
Vol. 158, No. 1JOURNAL OF BACTERIOLOGY, Apr. 1984, p. 29-35
0021-9193/84/040029-07$02.00/0
Copyright C) 1984, American Society for Microbiology

Saccharomyces cerevisiae Mutants Provide Evidence of Hexokinase
Pll as a Bifunctional Enzyme with Catalytic and Regulatory
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A selection system has been devised for isolating hexokinase PIT structural gene mutants that cause
defects in carbon catabolite repression, but retain normal catalytic activity. We used diploid parental strains
with homozygotic defects in the hexokinase PI structural gene and with only one functional hexokinase PII
allele. Of 3,000 colonies tested, 35 mutants (hexlJ) did not repress the synthesis of invertase, maltase,
malate dehydrogenase, and respiratory enzymes. These mutants had additional hexokinase PII activity. In
contrast to hexi mutants (Entian et al., Mol. Gen. Genet. 156:99-105, 1977; F. K. Zimmermann and I.

Scheel, Mol. Gen. Genet. 154:75-82, 1977), which were allelic to structural gene mutants of hexokinase PIT
and had no catalytic activity (K.-D. Entian, Mol. Gen. Gent. 178:633-637, 1980), the hexlr mutants
sporulated hardly at all or formed aberrant cells. Those ascospores obtained were mostly inviable. As the
few viable hexlr segregants were sterile, triploid cells were constructed to demonstrate allelism between
hexir mutants and hexokinase PII structural gene mutants. Metabolite concentrations, growth rate, and
ethanol production were the same in hexlr mutants and their corresponding wild-type strains. Recombina-
tion of hexokinase and glucokinase alleles gave strains with different specific activities. The defect in carbon
catabolite repression was strongly associated with the defect in hexokinase PII and was independent of the
glucose phosphorylating capacity. Hence, a secondary effect caused by reduced hexose phosphorylation
was not responsible for the repression defect in hexi mutants. These results, and those with the hexlr
mutants isolated, strongly supported our earlier hypothesis that hexokinase PIT is a bifunctional enzyme
with (i) catalytic activity and (ii) a regulatory component triggering carbon catabolite repression (Entian,
Mol. Gen. Genet. 178:633-637, 1980; K.-D. Entian and D. Mecke, J. Biol. Chem. 257:870-874, 1982).

The yeast Saccharomyces cerevisiae is valuable for eluci-
dating the complex systems regulating gene activity in
eucaryotic organisms. Cells can be easily cultivated and are

accessible to genetic manipulation. Carbon catabolite re-

pression (glucose repression) describes a phenomenon that
adapts the carbon metabolic machinery of S. cerevisiae to
the utilization of the most convenient carbon source. That is,
great differences in the activities of certain enzymes occur
between cells growing on glucose and those on nonfermenta-
ble carbon sources such as ethanol or acetate. Such striking
differences have been reported for the enzymes of the
glyoxylate shunt (3), the tricarboxylic acid cycle (27), respi-
ratory enzymes (28), gluconeogenic enzymes (20, 21, 31),
alpha-glucosidases (30), and invertase (beta-fructofuranosi-
dase) (22).

Genetic analysis of glucose repression has progressed well
since Zimmermann and Scheel (36) developed a powerful
selection system for isolating mutants resistant to carbon
catabolite repression. Three classes of mutants, hex], hex2,
and cat80 (wild-type designations HEXI, HEX2, and CAT80,
respectively) with pleiotropic effects on glucose repression
have been identified (16, 36).

