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Use of Chromium-Adenosine Triphosphate and Lyxose to 
Elucidate the Kinetic Mechanism and Coordination State of 
the Nucleotide Substrate for Yeast Hexokinase? 
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ABSTRACT: When initial velocities a re  measured with yeast 
hexokinase a t  pH 7, 17O, the inert coordination complex 
chromium-ATP is competitive vs. MgATP and noncom- 
petitive with glucose, with a dissociation constant of 4-6 WM 
in either the presence or absence of glucose. These patterns 
confirm a random kinetic mechanism for this enzyme. With 
CrATP present, however, the reaction slows down over the 
first several minutes to a much slower rate, suggesting 
tighter binding of CrATP with time. When CrATP, 
MgATP, and D-lyxose are preincubated with the enzyme 
for 10 min and the reaction started by addition of excess 
glucose, the dissociation constant of CrATP is now 0.13 W M  
and the reaction is linear with time. When glucose, CrATP 
and enzyme are incubated together and then placed on a 
Sephadex column, 1 mol each of CrATP and glucose per 
active center is tightly bound to the enzyme, thus providing 
a simple and precise method of determining the concentra- 
tion of active sites. This tight complex, after denaturation 
with acid, releases 25% free glucose and 75% of a chromium 
complex containing both ADP and sugar-6-P. CrADP-glu- 
cose-6-P is also slowly released from the enzyme during in- 
cubation, so that CrATP is actually a very slow substrate. 
Binding of CrATP with the formation of CrADP-sugar-6-P 
complexes is also induced by mannose, fructose, glucosam- 
ine, 2,5-anhydro-~-glucitol, 2,5-anhydro-D-mannose, and 
2,5-anhydro-~-mannitol, while glucose-6-P, 6-deoxyglu- 
cose, and lyxose also induce tight binding of CrATP. With 
excess enzyme, only 25% of CrATP is bound, and the rect 
does not inhibit the hexokinase reaction. Since bidentate 

x a s t  hexokinase, which catalyzes the phosphorylation of 
glucose to glucose 6-phosphate (glucose-6-P), is one of the 
most studied kinases, but its kinetic mechanism is still the 
subject of dispute. Fromm and Zewe (1962) on the basis of 
inhibition data suggested that the mechanism was random, 
and Fromm et a/.  (1964) showed that the mechanism was 
not a rapid equilibrium one, but that the release of sugar or 
sugar phosphate was a t  least partly rate limiting. The evi- 
dence for the random mechanism has been summarized by 
Purich et a/ .  (1973). On the other hand, Hammes and Ko- 
chavi ( I  962) postulated that the mechanism was ordered, 
with glucose combining first, but their product inhibition 
data were equally consistent with the random mechanism. 
More recently Noat et ai. (1968) have again proposed the 
ordered mechanism on the basis that the apparent K ,  for 
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Cr(NH3)4ATP and monodentate CrADP also display inhi- 
bition which is tighter with time, but since bidentate 
CrADP is a poor inhibitor, the actual substrates in the hex- 
okinase reaction appear to be 0,y-bidentate MgATP and 
8-monodentate MgADP. Tighter inhibition by Cr-8- 
BrATP than by CrATP suggests that A T P  assumes the syn 
conformation on the enzyme. The substrate inhibition by 
MgATP induced by the presence of lyxose is shown to be 
competitive vs. glucose and partial, and, together with 
other data available, to suggest a kinetic mechanism that is 
random, but where (1 )  the rate constant for release of glu- 
cose from E-glucose is equal to Vmax, and that for release 
of glucose from central complexes is less than (2) the 
majority of the reaction flux when both substrates are pres- 
ent a t  K ,,, levels goes through the path with glucose adding 
before MgATP, but where a t  physiological levels the flux 
through the two paths is more equal; (3) a conformation 
change occurs when both sugar and nucleotide are present 
which tightens binding by 40-fold, with the change being 
rapid with Mg nucleotides, and slow with Cr nucleotides. 
The preparation of bidentate Cr(NH3)4ATP, Cr(NH3)J- 
8-BrATP, Cr(NH3)4-adenylyl imidodiphosphate, and 
Cr(NH3)4PP and monodentate Cr(NH3)4( H20)ATP. 
Cr(NH3)5ATP, and Cr(NH3)5PP (the latter nicely crystal- 
line) is reported, as well as the preparation of CrAMP. 
CrADP-P,, and of chromium complexes of 8-BrATP. aden- 
osine tetraphosphate, adenylyl imidodiphosphate, and 0.3- 
and P,y-methylene ATP. 

MgATP varied with the sugar being phosphorylated, a re- 
sult inconsistent with a rapid equilibrium random mecha- 
nism. However, Bar-Tana and Cleland (1 974) have recently 
pointed out that in random mechanisms where the rate con- 
stants for dissociation of the substrates from the enzyme are 
less than V,,, (as is the case here for glucose) the initial 
velocity patterns are distorted, so that incorrect values for 
the apparent dissociation constants of the substrates from 
their binary complexes with enzyme are  observed (this is 
true of MgATP with hexokinase). As a result of these ques- 
tions it appears that independent kinetic evidence, in addi- 
tion to the isotopic exchange (Fromm et a/ . ,  1964) and in- 
hibition experiments that support the random mechanism 
(Fromm and Zewe, 1962; Fromm, 1969; Kosow and Rose, 
1970; Rudolph and Fromm, 1971b), would be helpful in 
settling the matter. 

I n  this laboratory we have recently prepared inert coordi- 
nation complexes of Cr(III)  and various nucleotides for use 
as dead end inhibitors in kinetic studies (DePamphilis and 
Cleland. 1973). If the mechanism of yeast hexokinase were 

28 B I O C H E M I S T R Y .  V O L  14. h O  I .  1 9 7 5  



C r A T P ,  L Y X O S E ,  A N D  T H E  K I N E T I C  M E C H A N I S M  O F  H E X O K I N A S E  

ordered with glucose adding first, C rATP should be a com- 
petitive inhibitor of MgATP, but an uncompetitive inhibitor 
of glucose, while if the mechanism were random, CrATP 
would be noncompetitive vs. glucose.' This paper presents 
evidence that CrATP is indeed competitive vs. MgATP and 
noncompetitive vs. glucose, as expected for the random 
mechanism. 

During these studies we also observed that the degree of 
inhibition by CrATP increased with time, with the initial 
rate decreasing over several minutes to a slower rate that 
then did not change until considerable reaction had taken 
place. This process appears to result from a conformation 
change induced by the presence of the sugar, and in the re- 
sulting E-glucose-CrATP complex, 1 mol each of glucose 
and CrATP per active center is tightly bound to the en- 
zyme, and some phosphorylation to give CrADP-glucose- 
6-P occurs. The specificity of chromium nucleotides which 
permits. this conformation change suggests that the sub- 
strates for hexokinase a re  @,y-bidentate MgATP and @- 
monodentate MgADP, and that the nucleotide exists in the 
syn conformation. 

It was first noted by Rudolph and Fromm (1971a) that 
D-lyXOSe induced substrate inhibition by MgATP. As part 
of the present work we have determined the form of this 
substrate inhibition to be competitive, but partial, as is pre- 
dicted for a random mechanism in which lyxose binds ap- 
preciably only to E-MgATP, but most of the reaction flux 
a t  K , levels of the substrates goes by the path where glu- 
cose adds before MgATP. A kinetic mechanism consistent 
with all data available is presented. 

Materials and Methods 
Yeast hexokinase and glucose-6-P dehydrogenase were 

obtained from Boehringer or Sigma. D-Lyxose (Sigma) 
contained 0.026% glucose which for experiments with over 
50 mM lyxose was removed by incubation of a 500 mM so- 
lution with glucose oxidase until glucose was absent, fol- 
lowed by evaporation and crystallization from ethanol. 2,5- 
Anhydro-D-mannose was synthesized by nitrous acid treat- 
ment of glucosamine, and 2,5-anhydro-~-mannitol by sub- 
sequent reduction with borohydride a t  p H  7 (Bera et al., 
1956). 1,5-Anhydro-~-mannitoI was prepared by treatment 
of D-mannitol with HCI (Fletcher, 1963), and 2,5-anhydro- 
D-glucitol by anhydridization of 1,6-dibenzoylmannitol 
(Hockett et al., 1946). 1,5-Anhydro-~-glucitoI prepared by 
the method of Ness et al. (1950) contained 0.5% glucose, 
which was removed by treatment with glucose oxidase. I -  
Deoxy-D-fructose was prepared by the method of Ishizu et 
al. ( 1  967), and 2,5-anhydro-~-lyxitoI according to Defaye 
(1964). 

