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Abstract The hyperthermophilic, sulfate-reducing ar-
chaeon Archaeoglobus fulgidus strain 7324 has been
shown to degrade starch via glucose using a modified
Embden-Meyerhof pathway. In this pathway phos-
phorylation of fructose-6-phosphate to fructose-1,6
bisphosphate is catalyzed by an ADP-dependent
6-phosphofructokinase (ADP-PFK), which was purified
1,800-fold to homogeneity. The enzyme is composed of
50 kDa subunits and is eluted from gel filtration as both
a homotetramer and a homodimer. It had a temperature
optimum at 85�C and showed significant thermostability
up to 95�C. Kinetic constants were determined for both
reaction directions at pH 6.6 and 80�C. Rate dependence
for all substrates followed Michaelis Menten kinetics.
The apparent Km for ADP and fructose-6-phosphate
(forward reaction) was 0.6 mM and 2.2 mM, respec-
tively; the apparent Vmax was 1,200 U/mg. ADP-PFK
catalyzed in vitro the reverse reaction, with apparent Km

for fructose-1,6-bisophosphate and AMP of 5.7 and
1.4 mM, respectively, and a Vmax value of 85 U/mg. The
enzyme did not use ATP, PPi, or acetyl phosphate as
phosphoryl donor and was highly specific for fructose-6-
phosphate as substrate. The A. fulgidus ADP-PFK did
not phosphorylate glucose and thus differs from the
bifunctional ADP-PFK/GLK from Methanococcus
jannaschii. Divalent cations were required for catalytic
activity; Mg2+, which was most effective, could be
partially replaced by Mn2+, Ni2+, and Co2+. Enzyme
activity was not allosterically regulated by classical
effectors of bacterial and eukaryal ATP-PFKs, such
as ADP, AMP, phosphoenolpyruvate, or citrate.

N-terminal amino acid sequence showed high similarity
to known ADP-PFKs. In the genome of Archaeoglobus
fulgidus strain VC 16, which is closely related to strain
7324, no homologous gene for ADP-PFK could be
identified.
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Introduction

Hyperthermophilic prokaryotes, with an optimal growth
temperature higher than 80�C, are considered to repre-
sent the phylogenetically most ancestral organisms
(Stetter 1996). Recent comparative studies of the hexose
degradation pathways in hyperthermophilic archaea
and in the hyperthermophilic bacterium Thermotoga
revealed that the classical Embden-Meyerhof (EM)
pathway is operative only in Thermotoga, whereas in all
archaea analyzed so far, the EM pathway exists in
modified versions. The modified EM pathways of the
euryarchaeota Pyrococcus and Thermococcus contain,
e.g., novel ADP-dependent 6-phosphofructokinases
(ADP-PFK). In the crenarchaeota Desulfurococcus,
Aeropyrum, and Thermoproteus, non-regulatory ATP-
PFKs or pyrophosphate-dependent PFKs (PPi-PFKs)
were found.

6-Phosphofructokinases catalyze the phosphorylation
of fructose 6-phosphate (F-6-P) to fructose 1,6-bis-
phosphate with ATP (ATP-PFK, EC 2.7.1.11), pyro-
phosphate (PPi-PFK, EC 2.7.1.90), or ADP (ADP-PFK,
EC 2.7.1.146) as phosphoryl donor. The enzymes are
present in all domains of life—eukarya, bacteria, and
archaea (for reviews, see Ronimus and Morgan 2001;
Uyeda 1979). Sequence and structural analysis group
them into two convergent protein families (see
Pfam http://www.sanger.ac.uk/Software/Pfam/) (Bateman
et al. 2001): the PFK-A family (PF00365) and the
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ribokinase superfamily, including the PFK-B family
(PF00294) and the ADP-PFK/GLK family (PF04587).
The PFK-A family comprises both ATP-dependent and
PPi-dependent enzymes. ATP-PFKs from this family
have been purified and characterized from a variety of
eukarya and bacteria including the hyperthermophile
Thermotoga maritima (Hansen et al. 2002a). They show
allosteric regulation by compounds of the intermediary
metabolism (for review, see Uyeda 1979). PPi-PFKs
have been isolated from eukarya, from bacteria, and
from the archaeon Thermoproteus tenax (Siebers et al.
1998). These enzymes catalyze a reversible reaction and
are not allosterically regulated.