In the hexi mutants, glucose does not repress invertase,
maltase, malate dehydrogenase, or respiratory enzymes.
Hexokinase activity is reduced to about two-thirds that of
the wild type (18). These mutants are allelic to structural
gene mutants of the hexokinase isoenzyme PIT; another
designation is hexokinase B (12, 15). There are two hexoki-
nase isoenzymes in S. cerevisiae which phosphorylate glu-
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cose and fructose, called PI and PII, and a so-called glucoki-
nase which phosphorylates glucose specifically (for review
of hexokinases, see reference 10). Structural gene mutants of
these isoenzymes were isolated, and genes were designated
HXKJ, HXK2, and GLKI, respectively (24). HXK2 is allelic
to HEX], and gene designations are interchangeable (12, 15).
Transformation of S. cerevisiae cells lacking hexokinase
isoenzymes PI and Pll with an isolated hexokinase PIT gene
also restores carbon catabolite repression (18a).
The second class of mutants have been assigned to gene

HEX2, a centromere-linked locus close to the TRPJ gene on
chromosome IV (Zimmermann, unpublished data). These
hex2 mutants did not show repression of the synthesis of
maltase, invertase, malate dehydrogenase, and respiratory
enzymes. They had elevated hexokinase activity and were
extremely sensitive to maltose (13). Increased hexokinase
activity could be attributed to increased hexokinase PII
synthesis in the presence of glucose in the medium (14). The
cat80 mutants had normal hexokinase activity and were not
repressible for invertase, maltase, and malate dehydroge-
nase (16). However, a functional CAT80 gene product is
necessary for elevated hexokinase PIT synthesis in hex2
mutants (17).

Since the mutants so far described were unaffected in the
repression of certain repressible enzymes, e.g., fructose-1,6-
bisphosphatase, malate synthase, and isocitrate lyase, a
branched regulatory system could be inferred. This dual
regulatory system was also consistent with the finding of
entirely different types of mutants, mainly affected in the
repression of respiratory and mitochondrial enzymes (6, 9,
26).
The greater complexity of the genetic control of regulation
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TABLE 1. S. cerevisiae strainsa
Strain Genotype

H.38-4B a leul his4 MAL2-8c MAL3 SUC3 HXKI HEX) GLKI
308.14A-11C a trpl his2 his4 HXKl HEXJ GLKI
hxkO.Pl-2C a trpi his2 MAL3 SUC3 HXKI hex) GLKI
hxk.0-7C a trpl his2 his4 MAL2-8c hxkl hex] GLKI
hxk.0-3B a trpl his2 his4 MAL28c MAL3 SUC3 hxkl hex] GLKI
P1.2-3A a trpl his4 MAL2-&8 MAL3 SUC3 HXKI hex) GLKI
P1.1-2B a trpl leul MAL2-8 MAL3 SUC3 hxkl HEX) glkl
D.308-2A a trpl MAL248 MAL3 SUC3 hxkl hex] GLKI
P1.6-2C a his4 MAL2-8 MAL3 SUC3 HXKI hex] GLK1

D18.6 aly adelladel trpllTRPl his21HIS2 metl41MET14 MAL2!-8cMAL2-&8 MAL3/MAL3 SUC3ISUC3 hxkllhxkl HEXII
hex) GLKIIGLKI

D19.6 ala adelladel metl41metl4 his2IHIS2 his41HIS4 trpllTRPI maI21MAL2-8c MAL3Imal3 SUC31mal3 hxkllhxkl HEXII
hex)
GLKJ/GLKJ

a a and a refer to mating type, and his2, his4, leul, trpl, and adel cause nutritional requirements for amino acids and adenine, respectively.
MAL2-8c causes largely constitutive, but still glucose-repressible, synthesis of maltase (34) and is closely linked to SUC3, the structural gene
for invertase (23). HXK), mutant allele hxkl, is the structural gene of hexokinase PI (another designation is hexokinase A) (24), and HEX),
mutant allele hex), causes pleiotropic defects in carbon catabolite repression and is the structural gene of hexokinase Pll (another designation
is hexokinase B) (15). HEX) is allelic to gene HXK2, which was also identified as the structural gene for hexokinase PII (24).

became apparent when three different gene loci, CAT],
CAT2, and CAT3, were identified whose function was specif-
ically involved in derepression after a shift to derepression
conditions (17, 35). The cat] and cat3 mutant alleles
prevented derepression of enzymes of the glyoxylate shunt,
gluconeogenesis, the maltose uptake system, and retarded
derepression of maltase synthesis. The cat2 mutant allele
acted as a suppressor allele for the cati mutant allele.
Similar mutant alleles were described previously (8).
So far, carbon catabolite repression appears as a highly

ramified system for regulating gene activity. Overlapping
repression defects in different mutants indicated that the
branches of the repression system are interconnected. Sur-
prisingly, analysis of extragenic suppressor mutants of the
hex2 mutant allele demonstrated that mutant alleles cati and
cat3 acted as epistatic suppressor alleles on all hex2 mutant
effects, such as defects in carbon catabolite repression,
maltase inhibition, and increased hexokinase PII synthesis
(17). Clearly, the repressing and derepressing genes are also
interdependent.

