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The concept that enzymes act by forming an
intermediate enzyme-substrate complex in the met-
abolic process is well known. A half century ago,
HenriV and Brown? carried out experiments designed
to study the effect of the sucrose concentration on
the activity of sucrase. In general, the effect was
diphasic; the low concentrations of substrate had a
marked effect, but the higher concentrations had
practically no effect, on the reaction velocity. Henri
interpreted the diphasic nature of this effect tc mean
that the enzyme formed an intermediate complex
with its substrate, and that reaction could not take
place without the formation of this intermediate
complex. All subsequent works have confirmed this
viewd,

General considerations on the rate of reaction in
enzyme chemistry are adequately described by the
work of Van Slyke®. At low substrate concentra-
tions two factors control the rate of reaction; a)
the intrinsic nature of the enzyme itself on cataly-
zing the reaction, and b) the frequency of collision
of the enzyme with its substrate. The second factor
will be directly proportional to the concentration of
substrate, and the rate of reaction will proceed
according to the first order kinetics.

As the concentration of substrate is increased, the
collision frequency no longer becomes a factor in
the enzyme reaction. At this point, the rate will be
governed by zero order kinetics and the rate limit-
ing step is the eazymatic reaction proper.

The first satisfactory mathematical analysis of the
diphasic activity curve was carried out by Michaelis-
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Menten® and by Van Slyke et al®). Michaelis and
Menten assumed that intermediate substrate-enzyme
complex was reversibly formed in accordance to the
mass law, and believed that the rate of breakdown
of enzyme-substrate complex to form the product
was small compared to the rate of establishment of
the equilibrium in the reaction forming enzyme-sub-
strate complex from the substrate and enzyme.

The Michaelis-Menten concept of enzyme-substrate
combination has been of great usefulness in enzymo-
logy. While it is easy to demonstrate the effect of
substrate concentration upon enzyme reaction as in
the metabolic processes of tissues, no one has con-
clusively shown how these reactions via the enzyme-
substrate complexes are brought about. It is obvious
that enzymes are concerned at every step of reac-
tions in tissue metabolism.

When one substrate breaks down into some final
products in the course of tissue metabolism, the
reaction does not necessarily proceed in a single
step; the actual metabolic pathway may be a com-
plicated multi-step process. For example, as glucose
is oxidized into respiratory COg in the tissues, glucose
undergoes many orderly sequences of reactions,
which are called glycolysis and Krebs cycle?” and in
the course of such a metabolic path-way, CO; is
released by oxidative decarboxylation from various
intermediate metabolites.

If one assumes that metabolic process of glucose
oxidation to CO; proceeds in a steady state, where
the rate of enzymatic reactions at every step is
constant, the overall rate of conversion of glucose
into COz; must be constant. Conditions for metabolic
regulation must involve concentration of substrate,
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intrinsic factors of metabolic machinery in the tissue
cell and the action of various compounds as inhibitors
or activators on enzymes. Of the conditions described
above, if constant concentrations of multienzyme
system and various enzyme effectors for the given
substrate are maintained, the rate of reaction should
be governed by the concentration of the substrate
surrounding metabolic pool according to the mass
law. Since enzymatic machinery in the living organism
does not allow equilibrium with a sole substrate
pool and since these various substrates compete
with the same enzymatic system each other in the
metabolism of living body, it is impossible to measure
the maximum capacity of metabolizing the given
substrate by the tissue enzymatic machinery in the
intact living animal. We are, therefore, interested in
determining the maximum capacity of metabolizing
a single substrate by the enzymatic machinery of the
tissue, especially for glucose which is known as the
most important energy source in the living body.

The method described here for studying the kinetics
of conversion of Cl4-glucose to CO; by tissue slices
involved a procedure in which the incubation medium,
having various concentrations of C-glucose and the
gas phase, was periodically separated from the slices
and replaced with a fresh medium and gas so as to
maintain the constant circumstances.

This procedure enabled us to determine the amount
and specific activity (SA) of the CO; produced by
the slices in several successive periods during the
course of experiment. It also had the advantage of
presenting the tissue with a substrate of essentially
constant concentration and SA and of prolonging
the life of tissue slices by removing harmful metabolic
products. Liver slices have been maintained in active
metabolic state for as long as 8 hours under the
conditions described here. Application of this method
enabled us to determine the maximum capacity of
oxidative metabolism of exogenocus CH-glucose by the
liver slices in the steady state and to evaluate the
kinetic characteristics of the tissue enzymatic system
oxidizing the medium glucose.

