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Kinetic Studies of the Brain Hexokinase Reaction. 
A Reinvestigation with the Solubilized Bovine Enzyme* 

Martha Copley and Herbert J. Fromm 

ABSTRACT: Initial rate experiments were carried out 
with solubilized bovine brain hexokinase prepared 
according to the procedure of Schwartz and Basford 
(Schwartz, G. P., and Basford, R. E. (1967), Biochemis- 
try 6, 1070) from the glucose side of the reaction. 
Investigations with product inhibitors adenosine 5 ’- 
diphosphate and glucose 6-phosphate and substrate 
inhibitors adenosine 5 ’-monophosphate and mannose 
were undertaken. There appears to be a difference in 
the Michaelis constant for adenosine 5 ‘-triphosphate 
and in the dissociation constant for the complex 

I n 1962, we reported studies on the kinetics and 
mechanism of action of the enzyme hexokinase (ATP’: 
~-hexose-6-phosphotransferase, EC 2 .7 .1  . 1) from 
bovine brain tissue (Fromm and Zewe, 1962a). This 
enzyme was shown to be associated with the mito- 
chondrial fraction of brain and was purified for the 
kitletic studies by the procedure of Crane and Sols 
(1953). A number of investigators have reported the 
solubilization of brain hexokinase in the last few years 
(Moore and Strecker, 1963; Jaganathan, 1963; Rose 
and Warms, 1967; Schwartz and Basford, 1967). 

The mechanism of action of hexokinase from dif- 
ferent sources, as inferred from initial rate investiga- 
tions, does not appear to be the same. The yeast enzyme, 
for example, requires that substrates glucose and 
ATP be present simultaneously on the enzyme before 
product formation can occur (Fromm and Zewe, 
1962b; Zewe et al., 1964; Fromm et ai., 1964). On the 
other hand, kinetic studies of brain hexokinase (Fromm 
and Zewe, 1962a) and a muscle hexokinase isozyme 
which is believed to be of the brain type (Katzen and 
Schimke, 1965), appear to exhibit a Ping-Pong pathway 
of enzyme and substrate interaction (Hanson and 
Fromm, 1965). 

The recent elegant investigations of Schwartz and 
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enzyme-glucose 6-phosphate between the solubilized 
and particulate enzymes. Some differences were also 
noted in the product inhibition patterns for the solu- 
bilized and particulate hexokinases; however, the results 
are in basic agreement with the data obtained with the 
mitochondrial enzyme in 1962 (Fromm, H. J., and Zewe, 
V. (1962a), J .  Biol. Chern. 237, 1661). 

The mechanism of action of brain hexokinase, as 
alluded to from initial velocity experiments, is con- 
sistent with a Ping-Pong pathway of enzyme and sub- 
strate interaction. 

Basford (1967) on the solubilization, purification, 
and kinetics of bovine brain hexokinase suggest certain 
differences between the solubilized and mitochondrial 
enzymes. Although the Michaelis constant (K,) 
for glucose appears to be approximately the same for 
these enzymes, soluble hexokinase has a K ,  for ATP 
which is about ten times greater than that reported 
for the enzyme associated with the mitochondria 
(Fromm and Zewe, 1%2a). Initial rate studies of the 
former investigators are consistent with either a Ping- 
Pong mechanism or a sequential mechanism for the 
solubilized enzyme. When glucose was varied and 
initial velocity was measured at different fixed con- 
centrations of ATP, data which are in harmony with 
a Ping-Pong mechanism were obtained (Schwartz 
and Basford, 1967). On the other hand, when ATP 
wasthevaried substrate and initial rates were determined 
at different levels of glucose, findings which are in 
agreement with a sequential mechanism were reported 
(Schwartz and Basford, 1967). It is indeed difficult to 
rationalize these results with the usual types of mecha- 
nisms of enzyme action proposed by Alberty (1953) 
for two substrate systems. Because of these factors 
as well as the alteration in K,,, for ATP with the soluble 
enzyme relative to that for the particulate enzyme, a 
reinvestigation of the kinetics and mechanism of brain 
hexokinase as solubilized by Schwartz and Basford 
(1967) was undertaken. The results to be reported 
below appear to be in basic agreement with the findings 
published by Fromm and Zewe (1962a). 