All of our results have shown that hexokinase Pll is either
directly connected with the gene systems regulating carbon
catabolite repression and derepression as indicated by hexi
mutants, or indirectly; as shown by hex2, cat80, cati,
and cat3 mutants. Since hexose phosphorylation is the first
enzymatic step in the utilization of the fermentable sub-
strates glucose, fructose, and mannose acting as repressing
carbon sources, we have suggested that hexokinase PII is
the recognition site of carbon catabolite repression giving the
triggering signal (12, 15). This hypothesis requires that
hexokinase PII is a bifunctional enzyme having (i) a catalytic
domain for hexose phosphorylation and (ii) a regulatory
domain giving the triggering signal for carbon catabolite
repression. In the present investigation we report the isola-
tion of mutants that were altered in the regulatory part of the
hexokinase PII molecule, but retained catalytic activity. The
behavior of these mutants gave strong support to our hy-
pothesis.

MATERIALS AND METHODS
Strains. Strains were derived from strains originating from

the Department of Genetics, University of Washington,
Seattle, Wash., and from the Yeast Genetic Stock Center,

Donner Laboratory, University of California, Berkeley,
Calif. They are shown in Table 1.

Media. YEP medium consisting of 1% yeast extract, 2%
Bacto-Peptone (both from Difco Laboratories) was used as
the basic medium supplemented with 2% glucose, 2% fruc-
tose, 4% fructose, or 2% raffinose. If necessary, antimycin A
was added to a final concentration of 2 ppm. For solid media
1.5% agar (Difco) was used. Selection media for the isolation
of hexlr mutants consisted of YEP-2% raffinose and 200
ppm (200 ,ug/ml) 2-deoxyglucose with or without antimycin
A. Minimal medium contained 0.67% yeast nitrogen base
(Difco), 2% glucose, and those substances needed, for the
auxotrophic strains used, at concentrations given elsewhere
(17a). Sporulation medium consisted of 1% potassium ace-
tate and 1.5% agar.
Repression of enzymes was estimated in cells grown on

YEP-4% glucose medium for more than 16 h. Only logarith-
mically growing cell suspensions were harvested. Crude
extracts were prepared by shaking cells with glass beads (7).
We added 2 ml of potassium phosphate buffer (pH 6.5) to the
suspension before centrifuging it at 1,000 x g for 10 min if
respiratory enzymes were to be tested and at 5,000 x g for
all other enzymes. The supernatant was used as a crude
extract.
Enzyme assays. Total alpha-glucosidases were tested with

p-nitrophenyl-alpha-D-glucopyranoside (maltase [E . C.
3.2.1.20] and isomaltase [E.C. 3.2.1.10]), invertase (E.C.
3.2.1.26) was tested by incubation with 0.1 M sucrose as the
substrate in 0.1 M potassium acetate (pH 4.5) for different
periods at 30°C in a water bath. Reactions were stopped in a
boiling water bath for 30 s. Free glucose was estimated with
0.6 mM 2,2'-azino-di-(3-ethylbenzthiazoline sulfonic acid
(Sigma Chemical Co.; A-1888), 2 U of horseradish peroxi-
dase (Boehringer Mannheim; 108 090), and 4 U of glucose
oxidase (Boehringer Mannheim; 108 081). Reaction mixtures
were incubated for 30 min at 30°C. Hexokinase activity was
tested with glucose as substrate (4) or with 2.2% fructose.
Malate dehydrogenase (E.C. 1.1.1.37) was assayed in gly-
cine-hydrazine buffer, pH 9.5 (32)-fructose-1,6-bisphospha-
tase (E.C. 3.1.3.11) (19), malate synthase (E.C. 4.1.3.2) and
isocitrate lyase (E.C. 4.1.3.1) (G. H. Dixon and H. L. Korn-
berg, Biochem. J. 72:3p, 1959), succinate dehydrogenase
with cytochrome c as an electron acceptor (1), and NADH
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dehydrogenase (11). Protein was estimated with bovine
serum albumine as a standard by the microbiuret method
(33). Absorption was measured at 290 nm. Specific activities
of enzymes are expressed as nanomoles of substrate con-
verted per minute per milligram of protein.

