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Abstract  Hexose-phosphorylating enzymes from the 
starch-utilizing yeast Schwanniomyces occidentalis were 
purified and two isoenzymes separated. The substrate pat- 
tern characterized one of these as a hexokinase phos- 
phorylating glucose and fructose and the other as a gluco- 
kinase unable to phosphorylate fructose. The purified 
Schw. occidentaIis hexokinase had a K M value of 0.98 mM 
for glucose and 9.3 mM for fructose. The hexokinase gene 
was cloned by cross hybridization with a probe from the 
Saccharomyces cerevisiae HXK2 gene. Deletion of Schw. 
occidentalis hexokinase by gene replacement yielded a 
mutant unable to grow on fructose as sole carbon source, 
but still growing on glucose. Deletion mutants of Schw. 
occidentalis hexokinase prevented glucose repression of 
invertase and maltase. Growth deficiences and the defect 
of glucose repression of a S. cerevisiae hexokinase null 
mutant could be restored by heterologous expression of the 
Schw. occidentaIis hexokinase. Moreover, the results 
clearly showed the existence of a separate glucokinase in 
Schw. occidentalis. 
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Introduction 

Characterization of Saccharomyces cerevisiae hexose- 
phosphorylating enzymes led to the discovery of three dis- 
tinct enzymes (Maitra 1970, 1975; Colowick 1973). Due 
to their catalytic activity on the phosphorylation of fruc- 
tose, mannose and glucose, two of these enzymes are clas- 
sified as hexokinase PI and PII (A and B, respectively). 
Under physiological conditions the third enzyme, gluco- 
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kinase, was unable to phosphorylate fructose (Maitra 
1970). In other yeasts several hexose-phosphorylating en- 
zymes have been described (see references in McCann 
et al. 1987). They differ in their kinetic parameters such as 
substrate affinities and maximal velocities. S. cerevisiae 
hexose-phosphorylating enzymes have a molecular weight 
of approximately 50 kDa (Colowick 1973). Biochemical 
data from several mammalian hexokinases revealed sub- 
unit molecular weights of 50 kDa and 100 kDa (Colowick 
1973). According to sequence data, a tandem duplication 
is responsible for the higher-molecular-weight hexoki- 
nasesI-I I I  (A-C, respectively) in mammalian cells 
(Schwab and Wilson 1989, 1991; Thelen and Wilson 1991). 
The 50-kDa hexokinase IV (D) is also known as glucoki- 
nase (Magnusson and Shelton 1989). 

Glucose repression is a complex regulatory network 
which controls the expression of enzymes involved in the 
utilization of disaccharides and galactose, gluconeogene- 
sis, the tricarboxylic acid cycle, the respiratory chain, and 
several amino-acid synthesis pathways (reviewed by En- 
tian and Barnett 1992; Gancedo 1992). A selection system 
for the isolation of S. cerevisiae glucose-repression mu- 
tants has been described by Zimmermann and Schee l  
(1977). In one of the isolated mutants (hexl) the constitu- 
tive expression of maltase and invertase was correlated 
with a reduced hexose-phosphorylating activity (Entian 
et al. 1977; Entian and Zimmermann 1980). Allelism of 
hexl and the mutation hxk2 of the structural gene for hex- 
okinase PII was demonstrated (Entian 1980). The struc- 
tural genes of hexokinase PI (HXK1), PII (HXK2) and glu- 
cokinase (GLK1) have been isolated and characterized (En- 
tian et al. 1984; Fr6hlich et al. 1984, 1985; Kopetzki et al. 
1985; Albig and Entian 1988). Gene-deletion experiments 
in S. cerevisiae have shown that a hxk2 (hexokinase PII) 
deletion correlates with glucose-repression failure, i.e., 
constitutive invertase synthesis (Ma and Botstein 1986; 
Rose et al. 1991). Single deletions in the genes encoding 
hexokinase PI or glucokinase had no effect on glucose re- 
pression. Calculation of the amount of hexose-phos- 
phorylating activity contributed by the isoenzymes re- 
vealed a predominant role for hexokinase PII. Continuous 



reduct ion  o f  hexok inase  PII  ac t iv i ty  also led to an inverse ly  
cor re la ted  defec t  in g lucose  repress ion.  Add i t iona l ly  the 
g lucose- repress ion  defect  in hexok inase  PII  mutants  could  
be compensa ted  by  over -express ion  of  hexok inase  PI. This 
was not  ach ieved  by  over -express ion  g lucokinase ,  even 
when the g lucose -phosphory la t ing  act ivi ty  was several  
t imes h igher  than in wi ld - type  strains (Rose et al. 1991). 
These  results  ind ica ted  a specif ic  funct ion of  hexokinases  
in g lucose  repress ion.  

Schwanniomyces  occidentalis is one of  the fastest  grow-  
ing s tarch-ut i l iz ing  yeas ts  (McCann  and Barnet t  1984). A 
mutant  with a p le io t rop ic  defect  in the g lucose  repress ion  
of  different  enzyme  sys tems metabo l i z ing  sugars has been 
i so la ted  (McCann  et al. 1987). Apar t  f rom the high levels  
o f  inver tase  for sucrose me tabo l i sm and g lucoamylase  for 
starch breakdown,  the mutant  showed a fai lure in f ructose  
phosphory la t ion  caused  by  a loss o f  hexok inase  activity.  
The select ion sys tem lead ing  to the i so la t ion  of  this Schw. 
occidentaIis mutant  was s imi lar  to that used for  the selec-  
t ion of  g lucose- repress ion  mutants  in S. cerevisiae (Zim- 
mermann  and Scheel  1977). A s imi lar  mutant  has been  de-  
scr ibed in the re la ted  Schwanniomyces  castellii strain CBS 
2863 (Boze et et al. 1989). 

In an a t tempt  to s tudy the hexose -phosphory la t ing  en- 
zymes  of  Schw. occidentalis, McCann  et al. (1987) were  
not  able to separa te  i soenzymes .  Under  condi t ions  a l low-  
ing ch romatograph ic  separa t ion  of  the three S. cerevisiae 
i soenzymes ,  the authors obta ined  a s ingle pro te in  fract ion 
which  represented  both g lucose-  and f ruc tose -phosphory-  
la t ion activity.  They  conc luded  that Schw. occidentalis har- 
bors  a hexose -phosphory la t ing  enzyme  conta in ing  two do-  
mains.  One of  the these is respons ib le  for hexok inase  ac-  
tivity, i.e., phosphory la t ion  of  g lucose  and fructose,  
whereas  the other  is respons ib le  for g lucok inase  activity.  
The mutant  strain defec t ive  in g lucose  repress ion  should 
only possess  an act ive g lucok inase  domain.  

Materials and methods 

Strains. Schw. occidentalis strain CBS819 (=ATCC2322) was used 
as wild-type. The hexokinase-negative S. cerevisiae strain WAY.7- 
2D/2A was described by Rose et al. (1991). Amplification of plas- 
mids was performed in the Escherichia coli strains RR1 (Ausubel 
et al. 1989) and XL1-Blue (Stratagene; Heidelberg, Germany). 