The PFK-B family is a diverse family of ATP-
dependent carbohydrate and pyrimidine kinases that
includes the minor ATP-PFK from Escherichia coli
(PFK-B or PFK2) and is present in all domains of life.
In addition to the E. coli PFK-B, only the homologues
from the crenarchaeota Desulfurococcus amylolyticus
and Aeropyrum pernix (Daldal 1983; Hansen and
Schönheit 2000, 2001) have been characterized. The lack
of allosteric regulation differentiates these ATP-PFKs
from ATP-PFKs from the PFK-A family.

ADP-PFKs were found only in the euryarchaeota;
they have been characterized from Thermococcales and
from glycogen-forming methanogens, including the hy-
perthermophile Methanococcus jannaschii (Kengen et al.
1995; Koga et al. 2000; Ronimus et al. 1999; Selig et al.
1997; Tuininga et al. 1999; Verhees et al. 2001). The
latter organism has been reported to contain a bifunc-
tional ADP-dependent sugar kinase, showing both
ADP-GLK and ADP-PFK activity (Sakuraba et al.
2002). Like the other archaeal PFKs, euryarchaeal
ADP-PFKs are characterized by the absence of alloste-
ric regulation. So far crystal structures are not available
from ADP-PFKs but are available from closely related
Thermococcus litoralis and Pyrococcus horikoshii ADP-
GLKs (Ito et al. 2001; Tsuge et al. 2002). According to a
similar fold, the ADP-GLKs were grouped in the ribo-
kinase superfamily.

Recently, the sugar metabolism of the hyperthermo-
philic, sulfate-reducing euryarchaeon Archaeoglobus
fulgidus has been studied. It was found that A. fulgidus
strain 7324 (Beeder et al. 1994) could grow on starch and
sulfate. Extracts of starch-grown cells contained all
activities of a modified Embden-Meyerhof pathway
similar to those of Thermococcales, including activities
of ADP-PFK (Labes and Schönheit 2001). In the com-
pletely sequenced genome of A. fulgidus type strain
VC16 (Klenk et al. 1997), no open reading frame with
significant similarity to the ADP-PFKs from Pyrococcus
and Thermococcus or ADP-PFK/GLK from Methano-
coccus could be identified. This might indicate that
ADP-PFK in Archaeoglobus species is significantly dif-
ferent from those of Thermococcales and Methanococ-
cus.

In this communication we report the purification and
molecular and catalytic properties of ADP-PFK from
Archaeoglobus fulgidus strain 7324. The enzyme was

characterized as an extremely thermophilic, homodi-
meric/homotetrameric protein of 50 kDa subunits,
showing high specificity to both ADP and fructose-6-
phosphate. Using this N-terminal sequence, no gene
encoding a homologous ADP-PFK could be identified
in the genome of the closely related A. fulgidus strain
VC16.

Materials and methods

Growth of the organism and preparation of cell free extracts

Archaeoglobus fulgidus 7324 (DSM 3109) (Beeder et al. 1994) was
grown anaerobically at 80�C in a 100-l Biostat fermentor on a
medium containing starch (1 g/l) and yeast extract (5 g/l) as carbon
and energy source as previously described (Labes and Schönheit
2001). Cells were harvested at the late exponential growth phase.
The following steps were carried out under anoxic conditions: Cell
extracts were prepared from 50 g of frozen cells (wet mass), which
were suspended in 100 ml 50 mM Tris/HCl, pH 7.0 (25�C) con-
taining 1 mM dithiothreithol, 2 mM EDTA, and 20 mM NaCl.
Upon thawing and passing three times through a French pressure
cell at 8 MPa, the cells were almost completely disrupted. Cell
debris and unbroken cells were removed by ultracentrifugation for
90 min at 100,000 g at 4�C.