Sporulation was induced by transferring cells from a YEP-
2% glucose medium in the early stationary phase to sporula-
tion plates. Cells were centrifuged, and the pellet was
transferred without intermediate washings. After 2 to 4 days
at 30°C at least 70% of cells showed asci when diploid wild-
type strains were used. Tetrad analysis was done as de-
scribed previously (35).

Isolation of hexlr mutants. Strains D18.6 and D19.6 were
grown on YEP-2% fructose with or without 2 ppm of
antimycin A giving a cell titer of 1 x 108 to 3 x 108/ml. Cells
were washed twice with sterile distilled water, suspended in
1% ethylmethansulfonate (Merck-Schuchardt, Darmstadt;
820774) dissolved in 1.1 M potassium phosphate buffer (pH
6.5) and incubated for 1 h at 30°C. These conditions yielded
about 50% viable cells when haploid strains were used and
gave 99o survivals in the diploid strains D18.6 and D19.6.
Mutagenization was stopped by washing twice with potassi-
um phosphate buffer (pH 6.5). For fixation of the mutation
and additional derepression of invertase in the required
mutants, cells were incubated for 8 h in YEP-8% fructose
medium at a cell titer of 5 x 108/ml, which is about two
generation times before stationary phase. No derepression
of invertase was observed in the wild type with these
conditions. After this treatment cells were washed once with
potassium phosphate buffer (pH 6.5) and plated on selection
medium at a density of107 per plate. Colonies appeared after
3 to 8 days at 30°C and were transferred to YEP-2% glucose
agar. Each colony was tested for repression of invertase and
maltase and for hexokinase activity with glucose and fruc-
tose as substrates.

Triploid cells were obtained after mating diploid strain
19.6 with two homozygotic auxotrophic mutations and a
haploid strain lacking at least two complementary auxotro-
phies. Cells were mated on YEP-2% glucose agar and
replica plated on synthetic minimal medium agar. Triploids
occurred as a result of mating type homozygotic mutations in
the diploid strain.

Metabolite concentrations (17a) and harvesting of cells and
NADH determination (16) were as described previously.
For determining ethanol excretion into the medium, loga-

rithmically growing cells were harvested by centrifugation (1
min at 5,000 x g; Christ Labofuge 6000), washed twice,
and inoculated into new medium giving an optical density of
0.75 at 550 nm (about 106 cells per ml). After 4 h of growth
cells were again centrifuged, and ethanol in the supernatant
was estimated as described previously (5).

RESULTS

Selection of hexlr mutants. The selection system was
based on that of Zimmermann and Scheel (36). This system
used the toxic agent 2-deoxy-D-glucose, which is taken up by
the glucose carrier and phosphorylated by hexokinase and
leads, even at low concentrations such as 150 ppm, to severe
defects especially in the yeast cell wall (reviewed in refer-
ence 2). Glucose or fructose, if also available in the medium
at concentrations of at least 5,000 ppm, abolish this toxic
effect, mainly by competition at the glucose uptake carrier
(K.-D. Entian, doctoral thesis, TH Darmstadt, Federal Re-
public of Germany, 1978). If cells have high invertase
activity and hydrolyze raffinose effectively, yielding high

