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SUMMARY 

An ATP:r+glucose 6-phosphotransferase (EC 2.7.1.2) or 
glucokinase from Saccharomyces cerevisiae is described. 
The enzyme has been purified about loo-fold from the crude 
extracts of a hexokinaseless mutant derived from a haploid 
.strain of S. cerevisiae. The K, values for glucose and ATP 
are 28 and 50 PM, respectively. The maximal velocity of this 
enzyme toward fructose is 0.4% of that of glucose. The en- 
zyme showed a marked heterogeneity when sedimented in a 
sucrose density gradient, its molecular weight ranging from 
144,000 to a value in excess of 200,000. Yeast glucokinase 
shares a number of properties with yeast hexokinase (EC 
2.7.1.1) in the semiconstitutive nature of its synthesis with 
glucose, its broad pH optima, and inhibition with ADP and 
N-acetylglucosamine. Its mode of reaction with glucose and 
ATP, as indicated by initial velocity patterns, appears to be 
random. 

,Ilthough specific glucokinases (EC 2.5.1.2) have been de- 
scribed in a number of bacteria (1, 2) ant1 mammals (3, 4), such 
an enzyme has not, been described in yeast. Recently, Rustum 
and Ramel have noticed a glucose-specific enzyme in baker’s 
yeast (5). While studying the properties of 2-deoxyglucose- 
resistant mutants of Saccharomyces cerevisiae we found that re- 
sistance to this sugar analogue does not necessarily confer glucose 
negativity. On the other hand, some of these mutants are un- 
able to grow on fructose. The wild type, however, grows equally 
well on glucose or fructose. This was soon traced to the presence 
of an enzyme t.hat phosphorylates glucose but not fructose. We 
describe here the partial purification and the properties of this 
enzyme from S. cerevisiue. 

I,;XPERIRIEKTAL PROCEDURE 

Strains and Jledia-A wild type haploid strain of S. cerevisiae 
of mating type a obtained from Dr. S. N. Kakar of the Depart- 
ment of Genetics, Punjab Agricultural University, was used in 
these studies. IJnless stated otherwise cells were grown nerobi- 
tally on a rotary shaker at 30” in a medium containing peptone 
and yeast extract in the proportion of 1.0 and 0.3 g/l00 ml; ex- 
tra carbon sources, such as glucose (100 mM), galactose (100 InM), 

fructose (100 m&f), or acetate (40 IllM), were added whenever 
indicated. A salt-vitamin medium of the following composition 
was used in some experiments: (SH&SO,, 38 mar; potassium 

phosphate (pH 7.4), 20 mM; NaCI, 8 mM; MgS04, 3 mM; FeSO,, 
18 PM; ‘&SO+ 3.5 pM; CuS04, 0.4 PM; inositol, 55 pM; pyridoxine, 
10 pM; thiamine, 6 PM; pantothenic acid, 4 PM; biotin, 0.02 pM; 

yeast, ext,ract, 0.03 g/100 ml; carbon sources as above. 
Mutagenesis-Cells grown overnight in salt-vitamin-galactose 

medium were treated in the exponential phase with 0.1 mg of 
N-methyl-N’-nitro-N-nitrosoguanidine per ml for 60 min. After 
washing, the mutagenized cells were grown overnight in a number 
of separate tubes in the galactose medium containing 1 mAI 2- 
deoxyglucose (6). Washed cells from each tube were plated on 
this medium; the surviving clones were tested for hexokinase 
(+glucokinase) activity after growing in stationary culture in 
yeast extract-peptone-galactose medium. Colonies containing 
nearly 10% of the glucose-phosphorylating activity of the wild 
type were further purified on galactose-yeast extract-peptone 
medium containing up to 10 mM 2-deoxyglucose. Those which 
were characterized by a relatively rapid rate of growth were 
finally picked after selection from the salt-vitamin-galxctose 
medium containing 50 mM 2-deoxyglucose. The clone finally 
selected was designated 7Ll. 

Enzyme Assay-In most experiments, the glucose-l)hosphoryl- 
ating activity was estimated by measuring the rate of glucose- 
6-P formation. The reaction mixture consisted of 10 mM glucose, 
1 mw ilTP, 0.1 mM NADPt, and 0.3 unit of glucose-6-P dehydro- 
genase in a 50 mM triethanolamine buffer, pH 7.4, containing 10 
mM MgC&. Fructose-phosphorylating activity was measured in 
the same system as for glucose except, that it contained 10 mM 

fructose and 1 unit of crystalline P-glucose isomerase in place of 
glucose. The reaction was followed fluorometrically (7) in a 2-ml 
quartz cuvette at room temperature (22-24’) in an Eppendorf 
photometer whose photomultiplier was energized at 900 volts; 
the amplified output after voltage compensation was applied 
across a Varian G14 strip chart recorder operated a.t 10 IIIV. 
For most studies an RC filter of 0.5 set time constant was inter- 
posed between the photometer and the recorder. A full scale 
deflection of 5 mpmoles of NADPH was easily obtained. In 
some experiments the sugar-phosphorylating activity was meas- 
ured by monitoring the rate of ADP formation from ATI’ in a 
system containing 10 mM MgC12, 10 mM sugar, 1 mM i\‘l’P, 30 
PM NADH, 1 mM P-enolpyruvate, 0.5 unit of pyruvate kinase, 
and 1 unit of lactic dehydrogenase in 50 IIIM triethanolamine 
hydrochloride neutralized to pH 7.4 with KOH. Since ATP 
contained significant amounts of ADP, reaction was started with 
the sugar solution. The equality of the rate of purified gluco- 
kinase measured by either glucose-6-P or ADP assay shows the 
stoichiometric relation between the two products. All enzyme 
units are expressed as the amount of enzyme cat.alyzing the con- 
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version of 1 pmole of substrate per min under the conditions de- standardized as mannose after treatment wit.h alkaline phospha- 
scribed. tase from Escherichia coli. 