Purification of ADP-dependent 6-phosphofructokinase

All chromatographic steps were carried out at 4�C. The 100,000 g
supernatant was diluted with 20 mM Tris pH 9.0 containing 2 mM
EDTA and 1 mM DTE (buffer A) to a final volume of 1,425 ml
and was applied to a HiLoad Q-Sepharose column (10 cm·2.6 cm)
equilibrated with buffer A. Protein was desorbed at a flow rate of
2 ml/min with fixed concentration as well as linear gradients from 0
to 1 M NaCl in buffer A: 0–0.01 M (5 ml), 0.01–0.1 M (120 ml),
0.1 M (10 ml), 0.1–0.25 M (60 ml), 0.25 M (10 ml), 0.25–1 M
(60 ml), and 1 M (80 ml). Fractions containing the highest ADP-
PFK activity (17 ml, 0.16–0.18 M NaCl) were pooled, diluted to a
final NaCl concentration of 30 mM with 50 mM Tris/HCl pH 7.0
containing 1 mMDTE and 2 mMMgCl2 (buffer B), and applied to
an ADP-Agarose column (7 cm·1 cm) at a flow rate of 0.75 ml/
min equilibrated with buffer B. After washing the column with
15 ml buffer B, protein was desorbed at a flow rate of 0.2 ml/min
with fixed concentration as well as linear gradients from 0 to
100 mM of both F-6-P and ADP in buffer B: 0–2 mM (6 ml), 2–
25 mM (12 ml), 25–100 mM (8 ml), and 100 mM (3 ml). Fractions
with the highest ADP-PFK activity (2.8 ml, 14–20 mM F-6-P/
ADP) were pooled, diluted twofold with 50 mM MES pH 5.7
(25�C) containing 1 mM DTE (buffer C), adjusted to pH 5.7 with
1 M acetic acid, and loaded on an Uno S 1 column (1 ml) previ-
ously equilibrated with buffer. Protein was eluted at a flow rate of
1 ml/min using linear NaCl gradients from 0 to 0.5 M (10 ml) and
0.5–2 M (6 ml) in buffer C. Fractions containing the highest ADP-
PFK-activity (2.5 ml) were recovered from 0.4–0.6 M NaCl. Pure
protein fractions were obtained after gel filtration on Superdex
Tm200 using 150 mM NaCl, 50 mM Tris/HCl, 1 mM DTE as
elution buffer. The eluate was stored at )20�C. Under these con-
ditions activity remained about constant.

Analytical assays

The purity of the preparations was checked by SDS-PAGE in 14%
polyacrylamide gels followed by staining with Coomassie Brilliant
Blue R 250 according to standard procedures (Laemmli 1970).
Protein concentrations were determined by the method of Bradford
(1976) with BSA as standard. Gel-filtration chromatography was
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carried out at ambient temperature on a Superdex 200 (50 mM
Tris/HCl, 150 mM NaCl, pH 7.0, 1 ml/min). Blotting onto a
poly(vinylidene diflouride) membrane and N-terminal microse-
quencing on a model 473A sequencer (Applied Biosystems) were
carried out as described in Meyer et al. (1996).

