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ABSTRACT. Two glucose-phosphorylating enzymes, a hexo- 
kinase phosphorylating both glucose and fructose, and a glu- 
cose-specific glucokinase were electrophoreticaUy separated in 
the methylotrophic yeast Hansenula polymorpha. Hexokinase- 
negative, glucokinase-negative and double kinase-negative mu- 
tants were isolated in H. polymorpha by using mutagenesis, 
selection and genetic crosses. Regulation of synthesis of the 
sugar-repressed alcohol oxidase, catalase and maltase was stu- 
died in different hexose kinase mutants. In the wild type and in 
mutants possessing either hexokinase or glucokinase, glucose 
repressed the synthesis of maltase, alcohol oxidase and catalase. 

Glucose repression of alcohol oxidase and catalase was abo- 
lished in mutants lacking both glucose-phosphorylating enzymes 
(i.e. in double kinase-negative mutants). Thus, glucose repres- 
sion in H. polymorpha cells requires a glucose-phosphorylating 
enzyme, either hexokinase or glucokinase. The presence of fruct- 
ose-phosphorylating hexokinase in the cell was specifically 
needed for fructose repression of alcohol oxidase, catalase and 
maltase. Hence, glucose or fructose has to be phosphorylated in 
order to cause repression of the synthesis of these enzymes in 
H. polymorpha suggesting that sugar repression in this yeast 
therefore relies on the catalytic activity of hexose kinases. 

In yeasts high concentrations of glucose in the medium repress the transcription of  genes encoding 
enzymes responsible for the utilization of alternative carbon sources. The phenomenon is called glucose 
repression and its mechanisms have been thoroughly Studied in Saccharomyces cerevisiae using mostly 
MAL, SUC and GAL genes as a model (as review see Ronne 1995 and Gancedo 1998). In this yeast Migl 
protein is identified as the main transcriptional repressor binding to the promoters of glucose-repressed 
genes, and hexokinase PII protein is assumed to trigger the repression (Ronne 1995; Gancedo 1998; Klein et 

al. 1998). S. cerevisiae has three hexose kinases: the hexokinases PI and PII, which phosphorylate both 
glucose and fructose, and glucokinase, which is specific for glucose (as a review see Entian 1997). However, 
among the three glucose-phosphorylating enzymes only hexokinase PII seems to be involved in glucose 
repression under in vivo conditions. Mutants of S. cerevisiae with reduced glucose phosphorylation and 
defective glucose repression of invertase and maltase described in Zimmermann and Scheei (1977), revealed 
allelism with structural gene of hexokinase PII (Entian 1980). Study of mutants carrying different combinat- 
ions of null alleles of structural genes for hexose kinases also proved the absolute requirement for hexokinase 
PII in glucose repression (Ma and Botstein 1986; Walsh et al. 1991). However, if hexokinase PI was remo- 
ved in addition to hexokinase PII, glucose repression was further reduced, showing that hexokinase PI can 
also have some function in glucose repression (Rose et aL 1991). 

Despite extensive studies the mechanism of glucose repression triggering by hexokinase PII is still 
the matter of dispute. First, it has been suggested that elevated level of glucose 6-phosphate generated in the 
hexokinase reaction can be the triggerer of repression. This hypothesis is strongly supported by the inverse 
correlation between the catalytic activity of different hexokinase PII mutants of S. cerevisiae and the extent 
of glucose repression in these mutants (Ma et aL 1989; Rose et al. 1991). Hexokinase PII is a major glucose- 
phosphorylating enzyme in S. cerevisiae grown on glucose (Herrero et aL 1995) and should therefore be the 
main producer of  glucose 6-phosphate under glucose repression conditions. According to the second hypo- 
thesis, hexokinase PII triggers glucose repression due to the presence of  a specific regulatory domain in this 
protein. It is assumed that in the process of glucose binding and/or glucose phosphorylation a conformational 
change of the hexokinase protein takes place that triggers repression directly or through interaction with 
other proteins. This possibility is supported by the following data: (1) hexokinase PII mutants with unchan- 
ged catalytic activity but defective in glucose repression have been described (Entian and FrOhlich 1984); 
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(2) S. cerevisiae glucokinase cannot trigger glucose repression even if overepressed (Rose et al. 1991); 
(3) hexokinase Pll protein has been found in the nucleus of glucose-grown S. cerevisiae cells and the nuclear 
localization was shown to be crucial for glucose repression (Randez-Gil et al. 1998; Herrero et al. 1998); 
(4) expression of heterologous hexokinases in S. cerevisiae hexokinase-deficient mutants always restores 
sugar-phosphorylating activity, but glucose repression is restored only in some cases (Prior et al. 1993; Rose 
1995; Petit and Gancedo 1999). 