concentrations of fructose, the effects of 2-deoxy-D-glucose
can also be eliminated by raffinose. Since invertase is
located in the cell wall, outside the plasmalemma, the effects
of adding raffinose are like those of adding fructose. Addi-
tionally, invertase is a strongly repressible enzyme. After
growth with glucose as carbon source, wild-type cells have
no measurable invertase activity. When cells grown on
glucose medium are plated on medium containing 2-deoxy-
D-glucose and raffinose, they are unable to hydrolyze raffi-
nose and consequently are inhibited by 2-deoxy-D-glucose.
In contrast, mutants having high invertase activity can
hydrolyze raffinose and thus surround the cell with free
fructose, which counteracts the action of 2-deoxy-D-glu-
cose. The mutants obtained are not 2-deoxy-D-glucose resis-
tant; they are defective only in carbon catabolite repression.
For the isolation of hexlr mutants a special diploid strain was
constructed. The diploid strains D18.6 and D19.6 carried
homozygotic defects in the hexokinase PI structural gene
(hxkllhxkl) and were heterozygotic with respect to hexoki-
nase isoenzyme Pll alleles, having only one hexokinase PII
allele in functional condition (HEXJlhexi or HXK2Ihxk2).
Further, the genes for glucokinase, which phosphorylates
glucose specifically, were present in a homozygotic state
(GLKI/GLKI). Since these strains had one HEX) allele,
they could grow with fructose as carbon source. For select-
ing hex]r mutants, these strains were used in the 2-deoxy-D-
glucose-raffinose selection system. Since the cells were
diploid, no recessive mutants should be obtained; that is to
say, hex2 and cat8O mutants were unlikely to occur. Only the
functional allele for hexokinase isoenzyme PII was haploid
in the figurative sense. Since no dominant mutant alleles had
been obtained so far after mutant selection with diploid cells
(Entian, doctoral thesis), only a mutation in the functional
HEX] allele could give rise to carbon catabolite repression
mutants. However, those mutants were viable only if they
could utilize the fructose liberated after raffinose hydrolysis.
Hence, there was strong selection pressure for the isolation
of mutants that were defective in carbon catabolite repres-
sion and had additional fructose phosphorylating activity.
Such mutants, if they existed, would have been very rare,
since only a small region on the hexokinase Pll gene was
accessible for mutation. In the first series of experiments
nearly all colonies defective in carbon catabolite repression
showed no hexokinase PII activity. Comparable experi-
ments, after transformation of S. cerevisiae cells with an
plasmid containing the hexokinase Pll structural gene,
showed that cells could derepress invertase even without
any carbon source (18a). Degradation of reserve carbohy-
drates provided the energy necessary for derepression (un-
published observations), and mutants with defective hexoki-
nase PII were protected from 2-deoxy-D-glucose uptake by
raffinose hydrolysis. However cells could grow by oxidative
degradation of substrates contained in the complete medium,
so antimycin A, a respiratory inhibitor, was added to the
selection media to minimize this growth. In a second series
of experiments, about 100 colonies were isolated which had
defects in carbon catabolite repression and had additional
hexokinase activity; 35 were stable and could be used for
further analysis. Of the enzymes tested in these mutants,
invertase, maltase, malate dehydrogenase, and the respira-
tory enzymes succinate dehydrogenase and NADH dehy-
drogenase were not repressed (Table 2). Repression of
malate synthase and fructose-1,6-bisphosphatase was as in
the wild type. Thus, repression in these mutants was similar
to that in hexl mutants. However, these new mutants
retained catalytic hexokinase PII activity as shown by the Q

VOL. 158, 1984



32 ENTIAN AND FROHLICH

TABLE 2. Repression of maltase, invertase, malate dehydrogenase, and hexokinase activities after growth on YEP-2% glucose in
original strain (D19.6), an hexl homozygote strain (D19.6 880), and hexlr strains