Experimental Section 

Muterials. D-Glucose and u-mannose were obtained 
from Pfanstiehl Laboratories, Inc. Glucose-6-P dehy- 
drogenase and yeast hexokinase were products of 3503 
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FIGURE 1 : Plot of reciprocal of initial velocity ( 0 )  cs. re- 
ciprocal of molar concentration of ATP. Glucose con- 
centrations were held constant at 100 (0), 50 (.), 25 (A),  

17 (n), and 12.5 p~ (m). L: was determined as a function 
of ATP concentration which was varied in the concen- 
tration range from 5.0 to 0.71 mM. Velocities are ex- 
pressed as the molar concentration of glucose-6-P 
formed in the reaction mixture over a period of 1 min 
after addition of enzyme. Other details of the experimen- 
tal protocol are given under Experimental Procedure. 

C. F. Boehringer und Soehne. ATP, ADP, AMP, 
TPN, and glucose-6-P were purchased from Sigma 
Chemical Co. Ion-low water, obtained by passing dis- 
tilled water through a Rohm and Hass Amberlite 
MB-3 resin, was used to prepare all reagents. Bovine 
brain hexokinase was purified by the method of 
Schwartz and Basford (1967) and had a specific activity 
of 30. Bovine serum albumin (1 mgiml) was added 
to stabilize the enzyme preparation. 

Methods. Substrates, products, and inhibitors of the 
hexokinase reaction were assayed enzymatically as 
described elsewhere (Fromm and Zewe, 1962a,b; 
Zewe et al., 1964; Fromm et al., 1964). Initial velocity 
measurements were made in a Cary recording spectro- 
photometer, Model 15 (0-0.1 slide wire). The reaction 
mixture samples were incubated at 28", and the temper- 
ature of the spectrophotometer cell housing was main- 
tained at 28" by circulating water from a temperature- 
controlled bath through thermospacers. Reactions were 
initiated by addition of enzyme, and initial rates were 
determined with a coupled assay system containing 
glucose-6-P dehydrogenase and TPN as described 
elsewhere (Fromm and Zewe, 1962a). In those exeeri- 
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FIGURE 2: Plot of reciprocal of initial reaction velocity 
(0) us. reciprocal of molar concentration of glucose. ATP 
concentrations were held constant at 5.0 (O), 2.5 (o), 
1.25 (A), 1.0 (o), and 0.71 mM (m). L: was determined as 
a function of glucose concentration which was varied in 
the concentration range from 100 to 12.5 p ~ .  Other 
experimental details are presented in the legend to 
Figure 1. 

Velocity in all kinetic experiments to be reported 
here is expressed as molarity of product formed per 
minute. Reactions were carried out in 0.032 M Tris 
buffer (pH 7.6). 

The concentration of Mg2+ (as MgS04) was adjusted 
in each reaction mixture so that the concentration of 
free Mg2+ was essentially 1 mM. Calculations used to 
determine the proper MgZ+:ATP ratio were made using 
a value of 20,000 for the stability constant of MgATP2- 
(O'Sullivan and Perrin, 1964). When ADP and AMP 
were used as inhibitors, additional Mg2+ was added 
assuming stability constants of 2000 for MgADP- 
and 100 for MgAMP (Bock, 1960) so as to maintain 
the free Mg2+ concentration at 1 mM. 

ments in which glucose-6-P was used as a product 
inhibitor, product ADP was measured using a coupled 
enzymatic assay system (Wellner et a / . ,  1966).? 

Results 

Initial Velocity Experiments. In Figures 1 and 2 
- are presented data in the form of Lineweaver-Burk 

2 The procedure for the continuous spectrophotometric assay (1934) plots of reciprocal of initial reaction velocity as a 
of ADP as described by Wellner et d. (1966) was modified as function of reciprocal of substrate concentration. 
follows. The enzymes lactate dehydrogenase and pyruvate Examination of these data suggests that the are 
kinase were dialyzed before use and the concentrations of 
phosphoenolpyruvate, DPNH, and KC1 were 0.5, 0.05, and 10 parallel. Qualitatively, very were 

3 504 mM, respectively. obtained with mitochondrial hexokinase (Fromm and 
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FIGURE 3 : Plot of reciprocal of initial reaction velocity 
(a) us. reciprocal of molar concentration of glucose in 
the presence and absence of mannose. ATP concentra- 
tion was held constant at 1.78 mM and glucose varied in 
the concentration range 100-12.5 p ~ .  Mannose concen- 
trations are none (m), 0.16 (o), 0.24 (O),  and 0.48 mM 
(0). Other experimental details are presented in the 
legend to Figure 1. 

