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Abstract Recently, unusual non-regulated ATP-depen-
dent 6-phosphofructokinases (PFK) that belong to the
PFK-B family have been described for the hypertherm-
ophilic archaea Desulfurococcus amylolyticus and Aero-
pyrum pernix. Putative homologues were found in
genomes of several archaea including the hyperthermo-
philic archaeon Methanocaldococcus jannaschii. In this
organism, open reading frame MJ0406 had been anno-
tated as a PFK-B sugar kinase. The gene encoding
MJ0406 was cloned and functionally expressed in Esc-
herichia coli. The purified recombinant enzyme is a ho-
modimer with an apparent molecular mass of 68 kDa
composed of 34 kDa subunits. With a temperature
optimum of 85°C and a melting temperature of 90°C,
the M. jannaschii nucleotide kinase represents one of the
most thermoactive and thermostable members of the
PFK-B family described so far. The recombinant en-
zyme was characterized as a functional nucleoside kinase
rather than a 6-PFK. Inosine, guanosine, and cytidine
were the most effective phosphoryl acceptors. Besides,
adenosine, thymidine, uridin and xanthosine were less
efficient. Extremely low activity was found with fructose-
6-phosphate. Further, the substrate specificity of closely
related PFK-Bs fromD. amylolyticus and A. pernix were
reanalysed.
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Introduction

Hyperthermophilic prokaryotes are characterized by an
optimal growth temperature higher than 80°C. They
are considered to represent the phylogenetic most
ancestral organisms (Stetter 1996). Recent comparative
studies of the hexose degradation pathways in hyper-
thermophilic archaea and in the hyperthermophilic
bacterium Thermotoga revealed that the classical
Embden—Meyerhof (EM) pathway is operative only in
Thermotoga, whereas in all archaea analysed so far, the
EM pathway exists in modified versions. These modi-
fied pathways contain several unusual enzymes, e.g.
non-regulatory 6-phosphofructokinases (PFKs) (for
literature see Selig et al. 1997; Brunner et al. 199§;
Hansen et al. 2002b; Ronimus and Morgan 2003;
Verhees et al. 2003; Siebers and Schonheit 2005). 6-
PFKs are present in all domains of life—Eukarya,
Bacteria, and Archaea (for review see Ronimus and
Morgan 2001). They catalyse the phosphorylation of
fructose 6-phosphate (F-6-P) to fructose 1,6-bisphos-
phate with either ATP (ATP-PFK, EC 2.7.1.11),
pyrophosphate (PP-PFK, EC 2.7.1.90), or ADP
(ADP-PFK, EC 2.7.1.146) as phosphoryl donor. Se-
quence and structural analyses group them into two
convergent protein families (see SCOP http://
www.scop.mrc-lmb.cam.ac.uk/scop/): PFK-A-family
[SCOP 53785, Pfam PFO00365] and the ribokinase
superfamily [SCOP 53613], which include the PFK-B-
family [Pfam, PF00294] and the ADP-PFK/GLK-
family [Pfam, PF04587]. The PFK-A family comprises
both ATP-dependent and PP-dependent enzymes and
is predominant in Eukarya and Bacteria. ATP-PFKs
from this family including the enzyme from the hy-
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perthermophile Thermotoga maritima represent key
regulatory sites of sugar degradation via EM-pathway
(Ronimus and Morgan 2001; Hansen et al. 2002a). In
contrast, all archaeal PFKs described so far were
characterized by a lack of allosteric response. Thus,
they do not represent regulatory sites in the modified
archaeal EM-pathways (for review see Ronimus and
Morgan 2003; Verhees et al. 2003; Siebers and
Schonheit 2005). The modified EM pathways of the
euryarchaota Pyrococcus, Thermococcus, and Archaeo-
globus fulgidus 7324 contain ADP-dependent 6-PFK
(Kengen et al. 1994; Tuininga et al. 1999; Kengen et al.
2001; Labes and Schonheit 2001; Ronimus et al. 2001a;
Hansen and Schonheit 2004), whereas in Methano-
caldococcus jannaschii, a bifunctional ADP-dependent
glucokinase/6-PFK was found, which might be in-
volved in glycogen degradation (Verhees et al. 2001;
Sakuraba et al. 2002). A pyrophosphate-dependent
PFK was described for the crenarchaeon Thermopro-
teus (Siebers and Hensel 2001). We have recently
characterized the non-regulatory ATP-PFKs from the
crenarchaeota Desulfurococcus amylolyticus (DaPFK)
and Aeropyrum pernix (ApPFK), which belong to the
PFK-B family (Hansen and Schonheit 2000, 2001). The
PFK-B protein family is a diverse family of ATP-
dependent carbohydrate and pyrimidine kinases pres-
ent in all domains. It comprises e.g. fructokinases, ri-
bokinases, adenosine kinases, and the minor ATP-PFK
from Escherichia coli (PFK-B or PFK2) (Bork et al.
1993). Several structures from the PFK-B family have
been described so far: e.g. E. coli ribokinase, human
and Toxoplasma gondii adenosine kinases, 2-keto-3-
deoxy-gluconate (KDG) kinases from Thermus ther-
mophilus and T. maritima, sheep pyridoxal kinase, and
putative 1-PFK from 7. maritima (Mathews et al.
1998; Sigrell et al. 1998; Schumacher et al. 2000; Li
et al. 2002; Ohshima et al. 2004).