Method

Liver slices of Sprague-Dawley strain rats, ranging
in weight from 250gm to 300gm, were used. Weight
of tissue slices incubated in every experiment ranged
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from 1.5 to 2.5grams.

General procedure: Liver slices were incubated in
50cc syringes with incubation mixture consisting of
15cc of phosphate buffer® to which were added
varying amount of Cl4-glucose and 15cc of CO; free
100% oxygen. The syringes were capped airtight with
2 way stop cock and shaken to-and-fro in the water
bath maintained at 38°C. Such a shaking in the water
bath ensured thorough mixing and rapid renewal of
the interface between the gas and liquid, with
minimum disruption of the slices. During the course
of 7-8 hours of incubation period, incubation mixtures
were replaced hourly with fresh Cl4-glucose medium
and gas in order to equilibrate the exogenous Cl-
glucose medium and tissue metabolic pool. On the
other hand, hourly samples of incubation medium and
gases, obtained while replacing the incubation mixture,
were anaerobically transferred into a specially prepa-
red“sample transfer assembly”1, Transfer assembly
was made of a outer tube and a inner conical tube
into which were placed about 3m! of CO; free 2N-
NaOH solution and then the assembly tubes were
evacuated to a negative pressure of 30psi. After
incubation mixtures were transfered into the as-
sembly tube, metabolic CO; derived from liver slices
in the gas sample was trapped by an alkaline solution
placed in an inner conical tube of the transfer
assembly and the alkaline carbonate sample was
obtained. These alkaline carbonate samples were
quantitatively precipitated with 0.3N BaCl; solation
into BaCO;. Thereafter the radioactivity of BaCO,
was counted with an endwindow Geiger-Miiller
counter as an infinitely thin sample by correcting the
self absorption. The weight of the BaCOjplated is a
measure of the total CO, production by the liver
slices. While liquid C*-glucose medium in the transfer
assembly was analyzed for concentration and SA of
glucose. Glucose levels of incubation medium were
determined by method of Somogyi'l’ and Nelson!?
and SA of medium glucose by that of wet combus-
tion described by Van Slyke and Folch!®.

Calculation: Glucose disappearance rate from the
liver slices were determined by the concentration

difference of glucose before and after the incubation
and volume of incubation medium.

Total CO; production rates were calculated from
the weight of BaCOj precipitate obtained from the
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Table 1. Glucose disappearance rate and conversion of glucose into respiratory CO;
medium total CO; €O, from | amt. of % of glucose
conc. of |number off glucose |disapp. rate| production RSA glfxcos e _glucose _disapp.
glucose cases rate into COg into COq
(mg2s) mg/hr/gm | xM/hr/gm | £M/hr/gm % #M/hr/gm | pM/hr/gm %
30 5 2.2 122 54.3 271 | 149 2.48 20.0
3-.54 +3.92 +1.63 +1.32 +1.04 +.17 +4.51
40 4 4.71 26.2 64.4 39.2 25.2 4.2 16.0
+.7 +5.1 +7.47 +9.54 +9.19 +2.0 +12.3
90 4 8.35 46.4 77.9 48.6 37.9 6.3 13.6
+2.32 +7.39 +5.24 +10.4 +14.8 +2.46 +5.1
120 9 10.86 60.3 84.8 66.4 56.3 9.38 15.6
+2.92 +17.5 +22.5 +15.3 +30.8 +5.12 +6.8
170 8 10.94 60.8 94.7 64.3 60.9 10.15 16.7
+2.27 +12.7 +13.3 +4.58 +18.8 +4.24 +3.1
270 1 9.8 54.5 111.2 66.8 74.3 12.4 22.8
380 1 12.3 68.3 110.2 7.7 79.0 13.2 19.3
N ‘?O T
\\§3 ----v-~----——-——----—-~--——---—--—---——~—-———}:W—-C Y F—
o 60 i
= i i
-~
V== g5y h/.jm
50 /

] rd Orreny AfN % Hucose drsaﬂaeared
40 / Sfrome medium
ey, MM % tucoge oxidizod
e // into vespiratory CC.
0 / ! v,
/ -2 0%
r : ¥i
20+ E
.
‘ - FaN
ior T
1 Ve = 120M /3“
' |
. 4 + " N i L i
¢ 300 400
(™9 %)

Fig. 1.

inner tube of the transfer assembly.