Zewe, 1962a). When the concentration of ATP was 
varied in the range 0.3-1.8 m M  data similar to those 
illustrated in Figures 1 and 2 were obtained. A replot 
of the results shown in the figures permitted calculation 
of the Michaelis constants for glucose and ATP. 
The values obtained were 52 p~ and 1.7 mM, respec- 
tively. These values are in good agreement with the 
parameters reported by Schwartz and Basford (1967); 
however, our earlier investigations with mitochondrial 
hexokinase gave Michaelis constants of 64.5 ~ L M  and 
0.34 mM for glucose and ATP, respectively. It appears 
that although the K ,  for glucose is not appreciably 
altered by the solubilization of bovine brain hexokinase, 
this process increases the K,, for ATP by a factor of 
tive. 

The results of Figures 1 and 2 would appear to 

Scheme I 
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FIGURE 4: Plot of reciprocal of initial reaction velocity 
(u) cs. reciprocal of molar concentration of ATP in the 
presence and absence of mannose. Glucose concentra- 
tion was held constant at 96 p~ and ATP varied in the 
concentration range 5.0-0.71 mM. Mannose concentra- 
tions are none (m), 0.1 (o), 0.2 (o), and 0.3 mM (0). 
Other experimental details are presented in the legend 
to Figure 1. 

exclude sequential mechanisms for brain hexokinase. 
Furthermore, these data are consistent with, but cer- 
tainly not proof of, a Ping-Pong pathway of enzyme 
and substrate interaction. The simplest mechanism 
for hexokinase is shown in Scheme I. The steady-state 
rate equation for this mechanism, when transposed 
into the form suggested by Dalziel(1957), is 

where Eo, 0, A ,  B, &, and & represent total enzyme, 
initial velocity, ATP, glucose, [(l/ks) + (1/k7)], [(kz + k3)/k&3], and [ (k6  + k 7 ) / k ~ k 7 ] ,  respectively. 

For the pathway outlined in Scheme I, it is assumed 
that E’ is a phosphoryl-enzyme intermediate. Another 
possible mechanism which could account for the data, 
but which will not be discussed in detail at this time, 
is one suggested by Najjar and McCoy (1958) for yeast 
hexokinase. For this mechanism E and E’ represent 
enzyme-glucose and enzyme-glucose-6-P, respectively. 

Mannose Inhibition. Studying initial rates in the 
presence and absence of competitive inhibitors of sub- 
strates has proven to be a useful approach in analyzing 
the mechanism of enzyme action (Fromm, 1964, 
1967). Mannose has been reported to be a competitive 
inhibitor of glucose in a number of different hexokinase 
systems (Fromm and Zewe, 1962a,b). It was for these 3505 
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FIGURE 5 :  Plot of reciprocal of initial reaction velocity 
(0)  us. reciprocal of molar concentration of ATP in the 
presence and absence of AMP. Glucose concentration 
was held constant at 96 PM and ATP varied in the range 
5.0-0.71 mM. AMP concentrations are none (m), 6 (o), 
12 (o), and 18 rnM (0). Other experimental details are 
presented in the legend to Figure 1. 

reasons that experiments with mannose were under- 
taken. 

In Figures 3 and 4 are shown results of kinetic studies 
in which mannose was used. The data of Figure 3 
indicate clearly that mannose is a competitive inhibitor 
of glucose with the solubilized hexokinase system when 
product glucose-6-P is assayed for initial rate measure- 
ments. If one extrapolates the initial velocity data of 
Figure 4, it can be shown that mannose inhibition 
relative to ATP is mixed. 