Chromium Complexes. CrATP, Cr(NH3)2ATP, and 
Cr(NH3)3ATP were prepared by the aniline procedure of 
DePamphilis and Cleland (1973), as were the chromium 
complexes of 8-BrATP (Schwarz/Mann) and of the A T P  
analogs, adenylyl imidodiphosphate and a$- and P,y-meth- 
ylene A T P  (a,@-methylene A T P  from Sigma, the other two 

~~ 

' An uncompetitive inhibition is one which is seen at  high levels of 
variable substrate, but not a t  near zero levels; a noncompetitive inhibi- 
tion is seen at  both high and low levels of variable substrate, although 
the strength of the inhibitions may be different. Uncompetitive inhibi- 
tion is seen in the ordered case since C r A T P  (and thus presumably 
MgATP) cannot combine with free enzyme, but only with E-glucose, 
which disappears as the glucose concentration is extrapolated to zero. 
I n  the random case C r A T P  can combine with free enzyme as well as 
with E-glucose, and thus inhibits a t  both high and low glucose. 

from P-L Biochemicals). These latter complexes had spec- 
tra and properties similar to those of CrATP. Bidentate 
CrADP, Cr(NH3)3ADP, and Cr(NH3)4ADP were pre- 
pared by the methods of DePamphilis and Cleland (1973). 
Bidentate Cr(NH3)4ATP was prepared by heating a solu- 
tion 10 m M  each in [Cr(NH3)4CI(H20)]C12 (Pfeiffer, 
1905) and Na2ATP a t  80' for 8 min. After cooling, the red 
solution was adsorbed on Dowex 50-X2-H+, 100-200 mesh, 
and Cr(NH3)4ATP (33% yield) was eluted as a focused 
band with 0.1 M lithium formate (pH 3.5). Monodentate 
Cr(NH3)4(H20)ATP (29% yield) was then eluted as a dif- 
fuse band with 0.1 M lithium formate (pH 4.5). Each band 
was adjusted to pH 2, adsorbed again on Dowex 50, and 
eluted with 0.1 M aniline. After extraction with ether (3 X 
10 volumes), the isoionic pH values were 3.3 and 4 for the 
bidentate and monodentate compounds. These values prove 
the y-phosphate is coordinated; if it were free, the isoionic 
p H  values would be around 5 (coordination of the @- and 
y-phosphates changes the secondary phosphate pK from 
above 6 to below 3, while if only the y-phosphate is coordi- 
nated, the negative charge on the P-phosphate raises the pK 
to near 4; the adenine pK is around 3.7 in all of these com- 
pounds). The visible spectra of these compounds are identi- 
cal (A,,, 385 ( t  32), 520 ( t  44)), and they both contain 
three phosphates per adenine. The monodentate complex 
changes slowly into the bidentate one in the icebox (50% in 
1 week at  p H  4), but the bidentate complex appears stable. 
Cr(NH3)4-8-BrATP and Cr(NH3)4-adenylyl imidodiphos- 
phate were prepared by a similar procedure. When 
[Cr(NH3)5H20](N03)3 NH4N03  (Mori, 1957) was used 
in a similar preparation, 21% of Cr(NH3)4ATP was eluted 
a t  p H  3.5 and 40% of Cr(NH3)5ATP a t  pH 4.5. This latter 
compound was orange (A,,, 372 ( t  31), 506 ( e  47)) and sta- 
ble with an isoionic pH of 4.0. The Cr(NH3)4ATP from the 
two preparations appeared identical, but as can be seen 
from Table 111, did not equally inhibit hexokinase, and may 
contain different proportions of the two possible coordina- 
tion isomers. When disodium pyrophosphate replaced ATP 
in the pentaammine preparation, Cr(NH3)dPP (isoionic 
pH, 3.15) and Cr(NH3)5PP (isoionic pH 4.4) were ob- 
tained. The first was focused from Dowex 50 with pH 3.5 
formate, and the latter was eluted with 0.1 M sodium for- 
mate. Both compounds were readsorbed on Dowex 50 after 
reacidification and eluted with aniline for final purification. 
Crystals of isoionic Cr(NH3)SPP formed in a 25 mM solu- 
tion a t  4', and crystallization was accomplished by addition 
of 1 vol of ethanol. 

Chromium-adenosine tetraphosphate was prepared by 
the method used for CrATP, and was passed through 
Dowex 50-H+ without being adsorbed (a small amount of 
CrATP was adsorbed). It was adsorbed to Dowex I-X2-C1 
as a tight green band and eluted with 0.1 M HCI. its spec- 
trum is similar to that of CrATP. 

Monodentate CrADP was prepared by heating a solution 
20 mM each in CrC13 and N a A D P  for 1 min a t  80°, fol- 
lowed by quick cooling. The solution was then adsorbed on 
Dowex 50-X2-H+ and washed with 0.1 N HCI until the ad- 
enine content of the eluate dropped below 200 @ M  (this re- 
moves CrATP and most of the unreacted ADP). After a 
water wash, the column was eluted with 0.1 M sodium ace- 
tate (pH 4.3) and monodentate CrADP (10% yield; charac- 
terized by its inhibition vs. hexokinase) emerged with the 
p H  front. When the heating period was I O  min, the CrADP 
behaved similarly on the column, but did not inhibit hexoki- 
nase. Since the spectra of mono- and bidentate CrADP ap- 
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FIGURE I :  Noncompetitive inhi'bition'of initial velocities by CrATP 
vs. glucose: MgATP, 40 p M ,  CrATP: (1) 0; (2) 2.5 pM; (3) 5 pM.  

pear nearly the same, and their chromatographic behavior 
is so similar, their separation has not yet been achieved, but 
in the preparation of CrATP, 1-min heating gives twice as 
much mono- as bi- or tridentate material. 

C r A M P  was prepared by heating a solution 10 mM each 
in CrCl3 and A M P  a t  80' for 8 min. It was adsorbed on 
Dowex 50-H+, and eluted by 1.2 N HCl after Cr(H20)63+ 
was removed with 0.6 N HC1. After readsorption on a small 
column of Dowex 50, it was eluted with 1.2 N HC104, neu- 
tralized to pH 3.3 with solid KHC03,  cooled, and filtered. 
To  prepare CrADP-PI, freshly prepared CrADP was eluted 
from Dowex 50 with 0.4 M HC104, neutralized to pH 3 
with solid K2HP04, cooled, filtered, heated at 80' for 5 
min, and adsorbed on Dowex 50-H+ as a focused band 
below the clear area containing K+. When the column was 
washed with water, apple green CrADP-P, was eluted as 
the pH reached 2.2 (the pH changes from 1.2 to 3.1 as the 
phosphate .concentration in the eluate drops). CrADP re- 
mained on the column. The visible spectrum of CrADP-P, 
has A,,, values of 624 and 440, and e of both peaks about 
30. 

Kinetic Assays. Kinetic studies were run in 3.0 ml total 
volume in 1-cm cuvets by measuring absorbance changes at  
340 nm with a Gilford optical density (OD) converter and a 
IO-mV recorder. Since the time course of the reaction is not 
linear in the presence of CrATP (see Figure 4), most kinetic 
studies were run at 17' in order to slow down the conforma- 
tion change and permit initial velocities to be determined 
more accurately. Some studies were done at 25', and in 
these cases the temperature is noted. The assay mixture for 
kinetic studies included 50 mM piperazine-N,N'- bis(2- 
ethanesulfonic acid), pH 7.0, 100 p~ TPN, 6 units of glu- 
cose-6-P dehydrogenase, 1.4 units of hexokinase, 1-5 mM 
free Mg2+ (as acetate), and MgATP and glucose as speci- 
fied. When ATP levels were 10 mM or higher, 50 units of 
glucose-6-P dehydrogenase were used. 

Data Analysis. Kinetic data were plotted graphically to 
determine the pattern, and then fitted to the appropriate 
rate equation by the least-squares method, assuming equal 
variance for the velocities (Wilkinson, 1961), and using the 
Fortran programs of Cleland (1967). Data for linear com- 
petitive inhibition were fitted to eq 1, and for linear non- 
competitive inhibition to eq 2. The points on the graphs are 

0:- 10 
I /  MgATP mM 

FIGURE 2: Competitive inhibition of initial velocities by CrATP vs. 
MgATP: glucose, 10 mM; CrATP: (1) 0; (2) 5 pM; (3) 10 pM; (4) 1 5  
uM. 

Results 
Inhibition of .CrATP vs. Glucose and MgATP. When 

CrATP was used as an inhibitor vs. glucose and the reac- 
tion started by addition of hexokinase, the resulting pattern 
of initial velocities was noncompetitive (Figure 1). This pat- 
tern was repeated ten times at  MgATP concentrations from 
40 to 1000 p ~ ,  and the corrected values of the dissociation 
constants of CrATP in the absence and presence of glucose 
were obtained by dividing Ki ,  or K , ,  values from fits to eq 2 
by (1 + [ M ~ A T P ] / K M ~ A T P ) ,  where K M ~ A T P  was taken to 
be 100 HM based on the average value observed in a number 
of initial velocity and inhibition experiments ( K ,  and ap- 
parent K ,  are the same for MgATP and glucose, since as 
has been noted by all previous workers, the initial velocity 
pattern crosses on the horizontal axis). Weighted averages 
for the dissociation constants of CrATP in the absence and 
presence of glucose were 4.2 f 0.3 and 3.9 f 0.1 pM when 
the reciprocals of the squares of the standard errors were 
used as weights, but when the ratio of the standard error to 
the value was squared and inverted to give the weights, the 
resulting values were 6.1 f 0.4 and 6.3 f 0.2 p ~ .  The dis- 
sociation constant of CrATP thus appears to be 4-6 pht, 
and to be unaffected by the presence of glucose. Since the 
CrATP used in these studies contains 20-25% of the active 
bidentate isomers (see below), the true dissociation constant 
of the active inhibitor is about 1 p M .  

When MgATP was varied and the reaction started by ad- 
dition of hexokinase, CrATP was a competitive inhibitor 
with Ki, values of 2.8 f 0.2, 4.9 f 0.3, and 6.1 f 0.9 I.IM in 
three experiments (Figure 2). These values agree with those 
derived above from the noncompetitive patterns vs. glucose. 
When MgATP, CrATP, and hexokinase were preincubated 
for 10 min with 16.7 mM lyxose, and the reaction then 
started by addition of 10 mM glucose, CrATP still appeared 
to be a competitive inhibitor vs. MgATP (although the long 
extrapolation involved does not make it possible to elimi- 
nate some effect on the intercepts), but the inhibition con- 
stant was now 0.13 f 0.05 and 0.13 f 0.01 pM in two ex- 
periments (Figure 3). The time course of the reaction was 
now linear and did not show the rapid slowing down to a 
lower velocity that was always seen when the reaction was 
run without preincubation. 