Enzyme assays and determination of kinetic parameters

Since the enzyme activity was not sensitive to oxygen, all assays
were carried out under oxic conditions. The ADP-dependent PFK
activity (F-6-P + ADP � F-1,6-BP + AMP) was determined in
both directions. The forward reaction was measured by coupling
the ADP-dependent formation of F-1,6-BP to the oxidation of
NADH via F-1,6-BP aldolase, triosephosphate isomerase, and
glycerol-3-phosphate-dehydrogenase, whereas the reverse reaction
was investigated by coupling the AMP-dependent formation of
F-6-P to the reduction of NADP+ via glucose-6-phosphate isom-
erase (GPI) and glucose 6-phosphate dehydrogenase. ADP-PFK
activity was measured at 50�C in a continuous assay and above
50�C in a discontinuous assay as previously described (Hansen and
Schönheit 2000), except for the standard assay mixtures containing
(1) 50 mM Tris/HCl (pH 6.6 at the respective temperature), 5 mM
F-6-P, 2 mM ADP, and MgCl2:ADP at an optimized ratio of 2.5:1
(forward reaction) or (2) 25 mM F-1,6-BP, 2 mM ADP, and
MgCl2:ADP at an optimized ratio of 2.5:1 (reverse reaction). Initial
velocities were investigated in at least six parallel assays stopped at
different time intervals. One unit (U) of ADP-PFK activity is de-
fined as the conversion of either 1 lmol F-6-P to F-1,6-BP (forward
reaction) or the formation of 1 lmol F-6-P from F-1,6-BP (reverse
reaction). The coupling enzymes in all assays were routinely tested
to ensure that they were not rate limiting.

pH dependence, substrate specificity, cation specificity,
and effectors

The pH dependence of the enzyme was measured between 3.9 and
9.0 at 80�C using succinate, acetate, piperazine, phosphate, MES,
Tris/HCl, triethanolamine, or ethanolamine at a concentration of
50 mM each. The cation and nucleotide specificity were examined
using the standard discontinuous test system at 80�C by
exchanging either Mg2+ (5 mM) or ADP (2 mM) for alternative
divalent cations (Ni2+, Mn2+, Co2+, Ca2+, Zn2+, and Fe2+) or
alternative phosphoryl donors (ATP, ITP, GTP, UTP, CTP,
UDP, CDP, GDP, acetyl phosphate, and PPi) at equimolar
concentrations. For the test of substrate specificity for sugars,
F-6-P was exchanged for fructose 1-phosphate and glucose.
Potential glucose-6-phosphate formation measured in a continu-
ous assay with the following concentrations: 5 mM glucose,
2 mM ADP, 5 mM MgCl2, 0.5 mM NADP, 1 U glucose-6-
phosphate dehydrogenase from Thermotoga maritima (Hansen
et al. 2002b), 50 mM Tris/HCl pH 6.6 (80�C ). The following
classical effectors of ATP-PFKs from bacterial and eukaryotic
sources were tested at 80�C using the following concentrations:
PEP (0.2 mM, 2 mM), AMP (0.2 mM, 1 mM, 10 mM), and
citrate (0.2 mM, 10 mM). In addition the following metabolites

were tested at 80�C at concentrations of both 0.1 and 10 mM for
any potential effect on ADP-PFK activity at maximal and half-
maximal velocity: ATP, acetate, alanin, formate, isocitrate,
glyceraldehyde-3-phosphate, 3-phosphoglycerate, cis-aconitate,
malate, oxaloacetate, pyruvate, and succinate.

Temperature dependence and thermal stability

The temperature dependence of the enzyme activity was measured
between 25�C and 95�C in 50 mM sodium phosphate buffer, pH
6.6. The activity was measured in the direction of F-1,6-BP for-
mation using standard concentrations of F-6-P (5 mM), ADP
(2 mM), and MgCl2 (5 mM), which ensured specific activities close
to Vmax. The thermostability of the purified enzyme (1 lg in 40 ll
sodium phosphate buffer pH 7.0) as well as the effects of potential
stabilizing additives [1 M NaCl, 1 M KCl, 1 M (NH4)2SO4)] were
tested in sealed vials that were incubated at temperatures between
70�C and 100�C for 2–120 min. The vials were then cooled on ice
for 10 min and the remaining enzyme activity was tested at 50�C
and compared with the controls (unheated sample).