These findings are readily explained by evoking 
the mechanism of Scheme I and by adding the step 

ks kii  

E' + mannose EM E + mannose-6-P 
k 10 kiz 

Equation 2 can be derived by making the usual 
steady-state assumptions for the effect of mannose (M). 

It is possible from eq 2 and the data of Figure 4 to 
determine the lower limit of the dissociation constant 
of the complex EM. This value was calculated to be 
21 p ~ .  In the case of bovine mitochondrial hexokinase, 3506 
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FIGURE 6: Plot of reciprocal of initial reaction velocity 
(v) us. reciprocal of molar concentration of glucose in 
the presence and absence of AMP. ATP concentration 
was held constant at 2.5 mM and glucose varied in the 
range 100-12.5 PM. AMP concentrations are none (M), 
10 (o), 20 (o), and 30 m (0). Other experimental de- 
tails are presented in the legend to Figure l. 

the analogous value was approximately 36 PM (Fromm 
and Zewe, 1962a). 

AMP Inhibition. AMP has been reported to be a 
competitive inhibitor for ATP with yeast hexokinase 
(Fromm and Zewe, 1962b) and a mixed inhibitor 
relative to ATP with the brain hexokinase isozyme in 
muscle tissue (Hanson and Fromm, 1965). Figures 
5 and 6 depict results obtained when kinetic studies 
were undertaken in the presence of this nucleotide 
inhibitor. Data from these double-reciprocal plots 
suggest that AMP acts as a mixed inhibitor of both 
hexokinase substrates. These results are consistent with 
the mechanism outlined in Scheme I, if the rather 
reasonable assumption is made that AMP can bind 
to the enzyme at both the ATP and ADP sites. Under 
these conditions, AMP (I) can react as follows 

E + I = €1, K1; E' + I = €'I, Kz 

The rate expression which accounts for these effects 
is given by eq 3. 

EO 
V (glucose) 

The dissociation constants K1 and Kz have values of 
4.0 and 52.5 mM, respectively. It is this latter value, 
which is relatively high, that is responsible for the 
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FIGURE 7: Plot of reciprocal of initial reaction velocity 
(0) us. reciprocal of molar concentration of ATP in the 
presence and absence of glucose-6-P. Glucose concen- 
tration was held constant at 100 ~ C I M  and ATP varied in 
the range 5.0-0.71 mM. Glucose-6-P concentrations are 
none (a), 22 (o), 44 (0), and 66 p~ (0). Other experi- 
mental details are presented in the legend to Figure 1. 

small intercept increments in Figure 5 and the small 
slope changes in Figure 6. It is noteworthy that similar 
results were observed for the soluble brain-type hexo- 
kinase isozyme of rat skeletal muscle (Hanson and 
Fromm, 1965). 

Glucose-6-P Inhibition. Studies of the effects of 
product inhibitors on the initial rates of enzyme- 
catalyzed reactions have proven to be a valuable method 
for reaching conclusions regarding reaction mechanisms 
(Alberty, 1958). In the reinvestigation of the kinetics 
of bovine brain hexokinase, experiments were under- 
taken with both glucose-6-P and ADP. With mito- 
chondrial brain hexokinase, it was observed that 
glucose-6-P was a true competitive inhibitor of ATP 
and essentially an uncompetitive inhibitor of glucose 
(Fromm and Zewe, 1962a). Other investigators have 
also found that glucose-6-P acts as a competitive inhibi- 
tor of ATP with a number of mammlian hexokinases 
(Uyeda and Racker, 1965; Grossbard and Schimke, 
1966). 

In Figures 7 and 8 are depicted data on the effect 
of glucose-6-P as a product inhibitor of solubilized 
brain hexokinase. The results of Figure 7 support the 
view that glucose-6-P is a competitive inhibitor of 
ATP; however, inhibition relative to glucose appears 
to be mixed. If we call D in Scheme I glucose-6-P, 
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FIGURE 8: Plot of reciprocal of initial reaction velocity 
( u )  L'S. reciprocal of molar concentration of glucose in 
the presence and absence of glucose-6-P. ATP concen- 
tration was held constant at 2.5 mM and glucose varied 
in the range 100-12.5 p ~ .  Glucose-6-P concentrations 
are none (a), 22 (a), 44 (o), and 66 p~ (0). Other experi- 
mental details are presented in the legend to Figure 1. 

