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A mutation causing resistance to carbon catabolite repression in gene HEX2,
mutant allele hex2-3, causes an extreme sensitivity to maltose when in combina-
tion with the genes necessary for maltose metabolism. This provided a convenient
system for the selective isolation of mutations in genes specifically required for
maltose metabolism and other genes involved in general carbon catabolite
repression. In addition to reversion of the hex2-3 allele, mutations in three other
genes were detected. These genes were called CATI, CAT3, and MURI and in a
mutated form abolished maltose inhibition caused by mutant allele hex2-3. Mutant
alleles cat) and cat3 also restored normal repression in the presence of the hex2-3
allele. Segregants having only mutant alleles cat) or cat3 were obtained by tetrad
analysis. These segregants could not grow on nonfermentable carbon sources.
Mutant alleles of gene CAT) were allelic to a mutant allele catl-) previously
isolated (Zimmermann et al., Mol. Gen. Genet. l15:95-103). Such mutants
prevented derepression not only of the maltose catabolizing system, the selected
property, but also of glyoxylate shunt and gluconeogenic enzymes. However,
respiratory activities and invertase formation were not affected under derepress-
ing conditions. cat3 mutants had the same phenotypic properties as cat) mutants.
This showed that carbon metabolism in yeast cells is under a very complex and
ramified control of repressing and derepressing genes, which are interdependent.

Carbon catabolite repression adapts the car-
bon metabolic machinery of the yeast Saccharo-
myces cerevisiae to the utilization of the most
convenient carbon source. This is to say that in
the presence of glucose, fructose, or mannose,
enzymes of the glyoxylate shunt and gluconeo-
genesis are fully repressed and enzymes of the
tricarboxylic acid cycle and the respiratory sys-
tem are very low (17, 27, 28, 34). Other enzymat-
ic systems like those involved in the catabolism
of a-glucosides (33) and P-fructofuranosides (18)
are also subject to a repression by those three
hexoses. Analogous to a similar situation in
Escherichia coli, the term catabolite repression
coined by Magasanik (22) is also used in yeasts.

In E. coli, carbon catabolite repression is
apparently under the control of a single gene
coding for a protein which in combination with
cAMP activates transcription at promoters of
operons coding for enzymes involved in sugar
catabolism (7, 9, 21, 26, 30, 32, 39). Genetic
analysis in yeasts, however, has provided sever-
al mutants which alleviated carbon catabolite
repression. The first report was by Montene-
court et al. (24) who selected for nonrepressible

invertase. Schamhart et al. (29) reported also on
a mutant with nonrepressible synthesis of cer-
tain enzymes. The molecular basis of the defects
in these mutants is so far unknown.
A very effective selection system for the isola-

tion of mutants with nonrepressible synthesis of
yeast invertase was described by Zimmermann
and Scheel (38). Three mutant classes, hex),
hex2 and cat8O mutants, wild-type designations
HEX), HEX2, and CAT80, were identified (14,
38). hex) mutants were no longer repressible by
glucose for invertase, maltase, malate dehydrog-
enase, and respiratory enzymes. Hexokinase
activity was decreased to about two-thirds of
wild-type activity (15). Purification of hexoki-
nase isoenzymes PI and Pll in hex) and wild-
type mutants clearly indicated that hexokinase
PII was absent in this hex) mutants (13). More-
over, mutants with structural gene defects for
hexokinase PI or PII originally obtained by
Lobo and Maitra (20) were used in allelism tests
by Entian (10) who could show that hex) was
allelic to hxk2, the structural gene locus for
hexokinase PII. Therefore, hexokinase PII was
proposed to be the recognition site of carbon
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catabolite repression (13). The second class of
mutants was assigned to gene HEX2, a cen-
tromer-linked locus close to the TRPI gene on
chromosome IV (Zimmermann, unpublished re-
sults) hex2 mutants showed elevated hexokinase
activities when grown on fermentable sugars and
were extremely sensitive to maltose (11). In-
creased hexokinase activity could be attributed
to increased hexokinase PII synthesis in the
presence of glucose in the medium (12). A third
locus was called CAT80, the mutant derivatives
of which showed normal hexokinase activity
(14).

