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Purification and Characterization of Two Dihydroxyacetone
Kinases from Schizosaccharomyces pombe TIFO 0354
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Two dihydroxyacetone kinases (DHAKs), DHAK I and DHAK II, were purified to homogeneity from
Schizosaccharomyces pombe IFO 0354. They were immunologically different from each other. Although both of
the enzymes had some affinity for glycerol and pL-glyceraldehyde in addition to dihydroxyacetone and glycer-
aldehyde, V., values for dihydroxyacetone were much higher than those for glycerol and pL-glyceraldehyde.
On the basis of the K, values of both enzymes for dihydroxyacetone, DHAK II plays a more important role than
DHAK I in dissimilation of glycerol via dihydroxyacetone.

Many microorganisms grow on glycerol or dihydroxyacetone
(DHA). Two different pathways have been proposed for dis-
similation of glycerol in yeasts. Candida utilis and Saccharomy-
ces cerevisiae are known to contain the pathway by which glyc-
erol is converted to DHA phosphate via glycerol-3-phosphate
(G-3-P) by the successive action of glycerol kinase and G-3-P
dehydrogenase (3, 13). On the other hand, Schizosaccharomy-
ces pombe and a number of glycerol-utilizing yeasts were as-
sumed to produce DHA phosphate via DHA on the basis of
the observation of the absence of glycerol kinase and the pres-
ence of glycerol dehydrogenase and DHA kinase (DHAK)
(11). Marshall et al. (10) purified a DHAK from S. pombe
972h™ which is a key enzyme in the main pathway of glycerol
dissimilation and showed that its native form was a molecule
composed of four identical subunits with a molecular mass of
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FIG. 1. Chromatography of DHAKSs on Superdex 200pg. The inset shows a
semilogarithmic plot of molecular weight versus elution volume for estimation of
the molecular weights of native DHAK I and DHAK II. A, thyroglobulin (bo-
vine); B, gamma globulin (bovine); C, ovalbumin (chicken); D, myoglobin
(horse).
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45,000 Da. We have found that S. pombe IFO 0354 produces
two immunologically distinct DHAKSs, and we have character-
ized these enzymes.

Purification of DHAKSs. S. pombe IFO 0354 cultures were
incubated in Erlenmeyer flasks (500 ml) containing 200 ml of
DHA medium (pH 6.2; composed of 1.5% peptone, 1.2% yeast
extract, 0.5% glycerol, 0.8% maltose, 0.1% potassium dihydro-
gen phosphate, 0.05% magnesium sulfate, 0.05% potassium
chloride, and 0.001% ferrous sulfate) for 48 h at 28°C on a
rotary shaker. Cells were harvested from 2 liters of the cultures
by centrifugation, washed once in PMG buffer (10 mM potas-
sium phosphate, 10 mM 2-mercaptoethanol, 10% glycerol [pH
8.0]) and ground with aluminum oxide powder. The sample
was suspended in 20 ml of the same buffer supplemented with
1 mM phenylmethylsulfonyl fluoride and centrifuged at
15,000 X g for 10 min to remove cell debris and aluminum
oxide powder. The supernatant thus obtained was used for the
purification of DHAK as a crude enzyme solution. All the
purification procedures were performed at 4°C. DHAK activity
was determined with DHA as a substrate by the method of
May and Sloan (12). The assay mixture (total volume, 1.0 ml)
consisted of 900 pl of 0.1 M triethanolamine buffer (pH 7.3)
containing 8§ mM magnesium sulfate, 5.5 mM DHA, and 10 U
of G-3-P dehydrogenase; 33.3 pl of 5.24 mM NADH solution;
33.3 pl of 82 mM ATP solution; and 33.3 pl of an enzyme
solution. The decrease in the 45, of the reaction mixture was

TABLE 1. Summary of purification of DHAK I and DHAK II
from S. pombe 1FO 0354

Total Total
activity  protein
L) (mg)