Media. Yeast strains were grown on YEPD medium containing 1% 
yeast extract (Life Sciences; Eggenstein, Germany), 2% bacto pep- 
tone (Difco; Augsburg, Germany) and 4% glucose. S. cerevisiae 
transformants were grown on selective medium without uracil, con- 
sisting of 0.67% yeast nitrogen base without amino acids (Difco; 
Augsburg, Germany) and 2% glucose (Ausubel et al. 1989). The 
Schw. occidentalis hxk mutant was selected according to Zimmer- 
mann and Scheel (1977) on medium composed of 1% yeast extract, 
2% bacto peptone, 2% soluble starch (MERCK; Darmstadt, Germa- 
ny) and 150 ppm of 2-deoxyglucose (Sigma; Munich, Germany). 
E. coli was propagated on LB-medium (Life Sciences; Eggenstein, 
Germany). For plasmid selection, 40 ppm of Ampicillin was added. 
The medium was solidified by adding 1.5% Agar (Difco; Augsburg, 
Germany). All media were sterilized for 20 min at 121 ~ Ampicil- 
lin and 2-deoxyglucose were filter-sterilized and added after auto- 
claving. 
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Enzyme assays and preparation of crude extracts. The methods used 
were as described previously (Rose et al. 1991). 

Enzyme purification. Hexokinase purification was according to Ko- 
petzki and Entian (1982). The crude extract was applied to a DEAE- 
Sephacel column (50x100 ram; Pharmacia, Freiburg, Germany) 
equilibrated with 25 mM of piperazine/HC1 buffer (pH 6.5) and elut- 
ed in one step with 12 column volumes of 25 mM piperazine/HC1 
(pH 3.5). Fractions containing hexokinase activity were pooled and 
applied to a polybuffer exchanger 94 column (10x380 ram; Phar- 
macia, Freiburg, Germany). Hexose-phosphorylating enzymes were 
eluted with 10 column volumes of polybuffer 74 (Pharmacia; Frei- 
burg, Germany), pH 4. Since elution of the Schw. occidentalis hex- 
okinase occurred at the isoelectric point, and the enzyme is extreme- 
ly unstable at this pH, the tubes in the fraction collector were sup- 
plemented with double the expected elution volume containing untit- 
rated 25 mM of piperazine. The pooled fractions were supplement- 
ed with ammonium sulphate to 40% saturation and then loaded to a 
30x60-mm Phenyl-Sepharose column (Pharmacia; Freiburg, Ger- 
many) equilibrated with 25 mM of piperazine/HC1 (pH 6.5) 40% sat- 
urated with ammonium sulphate. The column was eluted with 25 mM 
of piperazine/HC1 (pH 6.5) supplemented to form a gradient of de- 
creasing ammonium sulphate saturation (40-0%) and an increasing 
ethylene glycol concentration (0-80%). 

Molecular biological techniques. For Southern blotting and hybrid- 
ization, establishing protocols were followed (Ausubel et al. 1989). 
Protocols for in vitro DNA recombination were performed accord- 
ing to Ausubel et al. (1989). Cloning of the hexokinase gene was pre- 
ceded by the identification of a 3.3-kb BamHI DNA fragment which 
hybridized to S. cerevisiae HXK2 in Southern-blot experiments. 
Schw. occidentalis DNA was digested with BamHI and a library of 
2.5-4-kb DNA fragments inserted into the unique BamHI site of 
pBR322 was constructed in E. coli. Approximately 2000 clones were 
investigated by colony hybridization and two clones (pMR100) 
showed a hybridization signal with the S. cerevisiae HXX2 probe. 
An additional library was constructed by double digesting chromo- 
somal DNA with EcoRI and XbaI. Fragments of 3-5 kb were ligat- 
ed into pBR322 linearised with EcoRI and NheI. Colony hybridiza- 
tion identified a plasmid (pMR158) containing the hexokinase gene. 
Plasmids pMR164 and pMR188 were constructed by insertion of a 
2.5-kb BglII fragment harbouring the Schw. occidentalis HXK (see 
Fig. 4) into BamHI-opened YCp50 (Rose et al. 1987) or YEp24 (Bot- 
stein et al. 1979) respectively. For deletion of parts of the Schw. oc- 
cidentalis HXK gene, pMR158 was digested with EcoRV to release 
453 bp of the open reading frame and self-ligated. From the result- 
ing plasmid, a 2-kb BglII fragment containing the hxk deletion was 
isolated and used for transformation of Schw. occidentalis. DNA was 
sequenced by the dideoxynucleotide chain-terminating method 
(Sanger et al. 1977). The DNA sequence was determined using sub- 
clones and synthesized oligonucleotide primers. Schw. occidentaIis 
and S. cerevisiae were transformed by the lithium acetate procedure 
(Ito et al. 1983). 

Computing. Sequence data were analysed using the programme pack- 
ages DNASIS, PROSIS (Hitachi) and the UWGCG package. 

Results 

Puri f ica t ion  o f  the Schw. occidentalis hexokinase  

McCann  et al. (1987) pur i f ied  Schw. occidentalis and 
S. cerevisiae hexokinases  by  using F P L C  with an anion ex- 
change  column.  The S. cerevisiae i soenzymes  glucokinase ,  
hexok inase  PI and hexok inase  PII  were  separa ted  under  
these condi t ions .  The Schw. occidentalis hexose -phospho-  
ry la t ing  act iv i ty  was de tec ted  as a s ingle peak.  The molec-  
ular  weight  of  the Schw. occidentalis hexokinase  was es- 
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Fig. 1 Chromatofocussing of Schw. occidentalis hexose-phospho- 
rylating enzymes. In the elution profile, the volume activity (phos- 
phorylation of glucose, filled square), pH (open circle) and absor- 
bance at 280 nm (asterisk) were marked. From the twin peak, frac- 
tions 1 and 2 were pooled separately and further purified by hydro- 
phobic interaction chromatography 

timated at 72 kDa. Genetic data showed the existence of a 
glucokinase in Schw. occidentalis (McCann et al. 1987). 
In an interpretation of their results McCann et al. hypoth- 
esized a bifunctional hexose-phosphorylating enzyme in 
Schw. occidentalis. This enzyme should contain two do- 
mains, one of which phosphorylates glucose, and the other 
of which phosphorylates fructose and glucose. One single 
protein should contain the functions of gtucokinase and 
hexokinase in Schw. occidental&. 

In the present study, the hexokinase of Schw. occiden- 
talis was purified. The protocol published for the purifica- 
tion of S. cerevisiae hexokinases (Kopetzki and Entian 
1982) was used. Yeast cells were disrupted with glass beads 
and the crude extract separated on a DEAE-Sephacel col- 
umn. The fractions with the highest hexose-phosphorylat- 
ing activity were pooled and further purified by chroma- 
tofocussing. Glucose-phosphorylating activity eluted in 
two overlapping peaks (Fig. 1). These peaks were pooled 
separately. Each pool was supplemented with ammonium 
sulphate and applied to Phenyl-Sepharose. From the first 
pool, only one peak eluted at approximately 2.1 mSi/cm. 
From the second pool, two separate peaks eluted at approx- 
imately 3.6 mSi/cm and 2.1 mSi/cm (Fig. 2). Determina- 
tion of the fructose-over-glucose phosphorylation ratios 
identified the peak eluting at 3.6 mSi/cm as hexokinase. 
The protein eluting at 2.1 mSi/cm was identified as glu- 
cokinase. The enzyme phosphorylated glucose, but not 
fructose. From this result, it was concluded that Schw. 
occidental& contains two distinct hexose-phosphorylating 
enzymes, i.e., hexokinase and glucokinase. The purified 
Schw. occidental& hexokinase had a K M value of 0.98 mM 
for glucose and 9.3 mM for fructose. 
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Fig. 2 A, B Hydrophobic interaction chromatography of Schw. oc- 
cidentalis hexose-phosphorylating enzymes. Profiles A and B cor- 
respond to pools 1 and 2 obtained from the chromatofocussing, re- 
spectively. Indicated are volume activities (substrate glucose: filled 
square; substrate fructose: filled circle), conductivity (open circle), 
and absorbance at 280 nm (asterisk) 