Recently, Michels and Romanowski (23) re-
ported on nonrepressible yeast mutants with
properties similar to those originally isolated by
Zimmermann and Scheel (38). Although they
initially felt that their mutants were different,
allelism tests with hexokinase mutants also indi-
cated allelism to hxk2 (C. A. Michels, K. M.
Hanenberger, and Y. Sylvestre, Abstr. Meeting
Mol. Biol. Yeast, Cold Spring Harbor, 1981,
p. 172). An entirely different type of mutation
was isolated by Ciriacy (5) who found a domi-
nant mutation in a gene CCR80 which alleviated
catabolite repression of mainly respiratory and
gluconeogenic enzymes.
A different type of mutants, cat)-1, was de-

scribed previously (37). This recessive mutation
prevented derepression ofenzymes of the glyox-
ylate shunt, gluconeogenesis, the maltose up-
take system, and retarded derepression of malt-
ase synthesis. It had only slight effects on
derepression of the respiratory system and did
not at all affect invertase formation. This locus
CAT) was also identified by a dominant mutant
allele CATI-2d which caused a rapid derepres-
sion of all enzymes after consumption ofglucose
in growth media. The same properties were
observed in a suppressor mutation for the catl-)
defective mutant allele. This suppressor was
recessive in contrast to dominant CAT)-2d and
called cat2-1, the wild-type allele being CAT2.
Zimmermann et al. concluded that there are two
sets of genes involved in catabolite repression:
one set mediates repression proper, whereas an
additional set of genes is involved in the dere-
pression process. A similar set of genes was
described by Ciriacy (4). They were called
CCR), CCR2, and CCR3. Mutants of the first
gene turned out to be allelic to cat)-) mutants.
Mutants of the other two genes were of different
phenotype and did not show any effects on
maltase derepression.

In this study, the extreme sensitivity of hex2
mutants to maltose allowed to select for further
genes involved in carbon catabolite repression.
It turned out the alleviation of repression caused
by the hex2-3 mutation was not sufficient for a
nonrepressible synthesis of maltase. There was

an additional requirement for functional genes
CAT) and CAT3 which are also involved in the
derepression process.

MATERIALS AND METHODS
The strains were SMC-1B/3 (a his4 MAL248 MAL3

SUC3 CATI_2d hex2), BS.3-12A (a leul MAL248
MAL3 SUC3 CAT1_2d hex2), Z9.3A-1D (a leul MAL2-
8' MAL3 SUC3 catl-l), cat2.3-2A/18 (a his4 MAL2-8
MAL3 SUC3 hexl), and SMC-19A (a leul MAL2-8
MAL3 SUC3). a and a refer to mating type, and his4
and leul cause nutritional requirement for histidine-
respective leucin. MAL2-8c causes largely constitu-
tive, but still glucose-repressible, synthesis of maltase
(36). MAL3 allows for an induced synthesis of maltase,
whereas SUC3 is the structural gene for invertase (19).
CATI-2d is a dominant mutant allele which causes a
faster derepression of various enzymes after growth
on glucose (37). hex) causes a pleiotropic defect in
carbon catabolite repression (14, 38) and is the struc-
tural gene for hexokinase PII (10, 13). hex2 causes
similar defects in catabolite repression (14, 38) and
causes increased hexokinase PII synthesis (12).

Media. YEP medium consisting of 1% yeast extract
(Difco Laboratories) and 2% peptone (Difco) was used
as the basic medium, supplemented with 4% hexoses
or 3% ethanol. Minimal media contained 0.67% yeast
nitrogen base (Difco) and 2% glucose. Tetrad analysis
was performed as described previously (37).

Repression of enzymes was estimated in cells grown
on YEP 4% glucose media for more than 16 h. Only
logarithmically growing cell suspensions were harvest-
ed. For derepression, glucose-grown cells were
washed twice with potassium phosphate buffer (pH
6.5) and were suspended in YEP 3% ethanol medium.
Crude extracts were prepared by shaking cells with
glass beads (3). We added 2 ml of potassium phosphate
buffer (pH 6.5) to the suspension before centrifuging it
at 5,000 x g for 15 min. Supermatant was used as crude
extract.
Enzyme assays. Total a-glucosidases were tested

with p-nitrophenyl-a-D-glucopyranoside as substrate
(37), hexokinase as in reference 1, isocitrate lyase as in
reference 8, and fructose-1,6-bisphosphatase as in
reference 16. Protein was estimated with bovine serum
albumine as a standard, using the microbiuret method
(35). Adsorption was measured at 290 nm. Specific
activities of enzymes are expressed as nanomoles of
substrate converted per minute per milligram of pro-
tein. Respiratory activity was measured with a Beck-
man oxygen electrode as described by Sims and Bar-
nett (31).