Crude enzyme 133 551 86.5 0.64 1
DEAE-Toyopearl 1  20.0 53.9 78.0 0.69 1.1 98
DEAE-Toyopearl 2 18.8  46.6 64.8 0.72 1.1
Superdex 200pg 1

Purifi-
cation
(fold)

Vol

Step o Yield

(%)

Sp act
(U/mg)

DHAK I 8.0 11.8 2.32 5.09 80 21

DHAK II 8.0 16.0 2.42 6.61 10 29
Superdex 200pg 2

DHAK I 6.0 3.96 0.90 4.40 6.9 7.2

DHAK II 8.0  3.68 0.80 4.60 7.2 6.7
Phenyl-Toyopearl

DHAK I 50 392 028 143 22 7.1

DHAK II 6.0 330 024 138 22 6.0
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FIG. 2. SDS-polyacrylamide gel electrophoresis (A) and Western blot (with
anti-DHAK II antibody) (B) analyses of DHAK I and DHAK II. (A and B)
Lanes 1, DHAK II (65 kDa); lanes 2, protein size standards; lanes 3, partially
purified DHAK II (first peak of the first Superdex 200pg column). (B) Lane 4,
partially purified DHAK I (second peak of the first Superdex 200pg column);
lane 5, prestained protein size standards.

due to the oxidation of NADH coupled with the reduction of
DHAK by G-3-P dehydrogenase. DHAK was measured at
25°C for 5 min. One unit of DHAK was defined as the amount
of enzyme that produced 1 pmol of DHA phosphate from
DHA and ATP per min. Protein concentrations were deter-
mined by the method of Bradford (1) with the Bio-Rad protein
assay reagent (Bio-Rad Laboratories, Richmond, Calif.) with
bovine serum albumin as a standard. The crude enzyme solu-
tion was applied to a DEAE-Toyopearl column (1.5 by 20 cm;
Tohso Co., Tokyo, Japan) and eluted with a linear gradient of
sodium chloride (0 to 1 M) in PMG buffer. Fractions contain-
ing DHAK activity were collected, desalted by ultrafiltration,
and rechromatographed on the DEAE-Toyopearl column un-
der the conditions described above. Active fractions were col-
lected, concentrated by ultrafiltration, and loaded onto a Su-
perdex 200pg column (1.5 by 60 cm; Pharmacia Biotech,
Uppsala, Sweden). When the column was eluted with PMG
buffer containing 300 mM sodium chloride, DHAK activity
gave two sharp peaks (Fig. 1). The enzyme in the first peak was
referred to as DHAK I, and that in the second peak was
referred to as DHAK II. DHAK I and DHAK II were sepa-
rately rechromatographed on the Superdex 200pg column. The
pooled eluates from the second Superdex 200pg column were
dialyzed against 200 mM PMG buffer containing 1.0 M ammo-
nium sulfate, loaded onto a phenyl-Toyopearl column (1.0 by
7.0 cm; Tohso) previously equilibrated with the same buffer,
and eluted from the column with a decreasing linear gradient
of ammonium sulfate (1.0 to 0 M). The purification of DHAK
I and DHAK 1II is summarized in Table 1. Sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis of the puri-
fied enzyme preparations indicated that the apparent molecu-
lar mass of DHAK I was 45,000 Da and that of DHAK II was
65,000 Da (Fig. 2A). On the other hand, the molecular weights
of DHAK I and DHAK II determined by gel filtration were
180,000 and 130,000, respectively (Fig. 1). These results sug-
gest that the native DHAK I enzyme has a tetrameric structure

TABLE 2. Properties of DHAK I
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TABLE 3. Kinetic properties of DHAK I and DHAK II
from S. pombe IFO 0354

DHAK I DHAK II
Substrate Vinax ({Lmol : Vinax (imlol :
" min~ ' - mg " min~ ' - mg
(mM) o protein™ ') mM) o protein~ ')
DHA 33 5.6 0.052 6.7
DL-Glyceraldehyde 8.4 33 9.1 5.0
Glycerol 8.9 0.19 8.9 0.37

composed of identical 45,000-Da subunits and that the native
DHAK II enzyme has a dimeric structure composed of iden-
tical 65,000-Da subunits. Differences between DHAK 1 and
DHAK II in the molecular mass and arrangement of the sub-
units suggested that DHAK I and DHAK II did not originate
from a common parental molecular species through proteolysis
or modification.