Source of material

All commercially available chemicals used were of reagent grade
and were obtained from Merck (Darmstadt, Germany), Fluka
(Buchs, Switzerland), or Sigma (Deisenhofen, Germany). Yeast
extract and peptone were from Difco (Stuttgart, Germany). En-
zymes, coenzymes, and other chemicals were from Roche Diag-
nostics (Mannheim, Germany) or Sigma (Deisenhofen, Germany).
ATP, ADP, fructose 6-phosphate, and PEP, each at highest
available purity, were purchased from Roche Diagnostics (Mann-
heim, Germany). Gases were from Linde (Hamburg, Germany).
Archaeoglobus fulgidus 7324 (DSM 8774) was obtained from the
Deutsche Sammlung von Mikroorganismen und Zellkulturen
(Braunschweig, Germany). All FPLC material and columns used
were from Pharmacia (Freiburg, Germany), Sigma, and Biorad
(Munich, Germany).

Results

Purification of ADP-PFK

ADP-PFK was purified aerobically from cell extracts of
Archaeoglobus fulgidus 7324 by four purification steps:
anion exchange chromatography on Q-Sepharose,
affinity chromatography on ADP-agarose, cation ex-
change chromatography on Uno-S1, and gel filtration
on Sephadex. By this procedure the enzyme was purified
about 1,800-fold to a specific activity of 400 U/mg
(50�C) with a yield of 11% (Table 1). The purified

Table 1 Purification of ADP-PFK from Archaeoglobus fulgidus
(strain 7322). Enzyme activity was measured at 50�C in the direction
of fructose-1,6-bisphosphate (F-1,6-BP) formation in a continuous

assay using aldolase, triosephosphate isomerase, and a-glycerol-
phosphate dehydrogenase as described in Materials and Methods.
1 U=2 lmol NADH oxidized/min

Purification step Protein
(mg)

Activity (U) Specific
activity (U/mg)

Yield (%) Purification
(-fold)

Cell-free extract 1,700 380 0.22 100 1
Q-Sepharose 120 128 0.89 34 4.1
ADP-Agarose 30 107 3.6 28 16
Uno-S1 0.4 88 173 23 786
Gel filtration 0.1 42 400 11 1,818
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protein was electrophoretically homogeneous as judged
by denaturing SDS-PAGE (not shown). Thus, ADP-
PFK represents about 0.06% of the cellular protein of
A. fulgidus 7324.

Molecular properties

Native ADP-PFK eluted from gel filtration columns
with an apparent molecular mass of both 100 kDa
(80%) and 200 kDa (20%) (200 lg applied). SDS-
PAGE revealed only one single subunit with an apparent
molecular mass of 50 kDa (not shown), indicating the
presence of both a homodimeric (a2) and a homotetra-
meric (a4) structure under the condition tested (100 lg
enzyme). However, only a dimeric fraction could be
detected after gel filtration applying a lower protein
concentration (25 lg enzyme). The specific activity of
the dimeric as well as the tetrameric ADP-PFK fraction
was identical. The N-terminal amino acid sequence of
the 50 kDa subunit (Fig. 1) showed a high degree of
identity (43%) to the N-termini of ADP-PFKs from
Pyrocccus (43%), Thermococcus (43%), and Methano-
coccus (32%) (Ronimus et al. 2001; Tuininga et al. 1999;
Verhees et al. 2001).

