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Phosphofructokinase (PFK) is a key enzyme of the glycolytic pathway in all domains of life. Two related
PFKs, ATP-dependent and PP;-dependent PFK, have been distinguished in bacteria and eucarya, as well as in
some archaea. Hyperthermophilic archaea of the order Thermococcales, including Pyrococcus and Thermococcus
spp-, have recently been demonstrated to possess a unique ADP-dependent PFK (ADP-PFK) that appears to
be phylogenetically distinct. Here, we report the presence of ADP-PFKs in glycogen-producing members of the
orders Methanococcales and Methanosarcinales, including both mesophilic and thermophilic representatives. To
verify the substrate specificities of the methanogenic kinases, the gene encoding the ADP-PFK from Methano-
coccus jannaschii was functionally expressed in Escherichia coli, and the produced enzyme was purified and
characterized in detail. Compared to its counterparts from the two members of the order Thermococcales, the
M. jannaschii ADP-PFK has an extremely low K,, for fructose 6-phosphate (9.6 M), and it accepts both ADP
and acetyl-phosphate as phosphoryl donors. Phylogenetic analysis of the ADP-PFK reveals it to be a key
enzyme of the modified Embden-Meyerhof pathway of heterotrophic and chemolithoautotrophic archaea.
Interestingly, uncharacterized homologs of this unusual kinase are present in several eucarya.

The Embden-Meyerhof pathway is the most common route
for the degradation of glucose. While several small variations
in this glycolytic pathway are known, major modifications have
been demonstrated in Pyrococcus furiosus and other hyperther-
mophilic archaea (4, 23). A combination of metabolic, bio-
chemical, and genetic approaches have established that the
pyrococcal glycolysis differs from the Embden-Meyerhof path-
way by incorporating new conversions, novel enzymes, and
unique control (9, 11, 15, 27, 28). First, the single-step conver-
sion of glyceraldehyde-3-phosphate to 3-phospho (3P)-glycer-
ate is catalyzed by a uniquely controlled glyceraldehyde-3-
phosphate ferredoxin oxidoreductase (GAPOR) instead of the
two-step reaction catalyzed by the conventional couple glycer-
aldehyde-3-phosphate dehydrogenase and phosphoglycerate
kinase (15, 28). Second, instead of the classical ATP-depen-
dent hexokinase, the pyrococcal pathway involves a novel
ADP-dependent glucokinase (ADP-GLK) (11, 13). Third, a
novel nonallosteric ADP-dependent phosphofructokinase
(ADP-PFK) replaces the more common ATP-PFK (27).

The gene encoding an ADP-PFK was identified in the ge-
nome of P. furiosus and functionally expressed in Escherichia
coli, and the encoded protein was thoroughly characterized
(27). Primary structure comparison revealed the ADP-PFK to
be a member of a novel enzyme family that did not show
homology to known PFKs, which are monophyletic and include
both ATP- and pyrophosphate (PP;)-dependent enzymes.
However, the ADP-PFK appeared to have significant similarity
to the ADP-GLK from P. furiosus, suggesting that they belong
to the same novel family of kinases. Recently, the crystal struc-
ture of the ADP-GLK from Thermococcus litoralis was solved.
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Unexpected structural similarity was recognized with members
of the ribokinase family (7).

Initial analysis of the first sequenced archaeal genome, that
of the hyperthermophilic archaeon Methanococcus (Methano-
caldococcus) jannaschii (29), suggested the presence of several
glycolytic-enzyme-encoding genes but indicated the absence of
a gene encoding a classical PFK (2, 24). Hence, it was sug-
gested that the PFK from M. jannaschii could be ADP depen-
dent and therefore undetectable in the sequence data (24).
Indeed, an ortholog (MJ1604) with 48% identity (on the amino
acid level) to the P. furiosus ADP-PFK was found to be en-
coded by the M. jannaschii genome (27). The presence of this
hypothetical ADP-PFK in M. jannaschii suggests the presence
of a modified Embden-Meyerhof pathway in methanogenic
archaea as well. Previous studies on the genomic and enzyme
levels indicated the presence of classical Embden-Meyerhof
enzymes in bacteria, eucarya, and archaea (3). However, no
attention was given to enzymes involved in the modified
Embden-Meyerhof pathway.

To obtain insight into the presence and function of ADP-
PFKs in representatives of different phylogenetic lineages, we
investigated their distribution on both the genomic and func-
tional levels. Moreover, the gene encoding the ADP-PFK from
M. jannaschii was overexpressed in E. coli, and the purified
enzyme was thoroughly characterized. The results provided
evidence for the presence of ADP-PFKs in both mesophilic
and thermophilic archaea and led us to propose an evolution-
ary model.

