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Glycogen-Bound Polyphosphate Kinase from the Archaebacterium
Sulfolobus acidocaldarius
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Glycogen-bound polyphosphate kinase has been isolated from a crude extract of Sulfolobus acidocaldarius by
isopycnic centrifugation in CsCl. Divalent cations (Mn2+ > Mg2+) stimulated the reaction. The enzyme does
not require the presence of histones for its activity; it is inhibited strongly by phosphate and slightly by fluoride.
The protein from the glycogen complex migrated in a sodium dodecyl sulfate-polyacrylamide gel as a

57-kilodalton protein band; after isoelectric focusing it separated into several spots in the pH range of 5.6 to 6.7.

Polyphosphate (poly-P) kinases, the enzymes responsible
for the biosynthesis of long-chain poly-Ps, have been found
in many microorganisms (3, 12). They were detected many

years ago, and a few partially purified enzymes were char-
acterized (7, 9, 10, 12, 13). In this communication we
describe the properties of a glycogen-bound poly-P kinase
from the thermoacidophilic archaebacterium Sulfoloblus ac-

idocaldarius, purified to one protein band by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis, and we
show that it possesses enzymatic activity only as a native
complex with glycogen.

Isolation of poly-P kinase. S. ac idocaldarius DSM639 were
grown with aeration (rotary shaker) at 80°C for 2 days in salt
medium prepared by the method of Brock et al. (1) and
supplemented with 0.2% sucrose and 0.1% yeast extract
(Difco Laboratories). The enzyme-glycogen complex was
isolated from crude bacterial extract by two-step isopycnic
CsCl centrifugation. In the first step, the glycogen was
isolated as described by Konig et al. (5) from 10 g of cells
(wet weight; S. acidocaldarius DSM639), suspended in 10 ml
of 0.05 M Tris-acetate buffer (pH 7.0), and disrupted by
sonication (six times, 20 s each; interval pauses of 30 s),
followed by centrifugation (40,000 rpm, 50 Ti rotor) of the
lysed cells in a step gradient (density steps: 1.79, 1.52, 1.30,
1.11) for 2 h. The glycogen was located in a sharp, turbid
band at a density of 1.62. In the second step, the band was
collected and reloaded on an identical CsCl gradient. After
48 h of centrifugation (40,000 rpm, 50 Ti rotor), the glycogen
band was collected, dialyzed against 50 mM Tris-acetate (pH
7.0) containing 1 mM EDTA and 1 mM phenylmethylsulfo-
nyl fluoride, diluted to 10 ml with dialyzing buffer, and
centrifuged into a pellet (40,000 rpm, 50 Ti rotor, 2 h). The
amount of protein contained in the glycogen complex was

estimated by the microprocedure described by Heil and
Zillig (4).
The glycogen complex, isolated after 2 h of isopycnic
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centrifugation in CsCl and analyzed by SDS-polyacrylamide
gel electrophoresis (Fig. 1, lane a), yielded three protein
bands which were identical to those previously described for
S. acidocaldarius B6 (5). However, following the second
48-h centrifugation in CsCl and dialysis against buffer con-

taining EDTA, two of the protein bands (61 and 46.5
kilodaltons [kDa]) were no longer found to be associated
with glycogen, and only a single protein with an apparent M,
of 57,000 continued to be associated with the glycogen (Fig.
1, lane b). Boiling of the glycogen complex for a few minutes
in Laemmli sample buffer (6) caused separation of proteins
from sugars; Shiff reagent staining of parallel SDS gel was
negative. Incubation of the 57-kDa protein-glycogen com-
plex with [y-32P]ATP resulted in the synthesis of mostly
high-molecular-weight poly-P, which failed to enter a 10%
SDS-polyacrylamide gel during electrophoresis (Fig. 2). The
analysis of the gel radioactivity after electrophoresis showed
that approximately 90% of the polymer did not migrate into
a 10% SDS gel, whereas the residual polymer, which was of
lower molecular weight, was visible on the autoradiogram
(24-h exposure) as a smear along the electrophoretical line
(results not shown). The second upper spot in the autoradio-
gram (shown in Fig. 2, migrating with glycogen) was com-
posed of poly-P and contaminant of the [y-32P]ATP. (ATP
was not purified from the enzymes taking part in the transfer
of [32P]phosphate onto ADP.) The nature of the poly-P was
established by acid hydrolysis (2), i.e., incubation in 0.1 N
HCl at 100°C for 50 min, which resulted in its complete
hydrolysis, with phosphate as the only remaining product
after chromatography on a polyethylenimine cellulose sheet
[0.8 M (NH4)2SO4 as solvent]. The same product was
obtained after hydrolysis with Escherichia coli alkaline
phosphatase. The polymer was resistant to hydrolysis in 0.1
N NaOH, which is also typical of poly-P (3).
Enzyme assay. Five microliters of enzyme-glycogen com-