Catalytic properties

Kinetic constants of purified ADP-PFK were deter-
mined in both reaction directions (ADP + F-6-P �
F-1,6-BP + AMP) (Table 2). The rate dependence of
the enzyme on the ADP, F-6-P (Fig. 2), AMP, and
F-1,6-BP concentrations followed Michaelis-Menten
kinetics. Substrate inhibition was observed for ADP and
AMP at concentrations above 1.5 mM and 3 mM,
respectively. The forward reaction was measured at both
50�C and 80�C. At 80�C the apparent Km values for F-6-
P and ADP were 2.2 mM and 0.6 mM, respectively;
apparent Vmax values were about 1,200 U/mg. At 50�C
the apparent Km value for F-6-P (4.7 mM) was about
2.5-fold higher, whereas the apparent Km value for ADP
(0.3 mM) was twofold lower, indicating a lower affinity
for the sugar substrate and a higher affinity for the
phosphoryl donor at lower temperatures. ADP could
not be replaced by ATP or PPi, defining this archaeal
PFK as an ADP-dependent enzyme (Table 2). The en-
zyme was highly specific for both the phosphoryl donor
and the sugar substrate. ADP (100%, 1,200 U/mg at
80�C) could hardly be replaced by GDP (8%), UDP
(3%), and CDP (3%). All other substances tested could
not serve as phosphoryl donors. ADP-PFK did not ac-
cept any other sugar tested as phosphoryl acceptors,
including glucose (see Materials and Methods). Thus,
the enzyme is a true ADP-PFK and therefore differs
from bifunctional ADP-PFK/GLK from Methanoccus
jannaschii (Sakuraba et al. 2002). Enzyme activity
required divalent cations; Mg2+ (100%, 1,200 U/mg at

Fig. 1 Alignment of N-terminal amino acid sequences of ADP-
PFK from Archaeoglobus fulgidus 7324 with N-terminal regions of
ADP-PFKs from from Thermococcus zilligii (Q9HH12) and
Pyrococcus furiosus (Q9V2Z7) and ADP-PFK/GLK from Methan-
ococcus jannaschii (Q58999)

Table 2 Biochemical
comparison of the A. fulgidus
ADP-PFK with ADP-PFKs
from Pyrococcus furiosus and
Thermococcus zilligii and the
bifunctional ADP-PFK/GLK
from Methanococcus jannaschii.
ND Not detectable, – not
measured

a Enzyme assays were
performed at 80�C
b Enzyme assays were
performed at 50�C
c Fructose-6-phosphate
was used as substrate
d Recombinant enzyme
(Ronimus et al. 2001)

A. fulgidusa P. furiosusb T. zilligiib,d M. jannaschiib

Parameter/reference This work Tuininga
et al. 1999

Ronimus
et al. 1999

Verhees
et al. 2001

Sakuraba
et al. 2002

Apparent molecular mass:
Native enzyme (kDa) 200 / 100 180 66 / 200d 51.5 55
Subunits (kDa) 50 52 42.2 / 53.9d 53.4 53.4
Oligomeric structure a2/ a4 a4 a2 / a4

d a a
pH optimum 6.6 6.5 6.4 6.5 6.5
Topt(�C) 85 – – – –
Allosteric regulation No No No No No

Apparent Vmax (Umg–1):
Fructose-6-phosphate 1,037 194 197 11.2 7.7
Glucose ND – – – 21.5
ADP 1,200 150 243 9.59 –
Acetyl phosphate ND ND ND 14.4 –
Fructose-1–6-bisphosphate 84 ND 2.9 ND ND

Apparent Km (mM):
Fructose-6-phosphate 2.2 / 4.7b 2.3 1.47 0.0096 0.01
Glucose ND – – – 1.6
ADP 0.6 / 0.3b 0.11 0.6 0.49 0.63c

Acetyl phosphate ND ND ND 11.9 –
Fructose-1–6-bisphosphate 5.7 ND 0.56 ND ND
AMP 1.4 ND 12.5 ND ND
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80�C), which was most effective, could partially be re-
placed by Mn2+ (62%), Ni2+ (33%), and Co2+ (30%),
whereas Fe2+ (16%), Zn2+ (6%), Cu2+ (4%), and Ca2+

(2%) were less effective. The pH optimum of ADP-PFK
was at pH 6.6; 50% of activity was found at pH 6.1 and
at pH 7.9. Neither the classical effectors of bacterial and
eukaryal ATP-PFKs—ADP, AMP, citrate, and phos-
phoenolpyruvate—nor several metabolites showed any
significant effect on the ADP-PFK activity under the
various conditions tested (for details, see Materials and
methods).