The enzyme solution used was either a 20,000 X g supernat,ant 
of a French pressure cell extract or a fraction derived from it or, 
in the screening studies, a suspension of toluenized cells. For 
toluenixation a 2-ml suspension of yeast cells in 50 InM potassium 
phosphate (pH 7.4), 2 MM fi-mercaptoethanol, and 2 mM EDTA 
was treated with 2 drops of Ooluene and kept shaking at 37” in a 
reciprocating shaker for 20 min. 

The differential rate of glucokinase synthesis was determined 
by examining the glucose-phosphorylating activity of toluenized 
cell suspensions. Overnight culture of 7Ll from yeast extract- 
peptone-acetate medium was diluted in fresh medium containing 
added carbon sources. When the steady state of exponential 
growth was achieved, samples of 10 ml were centrifuged, re- 
suspended, and toluenized. The mass of the culture was esti- 
mated by its extinction at 650 rnp in a l-cm path. 

ADP used for product inhibition experiments was freed from 
contaminating ATP by incubat,ing with the required amount of 
glucose, excess of NADPf, glucose-6-P dehydrogenase, and hexo- 
kinase; after ATP was consumed the mixture was heated at 60” 
at pH 3.5 for 35 min and centrifuged, following which 110 hexo- 
kinase activity reappeared on neutralization of the supernat’ant to 
pH 7.4. All of the solutions of ADP, ATP, and glucose were 
standardized before use. 

All other substrates, nucleotides, and enzymes were from 
Boehringer. 

Protein Eslimation-Protein was estimated by the method of 
Lowry et al. (9) with internal standards of bovine plasma albu- 
min. In some cases the method of Warburg and Christian was 
used (10). 

RESULTS 

Chemic&-All sugars were of D-configuration. Galactose fol 
screening mutants contained 3 ‘% glucose and was freed from glu- 
cose by incubating the galactose solution with a washed 10% 
suspension of a glucose-grown culture of a hybrid yeast, Saccha- 
romyces fragilis x Saccharomyces dobzhanskii, for 3 hours at 37”. 
The suspension was centrifuged, passed through membrane fil- 
ters, and then sterilized by autoclaving. It contained less than 
0.003 % glucose. Sugars used as substrates for glucokinase were 
treated with glucose oxidase (Worthington) to remove any trace 
of glucose. Particu1a.r care was taken to ensure that fructose 
(Sigma) did not contain any glucose; absence of glucose in glu- 
cose oxidase-treated fructose was ensured by lack of NADPH 
formation in a glucose assay system containing NADP+, ATP, 
glucose-6-P dehydrogenase, and a P-glucose isomerase-free prep- 
aration of hexokinase. Glucosone was prepared from glucosa- 
zone as described by Becker and Day (8). It was free from glu- 
cose or fructose. 6-Deoxyglucose was prepared by mild acid 
hydrolysis of its P-methyl glycoside (Pierce Chemical Company). 
Glucosone, glucosamine, mannose, and 2-deoxyglucose were esti- 
mated by measuring ADP formation following reaction with 
ATP and yeast hexokinase. 

Mannose-6-P was prepared by incubating hexokinase, ATP, 
and glucose-free mannose; it was isolated from the reaction mix- 
ture as an alcohol-insoluble barium salt and subsequent column 
chromatography on anion exchanger AG-21K (Bio-Rad) with 0.1 
N HCl for elution. It was free from ADP; mannose-6-P was 

TABLE I 
Summary of puri$cation procedure for glucokinase 

from hexokinaseless mutant 7Li 
Details are as in text 

Purification of Glucokinase from Hexokinase-negative Mutant 

Washed, freshly harvested cells of 7L1, 65 g, obtained from 
3.5 liters of yeast extract-peptone-glucose medium were sus- 
pended in 55 ml of a buffer containing 50 mM potassium phos- 
phate (pH 7.4), 2 mM EDTA, and 2 mM @-mercaptoethanol. 
This was crushed in a French pressure cell and centrifuged at 
12,000 x g for 5 min, the debris was washed with a further 30 
ml of this buffer, and the combined supernatant was centrifuged 
at 20,000 x g for 10 min. The supernatant (90 ml) was treated 
with DNase (0.04 mg per ml) and RNase (0.05 mg per ml) for 
30 min in an ice bath and then treated with 25 g of solid (NH&- 
SO, to bring to 0.45 saturation; pH was maintained at 7.4 during 
the process. The precipitate was discarded and the supernatant 
(100 ml) was brought to 0.55 saturation by adding 6.5 g of 
(NHM04. The resulting precipitate containing nearly all of 
the glucokinase activity was dissolved in 5 ml of a buffer con- 
taining 10 mM potassium phosphate (pH 7.4), 1 rnhf P-mercapto- 
ethanol, 1 mM EDTA, and 2 mM glucose and was dialyzed over- 
night against this buffer with several changes. 