RESULTS
Isolation of hex2 revertants. Revertants to

maltose insensitivity were selected on media
consisting of YEP 2% maltose or YEP 2%
maltose plus 2% glucose. Two kinds of rever-
tants were expected: (i) reversions at the hex2
locus and (ii) mutations in genes that are epistat-
ic over the hex2 allele, yielding phenotypical
wild-type cells. The latter mutants were to di-
vide into two classes (i) epistatic mutant alleles
which were recessive in combination with their
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TABLE 1. Specific activities of fructose-1,6-
bisphosphatase, isocitrate lyase, maltase, and

invertase after 15 h of derepression in wild-type cat),
cat3, and murl mutants

Sp acta

Mutant Fructose- ,6- Isocitrate Maltase Invertase
bisphosphatase lyase Mta Inrs

Wild type 35 108 180 524
cat] 0.3 3.2 1.3 427
cat3 0.2 2.8 6.2 693
murl 29 98 138 447

a Specific activity is expressed as nanomoles of
substrate converted per minute per milligram of pro-
tein.

respective wild-type alleles and (ii) epistatic
mutant alleles which were dominant. By using a
replica-plating technique, all revertants obtained
were automatically tested for dominance. To
achieve this, all plates with revertant colonies
were replica plated onto a lawn of a strain with
hex2 mutant allele of opposite mating type on
plates with a glucose medium. After overnight
incubation, these plates were replica plated onto
plates with a minimal medium where only dip-
loids could grow. After another overnight incu-
bation, the minimal medium plates were replica
plated onto a maltose medium where only dip-
loids with a dominant maltose resistance could
grow. Thus, the recessive mutant alleles were
easily detected.

Recessive epistatic mutant alleles. We isolated
78 clones with recessive epistatic mutant alleles.
Allelism tests showed that the clones belonged
to three mutant classes. Genes were called
CAT), CAT3, and MUR) (maltose utilization
regulatory gene), and mutant alleles were called
cat), cat3 and murl. One representative of each
class was crossed with the hex2-3 mutant and
sporulation was followed. Growth in the pres-
ence of maltose was used as indicator for either
wild-type segregants or segregants having mu-

tant allele hex2-3 in combination with an epistat-
ic mutant allele abolishing maltose inhibition.
Most tetrads were of the tetra type consisting of
three segregants that were not inhibited by malt-
ose and one sensitive segregant.

Isolation of alleles cat), cat3, and murl de-
pended on selection conditions. murl mutants
were obtained on both kinds of selection media,
whereas cat) and cat3 mutants were only ob-
tained on YEP 2% glucose plus 2% maltose
medium. Obviously, cat) and cat3 mutants were
not able to use maltose as the sole carbon
source. Allelism tests showed that cat) mutants
were allelic to the cat)-) mutant previously
isolated (37), whereas cat3 mutants were not
allelic to this mutant allele. cat) and cat3 mu-
tants had the same phenotype. They could not
derepress isocitrate lyase, fructose-i,6-bisphos-
phatase, and maltase and were unable to grow
with glycerol as the sole carbon source, although
they were not respiratory deficient. murl mu-
tants derepressed like wild-type mutants (Table
1).

Effects of alleles catl, cat3, and murl on catabo-
lite repression. Mutants having the allelic combi-
nations hex2-3 cat) or hex2-3 cat3 were not able
to grow on YEP glycerol and on YEP maltose,
but were no longer inhibited by maltose. More-
over, the defect in catabolite repression was
suppressed, and hexokinase activity was similar
to that of the wild-type mutant (Table 2). This
clearly indicated that cat) and cat3 did not
solely prevent maltase synthesis which provides
the basis for maltose inhibition, but also abol-
ished all defects in catabolite repression caused
by mutant allele hex2-3. In contrast to this, the
murl mutant allele had no effects on the action
of the hex2-3 allele other than suppressing malt-
ose inhibition without affecting maltase synthe-
sis (Table 3).
When cat) and cat3 mutant alleles were com-

bined through crosses with mutant allele hex),
the structural gene mutant allele for hexokinase
Pll, which relieves catabolite repression fruc-