Effect of Sugars on the Strength of CrATP Inhibition. 
VA 

VA 

As noted above: the time course of the reaction in the pres- 
ence of CrATP showed a rapid decrease in initial velocity to 
a slower, but now more nearly linear rate (Figure 4). This 
phenomenon and the drastic drop in the Ki for CrATP in- 
duced by preincubation with lyxose indicate that glucose 
and lyxose cause an increase in the strength of CrATP 
binding that takes several minutes to become complete a t  

' = K ( l  + Z/Kis) + A (l) 

(2) ' = K(1 + Z/Kis) + A(1 + z/Kii) 

the experimental data, and the lines are from the fits to eq 1 
or 2. 
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FIGURE 3: Competitive inhibition by CrATP vs. MgATP after prein- 
cubation in the presence of lyxose. MgATP, CrATP, 16.7 mM lyxose, 
and hexokinase were incubated I O  min, and the reaction then started 
by the addition of 10 mM glucose; CrATP: ( 1 )  0; (2) 5 FM; (3)  10 wM. 

OD ' 0  

0.06, 

L---L. 
0 I 2 3 4 
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FIGURE 4: Time course of reaction in the presence of different levels 
of CrATP (pM): MgATP, 200 FM; excess Mg2+, 5 mM; glucose, 1 
mM. 

17O. That this phenomenon can also be produced by other 
molecules that are either substrates or inhibitors for hexoki- 
nase was shown by incubating hexokinase with 20 p~ 
CrATP,  200 PM MgATP, and the compound being tested 
(at about twice its dissociation constant in most cases) for 
various lengths of time a t  25O, and then determining the ini- 
tial velocities when 10 mM glucose was added (the assay de- 
termined only glucose-6-P, and not the products of phos- 
phorylation of those sugars that were themselves sub- 
strates). In most cases the initial velocity decreased with 
time of preincubation and then leveled off (Table I), with 
those compounds that are the best substrates for hexokinase 
causing the most rapid change, and the greatest increase in 
degree of inhibition. 

Where the sugar tested was a good substrate for hexoki- 
nase, however, it was only possible to see the effect if the in- 
crease in strength of CrATP binding took place rapidly 
compared with the rate of phosphorylation of the sugar. 
Thus, while 2,5-anhydro-~-glucitol, which has a Y,,, equal 
to that of glucose, but a very high K ,  (47 mM (Raushel 
and Cleland, 1973), induces a rapid increase in the strength 
of the CrATP inhibition, and 2,5-anhydro-D-mannose 
(V, , ,  equal to that of glucose, K ,  = 0.3 mM (Raushel and 
Cleland, 1973)) induces a rapid, but smaller change, 2,5- 
anhydro-D-mannitol, which is a good substrate ( K , ,  6 mM) 
with a V,,,  50% more than that of glucose (Raushel and 
Cleland, 1973), does not induce a fast enough change to be 
observed, although the binding studies reported below show 
that it does induce tighter binding of CrATP. Neither 1,5- 
anhydro-D-mannitol nor 1,5-anhydro-D-glucitol, both of 
which are poor substrates for hexokinase (anhydromannitol: 

TABLE I :  Effect of Sugars on Degree of Inhibition by CrATP 
at 25".a 

Sugar (Concn, mM) 

D-Fructose (1.4) 
D-Mannose (0.1) 
2-Deoxy-~-glucose (0.6) 
D-LyXOSe (8.33) 
D-Glucosamine (1 . 5 )  
D-Arabinose (66) 
D-Mannoheptulose (0.3) 
1,5-Anhydro-~-mannito1 (1 5) 
1,5-Anhydro-~-glucitol (15) 
2,5-Anhydro-~-mannitol(15) 
2,5-Anhydro-~-mannose (2) 
2,5-Anhydro-~-glucitol (92)/ 

0 .06  
0.03 
0.12 
0 .06  
0.38 
0.66 
0.80 
d 
d 
e 

0.36 
<O .06 

3 
6 
5 

24 
6 

120 
16 
d 
d 
e 
4 

<45 

a Hexokinase preincubated with sugar, 20 I .~M CrATP, and 
200 PM MgATP for various times at  25", and initial velocities 
determined by glucose-6-P dehydrogenase assay after addition 
of 10 mM glucose. uo is initial velocity with no preincubation; 
v, is initial velocity after preincubation for a long enough 
time for the change to  be complete. Time of preincubation 
required for initial velocity to  change halfway from uo to  v,. 

No tightening observed. e Reaction was too rapid to  see a 
change in the strength of CrATP inhibition. IBased on one 
sample incubated for 3 min. 

K,, 7 mM; Vmax, 6% that of glucose; anhydroglucitol: Km, 
3 mM; V,,,, 1% that of glucose), induces any change in the 
strength of CrATP inhibition. The unexpectedly low Vmax 
values for these two compounds may result from their fail- 
ure to induce the conformation change necessary for cgtaly- 
sis or tight binding of CrATP. 

Binding Studies.  When [5'Cr]ATP was incubated a t  pH 
7 and 25O for 10 min with 4 mg/ml of Boehringer hexoki- 
nase and 10 m M  glucose, and the resulting mixture was 
placed on a Sephadex G-25 column, label was found in the 
protein peak as well as in the later band where CrATP is 
expected (Figure 5). Identical results were obtained wheth- 
er 10 m M  glucose was present in the eluting buffer (as in 
Figure 5) or not. With 350 p~ CrATP, 6% of the material 
was bound, corresponding to 5.2 nmol/mg of hexokinase. 
With 35 p M  CrATP, 25% of the CrATP was bound, but 
this was only 2.2 nmol/mg of hexokinase, suggesting either 
that all of the CrATP capable of combining had done so, or 
that binding was not complete because of the low level of 
CrATP. The former was shown to be the case by testing the 
ability of the residual CrATP in the second peak to inhibit 
hexokinase in a system containing 8 mM glucose and 100 
p~ MgATP. When fractions 16 and 17, and 20 and 27 of 
the 350 PM CrATP column shown in Figure 5 were tested 
(final concentrations 9.0 and 1.56 p ~ ) ,  the initial rate of 
the hexokinase reaction was inhibited 53 and ~ W O ,  which 
corresponds to an inhibition constant (after correction for 
MgATP) of 3-4 pM, as expected. When fractions 17 and 18 
of the 35 p M  CrATP column were used, however (final con- 
centration 1.44 pM),  no inhibition was observed, showing 
that that portion of the CrATP not binding to hexokinase 
under these conditions is not capable of inhibiting it. 

The tight binding of CrATP induced by sugars could be 
caused either by a slow conformation change in the enzyme, 
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F I G U R E  5: Binding of [5 iCr ]ATP to hexokinase in the presence of glu- 
cose. (Top) Boehringer hexokinase (1 mg) was incubated with 350 p~ 
[51Cr]ATP (12,700 cpm/cLmol), 10 mM glucose, 50 mM piperazine- 
N,N'- bis(2-ethanesulfonic acid) (pH 7.0) in 0.25-ml total volume for 
I O  min at  room temperature. The mixture was then placed on a 1 X 20 
cm column of Sephadex (3-25 which contained 50 mM piperarine- 
N,N'-  bis(2-ethanesulfonic acid) (pH 7 )  and I O  mM glucose. Elution 
was with the same solution, and fractions were 1.2 ml. (Bottom) Same, 
except 2 mg of hexokinase in 0.5-mI volume and 35 PM [S 'Cr]ATP.  

or by catalytic replacement of ligands on the chromium by 
ones from the enzyme. In the latter case, the chromium 
should become covalently linked to the enzyme, and dena- 
turation of the resulting complex by cold perchloric acid 
should leave the chromium still bound to enzyme. To distin- 
guish these possibilities the protein peak from an experi- 
ment similar to that shown in Figure 5 was split in equal 
parts, and to one part was added 0.1 voi of 60% HC104. 
After 1 hr a t  4 O ,  the denatured protein was removed by cen- 
trifugation and an  aliquot of the supernatant and of the 
original solution were both counted. Both samples gave 
identical activities, showing that the chromium of CrATP 
does not become covalently attached to the enzyme during 
incubation with hexokinase and glucose. 

When the binding studies were repeated with 350 ~ L M  un- 
labeled CrATP and 1 mM ['4C]glucose, labeled glucose 
was also found in the protein peak. The amount bound 
(2.2% of that added, or 5.4 nmol/mg of Boehringer hexoki- 
nase) corresponded to a 1 : 1 complex of CrATP and glucose, 
and was the same whether or not glucose was present in the 
eluting buffer. It thus appears that the hexokinase-CrATP- 
glucose complex, once formed, has a very long half-life and 
does not exchange with unbound molecules in solution a t  a 
rate that is appreciable over the time required to run this 
type of experiment. 

The 1 : l  nature of the complex was also confirmed by 
running parallel binding studies with Cr-[I4C]ATP and 
['4C]glucose in a system containing 300 pM CrATP, 1 mM 
glucose, and 0.4 mg of Sigma type C-300 hexokinase in 
0.5-mI, total volume. Of the Cr-[14C]ATP, 6.6% was bound 
(27 nmol/mg of hexokinase), while of the ['4C]glucose, 
2.1% was bound (26 nmol/mg). This degree of binding indi- 
cates a combining weight of 38,000 for this preparation of 
hexokinase (specific activity = 375 units/mg), as opposed 
to 190,000 for the Boehringer preparation (140 units/mg). 
This binding technique appears to be a useful and precise 
way to determine the purity of hexokinase preparations, al- 
though the combining weights given above are only approxi- 
mate as they are based on the manufacturer's stated con- 
centrations and activities for the enzyme preparations used. 

I , 
800 I 

Z L  
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400 : 
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F l G U R t  6 Binding ot [14C]glucose to hexokindse i n  the proence 01 
C r A T P  or C r ( N H & - A T P  Sigma C-130 hexokindse ( I  mg) ~ ' 1 5  i n i u -  
bated in 0 25-mI volume with 1 mM [i4C]glucose (10' dpm/pmol),  50 
mM piperazine-N.N'- bis(2-ethanesulfonic acid) (pH 7 0 )  and nuclco- 
tide at  room temperature for 10 min The mixture was then pldced on LL 

1 X 20 cm column of Sephadex G-25 and eluted with 50 m v  pipera- 
rine-N N'- bis(2-ethanesulfonic acid) (pH 7 0) Frditions were I 2 m1 
(--) 350 CrATP, (- - -) 10 m v  Cr(NH7)d ATP (. . .) nrr nuclc- 
otide The protein emerged i n  fractions 9 and I O  

The molecular weight of hexokinase has been reported to be 
46,000 a t  p H  7 by Kenkare and Colowick (1 965), and to 
vary from 42,000 to 48,000 by pH 7.6, depending on con- 
centration, by Rudolph and Fromm (1970). It thus appears 
likely that one CrATP and one glucose combine per mole- 
cule of this size. 