Cloning of the Schw. occidentalis hexokinase 
gene (HXK) 

Southern hybridization of Schw. occidentalis chromoso- 
mal DNA with a S. cerevisiae HXK2 gene probe yielded 
strong signals, even under stringent washing conditions 
(Fig. 3). A 3.3-kb BamHI fragment hybridized to the S. ce- 
revisiae HXK2 probe (Fig. 3). Schw. occidentalis chromo- 
soma1 DNA was digested by restriction endonuclease 
BamHI and a library of 2.5-4-kb fragments was inserted 
into pBR322. Positive clones were identified by colony hy- 
bridization (pMR100). The DNA sequences flanking both 
BamHI sites were determined. Comparison of the deduced 
amino-acid sequences to S. cerevisiae hexokinases showed 
a high degree of identity to one of these flanking sequences. 
However, this fragment did not cover the entire Schw. oc- 
cidentalis HXK gene (Fig. 4). An additional library con- 
taining 3-5-kb EcoRI XbaI fragments was constructed. 



333 

Fig. 3 Southern hybridization of Schw, occidentalis DNA with a 
S. cerevisiae HXK2 probe. The letters E, B, P and C refer to the chro- 
mosomal DNA digested with EcoRI, BamHI, PstI and ClaI, respec- 
tively. The sizes of hybridising fragments are labeled in kb 
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Fig. 4 Restriction map of the Schw. occidentalis HXK locus. Only 
the open reading frame and the flanking DNA was sequenced 

Colony hybridization identified a plasmid which contained 
the complete hexokinase gene (pMR158). 

Molecular characteristics of the H X K  gene 

An open reading frame of 479 codons, encoding a protein 
of 53.4 kDa, was identified in a 1870-bp DNA sequence 
(Fig. 5). In the 5'  noncoding region a TATA consensus se- 
quence is located at position -99 to -93, relative to the ATG 
start codon. The codon usage in the H X K  open reading 
frame revealed a striking predominance of the codons con- 
taining A or T residues in the third position. Only phenyl- 
alanine and tyrosine are encoded predominantly by codons 
containing a C residue in the third position. The overall 
GC content of  the Schw. occidental is  open reading frame 
is only 37.8%, whereas the S. cerevis iae H X K I  and HXK2 
genes contain 42.0% and 42.5% GC pairs, respectively. 

those of Kluyveromyces  lactis hexokinase, Schis tosoma 
mansoni  hexokinase, Plasmodium fa l c iparum hexokinase, 
and several mammalian hexokinases. An alignment of the 
yeast genes coding for hexose-phosphorylating enzymes 
showed several conserved regions in all these genes 
(Fig. 6). The motif  LGFTFSYP is conserved in all yeast 
hexose-phosphorylating enzymes. In the deduced Schw. 
occidental is  hexokinase this motif  is located at amino-acid 
positions 152 to 159. The motif  contains the essential se- 
rine residue of the sugar-binding domain (Schwab and Wil- 
son 1988). The region of amino-acid residues 60 to 100 is 
characterized by a high degree of conservation. The ele- 
ment AxDGxGxGAA is conserved in the C-terminus of all 
yeast hexokinases. Studies on mammalian hexokinases 
identified an aspartate (position 210), a threonine (position 
214), and two glutamate residues (positions 268 and 301) 
(Schwab and Wilson 1988). These amino acids are con- 
served amongst all yeast hexose-phosphorylating enzymes 
(Fig. 6). 

The amino-acid sequences of the Schw. occidental is  
hexokinase and the S. cerevis iae hexokinases PI and PII 
are 71% and 69% identical, respectively. The K. lactis 
hexokinase is identical to the Schw. occidental is  hexoki- 
nase in 68% of its amino-acid residues. Yeast hexokinases 
are only approximately 40% identical to S. cerevis iae glu- 
cokinase. The degree of identify of all yeast hexose-phos- 
phorylating enzymes to the C-terminal domain of rat-brain 
hexokinase (type I), which retains the catalytical active do- 
main, is roughly 36 to 37% (Table 1). Pairwise compari- 
sons show a close relationship of the yeast hexokinases. 
Hexose-phosphorylating enzyme sequences from the data 
banks were used for multiple alignment. All known yeast 
hexose-phosphorylating enzymes were included in this 
phylogenetic study. The rat hexokinases were choosen as 
representatives of the mammalian hexokinases. S. mansoni  
and P. f a l c iparum hexokinases were also included. A phy- 
logenetic tree was constructed from the multiple alignment 
data (Fig. 7). The yeast hexokinases form a group of 
closely related enzymes. Another group of related enzymes 
in this study consists of the rat hexokinases and the S. man- 
soni hexokinase. S. cerevis iae glucokinase and P. fa lc ip-  
arum hexokinase are not related to any other hexose-phos- 

Table 1 Degree of identity by pairwise comparisons of different 
hexose-phosphorylating enzymes. The percentages of identity were 
calculated by the programme GAE The labels SoHXK, K1HXK, 
ScHXK1, ScHXK2, ScGLK1 and RbHXK mark Schw. occidentalis 
hexokinase, K. lactis hexokinase (Prior et al. 1993), S. cerevisiae 
hexokinase PI (Kopetzki et al. 1985), S. cerevisiae hexokinase PII 
(FrShlich et al. 1985), S. cerevisiae glucokinase (Albig et al. 1988), 
and the C-terminal domain of the rat-brain hexokinase (Schwab and 
Wilson 1988, 1989), respectively 

SoHXK K1HXK ScHXK1 ScFIXK2 ScGLK1 RbHXK 

Comparison of Schw. occidental is  hexokinase 
to hexokinases from other organisms 

Existing databases contain the sequences of the three S. ce- 
revisiae hexose-phosphorylating isoenzymes as well as 

SoHXK 100% 68% 71% 69% 39% 36% 
K1KXK 100% 71% 73% 40% 37% 
ScHXK1 100% 76% 41% 37% 
ScHXK2 100% 40% 37% 
ScGLK1 100% 38% 
RbHXK 100% 
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Fig. 5 DNAsequence and pre- 
dicted amino-acid sequence of 
the Schw. occidentalis hexoki- 
nase 

-171 -161 -151 -141 
CCGCGCTTCG ATATGCTGAC AGTGTCCGAA TTTCTTTGTG 

-81 -71 -61 51 
ATTTAAATTT ACCAAACATT TGTCTAAAGA AAAATTTTAA 

ATG GTT CAC TTA GGT CCA AAA CCT CCA CAA CAT 
MET Val His Leu GIy Pro Lys Pro Pro Gln His 

GAA TTG ACA GAA CTC GAA GGA TTA TTA ACA GTT 
GIu Leu Thr Glu Leu GIu GIy Leu Leu Thr Val 

GAA TTG GAA AAA GGT TTA TCT AAA CAA GGG GGA 
GIu Leu GIu Lys Gly Leu Set Lys Gln Gly Gly 