The enzyme also catalyzed the reverse reaction in
vitro, i.e., AMP-dependent F-1,6-BP conversion to ADP
and F-6-P. At 80�C an apparent Km value for F-1,6-BP
(5.7 mM) and Vmax (85 U/mg) were determined; how-
ever, the catalytic efficiency (kcat/ Km) was about 37-fold
lower when compared to the forward reaction (12 versus
392 s–1mM–1).

Temperature optimum and stability

The temperature dependence of ADP-PFK is shown in
Fig. 3. At 40�C the enzyme showed little activity, which,

however, increased exponentially and showed an opti-
mum of 90�C. From the linear part of the Arrhenius plot
between 40�C and 70�C, an activation energy of 57 kJ/
mol was calculated. The temperature stability of ADP-
PFK was tested between 80�C and 100�C in 50 mM
sodium phosphate pH 7 by incubating the enzyme up to
120 min, followed by measuring residual activity at 50�C
(Fig. 4). After 120 min incubation at 80�C, the enzyme
did not lose activity. At 100�C, an almost complete loss
of activity was observed after 60 min. Addition of KCl
and, to a lower extent, of NaCl (each 1 M) effectively
stabilized ADP-PFK against heat inactivation at 100�C;
almost 50% and 30% residual activity was retained after
90 min in the presence of KCl (Fig. 4) and NaCl,
respectively.

Discussion

Table 2 summarizes molecular and kinetic properties of
ADP-PFKs from Archaeoglobus fulgidus in comparison
to ADP-PFKs from Pyrococcus furiosus, Thermococcus
zilligii, and the bifunctional ADP-PFK/GLK from
Methanococcus jannaschii (Ronimus et al. 1999, 2001;

Fig. 2 Rate dependence of the
ADP-PFK from A. fulgidus
7324 on the fructose-6-
phosphate concentration (A)
and the ADP concentration (B)
at 80�C

Fig. 3A, B Effect of
temperature on the specific
activity of the ADP-PFK from
A. fulgidus 7324. The assay
mixture contained 0.5 lg
enzyme, 50 mM sodium
phosphate buffer, pH 6.6 (at the
indicated temperature), 5 mM
fructose-6-phosphate, 2 mM
ADP, and 10 mM MgCl2
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Sakuraba et al. 2002; Tuininga et al. 1999; Verhees et al.
2001).

The N-terminal sequence of the A. fulgidus enzyme
was more similar to the ADP-PFKs from T. zilligii and
P. furiosus (12 identical aa out of 28 aa) than to the
bifunctional ADP-PFK/GLK from M. jannaschii
(9 identical aa). Using N-terminal amino acid sequence
of ADP-PFK from A. fulgidus strain 7324, no open
reading frame coding for a homologous protein could be
identified in the genome of A. fulgidus strain VC16
(Klenk et al. 1997), which is closely related to the
A. fulgidus strain 7324 analyzed in this study. This
indicates that A. fulgidus strain VC16 did not contain
homologous ADP-PFK. In accordance it was found that
A. fulgidus VC 16—in contrast to strain 7324—could not
grow on starch and sulfate and did not exhibit ADP-
PFK activity in crude extracts (Labes and Schönheit
2001). The absence of ADP-PFK in A. fulgidus strain
VC16 might indicate that this strain has lost its corre-
sponding gene; alternatively, A. fulgidus strain 7324
might have taken up this gene from a Thermococcus-like
organism by lateral gene transfer.