Among non-Saccharomyces yeasts, participation of hexokinase in glucose repression has been shown 
for Schwanniomyces occidentalis (Rose 1995), Pachysolen tannophilus (Wedlock and Thornton 1989) and 
Kluyveromyces lactis (Goffrini et al. 1995). At the same time, hexokinase is probably not involved in glu- 
cose repression in the aerobic yeast Candida utilis (Espinel et al. 1995) or the filamentous fungus ,4sper- 
gillus nidulans (Ruijter et al. 1996). 

Due to the presence of several glucose-repressed functions, e.g., the synthesis of methanol-specific 
enzymes and organelles (Eggeling and Sahm 1978; Roggenkamp 1988; Sibirny et al. 1988; Parpinello et al. 
1998), methylotrophic yeasts are convenient for studying glucose repression mechanisms. Moreover, glucose 
repression mechanisms of methylotrophic yeasts should be studied from the biotechnological standpoint. The 
extremely strong methanol-induced and glucose-repressed promoter of alcohol oxidase has been widely used 
to drive the expression of foreign proteins in methylotrophic yeasts (Gellissen and Hollenberg 1997). Differ- 
ent glucose repression mutants have been described in methylotrophic yeasts. In mutants of Candida boidinii 
described by Sakai et al. (1987) and in analogous mutants of Pichia pinus characterized by Alamae and 
Simisker (1994), glucose repression defect was linked to changes in glucose transport system. The Pichia 
pinus mutants insensitive to glucose repression described by Sibirny et al. (1988) had a lower activity Of 
phosphofructokinase, and glucose repression mutants of Hansenula polymorpha described by Roggenkamp 
(1988) and Alamae and Liiv (1998) were both suggested to be deficient in a transcriptional repressor. Data 
on the participation of glucose-phosphorylating enzymes in glucose repression of methylotrophic yeasts are 
lacking since no mutants deficient in glucose-phosphorylating enzymes have been characterized in these 
yeasts. 

Here we present data on the pattern and characteristics of hexose kinases in 11. polymorpha. We also 
show that hexokinase has no specific role in glucose repression in this yeast, and that sugar repression of 
maitase and methanol-specific enzymes is dependent on the ability of the cell to phosphorylate the corresp- 
onding sugar. 

MATERIALS AND METHODS 

Strains and cultivation. Derivatives of collection strains of Hansenula polymorpha were used (both 
hexo- and glucokinase positive): strain LR9 (from ATCC 34438, uracil-auxotrophic; Roggenkamp et al. 
1986), and strain A16 (from CBS 4732, leucine-auxotrophic; Veale et al. 1992). Mutant strains (A3, A25-19, 
A25-26, A31-1, A31-7 and A31-10) were derived from strain LR9 (see Table I). 

The cells were grown in a liquid medium on a rotary shaker or on agar plates at 37 ~ The growth 
medium used was 0.67 % Yeast nitrogen base (YNB). Uracil or leucine, if required, were added (20 mg/L). 
Different carbon sources were added to the medium at concentrations shown in the text. 

Preparation of  cell extracts and enzyme assay. Cells were harvested by centrifugation at 4 ~ 
washed twice in distilled water and stored at -65 ~ till assay. They were then thawed, suspended in 200- 
400 !aL of 50 mmol/L Tris buffer (pH 7.5) and disrupted with glass beads. The supernatant obtained after the 
centrifugation (10000 g, 10 min, 4 ~ was further clarified by centrifugation (12 000 g, 20 min, 4 ~ and 
used as cell extract. For enzyme activity assays, the cell extract was first diluted with appropriate buffer. Pro- 
tein concentration of the extract was measured according to Lowry. Hexokinase activity was measured as 
described previously (Alamae and Simisker 1994). Concentrations of glucose and fructose in the reaction 
mixture were I and 10 mmol/L, respectively. Eadie-Hofstee plots were used to calculate the K m values for 
glucose and fructose. Activities of maltase, alcohol oxidase and catalase were measured as shown by Alamae 
and Liiv (1998). Enzyme activities are given in ~tkat/g protein or nkat/g protein if not stated otherwise. 