GGA AAA GAA ATG GGT GAT TAC TTG GCT ATT GAT 
Gly Lys Glu MET Gly Asp Tyr Leu Ala Ile Asp 

GGT AAC AGG GAC TTT GAC ACT ACT CAA TCC AAG 
Gly Ash Arg Asp Phe Asp Thr Thr Gln Ser Lys 

TTA TGG GAA TTT ATT GCT GAG TGT TTA CAA AAG 
Leu Trp GIu Phe Ile Ala Glu Cys Leu Gln Lys 

CCA TTA GGT TTC ACC TTT TCA TAC CCA GCA TCT 
Pro Leu Gly Phe Thr Phe Set Tyr Pro Ala Ser 

GGT TTC GAC ATT GAA GGT GTT GAG GGA CAC GAT 
Gly Phe Asp Ile Glu Gly Val Glu Gly His Asp 

CCA ATT GAA GTT GTT GCG TTA ATC AAT GAC ACC 
Pro Ile Glu Val Val Ala Leu Ile ASh Asp Thr 

AAA ATG GGT TTA TTT TCC GGT ACT GGT TGT AAT 
Lys MET Gly Leu Phe Set Gly Thr Gly Cys Ash 

GGA AAG GTT CCA GAT GAC ATT AAA AGC TCT TCC 
Gly Lys Val Pro Asp Asp Ile Lys Set Set Ser 

CAT ATC ATT TTG CCT AGA ACT AAA TAC GAT ATC 
His Ile Ile Leu Pro Arg Thr Lys Tyr Asp Ile 

GAA AAG AT@ ATC TCT GGT TAC TAC TTA GGT GAA 
Glu Lys MET Ile Set Gly Tyr Tyr Leu Gly Glu 

ATT TTC AAA GAC CAA GAT TTG TCT AAA TTA CAA 
Ile Phe Lys Asp GI~ ASp Leu Ser Lys Leu Gln 

GAA GAT CCG TTT GAA AAC TTA TCT GAT GTC CAA 
Glu Asp Pro Phe Glu Asn Le~ Ser Asp Val Gln 

GAA AGA AAA ATC ATC CGT CGT CTA GCG GAA TTG 
GIu Arg Lys Ile Ile Arg Arg Leu Ala Glu Leu 

GCT ATT TGC AAG AAG AGA GGC TAC AAA ACC GCT 
Ala Ile Cys Lys Lys Arg Gly Tyr Lys Thr Ala 

TTC AAA GAA AGA GCT GCT AAA GGT TTG AGA GAT 
Phe Lys GIu Arg Ala Ala Lys GIy Leu Arg ASp 

CCT GCA GAA GAT GGT TTA GGT GCA GGT GCC GCT 
Pro Ala GIu Asp Gly Leu Gly Ala Gly Ala Ala 

1440 1450 1460 
CCG TTG GTA TGA AGA AAACTAATGA TTACGATTGA 
Pro Leu Val 

1520 1530 1540 1550 
TTTATTACTT CATTGTATTA ACTTTTTTAC TTCTTTATAT 

1610 1620 1630 1640 
TGACTTTAAA TATAAATGAT TTCTATTTTG CATATTGATA 

-181 
TGAGC 

-131 -121 -Iii -i01 -91 
ACATCACACC ATCAACGAAG TAGAACCAAG TAGTAATTTC GTATATAAAT 

-41 -31 -21 -ii -i 
TTCAATTATA TTAAAATTTC TAATTAGATT TATTACACAT TAAGCACAAA 

75 
AGA AAA GGA TCC TTC TTG OAT GTT CCT GAA TAT TTG TTG AAG 
Arg Lys GIy Ser Phe Leu Asp Val Pro Glu Tyr Leu Leu Lys 

150 
TCA GGT GAA ACA TTA AGG AAG ATT ACT GAT CAC TTT ATT TCA 
Set Gly Glu Thr Leu Arg Lys Ile Thr Asp His Phe ile Set 

225 
AAT ATT CCT ATG ATT CCA GGA TGG GTT ATG GAC TTC CCA ACA 
ASh Ile Pro MET Ile Pro Gly Trp Val MET Asp Phe Pro Thr 

30O 
TTA GGT GGT ACT AAT TTG AGA GTT GTT TTA GTT AAG TTA GGT 
Leu Gly GIy Thr Asn Leu Arg Val Val Leu Val Lys Leu GIy 

975 
TTC GCA TTG CCA GAA AAC ATG AGA ACT GCC AAG TCT GAA GAG 
Phe Ala Leu Pro Glu Asn MET Arg Thr Ala Lys Ser Glu Glu 

45O 
TTC GTG GAA GAA GAA TTT CGA AAT GGT GTT CTG TCA AAT TTA 
Phe Val GIu GIU Glu Phe Arg Asn GIy Val Leu Set Asn Leu 

525 
CAA GGT TCT ATC AAT GAA GGG TAT TTG CAA AGA TGG ACC AAA 
Gln Gly Ser Iie Ash GIu Gly Tyr Leu Gln Arg Trp Thr Lys 

6OO 
GTT GTT CCA ATG TTA CAA GCT GCA ATT GAA AAA CGT AAG GTT 
Val Val Pro MET Leu Gln Ala Ala Ile Glu Lys Arg Lys Val 

675 
ACA GGT ACT TTA GTT GCT TCT ATG TAC ACC GAT CCA GAA GCT 
Thr Gly Thr Leu Val Ala Ser MET Tyr Thr Asp Pro Glu Ala 

750 
GGT GCT TAC TAC GAT GTT GTC GAT AAC ATT CCA AAA TTA GAA 
Gly Ala Tyr Tyr Asp Val Val Asp ASh Ile Pro Lys Leu Glu 

825 
CCA ATG GCC ATC AAC TGT GAA TAC GGT GCT TTC GAT AAT GAG 
Pro MET Ala Ile Asn Cys GIu Tyr GIy Ala Phe Asp Asn Olu 

9OO 
CAA ATC GAT GAA GAA TCA CCA AGA CCA GGA CAA CAG GCT TTC 
Gln Ile Asp GIu GIu Ser Pro Arg Pro Gly Gln Gln Ala Phe 

975 
GTT TTA AGA TTG ATT TTA CTT GAT TTA ACC TCT AAA CAA TTA 
Val Leu Arg Leu Ile Leu Leu Asp Leu Thr Ser Lys Gln Leu 

1050 
GTT CCA TTC ATT TTA GAT ACC TCA ATC CCA GCT AGA ATT GAA 
Val Pro Phe Ile Leu Asp Thr Set Ile Pro Ala Arg Ile G!u 

1125 
GAA TTA TTT CAA GAA ATT TTA GGT ATT CAA ACT ACT TCT CCA 
GIu Leu Phe Oln Glu Ile Leu Gly Ile Gln Thr Thr Ser Pro 

1200 
ATC GGT GAA AGA TCA GCC AGA TTA TCA ATT TGT GGT ATT GCT 
Ile Gly GIu Arg Ser Ala Arg Leu Set Ile Cys Gly Ile Ala 

1275 
CAT TGT GCC GCT GAT GGT TCA GTC TAC AAC AAA TAC CCA GGT 
His Cys Ala Ala Asp Gly Set Val Tyr ASh Lys Tyr Pro Gly 

1350 
ATC TTT CAA TGG GAA TCT GAA GAA GAT CCA ATT GTC ATT GTG 
Ile Phe Gin Trp Glu Ser Glu Glu Asp Pro Ile Val I!e Val 

1425 
ATC ATT GCT GCA TTG ACT GAA AAA AGA TTA AAG GAT GGA TTA 
Ile Ile Ala Ala Leu Thr Glu Lys Arg Leu Lys ASp GIy Leu 

1470 1480 1490 1500 1510 
AATTCTAAAA ATGCTTTCGT TCAATTTCTG GATGTCAATT TACTAGCTGG 

1560 1570 1580 1590 1600 
CTAATCCTTG TAAGAATGTT TCGACGATAA AGTTTTATAA AATTATCGAA 

1650 1660 1670 1688 
GTAGAGTACA GATATAGAAA TTAGCTTTTA CCATAAGACA AGCTT 

phorylating enzyme included in the phylogenetic tree 
(Fig. 7). 