MATERIALS AND METHODS

Organisms and growth conditions. All microorganisms were grown under an
H,-CO, atmosphere in 50 and 250 ml of medium, except that Methanosaeta
concilii and P. furiosus were grown under an N,-CO, atmosphere. P. furiosus
(100°C) (DSM 3638) Methanococcus igneus (80°C) (DSM 5666), M. jannaschii
(80°C) (DSM 2661), Methanococcus maripaludis (37°C) (DSM 2067), Methano-
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coccus thermolithotrophicus (65°C) (DSM 2095), Methanopyrus kandleri (95°C)
(DSM 6324), and Methanobacterium thermoautotrophicum Z-245 (65°C) (DSM
3720) (10) and Methanosarcina mazei (37°C) (DSM 2053) and M. concilii (37°C)
(DSM 3671) (26) were grown as described previously (optimum temperatures
given in parentheses). M. mazei and M. concilii were supplemented with 50 mM
methanol and 30 mM acetate, respectively. Nina Brunner (University of Essen,
Essen, Germany) kindly provided cells of Methanothermus fervidus (DSM 2088),
grown at 80°C. Cells of Methanospirillum hungatei (DSM 864), grown at 37°C,
were kindly provided by Frank de Bok (Wageningen University, Wageningen,
The Netherlands).

Preparation of cell extracts from methanogens. Cells were harvested from
exponentially growing cultures by centrifugation (27,500 X g for 20 min) and
suspended in 20 mM Tris-HCI (pH 7.5). The suspension was sonicated three
times for 30 s each time. Cell debris was removed by centrifugation (16,000 X g
for 15 min), and the resulting supernatant was used for enzyme measurements
and protein determination. All manipulations in the preparation of cell extracts
were performed anaerobically.

Enzyme activity assays in cell extracts. All enzyme assays were performed
anaerobically in N,-flushed stoppered 1-ml quartz cuvettes. Enzymatic activities
were determined at temperatures close to the optimal growth temperature of the
respective microorganism, with a maximum of 80°C. However, when auxiliary
enzymes from mesophilic sources were included in assays, the measurements
were performed at 37 (M. maripaludis, M. mazei, M. concilii, and M. hungatei) or
50°C (P. furiosus, M. igneus, M. jannaschii, M. thermolithotrophicus, M. kandleri,
M. thermoautotrophicum, and M. fervidus), at which temperatures the heat-labile
enzymes remained active and the activities of the thermostable enzymes could
still be detected. The pH of buffers was adjusted at assay temperatures. Specific
activities were calculated from linear rates and expressed in units per milligram
of protein. One unit was defined as the amount of enzyme required to convert 1
pmol of substrate per min.

PFK activity was measured by following the oxidation of NADH in a coupled
assay with fructose-1,6-bisphosphate aldolase, triosephosphate isomerase, and
glycerol-3-phosphate dehydrogenase. The assay mixture contained 100 mM mor-
pholineethanesulfonic acid (MES) (pH 6.5); 10 mM MgCl,; 0.2 mM NADH; 10
mM fructose-6-phosphate; 2.5 mM ATP, ADP, or acetyl-phosphate; 0.23 U of
aldolase (from rabbit muscle); 11 U of triosephosphate isomerase (from rabbit
muscle); 3.9 U of glycerol-3-phosphate dehydrogenase (from rabbit muscle); and
0.13 to 0.88 mg of protein. The absorbance of NADH was followed at 340 nm (¢
=618 mM ' ecm™').

Hydrogenase activity was measured in hydrogen-flushed cuvettes using methyl
viologen as an artificial electron acceptor. The assay mixture contained 100 mM
Tris-HCI (pH 7.8), 0.1 mM dithiothreitol, and 1 mM methyl viologen. To mea-
sure maximal hydrogenase activity, the buffer was slightly prereduced by adding
ca. 1 pl of a freshly prepared 100 mM sodium dithionite solution to the cuvette
until an optical density at 578 nm of ca. 0.2 was reached. The reaction was started
by adding 0.035 to 0.13 mg of protein. The reduction of methyl viologen was
followed at 578 nm (¢ = 9.7 mM ™' cm ™).

Protein concentrations were determined with Coomassie brilliant blue G250 as
previously described (1).

Genome analysis. Genome databases were screened for orthologs of modified
and classical types of GLK and PFK, as well as of glyceraldehyde 3-phosphate
dehydrogenase and glyceraldehyde 3-phosphate ferredoxin oxidoreductase
genes, at the National Center for Biotechnology Information (http://www.ncbi
.nlm.nih.gov/ [update, August 2001]), using blastP (expect value [E] < 2e-04); at
Genomes On Line Databases (http:/igweb.integratedgenomics.com/GOLD/
[update, July 2001]); and at Kyoto Encyclopedia of Genes and Genomes (http:
/Iwww.genome.ad.jp/kegg/ [update July 2001]). The Sulfolobus solfataricus ge-
nome was screened at Multipurpose Automated Genome Project Investigation
(http://niji.imb.nrc.ca/sulfolobus/private/sulfolobus.html [update, January 2001]).

Multiple sequence alignment and tree construction. Sets of amino acid se-
quences were aligned with the ClustalX program (version 1.64b) and edited
manually. A neighbor-joining tree was constructed with complete 16S and 18S
rRNA sequences using the ARB software package (http:/www.mikro.biologie
.tu-muenchen.de/pub/ARB/documentation/arb.ps) and modified based on the
model of Woese et al. (30).