Characterization of DHAKs. DHAK I and DHAK II were
optimally active at pH 6.0 and 7.0, respectively, when the
enzyme activity was measured in a mixed buffer (50 mM Tris,
50 mM 2,2-dimethylglutaric acid, 50 mM 2-amino-2-methyl-
2,3-propanediol). Both of them were stable over the pH range
of 6 to 8 in 10 mM potassium phosphate buffer at 4°C for 24 h.
The optimum temperatures were found to be 50 and 60°C for
the activities of DHAK I and DHAK II, respectively, although
both enzymes were stable at up to 30°C when incubated for 15
min. The discrepancy in optimum temperatures and the tem-
perature stabilities may be due to the different incubation
periods in those experiments. Since all the DHAKS reported
were known to require metal ions such as Mg®" and Ca** for
their activity (see Table 4), 8 mM magnesium sulfate was
routinely added to the enzyme assay mixture used in this study
as a source of Mg?" ions. Therefore, the effect of metal ions
other than Mg®" ions on DHAK I and DHAK II was exam-
ined. DHAK I was fully active with Ca®>* ions (Table 2), and
Mg** ions were somewhat replaceable with Co®>* and Ni**
ions and slightly replaceable with Mn?" ions. By contrast,
DHAK II was slightly activated with only Ca** or Co*" ions
instead of Mg®" ions. Neither DHAK I nor DHAK II was
active in the absence of effective metal ions. The substrate
specificities of DHAK I and DHAK II were examined as fol-
lows with DHA, pr-glyceraldehyde, glycerol, pL-glyceric acid,
and G-3-P as substrates. The assay mixture (total volume, 1.0
ml) consisted of 900 pl of 0.1 M triethanolamine buffer (pH
7.3) containing 8 mM magnesium sulfate, one of the substrates
tested (1 mM), 1.0 mM phosphoenolpyruvate, and 6 U each of
pyruvate kinase and lactate dehydrogenase; 33.3 .l of 5.24 mM
NADH; 33.3 ml of the purified DHAK solution; and 33.3 pl of
82 mM ATP. In this enzyme reaction, the rate of phosphory-
lation of each substrate by DHAKS was estimated as the rate of
ADP formation, which was determined by measuring the de-
crease in the A, of the reaction mixture over 5 min at 25°C

and DHAK 1II from S. pombe IFO 0354

Optimum temp Optimum

Thermal Activity (%) with divalent cation (7.2 mM)

E M. (subunit M. um n
nzyme r (subunit My) (°C) pH stability” Mg+ Ca2* Co?+ Mn2* Ni2* None
DHAK I 180,000 (45,000) 50 6.0 Up to 30°C 100 98 54 7 49 0
DHAK II 130,000 (65,000) 60 7.0 Up to 30°C 100 20 10 0 0 0

“ Activity was measured between 0 and 70°C at pH 8.0.
b Activity was measured after 15 min of heat treatment (0 to 70°C gradient).
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TABLE 4. Comparison of the properties of DHAKS from various microorganisms
. Purity of M, (1,000) Optimum K, (mM Divalent cation(s) and
Organism cnzymct}l;rcpn" Native Subunit ppH for g)HA) effect(s) (‘75)’)’ Reference

Dunaliella salina C 78-100 7.5 8
Dunaliella parva C 6.5 0.01 Mg?* (100) 7
Klebsiella pneumoniae EH 100 50 75-8.0  0.004-0.005 Mg** (100), Ca** (150) 5
Schizosaccharomyces pombe