Glucose and fructose repression assay of  maltase and alcohol oxidase. Semiquantitative assay of 
maltase and alcohol oxidase in mutants, hybrids and random spores was carried out by using permeabilized 
cell suspensions (Aiamae and Liiv 1998). For maltase activity assay, cells were grown on agar plates with 
2 % glucose + 2 % maltose, or 2 % fructose + 2 % maltose. For the assay of alcohol oxidase activity, the 
cells were grown on 2 % glucose + 0.5 % methanol or 2 % fructose + 0.5 % methanol, respectively. Cells 
were cultivated at 37 ~ for 2 d. 
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Electrophoretic separation ofhexose kinases was conducted in 7.5 % polyacrylamide gel (Angell et 
al. 1992) but with the use of Tris-borate buffer (pH 8.8). Electrophoresis was run for 2-3 h (100 V, 4 ~ 
Bands with glucose-phosphorylating activity were developed by overlaying the gel with a mixture containing 
50 mmol/L Tris buffer (pH 7.5), 0.5 % agarose, 10 mmol/L glucose, 0.2 mmol/L NADP +, 5 mmol/L MgCI2, 
2 mmol/L ATP, N-methylphenazonium methanesulfonate and nitroblue tetrazolium (both 60 mg/L) and 
1 U/mL of glucose-6-phosphate dehydrogenase. Glucose was substituted with I0 mmol/L fructose and 1 U/mL 
of phosphoglucose isomerase was added to the mixture if fructose-phosphorylating activity was assayed. 

Genetic crosses, sporulation, isolation of spores and random spore analysis were performed as des- 
cribed by Alamtae and Liiv (1998). 

RESULTS AND DISCUSSION 

Electrophoretic separation of  glucose-phosphorylating enzymes and isolation of  mutants 
with different spectrum of  these enzymes 

Study of hexokinase-negative mutants of several yeasts has revealed the key role of hexokinase in 
glucose repression (Zimmermann and Scheel 1977; Wedlock and Thornton 1989; Rose 1995; Goffrini et al. 
1995). To study the role of hexokinase in glucose repression in H. polymorpha, we first elucidated the iso- 
zyme pattern of glucose-phosphorylating enzymes in this yeast. PAGE of extracts from glucose-grown cells 
revealed the presence of two distinct glucose-phosphorylating enzymes. One of them was specific to glucose, 
while the other phosphorylated both glucose and fructose (Fig. 1). Hexokinase-negative mutants were obtained 

GIc Fru 

GK 

HK ! O  

Fig. 1. Electrophoretic separation of glucokinase and hexokinase from H. polymorpha LR9 in poly- 
acrylamide gel; cells were grown on 2 % glucose, cell extracts were electrophoresed and the gels were 
stained for glucose- and fructose-phosphorylating activity; Approximately 50 p.g of protein was loaded 
onto a line. Bromophenol blue marker is seen at the bottom right of the gel; GK - glucokinase, 
HK - hexokinase. 

by us using 2-deoxyglucose (2-dGIc) as follows. H. polymorpha strain LR9 was mutagenized with ethyl 
methanesulfonate (EMS) according to Gleeson et al. (1984). Cell survival after the mutagenesis was 21%. 
Mutants tolerating I g/L 2-dGIc in maltose medium were selected by using periodic transfer of mutagenized 
cells into a fresh medium containing increasing concentration of 2-dGIc, and subsequent cultivation. The 
resulting 2-dGlc-resistant culture was plated out onto maltose medium to obtain isolated colonies that were 
further examined for growth on glucose and fructose. Three glucose-growing mutants unable to grow on 
fructose were obtained among the 3000 colonies tested. Enzymic and electrophoretic tests of cell extracts 
revealed the absence of catalytically active hexokinase in the mutants. One of the mutants (T9) was repeat- 
edly back-crossed to the wild type and several hexokinase-negative segregants were obtained. Hexokinase- 
negative segregant A3 was further analyzed for glucose and fructose repression. In the next step, double 
kinase-negative mutants lacking both hexokinase and glucokinase activity were obtained from the hexokin- 
ase-negative mutant T9. The mutant T9 was treated with EMS (survival of cells 28 %) and selected in the 
presence of 2-dGIc (as with the isolation of T9 from LR9) but the concentration of 2-dGlc in the final 
cultivation round was 10 g/L and glycerol was used as the carbon source in the selective medium instead of 
maltose. 2-dGlc-resistant mutants were plated out onto glycerol medium and replicated onto glucose me- 
dium. Out of 3334 colonies, 73 glucose-negative colonies were obtained. Extracts of glycerol-grown gluc- 
ose-negative mutants were assayed for glucose-phosphorylating activity and two mutants, A25 and A31, 
lacking both hexokinase and glucokinase activity, were obtained among the 40 clones studied. Mutants A25 
and A31 were back-crossed to the wild type and segregants with different pattern of hexose kinases were 
isolated from the fourth back-cross. The following segregants were picked up for the study of sugar repres- 
sion: double kinase-negative segregants A31-10 and A25-26, hexokinase-negative segregant A25-19 and 
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glucokinase-negat ive  segregants  A31-7 and A31-1.  The  auxotrophic requirements  o f  the mutants are pre- 