Cloning of the pfkC gene from M. jannaschii. An ortholog of the recently
characterized pfkC (formerly called pfkA4) gene from P. furiosus (27) was detected
in the M. jannaschii database (MJ1604). The following primer set was designed
to amplify this M. jannaschii pfkC gene open reading frame by PCR: BG445
(5'-GCGCGCCATGGCATGTGATATTATGGAAATAA; sense) and BG446
(5'-GCGCGGATCCTTAGCTCATTCTTTTTTTATTTAA; antisense); Ncol
and BamHI restriction sites are indicated in boldface. The 100-pl polymerase
reaction mixture contained 100 ng of chromosomal M. jannaschii DNA, isolated
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as described before (22); 100 ng each of primers BG445 and BG446; 0.2 mM
deoxynucleoside triphosphates; Pfu polymerase buffer; and 5 U of Pfu DNA
polymerase and was subjected to 35 cycles of amplification (1 min at 94°C, 35 s
at 50°C, and 3 min at 72°C) on a DNA thermal cycler (Perkin-Elmer Cetus). The
PCR product was digested (Ncol/BamHI) and cloned into an Ncol/BamHI-
digested pET9d vector, resulting in pLUWS575, which was transformed into
BL21(DE3). Sequence analysis of pPLUWS575 was done by the dideoxynucleotide
chain termination method with a Li-Cor automatic sequencing system (model
4000L). Sequence data were analyzed using the computer program DNASTAR.

Purification and characterization of the E. coli-produced ADP-PFK from M.
Jannaschii. An overnight culture of E. coli BL21(DE3) harboring pLUWS575 was
inoculated (1%) into 1 liter of Luria-Bertani medium with 50 wg of kanamycin/
ml. After growth for 16 h at 37°C, the cells were harvested by centrifugation
(2,200 X g for 20 min) and resuspended in 10 ml of a 20 mM Tris-HCl buffer (pH
7.8). The suspension was passed twice through a French press (100 MPa), and
cell debris was removed by centrifugation (10,000 X g for 20 min). The resulting
supernatant was heat treated for 30 min at 80°C, and precipitated proteins were
removed by centrifugation.

The cell extract was filtered through a 0.45-pm-pore-size filter and applied to
a Q-Sepharose fast-flow column (Amersham Pharmacia Biotech) that was equil-
ibrated with a 20 mM Tris-HCI buffer (pH 7.8) containing 1 mM CHAPS
{3-[(3-cholamidopropyl)-dimethylammonio]-1-propane sulfonate}. ADP-PFK
activity eluted at 0.3 M NaCl in a 125-ml gradient from 0 to 1 M NaCl. Active
fractions were pooled and desalted by ultrafiltration using a 10 mM potassium
phosphate buffer (pH 7.0). The desalted pool was applied to a hydroxyapatite
CHTS5-1 column (Bio-Rad) that was equilibrated with 10 mM potassium phos-
phate buffer. The enzyme eluted in a 75-ml linear gradient (10 to 500 mM
potassium phosphate) at 250 mM potassium phosphate. Active fractions were
pooled, the buffer was changed for a 25 mM Tris-HCI buffer (pH 7.8) containing
1 mM CHAPS by ultrafiltration, and the pool was loaded onto a mono-Q HR 5/5
column (Amersham Pharmacia Biotech) that was equilibrated in the same buffer.
The enzyme eluted from the column at 0.3 M NaCl in a 20-ml linear gradient
from 0 to 1 M NaCl. Fractions showing ADP-PFK activity were pooled and
concentrated 16-fold to a final volume of 460 pl. This concentrated pool was
applied to a Superdex 200 HR 10/30 gel filtration column (Amersham Pharmacia
Biotech) that was equilibrated with a 100 mM Tris-HCI buffer (pH 7.8) contain-
ing 100 mM NaCl, from which the protein eluted after 15 ml. The purity of the
ADP-PFK was confirmed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (PAGE).

The purified enzyme was characterized by determining its specific activity,
molecular mass, pH optimum, substrate specificity, kinetic parameters, and al-
losteric effectors as described before (27).

RESULTS

Genome analysis. To investigate the presence of genes that
potentially encode enzymes involved in the modified Embden-
Meyerhof pathway, we screened recent releases of complete
and incomplete genome sequences of archaea and thermo-
philic bacteria (Table 1).

Orthologs of the novel GAPOR were identified in the ge-
nomes of all three Pyrococcus species (P. furiosus, Pyrococcus
horikoshii and Pyrococcus abyssi) and in that of M. jannaschii.
A classical NAD-dependent glyceraldehyde-3-phosphate dehy-
drogenase appeared to be present in all screened genomes. In
P. furiosus, this glyceraldehyde-3-phosphate dehydrogenase is
involved in gluconeogenesis, whereas GAPOR functions in the
glycolytic direction (28).

