
homogenization were investigated in relation to the recovery of hexokinase activity
in tumor cell fractions. Although a relationship between the damage to particulate
elements and the method of homogenization could not he demonstrated, the distribu-
tion of activity in various cell fractions was found to depend upon the medium in
which the homogenization was carried out!®. After homogenization of ascites cells in
phosphate medium and centrifugation at 700 < g, the sediment, composed of intact
cells, nuclei and partially broken cells, appeared to retain particulate hexokinase
and only non-sedimentable hexokinase was released. Ascites tumor cells differ from
brain in this respect. Homogenization of brain tissue in phosphate buftfer atforded
as good recoveries of hexokinase activity in the large particulate fraction as when
isotonic sucrose was used®.

In agreement with the results with solid tumors reported by Boveanp?®, the
total hexokinase activity of Krebs ascites tumor cells was found to be more than
adequate toc account for steadyv state anaerobic ghicolysis in the intact cells. The
hexokinase activity of whole homogenates of these tumor cells was approximated
at 37.5° from the observed maximum activity at 30° and the temperature coefficient
for brain hexckinase in this range®. The hexokinase activity in the homogenate
calculated for these conditions was 15.3 pmoles of glucose used per hour per mg of
~rotein compared with a value for intact Krebs ascites cells of 1.6 pmoles of glucose
converted anaerobically to lactic acid per h per ing oi cell protein?2, This represents
a potential capacity for glucose phosphorylation of greater than g times that actually
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observed during anaerobic glucolysis in the intact cell. It would appear from these
calculations that hexokinase is not limiting in the overall process of glycolysis in
intact ascites tumor cells.

The localization of considerable hexokinase activity of ascites tumor cells in
the large particulate fraction of sucrosc homogenates is similar to that in certain
normal tissues, namely brain, kidney, heart, and intestinal mucosa® This is in con-
traost to red Dlood cells® in which the enzyme is recovered in the scoluble fraction,
The localization of hexokinase in mitochondria of ascites tumor cells also has been
reported by Acs of w3,

The continued association of hexokinase activity in material which scdiments
at relatively low centrifugal force, after rather drastic treatment with deoxycholate,
is unusual in view of the removal of gz °; of the sedimentable protein and solubiliza-
tion or destruction of the remaining interfering glycolytic enzymes and ATPase
under these conditions. This firm association of much of the hexokinase activity
with the large particulate suggests localization of the enzyme in mitochondria within
the intact cell

The localization of hexokinase in the mitochondria of ascites tumor cells may help
explain the observation by CHANCE axDp HEss® that added glucose produces an
initial stimulation of respiration in these cells before the rest of the glycolytic system
becomes active and steady state inhibition of respiration develops. The explanation
of this transitory stimulation by glucose, given by CHANCE axp HESs, is that ADP
formed by the hexokinase reaction diffuses to the respiratory chain of the mitochon-
dria and stimulates respiration before appreciable glycolytic phosphorylation of
ADP can occur. Since much of the ascites tumor hexokinase has been found to be
associated with mitochondria, ADYP formed during the hexokinase reaction should
be more readily available for respiratory control.

The protection of ascites tumor hexokinase by glucose during the deoxycholate
extraction procedure is apparently the well-known phenomenon of substrate stabil-
ization of hexokinase?s.?%. In the present case, binding of a functional group is
presumed to be responsible for the protection since only low concentrations of glucose
are required. Glucose was also found to protect tumor hexokinase from heat denatu-
ration®,

Cofactor requirements for ascites tumeor hexokinase are similar to those reported
for the brain enzyme?!. The responsc of enzyme activity to changing ATP and Mg++
concentriation was similar for the enzyme from the two tissues. Also, as for the brain
enzymie, ascites tumor hexokinase exhibits a plateau of maximum activity over a
broad pH range.

Hexokinasc from both brain and ascites tumor is inhibited by its reaction
products, ADP and glucoese-6-phosphate. The K for the non-competitive glucose-6-
phosphate inhibition is in good agreement with the value reported for brain hexo-
kinase®. Glucose-6-phosphate inhibition is typical of other mammalian hexokinases
but not the yeast enzyme?s: 28,

Glucosone-6-phosphate in its enol form mects the configurational requiremeoents
proposed by SoLs axp CranNe for product inhibitors of hexokinase®. Evidence
was obtained which suggests that the phosphorylated product of glucosone, presum-
ably glucosone-6-phosphate, inhibits tumor hexokinase, When phosphorylation of
glucosone by twnor hexokinase was aliowed to go to completion (no more acid
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production) and 0.00z M mannose then added to the reaction mixture, significant
inhibition of the mannose phosphoryiation was ohserved. However, because of the
difficulty in obtaining satisfactory analyses of the components present at the com-
pletion of the glucosone-liexokinase reaction, the observed inhibition can not bhe
attributed with certhinty to glucascne-6-phosphate.