then the steady-state rate equation for inhibition by 
this product is 

Cursory examination of the results of Figures 7 
and 8 indicates that the data are in agreement with eq 4. 
The difference between the present findings and those 
reported for mitochondrial hexokinase (Fromm and 
Zewe, 1962a) appears to be largely quantitative. In 
the kinetic studies with mitochondrial hexokinase, 
glucose-6-P was reported to be an uncompetitive 
inhibitor of glucose (Fromm and Zewe, 1962a); how- 
ever, the results of Figure 8 suggest this inhibition to be 
mixed with the solubilized enzyme. It is possible that 
the small slope changes in the presence of glucose-6-P, 
shown in Figure 8, were not apparent in the earlier 
studies because a less sensitive assay was employed at 
that time. However, it is also possible that the last 
term of eq 4 is smaller relative to other terms in the 
rate equatiofi with the particulate enzyme as compared 
to the solubilized brain hexokinase. The value calculated 
for the dissociation constant of the enzyme-glucose-6-P 
complex (Xi/ks) is 11.7 p ~ .  This figure is lower by a 
factor of 5.7 than the analogous value reported for the 
particulate enzyme (Fromm and Zewe, 1962a). 3507 
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FIGURE 9: Plot of reciprocal of initial reaction velocity 
(c) cs. reciprocal of molar concentration of ATP in the 
presence and absence of ADP. Glucose concentration 
was held constant at 100 PM and ATP varied in the range 
5.00-0.71 mM. ADP concentrations are none (u), 1.2 
(o), 2.4 (o), and 3.6 mM (0). Other experimental details 
are presented in the legend to Figure 1. 

ADP Inhibition. Figures 9 and 10 illustrate inhibition 
patterns for brain hexokinase with product ADP. 
The double-reciprocal plots show that ADP acts as a 
mixed inhibitor for both substrates. These data may 
readily be explained on the basis of the mechanism 
outlined in Scheme I where ADP is taken to be product 
C. The rate equation for the effect of ADP on the initial 
velocity of the forward reaction is shown in eq 5. 

In the derivation of eq 5 it was assumed that ADP may 
bind at the ATP site on hexokinase and thus form the 
abortive binary complex (enzyme-ADP). The dissocia- 
tion constant for this complex is taken to be Kl. Cursory 
examination of the data presented in Figures 9 and 10 
suggest that they are consistent with eq 5. It was possible 
to calculate k3/k4 and the inhibition constant Kl from 
the kinetic results. The values determined were 2.44 
and 1.56 mM, respectively. 

With mitochondrial hexokinase, ADP acted as a 
mixed inhibitor of ATP and as an uncompetitive inhibi- 
tor of glucose (Fromm and Zewe, 1962a). The difference 
between the data of the earlier study and those reported 
here could be due to the higher concentrations of 
ADP which were used in the present investigation. 3508 

W 
b 
X 
I 

Y 4 

2.( 

I.! 

I.( 

0. 

FIGURE 10: Plot of reciprocal of initial reaction velocity 
(L) cs. reciprocal of molar concentration of glucose in 
the presence and absence of ADP. ATP concentration 
was held constant at 2.5 mM and glucose varied in the 
range 100-12.5 p ~ ,  ADP concentrations are none (m), 
1.2 (o), 2 4 (o), and 3.6 mM (0). Other experimental 
details are presented in the legend to Figure 1. 

Discussion 

The results of the present investigation suggest that 
the kinetic mechanism of action of bovine brain hexo- 
kinase is essentially unaltered when the mitochondrial 
enzyme is solubilized. Although there appears to be 
certain significant differences between the two states of 
hexokinase, i .e. ,  alteration in the K,, for ATP and in 
the dissociation constant of the enzyme-glucose-6-P 
complex, most of the properties of the particulate 
enzyme are unaffected by solubilization. The question 
arises as to whether those changes which are observed 
are a reflection of removal of the enzyme from the 
mitochondrion per se, or whether they are caused by 
Triton X-100 and diethylaminoethylcellulose treatment. 
It is clear that an answer to this problem must await 
further investigation. 