sented in Table  I, and e lect rophoret ic  pattern o f h e x o s e  kinases in the mutants is shown in Fig. 2. 

Table !. Glucose- and fructose-phosphorylating activity a (GP and FP, respectively) in hexose kinase mutants and 
in the wild type H. polymorpha LR9 

Growth on e 
Strain Auxotrophic Hexose kinases b Gp c Fp c FP/GpC,d 

marker spectrum Glc Fru GIo f Mal 

LR9 ura HKGK 13.3 25.0 1.88 + + + • 
A3 leu hkGK 4.8 0 - + _ _ 4- 
A25-19 /eu hkGK 4.7 0 - + - • 
A31-7 /eu HKgk 10.0 28.0 2.80 + + + • 
A31-1 /eu HKgk ' 9.3 26.2 2.82 + + + • 
A31-10 /eu hkgk 0 0 . . . . .  
A25-26 ura hkgk 0 0 . . . .  

aFor enzyme analysis double-kinase negative mutants were grown on 2 % glycerol, and other strains on 2 % 
glucose; mean values of two separate experiments. 

bHK - presence of hexokinase, GK - presence of glucokinase, hk - absence of hexokinase, gk - absence of gluco- 
kinase. 

Cgkat/g protein. 
dMutual relation (FP/GP) between specific activities of fructose and glucose phosphorylation in extract. 
eGrowth on sugars (2 %) evaluated on YNB agar plates aider 2-d incubation; (+) - good growth, (• - medium 

growth, (-) - no growth. 
fGlucitol. 

Fig. 2. Isozymic pattern of hexose kinases of H. polymor- 
pha wild type strains (LR9 and AI6) and different hexose 
kinase mutants derived from LR9 evaluated by electro- 
phoresis of cell extracts in a polyacrylamide gel; the gels 
were stained for glucose-phosphorylating activity; all strains 
were grown on 2 % glucose, except the double-kin- 
ase negative mutants which were grown on 2 % glycerol; 
approximately 30 lag of protein was loaded onto a line; GK 
- glucokinase, HK - hexokinase. 

O~ t.O O 
�9 --, c ~  , 7 ,  

~O O') U') U~ 
,-- a :  CO ~ ~ ~ 

GK i ~ +  

v-- 
CO 
< 

~i ~ ;~ii!!'~;i~!!i 

HK 

Glucose and fructose phosphorylation in hexose kinase mutants and their growth properties 

Two representat ives f rom each group o f  hexose  kinase mutants (see Table  I and Fig. 2) .were  analy- 

zed for sugar-phosphorylat ing activity and growth propert ies,  with wild type LR9 assayed as a reference.  

Hexokinase-negat ive  mutants A3 and A25-19 did not  phosphorylate  fructose and the activity o f  g lucose  

phosphorylat ion in their  extracts was about 35 % o f  the respect ive level in the wi ld  type. These mutants grew 

well  on glucose and mal tose  but did not  grow on ei ther fructose or glucitol.  In yeasts,  initial katabol ism o f  

gluci tol  yields intracellular fructose (Barnett  1968); this explains the inabil i ty o f  hexokinase-negat ive  

mutants to grow on glucitol .  Mutants  A31-1 and A31-7  possessing only hexokinase  activity, phosphoryla ted  

both fructose and glucose  and the activity o f  g lucose  phosphorylat ion in their  cel l  extracts was about  72 % o f  

the wild- type level.  The  growth properties o f  g lucokinase-negat ive  mutants on sugars and glucitol  did not  

differ  f rom the wild type. The  double  kinase-negat ive mutants A31-10  and A25-26  did not phosphorylate  

g lucose  and could not g row on either sugars or  glucitol.  However ,  all studied strains grew similarly well  on 

glycerol ,  methanol  and ethanol  (data not shown). 
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Kinetic properties of  hexokinase and glucokinase in extracts of  mutants possessing either hexokinase 
or glucokinase 