TABLE 2. Carbon catabolite repression, hexokinase activity, and growth behavior of wild-type, hex2, cat),
and cat3 mutants and hex2 cat) and hex2 cat3 recombinants

Sp act after growth on YEP 4% glucose' Growth on

Mutant or Glucose
recombinant Fructose-i 6- Isocitrate Maltase Invertas Malate Hexokinase Glycerol Maltose and

bisphosphatase lyase Mtaenersedehydrogenase maltose

Wild type 0.7 2.8 1.9 12.4 169 622 + + +
hex2 0.6 3.2 124 2,118 1,304 1,878 + _
cat) 0.5 1.9 1.0 8.2 131 691 _ _ +
cat3 0.2 2.8 2.4 9.0 155 701 _ _ +
hex2 cat) 0.8 3.2 6.9 7.1 147 637 _ _ +
hex2 cat3 0.4 1.8 7.3 4.9 163 599 +- +

a Specific activity is expressed as nanomoles of substrate converted per minute per milligram of protein.

VOL. 151, 1982



1126 ENTIAN AND ZIMMERMANN

TABLE 3. Carbon catabolite repression, hexokinase activity, and growth behavior of wild-type, hex2, cat8O,
and murl mutants and hex2, murl and hex2 cat8O recombinants

Sp act after growth on YEP 4% glucose' Growth on

Mutant or Glucose
recombinant Fructose-1,6- Isocitrate Maltase Inverta Malate Hexokinase Glycerol Maltose and

bisphosphatase lyase Mtae nersedehydrogenase maltose

Wild type 0.9 4.1 2.8 7.2 172 722 + + +
hex2 0.6 3.2 124 2,118 1,304 1,878 + _
cat8O 1.2 2.6 112 1,229 979 630 + + +
murl 0.3 1.2 2.2 6.3 129 582 + + +
hex2 murl 0.7 0.9 131 1,812 1,101 1,712 + + +
hex-2 cat8O 1.0 2.1 147 1,629 1,106 765 + -

a Specific activity is expressed as nanomoles of substrate converted per minute per milligram of protein.

tose-1,6-bisphosphatase (gluconeogenesis) and
isocitrate lyase (glyoxylate shunt), could not be
derepressed. However, carbon catabolite re-
pression of maltase, invertase, and malate dehy-
drogenase was defective like in a hex) single
mutant (Table 4). Hence, cat) and cat3 were not
epistatic over hex)-18. Although maltase synthe-
sis was not repressed in hex] cat) and hex] cat3
recombinants no growth with maltose as the sole
carbon source was observed. Clearly, the inabil-
ity of cat) and cat3 mutants to grow with
maltose depended on the effects of these alleles
on the maltose uptake system.

In the course of these experiments, the combi-
nation of the previously isolated mutant alleles
hex2-3 and cat80-24 was investigated after ap-
propriate crosses had been performed. The only
difference between a hex2-3 single mutant and a
hex2-3 cat80-24 double mutant was that the
elevated hexokinase activity on glucose media
had been eliminated in the double mutant.
Hence, the CAT80 gene product is necessary for
elevated hexokinase activity in hex2-3 mutants.

DISCUSSION
Carbon catabolite repression in yeast appears

to be quite a complex system. First, there are
genes which can mutate to allelic conditions

which prevent repression of enzymes whose
synthesis is subject to carbon catabolite repres-
sion. Such genes are exemplified by HEX),
HEX2, and CAT80. Recessive alleles of those
three genes alleviate repression of invertase, a-

glucosidase, and malate dehydrogenase. Sec-
ond, an additional set of genes can mutate to
allelic conditions which do not allow derepres-
sion of several enzymes the synthesis of which is
subject to carbon catabolite repression. These
are genes CAT) and CAT3 of this communica-
tion and the two genes of Ciriacy (4), CCR2 and
CCR3. An additional gene involved in the dere-
pression process is CAT2, which can mutate to
recessive allelic condition which accelerates de-
repression (37).