Five archaecal members of the PFK-B family have
been biochemically characterized. These include fructo-
kinase from Thermococcus litoralis, KDG kinases from
T. tenax and Haloferax alicantei, as well as the DaPFK
and the ApPFK (Holmes et al. 1997; Hansen and
Schonheit 2000, 2001; Ronimus et al. 2001b; Qu et al.
2004; Siebers et al. 2004). Besides a lack of allosteric
potential, the ApPFK exhibited a broad substrate
specificity. However, structural analyses to understand
these features have been hampered by the low expression
level of this enzyme in 4. pernix as well as for the re-
combinant enzyme in E. coli (Hansen and Schoénheit
2001). A putative homolog of ApPFK, MJ0406, which
had been annotated as a hypothetical PFK-B sugar ki-
nase, has been found in the genome of M. jannaschii
(Bult et al. 1996; Hansen and Schonheit 2001) indicating
that M. jannaschii in addition to the ADP-PFK might
contain an ATP-PFK as well.

Here, we describe cloning and heterologous expres-
sion of the open reading frame (ORF) MJ0406. The
purified recombinant enzyme was characterized as a
nucleoside kinase rather than an ATP-PFK.

Materials and methods
Identification of hypothetical ORFs

BLASTP searches were carried out to identify putative
homologues of ORF MJ0406 (Hansen and Schonheit
2001). Additional archaeal sequences of the PFK-B
family were retrieved from the PROSITE database and
the Pfam database. Sequence alignments were con-
structed using the neighbour-joining method of Clustal
X (Thompson et al. 1997).

Cloning and expression of ORF MJ0406

Open reading frame MJ0406 has previously been anno-
tated as putative sugar kinase mjsk gene in the genome of
M. jannaschii (Bult et al. 1996). This ORF was cloned and
functionally overexpressed in E. coli as follows:
The coding region of the gene was amplified by PCR
with Pwo polymerase (PEQLAB, Erlangen, Germany)
from genomic DNA of M. jannaschii as a tem-
plate. Using the following primers SCTTAAAACA-
TATGGGTGGTAAAATG? (forward) and 5’ATAG
ACATCCCTCGAGAAATTATAT3 (reverse), restric-
tion sites (underlined) for Ndel and Xhol, respectively,
were introduced. After amplification and Ndel/Xhol
double-digestion, the PCR product was inserted by T4
DNA ligase (Roche Diagnostics, Mannheim, Germany)
into a pET-17b (Novagen, Madison, WI, USA) expres-
sion vector linearized by Ndel/Xhol double-digestion.
The resulting ORF MJ0406 carrying pET-17b-mjsk
plasmid was introduced into E. coli IM109 and E. coli BL
21 (DE3) pLys S (Stratagene, La Jolla, CA, USA) via
transformation. The inserted gene was confirmed by
sequencing. Transformed E. coli BL 21 (DE3) pLys S cells
were grown in 400 ml of Luria—Bertani medium con-
taining 100 pg ml~' carbenicillin and 34 pg ml~' chl-
oramphenicol at 37°C to an optical density at 600 nm of
0.8. Expression of the mjsk was initiated by induction
with 1 mM IPTG. After 4h of further growth
(ODgoo ~ 3.2-3.6), the cells were harvested by centrifu-
gation at 4°C, washed in 50 mM Tris/HCI, pH 7.0, con-
taining 50 mM NaCl. Exponentially grown cells of M.

Jjannaschii (100 mg) were disrupted by freezing in liquid

nitrogen and subsequent thawing. RNA was isolated
using the RNeasy isolation kit (Qiagen, Valencia, CA,
USA) as specified by the manufacturer. RT-PCR was
carried out by the Qiagen one Step RT-PCR kit using the
PCR primers. RNA, which has not been incubated with
reverse transcriptase, was used as negative control.

Purification of recombinant MjNK

All chromatographic steps were carried out at 4°C. Cell
extracts were prepared by French press treatment
(1.3x10® Pa) of cell suspensions in buffer A (50 mM



Tris—HCI pH 8.4). After ultracentrifugation (100,000xg
for 60 min), the solution was heat precipitated at 80°C
for 45 min, centrifuged again (15,000xg for 30 min),
three times dialysed against a 30-fold excess of 50 mM
Tris-HCI pH 8.0 (buffer B), and applied to a DEAE-
Sepharose column (60 ml) previously equilibrated with
buffer B. The protein was eluted at a flow rate of
3 ml min~" with 180 ml 50 mM piperazine pH 6.5 at
25°C (buffer C) and with a combination of fixed NaCl
concentration and linear gradients from 0 M NaCl to
2 M NaCl in buffer B: 0-0.1 M (120 ml), 0.1-1 M
(180 ml), 1-2 M (120 ml), and 2 M NaCl (120 ml).
Fractions containing the highest activity (160 ml, 0.2—
1 M NaCl) were pooled and diluted with 3 M ammo-
nium sulphate in buffer B to a final ammonium sulphate
concentration of 2 M. Subsequently, the solution was
applied to a phenyl-Sepharose column (15 ml), previ-
ously equilibrated with 2 M ammonium sulphate in
buffer B. The protein was desorbed by a linear ammo-
nium sulphate gradient (2-0 M, 150 ml), followed by
washing the column with 60 ml 50 mM Tris—HCI pH 8.0
and 60 ml water. Fractions containing the highest
activity (75 ml, 1.2-0.2 M ammonium sulphate) were
checked for purity with respect to protein and DNA
impurities. Only almost pure MjNK (45 ml, 0.8-0.2 M
ammonium sulphate) was used for further purification,
concentrated by ultrafiltration (exclusion-size 10 kDa),
and then applied to a Superdex 200 gel filtration column
(120 ml) equilibrated with buffer D (150 mM NacCl,
50 mM Tris—HCI pH 7.5). From this step, pure MjNK
was obtained (72-86 ml).