To obtain preliminary data on the kinetic properties of H. polymorpha glucokinase and hexokinase, 
we used extracts of hexokinase-negative and glucokinase-negative mutants as crude preparations of these 
enzymes. Hexose kinases from yeasts are usually characterized by their Km values towards fructose and 
glucose and by the fructose-glucose phosphorylation ratio (F/G) (Gancedo et al. 1977; Entian 1997). The 
F/G value in extracts of mutants A31-I and A31-7 possessing only hexokinase was 2.8 (Table I). A high F/G 
value is characteristic for hexokinase PI from S. cerevisiae (Gancedo et al. 1977), hexokinase B from 
Pachysolen tannophilus (Wedlock et al. 1989) and for the only hexokinase of Rhodotorula glutinis (Mazon 
et al. 1975). The hexokinase from H. polymorpha is thus similar to the above-mentioned hexokinases. The 
K m ofhexokinase for fructose measured in extracts of A31-1 and A31-7 was 1.3 and 1.2 mmol/L, respecti- 
vely. The Km of hexokinase for glucose measured in the same extracts was 0.35 and 0.29 mmol/L, res- 
pectively. These data are close to the Km values published for hexokinases from S. cerevisiae (Entian 1997), 
Rhodotorula glutinis (Mazon et al. 1975), Candida tropicalis (Hirai et al. 1977) and Yarrowia lipolytica 
(Petit and Gancedo 1999). The Km of glucokinase for glucose measured in extracts of  mutants A3 and 
A25-19 was 0.05 mmol/L, i.e. close to the Km value ofS. cerevisiae glucokinase (Maitra 1970). 

Glucose and fructose phosphorylation in the wild-type strain LR9 grown on different carbon sources 
and evaluation of  the expression of  hexokinase and glucokinase 

Glucose- and fructose-phosphorylating activities in cells were clearly dependent on the carbon 
source in the growth medium. Table II shows that the activities were high when the cells were grown on 
glycolytic substrates, and much lower if the gluconeogenic substrates ethanol, methanol or glycerol were 
used as a carbon source. Low activity of glucose phosphorylation in methanol-grown H. polymorpha and its 
up-regulation in glucose-grown cells has also been shown (Parpinello et al. 1998). 

The ratio of fructose phosphorylating activity to glucose phosphorylating activity (F/G) was high 
(close to 2.0) if the cells were grown on glucose and fructose, and much lower if gluconeogenic substrates 

were used as a carbon source (Table II). As gluco- 
kinase does not phosphorylate fructose (see Fig. l 
and Table I) the F/G value in the cell extract should 

Table II. Activities (p.kat/g protein) of glucose phosphor- reflect the relative amounts of hexokinase and gluco- 
ylation (GP) and fructose phosphorylation (FP) in H. poly- kinase proteins in the cell. Taking into account 
morpha LR9 grown on different carbon sources 

glucose- and fructose phosphorylating activities in 
Carbon extracts and F/G ratio of hexokinase (2.8), phos- 

% GP FP FP/GP a source phorylation of glucose due to glucokinase and 
hexokinase can be calculated as previously done in 

Glucose 2 13.3 25.0 1.87 other yeasts (Mazon et al. 1975; Hirai et al. 1977). 
Fructose 2 10.8 22.0 2.04 It turned out that during growth of  H. polymorpha 
Methanol 0.5 2.2 2.0 0.91 on glucose or fructose, hexokinase accounted for 
Glycerol 2 3.8 3.0 0.79 
Ethanol 0.5 4.8 4.5 0.94 67-72 % of the total glucose-phosphorylating acti- 

vity of the cell whereas in cells grown on ethanol, 

aSee footnote d to Table I; means of three separate experi-  methanol or glycerol glucose-phosphorylating acti- 
ments, vity due to hexokinase was only 28-33 %. High 

expression of glucokinase in ethanol- or glycerol- 
grown cells, and its repression in glucose- or fruct- 

ose-grown cells has also been shown for S. cerevisiae (Herrero et al. 1995). Comparison of glucose- 
phosphorylating capacity of mutants possessing either hexokinase or glucokinase with that of the wild type 
(Table I) also shows that in glucose-grown ceils of H. polymorpha hexokinase accounts for about 70 % of 
total glucose-phosphorylating capacity. 