Orthologs of the ADP-GLK were identified only in the ge-
nomes of all three Pyrococcus species. Genes encoding classical
ATP-dependent hexokinases were identified in Halobacterium
sp. strain NRC-1, Thermoplasma acidophilum, Aeropyrum per-
nix, and the hyperthermophilic bacteria Thermotoga maritima,
Aquifex aeolicus, and Thermus thermophilus.

Finally, ADP-PFK orthologs were identified in the three
Pyrococcus genomes, the M. jannaschii genome, and the ge-
nome of M. mazei G61. Remarkably, both an ATP-PFK and a
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TABLE 1. Enzymes of the classical and modified Embden-Meyerhof pathways encoded in the different genomes of archaea and
(hyper)thermophilic bacteria

Accession no.

Genome”
ATP-GLK ADP-GLK ATP-PFK ADP-PFK PP;-PFK GAPDH? GAPOR
Pfu AF127910 AF127909 PF1729232 AAC70892
Pho PHO0589 PH1645 PH1830 PHO0457
Pab PAB0967 PAB0213 PABO0257 PA1315
Mja MIJ1604 MI1146 MIJ1185
Mma Present® Present
Afu AF1732
Mth MT1009
Hal AAG20664 AAG18725
Tac TA0825 TA1103
Sso SS0O0528
Ape APE2091 APE0012¢ APE0171
Tma TM1469 T™M0209 TM0289 TMO0688
Aae AQ1496 AQ1708 AQ1065
Tth Present Present Present

“ Genome analyses were performed on the following organisms euryarchaea, Pfu, P. furiosus; Pho, P. horikoshii; Pab, P. abyssi; Mja, M. jannaschii; Mma, M. mazei;
Afu, A. fulgidus; Mth, M. thermoautotrophicum; Hal, Halobacterium sp. strain NRC-1; Tac, T. acidophilum. crenarchaea, Sso, S. solfataricus; Ape, A. pernix. Bacteria,

Tma, T. maritima; Aae, A. aeolicus; Tth, T. thermophilus.
® GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
¢ Present, present in the genome but not yet annotated.

@ APE0012 was detected using the N-terminal amino acid sequence of the ATP-PFK from Desulfurococcus amylolyticus (6) and was recently experimentally confirmed

@1).

PP;-PFK ortholog were identified in the genome of 7. mari-
tima, whereas in the closely related A. aeolicus, only an ATP-
PFK ortholog was identified.

Interestingly, homologs of ADP-dependent sugar kinases
(12 to 17% identity to the archaeal kinases) were identified in
several eukaryotic genome sequences, i.e., those of Drosophila
melanogaster (AAF49769), Caenorhabditis elegans (T32780),
Mus musculus (BAB27619), and Homo sapiens (AAH06112)
(query, ADP-GLK [AF127910]; blastP, E < 1e-07); no homol-
ogous sequence was identified in yeast. Based on the recently
described ADP-GLK structure of 7. litoralis (7), a multiple
sequence alignment of the identified homologs was created
showing the conservation of several structurally important ac-
tive-site residues in the ADP-dependent sugar kinases and
their eukaryal homologs (Fig. 1). The C. elegans amino acid
sequence was omitted from the alignment because the C-ter-
minal part of its sequence was fused with a putative transacy-
lase, and therefore, important residues conserved at the C-
terminus might have been lost.

Distribution of ADP-PFK activity in methanogens. The
identification of orthologs of the ADP-PFK in M. jannaschii
and M. mazei (Table 1) suggested that the modified Embden-
Meyerhof pathway, as first described in the fermentative hy-
perthermophilic archaeon P. furiosus, may also be present in
methanogens. This prompted us to determine PFK activity
using ADP and ATP as the phosphoryl group donors in a wide
range of methanogenic species belonging to various taxonomic
groups. As a reference enzyme, hydrogenase activity was mea-
sured as well.

ADP-PFK activity was detected in cell extracts of the ther-
mophilic methanogens M. jannaschii, M. igneus, and M.
thermolithotrophicus and in the mesophilic methanogens M.
maripaludis and M. mazei (Table 2). The presence of an ATP-
PFK activity (5.6 mU/mg) in M. maripaludis had been reported
previously (31). However, we could detect only activity of an

ADP-PFK (6.1 mU/mg) but not that of an ATP-PFK in M.
maripaludis. An ADP-PFK activity was also detected in the
mesophilic M. concilii. In that organism, a high ATP-PFK
activity was also detected. Since M. concilii is known to possess
high adenylate kinase activity (8), the detected ADP-PFK ac-
tivity might be the result of the combined action of the ade-
nylate kinase and the ATP-PFK activity. In M. thermolithotro-
phicus, both ADP-PFK and ATP-PFK activities were detected.