Sp acta

Strain Genotype Malate Hexokinase Q F/G
dehydrogenase Glucose Fructose

D19.6 hxkllhxkl HEXI/hexi 2 25 121 261 402 1.54
D19.6 880 hxkllhxkl hexilhexi 239 700 432 68 bdc bdc
D18.6 59 hxkllhxkl hexlrlhexl 388 1,044 321 353 455 1.29
D19.6 1663 hxkllhxkl hexlrlhexi 72 542 195 272 422 1.55
D19.6 1568 hxkllhxkl hexlr/hexi 468 698 166 241 362 1.5
D19.6 1709 hxkllhxkl hexlrlhexl 66 1,009 370 189 280 1.48
D19.6 877 hxkllhxkl hexlrlhexi 22 540 378 142 173 1.22
D19.6 777 hxkllhxkl hexlrlhexi 25 329 369 130 155 1.19
D19.6 1804 hxkllhxkl hexlrlhexi 262 649 480 115 120 1.04
D19.6 936 hxkllhxkl hexlrlhexi 128 494 496 98 100 1.02

a Specific activity is expressed in nanomoles of substrate converted per minute per milligram of protein.
b Q FIG is the ratio of fructose to glucose phosphorylating activity.
c bd, Below detection.

FIG (ratio of fructose to glucose phosphorylating activity),
which was between 1.0 and 1.55. The specific hexokinase
activity, with fructose as substrate, varied between 100 and
455 mU/mg in the different mutant strains (Table 2). Mutants
with low specific activities indicated that the mutation was

localized inside the hexokinase Pll structural gene. In addi-
tion to the postulated regulatory compartment, the catalytic
domain of the enzyme was also defective. On the other hand,
those mutants with catalytic activity comparable to that of
the wild type, if allelic to the hexokinase Pll structural gene,
would clearly indicate that the proposed regulatory domain
acts separately from the catalytic domain. Remarkably, the
repression defects in these so-called hexjr mutants were not
expressed uniformly in all mutants. For example, hexlr-777
mutant had only about 10 times higher maltase activity,
whereas other mutants, such as hexlr-59 or hexlr_1568, had
at least 100 times higher maltase activity than did the wild
type after growth on glucose. However, invertase activities
were comparable in each of these mutants, whereas malate
dehydrogenase activity was only increased slightly in hexlr_
1568 mutants, but much more in hexlr-59 and hexlr-777

mutants. Hence, the repressible enzymes may show differ-
ent sensitivities to the triggering signal given by the proposed
regulatory domain.

Allelism tests of hexlr mutants. The hexlr mutants obtained
were diploid and should have been tested for allelism to
hxk2, the structural gene of hexokinase PII, by sporulation
of zygotes, tetrad analysis, and mating with a hexokinase PII
mutant strain. However, unlike diploid cells, which were

homozygotic for the hexi mutant allele, most of the hexlr
mutants obtained did not sporulate. About 15 of these
mutants did not show any response to sporulation conditions
with potassium acetate (see above); 14 mutants formed large
aberrant cells after 3 days on potassium acetate. Five
mutants sporulated, but gave no viable spores in about 100
tetrads segregated. Only one mutant, hexl r-877, yielded
viable spores which could be analyzed. Segregants of 20
tetrads were tested for carbon catabolite repression and
hexokinase activity. As expected, all segregants were defec-
tive in catabolite repression. About one-half showed no
hexokinase activity, as a consequence of the segregating
hxk2 allele, and the other segregants had hexokinase PII

TABLE 3. Allelism tests of original strain (D19.6), and hexi homozygote strain (D19.6 880), and hexlr strains with different
genotype of hexokinase isoenzymesa

Sp act (range)

Strain Genotype Haploid mating Genotype Hexokinase Q FIGstrains Maltase Invertase
Glucose Fructose

D19.6 HEXJIhexI 308.14A-11C and HXKI HEX] 2-3 17-25 618-653 765-744 1.24-1.31
H.38-4B

D19.6 880 hexllhexi 1-2 23-30 516-542 725-753 1.40-1.47
D19.6 777, 877, 936, hexlr/hexi 1-5 21-33 499-610 699-841 1.23-1.35

1568, 1804
D19.6 HEXI/hexi hxk.0-3B and hxkl hex] 2-4 18-24 310-337 327-382 1.05-1.12

hxk.0-7C
D19.6 880 hexllhexi 99-186 839-1,210 158-172 bd bd
D19.6 777, 877, 936, hexlrlhexl 38-85 578-1,411 311-431 214-356 0.74-1.32