Sugar repression in mutants with different hexose kinase patterns 

Maltase, alcohol oxidase and catalase were used as marker enzymes for studying sugar repression in 
different hexose kinase mutants, the wild type LR9 being used as a reference. Data on sugar repression of 
maltase are presented in Table III. 

Maitase synthesis in H. polymorpha has previously been shown to be maltose-induced and glucose- 
repressed (Alam/ie and Liiv 1998). Table III shows that in all studied strains maltase synthesis was induced 
in maltose-grown cells, repressed in glucose-grown cells, and also in cells grown on glucose + maltose 
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mixture. However, if the cells were grown on maltose + fructose mixture, high maltase activity was induced 
in hexokinase-negative mutants but not in strains possessing hexokinase (in the wild type and in glucokinase- 
negative mutants). It should be noted that in fructose-grown H. polymorpha maltase activity was below 
80 nkat/g protein (not shown), i.e. comparable to the maltase activity in glucose-repressed cells. Thus, 
Table !II shows that the sugar has to be phosphorylated in order to repress maltase synthesis. 

Table !il. Activity of maltase (nkat/g protein) in the wild type H. polymorpha 
LR9, in hexokinase-negative and glucokinase-negative mutants grown a on different 
carbon sources 

Strain and pattern b 
of hexose kinases 

Carbon source(s) e 

Mal Glc GIc+ Mal Fru + Mal 

LR9 (HKGK) 5120 <80 <80 <80 
A3 (hkGK) 4630 <80 <80 7750 
A25-19 (hkGK) 5630 <80 <80 8020 
A31-7 (HKgk) 5900 <80 <80 <80 
A31-1 (HKgk) 5870 <80 <80 <80 

aCells were harvested from the exponential growth phase. 
bSee footnote b to Table I. 
Cln all cases 2 % of each carbon source. 

Synthesis of  alcohol oxidase and catalase in methylotrophic yeasts is methanol-induced and glucose- 
repressed (Eggeling and Sahm 1978; Alam/te and Simisker 1994; Alam/ie and Liiv 1998; Parpinello et al. 
1998). To reveal the role of  hexose kinases in sugar repression of methanol-specific enzymes, hexokinase- 
negative, glucokinase-negative and double kinase-negative mutants of  H. polymorpha were examined for 
sugar repression of alcohol oxidase and catalase. The wild-type LR9 was analyzed as a reference. Cells were 
grown on glucose + methanol or fructose + methanol mixtures (see Table IV) and harvested before the 
depletion of the sugar from the medium. Fructose repression was not studied in double kinase-negative 
mutants. Methanol-grown cells were used as a reference to evaluate the induced level of these enzymes. 
Table IV shows a high level of alcohol oxidase and catalase in methanol-grown cells in the wild type and in 
all types of mutants. In the wild type and in glucokinase-negative mutants, induction of alcohol oxidase and 
catalase by methanol was repressed by both glucose and fructose. In hexokinase-negative mutants these 
enzymes were glucose-repressed but fructose repression was abolished. Study of the wild-type and mutant 
ceils grown on either 2 % glucose or 2 % fructose (only those capable to grow on these sugars were tested) 
revealed a strong repression of alcohol oxidase and catalase by these sugars: alcohol oxidase activity in these 
cells was below detection, and catalase activity was below 1.2 mkat/g protein (data not shown). Thus, data 
presented in Table IV show that glucose repressed alcohol oxidase and catalase synthesis in strains that 
possess at least one glucose-phosphorylating enzyme. Hexokinase-negative mutants that cannot phosphoryl- 
ate fructose were deficient in fructose repression of methanol-specific enzymes. Notably, fructose repression 
of maltase was also abolished in these mutants (see Table III). From the whole set of  mutants studied, only 
double kinase-negative mutants lacked glucose repression of alcohol oxidase and catalase. Repression of 
maltase synthesis by glucose was not studied in double kinase-negative mutants since these mutants cannot 
grow on glucose + maltose mixture. Results show that for the glucose or fructose repression to take place 
H. polymorpha must possess a kinase that can phosphorylate the corresponding sugar. The presence of either 
hexokinase or glucokinase is sufficient for glucose repression, and hexokinase is specifically needed for 
fructose repression. In this aspect H. polymorpha differs from S. cerevisiae, in which hexokinase PII is 
mainly responsible for glucose repression, and glucokinase cannot compensate the glucose repression defect 
in hexokinase PII mutants, even if overexpressed (Rose et al. 1991). 