Disruption of the Schw. occidentalis HXK gene 

In S. cerevisiae chromosomal D N A  sequences were re- 
placed by in vitro-constructed D N A  fragments. After trans- 
formation, these fragments were integrated at the target se- 
quence by the homologous  recombination system (Roth- 

stein 1983). This technique was also applied to disrupt a 
Schw. occidentalis gene (Dohmen et al. 1990). 

A plasmid containing a deletion in the Schw. occiden- 
talis hexokinase open reading frame was constructed. This 
plasmid contained only a deletion of the open reading 
frame. The deleted sequence was not substituted by a trans- 
formation marker for Schw. occidentalis. A restriction 
fragment containing the deletion in the hexokinase open 
reading frame was transformed into Schw. occidentalis. 
Hexokinase disruption mutants were selected by plating 



Fig. 6 Multiple alignment of 
amino-acid sequences of yeast 
hexose-phosphorylating en- 
zymes using of the program 
CLUSTAL. The labels 
SOHXK, KLHXK, SCHXK1, 
SCHXK2 and SCGLK1 refer to 
Schwanniomyces occidentalis 
hexokinase, Kluyveromyces 
lactis hexokinase (Prior et al. 
1993), Saccharomyces cerevi- 
siae hexokinase PI (Kopetzki et 
al. 1985), Saccharomyces ce- 
revisiae hexokinase PII 
(Fr6hlich et al. 1985), and Sac- 
charomyces cerevisiae gtucoki- 
nase (Albig et al. 1988), respec- 
tively 
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MVHLGPKPPQHRKGSFLDVPEYLLKELTELEGLLTVSGETLRKITDHFISELEKGLSK-QGGN ....... 

MVRLGPKKPPARKGSNADVPANLNEQIHGLETLFTVSSEKMRSIVI<HFISELDKGLSK-KGGN ....... 

MVHLGPKKPQARKGSMADVPKELMDEIHQLEDMFTVDSETLRKVVIiHFIDELNKGLTK-KGGN ....... 

MVHLGPKKPQARKGSMADVPKELMQQIENFEKNFTVPTETLQAVTKHFISELEKGLSK-KGGN ....... 