All mutants so far obtained showed pleiotro-
pic regulatory defects. Analysis of interactions
of these genes is complicated by the fact that
different repressible enzymes are under the reg-
ulatory control of overlapping, but not identical,
sets of genes. Invertase and malate dehydroge-
nase appear to be under the control of only
genes HEX), HEX2, and CAT80. Extensive
searches for additional mutants affecting glucose
repression of invertase have not yielded any
further genes (M. K. Grossmann, Ph.D. thesis,
Technischen Hochschule Darmstadt, Germany,

TABLE 4. Carbon catabolite repression, hexokinase activity, and growth behavior of wild-type, hex), cat),
and cat3 mutants and hex) cat) and hex) cat3 recombinants

Sp act after growth on YEP 4% glucose' Growth on

Mutant or Glucose
recombinant Fructose-1,6- Isocitrate Maltase Invertase Malate Hexokinase Glycerol Maltose and

bisphosphatase lyase dehydrogenase maltose

Wild type 0.9 4.1 2.8 7.2 172 722 + + +
hex) 1.2 3.7 285 1,112 1,502 326 + + +
cat) 0.5 1.9 1.0 8.2 131 691 _ _ +
cat3 0.2 2.8 2.4 9.0 155 701 _ _ +
hex) cat) 1.1 2.3 337 1,030 1,280 293 - _ +
hex) cat3 2.1 3.7 403 987 1,321 370 +
a Specific activity is expressed as nanomoles of substrate converted per minute per milligram of protein.
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1981). In contrast to invertase, maltase is under
a more complex regulatory surveillance. CAT)
and CAT3 affect the synthesis of this enzyme to
some extent, whereas CCR2 and CCR3 have no
effect on it (4).
The most stringent control is exerted on the

enzymes of the glyoxylate shunt and gluconeo-
genesis. These two sets of enzymes are also the
most sensitive to repression by all fermentable
sugars, even galactose (K.-D. Entian, Ph.D.
thesis, Technischen Hochschule Darmstadt,
Germany, 1978). Consequently, catabolite re-
pression can be divided into two major seg-
ments. The completely repressible sector is rep-
resented by gluconeogenic enzymes and
glyoxylate cycle enzymes, which also take part
in gluconeogenesis (25). These enzymes are
under strict derepression control ofgenes CAT),
CAT3, CCR2, and CCR3. Mutation in genes
HEX), HEX2, and CAT80 does not release them
from repression. Only gene CCR80 can mutate
to a state of nonrepressible malate synthase,
isocitrate lyase, and fructose-i,6-bisphospha-
tase (5). The other major segment affects those
activities which are not repressed on a galactose
medium and controlled by gene HEX), the
structural gene for hexokinase PII (10, 13).
There are differences within this group. Respira-
tion and some respiratory enzymes have been
shown to be affected by mutation in genes HEX)
and HEX2, whereas there seems to be no influ-
ence on respiration by CAT80. On the other
hand, respiration cannot derepress properly in
CCR2 and CCR3 (4). Further diversification can
be observed within the maltose metabolizing
system. Gene HEX2 exerts an important role
on maltose uptake (11) and maltase synthesis.
Mutant allele cat)-) eliminates maltose utiliza-
tion and abolishes maltose inhibition when in
combination with mutant allele hex2-3. Appar-
ently, it is the uptake system that is severely
affected. This agrees with the observation that
hex) cat) recombinants did not grow with malt-
ose as a sole carbon source, although maltase
synthesis was not repressed by glucose.

Synthesis of hexokinase Pll seems to be also
influenced by glucose. Mutation in gene HEX2
leads to increased hexokinase PII synthesis (12).
Combination with mutant allele cat80-24 elimi-
nates this effect, which indicates that CAT80 is
another regulatory element involved in the regu-
lation of hexokinase PII synthesis.
An unexpected complication for the under-

standing of gene interactions in carbon catabo-
lite repression comes from recent studies (6)
which led to the identification of four different
genes (TYE], TYE2, TYE3, and TYE4). Their
functions are required for the expression of
constitutive controlling site mutations at the
structural gene ADR2 of glucose repressible

alcohol dehydrogenase. These constitutive mu-
tations were caused by the insertion of Ty
elements (2). The tye mutant alleles had addi-
tional pleiotropic effects on the synthesis of
several enzymes which are subject to carbon
catabolite repression. However, these effects of
the various tye mutant alleles were not as pro-
nounced as those of the genes CAT) and CAT3
or CCR2 and CCR3.

In conclusion it is not possible yet to describe
an entire genetic control mechanism involved in
catabolite repression and derepression in yeasts.
A patient cataloging ofgenes involved in various
aspects of this central regulatory system is re-
quired with genes being identified in many dif-
ferent approaches.