Genetic analysis of  hexokinase-negative and double kinase-negative mutants 

Hexokinase-negative and double kinase-negative mutants were crossed to the wild type strain to 
study the phenotype of the hybrids. Growth was followed on solid media for 2 d at~er replicating of glycerol- 
grown cells onto YNB medium supplemented with different carbon sources. The glucose- and fructose- 
phosphorylating activity in cell extracts of  hybrids and electrophoretic pattern of  their hexose kinases were 
assayed as well (data not shown). Hexokinase-negative mutants A3 and A25-19 did not phosphorylate 
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fructose and could not grow on either fructose or glucitol (Table I). 
Fructose-phosphorylating activity and growth on fructose or glucitol 
was restored in the hybrids. The double kinase-negative mutants A31- 
10 and A25-26 did not phosphorylate either glucose or fructose and 
showed no growth on either glucose, maltose, fructose or glucitol (see 
Table I). Their hybrids with the wild type regained the ability to 
phosphorylate glucose and fructose and to grow on these substrates. 
Electrophoresis of cell extracts of hybrids revealed the presence of 
both hexokinase and glucokinase (not shown). Therefore the mutat- 
ions responsible for the growth phenotype and for the hexose kinase 
pattern in the mutants were suggested to be recessive. 

Random spore analysis of the two hybrids, A25-19 x LR9 and 
A31-10 x LR9, was carried out to study the segregation of  growth 
and sugar repression properties in the hybrid spore progeny. Sugar 
repression was tested semiquantitatively in permeabilized suspensions 
as described in Materials and Methods. The mutants A25-19, A3 !-!0 
and the wild-type LR9 were analyzed as controls. 

The hybrid A25-19 x LR9 exhibited glucose and fructose 
repression of alcohol oxidase and maltase synthesis similarly to the 
wild type while the mutant A25-19 lacked fructose repression of these 
enzymes. All 106 studied segregants of this hybrid grew on glucose 
and exhibited glucose repression of alcohol oxidase and maltase. Fitiy 
seven segregants out of 106 did not grow on fructose and glucitol and 
revealed no fructose repression of alcohol oxidase and maltase. The 
segregation ratio ( = 1 : 1 )  indicated that a single recessive mutation 
in the hexokinase-negative mutant A25-19 was responsible for the 
absence of growth on fructose or glucitol, and lack of fructose repres- 
sion of alcohol oxidase and maltase. 

The hybrid A31-10 x LR9 exhibited glucose and fructose 
repression of alcohol oxidase similarly to the wild type while no 
repression by these sugars was detected in the double kinase-negative 
mutant A31-10. Glucose growth among the 104 studied random spo- 
res of this hybrid co-segregated with glucose repression with a 86 : 18 
ratio (---3 : 1). Mutations in two unlinked recessive genes were there- 
fore responsible for the absence of both glucose growth and glucose 
repression in the double kinase-negative mutant A31-10. Growth on 
fructose and glucitol among the segregants co-segregated with fruct- 
ose repression trait with a ratio of 57 : 47 (close to 1 : 1). Therefore 
a single recessive mutation in the double kinase-negative mutant cau- 
sed the inability to grow on fructose and glucitol and absence of fruct- 
ose repression. We suppose that the mutants studied in this work carry 
mutations in structural genes of hexokinase and glucokinase. This is 
supported by the recessive nature of the mutants, and also by the fact 
that, by using transformation of the genomic library ofH. polymorpha 
into double kinase-negative mutant A31-10 we could isolate only 
plasmids carrying structural genes of hexokinase and glucokinase 
(unpublished data). 