NSFDDLHKATER ......... AVIQAVDQICDDFEVTPEKLDELTAYFIEQMEKGLAPPKEGHTLASDKG 

Mv igpkkp Rkgs dvp 1 e tV E hFI EL KGL k gGn 

IPMIPGWVMDFPTGKEMGDYLAIDLGGTNLRVVLVI<LGGNRDFDTTQSKFALPENMRTAKS---EELWEF 

IPMIPGWIEgEYPTGKETGDFLALDLGGTNLR!rVLVI<LGGNHDFDTTQNKYRLPDHLRTGTS---EQLWSF 

IPMIPGWVMEFPTGKESGNYLAIDLGGTNLRWL!EKLSGNHTFDTTQSKYKLPHDMRTTKH--QEELWSF 

IPMIPGWVMDFPTGKESGDFLAIDLGGTNLRVVLVI<LGGDRTFDTTQSKYRLPDANRTTQN--PDELWEF 

LPMIPAFVTGSPNGTERGVLLAADLGGTNFRICSVNLHGDHTFSMEQMI<SKIPDDLLDDENVTSDDLFGF 

iPMIPgwV PtGkE G LA DLGGTNITvvlVkL G FdttQ K IP rt Lw F 

IAECLQKFVEEEFRNGVLS ..... NLPLGFTFSYPASQGSINEGYLQRWTKGFDIEGVEGHDVVPMLQAA 

IAKCLKEFVDEWYPDGVSE ..... PLPLGFTFSYPASQKKINSGVLQRWTKGFDIEGVEGHDVVPMLQEQ 

IADSLKDFNVEQELLNTKD ..... TLPLGFTFSYPASQNKINEGILQRWTKGFDIPNVEGHDWPLLQNE 

IADSLKAFIDEQFPQGISE ..... PIPLGFTFSFPASQNKINEGILQRWTKGFDIPNIENHDVVPMLQKQ 

LARRTLAFMIiKYHPDELAKGKDAKPMKLGFTFSYPVDQTSLNSGTLIRWTKGFRIADTVGKDWQLYQEQ 

iA 1 F e pLGFTFSYPasQ iN G LqRWTKGFdI e hDWp IQ 

IEKRKVP-IEWALINDTTGTLVASMYTD ........... PEAKMGLFSGTGCNGAYYDWDNIPKLEGK 

IEKLNIP-INVVRLINDTTGTLVASLYTD ........... PQTKNGIIIGTGVNGAYYDVVSGIEKLEGL 

ISKRELP-IEIVALINDTVGTLIASYYTD ........... PETICMGVIFGTGVNGAFYDWSDIEKLEGK 

ITKRNIH-IEVVALINDTTGTLVASYYTD .......... PETKNGVIFGTGVNGAYYDVCSDIEKLQGK 

LSAQGMPMIKWALTNDTVGTYLSHCYTSDNTDSMTSGEISEPVIGCIFGTGTNGCYMEEINKITKLPQE 

i k I V LiNDT GTI as YTd p klng GTG NGa ydv I KL 

VPDDI--ZSSSPMAINCEYGAFDNEHIILPRTKYDIQIDEE-SPRPGQQAFEI<MISGYYLGEVLRLILLD 

LPEDI--GPDSPMAINCEYGSFDNEHLVLPRTKYDVIIDEE-SPRPGQQAFEKMTSGYYLGEINRLVLLD 

LADDI--PSNSPMAINCEYGSFDNEHLVLPRTKYDVAVDEQ-SPRPGQQAFEKMTSGYYLGELLRLVLLE 

LSDDI--PPSAPMAINCEYGSFDNEHVVLPRTKYDITIDEE-SPRPGQQTFEKMSSGYYLGEILRLALMD 

LRDKLIKEGKTHMII~gEWGSFDNELKHLPTTKYDVVIDQKLSTNPGFHLFEKRVSGMFLGEVLRNILVD 

di pMaINcEyG FDNEh LPrTKYD De $prPGqq FEKm SGyyLGE R1 L 

LTSKQLIFKD .... QDLSK-LQVPFILDTSIPARIEEDPFENLSDVQELFRRNFRYSKTTSPERKIIRRL 

LYDSGFIFKD .... QDISK-LKEAYVMDTSYPSKIEDDPFENLEDTDDLFKTNLNI-ETTVVERKLIRKL 

LNEKGLMLKD .... QDLSK-LKQPYIMDTSYPARIEDDPFVFLEDTDDIFQKDFGV-KTTLPERKLIRRL 

MYKQGFIFKN .... QDLSK-FDKPFVMDTSYPARIEEDPFENLEDTDDLFQNEFGI-NTTVQERKLIRRL 

LHSQGLLLQQYRSKEQLPRHLTTPFQLSSEVLSHIEIDDSTGLRETELSLLQSLRLP-TTPTERVQIQKL 

k qd sk dts p IE Dpf L d f TT ERk Ir L 

AELIGERSARLSICGIAAIC ...... KKRGYKTAHCAADGSVYNKYPGFKERAAIiGLRDIFQWES-~-EE 

AELVGTRAARLTVCGVSAIC ...... DKRGYKTAHIAADGSVFNRYPGYKEKAAQALKDIYNWDVEKNED 

CELTGTRAARLAVCGIAAIC ...... QKRGYKTGHIAADGSVYNKYPGFKEAAAKGLRDIYGWTGDASKD 

SELIGARAARLSVCGIAAIC ...... QKRGYKTGHIAADGSVSTRYPGFKEKAANALKDIYGWTQPHLDD 

VRAISRRSAYLAAVPLAAILIKTNALNKRYHGEVEIGCDGSWEYYPGFRSMLRHALA---LSPLGAEGE 

el g R ArL cg AIc KRgykt h aaDGSV YPG ke aa L di w 

DPIVIVPAEDGLGAGAAIIAALTEKRLKDGLPL .... V 

HPIQLVAAEDGSGVGAAIIACLTQKRLAAG~SVGIKGE 

-PITIVPAEDGSGAGAAVIAALSEKRIAEGKSLGIIGA 

YPIKWPAEDGSGPGAAVIAALAQKRIAEGKSVGIIGA 

RKVHLKIAKDGSGVGAALCALVA ............... 

pi v AeDG G GAA iA 1 kr g 

out the transformants on a medium composed of  starch and 
2-deoxyglucose.  

This selection system was used by McCann et al. (1987) 
to isolate glucose-repression mutants of  Schw. occiden- 
talis. In this selection they identified a hexokinase mutant 
which had a pleiotropic defect in the glucose repression of  
sugar-utilizing enzymes  (McCann et al. 1987). Starch util- 
ization in Schw. occidentalis is glucose repressible. Glu- 
cose-repression mutants show a high starch-hydrolysing 
activity (McCann et al. 1987). Glucose released from 
starch competes with 2-deoxyglucose  for transport into the 
cell. Glucose-repression mutants survive on this medium; 
wild-type cells die because of  the cytotoxicity of  the 2-de- 
oxyglucose  taken up. 

A Schw. occidentalis hexokinase deletion mutant was 
selected on a starch/2-deoxyglucose medium. This mutant 
had lost almost all fructose-phosphorylating activity. The 
glucose-phosphorylating activity was reduced by 50%. Ac- 
tivities of  maltase and invertase increased in the hexoki-  
nase mutant (Table 2). 

Expression of the Schw. occidentalis hexokinase 
in S. cerevisiae 

The data of  McCann et al. (1987) showed the participation 
of  Schw. occidentalis hexokinase in glucose repression. 
These data were confirmed by the hxk deletion mutant. De- 
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Saccharomyces cerevisiae 
hexokinase PI 

Saecharomyces cerevisiae 
hexoldnase PIl 

Kluyveromyces lacris 
hexokinase 

Schwanniomyces occidentaIis 
hexokinase 

_V ..... 
Rattus norvegicus 
hexokinase I 

Rattus norvegicus 
hexokinase 1I 

Ranus norvegicus 
hexokinase 111 

Rattus norvegicus 
hexokinase IV 

Schistosoma mansoni 
hexokinase 

Saccharomyces cerevisiae 
glucoldnase 

Plasmodium falciparum 
hexokinase 

Fig. 7 Phylogenetic tree of hexokinases. Included are all sequenced 
hexokinases apart from the mammalian hexokinases which were rep- 
resented by the rat hexokinases I to IV (Magnusson and Shelton 
1989; Schwab and Wilson 1989, 1991; Thelen and Wilson 1991). 
From the tandem-duplicated mammalian hexokinases I to III, only 
the C-terminal half representing the catalytic domain was included 
in the comparisons. The origins of the yeast sequences are quoted in 
the legend of Fig. 6. The sequences of P. falciparum and S. manso- 
ni hexokinase were published by Olaffson et al. (1992) and Shoe- 
maker et al. (1992), respectively. The evolutionary relatedness of the 
hexokinases is proportional to the length of the horizontal bars. The 
figure was prepared by the programme TREE 

Table 2 Specific activities of the Schw. occidentalis wild-type and 
hxk mutant strain (nmol/min x mg) 

Strain Hexokinase Maltase Invertase 

Glucose Fructose 

Wild type 151 197 1 99 
hxk mutant 76 8 15 2042 

tailed studies on the effect of hexose phosphorylation on 
glucose repression were performed in S. cerevis iae (Rose 
et al. 1991). This test system was used for heterologous ex- 
pression of the Schw. occidental is  hexokinase. A fragment 
containing the complete H X K  gene was cloned into plas- 
raids YEp24 (Botstein et al. 1979) and YCp50 (Rose et al. 
1987), respectively. The fragment contained the original 
promoter, which allowed expression of the Schw. occiden- 
talis hexokinase in S. cerevisiae (Table 3). The hexoki- 
nase-deficient strain WAY.7-2D/2A was transformed by a 
plasmid carrying the Schw. occidental is  H X K  gene. Only 
low hexokinase activities were measured in transformants 
carrying the YCp50 derivative. Compared to the untrans- 
formed S. cerevis iae strain, maltase and invertase activ- 
ities were decreased in the transformant. Higher hexoki- 
nase activity was measured alter transformation of strain 
WAY.7-2D/2A with the derivative of the episomal plasmid 
YEp24. Maltase activity in this transformant was de- 
creased by a factor of ten compared to the untransformed 
strain. The invertase activity was decreased by a factor of 
seven. The glucose-repression defect of a hexokinase-neg- 
ative S. cerevis iae strain was at least in part compensated 
by the expression of Schw. occidental is  hexokinase. 

Discussion 

The hexokinase of Schw. occidental is  was purified by us- 
ing an established protocol for the purification of S. cere- 
visiae hexokinases. During the purification, differences in 
stability became obvious. Schw. occidental is  hexokinase 
was unstable under the conditions used to elute the enzyme 
from the chromatofocussing column. Proteins elute from 
the chromatofocussing column at the isoelectric point. A 
severe decrease in enzyme activity could be overcome by 
changing the pH immediately after elution from the chrom- 
atofocussing column. This was achieved by filling the 
tubes in the fraction collector with double the expected 
fraction volume of  untitrated piperazine buffer. Even under 
these conditions, the pooled fractions had to be applied im- 
mediately on the hydrophobic interaction chromatography 
column to obtain a high yield of  enzyme activity. 

The elution of glucokinase from the chromatofocussing 
column was never recognized when S. cerevis iae hexose- 
phosphorylating enzymes were purified under the same 
conditions (data not shown). Schw. occidental is  glucoki- 

Table 3 Specific activities of a 
hexokinase-negative S. cerevi- 
siae strain expressing 
Schw. occidentalis hexokinase 
(nmol/min x rag) 

Strain 

WAY.7-2D/2A 
WAY.7-2D/2A 
WAY.7-2D/2A 

Plasmid Hexokinase Maltase Invertase 

Glucose Fructose 

- 124 7 655 1410 
pMR164(YCp50) 244 145 167 890 
pMR188(YEp24) 482 892 69 204 



nase was more stable under the purification conditions than 
the S. cerevisiae enzyme. The data gave no direct hint as 
to whether the S. cerevisiae glucokinase was lost during 
the DEAE anion exchange or at the chromatofocussing 
step. 