972h~ EH 160 45 6.5 0.016 Mg>* (100), Ca** (80), Mn** (15) 10

IFO 0354 (DHAK 1) EH 180 45 6.0 33 Mg** (100), Ca*>* (98), Mn>" (7)  This work

IFO 0354 (DHAK II) EH 130 65 7.0 0.052 Mg** (100), Ca®>* (20), Mn>" (0)  This work
Candida methylica C 7.5 4
Candida boidinii EH 139 71 7.2-8.2 2
Gluconobacter suboxydans EH 260 6.5 0.03 Mg** (100), Mn?* (0) 14
Hansenula polymorpha EH 150 72 6.5 0.011 Mg** (100) 6

“ C, crude; EH, electrophoretically homogeneous.

® Percentages shown are calculated against maximum activity in the presence of 8 mM magnesium sulfate.

due to the oxidation of NADH coupled with the reduction of
pyruvate formed from phosphoenolpyruvate. Preliminary ex-
periments showed that DHAK I and DHAK II had similar
substrate specificities, i.e., both were active on pL-glyceralde-
hyde and glycerol as well as DHA but not on pL-glyceric acid
and G-3-P. Therefore, the kinetic studies were carried out with
DHA, glyceraldehyde, and glycerol as substrates (Table 3).
From double-reciprocal plots, the K,,, values of DHAK I for
DHA, glyceraldehyde, and glycerol were estimated to be 3.3,
8.4, and 8.9 mM, respectively. On the other hand, the K,
values of DHAK II for the same substrates were 0.052, 9.1, and
8.9 mM, respectively. Both of the enzymes had their highest
Vmax Values for DHA.
Until now, three different types of kinases which are active
on DHA have been found. The first is DHAK, which is highly
specific for DHA (8, 9). However, several enzymes capable of
phosphorylating both DHA and glyceraldehyde but with much
higher affinity for DHA than for glyceraldehyde are also clas-
sified as DHAKSs (2, 4, 6, 14). The second is triokinase (EC
2.7.1.28), which is capable of catalyzing the phosphorylation of
DHA and glyceraldehyde with similar rates for both substrates
but cannot catalyze the phosphorylation of glycerol at all. The
third is glycerol kinase (EC 2.7.1.30). This enzyme preferen-
tially phosphorylates glycerol but is also active on DHA and
glyceraldehyde. The K, values of glycerol kinase purified from
Escherichia coli were reported to be 0.0013, 0.5, and 0.5 mM
for glycerol, DHA, and pL-glyceraldehyde, respectively (9).
Although two kinases from S. pombe IFO 0354 have activity
toward glycerol, phosphorylation of glycerol is a very minor
activity of DHAK I and DHAKII, with V,,, values for glycerol
that were only 3.3 and 5.5%, respectively, of the velocities for
DHA as the substrate (Table 3). We concluded that these
kinases should be classified as DHAKSs on the basis of higher
affinities and higher V,,,, values for DHA than for the other
substrates. The K, value of DHAK II for DHA (0.052 mM)
was comparable with those of the reported DHAKS (Table 4),
but that of DHAK I was unexpectedly high, suggesting that
DHAK II is more important than DHAK I in the utilization of
DHA under circumstances in which DHA is limiting. The
immunological properties of DHAK I and DHAK II were
examined by Western blot (immunoblot) analysis with anti-
serum raised against purified DHAK II. As shown in Fig. 2B,
DHAK I did not cross-react with the anti-DHAK II antibody,
showing that DHAK I and DHAK II definitely did not origi-
nate from the same parental molecular species through prote-
olysis.