Overexpression of the M. jannaschii pfkC gene in E. coli. To
gain insight into the substrate specificity of the methanogic
ADP-PFK orthologs, we compared the properties of the en-
zyme of M. jannaschii to those of P. furiosus ADP-PFK. For
this purpose, the M. jannaschii pfkC gene (MJ1604) was PCR
amplified and cloned into pET9d, resulting in plasmid
pLUWS575. DNA sequence analysis of pLUWS75 confirmed
that the cloned pfkC gene showed the expected sequence.
Sodium dodecyl sulfate-PAGE analysis of a cell extract of E.
coli BL21(DE3) harboring pLUWS575 revealed an additional
band of 51.5 kDa, which corresponded to the calculated mo-
lecular mass (53.4 kDa) of the gene product (not shown). This
band was absent in cell extracts of E. coli BL21(DE3) carrying
the pET9d vector that also showed no ADP-PFK activity. In a
cell extract of E. coli BL21(DE3) harboring pLUWS575, an
ADP-PFK activity of 0.8 U/mg was measured at 50°C, confirm-
ing that the cloned M. jannaschii pfkC gene indeed encoded an
ADP-PFK. The enzyme could be produced up to 10% of total
soluble cell protein after 16 h of cultivation at 37°C without
inducing gene expression by adding isopropyl-1-thio--p-galac-
topyranoside.

Characteristics of the M. jannaschii ADP-PFK. The E. coli-
produced M. jannaschii ADP-PFK was purified to homogene-
ity. The native molecular mass of the enzyme, as determined by
native PAGE at various acrylamide percentages was approxi-
mately 50.1 kDa, indicating that the M. jannaschii ADP-PFK is
a monomer (not shown).
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FIG. 1. Multiple alignment of ADP-dependent kinase homologs. Gaps introduced for optimal alignment are marked by hyphens. Conserved
residues are shaded black. Residues that are present in at least one eukaryal sequence and in the majority of the archaeal sequences are shaded
grey. Nucleotide binding loops are indicated by bars above the alignment. a, residues that form hydrogen bonds with ADP; d, residues involved
in the discrimination between ADP and ATP (the residues in these positions specific for ATP-dependent ribokinase and adenosine kinase are
indicated above the alignment); h, hydrophobic residues that form a pocket with the approximate shape of the adenosine moiety; s; sugar binding
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The purified enzyme had a specific activity of 8.2 U/mg at
50°C at the optimum pH of 6.5, only in the direction of phos-
phorylation. Apart from ADP, acetyl-phosphate could serve as
an efficient phosphoryl group donor to the enzyme (Table 3).
Divalent cations were required for activity, as indicated by
complete lack of activity in the presence of EDTA. ADP-PFK
activity was highest in the presence of CaCl,, followed by
MgCl, (Table 3). Both KCI and NaCl had negative effects on
the ADP-PFK activity (84 and 88% activity in 500 mM KCl and
NacCl, respectively). Furthermore, the enzyme activity was neg-
atively affected by the addition of ATP or AMP to the assay
mixture (53 and 24% activity in 10 mM ATP and AMP, re-
spectively). However, the addition of fructose 2,6-bisphos-
phate, pyruvate, glucose, phosphoenolpyruvate, or citrate to
the assay mixture had no effect on the activity. The enzyme
showed Michaelis-Menten kinetics at 50°C, with the following
constants, which were determined according to a computer-
aided direct fit using the Michaelis-Menten equation: apparent
K, values of 0.0096 = 0.0007 and 0.49 = 0.13 mM for fructose
6-phosphate and ADP, respectively, and apparent V,, values
of 11.2 = 0.3 and 9.59 = 0.74 U/mg for fructose 6-phosphate
and ADP, respectively. For acetyl-phosphate as a phosphoryl
group donor, an apparent K,,, value of 11.9 + 1.8 mM and an
apparent V.. of 14.4 = 1.0 U/mg at 50°C were determined. In
a Hill plot, the kinetic data of fructose 6-phosphate, ADP, and
acetyl-phosphate showed noncooperative binding of the sub-
strates (not shown).

DISCUSSION

Following the discovery of ADP-PFK activity in P. furiosus
(9) and characterization of this novel enzyme (27), ADP-PFK
activity has been detected in various members of the order
Thermococcales (18, 23). The presence of a glycolytic pathway
in methanogens has recently been proposed based on (i) en-
zyme analyses of M. maripaludis (31) and (ii) analysis of the
genome sequence of M. jannaschii, which revealed several gly-
colytic orthologs (2). However, no PFK gene was detected
(24). Here, we demonstrate the functional presence of ADP-
PFKs in methanogenic archaea, analyze their distribution, and
describe the unique catalytic properties of the purified enzyme
from M. jannaschii.

The recent characterization of the amino acid sequence of
the P. furiosus and Thermococcus zilligii ADP-PFK (20, 27)
resulted in the identification of orthologs in the genomes of
both chemolithoautotrophic (M. jannaschii and M. mazei) and
heterotrophic (P. abyssi and P. horikoshii) archaea (Table 1).
These data already suggested that a modified Embden-Meyer-
hof pathway, present in P. furiosus, might also be operational in
methanogens. In addition, we detected PFK activity in all
methanogens investigated, i.e., M. jannaschii, M. thermolitho-
trophicus, M. igneus, and M. maripaludis, of the order Meth-
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TABLE 2. ADP-PFK activities in archaca®

Growth Hydrogenase ADP-PFK ATP-PFK

Microorganism temp activity activity activity
(C)  (Umg  (mUmg (mUjmg)
P. furiosus 100 NM? 150 2.6
T. litoralis® 85 NM 200 NM
M. jannaschii 80 28 21 ND
M. igneus 80 67 16 ND
M. thermolithotrophicus 65 130 18 3.8
M. maripaludis 37 23 2.7 ND
M. mazei 37 140 6.1 ND
M. concilii 37 ND¢ 29 38

“ Enzyme activities were determined as described in Materials and Methods.
No PFK activity could be detected in M. thermoautotrophicum, M. kandleri,
M. fervidus, or M. hungatei extracts.