The complete separation of Schw. occidentalis gluco- 
kinase and hexokinase was achieved by additional hydro- 
phobic interaction chromatography. This demonstrated the 
existence of distinct isoenzymes in Schw. occidentalis. The 
K M values determined for the purified hexokinase were 
higher than the values previously published (McCann et al. 
1987). For their experiments McCann et al. used mixtures 
of hexokinase and glucokinase enzymes. They determined 
the overall values in the hxk mutant strain which contained 
only glucokinase, and that of the wild-type strain which 
contained both glucokinase and hexokinase. They calcu- 
lated the K M for glucose from both determinations. For 
phosphorylation of glucose by Schw. occidentalis hexoki- 
nase I obtained a K M of 0.98 mM. This value differs by 
a factor of approximately two from that reported by 
McCann et al. The difference in the K M values for fructose 
is, however, not that severe. These K M values were about 
one order of magnitude higher compared to those deter- 
mined for S. cerevisiae hexokinases PI and PII (see 
McCann et al. 1987; Rose et al. 1991). 

The Schw. occidentalis HXK gene was cloned by hy- 
bridization to a S. cerevisiae HXK2 probe. The DNA se- 
quence revealed an open reading frame of 479 codons. 
The deduced protein has a molecular weight of 53.4 kDa. 
Compared to these data, the S. cerevisiae hexokinase PI 
(53.7 kDa; Kopetzki et al. 1985) and hexokinase PII 
(53.9 kDa; Fr6hlich et al. 1985) are only slightly larger. 
The Schw. occidentalis hexokinase showed a high degree 
of identical and conserved amino-acid residues when com- 
pared to hexokinases from other organisms (Fig. 6). The 
sugar-binding consensus (amino-acid residues 152 to 159; 
Schwab and Wilson 1988) is conserved in all these 
hexokinases. The amino-acid residues 60-100 and a 
AxDGxGxGAA motif near the C-terminus are conserved 
in the Schw. occidentalis hexokinase. These domains might 
be involved in nucleotide binding (Hol 1985; Schwab and 
Wilson 1988). Several of the amino acids in positions 160 
to 200 are also conserved. These amino acids might addi- 
tionally contribute to the catalytic active structure of the 
enzyme. A reciprocal exchange of S. cerevisiae hexoki- 
nase PI and PII amino-acid residues 101 to 246 altered the 
substrate affinities and velocities of these isoenzymes 
(Rose et al. 1991). It was concluded from these results that 
the essential amino-acid residues involved in the catalysis 
of hexose phosphorylation are located in a well-conserved 
part (residues 100-250) of the enzyme. 

Amino-acid sequence comparisons revealed an approx- 
imately 70% identity of the Schw. occidentalis hexokinases 
to all other known yeast hexokinases (Table 1). Even S. ce- 
revisiae hexokinase PI and PII are only 76% identical in 
their amino-acid sequences. The S. cerevisiae glucokinase 
(Albig and Entian 1988) and the catalytic domain of the- 
rat-brain hexokinase (Schwab and Wilson 1988) share less 
than 40% amino acids with the Schw. occidentalis hexo- 

337 

kinase. For detecting evlutionary relationships of hexoki- 
nases, a phylogenetic tree was prepared (Fig. 7). A close 
relationship was obtained among the Schw. occidentalis, 
K. lactis and S. cerevisiae hexokinases. The S. cerevisiae 
hexokinases are more closely related to each other than to 
any other yeast hexokinase. A duplication of the hexoki- 
nase gene in S. cerevisiae probably occurred after separa- 
tion from a common ancestral hexokinase shared by Schw. 
occidentalis, K. lactis and S. cerevisiae. Among these three 
yeasts, only S. cerevisiae possesses two hexokinase isoen- 
zymes, whereas K. lactis (Prior et al. 1993) and Schw. oc- 
cidentalis both have only one hexokinase. For the Schw. 
occidentalis hexokinase the evolutionary distance to both 
S. cerevisiae hexokinases is equal. The rat hexokinases 
show a close relationship. S. mansoni hexokinase is also 
included in this group. S. cerevisiae glucokinase shares 
only a very low degree of relationship to the mammalian 
hexokinases and to the yeast hexokinases, respectively. 
The evolution of the yeast glucokinase has diverged very 
early from a common ancestral enzyme. 

Disruption of the Schw. occidentalis HXK gene resulted 
in a mutant with a lack in the glucose repression of mal- 
tase, invertase and starch-metabolizing enzymes. The mu- 
tant was unable to grow on fructose as carbon source. The 
fructose-phosphorylating activity in this mutant was near 
the point of detection, whereas glucose phosphorylation 
was reduced by 50%. This again displayed the existence 
of a glucokinase and a single hexokinase in Schw. occiden- 
talis. The amount of glucose-phosphorylating activity cov- 
ered by the hexokinase is approximately 50%. The other 
50% is covered by glucokinase. In S. cerevisiae 85% of the 
glucose-phosphorylating activity is contributed by hexo- 
kinases (Rose et al. 1991). In contrast to the aforemen- 
tioned yeasts Schw. occidentalis and S. cerevisiae, K. lac- 
tis contains no glucokinase (Prior et al. 1993). 

Schw. occidentalis hxk mutants displayed a pleiotropic 
lack of glucose repression (Table 2; McCann et al. 1987). 
An active hexokinase is necessary in Schw. occidentalis 
for triggering glucose repression. This is consistent with 
the data obtained from S. cerevisiae (Rose et al. 1991). The 
Schw. occidentalis hexokinase was expressed in a hexo- 
kinase-negative S. cerevisiae strain. This heterologous ex- 
pression was achieved from the original promoter of the 
Schw. occidentalis hexokinase gene. Transformed S. ce- 
revisiae strains were complemented for their lack of growth 
on fructose as a sole carbon source. Enzymatic activities 
measured in the transformants revealed a degree of expres- 
sion of Schw. occidentalis hexokinase in relation to its copy 
number. Maltase and invertase activities decreased in the 
transformants compared to the untransformed S. cerevisiae 
strain. The expression of Schw. occidentalis hexokinase in 
a hexokinase-negative S. cerevisiae strain complemented 
the lack in glucose repression. S. cerevisiae strains which 
expressed different hexokinase activities indicated the im- 
portance of hexokinase in glucose repression. A low hex- 
okinase activity resulted in a failure of glucose repression. 
The reduced expression of hexokinase PII, or the over-ex- 
pression of hexokinase PI resulted in consistent activities 
essential for intact glucose repression. A complementation 
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of the lack in glucose repression of hexokinase-negat ive  
strains was not achieved by over-expression of glucoki- 
nase (Rose et al. 1991). Even the Schw. occidental is  
hexokinase was able to restore glucose repression in S. ce- 
revisiae. 

Expression of the K. lactis RAG5 encoding its sole 
hexokinase in a hexokinase-negat ive S. cerevisiae strain 
had no effect on glucose repression (Prior et al. 1993). In 
K. lactis there might be a slightly different funct ion for 
hexokinase,  which is probably the only hexose-phospho- 
rylating enzyme. Little is known about glucose repression 
in K. lactis. Some data are available on [3-galactosidase, 
but a dependence on the genetic background of this strain 
has been reported (Breunig 1989). The mechanism of glu- 
cose repression might be different in K. Iactis. 