Analytical assays

The purity of the preparation was checked by SDS-
PAGE in 12% gels followed by staining with Compas-
sion Brilliant Blue R 250 according to standard proce-
dures (Laemmli 1970). Protein concentrations were
determined by the use of MjNK molar extinction coef-
ficient at 280 nm (37,550 M~! ecm™') as calculated by
the ExPASy ProtParam Tool (http://us.expasy.org/
tools/protparam.html). Molecular mass determination
was performed by a Superdex 200 gel filtration column
and carried out at ambient temperature in 50 mM Tris/
HCI, 150 mM NaCl, pH 7.0 at a flow rate of
1 ml min~".

Enzyme assays and determination of kinetic parameters

Since the enzyme activity was not sensitive to oxygen, all
assays were performed under oxic conditions. The ATP-
dependent MjNK activity with guanosine as substrate
was measured at 50°C in a continuous assay and at 70°C
in a discontinuous assay by coupling the ADP formation
from ATP to the oxidation of NADH via pyruvate ki-
nase and lactate dehydrogenase as described previously
(Hansen and Schonheit 2000). The pH dependence of
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the enzyme was measured between 4.0 and 9.0 at 70°C
using either piperazine, phosphate, MES, Tris/HCI, tri-
ethanolamine, or ethanolamine at a concentration of
100 mM each with inosine and guanosine (separate as-
says) as substrates. The cation specificities were exam-
ined at 70°C by exchanging Mg?>* (5 mM) for
alternative divalent cations (Ni*", Mn?", Co?*, Ca®",
Zn’>", and Fe?"). In order to analyse the substrate
specificity, the following substances were tested as
putative substrates: fructose-6-phosphate, glucose-6-
phosphate, mannose-6-phosphate, fructose, galactose,
glucose, p-glucose, ribose, xylose, N-acetylglucosamine,
adenosine, 2-deoxy-adenosine, cytidine, inosine, guano-
sine, thymidine, uridine, and xanthosine. For the deter-
mination of the temperature dependence of enzyme
activity as well as the phosphoryl donor specificity of the
enzyme, activity was determined in a continuous assay
by coupling the formation of fructose-6-phosphate from
fructose by MjNK to the reduction of NADP via
phosphoglucose isomerase from Pyrococcus furiosus
(Hansen et al. 2001) and glucose-6-phosphate dehydro-
genase from 7. maritima (Hansen et al. 2002c) as re-
cently described for PaPGI/PMI (Hansen et al. 2004).
The temperature dependence of the enzyme activity was
measured between 70 and 95°C in 50 mM sodium
phosphate buffer pH 7.0 using 2.5 mM ATP and 10 mM
fructose. The phosphoryl donor specificity was tested by
exchanging ATP (2 mM) for alternative phosphoryl
donors (ITP, GTP, UTP, CTP, UDP, GDP, ADP, CDP,
acetyl phosphate, and PP;) at equimolar concentrations.

Thermal stability

Differential scanning calorimetry was carried out on a
Microcal MCS calorimeter suitable for scanning rates
up to 2 K min~". The calorimeter was controlled by the
MCS OBSERVER program (Microcal, Studio City,
CA, USA). MjNK was dialysed against 20 mM potas-
sium phosphate pH 7.0. Experiments were performed
with a protein concentration of 2 mg ml~', and both the
buffer and sample were degassed for 30 min before being
loaded into the calorimeter. To stabilize the baseline, six
prescans were carried out before the sample scan. The
scans were run from 20 to 120°C at 1°C min~'.

Results
In vivo transcription of mjnk in M. jannaschii

To test whether the mjnk gene is transcribed in vivo, RT-
PCR experiments were performed to detect mRNA for-
mation. Total RNA was extracted from M. jannaschii
cells, grown lithoautotrophically on H, and CO, as energy
and carbon source. Mjnk-specific RNA was amplified as
cDNA by RT-PCR. mjnk-specific cDNA of the expected
length (900 bp) was detected, indicating in vivo tran-
scription of mjnk gene during lithoautotrophic growth.
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Cloning, functional overexpression of ORF MJ0406,
purification and molecular characterization of the re-
combinant protein

The ORF MIJ0406 was previously identified as a
homolog of the ApPFK (Hansen and Schoénheit 2001)
and had been annotated as a putative sugar kinase (Bult
et al. 1996). ORF Mj0406 contains 909 bp coding for a
polypeptide of 302 amino acids with a calculated
molecular mass of 33.8 kDa. The coding function of this
putative enzyme was analysed by its functional overex-
pression in E. coli and subsequent enzymatic analyses.
The gene encoding for ORF MJ0460 was amplified by
PCR, cloned into a pET-17b vector, and transformed
into E. coli BL21 pLysS cells. After induction with
IPTG, a polypeptide of 34 kDa was produced. The re-
combinant protein was purified from transformed E. coli
about 15-fold to homogeneity by heat treatment at 80°C
and subsequent chromatography on DEAE-Sepharose,
Phenyl-Sepharose, and gel filtration. About 0.3 mg of
purified protein was obtained from 1 g of transformed
E. coli cells. The purified protein was electrophoretically
homogeneous as judged by denaturing SDS-PAGE
(Fig. 1), showing one subunit with an apparent molec-
ular mass of 34 kDa. Since gel filtration of the native
enzyme revealed a molecular mass of 68 kDa, a ho-
modimeric o, structure has to be assumed (Table 1).