plex suspension (1 vol of wet glycogen, 1 vol of 50 mM
Tris-acetate; pH 7.0) containing 2 ,ug of enzyme was mixed
with 9 [L1 of 50 mM Tris-acetate buffer (pH 7.0), 2 p.l of 40
mM MnCl2, 2 ,ul of 100 mM KCl, and 3 .1I of [y-32P]ATP (0.9
pCi, 0.2 pCi/mmol) and incubated for 60 min in an Eppen-
dorf tube (0.5 ml) totally immersed in water at 75°C. The
reaction was stopped by cooling in an ice bath and adding 5
[LI of Laemmli sample buffer (6). After incubation of the
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FIG. 1. Electrophoretogram of Coomassie blue-stained protein-
glycogen complex obtained after 2-h (lane a) or repeated 48-h (lane
b) centrifugation in CsCl gradient of a crude bacterial extract.
Protein standards (lane c), from the top: galactosidase (116 kDa),
phosphorylase b (97 kDa), bovine serum albumin (66 kDa), ovalbu-
min (45 kDa), and carbonic anhydrase (29 kDa).

sample for 3 min at 100°C, poly-P was isolated by SDS-
polyacrylamide slab gel electrophoresis and detected by
autoradiography of the wet gel at -70°C. The poly-P ana-
lyzed, not bound to glycogen, was located at the origin of a
10% gel, and the amount was estimated by excision of the
radioactive spot from the dried gel and assay in a scintillation
counter.
One unit of poly-P kinase activity was defined as the

conversion of 1 nM of phosphate transferred from [-y-
32P]ATP into poly-P for 1 min at 75°C.

Properties of the glycogen-bound poly-P kinase. The poly-P
kinase was active only as a native complex with glycogen,
and hydrolysis of glycogen resulted in a total loss of the
enzymatic activity (Table 1). The reaction of the hydrolysis
was carried out in a dialysis tube overnight at 4°C in the
presence of amyloglucosidase (0.75 U/100 RI, from Aspergil-
lus niger) in 50 mM MOPS (morpholinepropanesulfonic acid)
buffer (pH 6.5). Glycogen complex treated the same as
during poly sugar hydrolysis but without amyloglucosidase
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FIG. 2. Autoradiography (4 h of exposure) showing the poly-P

biosynthesis catalyzed by the glycogen-bound poly-P kinase. Times
of reaction were 0, 30, and 60 min (lanes a, b, and c, respectively).

TABLE 1. Influence of effectors on poly-P biosynthesis

nmol of phosphate
Effector (concn) incorporated into

poly-P/h

None 0.29
Mg2+ (2 mM) 0.80
Mn2+ (2 mM) 1.63
Mn2+ (2 mM) + KCI (10 mM) 2.34
Mn2+ (2 mM) + KCI (10 mM) + histonesa (1 ptg) 2.40
Mn2+ (2 mM) + KCl (10 mM) + poly-Pb (2 mM) 1.80
Mn2+ (2 mM) + P043- (2 mM) 0.81
Mn2+ (2 mM) + NaF (2 mM) 1.24
Mn2+ (2 mM) + ADP (2 mM) 0.85
Mn2+ (2 mM) + NH4Cl (10 mM) 1.46
Mn2+ (2 mM) + NH4Cl (200 mM) 0.67
Mn2+ (2 mM) + hydrolysed glycogen 0.003

aHistones: type II from calf thymus (Sigma Chemical Co.).
b Phosphate glass; average chain length, 15 (Sigma).