Relative specific activity (RSA) was obtained from

the ratio of SA of CO; to SA of medium glucose.

This gave the fraction of the metablic CO; derived

from the added Cl-glucose. Relative glucose disap-
pearance (RGD) was calculated as follows:

RGD_total CO; production rateXRSA
~ glucose disappearance rate X6

This gave the fraction of glucose disappeared from
the incubation medium into metabolic CO;.

Results

Liver slices weighing 1-2¢m were incubated with
various concentrations of C'-glucose as described

Glucose Disappearance and Oxidation Rate

above. The metabolic activities of each slice
incubated showed the characteristic figures during
The total CO;

production rates were initially high, then fell rapidly

the time course of experiments.

and, after about 3-4 hours, showed relatively constant
values, while glucose disappearance rates from the
medium CM-glucose and relative specific activity
rose during the first 4 hours and remained appr-
oximately constant throughout the experimental
period. The initial unsteady metabolic activities
participate in the equilibration processes labeled
substrate carbon with the metabolic pool of cell

interior.
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At least 3 hours after incubation, the complete
equilibration between Cl4-glucose medium and intra-
cellular enzymatic system seems to be attained.
Therefore, every metabolic rate determined at a
given concentration of Cl4-glucouse was taken from
the mean values obtained from hourly samples
withdrawn 3 hours after the onset of incubation.
The data obtained at the experiments incubated with
various concentrations of C4-glucose are summarized
in the Table 1. The glucose disappearance rate from
incubation medium rose rapidly at the low concentr-
ation of CHM-glucose and appeared to approach a
plateau at the CM4-glucose concentration of 150mg%
and then to slope down to zero at the concentrations
above 150mg%, as shown in the Figure 1. The mean
maximum value attained was about 654M/hr/gm of
tissue. The total CO. production rate was initially
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Glucose Concentration (""5 %)

low, then increased rapidly as concentrations of CM-
glucose in incubation mixtures increased upto 150mg
%, thereafter steady maximum value of about 100
uM/hr/gm was attained(Fig. 2).

The contour of the relative specific activity vs.
concentration of C¥-glucose curve was also same as
that of the glucose disappearance vs. the total CO,
production rate, and the maximum value attained
was about 70%(Fig. 3). This represents the maximum
capacity of enzymatic system of liver slices oxidizing
the medium C¥-glucose into respiratory COs.

The CO, produciton rate derived from CH-glucose
was calculated by the total CO, production rate and
RSA,the maximum value attained at the concentration
of Cl-glucose of about 150mg%, and obtained about
70uM/hr/gm(Fig. 2).

As described above, effects of concentration of
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Cl4-glucose on glucose disappearance and oxidative
metabolism of Cl4-glucose by the liver slices represent
the general kinetic characteristics of enzyme reaction,
as shown in the Figures 1,2 and 3. From the diphasic
nature of curves, we obtained Michaelis constant
(Km) of enzyme system of cell membrane which
concerned with glucose penetration and of multien-
zyme system concerned with glucose oxidation into
CO, by Michailis-Menten analysis. Km determined by
concentration of glucose at half maximum velocity
was 60mg% or 3.33x107*M/L for the enzyme con-
cerned with glucose penetration and 65mg% or 3.62X
10~*M/L for the enzyme group concerned with glucose
oxidation in the metabolic pool of the liver slices.
There were little changes in the relative glucose
disappearance (RGD), which is a fraction of glucose
disappeared into CO,, for all ranges of conceentra-
tions of Cl-glucose, since both factors, glucose
disappearance rate and CO; production rate from
glucose, changed proportionately as concentrations
of Cl-glucose varied. Mean value of RGD was 17.2
9. Therefore 17.2% of glucose disappearance rate
was oxidized into respiratory CO..

Discussion

The fact that every metabolic activity of liver
slices determined in this paper appear to approach
a plateau 3 or 4 hours after incubation during the
time course of experiment, during which liver slices
exposed to a constant concentration and specific
activity of CM-glucose in a incubation medium,
reflects the equilibration process of labeled glucose
with the tissue metabolic pool as described in our
earlier paper® and Chaikoff et al®. Therefore, the
plateau value of each metabolic activity at a given
concentration of Cl4-glucose in a incubation medium
is believed to represent a maximum capacity in a
metabolic process of liver slices under steady state
equilibrated with given concentration of Cl-glucose.