Acknowledgements I thank K.-D. Entian for his interest in this 
work and many fruitful discussions. I also thank L. M. T. Dicks and 
A. Brtihning for their suggestions on the manuscript. The work was 
supported by the Deutsche Forschungsgemeinschaft. 

Refe,rences 

Albig W, Entian KD (1988) Structure of yeast glucokinase, a strong- 
ly diverged specific aldohexose-phosphorylating enzyme. Gene 
73:141-152 

Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman JG, Smith 
JA, Struhl K (1989) Current protocols in molecular biology. John 
Wiley and Sons, New York 

Botstein D, FaRo SL, Steward SE, Brennan M, Scherer S, Stinch- 
comb DT, Struhl K, Davis RW (1979) Sterile host yeasts (SHY): 
a eucaryotic system of biological containment for recombinant 
DNA experiments. Gene 8:17-24 

Boze H, Moulin G, Galzy P (1989) Isolation and characterization of 
a hexokinase mutant of Schwanniomyces castellii: consequenc- 
es on cell production in continuous culture. Yeast 5:469-476 

Breunig KD (1989) Glucose repression of Lac gene expression in 
yeast is mediated by the transcriptional activator Lac9. Mol Gen 
Genet 216:422-427 

Colowick SP (1973) The hexokinases. In: Boyer PD (ed) The en- 
zymes, 3rd end., volume 9. Academic press, New York, pp 1-48 

Dohmen RJ, Strasser AWM, Dahlems UM, Hollenberg CP (1990) 
Cloning of the Schwanniomyces occidentalis glucoamylase gene 
(GAM1) and its expression in Saccharomyces cerevisiae. Gene 
95:111-121 

Entian KD (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 

Entian KD, Barnett JA (1992) Regulation of sugar utilization by Sac- 
charomyces cerevisiae. Trends Biochem Sci 17:506-510 

Entian KD, Zimmermann FK (1980) Glycolytic enzymes and inter- 
mediates in carbon-catabolite repression mutants of Saccharo- 
myces cerevisiae. Mol Gen Genet 177:345-350 

Entian KD, Zimmermann FK, Scheel I (1977) A partial defect in car- 
bon-catabolite repression in mutants of Saccharomyces cerevi- 
siae with reduced hexose phosphorylation. Mol Gen Genet 
156:99-105 

Entian KD, Kopetzki E, Fr6hlich KU, Mecke D (1984) Cloning of 
hexokinase structural genes from Saccharomyces cerevisiae mu- 
tants with regulatory mutations responsible for glucose repres- 
sion. Mol Gen Genet 198:50-54 

Fr6hlich KU, Entian KD, Mecke D (1984) Cloning and restriction 
analysis of the hexokinase PII gene of the yeast Saccharomyces 
cerevisiae. Mol Gen Genet 194:144-148 

Fr6hlich KU, Entian KD, Mecke D (1985) The primary structure of 
the yeast hexokinase PII gene (HXK2) which is responsible for 
glucose repression. Gene 36:105-111 

Gancedo JM (1992) Carbon-catabolite repression in yest. Eur J Bi- 
ochem 206:297-313 

Hol WGJ (1985) The role of the a-helix dipole in protein function 
and structure. Prog Biophys Mol Biol 45:149-195 

Ito H, Fukuda Y, Murata K, Kimura A (1983) Transformation of in- 
tact yeast cells treated with alkali cations. J Bacteriol 153:163- 
168 

Kopetzki E, Entian KD (1982) Purification of yeast hexokinase iso- 
enzymes using affinity chromatography and chromatofocussing. 
Anal Biochem 121:181-185 

Kopetzki E, Entian KD, Mecke D (1985) Complete nucleotide se- 
quence of the hexokinase PI gene (HXK1) of Saccharomyces ce- 
revisiae. Gene 39:95-102 

Ma H, Botstein D (1986) Effects of null mutations in the hexokinase 
genes ofSaccharomyces cerevisiae on catabolite repression. Mol 
Cell Biol 6:4046-4052 

Magnusson MA, Shelton KD (1989) An alternate promoter in the 
glucokinase gene is active in the pancreatic beta cell. J Biol Chem 
264:15 936-15 942 

Maitra (1970) A glucokinase from Saccharomyces cerevisiae. J Biol 
Chem 245:2423-2431 

Maitra (1975) Glucokinase from yeast. Methods Enzymol 42:25- 
30 

McCann AK, Barnett JA (1984) Starch utilization by yeasts: mutants 
resistant of carbon-catabolite repression. Curr Genet 8:525- 
530 

McCann AK, Hilberg F, Kenworthy R Barnett JA (1987) An unusu- 
al hexose-ATP-kinase with two catalytic sites and a role in car- 
bon-catabolite repression in the yeast Schwanniomyces occiden- 
talis. J Gen Microbiol 133:381-389 

Olafsson R Matile H, Cesta U (1992) Molecular analysis of PIasmo- 
dium falciparum hexokinase. Mol Biochem Parasitol 56:89- 
102 

Prior C, Mamessier P, Fukuhara H, Chen XJ, Wesolowski-Louvel M 
(1993) The hexokinase gene is required for transcriptional regu- 
lation of the glucose transporter gene RAGI in Kluyveromyces 
lactis. Mol Cell Biol 13:3882-3889 

Rose MD, Novick R Thomas JH, Botstein D, Fink GR (1987) A Sac- 
charomyces cerevisiae genomic plasmid bank based on a centro- 
mere-containing shuttle vector. Gene 60:237-243 

Rose M, Albig W, Entian KD (1991) Glucose repression in Saccha- 
romyces cerevisiae is directly associated with hexose phosphor- 
ylation by hexokinase PI and hexokinase PII. Eur J Biochem 
199:511-518 

Rothstein RJ (1983) One-step gene disruption in yeast. Methods En- 
zymol 101:202-211 

Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing with 
chain-terminating inhibitors. Proc Natl Acad Sci USA 74:5463- 
5467 

Schwab DA, Wilson JE (1988) The complete amino-acid sequence 
of the catalytic domain of rat-brain hexokinase, deduced from the 
cloned cDNA. J Biol Chem 263:3220-3224 

Schwab DA, Wilson JE (1989) Complete amino-acid sequence of 
rat-brain hexokinase, deduced from the cloned DNA, and pro- 
posed structure of a mammalian hexokinase. Proc Natl Acad Sci 
USA 86:2563-2567 

Schwab DA, Wilson JE (1991) Complete amino-acid sequence of the 
type-III isoenzyme of rat hexokinase, deduced from the cloned 
cDNA. Arch Biochem Biophys 285:365-370 

Shoemaker CB, Reynolds S, Wei G, Ham D (1992) Genbank acces- 
sion L04480 

Thelen AP, Wilson JE (1991) Complete amino-acid sequence of the 
type-II isoenzyme of rat hexokinase, deduced from the cloned 
cDNA--comparison with a hexokinase from Novikoff ascites tu- 
mor. Arch Biochem Biophys 286:645-651 

Zimmermann FK, Scheel I (1977) Mutants of Saccharomyces cerev- 
isiae resistant to carbon-catabolite repression. Mol Gen Genet 
154:75-82 