Temperature optimum and stability

The temperature dependence of MjNK was analysed
between 40 and 95°C (not shown). At 40°C, the enzyme
showed little activity, which, however, increased expo-
nentially showing an apparent optimum at 85°C
(Table 1). From the linear part of the Arrhenius plot
between 40 and 80°C (not shown), activation energy of
57 kJ mol~" was calculated. Thermal unfolding of the
enzyme was monitored by DSC in 20 mM sodium
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Fig. 1 Thermal unfolding of MjNK as monitored by DSC

Table 1 Biochemical and kinetic properties of PFK-B from Met-
hanocaldococcus jannasschii

Parameter Wert
Apparent molecular mass (kDa)

Native enzyme 68

Subunit 34
Calculated 33.919
Oligomeric structure o
pH-optimum 7.0

Top. (°C) 85

T 90
Arrhenius activation energy 57

(kJ mol~', 40-80°C)
Apparent K, (mM) (70°C)

ATP 0.25
Phosphoryl donor specificity (% of Viax)

ATP > > ITP~GTP > UTP > CTP 100, 41, 40, 8, 6
Cation specificity (% of Viax)

Mg>*~Mn** > Ni?* > Co** 100, 97, 31, 6

Molecular mass of native enzyme was determined by gel filtration,
of subunits by SDS-PAGE. Enzyme activity was assayed with
guanosine as phosphoryl acceptor except for the determination of
phosphoryl donor specificity as well as temperature optimum,
which were assayed with fructose as phosphoryl acceptor (for de-
tails see Material and methods)

phosphate buffer. The detected apparent T;,-values were
90°C (Fig. 1). The DSC showed a second, but minor
peak at 85°C, which might indicate subunit dissociation
of the dimeric protein at this temperature.

Substrate specificity and catalytic properties

The purified enzyme catalysed the ATP-dependent
phosphorylation of fructose-6-phosphate at an ex-
tremely low rate (0.01 U mg~"', 70°C). In order to ana-
lyse the substrate specificity, the ATP-dependent
phosphorylation of several sugars, sugar-phosphates,
and nucleosides was tested at 50 and 70°C (Table 2).
Whereas all sugar-phosphates and sugars tested were
phosphorylated by ATP to a very low extent, several
nucleosides were used at significantly higher rates. Thus,
the enzyme was defined as an ATP-dependent nucleoside
kinase (MjNK) rather than an ATP-PFK. Among the
nucleosides tested, highest catalytic efficiency was found
for inosine, cytidine, and guanosine with apparent K-
values (50°C) of 21, 17, and 78 uM, respectively; and
apparent V,..-values (50°C) were about 18.8, 9, and
29.3 U mg ', respectively (Table 2). Adenosine, xan-
thosine, 2-desoxy-adensosine, uridine, and thymidine
were used at lower rates (Table 2). Rate dependence of
all substrates analysed as well as of ATP followed
Michaelis—Menten kinetics. The apparent K,-value for
ATP measured with guanosine as phosphoryl acceptor
was 0.25 mM (Table 1). Neither ADP, acetyl phosphate,
nor PP; could replace ATP defining this archaeal MjNK
as an ATP-dependent enzyme. Besides ATP (100%),
ITP (41%) and GTP (40%) served as effective phos-
phoryl donors. Enzyme activity required the presence of
divalent cations. Mg>" (100%) could be efficiently
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Table 2 Substrate specificity of PFK-B from Methanocaldococcus jannasschii

Substrate Vinax Apparent K, Catalytic efficiency Viax/Km
(Umg™) (%) (HM) (Umg ' mM™) (%)
T = 70°C
Guanosine 120 100 62 1,940 52
Cytidine 70 58.0 <20 >3,500 93
Inosine 75 62.5 <20 > 3,750 100
Adenosine 4 33 160 25 0.7
2-Desoxy-adenosine 0.2 0.17 2,200 0.1 0.003
Thymidine 0.08 0.07 1,000 0.08 0.002
Uridine 0.25 0.21 200 1 0.03
Ribose 0.6 0.5 300 2 0.05
Fructose 0.03 0.03 1,800 0.002 0.00005
Glucose, 2-deoxy-glucose 0.02 0.02 nd - -
Galactose, xylose 0.02 0.02 nd - -
N-acetyl-glucosamine, fructose-6-phosphate, 0.01 0.01 nd - -
glucose-6-phosphate, mannose-6-phosphate,
ribose-5-phosphate
T = 50°C
Guanosine 29.3 100 78 376 42
Cytidine 9.0 30.7 17 529 59
Inosine 18.8 64.2 21 895 100
Adenosine 1.0 34 230 4 0.4
2-Deoxy-adenosine 0.05 0.17 2,500 0.02 0.002
Xanthosine 0.6 3.1 710 0.85 0.1
Thymidine 0.01 0.03 900 0.011 0.001
Uridine 0.04 0.12 180 0.22 0.02

The kinetic parameters were determined at 70°C in discontinuous and at 50°C in continuous assays (see Material and methods)

nd not determined

replaced by Mn?" (97%) and partially by Ni*" (31%)
or Co”>" (6%). The pH optimum of ATP-GLK was at
pH 7.0; 50% of activity was found at pH 6.1 and 8.2.