The tight binding of [14C]glucose is induced not only by 
CrATP, but also by the weaker inhibitor, Cr(NH3)4ATP, 
as seen in Figure 6. In  the absence of nucleotide, no glucose 
was seen in the protein peak, while 350 p~ CrATP caused 
the binding of 11.6 nmol of glucose/mg of hexokinase, and 
10 mM Cr(NH3)4ATP caused 3.7 nmol/mg to be bound. I n  
the latter case, the lower yield suggests that the complex 
was decomposing slowly during chromatography. This is 
not unexpected, since Cr(NH3)4ATP might be expected to 
dissociate more rapidly because of its higher inhibition con- 
stant. The enzyme used in this experiment was Sigma C- 
130, 220 U/mg,  and the combining weight with CrATP 
was calculated to be 86,000. 

The binding of CrATP is induced not only by glucose, 
but also by other sugars that a re  good substrates or inhibi- 
tors of hexokinase. As shown in Table 11, glucose, mannose, 
fructose, and 2,5-anhydroglucitol all induce the same de- 
gree of binding of CrATP. However, 2,5-anhydromannose, 
2,5-anhydromannitol, glucose-6-P, and lyxose induce less 
binding, suggesting that the E-CrATP-sugar complex has 
partly decomposed during the chromatography. This is pre- 
sumably caused by variation in the size of the rate constant 
for breakdown of the complex, but the fact that the E-  
CrATP-lyxose complex seems to break down faster than 
the others. while it forms more slowly (Table I ) ,  suggests 
that the sugars that form tight complexes change the disso- 
ciation constant of CrATP by a factor much larger than the 
factor of 40 measured for lyxose. 

The reason for this result became obvious when the hex- 
okinase-CrATP-[ ''C]glucose complex isolated by Sepha- 
dex chromatography in 10 mM buffer was denatured at  4' 
by the addition of 0.02 ml of 60% HClO~/ml  of complex 
and by violent agitation in the presence of a drop of CC14. 
When the resulting filtered solution was diluted 1 : l O  and 
placed on a column of Dowex 5 0 - H f ,  25% of the ["C]glu- 
cose passed through the column and was not adsorbed on 
Dowex I-C1 (presumably free sugar), while 75% was eluted 
i n  a focused band by 0.1 M lithium formate (pH 3.5) at the 

32 R I O C H E M I ~ T R Y ,  V O I .  1 4 ,  N O .  I ,  1 9 1 5  



C r A T P ,  L Y X O S E ,  A N D  T H E  K I N E T I C  M E C H A N I S M  O F  H E X O K I N A S E  

TABLE 11: Binding of Cr-[14C]ATP to Hexokinase in the 
Presence of Sugars or Sugar Analogs.' 

CrATP Bound 
(PM)  Sugar or Analog (Concn, mM) 

None 
D-Glucose (10) 

D-Glucose (1 ') 
D-Glucose (1 ') 

D-Glucose (0.05) 
D-Fructose (2) 
D-Fructose (0,2)  
D-Mannose (1) 
2,5-Anhydro-~-glucitol (56) 
2;5-Anhydro-~-glucitol (0.2) 
2,5-Anhydro-~-mannose (2) 
2,5-Anhydro-~-mannitol (1 5) 
D-GluCOSamine (15) 
1,5-Anhydro-~-glucito1 (15) 
1,5-Anhydro-~-glucitol (1) 
1,5-Anhydro-~-mannito1 (15) 
2,5-Anhydro-~-lyxito1 (100) 
1-Deoxy-D-fructose (10) 
~-Glucose-6-P (10) 
~-Glucose-6-P (1) 
6-Deoxy-~-g~ucose (10) 

D-Glucose (I)  

D-Glucose ( 0 .  I )  

D-Lyxose (10) 

0 
75 
84 
26 
52 
67 
39 
72 
88 
83 
80 
21 
63 
59 
33 
22 
4 
3 
8 

15 
46 
14 
24 
35 

' Experiments were similar t o  those in Figure 6 with 1.2 mg 
of Sigma F-300 hexokinase (250 units/mg) and Cr-[14C]ATP 
(48,500 cpm,'pmol), 460 PM. Cr-[14C]ATP, 115 PM. Cr- 
[ 14C]ATP (210,000 cpm/pmol) prepared by heating for only 
2mina t80° ,  1 1 0 ~ ~ .  

point where the pH of the eluate changed from 2.6 to 3.5. 
This is the elution position predicted for the doubly mono- 
dentate CrADP-glucose-6-P complex which would result if 
phosphate were transferred from py-bidentate CrATP to 
glucose without breaking the coordination bonds to chromi- 
um. This complex is a slow substrate for glucose-6-P dehy- 
drogenase (V, , ,  about 1% that of glucose-6-P) and upon 
heating with EDTA liberates free glucose-6-P and ADP. 
The formation of CrADP-sugar-6-P complexes from Se- 
phadex-prepared hexokinase-CrATP-sugar complexes has 
also been demonstrated for fructose (87%), mannose (92%). 
glucosamine (SO%), 2,5-anhydromannose (54%), 2,5-anhy- 
dromannitol ( 5 8 % ) ,  2,5-anhydroglucitol (55%), and with 
glucose and Cr(NH3)4ATP (25%) ,  and glucose and Cr-8- 
BrATP (80%). The observed percentage of CrADP-sugar- 
6-P complex in these experiments appears to represent the 
phosphorylation equilibrium on the enzyme, since the rate 
of formation of this complex appears to parallel the confor- 
mation change that leads to tight binding of CrATP. When 
freshly prepared CrADP-mannose-6-P was tested as an  in- 
hibitor of hexokinase, it had a Ki  of about 3 k ~ ,  but 
showed little change in inhibition with time (the change 
which did occur was explainable on the basis of the 8% of 
CrATP that should have also been released when the pro- 
tein was denatured). The CrADP-glucose-6-P complex is 
also slowly released from the enzyme with a rate constant of 
about 0.04 min-I, so it appears from these experiments 

TARLL 111: Inhibition of Hexokinase by Chromium Complexes. 
- _____~~______.____ _ _ ~  ~ - 

Inhibitor (Concn, p ~ )  

CrATP (1 0) 
Cr( N H &ATP (10) 
CrATP (10) 
Cr(N H a) ,ATP (1 00) 
Cr(NH,),ATP (50) 
Cr(NH&ATP (10) 
Cr( N H :i) 4ATP (c) 
Cr(NH,i)4ATP (c) 
Cr(NH&(H20)ATP (c)  
Cr(NHJ5ATP (c )  
Cr-adenosine tetraphosphate (100) 
Cr-adenylyl imidodiphosphate (900) 
Cr(NH& -adenylylimidodiphosphate 

Cr-4-BrATP (0.92) 
Cr(NH3),--8-BrATP (100-1000) 
CrADP-Pi (130, 390) 
CrAMP (400, 800) 
Monodentate CrADP (170-1250) 
CrADP (2000) 
Cr(NH,),ADP (2000) 
Cr( N H a)4A DP (2000) 

(630) 

Initial K," 
(P  M) 

~- 

4 9  
9 2  
5 

60 
62 
50 

1 50d 
420e 

1 300e 
3200" 

60 
300 

2300 

0 14 
210 
165 

1200 
100 

2000 
1300 
9000 

0 18 
0 4  
0 4  
4 

14 

12 
50 

h 

b 
h 
h 
h 
h 

0 01 

b 
b 

b 
b 
b 

20 

20 

- 

a It was assumed that the inhibitions were competitive cs. 
MgATP, and the kinetics followed eq 1. By comparing velocity 
in the absence of inhibitor ( E , , )  with that in the presence of 
inhibitor (ci), Ki is calculated from K ,  = I/[(l + A / K , ) .  
((co/ci) - l)], where I is inhibitor concentration, A is MgATP 
concentration (100 p ~ ) ,  and K ,  its apparent K,,, (100 p ~ ) .  
Initial Ki was calculated from initial velocity. Final Ki, 
when given, was calculated from rate seen after several minutes 
when the lower steady-state rate appeared to have become 
established. 'The K ,  did not appear to change over several 
minutes. Apparent Ki value from a 1;fi cs. I plot divided by 
(1 + A/K: , ) .  These experiments were carried out at  25" by 
M. I .  Schimerlik. From heating [Cr(NH,),(H20)](NO&. 
N H 4 N 0 3  with ATP. e From heating [Cr(NHa),,CI(H,O)]CI, 
with ATP. 

(which are continuing and will be reported in detail later) 
that CrATP is an actual substrate for hexokinase, but with 
a very low V,,,,. 

Specificity for  CrATP. In their studies on the inhibition 
of six kinases by different chromium nucleotides, Janson 
and Cleland ( 1  974b) have shown that only CrATP is a good 
inhibitor for yeast hexokinase, and that replacement of ade- 
nine by other bases drastically raises the K ,  and eliminates 
the tightening of inhibition induced by the sugar. Chromi- 
um nucleoside diphosphates were poor inhibitors, and the 
only compounds to show the tightening phenomenon other 
than CrATP were Cr(NH3)2ATP and Cr(NH3)3ATP. 
However, the replacement of coordinated water by N H 3  
raised the K ,  both for initial velocities and for the final ve- 
locities seen after the tightening has taken place. Table I11 
shows this phenomenon in more detail and also includes the 
chromium complexes of a number of other adenine nucleo- 
side derivatives. In  addition to the compounds shown, chro- 
mium-cY,P-methylene A T P  and chromium-&-methylene 
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FIGURE 7: Competitive substrate inhibition by MgATP induced by 
the presence of lyxose; MgATP: (1) 0.5 mM; (29 2 mM; (3)  4 mM; (4) 
I O  mM. Lyxose concentrations in millimolar units. Each pattern fitted 
separately to eq I .  