Some properties of microbial DHAKSs are listed in Table 4.
These enzymes can be divided into two types on the basis of the

oligomeric structure of the native form; i.e., the enzymes from
Klebsiella pneumoniae, Candida boidinii, and Hansenula poly-
morpha had dimeric structures, and the enzyme from S. pombe
972h~ was a tetramer. DHAK I of S. pombe IFO 0354 was
quite similar to the enzyme from S. pombe 972h~ with respect
to the subunit size of 45,000 Da and its tetrameric structure,
while the K, value of the former for DHA was much higher
than that of the latter. We could not determine whether
DHAK I has a physiological function in the glycerol dissimi-
lation pathway on the basis of its K,,, value. On the other hand,
the structural and kinetic properties of DHAK II were similar
to those of DHAKSs purified from other yeasts (Table 4). In
light of its K,,, value for DHA, which was comparable to those
of other microbial DHAKSs, DHAK II may play a role in the
glycerol dissimilation pathway via DHA in S. pombe IFO 0354.

REFERENCES

. Bradford, M. M. 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye bind-
ing. Anal. Biochem. 72:248-254.

2. Bystrykh, L. V., and Y. A. Trotsenko. 1983. Purification and properties of
dihydroxyacetone kinase from methylotrophic yeast, Candida boidinii. Bio-
khimiya 48:1611-1616.

3. Gancedo, C., J. M. Gancedo, and A. Sols. 1986. Glycerol metabolism in yeast:
pathways of utilization and production. Eur. J. Biochem. 5:165-172.

4. Hofmann, K. H., and W. Babel. 1982. Dihydroxyacetone kinase of methano-
assimilating yeast. II. Partial purification and some properties of dihydroxy-
acetone kinase from Candida methylica. Z. Allg. Mikrobiol. 21:219-224.

5. Johnson, E. A,, S. K. Burke, R. G. Forage, and E. C. C. Lin. 1984. Purifica-
tion and properties of dihydroxyacetone kinase from Klebsiella pneumoniae.
J. Bacteriol. 160:55-60.

6. Kato, N., H. Yoshikawa, K. Tanaka, M. Shimao, and C. Sakazawa. 1988.
Dihydroxyacetone kinase from a methylotrophic yeast, Hansenula polymor-
pha CBS4732—purification, characterization and physiological role. Arch.
Microbiol. 150:155-159.

7. Lerner, H. R., and M. Avron. 1977. Dihydroxyacetone kinase activity in
Dunaliella parva. Plant Physiol. (Bethesda) 59:15-17.

8. Lerner, H. R., I. Sussman, and M. Avron. 1980. Characterization and partial
purification of dihydroxyacetone kinase in Dunaliella salina. Biochim. Bio-
phys. Acta 615:1-9.

9. Lin, E. C. C,, and S. Hayashi. 1967. Purification and properties of glycerol

kinase from Escherichia coli. J. Biol. Chem. 243:1030-1035.

. Marshall, J., J. W. May, and J. Sloan. 1986. Purification and properties of
dihydroxyacetone kinase from Schizosaccharomyces pombe. J. Gen. Micro-
biol. 132:2611-2614.

. May, J. W., J. H. Marshall, and J. Sloan. 1982. Glycerol utilization by
Schizosaccharomyces pombe: phosphorylation of dihydroxyacetone by a spe-
cific kinase as the second step. J. Gen. Microbiol. 128:1763-1766.

. May, J. W., and J. Sloan. 1981. Glycerol utilization by Schizosaccharomyces

pombe: dehydrogenation as the initial step. J. Gen. Microbiol. 123:183-185.

Sprague, G. F., Jr., and J. E. Cronan, Jr. 1977. Isolation and characterization

of Saccharomyces cerevisiae mutants defective in glycerol metabolism. J.

Bacteriol. 129:1335-1342.

Tachiki, T., E. Chigiri, and T. Tochikura. 1987. Purification and properties

of dihydroxyacetone kinase from Gluconobacter suboxydans. J. Ferment.

Technol. 65:107-110.

—_

13.

14.