showed no loss of enzymatic activity. Addition of histones to
the reaction mixture had no significant influence on the
enzymatic activity (Table 1) in contrast to the case of poly-P
kinase isolated from E. coli (7) or Propionibacterium sher-
manii (9, 10, 13). It was postulated that these poly-P kinase
activities require the presence of a high-molecular-weight
complex which is formed from a basic protein (9) when the
protein is added to the reaction mixture. For the enzyme
isolated from S. acidocaldarius, that function might be
fulfilled by glycogen, which additionally contains small
amounts of poly-P (about 10 mg of poly-P per g of wet
glycogen); the poly-P is needed as a primer for poly-P
biosynthesis (13). The glycogen-bound poly-P kinase was
inhibited by phosphate, even at a concentration as low as 2
mM, to about 50% of its activity (Table 1). As in the cases of
the other enzymes from S. acidocaldarius (5, 11), the
optimal temperature for poly-P biosynthesis was around
750C.
The glycogen-bound poly-P kinase was activated by diva-

lent cations. The highest activity was observed in the pres-
ence of 2 mM Mn2+ ions, whereas Mg2+ ions were half as
effective (Table 1). Fluoride, a strong inhibitor of poly-P
kinases (3), only slightly reduced (about 25%) the activity of
the glycogen-bound enzyme (Table 1), but ADP showed
almost 50% inhibition, typical of all poly-P kinases. The
reaction rate increased at low concentrations of K+ ions, but
NH4Cl at 200 mM considerably inhibited the synthesis of
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FIG. 3. Kinetics of the poly-P biosynthesis.
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FIG. 4. Isoelectric focusing of the 57-kDa protein(s) from the
glycogen complex (lane a). pl standards (lane b), from the top: lentil
lectin, acidic band (8.15); horse myoglobin, basic band (7.35);
human carbonic anhydrase B (6.55); bovine carbonic anhydrase B
(5.85); P-lactoglobulin A (5.20); soybean trypsin inhibitor (4.55).

poly-P (Table 1). The Km for ATP is 7.5 x 10-5 M, and the
maximal rate of the reaction requires 1.6 mM ATP. An
increase of the ATP concentration to 2.4 mM caused about
20% inhibition.
The kinetics of the reaction was exponential (Fig. 3),

which may be due to enzymatic activation by the product
during the first stages of its biosynthesis. The reaction
mixture supplemented with commercially available short-
chain poly-P, however, caused a 25% inhibition of poly-P
formation (Table 1). The other explanation might be that
some kind of rearrangement or modification of the protein to
an enzymatically active product is necessary (Fig. 4).

It was found earlier that the 57-kDa protein-glycogen
complex from S. acidocaldarius possessed a glycosyltrans-
ferase activity (5), even after separation of the enzyme from
glycogen. The discovery of this second poly-P kinase activ-
ity induced us to carry out a more detailed study of the
composition of the 57-kDa band by isoelectric focusing. The
57 kDa-protein(s) was cut from an SDS-polyacrylamide gel
and electroeluted in a dialysis tube in the presence of
Trishydrochloride buffer (pH 8.8, 0.05 M). The protein was

concentrated by precipitation with 4 volumes of acetone,
and after solubilization in 9.5 M urea lysis buffer (8), the
sample was subjected to isoelectric focusing in pH range of
3 to 10 as described by O'Farrell (8).

This material was composed of polypeptides possessing
different isoelectric points which were in the pH range of 5.6

to 6.7 (Fig. 4), which may indicate that the protein contained
different numbers of modifying groups.

In the future it would be very interesting to determine
whether there are two different polypeptides with two dif-
ferent enzymatic activities or one protein which has the
property of switching its activity by some kind of protein
modification.

We thank D. F. Summers, 0. C. Richards, and K. Taylor for their
helpful criticism in the preparation of the manuscript.
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