0 10 20 4 0  6 0  
3 MgATP. mM 

FIGURE 8: Partial substrate inhibition by MgATP induced by lyxose; 
glucose, 100 p M .  

ATP did not inhibit at 100 p ~ ,  and Cr(NH3)4PP and 
Cr(NH3)sPP did not inhibit at 700 /IM. 

Lyxose-Induced Substrate Inhibition by MgATP. In 
order to better understand the effects of lyxose on CrATP 
binding, this induced substrate inhibition was studied at 
three lyxose levels by varying glucose at  high fixed MgATP 
concentrations (Figure 7). The inhibitions appear to be lin- 
ear competitive, and the data were fitted to eq 1. When 
higher levels of MgATP were used, however, the substrate 
inhibition was clearly partial (Figure 8), and reached its 
peak at  or below 10 mM MgATP. The inhibition was slight- 
ly overcome at  still higher MgATP, probably because of ef- 
fects of the higher ionic strength on the binding of MgATP 
or lyxose (the apparent K, values of glucose and MgATP 
are raised by factors of 22 and 36 in 1.5 M NaCl (Rudolph 
and Fromm, 1970)). 

The inhibition of lyxose vs. glucose is competitive, but 
' t he  Ki, varies from 4.2 mM at  10 mM MgATP to 80 mM at 
0.1 mM MgATP (data not shown). When MgATP was var- 
ied at  concentrations below the substrate inhibition level 
(Figure 9), lyxose was a noncompetitive inhibitor with Ki, 
= 500 f 80 mM and Kii = 79 f 4 mM from a fit to eq 2. 

Discussion 
The clearly noncompetitive inhibition of CrATP vs. glu- 

cose (Figure 1) provides strong evidence that the kinetic 
mechanism of yeast hexokinase is random, and not ordered 
with glucose adding first. If CrATP could only add after 
glucose, the inhibition vs. glucose would be uncompetitive, 
but in fact CrATP appears to combine with free enzyme 
equally well as with E-glucose. 

The inhibition by CrATP tells us much more about the 
mechanism than just that it is random, however. First, the 
dissociation constant of the active isomers of CrATP is 

I 
0 20 40 

FIGURE 9: Noncompetitive inhibition of lyxose vs. MgATP: ghcose, 
100 p M ;  lyxose levels are in millimolar units. 

l / M g A T P  mM-l  

100-fold lower than the K, of MgATP (and as noted 
below, it is 5000-fold lower than the K ,  for MgATP), so 
that it can be considered a transition state analog. The inhi- 
bition is, however, freely reversible (first entry, Table 11). 
Second, upon incubation with a sugar that is a substrate or 
inhibitor of the enzyme, the dissociation constant is further 
decreased by a factor as high as 40, and the resulting com- 
plexes break down slowly. Finally, with sugars that are good 
substrates, phosphate transfer occurs to give a CrADP- 
sugar-6-P complex in equilibrium with CrATP and free 
sugar on the enzyme. CrADP-sugar-6-P, where the ADP 
and sugar-6-P are held together by their inert coordination 
bonds to the chromium, can be released very slowly from 
the enzyme (0.04 min-' for CrADP-glucose-6-P), making 
CrATP a substrate with an extremely low V,,,. With in- 
hibitors or poor substrates where this change does not 
occur, the tight E-sugar-CrATP complexes decompose 
more readily during Sephadex chromatography as one 
would predict. 

The simplest model which appears to account for the 
data is 

E-glucm 
100 P M/' \I P M  

kl 
E-glucose-CrATP e 

h 
E 

1 , \ I \  Zl*O fl  +I 

E-Cr ATP 
k ,  

k ,  
E'-glucose-CrATP E'-CrADP-glucose-6-P 

i k  
E + CrADP-glucose-6-P 

where k Ilk2 is about 40, and k I is between 1 and 2 min-' 
a t  17O, based on the observed half-times for the tightening 
of inhibition by CrATP (the value of 100 p~ for the disso- 
ciation constant of glucose is taken from the kinetic model 
described later in the discussion). The value of k 3  is proba- 
bly greater than that for k l ,  since the yield of CrADP-glu- 
cose-6-P upon acid denaturation seems to parallel the for- 
mation of the tighter E'-glucose-CrATP complex, and the 
ratio of k3/k4 is 3, based on the 75% yield of CrADP-glu- 
cose-6-P after denaturation of the enzyme. The constant k s  
is about 0.04 min-I, the same size as k2. The partial de- 
composition of the E'-glucose-Cr(NH3)4ATP complex 

34 B I O C H E M I S T R Y ,  V O L .  1 4 ,  N O .  1 ,  1 9 7 5  



C r A T P ,  L Y X O S E ,  A N D  T H E  K I N E T I C  M E C H A N I S M  O F  H E X O K I N A S E  

during Sephadex chromatography probably reflects the 
higher rate constant for release of Cr(NH3)4ATP from E- 
glucose-Cr(NH3)4ATP, and the 25% yield of 
Cr(NH3)4ADP-glucose-6-P upon acid denaturation of the 
remaining complex suggests that k3/k4 is 0.33 in this case. 

Coordination State and Conformation of the Nucleotide 
Substrate. The data from the experiment shown in Figure 5 
suggest that only 25% of the CrATP was capable of form- 
ing the tight E'-glucose-CrATP complex, and that the 
other 75% was not inhibitory in the hexokinase reaction. 
The third line in Table I1 shows that 22% of this CrATP 
preparation was bound in the presence of excess enzyme. 
This shows that the reaction is a specific one, and raises the 
question of which CrATP isomers a re  the ones inhibiting 
the reaction and forming the E'-glucose-CrATP complex. 
Two P,y-bidentate, and four a,P,y-tridentate isomers of 
CrATP are  possible,2 and recent work in this laboratory by 
Dr. D. 0. Brummond suggests that  all six exist, with the tri- 
dentate forms predominating. Interconversion between 
these isomers is very slow, and the isomeric content of vari- 
ous preparations does not appear to change over several 
months. Furthermore, it appears that  it is the bidentate iso- 
mers only that inhibit yeast hexokinase (Brummond and 
Cleland, 1974). In  agreement with this postulate, 48% of 
Cr-[14C]ATP prepared by heating for only 2 min a t  80' is 
bound in the presence .of excess hexokinase (line 4, Table 
11). During the heating process y-monodentate CrATP 
forms first, followed by bi- and then an equilibrium mixture 
of bi- and tridentate forms. This is consistent with the good 
inhibition and tightening with the time seen with the biden- 
tate Cr(NH3)4ATP complex, but poor inhibition by the mo- 
nodentate Cr(NH3)4(H2.O)ATP and Cr(NH3)5ATP com- 
plexes (Table 111). Cr(NH3)2ATP and Cr(NH3)3ATP exist 
as both bidentate and tridentate isomers, with about 30% 
being bidentate. The inhibition by chromium-adenosine te- 
traphosphate may reflect the similarity of the P,y,G-triden- 
tate isomers of this complex with the 0,y-bidentate isomers 
of CrATP, although the tightening phenomenon is not seen. 
The CrADP-Pi complex is a surprisingly good inhibitor, al- 
though again the tightening of inhibition is not seen. The 
chromium-methylene A T P  complexes are poor inhibitors, 
but they do not inhibit creatine kinase either, while 
CrADP-Pi and chromium-adenosine tetraphosphate do  
(apparent Ki values of 190 and 220 WM, compared to 100 
W M  for CrATP). The surprising compounds are chromium- 
adenylyl imidodiphosphate and the corresponding tetraam- 
mine. The aquo complex is as good an inhibitor of creatine 
kinase (apparent Ki, 110 WM) as CrATP, and the tetraam- 
mine has to be bidentate, so the failure of these compounds 
to inhibit hexokinase suggests a high degree of specificity 
for the nature of the linkage between the 0- and y-phos- 
phates. Possibly the greater positive charge that will reside 
on the N H  bridge in these compounds than on the oxygen 
bridge in CrATP is responsible for the effect. 

If the active substrate for hexokinase is the P,y-bidentate 
MgATP complex, as suggested above, the product of the 
reaction should be 0-monodentate MgADP, and it would be 
clear why CrADP, which is an a,@-bidentate complex, is 
such a poor inhibitor. However, P-monodentate CrADP 

* The y-monodentate C r A T P  complex has been recently prepared in  
this laboratory and shown to have a higher pK for the secondary phos- 
phate group than the bi- and tridentate complexes. It was the precursor 
seen at  short heating times by DePamphilis and Cleland (1973), and 
mistakenly postulated to be a bidentate complex; it is removed during 
purification of CrATP. 

should be a good inhibitor of hexokinase, and might under- 
go the tightening seen with CrATP.  When CrADP was pre- 
pared by heating a solution 20 mM each in N a A D P  and 
CrC13 a t  80° for only 1 min rather than the usual 10 min, 
the resulting product showed an initial K ,  of 100 WM, and a 
K , of 20 p~ after the tightening had occurred (Table 111). 
It thus appears that monodentate CrADP does behave in a 
similar manner to bidentate CrATP, although the K ,  values 
are somewhat higher and the change in strength of binding 
of sugars somewhat less. 

One more fact can be deduced about the geometry a t  the 
hexokinase active site from the fact that  C r  8-BrATP is a 
better inhibitor than CrATP, and the tetrammines are 
equivalent. 8-BrATP exists largely in the syn as opposed to 
the anti conformation favored for ATP, and these data 
suggest that A T P  is adsorbed to hexokinase in the syn con- 
formation, or something close to it. 