The dialyzed solution containing some inactive precipitate was 
centrifuged and then adsorbed on a DEAE-cellulose column 
(32.cm length and 80.ml packed volume) previously equilibrated 
with the above dialysis buffer. The column was washed with 
400 ml of this buffer and subsequently eluted with a 500.ml linear 
gradient of 0 to 0.6 M KC1 dissolved in the same buffer. Sam- 
ples of 2.5 ml were collected per lo-min interval. Maximal en- 
zyme activity was eluted at 0.24 M KCI. Fractions containing 
more than 2 units per ml and corresponding to the span of 0.22 
to 0.28 M KC1 were combined and treated with solid (NH&SO4 
to bring to 0.55 saturation. The precipitate was centrifuged, 
dissolved in 50 mM Tris-1 mM P-mercaptoethanol-1 rrl~ El)Th-2 

mM glucose (pH 7.45), and dialyzed as before against this buffer. 
The dialysate was centrifuged to remove inactive proteins and 

adsorbed on a DEAE-Sephadex A-25 column (2 g of dry resin; 
15-cm length) equilibrated with the Tris dialysis buffer. The 

column was washed with 65 ml of this buffer until a linear gra- 
dient of 100 ml of 0 to 0.3 M KC1 in the same buffer was applied; 
fractions of 2.8 ml were collected per IO-min interval. The 
fraction containing maximal activity appeared when the gradient 
became 0.13 M KCl; fractions eluted with 0.11 to 0.15 M KC’1 

were pooled and reprecipitated with 0.55 saturation of (NH&- 
SOa. The precipitate was dissolved in 10 mM potassium phos- 
phate-l mM EDTA-1 rnh% P-mercaptoethanol buffer (pH 7.4), 

Fraction 

Crude extract.. 
0.45-0.55 saturation (NH4)&04 

precipitate. 
DEAE-cellulose fraction in 

(NHI)zSOh.. 
DEAE-Sephadex fraction in 

(NH&Sot. . 

Volume 

ml 

90 

5 

3 

1.5 

,‘pu% Protein z$ffg Yield ,‘pu% Protein z$ffg Yield 
kinase kinase 

_____ _____ -- -- 

units units w/ml w/ml 
units/ units/ 

wz wz % % 

530 530 29.5 29.5 0.2 0.2 

510 510 GO.0 GO.0 1.7 1.7 96 96 

270m 270m 11.2 11.2 8.0 8.0 51 51 

147” 147” 4.0 4.0 21.3 21.3 28 28 

a Most of the losses occur during dialysis. 
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1 
FRACTION NUMBER 

FIG. 1. Separation of glucokinase and hexokinase of S. cerevisiae 
by column chromatography of an (NH4)804 fraction on DEAE- 
cellulose. Glucose-grown wild type haploid yeast, 24 g, wet 
weight, was crushed in 35 ml of 50 mM potassium phosphate buffer, 
pH 7.4, containing 2 mM &mercaptoethanol and 2 rnM KDTA. 
The 20,000 X 9 supernatant was processed as described under 
“ltesults.” The fraction precipitating between 0.45 and 0.55 
saturation of (NHJ2S04 was taken up in 3 ml of 10 mM potassium 
phosphate buffer containing 1 rnM EDTA and 1 rnM p-mercaptoeth- 
anol. The ratio of activity with glucose relative to that of fruc- 
tose was 0.6 in the crude extract and 1.7 in the enriched fraction. 
This was dialyzed overnight against the above buffer and frac- 
tionated in a DEAI-cellulose column (48 cm long; 44-ml packed 
volume) with a linear gradient of 500 ml of 0 to 0.3 1~ KC1 dissolved 
in the same buffer as above but containing in addition 1.5 rnM 
glucose-free fructose. The flow rate was 7 ml per hour, 1.1. to 
1.2.ml fractions being collected. The numbers at the top of the 
figure indicate the concentration of KC1 at the peak positions. 
The quotient jructose/glucose indicates the relative velocity of 
fructose phosphorylation to that of glucose. Samples correspond- 
ing to 2 to 25 ~1 were used per assay. Enzyme refers to glucose- 
phosphorylating activity. 

dialyzed aga,inst this buffer, and stored over crushed ice. Table 
I shows a summary of the purification procedure. 

To rule out the possibility that glucokinase activity was de- 
rived from hexokinase by proteolytic action of some enzyme pres- 
ent in the hexokinaseless mutant, crude cell extracts of wild type 
8. cerevisiae were mixed with an extract from the mutant 7Ll. 
Periodic examination of this mixture for relative rates of fructose 

and glucose phosphorylation revealed no change in the relative 
rate over a period of several hours either at 23” or at 0”. These 
results also show that the lack of fructose phospholylation was 
not due to the presence of any inhibitor in the mutant extract. 

Glucokinase from Wild Type S. cerevisiae 

(XII&SO4 fractionation of crude cell extracts from the wild 
type yeast was used to enrich for b vlucokinase which was found to 
precipitate nearly completely between 0.45 and 0.55 saturation 
of (NH&SO4 while hexokinase required 0.7 saturation under 
these conditions. Results in Fig. 1 describe the DEAE-cellulose 
chromatogra.phy of such an enriched fraction. The enzyme 
activity in the first active fraction phosphorylated fructose at a 
rate 1.2 times as fast as it did with glucose, while that in the 
second phosphorylated glucose 20 times as fast as with fructose. 