ACKNOWLEDGMENTS
This work was supported by Deutsche Forschungsgemeins-

chaft.

LITERATURE CITED
1. Bergmeyer, H. U. 1970. p. 432. Methoden der enzymatis-

chen Analyse, 2nd ed. Verlag Chemie, Weinheim, Germa-
ny.

2. Cameron, J. R., E. Y. Loh, and R. W. Davis. 1979.
Evidence for transposition of dispersed repetitive DNA
families in yeast. Cell 16:739-751.

3. CUracy, M. 1975. Genetics of alcohol dehydrogenase in
Saccharomyces cerevisiae. I. Isolation and genetic analy-
sis of mutants. Mutat. Res. 29:315-325.

4. Ciriacy, M. 1977. Isolation and characterization of yeast
mutants defective in intermediary carbon metabolism and
in carbon catabolite derepression. Mol. Gen. Genet.
154:213-220.

5. Cirlacy, M. 1978. A yeast mutant with glucose resistant
formation of mitochondrial enzymes. Mol. Gen. Genet.
1S9:329-335.

6. Chriacy, M., and V. M. Williamson. 1981. Analysis of
mutations affecting Ty-mediated gene expression in Sac-
charomyces cerevisiae. Mol. Gen. Genet. 182:159-163.

7. DeCrombrugghe, B., H. E. Varmus, R. L. Perlman, and J.
Pastan. 1970. Stimulation of lac m-RNA synthesis by
cyclic AMP in cell free extracts of Escherichia coli.
Biochem. Biophys. Res. Commun. 38:894-904.

8. Dixon, G. H., and H. L. Kornberg. 1959. Assay methods
for key enzymes of the glyoxylate cycle. Biochem. J.
72:3P.

9. Emmer, M., B. DeCrombrugghe, I. Pastan, and R. Perl-
man. 1970. Cyclic AMP receptor of Escherichia coli: its
role in the synthesis of inducible enzymes. Proc. Natl.
Acad. Sci. U.S.A. 66:480-487.

10. Enthan, K.-D. 1980. Genetic and biochemical evidence for
hexokinase PII as a key enzyme involved in carbon
catabolite repression in yeast. Mol. Gen. Genet. 178:633-
637.

11. Entian, K.-D. 1980. A defect in carbon catabolite repres-
sion associated with uncontrollable and excessive maltose
uptake. Mol. Gen. Genet. 179:169-175.

12. Entlan, K.-D. 1981. A carbon catabolite repression mutant
of Saccharomyces cerevisiae with elevated hexokinase
activity: evidence for regulatory control of hexokinase PII
synthesis. Mol. Gen. Genet. 184:278-282.

13. Entian, K.-D., and D. Mecke. 1982. Genetic evidence for a
role of hexokinase isoenzyme PII in carbon catabolite
repression in Saccharomyces cerevisiae. J. Biol. Chem.
257:1870-1874.

14. Entian, K.-D., and F. K. Zhmmermann. 1980. Glycolytic
enzymes and intermediates in carbon catabolite repres-
sion mutants of Saccharomyces cerevisiae. Mol. Gen.

VOL. 151, 1982



1128 ENTIAN AND ZIMMERMANN

Genet. 156:99-105.
15. Entian, K.-D., F. K. Zlmmermann, and I. Scheel. 1977. A

partial defect in carbon catabolite repression in mutants of
Saccharomyces cerevisiae with reduced hexose phos-
phorylation. Mol. Gen. Genet. 156:99-105.

16. Gancedo, J. M., and C. Gancedo. 1971. Fructose-1,6-
diphosphatase, phosphofructokinase and glucose-6phos-.
phate dehydrogenase from fermenting and non fermenting
yeast. Arch. Microbiol. 76:132-138.

17. Gancedo, C., and N. Schwerzmann. 1976. Inactivation by
glucose of phosphoenolpyruvate carboxykinase from Sac-
charomyces cerevisiae. Arch. Microbiol. 109:221-225.

18. Gasc6n, S., N. P. Neumann, and J. 0. Lampen. 1968.
Comparative study of the properties of the purified inter-
nal and external invertases from yeasts. J. Biol. Chem.
243:1573-1577.

19. Grossmann, M. K., and F. K. Zinmmermann. 1979. The
structural genes of internal invertases in Saccharomyces
cerevisiae. Mol. Gen. Genet. 175:223-229.