The Effects of Lyxose. Lyxose, along with other sugars 
that are good substrates or inhibitors of hexokinase, induces 
tighter binding of CrATP. It also causes a 40-fold drop in 
the apparent K ,  (which should equal the dissociation con- 
stant) of MgATP for the slow ATPase reaction catalyzed 
by hexokinase (DelaFuente et al., 1970). Lyxose is a com- 
petitive inhibitor vs. glucose, but the K ,  changes from 4.2 
to 80 mM as MgATP is lowered from 10 to 0.1 mM, 
suggesting that MgATP must be present for lyxose to bind. 
Conversely, when the compounds ATP-(6-glucose) and 
adenosine tetraphosphate-(6-glucose) were recently synthe- 
sized as possible transition state analogs by Dr. Peter 
Danenberg, they were competitive vs. MgATP, but uncom- 
petitive vs. glucose, suggesting that they were acting as 
MgATP analogs and bound only in the presence of glu- 
 COS^.^ These data can all be explained by assuming that 
sugars and nucleotides bind 40-fold tighter when both are 
present, than when only one has combined with the enzyme. 
The substrate inhibition by MgATP induced by the pres- 
ence of lyxose can also be explained on this basis, and since 
this induced substrate inhibition is important for an under- 
standing of the hexokinase mechanism, it will be analyzed 
in detail. 

Fromm ( 1  967) first pointed out that in an ordered mech- 
anism where a dead-end inhibitor combined with free en- 
zyme only, that if the second substrate could add to the E1 
complex, substrate inhibition by the second substrate com- 
petitive vs. the first was induced by the presence of the 
dead-end inhibitor. 

A K p i  otiuc.ts 

1 1 t 
E: 

( 3 )  

F, 

I K 
Thus in mechanism 3, B will show substrate inhibition com- 
petitive vs. A when I is present, and the higher the level of 
I, the stronger the inhibition. Since other kinetic evidence 

I f  the dissociation constant were 40-fold higher in the absence of 
glucose, the slope effect in  these patterns would be just below the level 
for detection, and the patterns would still look uncompetitive vs. glu- 
cose. In  these molecules, the glucose apparently hangs out in solution 
and is not bound; their K I  values are about 200 WM.  
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pointed to a random pechanism for yeast hexokinase, Ru- 
dolph and Fromm (1971a) first attributed the induced sub- 
strate inhibition caused by lyxose to combination of 
MgATP a t  two sites on the enzyme, but later suggested that 
lyxose induced a conformation change that persisted after 
replacement of lyxose with glucose, and that in the modified 
conformation, certain rate constants had values that led to 
substrate inhibition by MgATP (Rudolph and Fromm, 
1971 b). These authors failed to realize, however, that the 
substrate inhibition induced by lyxose was partial (Figure 
8),  and that partial induced substrate inhibition may occur 
in random mechanisms. 

The substrate inhibition in mechanism 3 is caused by 
buildup of the EIB complex a t  high B levels, and this com- 
plex becomes the only enzyme form present at  infinite B, 
since the E-EI-EIB sequence is a t  equilibrium, while the 
E--EA-(EAB) sequence is not because of the conversion of 
(EAB) to products. In a random mechanism, combination 
with EB only (or at  least much tighter binding to EB than 
to E) of a dead-end inhibitor competitive with A will lead to 
large levels of EIB when B is infinite. I f  a t  the same time 
the steady-state level of EB is small when both A and B are 
a t  K ,,, levels, then the inhibitor will induce partial substrate 
inhibition by B. The substrate inhibition is of course com- 
petitive vs. A, since A and I compete for the EB form, and 
the severity of the inhibition depends on I in a hyperbolic 
fashion, rather than the linear manner which results from 
mechanism 3. In order for the steady-state level of EB to be 
low a t  levels of A and B equal to K ; ,  and K b ,  the mechanism 
cannot be of the rapid equilibrium type, the K,, for B must 
be considerably beloua its actual dissociation constant from 
the enzyme, and the majority of the reaction flux a t  K ,  lev- 
els of the substrates must follow the path where A adds be- 
fore B. (At levels of B close to its dissociation constant. of 
course, more flux goes through the path where B adds first. 
If the physiological level of B is closer to its dissociation 
constant than to its Michaelis constant, there will not be a 
preferred path under physiological conditions.) In practice 
this means the rate constant for release of A from (EAB) 
must be smaller than VI,,;IX. and considerably smaller than 
that for breakdown of EA. 

In  such a mechanism the ratio of the rates in the absence 
( y o )  and presence (vi) of lyxose when MgATP is at  infinite 
concentration is given by 

where A is glucose and K , ,  its K,, I is lyxose, and KI its 
dissociation constant from E-MgATP. With the data in 
Figure 8 for 10 mM MgATP it is then possible to estimate 
the value of K I for lyxose as 3-6 mM, in agreement with the 
K ,  of 5 m u  reported by DelaFuente et al. (1 970), and the 
value of 4.2 m u  measured in this laboratory a t  I O  mM 
MgATP. The dissociation constant of lyxose from free en- 
zyme is much higher; the noncompetitive inhibition vs. 
MgATP (Figure 9) gives a value of 240 f 40 mM.‘ 

The slope effect is caused solely by the combination of  lyxose with 
free enzyme but the model presented in mechanism 5 predicts that K ,, 
will be 2. I times the dissociation constant of E-Iyrose. K ,, depends o n  
the dissociation constants for lyxo\c from both free enzyme and E- 
MgATP. although more heavily on the latter. hut again the exact rela- 
tionship depends on the constants assumed in mechanism 5. Assuming 
mechanism 5* the dissociation constant o f  lyxose from E-MgATP can 
be calculated from K , ,  as I mhl. By comparing mechanism 5 with the 
K , ,  values from the competitive inhibition of lyxose V.T. glucose. disso- 
ciation c~inrtunt\  for Iquosc from E V g A T P  arc calculated :IS 2.1 or 

Comparison of Reaction with Chromium and Magne- 
sium Nucleotides. When both sugar and nucleotide are 
present, something happens which leads to an apparent in- 
crease in binding of a t  least 40-fold. The change is very fast 
with Mg nucleotides, but slow enough to follow easily with 
C r  nucleotides. Since CrATP has equal affinity initially for 
the enzyme in the presence or absence of glucose, it would 
appear that a conformational change in the protein occurs 
which leads to tighter binding of substrates and substrate 
 analog^.^ Presumably this conformation change is a prelude 
to the actual catalytic process itself. The reason for the 
slowness of the change with C r  nucleotides is not apparent, 
unless it involves some changes i n  the coordination sphere 
of chromium. Since chromium does not become bound to 
the protein, however, it is not clear what changes could be 
involved. The half-time of the change is not appreciably dif- 
ferent for CrATP and Cr(NHI)4ATP, and since NH3 is 
much more difficult to displace from chromium than water, 
this argues against ligand substitutions during the change. 
Since the conformation change is equally slow whether an 
inhibitor like lyxose or a substrate like glucose is present, 
the ability to undergo phosphorylation is not involved. Pos- 
sibly the rigidity of the C r  nucleotides is responsible (for ex- 
ample, i f  deformation of the normal coordination octahe- 
dron toward a trigonal prism occurred during the confor- 
mation change, the change would be expected to be much 
slower with C r  than with Mg). but whatever the reason, the 
possibility of studying this conformation change on a more 
convenient time scale than that which would be required 
with Mg nucleotides is certainly very exciting. 

The subsequent chemical changes which occur in hexoki- 
nase-sugar-CrATP complexes with sugars that are sub- 
strates are equally exciting, since it appears that CrATP is 
acting as a slow substrate. An equilibrium between CrATP 
and glucose and the CrADP-glucose-6-P complex seems to 
be established as rapidly as the conformation change that 
causes tight binding, and CrADP-glucose-6-P is then re- 
leased at  a rate of about 0.04 min-’. Since the CrADP- 
mannose-6-P complex has a K ,  of about 3 WM, it is probable 
that the slow rate of release is caused by the slow rate of a 
conformation change analogous to the one that converts the 
loose E-glucose-CrATP complex into the tight one capable 
of catalytic reaction. The lack of observed tightening when 
CrADP-glucose-6-P is used as a n  inhibitor is consistent 
with an equilibrium constant for this change of near unity, 
unlike the value of 40 seen with CrATP and glucose. The 
similarities between this model of CrATP activity and that 
derived for MgATP i n  the following section (except for the 
drastically different time scale of the conformation changes, 

2.8 mv. The reasonably good agreement here. de\pitc the fact  that the 
constants in  mechanism 5 were n o t  specifically picked to produce this 
result. gives some confidencc in the final kinetic model prcscnted 
hclou 
’ It is important that the conformation change occurs o n l y  after 

binding of both substrates. as  shown h\ the equal initial affinity of 
CrATP for E and E-glucohe. With glycerokin;i\e frorn (‘anido M ~ C O -  

d ~ ~ r m u ,  which is also inhibited strongly b) -,-bident:itc CrATP ( K ,  = 
0.5 p v ;  Janson a n d  Cleland. 1974~1). combination [ I Y  glycerol and 
MgATP occurs onlk in that order. ‘ind CrATP binds only t o  E glycer- 
ol, and not to E or E glycerol-P. I n  ordcred mcchanl\m\. the confor- 
mation change uhich permits cataly\ir prc\umablj  take\ place after 
binding of the first substrate r‘ither than ;ifIcr both \ubstrntes combine. 
and  that may he what makes the incch;inisni ordered. r:rlher ihan ran- 
dom.  Such an explanation is consistent \ r i t h  the obscr\cition that isom- 
criiation of binary complexes is the rule in  ordcred incchanirms (th;it 
i\. the form resulting from ‘iddition of the fir51 sul2\tr:itc mu\t undergo 
isonicriration before the x x o n d  c:in c i d d ) .  



C r A T P ,  L Y X O S E ,  A N D  T H E  K I N E T I C  M E C H A N I S M  O F  H E X O K I N A S E  

and the much tighter binding of reactants) will become ap- 
parent. 