TABLE II 

Phosphorylation of various sugars by yeast hexokinase, wild type 
Fractions I and II, and glucokinase from mutant 

The Michaelis constant (Km) and relative maximum velocity 
(V,,,) were determined from initial velocity measurements with 
the reciprocal plot (12) with a minimum set of six different sugar 
concentrations. K, is expressed as millimolar concentration and 
v mnx was calculated with respect to glucose. For glucose and 
fructose, the coupled assay with glucose-6-P dehydrogenase was 
used and for the rest ADP assay as described lmder “Experi- 
mental Procedure.” The ATP concentration was 2.5 mM in all 
of these experiments. The specific activities toward glucose of 
Fraction I, Fraction II, and the glucokinase from the mutant 
were 5.2, 7.3, and 20.5 units per mg of protein, respectively. 

I 

Substrate 

Fraction 
I 

Fraction 
II 

Glucokinase 
from mutant 

VRl,X 

100 
45 
20 

9 
10 

0.4 

Km vmx Km 

Glucose. 0.1 100 0.08 
2.Deoxyglucose. 0.3 100 0.85 
Mannose. 0.05 80 0.11 
Glucosamine.. 1.5 70 1.0 
Glucosone 
Fructose : 

0.02 20 
0.7 180 

a Taken from Sols et al. (11). 

0.03 100 0.03 
1.21 46 1.46 
0.24 27 0.12 
0.6 15 0.74 

0.01 
31 

The earlier eluted portion of the first active fraction seemed to 
have a much higher fructose to glucose ratio. Whether this 
was due to any minor enzyme catalyzing fructose phosphoryla- 
tion has not been determined. The contents of 11 tubes (num- 
bered 190 to 200) representing hexokinase and those of seven 
tubes (numbered 242 to 248) representing glucokinase were 
pooled separately, precipitated with (NH&SO4 to 0.8 saturation, 
and centrifuged, and the precipitate was collected in 10 mM 
potassium phosphate (pH 7.4), 1 mM P-mercaptoethanol, and 
1 mM EDTA. The specific activity of these fractions toward 
glucose was 5.2 (Fraction I) and 7.3 (Fraction II) units per mg 
of protein, respectively. 

Properties of Glucokinase 

Contaminating Enzymes-The purified glucokinase from the 
mutant was found to be free from detectable levels of most 
contaminating enzymes which might interfere with the studies 
reported here. The following is a list of the various enzymes 
assayed, the figures within parentheses giving the upper limit 
of activity expressed as percentage of the glucokinase activity: 
adenylate kinase (0.5), pyruvate kinase (l.l), ATPase (l.O), 
6-P-gluconate dehydrogenase (O.l), P-glucomutase (O.l), 1’.glu- 
case isomerase (0.4), P-mannose isomerase (0.2). 

Substrate Xpeci$city-A comparison of substrate specificity 
of the glucokinase from the mutant and from the wild type 
(Fraction II) is indicated in Table II. It can be seen that the 
kinetic constants for these two preparations are quite similar 
within errors of such measurements. Table II also shows the 
substrate specificity of the enzyme in Fraction I. Comparison 
of these data with those obtained by using purified yeast hexo- 
kinase (11) shows the over-all similarity between these later two 
enzymes except in their affinity to 2-deoxyglucose. 

Other sugars and sugar derivatives which at 10 mM concentra- 
tion failed to produce ADP from ATP when incubated with the 
enzyme from the mutant are: fucose, 6-deoxyglucose, galactose, 
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PH 

FIG. 2. pII profile of the activity of commercial yeast hexo- 
kinase, wild type yeast hexokiuase (Fraction I, labeled here as 
Peak I), wild type yeast glucokinase (Fraction II, labeled here as 
peak ZZ), and glucokinase from the mutant. The assay was done 
by measuring glucose-6-P formation as described under “Experi- 
mental Procedure” except that buffers of varying pH values were 
used and ATP concentration was 2.5 mM. Adjustment of pH was 
made in presence of added 10 mM MgCl, in 50 mM buffer with a 
Radiometer pH meter 4. The pH stayed constant to 0.005 pH 
unit immediately after the assay. Barbital buffer was used 
between pII 6.41 and 9.01; glycine buffer was used at higher pH 
values. An amount of enzyme giving 2 to 10 milliunits of activity 
at the particular pH was used for each assay. The rates were 
zero order with respect to NADP+ and glucose-6-P dehydrogenase. 
Observed velocities were normalized with respect to that at the 
optimum pH. 

arabinose, ribose, pluconic acid, N-acetylglucosamine, and 
sucrose. The amount of enzyme used was such that a measura- 
ble rate would have been obtained if auy of these would react 
at a rat,e 0.5% of that of glucose. 