1568, 1804
D19.6 HEXJ/hexi P1.2-2C and HXK1 hexi 1-3 16-26 531-566 825-873 1.55-1.65

P1.2-3A
D19.6 880 hexllhexi 175-332 1,004-1,423 198-223 547-570 2.48-2.89
D19.6 777, 877, 936, hexlrlhexi 40-111 1,006-1,715 243-529 440-843 1.72-2.14

1568, 1804
a Units and abbreviations are as in Table 2.
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TABLE 4. Generation times, metabolite concentrations, and amount of ethanol excreted into the medium in various mutant strains

Generation Metabolitea (mol/g dry wt) EtOH excretedStrain Genotype (mmol/g dry
time (mm) GG--P F-6-P F-1, 6-P2 GAP/DHAP 3-PG 2-PG PEP PYR ATP ADP NAD NADH wt)

D19.6 HEXllhexi 110 2.57 0.9 4.62 1.85 0.8 0.2 1.35 2.6 3.83 3.87 2.0 0.3 28,670
D19.6 880 hexllhexi 130 1.90 0.67 5.7 1.57 1.38 0.34 1.34 2.9 2.77 3.0 1.2 0.2 20,930
D18.6 59 hexlrlhexl 115 2.33 0.78 3.91 1.09 0.7 0.2 1.33 2.3 4.6 3.6 2.11 0.2 25,060
D19.6 1663 hexlrlhexi 120 1.88 0.82 5.69 1.48 0.53 0.45 1.23 2.21 3.27 3.24 1.4 0.3 27,280
D19.6 1568 hexlrlhexi 110 2.41 0.9 4.8 1.80 0.6 0.3 1.25 2.33 3.8 4.0 1.8 0.3 28,700
D19.6 1709 hexlr/hexl 120 2.70 1.1 4.42 1.52 0.68 0.46 1.1 2.02 3.19 3.6 2.0 0.1 25,230
D19.6 1804 hexlrhexl 125 1.54 0.73 3.52 1.0 0.69 0.45 1.14 3.26 3.66 2.36 1.9 0.2 21,470
D19.6 936 hexlrlhexl 140 1.10 0.76 2.87 0.93 0.93 0.2 1.02 2.54 2.6 2.72 1.7 0.1 19,480

a Abbreviations: G-6-P, glucose 6-phosphate; F-6-P, fructose 6-phosphate; F-1,6-P2, fructose 1,6-bisphosphate; GAP/DHAP glyceralde-
hyde 3-phosphate/dihydroxyacetone phosphate; 3-PG, 3-phosphoglycerate; 2-PG, 2-phosphoglycerate; PEP, phosphoenolpyruvate, PYR,
pyruvate.

activity coded by the hexlr allele. Since MAL28c and SUC3
were heterozygous in the original diploid strain (see above),
only one-half of the segregants had invertase and maltase
activity. Clearly the mutation obtained was at a locus
identical with or closely linked to the hexokinase PII gene
locus. The hexlr segregants were sterile, and they could not
be used for allelism tests with hxk2 alleles. To circumvent
these problems, triploid strains were constructed. For that
reason the diploid cells that had two homozygote auxotro-
phies were mated with haploid strains having two different
auxotrophies. Triploids occured as a result of mating type
homozygotic mutation in the diploid strains (see above).
When the HXK2 gene was present in the triploids carbon
catabolite repression was completely restored, whereas tri-
ploids having hexlrlhxk2/hxk2 alleles were not repressible
(Table 3). This clearly indicated allelism between the hexlr
allele and the hxk2 allele.