All ADP-PFKs have subunits of about 50–54 kDa.
The bifunctional ADP-PFK/GLK from M. jannaschii
was described as a monomer, whereas the A. fulgidus
ADP-PFK eluted from gel filtration predominantly as a
dimer and to a certain extent as a tetramer at increased
protein concentration. A similar observation has been
described for the ADP-PFK from T. zilligii, which was
reported as a dimer when purified from T. zilligii
(Ronimus et al. 1999) but has been shown to be a
tetramer, as reported for the recombinant P. furiosus
ADP-PFK, when heterologously expressed in E. coli
(Ronimus et al. 2001; Tuininga et al. 1999).

ADP-PFK of A. fulgidus showed a temperature
optimum of 85�C, which is in accordance with the
optimal growth temperature of strain 7324 (about 80�C).

In addition, the enzyme from A. fulgidus exhibited high
thermostability up to 95�C. In comparison, the bifunc-
tional enzyme from M. jannaschii was less thermostable;
20% of activity was lost upon a 10-min incubation at
90�C (Sakuraba et al. 2002).

The ADP-PFK from A. fulgidus was highly specific
for both fructose-6-phosphate as phosphoryl acceptor
and ADP as phosphoryl donor. Apparent Km values for
both substrates were in the same range as reported for
ADP-PFKs from P. furiosus and T. zilligii (Ronimus
et al. 1999; Tuininga et al. 1999). Besides fructose-6-
phosphate, glucose could not serve as phosphoryl
acceptor by the A. fulgidus ADP-PFK. Thus, the
A. fulgidus enzyme is a true ADP-PFK and differs from
the bifunctional ADP-PFK/GLK from M. jannaschii.

Kinetic parameters, specificities, and potential allo-
steric effects of the ADP-PFK from A. fulgidus were
assayed at 80�C, i.e., near both the growth temperature
optimum of A. fulgidus 7324 and the temperature opti-
mum of the enzyme (85�C). In contrast to the homo-
logues from P. furiosus, T. zilligii and M. jannaschii,
these data have been determined at 50�C, i.e., 30–50�C
below the growth temperature of the respective organ-
isms. It is important to note that the assay temperature
at the physiologically relevant temperature could be
crucial in demonstrating allosteric properties of a
hyperthermophilic enzyme, as has been reported for the
Thermotoga maritima ATP-PFK (PFK-A family)
(Hansen et al. 2002a). When assayed at 80�C, the
A. fulgidus ADP-PFK was not subject to allosteric
control (see Materials and Methods), a property also
reported for the ADP-PFKs from P. furiosus, T. zilligii,
and M. jannaschii (Ronimus et al. 1999; Tuininga et al.
1999; Verhees et al. 2001). This confirms the present
view that archaeal PFKs, being ADP-, PPi- or ATP-
dependent—in contrast to the bacterial and eukaryal
ATP-PFKs (PFK-A)—are generally not the sites of
allosteric control in the modified EM pathways (Hansen
and Schönheit 2000, 2001; Siebers et al. 1998).

WhencomparingthekineticpropertiesoftheA.fulgidus
ADP-PFK with purified hyperthermophilic PFKs at
physiologically relevant temperatures, it is worth noticing
that the catalytic efficiency in termsofkcat/Kmof theA. ful-
gidus enzyme (392 s–1mM–1) was in the same range as the
physiologically relevant ATP-PFK (PFK-A) from the
hyperthermophilic bacterium T. maritima (287 s–1mM–1

[s0.5/Km]) (Hansen et al. 2002a); however, the catalytic
efficiency of the A. fulgidus ADP-PFK was significantly
higher (20–35-fold) when compared to the crenarchaeotal
ATP-PFKs (PFK-B) of Desulfurococcus amylolyticus
(19 s–1mM–1) and Aeropyrum pernix (11 s–1mM–1). In
contrast to theA. fulgidusADP-PFK and the T. maritima
ATP-PFK,whichwereveryspecificforF-6-P, theA.pernix
ATP-PFK exhibited a broad specificity for sugars, pre-
sumably at the cost of catalytic efficiency (Hansen and
Schönheit 2001).
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100% activity corresponded to a specific activity of 400 U/mg at
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