The phosphoryl donor most effective for glucokinase with 
glucose as an acceptor was ATI’. Nucleoside triphosphates at 
2 ElM levels gave relative rates of phosphorylation as: ATP, 
100; GTP, 3.7; (:Tl’, 2.0; and UTP, 1.2. The following com- 
pounds were inactive as phosphoryl donor to glucose: pyrophos- 
phate, I’-enol pyruvate, creatine-I’, acetyl-I’, ADP, glucose-l-l’, 
fructose-6-P, aud fructose-l, 6-di-I’. The K, for ATP at 10 1nM 

glucose was 48 and 53 ~$1, respectively, at pH 7.4 (triethanol- 
amine) and pH 8.0 (Tris) under the conditions given earlier. 

pW Optilnum-The glucose-phosphorylating activities of 
glucokinase from the mutant and wild type and the wild type 
hexokinase (Fraction I) were compared with that of the com- 

MINUTES AT 4< 

FIG. 3. Effect of glucose on the heat inactivation of glucokinase. 
Mutant glucokinase (specific activity, 20 units per mg of protein), 
0.1 mg, was diluted in 50 mM potassium phosphate buffer, pII 7.4, 
containing either 2 mM glucose or 5 mM Mg-ATP or nothing, was 
heated at 45” for the intervals indicated, after which samples were 
quickly chilled in ice. ltesults are expressed as percentage of the 
unheated control. 

mercially available yeast hexokinase as a function of pI-I. Barbi- 
tal and glycine buffers were choseu, as in the pH range between 
8.7 and 9.0 both gave identical rates. Results are giveu in 
Fig. 2. The pH optimum for glucokinase from the mutant and 
that from the wild type was even broader than that of hexokinase 
and lay between pH 7.5 and pI1 9.6. The other feature of the 
pH velocity relationship was that at pH 6.4 both the hexokinase 
from commercial source and Fraction I from the wild type 
haploid yeast were only 10% as active as at their pH optima, 
whereas the glucokinase from the mutant and from the wild 
type (Fraction II) was 40% as active. We have not tested, 
however, whether the decrea,sed velocity on either side of the pH 
optima was due to decreased affinity for the substrates. 

Stability-Purified yeast glucokinase, either from the mutant 
or from the wild t,ype, was a fairly stable enzyme at 0” in the 
presence of (NH&S04. In dilute solution containing 0.2 mg 
of protein per ml or less, it lost half of the activity in 24 hours 
either at 0” or 24”. In the frozen state 90% of the activity was 
lost in 12 hours. Glucose protected the enzyme from thermal 
inactivation (Fig. 3); protection by Mg-ATI’, if any, was mar- 
ginal. Sodium or potassium ions had no effect on either activity 
or stability of the enzyme. This is unlike rat liver glucokinase 
which needs potassium ions for stability (4). 

h’lectrophoretic Mobility-The purified enzyme from the mutant 
on being subjected to disc electrophoresis in polyacrylamide gel 
in Tris-glycine buffer, pH 8.8, by a modification of the met,hod 
of Davis (13) and subsequent development with the assay solu- 
tion containing glucose, ATP, glucose-6-P dehydrogenase, 
NADPf, phenazine methosulfate, and nitro blue tetrazolium 
(14) showed a broad single band that reacted with ATP and 
glucose to produce glucose-6-P. The band also reacted with 
fructose, but very slowly. A band of the same characteristics 
was observed when crude extracts of the mutant 7Ll or from 
other hexokinaseless mutants were used. Fraction II from 
wild type showed the same band that was glucose-positive and 
fructose-negative. It, had not been possible to obtain a sharp 
hexokinase band under these conditions with either Fraction I 
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12 24 36 48 24 48 72 96 

FRACTION NUMBER 
FIG. 4. Sedimentation velocity profile of yeast hexokinase and 

glucokinase in a 5-ml sucrose density gradient. All gradients 
except that in Experiment F, were in 10 rnM phosphate buffer; in 
Experiment F, 50 mM Tris buffer was used. In Experiment H, 
2 rnM glucose-free fructose replaced glucose. Activity was ex- 
pressed in milliunits per 0.1 ml of fraction. A, unfractionated 
crude extracts of glucose-growu wild type haploid S. cerevisiae 
equivalent to 0.1 mg of protein. B, a glucokinase-enriched frac- 
tion of the same extracts as in A and fractionated in presence of 
2 mM phenylmethanesulfonyl fluoride (19) to prevent proteolysis; 
an (NHa)&Da fraction precipit,ating between 0.45 and 0.53 satura- 
tion having a glucose to fructose ratio of 4.2 and containing 5 units 
of glucose-phosphorylating activity was used. C, fractionated 

or crystalline commercial yeast hexokinase. Instead, a very 

diffuse zone of enzyme was observed. When crude extract of 
the wild type haploid S. cereuisiae was used, the band due to 
glucokinase was easily visible, but hexokinase was indicated 
only by a broad fast moving zone. The crude extract of the 
mutant 7Ll did not yield this diffuse zone of enzyme activity. 
No attempt was made to locate other protein bands on the 
purified glucokinase. 

Sedimentation ProJile-In order to get an idea of the approxi- 
mate molecular weight of yeast glucokinase, sucrose density 
gradient studies were performed by the method of Martin and 

hexokinase Fraction I from wild type equivalent to 0.8 unit of 
activity. D, fractionated glucokinase Fraction II from wild type 
containing 0.8 unit of activity. E, unfractionated crude extracts 
of glucose-grown culture of the mutant 7Ll containing 0.7 mg of 
protein. F, 0.2 unit of purified mutant glucokinase prepared in 
the presence of 2 mM phenylmethanesulfonyl fluoride (19). The 
dotted line joining the spO.w values of the marker enzyme cuts the 
z-axis at the meniscus (sZO.~ = 0). Fractions are numbered begin- 
ning from bottom of the tubes. The left-hand side markings on 
the ordinates refer to the enzyme activity and the right-hand side 
markings to the sedimentation constant (szo.~). ALD, ALK P, 
and PK indicate aldolase, alkaline phosphatase, and pyruvate 
kinase, respectively. 