? NM, not measured.

¢ ND, not detectable.

4 Selig et al. 1997 (23).

anococcales, and M. mazei, of the order Methanosarcinales (Ta-
ble 2). Although ADP-PFK activity could be detected in M.
concilii extracts, this activity was probably the result of the
concerted action of ATP-PFK activity and high adenylate ki-
nase activity (8). The high ADP-PFK activity (18 mU/mg) and
relatively low ATP-PFK activity (3.8 mU/mg) detected in M.
thermolithotrophicus might indicate that two types of PFKs, i.e.,
ADP and ATP dependent, are present in that organism. On
the other hand, the P. furiosus PFK was shown to be active with
ADP and to some extent with ATP (27). Therefore, the ADP-
PFK and ATP-PFK activities detected in M. thermolithotrophi-
cus might also be the result of a single enzyme with affinity for
both ATP and ADP. In all other methanogens investigated,
neither ADP-PFK nor ATP-PFK activity was detected.

Apart from the analysis of an ADP-PFK, the modified
Embden-Meyerhof pathway in P. furiosus also differs from the
conventional Embden-Meyerhof pathway at the level of glyc-
eraldehyde 3-phosphate. The conversion of glyceraldehyde
3-phosphate by GAPOR has also been detected in Thermococ-
cus spp. (23) and M. jannaschii (28; G. Schut and J. van der
Oost, personal communication). This observation confirms
predictions from the genome analyses (Table 1) that the gly-
colytic pathway in M. jannaschii resembles that in P. furiosus,
not only in the ADP dependency of the PFK but also in regard
to the conversion of glyceraldehyde 3-phosphate by GAPOR.

The activities of ADP-PFK and GAPOR found in cell ex-
tracts of M. jannaschii grown under standard autotrophic con-
ditions (H, and CO,), are an order of magnitude lower (PFK,
21 mU/mg; GAPOR, 100 mU/mg) than those in cell extracts of
P. furiosus grown on saccharides (PFK, 150 mU/mg; GAPOR,
1,800 mU/mg) (11, 28). This suggests that, at least under the
investigated conditions, the modified Embden-Meyerhof path-
way is less prominent in M. jannaschii than in P. furiosus. Since
the pathway in methanogens is assumed to be used for glyco-

and/or activation residues (7). The sequences have the following accession numbers: Human, hypothetical H. sapiens protein, AAH06112; Mouse,
hypothetical M. musculus protein, BAB27619; D_melanogaster, hypothetical protein, AAF49769; PFK_P.fur, P. furiosus ADP-PFK, AF127909;
PFK_P.ab., putative P. abyssi ADP-PFK PAB0213, D75170; PFK_P.hor., putative P. horikoshii ADP-PFK PH1645, E71044; PFK_T.zil., T. zilligii
ADP-PFK, AAF97356; PFK_M .jan., M. jannaschii ADP-PFK MJ1604, C64500; PFK_M.mazei, putative M. mazei ADP-PFK (A. Johan, personal
communication); GLK_P.fur., P. furiosus ADP-GLK, AF127910; GLK_P.ab., putative P. abyssi ADP-GLK PAB0967, B75058; GLK_P.hor.,
putative P. horikoshii ADP-GLK PH0589, A71174; GLK_T.lit., T. litoralis ADP-GLK.



7150 VERHEES ET AL.

TABLE 3. Phosphoryl group donor and cation dependence of the
ADP-PFK from M. jannaschii®

Phosphoryl Divalent Sp act Relative activity

group donor cation (mU/mg) (%)
ADP Mg** 8,200 100
GDP Mg** 115 1.4
ATP Mg** 24.6 0.3
GTP Mg** 664 8.1
Acetyl-phosphate Mg** 6,806 83
Polyphosphate Mg>* ND” ND
Phosphoenolpyruvate Mg>* ND ND
Pyrophosphate Mg>* ND ND
ADP Ca’" 9,840 120
ADP Co** 6,396 78
ADP Mn?* 4,428 54
ADP Zn** ND ND

“ Standard enzyme assays were done at 50°C, except that phosphoryl group
donors and cations were varied as described in Materials and Methods.