Substrate specificities of DaPFK and ApPFK

Considering the broad substrate specificity of MjNK,
the respective substrate specificities of its homologues
DaPFK and ApPFK were reanalysed using several nu-
cleosides at 5 mM each (Table 3). DaPFK used the
tested nucleosides only to a very low extent. However,

Table 3 Substrate specificity of the ATP-PFKs from Aeropyrum
pernix (ApPFK) and Desulfurococcus amylolyticus (DaPFK)

Substrate DaPFK ApPFK
Fructose-6-phosphate 100 100
Guanosine 6 150
Cytidine 13 94
Adenosine ~1 40
Inosine ~1 92
Xanthosine 8 89
Uridine <1 13
Thymidine <1 11

The respective activities were measured in a discontinuous assay at
85°C with 5 mM of the respective substrate. Activities were given in
comparison to the respective activity (%) with fructose-6-phos-
phate as substrate (DaPFK, 100% = 35U mg ') (ApPFK
100% = 3 Umg ™}

ApPFK phosphorylated inosine, xanthosine, and cyti-
dine about to the same extent, but guanosine even at
higher rates as fructose-6-phosphate.

Discussion
Molecular and catalytical properties

In this communication, we report cloning, heterologous
expression, and characterization of a PFK-B from the
euryarchaeon M. jannaschii. ORF MJ0406 was cloned
due to its homology to the PFK-B ATP-PFKs from D.
amylolyticus and A. pernix (Hansen and Schonheit 2000,
2001), indicating that this ORF might represent an ATP-
dependent PFK as well, and thus would represent a
second PFK in M. jannaschii in addition to the charac-
terized ADP-PFK (Sakuraba et al. 2002). However, the
recombinant protein exhibited some unique properties
that separated it from the crenarchaeal ATP-PFKs from
D. amylolyticus and A. pernix. First, the recombinant
enzyme had a molecular mass of 68 kDa and was
composed of a single 34 kDA subunit indicating a ho-
modimeric structure. In comparison, DaPFK and Ap-
PFK were characterized as homotetrameric enzymes
(Hansen and Schoénheit 2000, 2001). Both subunit size
and oligomeric structure are typical properties of en-
zymes from the PFK-B family, most of them were de-
scribed as homodimeric enzymes, e.g. T. litoralis
fructokinase represents a homodimeric enzyme with
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35 kDA subunits (Qu et al. 2004). In comparison,
proteins from the PFK-A family and ADP-PFKs have
subunits of about 34 and 50 kDA, respectively (Roni-
mus et al. 1999; Tuininga et al. 1999; Ding et al. 2000,
2001; Ronimus and Morgan 2001; Hansen et al. 2002a;
Hansen and Schonheit 2004). The extremely high tem-
perature optimum of activity at 85°C and thermosta-
bility of M. jannaschii MjNK is in accordance with its
physiological function under hyperthermophilic growth
conditions. In comparison, the temperature optima of
DaPFK and ApPFK were at 90°C and of T. litoralis
fructokinase at 80°C (Hansen and Schénheit 2000, 2001;
Qu et al. 2004).

Most strikingly, MjNK showed the highest catalytic
activity as a nucleoside kinase but only extremely low
activity as PFK. Thus, MjNK probably plays a role in
the nucleoside metabolism of M. jannaschii. The sub-
strate specificity of MjNK is quite unusual with gua-
nosine, inosine, and cytidine showing the highest
catalytic activity. The guanosine kinases from FExiguo-
bacterium acetylicum and E. coli were reported to
phosphorylate guanosine and to some extent inosine
(Mori et al. 1995; Usuda et al. 1997). Inosine differs
from guanosine by lacking the amino group at C2 of the
purine base, whereas cytidine contains a pyrimidine
base. Though the PFK-B family includes pyrimidine

Table 4 Distribution of PFK and proteins from the PFK-B family in hyperthermophilic bacteria and selected archaea

Protein superfamily PFK-A Ribokinase

Protein family ATP-PFK PP-PFK ADP-PFK PFK-B

Bacteria ‘

Thermotoga maritima TmATP-PFK TmPP;-PFK - TMO0795%, QIWXS2, TM0828?,

[TM0209] [TM0289] TMO0960°, TM0296°

Aeropyrum aeolicus AQ1708 - - Aq1708°

Euryarchaeota

Pyrococcus furiosus - - PfPFK [AF127909] PF1886", PF1458%, PF1738%, PF1333%

Pyrococcus horikoshii - - PhPFK [PH1645] PHI1459°, PH1845, PH1155%

Pyrococcus abyssi - - PABO0213 PAB0280°, PAB0482°, PAB 19674,
PABI1646°

Thermococcus litoralis - - Q977Q3 TlFrk

Thermococcus zilligii - - TzPFK [P58847] -

Thermococcus kodakarensis — — — TK2029%/2, TK 1843%/8 TK (04358

Archaeoglobus fulgidus VCI16 - - - AF0401%, AF0356", AF2208¢

Archaeoglobus fulgidus 7324 - - AfPFK -

Methanopyrus kandleri - - - MKO0817%, MK0589¢

Methanocaldococcus jannaschii - - MjGK/PFK MjNK [MJ0406], MJ0236#

[MJ1604]

Methanococcus maripaludis - - - MMP0418*

Methanothermobacter thermoautotrophicus — - - MTH1544°, MTH1841°,MTH404*,
MTHI16148