The experimental approach described here makes
it possible to study the kinetics study of metabolic
activity of liver slices in the metabolic process of
CH-glucose under a steady state.

The glucose disappearance rate is increased at low
concentrations of Cl4-glucose but at higher concentr-
ations there was practically no effect on the glucose
disappearance rate as illustrated Figure 1. The

diphasic nature of such a curve on the glucose
disappearance means that enzymatically controlled
processes take place to transport glucose from the
incubation medium into cell interior. To confirm this
point, the evidence is available for membrane locali-
zation. The resolution power, therefore, remains
insufficient to enable decision to be made as to
whether the enzyme is attached to the cell membr-
ane. However, the recent methods of histochemistry
introduced the possibility of localizing enzyme activity
with surprising accuracy!®. So far this has been
possible mainly with regard to alkaline phosphatase,
which in the kidney, the intestine and other organs
has given very clear and interesting pictures!®.

As in Fig.1 illustrating the relationship between
the glucose disappearance and the concentration
curve, 75% of maximum rate was attained at
rormoglycemic level and the Km of enzymes con-
cerned with glucose transport at cell membrane was
3.33%x10*M/L, while Km for oxidative enzymatic
system was 3.62x1074M/L as in the process of the
exidative metabolism of exogenous CY-glucose by
liver slices. This seems to mean that oxidation of
glucose into COzin the tissue metabolic pool did not
effect by penetration lag of exogenous Cl4-glucose
at the cell membrane.

In our experimental approach described here,
where the only source of metabolic CO; was the
glucose added to the medium, the RSA values for
CO, would approach asymptotically 100% at higher
concentration. However, as shown in the Figure 3,
the RSA never reached 100% in spite of higher
concentration of Cl4-glucose and showed only 70%
of maximum plateau values. The remaining 30% of
total CO; production, because it is not derived from
the labeled glucose, may appear to be a product of
endogenous metabolism. The term endogenous
metabolism implies that there is a maximum limit to
oxidize the glucose by the enzyme system of
metabolic pool or that the pool of endogenous
precursors is so large that its turn-over is too slow
to be detected during the period of experiments. In
our earlier study, the RSA was about 27%© in the
intact dog and 33%!7 in the isolated beating heart
perfused with blood. These values are much lower
as compared to that of the incubation experiment
described here. The reason for the difference is that
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various complex pools of substrates would compete
for an enzymatic system of metabolic pools in the
blood-perfused at animal or organs. Since single
substrate was equilibrated with an enzymatic system
of the tissue in this experiment, the value obtained
in the latter experiment would be meant to represent
maximum capacity of oxidizing the glucose into COs.

From the glucose disappearance rate and COs
production rate derived from Cl-glucose in the
incubation mixture, we can calculate the fraction of
glucose disappeared into respiratory CO; which is
termed here as relative glucose disappearance (RGD).
This value was average 19% and independent of
medium concentration of glucose. These data were
interpreted to mean that a minor part of the glucose
disappeared contributes to their oxidative metabolism,
though liver slices readily derive a very substantial
portion of its oxidative energy from medium glucose.

Summary

Liver slices of Sprague-Dawley rat were incubated
with various concentration of Cl-glucose in the
incubation medium. A constant condition was main-
tained by periodic replacement of the incubation
medium and gas phase throughout the experimental
period, during which hourly samples were withdrawn
and analyzed for glucose disappearance rate, and
the rate of oxidation of Cl4-glucose into COs. From
32 cases of experiments in which concentrations of
Clé-glucose in the incubation medium were varied, the
following results were obtained.

1. Every metabolic rate vs. concentration curve
for glucose disappearance rate, relative specific
activity and CO; production rate from Cl4-glucose
represents characteristic diphasic nature as in the
process of enzyme reaction, and approaches to a
plateau at the medium concentration of about 150
mg%.

2. A plateau value for glucose disappearance was
65uM/hr/gm, for RSA, 70% and for CO; production
rate from Cl4-glucose, 70uM/hr/gm. Fractions of
glucose disappeared into CO; or RGD were average
19% for all ranges of glucose concentrations.

3. Km values for enzyme concerned with glucose
transport at the cell membrane and oxidative
metabolism were 3.33x107¢ M/L and 3.62x10~4M/L
respectively. These Km values imply that glucose

6 —

oxidation in the metabolic pool would be interfered
by penetration lag at the cell membrane.