» ND, not detectable, i.e., the activity was less than 0.3% of the activity under
optimal conditions.

gen degradation during starvation, the enzyme activities might
be induced in starved cells. Under starvation, the mesophilic
archaeon M. maripaludis has been reported to degrade its
glycogen storage, resulting in the release of glucose 1-phos-
phate, which is converted to glucose 6-phosphate to enter the
Embden-Meyerhof pathway (31). Moreover, glycogen has
been reported to be a reserve polysaccharide in Methanosar-
cina spp. and Methanosaeta spp. (16, 17). Likewise, the de-
tected ATP-PFK activity in M. concilii and the ADP-PFK ac-
tivity in Methanococcus spp. and M. mazei presumably play a
role in the degradation of glycogen. All methanogens in which
no PFK activity could be detected, such as M. thermoautotro-
phicum, M. kandleri, M. fervidus, and M. hungatei, appear to
lack the capacity to synthesize and degrade glycogen.
Because of the different physiologies of heterotrophic and
chemolithoautotrophic organisms, a comparison of the prop-
erties of the ADP-PFKs from both types of organisms was of
interest. Therefore, the gene encoding the ADP-PFK from M.
Jjannaschii (MJ1604) was expressed in E. coli, and the protein
was purified and characterized in detail. The biochemical char-
acteristics of this protein were compared to those of the ADP-
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dependent enzymes from P. furiosus (27) and T. zilligii (18)
(Table 4). The M. jannaschii enzyme is the only ADP-PFK
studied that was able to use acetyl-phosphate as a phosphoryl
group donor. It remains unclear whether the specificity for
acetyl-phosphate is a specific physiological adaptation of meth-
anogens or a nonspecific result of a minor deviation in the
substrate binding pocket of the M. jannaschii enzyme. The
latter explanation appears to be the more likely, since no
acetyl-phosphate-dependent PFK activity was detected in the
other methanogens used in this study, including the acetoclas-
tic ones (data not shown).

The affinity of the M. jannaschii enzyme for fructose 6-phos-
phate is extremely high, and its catalytic efficiency (k,/K,,,) of
1,038 mM~* s~ ! is the highest reported to date. Normally, the
apparent K,,, for the phosphoryl group donor is lower than that
for the cosubstrate fructose 6-phosphate, presumably a reflec-
tion of the average intracellular concentrations of both sub-
strates (18). This contrasts with the properties of the M. jann-
aschii enzyme, which shows a 50-fold-lower apparent K, for
fructose 6-phosphate than for ADP. This might reflect differ-
ent intracellular concentrations of fructose 6-phosphate in the
glycogen-degrading M. jannaschii and the sugar-fermenting P.
furiosus and T. zilligii.

Our data extend the previously noted presence of ADP-
PFKs in members of the order Thermococcales to their abun-
dant presence in members of the closely related order Meth-
anococcales. Furthermore, we show that PFKs are present in
all tested glycogen-consuming methanogens of the genera
Methanococcus, Methanosarcina, and Methanosaeta. The first
two genera harbor ADP-PFKs, whereas M. concilii most likely
contains an ATP-PFK rather than ADP-PFK activity. The
presence of activity of an ADP-PFK in mesophilic archaea and
that of ATP-PFK and PP;-PFK in hyperthermophilic archaea
(6, 19, 25) indicates that ADP dependency is not essential for
this glycolytic conversion at higher temperatures (Fig. 2).

Recently, the crystal structure of the ADP-dependent glu-
cokinase from T. litoralis has been solved (7). Because of its
distinct primary structure, it came as a surprise that the ADP-
GLK structure had significant structural similarity to the ATP-
dependent ribokinase family. Cocrystalization with ADP elu-
cidated the position of the nucleotide binding site. Remarkably,

TABLE 4. Biochemical comparison of ADP-PFKs*

Value
Parameter Substrate
P. furiosus® T. zilligii® M. jannaschii
Molecular mass of native enzyme (kDa) 180 200 51.5
Molecular mass of subunit (kDa) 52 53.9 534
Allosteric regulation No No No
Apparent K,,, (mM) Fructose 6-phosphate 2.3 3.77 0.0096
ADP 0.11 0.11 0.49
Acetyl-phosphate ND“ ND 11.9
Fructose 1,6-bisphosphate ND 12.5 ND
AMP ND 0.56 ND
Apparent V. (U/mg) Fructose 6-phosphate 194 197 11.2
ADP 150 243 9.59
Acetyl-phosphate ND ND 14.4

“ Enzyme assays were done at 50°C as described in Materials and Methods or as specified elsewhere.

® Tuininga et al. 1999 (27).
¢ Ronimus et al. 1999, 2001 (18, 20).