A Kinetic Model of the Hexokinase Reaction with 
MgATP and Glucose as Substrates. By means of pulse 
chase experiments, Rose et al. (1974) have recently deter- 
mined the rate constant for breakdown of E-glucose to be 
30% of V,,,, and the constant for release of glucose from 
E-glucose-MgATP to be less than 5% of V,,,. These ex- 
periments were carried out with high levels of enzyme that 
had been treated with trypsin to improve its affinity for glu- 
cose, and since Rudolph and Fromm (1970) believe that the 
kinetic properties of hexokinase change upon dilution, the 
values may be somewhat different with dilute enzyme not 
treated with trypsin. However, they do  indicate that glucose 
is released very slowly from the E-glucose-MgATP com- 
plex, as is required to permit induced substrate inhibition by 
MgATP in the presence of lyxose. 

If one takes these data,  the K ,  values observed in the 
present work (100 p~ for both glucose and MgATP), and 
the available values for the dissociation constants of E-glu- 
cose and E-MgATP, one can construct a kinetic model of 
hexokinase that is consistent with all of the experimental 
data available. Rudolph and Fromm (1 97 1 b) attempted 
this, but lacking the data of Rose et al. (1974) they as- 
sumed that glucose release from E-glucose was much faster 
than V/E t. Zewe et al. (1964) determined the dissociation 
constant of glucose a t  pH 7.6 as 144 p M  by fluorescence ti- 
trations with 0.1 mg/ml of enzyme. Colowick and Womack 
(1969) found 32 p~ for glucose a t  p H  7 with 10 mg/ml of 
enzyme, and Rose et al. (1974) found 23 PM under identi- 
cal conditions except with trypsin-treated enzyme. Noat et 
al. (1969) reported 100 p~ for glucose a t  pH 8.6 (identical 
with K,), but could not detect MgATP binding (Ki  above 
1.2 mM). For the model discussed below we will choose 100 
p M  for the dissociation constant of glucose. The apparent 
K , of MgATP for the very slow ATPase reaction catalyzed 
by hexokinase should be the dissociation constant and is 5 
mM a t  pH 8 (Kaji and Colowick, 1965) and 4-10 mM a t  
p H  8.6 (Noat et al., 1969). 

In addition to being consistent with the above data, any 
hexokinase model must also produce initial velocity patterns 
for MgATP and glucose with linear reciprocal plots that 
cross on the horizontal axis. This is a serious restraint, since 
as Cleland and Wratten (1970) have pointed out, unless the 
unimolecular rate constants (k2 ,  k4, k 5 , k - i )  exceed V,,,/ 
E t ,  a random mechanism such as that in mechanism 4 will 

give linear reciprocal plots only if k2 = k7, k ~ / k 3  = kS/ 
( k 4  + k s ) ,  k 1 / k 6  = k 4 / ( k 4  + k s ) ,  and thus ks/k3 + 
k 1 / k 6  = 1 .  Alternatively, if k4 > V,,,, and k5 < V,,,, 
the criterion k I = k6 is sufficient and k ,  may be consider- 
ably greater than k2. Since k5 is much less than Vm,,/Et 
and k2 the same size or smaller (Rose et al., 1974), these 
criteria must be met rather closely, or the reciprocal plots 
will be noticeably nonlinear. Further, if the pattern is to 
cross on the horizontal axis 

which, since k5  is small, effectively makes k2 = 1 = 
E t .  The lower value seen by Rose et al. (1974) may reflect 
the effect of trypsin treatment (it would be of interest to see 
if reciprocal plots become nonlinear for trypsin-treated en- 
zyme.) 

When k2 = k7 = V,,,/Et in mechanism 4, the initial 
velocity patterns a re  linear and cross on the horizontal axis, 
but reciprocal plots vs. glucose a t  high MgATP in the pres- 
ence of lyxose (assuming lyxose to combine only with E- 
MgATP) become noticeably curved, unlike those in Figure 
7. When k l  = kg, k4 is made large, and k7 is larger than 
k2, however, a model is obtained which not only produces 
the correct initial velocity patterns, but also gives linear 
plots vs. glucose a t  high MgATP in the presence of lyxose. 
In  this model (mechanism S), unimolecular constants have 
values relative to Vmax/Et, and bimolecular ones a re  picked 
to give the proper K , values in millimolar units.6 The bi- 
molecular constants are also assumed not to depend on the 
presence of the other substrate on the enzyme. 

( 5 )  

However, the model shown in mechanisms 4 and 5 does 
not account for all of the information available for hexoki- 
nase, and in order to consider the kinetics of the back reac- 
tion and to account for the 40-fold tighter binding of sugars 
and nucleotides once both are present, a more complete and 
realistic model such as that in mechanism 6 is needed. In 
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I C ,  
- 7 EA B' EPQ' 

A = g l u c o ~  
B = MgATP 
P = MgADP 
Q = glucose-6-P 

this model the initial EAB complex changes into the acti- 
vated EAB' form prior to catalysis, and similarly, EPQ 
must change to EPQ before products can be released. If the 

The model given here is of course not completely unique, and k3 
and k q  or k ,  and k g  can be increased or decreased together in con- 
stant ratio, as long as kq  > VIE, ,  and k ,  > k 2 .  The values of k ], k2.  
and k g  must be close to those shown, however, if reciprocal plots are to 
be linear and cross on the horizontal axis. The value of k5 is picked to 
make K , .M~ATP = 5 mM. If k 5 = 0.1 and k 7 = 100, K ~ . M ~ A T P  becomes 
I m M ,  but it is not possible to get a lower value without accepting a 
higher value of k5,  in conflict with the results of Rose e? al .  (1974). 
Thus, the observed K ~ , M ~ A T P  values around 5 m M  are probably correct. 
The modeling studies described here were carried out with a computer 
program that, when given the rate constants in mechanism 4, calcu- 
lates for a grid of A and B concentrations the reciprocal velocity, pro- 
portion of enzyme in E, EA,  EB, EAB, and the proportion of reaction 
flux going via the paths involving E A  and EB. The presence of induced 
substrate inhibition is also checked for by calculating at each point the 
reciprocal velocity if a dead-end inhibitor combines with EB only. 
These studies show that the criteria of Cleland and Wratten (1970) 
must be closely adhered to i f  linear plots crossing on the horizontal axis 
are  to be obtained, and thus essentially establish the validity of mecha- 
nism 5 as a description of the initial velocity kinetics of hexokinase. 
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unimolecular constants are chosen so that V ] / E  = 1, then 
k I ,  k ? ,  k3 ,  kg,  k7,  and k s  are  identical in mechanisms 4 
and 6, but kq’ and ks’ will be larger than kq and k s .  
When the following assumptions are made, we obtain the 
unique model shown in mechanism 7:? (1) k9/k I 0 = 40; 
(2) kq’ = k: ,  and kg’ = k2, so that the actual dissociation 
constant for nucleotide is unaffected by the presence of 
sugar and vice versa (as seen for CrATP before the tight- 
ening takes place). (3) V I  is about 7 times V2. (At pH 6.5, 
V I / V ~  = 2.2 (Fromm et al., 1964), and since the K ,  
values seem not to change greatly with pH, this ratio should 
be 3.16 times larger a t  pH 7. The ratio of 15 seen by Dela- 
Fuente and Sols (1970) a t  pH 7 is too large because the 
assay used in the reverse direction detects /3-glucopyranose 
only, and the mutarotation of glucose is slower than the en- 
zymatic reaction.) (4) The initial velocity pattern in the re- 
verse direction crosses on the horizontal axis (DelaFuente 
and Sols, 1970), and the K ,  values are 2 m u  for glucose- 
6-P and 1 mM for MgADP (based on the values observed in 
this laboratory, but in general agreement with those re- 
ported by Fromm et al. (1964) and DelaFuente and Sols 
(1970)). ( 5 )  The bimolecular constants for combination 
with the enzyme are the same for glucose and glucose-6-P, 
and the same is true for MgATP and MgADP. Further, the 
constants do not depend on whether the other substrate is 
present. (6) The binding of glucose-6-P and MgADP is 
slightly weaker when both are present. (Since the rapid 
equilibrium assumption holds in the reverse direction,s this 
assumption is necessary if  the initial velocity pattern is to 
cross on the horizontal axis. A factor of 2 was arbitrarily 
chosen. The effect is reasonable, since both molecules are 
negatively.charged.) (7) k 1 I and k 1 2  are both much larger 
than k and k 1 3 .  (That is, catalysis is not rate limiting; 
k I 2 was arbitrarily set equal to 100, and the value of k 1 I 

determined). (8) k 1 6  > k I 9 in agreement with the results 
of Kosow and Rose (1970). (9) The constants in  mechanism 
5 are a valid starting point. 

~ 

Thc \ d u e s  i n  mechanism 7 are derived by solving simultaneously 
the four equations for V i .  for V r ,  for the ratio bet\*een k J  and k l , ,  
and for the analogous ratio (assumed to be 2)  between the values of  
!i i n  mechanism 6 and in a simplified scheme similar to mechanism 
5 .  \ + i t h  X 1 0 .  the ratio of k 1 1 and k ,  2 .  k 1 3  and k J a$ the unknowns. 
b ’ i t h  the other assumptions noted, this gives a unique solution as 
\ho\*n. uhich is well determined and not verq sensitive to changes in 
the a>humptions. The most uncertain of the assumptions is the value of 
$0 for X tj/X I 0 .  which is based on the observed effects of  lyxose on the 
..\TPuse reaction uith MgATP as  substrate. and on the inhibition of 
Cr \ T P  This value may be different for glucose and lqxose, but the ap- 
parently unconipetitive inhibition of ATP-(6-glucose) L’S. glucosc re- 
quire> <I value of at least 40. and values very far above 40 seem unlike- 
I ) .  .ind give ratio5 of k ,  , / X  I 2 below unit). Although the agreement is 
certninl) partl) fortuitous. note that the equilibrium constant for the 
;IctuaI catall t ic conversion of EAB’ to EPQ’ in mechanism 7. 2.91, is 
the \;inie JS that observed experimentally for CrATP and glucoae (3.0) .  
T h u a .  for both Mg and C r  nucleotides, the free energy is dissipated 
largel) during the binding and conformation change steps, rather than 
during catal)sis. and in  the reverse reaction considerable free glucose 
a n d  nucleotide lrould be present on the enzyme. despite the unfavor- 
able o\erLill equilibrium for the reaction. The value of 1280 for K c t i  cal- 
culated from the constants in mechanism 7 is consistent with the value 
of 1550 f 290 calculated for pH 7 by Robbins and Boyer ( l957) ,  and 
the one \slue actually mcabured at pH 7 by these workers of 1310. The 
model could be made to f i t  either of these values exactl) by m a l l  
chnngs\ i n  the K,,, values of the reactants, but only small changes 
n w l d  occur i n  the rate constants. 