20. Lobo, Z., and P. K. Maitra. 1977. Genetics of yeast
hexokinase. Genetics 86:726-744.

21. Loomis, W. F., and M. Magasanik. 1965. Genetic control
of catabolite repression of the lac operon in Escherichia
coli. Biochem. Biophys. Res. Commun. 20:230-234.

22. Magasanik, B. 1961. Catabolite repression. Cold Spring
Harbor Symp. Quant. Biol. 26:249-256.

23. Michels, C. A., and A. Romanowski. 1980. Pleiotropic
glucose repression-resistant mutation in Saccharomyces
carlesfergensis. J. Bacteriol. 143:674-679.

24. Montenecourt, B. C., S.-C. Kuo, and J. 0. Lampen. 1973.
Saccharomyces mutants with invertase formation resis-
tant to repression by hexoses. J. Bacteriol. 114:233-238.

25. Neeff, J., and D. Mecke. 1977. In vivo and in vitro studies
on the glucose dependent inactivation of yeast cytoplas-
mic malate dehydrogenase. Arch. Microbiol. 115:55-60.

26. Pastan, I., and S. Adhya. 1976. Cyclic adenosine 3',5'-
monophosphate in Escherichia coli. Bacteriol. Rev.
40:527-551.

27. Polalds, E. S., and W. Bartley. 1965. Changes in enzyme
activities in Saccharomyces cerevisiae during aerobic
growth on different carbon sources. Biochem. J. 97:284-
297.

28. Polakds, E. S., W. Bartley, and G. A. Meek. 1965. Changes
in the activities of respiratory enzymes during the aerobic
growth of yeast on different carbon sources. Biochem. J.

97:298-302.
29. Schamhart, D. H. J., A. M. A. Ten Berge, and K. W. Van

De Poll. 1975. Isolation of a catabolite repression mutant
of yeast as a revertant of a strain that is maltose negative
in the respiratory-deficient state. J. Bacteriol. 121:747-
752.

30. Schwartz, D., and J. R. Beckwith. 1970. Mutants missing a
factor necessary for the expression of catabolite sensitive
operons in Escherichia coli, p. 417-422. In J. R. Beckwith
and D. Zipser (ed.), The lactose operon. Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y.

31. Sims, A. P., and J. A. Barnett. 1978. The requirement of
oxygen for the utilization of maltose, cellobiose and D-
galactose by certain anaerobically fermenting yeasts
(Kluyver effect). J. Gen. Microbiol. 106:277-288.

32. Tyler, B., R. Wishmow, W. F. Loomis, and B. Maasanlk.
1969. Catabolite repression gene of Escherichia coli. J.
Bacteriol. 100:809-816.

33. vanWIk, R., J. Ouwehand, T. van den Bos, and V. V.
Koningpberger. 1969. Induction and catabolite repression
of alpha-glucosidase synthesis in protoplasts of Saccharo-
myces carlsbergensis. Biochem. Biophys. Acta 186:178-
191.

34. Witt, I., R. Kronau, and H. Holzer. 1965. Repression von
Alkohol-dehydrogenase, Malatdehydrogenase, Isocitrat-
lyase und Malatsynthase in Hefe durch Glucose. Biochim.
Biophys. Acta 118:552-537.

35. Zamenhoff, S. 1975. Preparation and assay of desoxyribo-
nucleic acids from animal tissue. Methods Enzymol.
3:696-704.

36. Zimnmermann, F. K., and N. R. Eaton. 1974. Genetics of
induction and catabolite repression of maltase synthesis in
Saccharomyces cerevisiae. Mol. Gen. Genet. 134:261-
272.

37. Zimmermann, F. K., I. Kautnann, H. Rasenberger, and P.
Haussmann. 1977. Genetics of carbon catabolite repres-
sion in Saccharomyces cerevisiae: genes involved in the
derepression process. Mol. Gen. Genet. 151:95-103.

38. Zimnermann, F. K., and I. Scheel. 1977. Mutants of
Saccharomyces cerevisiae resistant to carbon catabolite
repression. Mol. Gen. Genet. 154:75-82.

39. Zubay, G., D. Schwartz, and J. Beckwith. 1970. Mecha-
nism of activation of catabolite sensitive genes: a positive
control system. Proc. Natl. Acad. Sci. U.S.A. 66:104-
110.

J. BACTERIOL.