4 ND, not detectable, i.e., the activity was less than 0.3% of the activity under optimal conditions.
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FIG. 2. Phylogenetic tree based on 16S and 18S rRNA sequences. The tree was constructed based on complete 16S and 18S rRNA sequences
using the ARB software package. The thick lines represent the (hyper)thermophilic lineages, and the thin lines represent the mesophilic lineages.
PFK activity or related sequences identified in the different species on the genomic and/or functional level are marked as follows: *, ADP-PFK;
#, ATP-PFK; ", PP;-PFK; O, ADP-PFK activity present; @, ADP-dependent (sugar) kinase homolog present; @, both ADP-PFK activity and

homologous gene identified.

minor modifications in amino acid composition appear to re-
sult in a clear preference for either ADP or ATP in the dif-
ferent kinases (7). The majority of the residues that were found
to interact directly with ADP in the T. litoralis ADP-GLK are
conserved in all ADP-dependent sugar kinase homologs, in-
cluding the eukaryal sequences (Fig. 1). The size of the side
chain of residue 353 (M. jannaschii ADP-PFK numbering)
seems to be important for the ADP-dependent kinases to lose
their ATP-dependent activity, as it excludes a nucleotide to
adopt the proper position for donating the y-phosphate (7).
However, ATP can be phosphorylated to some extent by sev-
eral ADP-PFKs (P. furiosus [27], M. jannaschii, and T. zilligii
[18]). Interestingly, in the last two sequences a Leu or Ile
residue has replaced a Tyr residue. ATP-dependent kinases of
the ribokinase family in general have residues with small side
chains (Val or Thr) at this position (Fig. 1) (7). The eukaryal
sequences have more bulky His or Gln residues at the same
position. Moreover, adjacent to I1e353 (M. jannaschii ADP-
PFK numbering), there is a well-conserved Tyr residue
(Tyr352) (except for the Phe residue in M. mazei) (Fig. 1). In
all known members of the ATP-dependent ribokinase family,
an extra residue is located between Tyr352 and Ile353 (not
shown). This elongation of one residue may result in a rear-

rangement of the main chain to create an appropriate shape
for the recognition of the a-phosphate of ATP in these ATP-
dependent enzymes (7). This elongation is absent in the ADP-
dependent sugar kinases and their eukaryal homologs. Ile444,
close to the catalytic base Asp442 (M. jannaschii ADP-PFK
numbering) seems to be one of the key residues that determine
ADP specificity. These two residues are conserved in all ADP-
PFK homologs, as well as in the eukaryal homologs (Fig. 1).
ATP-dependent ribokinases show a Phe residue at the corre-
sponding position (Fig. 1) (7). Hydrophobic amino acids form-
ing a pocket for the right shape of the adenosine moiety are
conserved in the eukaryal sequences as well (Fig. 1), suggesting
that the identified homologs in eucarya are most likely kinases,
with a possible preference for ADP as a phosphoryl donor.
Unfortunately, no ADP-GLK/glucose-6-phosphate cocrystals
are available at the moment that would allow identification of
the sugar binding site of the ADP-dependent sugar kinases.
Nevertheless, important residues involved in the binding of
sugars in members of the ribokinase family (7) seem to be
conserved in the ADP-dependent sugar kinases (Fig. 1). These
putative crucial residues (Asp28 and Gly106-Gly107 of the M.
jannaschii ADP-PFK) are conserved in all archaeal homologs
but not in the eukaryal homologs. Hence, the structure-based
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sequence comparisons suggest that the eukaryal homologs are
presumably (ADP-dependent) kinases but most likely do not
phosphorylate similar sugar substrates.

A phylogenetic tree of the eukaryal and archaeal ADP-
dependent (sugar) kinase homologs (not shown) is in good
agreement with the dendrogram based on 16S and 18S rRNA
sequences (Fig. 2), suggesting natural inheritance rather than
horizontal gene transfer. This suggests that ADP-dependent
kinases may have evolved before the separation of eucarya and
archaea and, if present in the last common ancestor, were lost
from bacteria. Such a loss may also have occurred in the cre-
narchaea and among the euryarchaea in Archaeoglobus (see
Addendum), non-glycogen-consuming methanogens, and
deeply rooted halophiles (Fig. 2). Probably because of their
specific physiological characteristics (no Embden-Meyerhof
pathway), the selective pressure to maintain these kinases was
lost in these organisms. Only the heterotrophic order Thermo-
coccales, as well as the glycogen-degrading orders Methanococ-
cales and Methanosarcinales, are found to contain a functional
variant of the Embden-Meyerhof pathway and, as such, benefit
from harboring an ADP-PFK.

The observed presence of unique ADP-PFK activity and the
corresponding genes in the phylogenetically closely related
Pyrococcus spp. and Methanococcus spp., as well as the deeply
branched M. mazei, suggests that the specific function of ADP-
dependent sugar phosphorylation originated at least before the
branching of Thermococcales and Methanococcales and that
gene duplication in the order Thermococcales has led to two
specific enzymes, i.e., ADP-PFK and ADP-GLK. The acquired
sugar kinases and the gaining of specific glycosyl hydrolases
and sugar transporters by Pyrococcus spp. (5) probably enabled
these organisms to ferment sugars. The ADP-PFKs described
here most likely function as a key step in a central metabolic
pathway. Functional analysis of the eukaryal homologs will be
the next step to gain more insight into the evolution of this
enzyme family.
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ADDENDUM

While this report was being evaluated, Labes et al. described
an ADP-GLK and an ADP-PFK activity in starch-degrading
Archaeoglobus fulgidus strain 7324 (14). The corresponding
genes have not yet been identified. In the genome sequence of
type strain VC16, no genes encoding ADP-GLK or ADP-PFK
could be identified (12).
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