For a random mechanism the rapid equilibrium assumption must 
alwa)s hold in the direction with the lowest V,,,. since the substrates 
must dissociate from the enzyme at  rates greater than or equal to the 
faster V,, , , ! ,  i n  the other direction 

( 7 ,  

By changing these assumptions, slightly different rate 
constants are obtained, but the basic elements of the model 
are the same. This model produces Vm,, = 1 in the forward 
direction, and 0.143 in the reverse reaction. Note that k 4 ’  
and k5’ in mechanisms 6 and 7 are 50 times the values of 
k q  and k j  in mechanisms 4 and 5 .  The apparent low value 
of k j  seen by Rose et al. (1974) and the K ,  of MgATP 
that is 2% of the dissociation constant a re  thus the result of 
the ratio of 40 between k 9 and k 10 .  The observation of ap- 
preciable binding by dead-end inhibitors such as lyxose and 
ATP-( 6-glucose) only when the complementary substrate is 
present is explained by the fact that these inhibitors mimic 
the substrate they replace well enough to permit the confor- 
mation change represented by kg to take place. Although 
mechanisms 6 and 7 are random, the disparity in the values 
of k4‘ and k5‘ results in the upper pathway via EA carry- 
ing 98% of the reaction flux when both substrates are pres- 
ent at  K ,  levels, in general agreement with previous isotope 
exchange studies which indicated that this was the predomi- 
nate pathway (Fromm et al., 1964; Britton and Clarke, 
1972), and the induced substrate inhibition by MgATP i n  
the presence of lyxose. However, a t  physiological MgATP, 
which is closer to the Ki  value of 5 mM than to the K,,, the 
two pathways would carry nearly equal flux, especially i f  
glucose were below its K ,,,. 

I n  their analysis of the kinetics of phosphofructokinase, 
Bar-Tana and Cleland (1974) showed that when both sub- 
strates in the faster direction of a random mechanism disso- 
ciated more slowly than V,,,, the initial velocity patterns 
were distorted so that they appeared nearly parallel, thus 
causing confusion with ping-pong mechanisms. With hex- 
okinase, only one of the two substrates (glucose) dissociates 
more slowly than or a t  the same rate as V,,,,, and this fact, 
plus the high equilibrium constant for the conformation 
change that occurs as soon as both substrates are present. 
leads to the normal intersecting initial velocity pattern, K ,,, 
for MgATP that is far below its true dissociation constant, 
and the resulting confusion with an ordered mechanism. It 
cannot be overemphasized that kinetic studies need to be 
thorough and consist of a number of different types of ex- 
periment that will independently corroborate each other. 
The mistakes that have been made i n  the past in  dealing 
with kinases such as hexokinase and phosphofructokinase 
should be a lesson to all 

References 
Bar-Tana, J., and Cleland, W. W. (1974), J .  Biol. Chert?. 

Bera, B. C., Foster, A. B., and Stacy, M. (1956). J .  Chern. 

Britton, H. G., and Clarke, J. B. (1972), Biochem. J .  128, 

Brummond, D. O., and Cleland, W .  W .  (1974), Fed. Pror., 

Cleland, W. W. (1967), Advan. Enzymol. 29, 1.  
Cleland, W .  W., Danenberg, K.  D., and Schimerlik, M .  1. 

(1 9721, Fed. Proc., Fed. Amer. Soc. Exp.  Biol. 31, 850. 

249, 1271. 

SOC., 4531. 

104P. 

Fed. Amer. SOC. Exp .  Biol. 33, 1565. 



S A L M O N  T E S T E S  D N A S E  

Cleland, W. W., and Wratten, C. C. (1970), in The Mech- 
anism of Action of the Dehydrogenases, Schwert, G. W., 
and Winer, A. D., Ed., University Press of Kentucky, 
Lexington, pp 103-129. 

Colowick, S. P., and Womack, F. C. (1969), J .  Biol. Chem. 
244, 774. 

Defaye, J .  (1964), Bull. SOC. Chim. Fr. 2686. 
DelaFuente, G., Lagunas, R., and Sols, A. (1970), Eur. J .  

DelaFuente, G., and Sols, A. (1970), Eur. J .  Biochem. 16, 

DePamphilis, M .  L., and Cleland, W. W. (1973), Biochem- 

Fletcher, H. G., Jr .  (1963), Methods Carbohyd. Chem. 2, 

Fromm, H. J. (1967), Biochim Biophys Acta 139, 221. 
Fromm, H.  J .  (1 969), Eur. J .  Biochem. 7 ,  385. 
Fromm, H.  J., Silverstein, E., and Boyer, P. D. (1964), J .  

Fromm, H.  J., and Zewe, V. (1962), J .  Biol. Chem. 237, 

Hammes, G.  C., and Kochavi, D. (1962), J .  Amer. Chem. 

Hockett, R.  C., Zief, M., and Goepp, R.  M., Jr. (1946), J .  

Ishizu, A., Lindberg, B., and Theander, 0. (1967), Carboh- 

Janson, C. A., and Cleland, W. W. (1974a), J .  Biol. Chem. 

Janson, C. A., and Cleland, W. W. (1 974b), J .  Biol. Chem. 

Biochem. 16. 226. 

234. 

istry 12, 3714. 

196. 

Biol. Chem. 239, 3645. 

3027. 

SOC. 84, 2069. 

Amer. Chem. SOC. 68, 935. 

yd. Res. 5, 329. 

249, 2562. 

249, 2572. 

Kaji, A., and Colowick, S. P. (1965), J .  Biol. Chem. 240, 

Kenkare, U. W., and Colowick, S. P. (1965), J .  Biol. Chem. 

Kosow, D. P., and Rose, I. A. (1970), J .  Biol. Chem. 245, 

Mori, M. (1957), Inorg. Syn. 5, 131. 
Ness, R. K. ,  Fletcher, H. G., Jr., and Hudson, C.  S. (1950), 

J .  Amer. Chem. SOC. 72, 4547. 
Noat, G., Ricard, J., Borel, M., and Got, C. (1968), Eur. J .  

Biochem. 5, 55. 
Noat, G., Ricard, J., Borel, M., and Got, C. (1969), Eur. J .  

Biochem. 11, 106. 
Pfeiffer, P. ( 1 9 0 9 ,  Ber. 38, 3592. 
Purich, D. L., Fromm, H.  J., and Rudolph, F. B. (1973), 

Raushel, F. M. and Cleland, W. W. (1973), J .  Biol. Chem. 

Robbins, E. A., and Boyer, P. D. (1957) J .  Biol. Chem. 224, 

Rose, I .  A., O’Connell, E. L., Litwin, S., and Bar-Tana, J .  

Rudolph, F. B., and Fromm, H. J .  (1970), J .  Biol. Chem. 

Rudolph, F. B., and Fromm, H.  J. (1971a), J .  Biol. Chem. 

Rudolph, F. B., and.Fromm, H. J. (1971b), J .  Biol. Chem. 

Wilkinson, G. N .  (1961), Biochem. J .  80, 324. 
Zewe, V., Fromm, H. J., and Fabiano, R. (1964), J .  Biol. 

4454. 

240, 4570. 

198. 

Advan. Enzymol. 39, 249. 

248, 8 174. 

121. 

(1974), J .  Biol. Chem. 249, 5163. 

245, 4047. 

246, 2104. 

246, 6611. 

Chem. 239, 1625. 

Studies of Specificity of Deoxyribonuclease from Salmon 
Testes? 

B. Sieliwanowicz,t M. Yamamoto,§ L. Stasiuk, and M. Laskowski. Sr.* 

ABSTRACT: A limited digest of thymus DNA with salmon 
testes DNase was composed of fragments larger than te- 
tranucleotides. With exhaustive digestion mono-, di-, and 
trinucleotides were formed. At the (3’) o terminus G pre- 
dominated, its frequency ranged from approximately 35 to 

A highly potent DNase was isolated from testes of ma- 
ture salmon, Oncorhynchus tshawytscha (Yamamoto, 
1971; Yamamoto and Bicknell, 1972). The enzyme was op- 
timally active in the acid pH range, hydrolyzed calf thymus 
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72% and increased with decreasing size of fragments. The 
error caused by the ribose-containing contaminants of 
DNA is significant, and should not be neglected in the eval- 
uation of nucleoside frequency at the terminal positions of 
fragments. 

DNA endonucleolytically to yield oligomers bearing 3’-ter- 
minal phosphate, did not attack RNA,  required no divalent 
cations, and cleaved native DNA ten times faster than de- 
natured DNA. On the basis of these studies salmon testes 
DNase was characterized as a DNase I1 like enzyme 
(Yamamoto and Bicknell, 1972). 

Several laboratories have investigated the specificity of 
DNase I1 like enzymes of spleen (Koerner and Sinsheimer, 
1957; Doskocil and Sorm, 1961; Vanecko and Laskowski, 
1962; Carrara and Bernardi, 1968; Ehrlich et al., 197 1 ; De- 
villers-Thiery er al., 1973; Thiery et al., 1973; Soave et al., 
1973); thymus (Laurila and Laskowski, 1957); tumor cells 
(Georgatsos, 1967; Ip and Sung, 1968); and brain (Rosen- 

B I O C H E M I S T R Y ,  V O L .  1 4 ,  N O .  1 ,  1 9 7 5  39 