It seems probable from the present studies that 
hexokinase exhibits a Ping-Pong pathway of enzyme 
and substrate interaction ; however, this contention 
cannot be proven from kinetic experiments of the type 
undertaken here. As suggested above, there are two 
Ping-Pong mechanisms which appear to be in harmony 
with the kinetic results. One of these involves the 
participation of an enzyme-phosphate intermediate 
and the other an enzyme-glucose intermediate. A 
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choice between these two possibilities can be made from 
isotope exchange half-reactions. Both mechanisms 
should exhibit an ADP-ATP exchange in the absence 
of sugar substrates; however, if enzyme-phosphate is an 
obligatory intermediate, there should be a glucose- 
glucose-6-P exchange reaction in the absence of nucleo- 
tide substrates. This latter exchange would not be ex- 
pected to occur if the Najjar-McCoy (1958) mechanism 
is applicable. 

Another mechanism which could account for the 
findings presented in Figures 1-10 has been considered 
elsewhere (Scheme 2 of Hanson and Fromm, 1967). 
This pathway of enzyme and substrate interaction is a 
modification of the Najjar-McCoy (1958) mechanism 
and contains the reaction E + glucose e E-glucose as 
the initial step in the sequence. If the dissociation con- 
stant for this step is very small relative to other terms 
in the rate equation, the kinetics will appear to be Ping- 
Pong (Hanson and Fromm, 1967). Derivation of 
rate equations for this mechanism which accounts for 
the effects of mannose, AMP, and glucose-6-P requires 
no assumptions other than those usually made in 
steady-state derivations. This mechanism is also con- 
sistent with the data for ADP inhibition if it is assumed 
that ADP acts as a product inhibition and that the 
abortive ternary complex enzyme-glucose-ADP can 
be formed. It should be possible to choose between 
this mechanism and the usual Ping-Pong pathways 
from isotope-exchange half-reactions and initial velocity 
studies of the reverse reaction. 

The strongest evidence in support of a Ping-Pong 
mechanism for hexokinase is provided by the results of 
Figures 1 and 2. It is, of course, possible that the 
curves are not really parallel but merely exhibit a subtle 
convergence. This could occur if the (AB) term present 
in the rate equations for sequential mechanisms 
(Alberty, 1953) is very small relative to other terms in 
the expression. The data for hexokinase inhibition by 
mannose suggest that the interaction of substrates 
with enzyme could be sequential, in which case glucose 
would be the obligatory first substrate for an ordered 
mechanism (Fromm, 1964). Based upon the data of 
Figures 3 and 4 alone, the mechanism could also be 
random. Although the results for inhibition by AMP 
are difficult to reconcile with a sequential enzyme- 
substrate pathway, such mechanisms cannot be excluded 
by the findings presented in Figures 5 and 6 (Hanson 
and Fromm, 1967). 

The basic product inhibition patterns appear to be 
clearly at  variance with ordered sequential mechanisms 
(Alberty, 1958). For an ordered ternary complex 
mechanism, the mannose inhibition data suggest that 
glucose would be the first substrate to add to the 
enzyme; however, product inhibition experiments 
predict that glucose-6-P should be a competitive inhibi- 
tor of glucose and a mixed inhibitor of ATP. The data 
of Figures 7 and 8 are in agreement with a rapid- 
equilibrium random mechanism for brain hexokinase 
if it is assumed that the abortive ternary complex 
enzyme-glucose-glucose-6-P may form when glucose- 

6-P is present as a product inhibitor. On the other 
hand, the results of Figures 9 and 10 exclude this 
mechanism if one assumes no abortive ternary complex 
formation. In the unlikely event that ADP(C) may inter- 
act with hexokinase as follows: E + C = EC, K l ;  F C  

ECA, Kq; and EB + C = ECB, K 5 ;  then a rate equation 
which is consistent with the ADP product inhibition 
patterns may be obtained; however, the formation 
of a complex such as enzyme-ATP-ADP, where 
ADP binds at the glucose site, seems to be rather un- 
likely. The kinetic evidence presented in this report, 
although hardly conclusive, suggests that a Ping-Pong 
mechanism is most likely for solubilized brain hexo- 
kinase. 

+ B = ECB, K2; EC + A = ECA, KB; EA + C = 
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