Resistance to 2-dGlc in the mutants 

Hexokinase-negative and double kinase-negative mutants were 
initially isolated by using their ability to tolerate 2-dGlc, as shown for 
several other yeasts (Lobo and Maitra 1977; Wedlock et al. 1989). 
Double kinase-negative mutants A31-10 and A25-26 tolerated 2-dGlc 
on glycerol medium, but glucokinase-negative mutants A31-1 and 
A31-7 did not, behaving like the wild type LR9. The hexokinase- 
negative mutant A3 did not tolerate 2-dGIc, but the hexokinase-nega- 
tive mutant A25-19 did. As both these mutants behaved similarly in 
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terms of  fructose and glucose repression, we consider that 2-dGlc-resistance of  the mutants has no influence 
on sugar repression. It should be noted that 2-dGlc-resistant mutants with no defects in glucose repression 
appear frequently in S. cerevisiae (Heredia and Heredia 1988). 

Hypothetic mechanism o f  sugar repression in H. polymorpha 

Methylotrophic yeasts including H. polymorpha, are perfect objects for the study of  glucose repres- 
sion mechanisms. Utilization of  methanol in these yeasts depends on a specific set o f  enzymes (alcohol oxid- 
ase, catalase, formaldehyde dehydrogenase, formate dehydrogenase, glycerone* synthase), synthesis of  which is 
highly induced by methanol and strongly repressed by glucose (Sibirny et al. 1988; Roggenkamp 1988; Ala- 
m~.e and Simisker 1994; Parpinello et al. 1998). 

We have previously shown that in H. polymorpha synthesis of  maltase is also subject to glucose 
repression (Alam~e and Liiv 1998). To initiate the study of  glucose repression triggering in H. polymorpha, 
we described the pattern of  hexose kinases in this yeast and studied glucose and fructose repression of  alco- 
hol oxidase, catalase and maltase in different hexose kinase mutants. We could show presence of  two distinct 
hexose kinases: a hexokinase that can phosphorylate both glucose and fructose, and a glucose-specific gluco- 
kinase (cf. Fig. 1). Study o f  hexose kinase mutants revealed that hexokinase was specifically required for 
fructose repression, while presence of  either hexokinase or glucokinase was sufficient for glucose repression 
of  test enzymes (Tables III and IV). The most unexpected result was the ability of  glucokinase to mediate 
glucose repression in H. polymorpha. Therefore, glucose repression mechanisms in this yeast should 
certainly be different from those in S. cerevisiae, Schwanniomyces occidentalis, and Pachysolen tannophilus 
in which glucose repression relies on the presence of  hexokinase (Zimmermann and Scheel 1977; Wedlock 
and Thornton 1989; Rose 1995). Specific feature of  methylotrophic yeasts is possession of  extremely strong 
methanol-induced promoters that enables synthesis o f  a huge amount of  methanol-specific proteins when 
cells are grown on methanol. As cited in van Dijk et al. (2000) key enzymes of  methanol utilization (alcohol 
oxidase and glycerone synthase) may constitute over  60 % of  the total cell protein in methanol-limited 
continuous cultures of  methylotrohic yeasts. If  glucose as the most favorable substrate becomes available, 
synthesis of  methanol-specific proteins has to be stopped rapidly. We hypothesize that as glucokinase is the 
main glucose-phosphorylating enzyme in methanol-grown H. polymorpha, triggering of  glucose repression 
not only by hexokinase but also by glucokinase should be advantageous for methylotrophic yeasts. We 
assume that due to the catalytic activity of  hexose kinases a signaling metabolite is produced that acts as 
a mediator in the cascade o f  repression reactions. The signaling molecule can be glucose 6-phosphate or 
some nonglycolytic product derived from it. However,  our data do not rule out the possibility that 
phosphorylation of  the sugar is crucial for the conformational change of  hexokinase and glucokinase proteins 
that might trigger the repression through interaction with other proteins. Generation of  hexokinase and 
glucokinase disruption mutants and expression of  specifically mutated hexokinase and glucokinase genes in 
these mutants is needed to specify the mechanism of  sugar repression triggering in H. polymorpha. 

This work was financed by Estonian Science bbundation (grants 2328 and 3923). The authors thank M. Kaljusmaa for the 
isolation of double kinase-negative mutants and A. Kahru for revising the manuscript. We also thank R. Roggenkamp and P. Sudbery 
for providing the H. polymorpha strains LR9 and AI6. 
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