The reciprocal of the Michaelis constant is a good approximation of the true
affinity of representative carbohydrate substrates and inhibitors for tumor hexokinase,
In addition, the K, and maximal rate of phosphorylation afford a gnod means of
comparing tumor and brain hexokinase. With the exception of glucosone and N-
accetylglucosamine, the absolute value of the K, of the vdrious sugars for tumor
hexokinase was higher than the corresponding valuc for the brain enzyme. These
K values for tumor hexokinase are, however, still well within the range of variation
of K, found among normal tissues. CrRANE axip SoLs$ report the K, of skeletal
muscle and liver hexokinase for glucose and mannose to be ten times higher than
the corresponding value for brain. In general the relative order of affinities of the
various compounds with tumor and brain were the same. Ounly glucosone and N-
acetylglucosamine were noticeably out of sequence. )

The low K., of glucosone is of particular interest because of its exceedingly strong
inhibition of glycolysis in ints -t ascites tumor cells!. Glucosone is also a strong
inhibitor of substrate phospheryiation by yeast hexokinase. Hupsox axnp Woon-
WARD? repoit a value of 6-10-% for the K,, of glucosone™ with yeast hexokinase,
which is considerably lower than the corresponding value for glucose. Hence with the
veast as well as the tumor enzyme, glucosone has the lowest K, (highest affinity
for the enzyme) of any sugar tested.

A comparison of the Michaelis constants of various carbohydrate substrates
and inhibitors of tumor hexokinase with the affinitics of the same compounds for
the glycolytic system in the intact cell indicates a rough parallelism between the two
systems. Howsever, several potent inhibitors of tumordmxokinase, N-acetylgincos-
amine? and glucose-6-phosphatet when incubated withsgmtact ceils, exhibit no eifect
on ascites tumor glycolysis. Thus the location of hexokinase in the living cell and the
ability of a specitic cumpound'tu reach the active site of the enzyme, also must be
considered in any comparison of the two systems. Finally, it must be realized that
hexokinase in the intact cell is part of a balanced system and is totilly dependent upon
the uninterrupted operation of the whole glycolytic system for its supply of ATP
and the removal of inhibitory end producis. Even with these restrictions, however,
there appears to be a relationship between the order of affinities of the two systems
with most of the carbohydrates investigated. Glucosone, mannose ind glucose
demonstrate a strong affinity for tumor hexokinase as well as the glycolytic system
in the intact cell. Mannoheptulose and glucosamine exhibit a moderate affinity for
both systems and fructose and lyxose a weak affinity, Even thongh the X,, of
glucosone is not low enough te explain com; !:.2ly its extremely potent inhibitior
of glycolysis in the intact cell, this compound has the highest affinity for tumor
hexokinase of the 11 carbohydrates studied.

z-Deoxyglucose inhibits glycolysis of the ascites tumor cell to a greater extent
than would be cxpected if affinity for hexokinase were the only factor determining

* The glucosone used by these authors® was the same material used in the present tumor
hexokinase studies.
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this inhibition. In fact, 2-deoxyglucose at equimolar concentration of glucose, should
exert little inhibition on glucolysis solely on the basis of its affinity for hexokinase,
which is 22 %, of that of glucose.

The inhibition of fructolysis in intact ascites tumor cells by galactose and 3-O-
methylglucose is much greater than would be predicted from their affinities with
hexockinase. A 4:1 ratio of galactose to fructose is reported to give approximately
50 ¢, inhibition of fructolysis in the intact cell' whereas the ratio of Michaelis constants
of tumor hexokinase for these two sugars is 70:1. Presumably the mode of inhibition
of fructolysis by these two hexoses involves factors other than hexokinase.

The comparison of the properties of ascites tumor and brain hexokinases leads
to the conclusion that the tumor enzyme is a typical mammalian hexckinase. As
with the purified brain enzyme, competition experiments clearly demonstrate that
a single enzyme in the purified tumor preparation is responsible for phosphorylation
of all substrates tested. The similarity of the effect of certain carbohydrates on
turnor hexokinase and the glycolytic system in the intact cell emphasize the important
rolc hexokinase plays in the metabolism of neoplastic as well as normal tissues.
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