Ames (15). The gradient was linear between 5 and 20% sucrose 
in either 10 mM potassium phosphate or 50 mM Tris, each con- 
taining 1 mM ,&mercaptoethanol, 1 mM EDTA, and 2 mM glucose 
or fructose at pH 7.4. Each tube contained one or more of the 
marker proteins, E. coli alkaline phosphatase, rabbit muscle 

aldolase, and rabbit muscle pyruvate kinase; their sZo,,,, values 
are 6.3 (IS), 7.6 (17), and 10.0 (18), corresponding to molecular 

weights 86,000, 144,000, and 237,000, respectively. The enzyme 
solution together with the marker enzyme in 0.2 ml of the buffer 
in which the gra,dient was made was layered on top of the gradi- 
ent. This was centrifuged at 36,000 to 37,000 rpm for 15 to 17 
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6c 

4 
t 

i 

37.5 )A M 
ATP 

0 

6O,,M ATP 

I I 
80 160 

I 

mM GLUCOSE 

FIG. 5. Double reciprocal plot showing the effect of glucose 
concentration on glucokinase velocity (I’) at a number of ATP 
concentrations. Experiments were done in 10 mm MgCl, and non- 
limiting amounts of NADP+ and glucose-6-P dehydrogenase as 
described earlier; glucose and ATP concentrations are as indi- 
cated. Velocity is expressed in arbitrary fluorescence units. 
The amount of enzyme used per assay was an equivalent of 36 
milliunits. The x-axis intercept gives a KgiUDoBe of 28 pM. 

l2.5~1M Glucose l2.5~1M Glucose 

312j~M Glucos 

12.5 mM Glucose 

I 
mM ATP 

FIG. 6. Double reciprocal plot showing the effect of ATP on 
glucokinase velocity (V) at various glucose concentrations. The 
amount of enzyme per assay was equivalent of 48 milliunits. 
Other conditions were as in Fig. 5. The x-axis intercept gives a 
KATP of 50 PM. 

hours at O-2” in a Beckman model L ultracentrifuge with an 
SW-39 rotor. Nearly 40 2-drop fractions were collected in all 
cases except one (Fig. 4B) and these were assayed for glucose- 
phosphorylating activit,y by measuring glucose-6-P formation 

0 25 50 75 100 
I 

mM ATP 

FIG. 7. Plot of reciprocal of initial reaction velocity (V) of 
yeast glucokinase against reciprocal of the millimolar concentra- 
tion of ATP at various ADP concentrations indicated on the graph 
at pH 7.4 (A) and pI1 8.0 (B). Numbers against each line refer to 
the millimolar concentration of ADP. Tris buffer, 50 mu, was 
used at pH 8.0. The amounts of enzyme per assay were 25 milli- 
units at pH 7.4 and 12 milliunits at pH 8.0. Glucose concentration 
was 12 rnM in A and 10 mM in B. All other details are the same as 
in Fig. 5. C is a plot of slopes of lines in A and B against the 
respective ADP concentrations. 

as described earlier. In the experiment shown in Fig. 4B, 87 
l-drop fractions were collected. Recovery of glucokinase was 
of the order of 90%. 

Results of these experiments (Fig. 4) indicate that yeast 
glucokinase sediments faster than yeast hexokinase. Either in 
crude extracts or in purified Fraction I (Fig. 4, A and C) yeast 
hexokinase gave an ~20,~ value of 4.3 and 4.1, respectively, indi- 
cating dissociation to half-molecules in presence of phosphate and 
glucose (20, 21). On the other hand, glucokinase from crude 
extracts of the mutant and from the wild type (Fraction II) 
sedimented together with aldolase (Fig. 4, E and D) ; unlike 
aldolase, which gave a symmetrical peak (not shown), the sedi- 
mentation profile of glucokinase suggests heterogeneity with 
respect to a heavier species. This heterogeneity is evident in 

Fig. 4, B and F, where an s20,w value of nearly 10 is indicated. 
Under these conditions both of the reference proteins, pyruvate 
kinase and alkaline phosphatase, gave symmetrical peaks. 
Results in Fig. 4B further indicate that, when the crude extract 
of the wild type yeast was fractionated with (NH&S04, the 
fraction phosphorylating glucose faster than fructose yielded a 

component that sedimented more rapidly than hexokinase. In 
unfractionated extracts, however, the faster sedimenting com- 
ponent was masked by the preponderance of hexokinase activity 
(Fig. 4A). 

Kinetic Studies 

For all experiments described in this section, glucokinase from 
the mutant was used. 
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0.77 mM ADP 

0.58 mM ADP 

0.38mM ADP 

0.19 mM ADP 

I I / I 
40 60 120 

I 
mM GLUCOSE 

FIG. 8. Double reciprocal plot of reaction velocity (V) of yeast 
glucokinase and glucose concentration at varying levels of ADP. 
The concentration of ATP in all of the assays was held constant at 
1.3 mM. ADP used was free of glucose. The amount of enzyme 
per assay corresponded to approximately 24 milliunits. All other 
details are the same as in Fig. 5. The upper Agu,re is a secondary 
plot of slopes and ordirlatc intercepts against the respective AL)P 
concentration. 