Methanosarcina mazei - — - MM2358¢, MM3131°, MM03388

Methanosarcina barkeri - - ZP_00077241 -

Methanosarcina acetivorans - - P58847 MA1373% MA1840%, MA3197#

Thermoplasma acidophilum - - - Ta0880°, Tal2818

Thermoplasma volcanium - - - TVNO0979%, TVNO05138

Picrophilus torridus - - - PTO01237¢, PTO12902

Halobacterium NRCI - — - VNG2516C*, VNG1851G?, VNG2606G*,
VNGO158G"

Halobacterium marismortui - - - rrnAC0249¢, rrnAC24492

Haloferax alicantei - - - HaKDGK [TAA792]

Crenarchaeota

Desulfurococcus amylolyticus - - - DaPFK

Aeropyrum pernix - - - ApPFK/NK [APE0012]°, APE2106°,
APE2400°

Pyrobaculum aerophilum - - - PAE0835%, PAE2535¢%

Thermoproteus tenax - CAA74988 — TtxKDGK [CAF18464], CAF18505°

Sulfolobus solfataricus -

Sulfolobus tokodai _ _

- QI81E2%, Q97WO1P°, Q97U29¢, P96021°,
SS023938, SSO00022

- Q974T7°, ST2478% Q96Y38®, ST23298,

ST0256%, ST2329

The respective enzyme names or accession numbers are given. Proteins that were biochemically characterized are underlined
PFK 6-phosphofructokinase, Frk fructokinase, KDGK 2-keto-3-deoxy-gluconate kinase

4Sugar/carbohydrate kinase
PRibokinase

°Fructokinase

46-PFK

ADP-heptose synthase
-Keto-3-deoxy-gluconate kinase
€Pyrimidine kinase



111

Fig. 2 Multiple sequence MjNK  ————e- MGGKMEKITCVGHTALDY IFNVEKFPEPNTSIQIPSARKYYGGAAANTAV KE 54
alignment of amino acid ApPFK/NK —————— MLEHLVQAVAVGHALVDLRLYVERIPGVDEEAVIKDETRSVGGSAANVA Rh 54
sequences of MjNK and the T1IFrK  mmmmmmmm e MIYAIGEILIDFIAKEEGKLKDVREFEKHPGGAPANVVGIIR; 43
ApPFK/NK and its archacal HaKDGK ~  ——mmmmmmm o MTAELVTFGETMIRLSPPAGERIETARSLEFRTAG SNVAVAASE 46
paralogous: Thermococcus TtxKDGK MAEGRCSQGKEPAEAMISLVALGEPLIQLNAVTPGPLRYVAYFEKHVAGSZANFEIAAT! 60
litoralis fructokinase, Lo TS I
Halobacterium alicantei KDG- )
Kinase, Thermoproteus tenax MjNK LGVNSELLSCVGYDFKNSGYERYLKNLDINISKLYYSEEEETPKAWI FTDK----DNNQI 110
> - ApPFK/NK LGVQSGIIGKIGLDDFGRIAVDNLMREGVDISGLRVSLRDRTGFSVVVRDK----EGSIT 110

KDG kinase (for accession T1FrK LGAKSALISKVGDDPFGEFLIEELKKERVETKY I IKDTNKHTGIVFVQLIG----AKPEF 99
numbers see Fig. 4). The HaKDGK LGCSAAWLSKLEDSPLGRRVTTELRTHGVEP-YVRWDDDARQGAYY TEQGR-APRPTNVI 104
alignment was generated by TtxKDGK AGARCSLIARVGDDEFGRNIVEYLRGRGVDVSHVKVDPGAPTGIYFVQRHFPVPGRSRLI 120
clustalX (Thompson et al. x .. * .. . .
1997). The two signature
patterns of the PFK-B family: MJINK TFFLWGAAKHYKELNPPN---FNTEIVH--—-—-— IATGDPEFNLKCAKKAYG-NNLVSF 15¢
[AG]-G-X(0,1)-[GAP]-X-N-X- ApPFK/NK IYSFKGAAEKLEPGEIDADAIGRSKHVH--—-——- VASLRPDTTLKTVEIAKKRSITVSW 162
[STA]-X(2)-A-X-G-X-[GS]- T1FrK ILYDGVAYFNLRKEEIQWDFMRDAELLHFG--SVLFAREPSRSTVFEVLRAVKGKVPISY 157
X(9)-G and [DNSKJ-[PSTV]-X- HaKDGK YDRADAAVTTARPDELAVDIVEDAAAFYTSGITPALSETLRETTGELLQTATEAGTTTAF 164
[SAG](2)-[GD]-D-X(3)- TtxKDGK YYRKGSAGSRVGPDDVDSSLISSADAVHS----TGITLALSDSANRAVHKAFGEAKRRTF 17€
[SAGV]-[AG]-[LIVMFYA]- * : P : . i
[LIdVI;l/ISTAP] are %rm_ted_ bold M3jNK DP------ GODLPQYSKEMLLEIIEHTNFLFMNKHEFERASNLL--NFEIDDYLERVD-- 20¢
and the respective deviations ApPFK/NK DP--—--- GRVLSKMGAERLANIISKVDIIFVNRNEAKNLTGYH--DYRQAARHLKKLGP 215
are highlighted T1FrK DVNTRLDLWRGREKEMLKDTEEALKLADIVKIGDGELEYLN-~-~~~~~ K-NGTALEDFNF 20¢

HaKDGK DLNYRSKLWS--PSDARDACESLFPKVDVLVAAERDIRTVLELDGDAPTLASELAGDEDF 222

TtxKDGK DTNIRPALWPDLAAARRAILDVLNYGVDVLVTDPDDTQILLGVR--DPEEAYRKYRELGV 234

* . . .