Acknowlegements: The authors wish to thank Dr. Sae Jin Rha
and Dr. Kee Yong Nam for their advice in preparing this paper
and also Miss Jeong Ae Do for some of laboratory works,

T 8 x B

8H 2 W RAHM 0 CH-ZE=gEz I}
Z=I2AE X MOARF oixe g%

Agdetn Q3as o¥gay
® O B

R L ECEE T EE T
FHY - THR

Sprague-Dawley T 27 7t g o] &5te Lo
C-z2e] $2& Hstdne) Lo Cl-zxe}e) 2
AL o A ARYE BEsc}r. Incubation Wy &
WA ztThe 2 g Cl-zRd g ag mAtos
A AT dAE AT ¢ FA%2A vy

7 3278 722 v 2] BE Hxe Ci-
Zzw-gool incubate 3t #A¢ H g e 4
g a4+t

D Cl-z2e 448 9 AR Lo Cl-x
EFEEd w2t FAL aswndda vk guys
AE 2oly & Cl-zedsx }150mg%ol N ¥ wta
(plateaw)& ©]Fo] A nzg wie},

2) A71FAS AN g Clh-z 2y g9 3
3232 65u4M/hr/gm, RSA S A nzghe 70%, £+ Ci-
ExxgdA 7ldgd CO; WA $2 70uM/hr/gm 9] 2 3
&2 A7 ngeh Uw 2489 CU-zxdo] 2ECO,
29 g4q45-5RGD)L 44 C-z2 i zd 24y
A gsioen ATFrdy vay QAL T 19%S 4
2R

3 x=ge Mzutfad st o4 g Ada
A4 o] Tt ;A Km-g Michealis-Menten 24
A A% FAR A AN E 3.33x1074M/L,
FAJ A& 3.62X107M/L & 2.3}, olalg g A2
Wabel 7t Ao vl NxzuasAs Q¢ Clé-zx
o] Aot Astg e 22ge Axgigides Qg
B EAGEE AH YT Uk

REFERENCES

1) Henri, V.: Lois generales de laction des diastases,
paris, 1903.

2) Brown, A.J.: Trans. Chem. Soc., 81:373, 1902.

3) Chance, B.: Advances in Enzymology, 12:153, 1951

4) Van Slyke, D.D.. Advance in Enzymology, 2:33,




—8S.Y. Chang et al: Effects of the Concentration of Medium Glucose on Glucose Disappearance and Oxidative Metabolism—

1942,

5) Michaelis, L. and Menten, M.L.: Biochem. J., 45:
333, 1913,

6) Van Slyke, D.D. and Cullen, C.E.: J. Biol. Chem.,
19:141, 1914,

7) Krebs, H.A. and Johnson, W.A.: Enzymologia,
4:148, 1937,

8) Potter, V.R.: Methods in medical research,
Chicago Yr. Bk. Pub., 1:299, 1948,

9) Cecil, L.A., Gainer, H. and Chaikoff, LL.: Method
for kinetic study of in vitro conversion of a CH-
labeled substrate to CO,, J. Appl. Physiol., 15:
949, 1960.

10) Rhee, Ung Sup: Kinetic study of oxidative metabo-
lism of CW-labeled glucose in liver slices of normal
and alloxan diabetic rats., Seoul J. Med., 2:289,
1961.

11) Somogyi, N.: A new reagent for the determination
of sugar., J. Biol. Chem., 160:61, 1945.

12) Nelson, N.: A photometric adaption of the Somogyi
method for the determination of glucose., J. Biol.
Chem., 153:375, 1944.

13) Van Slyke, D.D. and Folch, J.: Manometric carbon
determination., J. Biol. Chem., 136509, 1940.

14) Rosenberg, T. and Wilrandt, W.: Enzymatic proces-
ses tn cell membrane penetration., Int. Rev. Cytol.,
1.65, 1952,

15) Bradfield, J.R.G.: Biol. Rev., 25:113, 1950.

16) Pack, Jae II; Metabolism of CY-glucose in the
tntact dog., Seoul J. Med., 1:301, 1961.

17) Rhee, Sang Don, Park, Jae Il and Nam, Kee Yong:
Metabolism of C'-glucose by isolated dog heart.,
New Med. J.(Korean), 3:299:1960.