Glucose-ATP Relationship--To determine whether the affinity 
of glucokinase for glucose was a function of the concentration 
of ATP or that of ATP a function of glucose, experiments de- 
scribed in Figs. 5 and 6 were carried out. It is seen from these 
results that the double reciprocal plots for velocity against 
substrate concentrations are linear over the ranges studied and 
all of the lines meet at a common point on both l/glucose and 
1 /ATP axes. The observed independence of the K, values for 
glucose and ATP of the concentrations of ATP and glucose, 
respectively, suggested that the substrates did not compete for 
binding to the enzyme. Secondary plots of y-axis intercepts 
from Figs. 5 and 6 against the reciprocals of the respective fixed 
substrate concentrations yielded straight lines; the K,, and 
K glLWXe values calculated from z-axis intercepts of such secondary 
plots gave values of 41 and 27 pM, respectively, in reasonable 
agreement with those from Figs. 6 and 5. 

Inhibition by Products, sugar, and sugar Analogue-In addi- 
tion to the sugar analogue N-acetylglucosamine, small concen- 
trations of ADP inhibit yeast glucokinase activity considerably. 
The inhibition by AD1 was investigated in some detail in order 
to elucidate some aspects of the reaction mechanism. The 
maximal adenine nucleotide concentration in these experiments 
never exceeded 4 mM. To ensure that variation in ATP and 

Inhibition characteristics of yeast glucolcinase 

Double reciprocal plots were used to evaluate inhibition data. 
Tinless otherwise mentioned, ATP concentration was 1 mu. --___ 

Inhibitor Inhibitor Variable 
concenlration substrate 

f?ZM 

.%I )P o-o. 95 ATP 
o--o. 77 Glucose 

XAcetyl- 
glucosn- 
mine 0, 1.25, 2.5 Glucose 

0, 0.5, 1.0 Fructose 
Frrlctosc 0, 10, 20 Glucose 

0 Ki interorgt. 
b Ki aloDe. 
c Data not shown. 

Nature of 
inhibition 

Competitive 
Noncompet- 

itive 

Competitive 
Competitive 
Competitive 

- 

Ki 

nzM 

0.3 
0.6’ 
1.6’ 

1.7 
1.2 

53.5 

Ref- 
erence 

?ig. 7 
?ig. 8 

ADP concentrations resulted in changes in their magnesium 
complexes, 10 mM MgC12 was used in all studies. At 1 mu 
ATP, Mg+f concentrations up to 12 mM did not inhibit the 
activity; 20 mM Mg++ under these conditions decreased velocity 
no more than 3%. Similar results were obta,ined at an ATP 
concentration equal to its K,. This made unlikely the possi- 
bility that free ATP was the substrate. 

Figs. 7 and 8 describe the results of ADP inhibition experi- 
ments. It can be seen from these graphs (Fig. 7, A and B) that 
ADP acted in competition with ATP on the enzyme, affecting 
primarily the slopes and not the y-intercept of these lines at 
either pH 7.4 or at pH 8.0. The concentration of the other 
substrate, glucose, was held constant at a value nearly 300 times 
its K, and the enzyme was probably saturated with this sub- 
strate. The secondary plot of slopes of these lines against the 
inhibitor concentration (Fig. 7C) described a straight line, 
showing that ADP inhibition was Iinear competitive with a Ki 
of 0.3 mM at either pH. 

When similar experiments were performed with glucose as the 
variable substrate, the results indicated a noncompetitive rela- 
tionship between ADP and glucose (Fig. 8). Both the slopes 
and y-intercepts varied. The lines met at a point below the hori- 
zontal axis, suggesting that Ki slope was greater than Kc intercept. 
The inhibition was linear as indicated by a replot of the slopes 
and y-intercepts against ADP concentrations. The z-axis 
intercepts of the secondary plot gave a K; sl0pc of 1.65 and 
K; intercept 0.58 mM ADP. Similar experiments at pH 8.0 con- 
firmed the linearity of the inhibition up to an ADP concentration 
of 2.5 m&f. 

Rega.rding the other product, sugar phosphate, the following 
is a summary of the results of preliminary experiments. When 
both glucose and ATP were limiting (equal to their respective 
K, values) 2 mu glucose-6-P caused less than 50% inhibition. 
Mannose-6-P behaved as a partially competitive inhibitor to 
glucose. The inhibition appeared to be saturating at 0.5 mu 
mannose-6-l’ at 1.5 mM ATP. When ATP was the variable 
substrate and gIucose was saturating (10 MM), mannose-6-P 
failed to inhibit yeast glucokinase. AMP was a weak inhibitor; 
with ATP as the variable substrate, AMP gave nonlinear recipro- 
cal plots at saturating concentrations of glucose. Table III 
summarizes the results of experiments with a number of inhibi- 
tors. 

 by guest, on M
arch 11, 2011

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


2430 Yeast Glucokinase 

C’ontrol of Glucokinase I~‘orvnation 

The steady state differential rates of glucokinase appearance 
in the mutant 7LI in the yeast rstract-peptone medium supple- 
mented with acetate, fluctose, and glucose were, respectively, 
3.0, 3.0, and 4.9 milliunits per unit incrcasc in yeast mass meas- 
ured as extinction at 650 rnp. Galactose was found to be similar 
to glucose in this regard. When such cs])eriments were per- 
formed with the wild t,ype yeast, hexokinase was found to be 
produced at a 5Ou/, higher rate ip the presence of glucose over 
that in a basal medium devoid of added glucose. The semi- 
constitutive nature of the synthesis of both glucokinase and 
hexokinase is indicated. 