MjNK -ALIVTKGSKGSVIYTKDKKIEIPCIKAGKVIDPTGAGDSYRAGFLSAYVKG-—-————~ 260

ApPFK/NK KIVVIKLGASGSYILYSDGEVFVPAIKPERVVDTTGAGDSYAAGFIAGLLRG-——————~ 267

T1FrK ALVAITRGAEGSTIIHKDIRVDVPSFK-VEPVDTTGAGDAFMAALLASLFYMGKLDILEF 268

HaKDGK ETVVVTRGEDGALARHGGTVYEQPVFE-TDTVDLIGIGDAFVGAFLSRLIAD---———-~ 273

TtxKDGK QTLVYKLGAEGAYVFWNGGSYFRDALK-VAVEDPTGAGDAVAGHFVALYLSG---———-- 285

: I . H *, kokk; HE .

MJNK -—YDLEKCGLIGAATASFVVEAKGCQTNLPTWDKVVERLEKHRI---~ 302

ApPFK/NK --YTIEKASLYATIVASIKVSRLGSN-AAPSHEEVVEKARELGVEI-- 310

T1FrK SKEELKELGSFANLVAALSTTKRG-AWSVPSLEEVLKHRKFSFLP--- 312

HaKDGK --EPVETALAYGAATAALKRTVHG-DLAVVTPDEVERVLRGGDAGIDR 318

TtxKDGK

kinases as well (see Pfam), the broad substrate range of
the MjNK is, to our best knowledge, unique within the
PFK-B family. This family includes pyrimidine kinases
(see Pfam PF00294), e.g. the hydroxymethylpyrimidine
kinase/phosphomethylpyrimidine kinase from E. coli
(Mizote et al. 1999), but a PFK-B with cytidine kinase
activity has not been described for a PFK-B kinase yet
(Liacouras and Anderson 1975; Van Rompay et al.
2001). Further structural analyses will help to under-
stand the substrate specificity of this enzyme. The re-
combinant enzyme could be produced in significant
quantities, a prerequisite for crystallization and struc-
tural analysis, which are in progress. The extended re-
analysation of DaPFK and ApPFK revealed that
DaPFK represents a specific ATP-PFK, whereas the
enzyme from A. pernix exhibits a broad substrate spec-
ificity with similar activities for F6P and various nucle-
osides. Therefore, this enzyme from A. pernix should be
reassigned as ApPFK/NK. Consequently, DaPFK plays
a role in glucose catabolism and MjNK in nucleotide
metabolism, whereas ApPFK/NK might have a dual
function in both glucose catabolism and nucleotide
metabolism.

The distinct substrate specificity of hyperthermophilic
MjNK cannot be explained on the sequence level yet.
Like other PFK-Bs, the sequence of MjNK contains the

--VDPRRALDLAVAASALVVGVRGDNEALPSPREAEELLKAL-—---—-- 325

* :

two signature patterns of the PFK-B family (Hansen
and Schonheit 2001). BLASTP searches of the non-
redundant database with the sequence of the MjNK
revealed more than 500 hits (March 2006), including a
variety of several archaeal members of the PFK-B family
(Table 4). The six best scores were obtained with puta-
tive methanogenic members of the PFK-B family
(MMP0418, MM2358, ZP_00148642, ZP_00295129,
MA373, MTH1544) indicating that these ORFs might
encode for proteins with a substrate specificity similar to
the one of MjNK. The MjNK shows the highest degree
of sequence similarity to its putative homolog ORF
MMPO0418 from Methanococcus maripaludis (76% sim-
ilarity). The sequence similarity of MjNK to ApPFK/
NK is still significant (49%), but quite low to the E.
acetylicum guanosine kinase (31%) or to the KDG ki-
nase from 7. tenax (20%).

Sequence comparison and phylogenetic affiliation

A multiple sequence alignment of the MjNK with char-
acterized archaeal members of the PFK-B family (DaP-
FK, ApPFK/NK, fructokinase 7. litoralis, KDG kinases
from T. tenax, and H. alicantei) (Holmes et al. 1997,
Hansen and Schonheit 2000, 2001; Ronimus et al. 2001b;
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EaGSK [8AA2361)

Tm [TMO785, SK]

Tm [TM0828, SK]
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{1000
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Ph [PH1845, RK]
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BsRK [P36945]
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St [Q96Y38, RK]
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ECRK [P05054]
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sugar kinases
Bacteria

pyrimidine kinases

ketohexokinase

mammals
heptose-7-phosphate kinases
Bacteria, Archaea

2-keto-3-deoxy-
gluconate kinases

fructokinases

sugar kinases

and

nucleoside kinases?
Archaea

ribokinases
Bacteria, Archaea

sugar kinases?
Halobacteriales
nucleoside kinases
Euryarchaeota
Bacteria

adenosine kinases
Eukarya

Qu et al. 2004; Siebers et al. 2004) is given in Fig. 2.
Presumably due to the diverse functions of the PFK-B
proteins, only few residues are conserved, which are
found in the two consensus patterns. The MjNK shows
two deviations from these patterns. The characterization
of the MjNK along with the reanalysation of the
substrate specificity of ApPFK/NK allows tree