Physiological characterization of hex)] mutants. The hexlr
mutants had different growth rates. Those mutants with
reduced hexokinase PI! activity also had longer generation
times than did the wild type, whereas those mutants with
hexokinase PII activities comparable to that of the wild type
had unchanged generation times. Glycolytic metabolite con-
centrations and ATP, ADP, NAD, and NADH concentra-
tions were similar in all mutants and the wild type. Only the
rate of ethanol production, as an index of fermentative
activity, increased with hexose phosphorylating capacity in
hexlr mutants. In mutants with normal hexokinase activity
ethanol production was as in wild-type cells (Table 4).
Hence, the defect in carbon catabolite repression in hexlr
mutants was independent of glycolytic flux. This was con-
firmed in strains with different hexokinase activities, which
were obtained by combining different mutant alleles of the
hexokinase isoenzymes. Recombinants of genotype hxkl
HEXI glkl, having only hexokinase PII in functional condi-
tion, had the same specific activity with glucose as the
substrate as recombinants of genotype HXKI hexi GLK1
having isoenzymes PI and glucokinase in functional condi-
tion. The latter strain had even a higher phosphorylation rate
with fructose as the substrate. Although hxkl HEX] glkl
strains were normally repressible after growth with glucose
and fructose as carbon source, HXKI hex) GLKJ recombi-
nants were defective in carbon catabolite repression. Metab-
olite concentrations, growth rate, and ethanol production
were similar in both classes of recombinants (Table 5). These
results are clearly consistent with the defect in carbon
catabolite repression depending only on the availability of
the hexokinase PII wild-type allele.

DISCUSSION
In previous investigations we reported on a large number

of genes whose wild-type function is necessary for carbon
catabolite repression or derepression of certain enzymes (or
both) (12, 13, 15-18, 35, 36). Additionally, all of these
mutants had direct or indirect influences on hexokinase
isoenzyme Pll (hexokinase B). Whereas in hex) mutants the
structural gene of hexokinase PII was mutated, in the other
mutants hex2, cat80, cati, and cat3 were involved in the
regulation of hexokinase PII synthesis. Hence, hexokinase
PII appeared to be of major importance in the process of
carbon catabolite repression. No significant changes in gly-
colytic flux and metabolite concentrations were detected
whenl repression mutants were compared with their respec-
tive wild types. Hence, an increase in glucose metabolite
concentrations was unlikely to trigger carbon catabolite
repression in S. cerevisiae, as described by Magasanik (25)
for Escherichia coli. The finding of the special role of
hexokinase isoenzyme PII, the first glycolytic enzymne,
enabled us to state an alternative hypothesis, namely, that
the hexokinase PH molecule might give the repression signal
itself. Clearly, this requires chatnges in the enzyme during
hexose phosphorylation which produce the triggering signal.
To elucidate the molecular basis of this postulated reaction,
it was necessary to find out whether the proposed regulatory
and catalytic sites act independently. Proof of the hypothesis
depended on finding that the regulatory site could be mutat-
ed separately, with no or only few effects on the catalytic
active site of the enzyme. The findings with the hexlr
mutants indicated that hexokinase PII is a bifunctional
enzyme having (i) a catalytic domain for hexose phosphor-
ylation and (ii) a regulatory domain triggering carbon catabo-
lite repression. As shown by mutants with reduced phos-
phorylating activity these two domains are closely
associated. In those hexlr mutants with uneffected phos-
phorylating activity, glycolytic flux and energy content were
the same as those in the corresponding wild-type cells. In
addition, strains were constructed with different phosphory-
lating activity. These experiments also clearly showed that
carbon catabolite repression depended solely on the pres-
ence or absence of the hexokinase isoenzyme PII and was
independent of the hexose phosphorylating capacity of the
cell. Altogether, the hexokinase isoenzyme PIT is highly
complex. Interestingly, hexokinase isoenzyme PI has only
catalytic function. After peptide mapping hexokinase PI and
PII shared 27 common bands (29). Clearly, these isoenzymes
were derived by gene duplication. Perhaps, the hexokinase
PIT isoenzyme was derived from PI and, thereafter, evolved
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a second function for regulating carbon catabolite repres-
°) n8 3 < oo "to°sion. The hexjr mutants with their catalytic activity make
Si m c-I CA eqo <>purification and characterization of these enzymes practica-

ble. Comparison with wild-type hexokinase PII could pro-
vide a basis for elucidating the molecular mechanism of the

z o o 0 0 0 triggering reaction for carbon catabolite repression.
z
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