DlSCUSSION 

The sugar subst,ratc s])ccificity of yeast glucokinase is broader 
than that of .4erobacter or hepatic rnzymcs (1, 3, 4) in that it 
phosphorylntcs mannose, 2-deo~yglncose, and glucosamine. 
The yeast enzyme, is however, characterized by a relatively 
high rate and aflinity for glucose which ma.kcs the phosphoryla- 
tion coefficient’ (I 1) for all sugars except glucosone much less 
than that for glucose. The requirement on the glucose skeleton 
of an aldehyde group at r-1 and a hydroxymethyl at C-5 appears 
to be essential; at (:-2 the binding requirement is less specific. 

.4 comparison of the specific activit’y of crude cell-free extracts 
from the wild type and from the mutant 7L1 indicates that 
glucose-])hosphoryla~.ing activity in the mutant is 10 to 15% of 
that of wild type. This estimate of the relative amount of 
glucokinase and hesokinase in the wild type X. cerevisiae is only 
approximate. The 2.deo.\yglucoee resist,ance of the mutant, 
appears intriguing; while the wild type parent fails t,o grow in 
the salt-vit,amin-galnctose medium collt,aining 0.3 II~M %-deoxy- 
glucose, the mutant 7Ll grows normally in t,hc presence or 50 rxi~ 

concentration of this substance despite its reactivity to gluco- 
kinase (Table II). Earlier studies by Heredia, De La Fueute, 
and Sols (22) indicated that the inhibitory effects of 2-deoxy- 
glucose on growth and ferment,ation of baker’s yeast arise from 
its phosphorylation to 2-deoxyglucose-6-P. The hesokinaseless 
mutant used in these studies, unlike its wild tyl)e parent, was 
unable to take up any detectable amount of 2-deosyglucose from 
an aerated suspension containing an osidizable energy source 
and 0.3 IrIM 2-deoxyglucose. It appears, therefore, that the 
glucokillase activity in the mutant is insufficient to bring about 
phosphorylation of this sugar analogue to a significant extent. 

Sedimentation velocity profile of yeast glucokinase indicates 
that its rninimum molecular weight is approximately the same 
as that of aldolase (144,000). However, the enzyme does not 
sediment as a single symmetrical peak in t,he sucrose density 
gradient, as does hexokinase (Fig. 4, n and C). In dilute solu- 
tion such as in crude extracts (Fig. 7R) the bulk of the enzyme 
cosedirnents with aldolase, although a heavier component of an 
s8,,+ of nearly 10 is apparent, indicating a molecular weight well 
in excess of 200,000. When, however, the enzyme is treated 
with phenylrnethanesulfonyl fluoride during its ])reparation, as 
shown in Fig. 4, B and P, the major sedimenting component has 
an szO,w value of 9.6. This is interesting, because there is no 
detectable kinetic or elect’rophoretic difference between gluco- 

1 Phosphorylation coefficient 

V,,, for substrate K, for glucose 
V,“,, for glucose 

X 
K,, for substrate 

kinase preparations obtained in absence and in presence of this 
proteolytic inhibitor. (‘omponents even heavier than 9.6 spO,w 
appear to be present in such preparations (Fig. 41<‘). When such 
a purified preparation as in Fig. 4F was ~cdimcnlcd in IO mM 
phosphate, a marked tendency toward aggrogat ion \vaS not,iced. 
The observat,ion of Itustuni and Ramel (5) on :I s])ccics of baker’s 
yeast glucokinnsc of molecular weight, I .2 X 10” possibly refers 
t’o an aggregated form of this enzyme. The effect of glucose on 
the sedimentation behavior could not bc studied as the sucrose 
gradient was found to be contaminated with 1 races of glucose. 

The kinetic data described in Figs. 5 to 8 indicate a close 
similarity of yeast glucokinase wit.h yeast hesokinase as re- 
ported by Fromm and Zewe (23). The results in Figs. 5 and 6 
on t’he constancy of the K, values for glucose and ATI’ irrespec- 
tire of the variation in the concentration of .YYl’ and glucose, 
respectively, suggest that the reaction betwvc,en glucose, ATI’, 
and glucokinase takes place in a random sequence in which none 
of the steps prior to t,he interconversion of erlzylne-Al’I’~glncose 
and enzyme:-Al)I’-glucose-6-l’ is rate-controlling. This observa- 
tion, together with the observed inhibition data wit,11 Ai)l’, helps 
to suggest the reaction mechanism as one of rapid equilibrium 
random with a dead end ternary complex between the enzyme, 
glucose, and AD1 (24). 13inding studies with pure preparations 
of the enzyme and kinetic characteristics of the back reaction 
should serve to confirm the proposed mechanism. 

Our initial attempts have failed to reveal any striking control 
property of yedsl glucokinase. Sugar ])hosphatt:s in pliysio- 
logical concentrations do not inhibit, the enzyme st,rongly. 
Although the other ])roduct, ADl’, is a fairly ])otcllt inhibitor, 
the reversal of t,hc inhibition by ATP suggests tllat Ihe ATP: 
AT)l’ ratio could serve at best as a marginal control paramctcr. 
The simultaneous ])resence of ADl’ and mannose-6-l’ in the 
presence of low concentrations of glucose and A’l’l’ inhibits 
glucokinase no more than either of them would singly do. Simi- 
lar properties of yeast hcxokinase have been observed (23). 
Thus, t,he question of control of glucose utilization in yeast re- 
mains largely unanswered. It remains to be seen what role 
Mg+f-chelating agents such as citrate would have in the con- 
trol of this important process. 
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