constructions with respect to both phylogeny and func-
tion. For the majority of genomes from both archaeal
hyperthermophilic species which have been sequenced so
far, several proteins with different function have been
annotated belonging to the PFK-B-family (e.g. see Ta-
ble 4). Presumably, these paralogous sequences have
evolved from an ancestral sequence by a combination of
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Fig. 3 Phylogenetic relationships of PFK-B proteins. The tree was
generated using the neighbour-joining method of clustalX (Thomp-
son et al. 1997). Bootstrap values are based on 1,000 replicates and
are given at each node (only values above 300 are shown). The
accession numbers of the sequences as well as their annotation are
given in brackets, characterized archaeal proteins (TxKDGK,
HaKDGK, TIFrK, ApPFK/NK, MjNK) are marked bold.
Abbreviations used for enzymes: GSK guanosine kinase, TK
tagatose kinase, Fr/K fructose-1-kinase, PFK phosphofructoki-
nase, THK hydroxyethylthiazole kinase, Pyk pyrimidine kinase,
PmPK phosphomethylpyrimidine kinase/hydroxymethylpyrimi-
dine kinase, HMPK hydroxymethylpyrimidine kinase, SK sugar
kinase, KHK ketohexose kinase, HLDE heptose-7-phosphate
kinase, KDGK 2-keto-3-deoxy-glucomnate kinase, Frk fructokin-
ase, RK ribokinase, NK nucleoside kinase, AK adenosine kinase.
Abbreviations used for species: Aa Aquifex aelicus, Af Archaeo-
globus fulgidus, Ap Aeropyrum pernix, Acp Actinobacillus pleuro-
monia, Ber Babesia canis rossi, Bs Bacillus subtilis, Cg Cricetulus
griseus, Ec E. coli, Ea Exiguabacterium acetylicum, Gs Geobacillus
stearothermophilus, Ha Halobacterium alicantei, Hl Halobacterium
NRC 1, Hm Halobacterium marismortui, L1 Lactococcus lactis, m
mouse, Ma Methanosarcina acetivorans, Mb Methanosarcina
barkeri, Mj Methanocaldococcus jannaschii, Mk Methanopyrus
kandleri, Mm Methanosarcina mazei, Mmp Methanococcus marip-
aludis, Mt Methanothermobacter thermoautotrophicus, MtM Meth-
anothermobacter marburgensis, Pae Pyrobaculum aerophilum, Pa
Pyrococcus abyssii, Pf Pyrococcus furiosus, Ph Pyrococcus horiko-
shii, Psa Pseudomonas aeruginosa, Pt Picrophilus torridus, Rl
Rhizobium leguminosarum, Sa Staphylococcus aureus, Sat Salmo-
nella typhimurium, Sato Salmonella thompson, Sm Streptococcus
mutans, Ss Sulfolobus solfataricus, St Sulfolobus tokodai, Sotu
Solanum tuberosum, Ta Thermoplasma acidophilum, Tg Toxoplasma
gondii, Tk Thermococcus kodakarensis, TI Thermococcus litoralis,
Tm Thermotoga maritima, Tt Thermus thermophilus, Ttx Thermo-
proteus tenax, Tv Thermoplasma volcanium, Va Vibrio alginolyticus,
Xp Xanthomonas campestris, zm Zea maize

gene duplications and functional diversification. Indeed,
the evolution of PFK-B appears to be complex as dem-
onstrated in the phylogram in Fig. 3, which includes se-
lected members of the PFK-B family as well as both
characterized and putative archacal PFK-B sequences.
The PFK-B sequences cluster according to function and/
or phylogeny. These overlapping evolutionary influences
are probably also reflected by the low bootstrap values of
the basal nodes. At least eleven groups could be dis-
cerned: (1) various bacterial PFK-B kinases, (2) bacterial
and archaeal pyrimidine kinases, (3) mammalian ketoh-
exokinaes, (4) bacterial and archaeal heptose-7-phos-
phate kinases, (5) archaeal and bacterial KDG-kinases,
(6) fructokinases from all three domains, (7) archaeal
PFK-Bs including the ApPFK/NK, (8) bacterial and
archaeal ribokinases, (9) halobacterial PFK-Bs, (10)
euryarchaeal and bacterial nucleoside kinases including
the MjNK, and (11) eukaryal adenosine kinases.
Archaeal sequences were found among bacterial or
bacterial and eukaryal sequences in at least five groups
(pyrimidine  kinases, heptose-7-phosphate kinases,
KDG-kinases, fructokinases, and ribokinases) suggest-
ing that these groups had resulted from a very early
functional divergence in the evolution of the PFK-Bs,
most likely before division of the domains. The
separate clustering of the halobacterial PFK-Bs is
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presumably due to the unique physiology of these
organisms with their high intracellular salt concentra-
tions. Interestingly, the ApPFK/NK and the MjNK fall
into separate groups despite their partial functional
resemblance. The ApPFK/NK clusters with a variety of
crenarchaeal and euryarchaeal sequences. However, the
ApPFK/NK is the only protein in this group that has
been functionally characterized yet. Though, the other
archaeal sequences of this archacal PFK-B group have
been assigned as ribokinases or sugar kinases, further
functional characterization of these archaeal PFK-B
enzymes with respect to specificity are necessary to
understand the evolution of this PFK-B group as well
PFK-Bs in general. Further, the MjNK clusters with
the adenosine kinase from the bacterium Mycoplasma
tuberculosis (Long et al. 2003) and putative euryar-
chaeal sequences, indicating that these euryarchaeal
sequences might encode for nucleoside kinases like the
MjNK as well. Final proof will have to await further
characterization of these enzymes.
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