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Abstract—The properties of the purified recombinant PPi-dependent 6-phosphofructokinases (PPi-PFKs) from the
methanotroph Methylosinus trichosporium OB3b and rhizospheric phytosymbiont Methylobacterium nodulans ORS 2060
were determined. The dependence of activities of PPi-PFK-His¢-tag from Ms. trichosporium OB3b (6 x 45 kDa) and PPi-
PFK from Mb. nodulans ORS 2060 (4 x 43 kDa) on the concentrations of substrates of forward and reverse reactions con-
formed to Michaelis—Menten Kkinetics. Besides fructose-6-phosphate, the enzymes also phosphorylated sedoheptulose-7-
phosphate. ADP or AMP (1 mM each) inhibited activity of the Ms. trichosporium PPi-PFK but did not affect the activity of
the Mb. nodulans enzyme. Preference of PPi-PFKs to fructose-1,6-bisphosphate implied a predominant function of the
enzymes in hexose phosphate synthesis in these bacteria. PPi-PFKs from the methylotrophs have low similarity of translat-
ed amino acid sequences (17% identity) and belong to different phylogenetic subgroups of type 11 6-phosphofructokinases.
The relationship of PPi-PFKs with microaerophilic character of Ms. frichosporium OB3b and adaptation of Mb. nodulans
ORS 2060 to anaerobic phase of phytosymbiosis are discussed.
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In most microorganisms a key stage of glycolysis —
phosphorylation of fructose-6-phosphate (F6P) to fruc-
tose-1,6-bisphosphate (FBP) — is catalyzed by allosteri-
cally regulated ATP-dependent 6-phosphofructokinase
(ATP-PFK, EC 2.7.1.11). However, a number of pro-
and eukaryotes, including phototrophic bacteria
(Rhodospirillum rubrum), anaerobes, parasitic microor-
ganisms (Treponema pallidum, Entamoeba histolytica,
Trichomonas vaginalis), Euglena gracilis and higher
plants, have pyrophosphate-dependent 6-phosphofruc-

Abbreviations: ATP-PFK, ATP-dependent 6-phosphofructoki-
nase; FBP, fructose-1,6-bisphosphate; F6P, fructose-6-phos-
phate; IPTG, isopropyl B-D-thiogalactopyranoside; LB,
Luria—Bertani medium; PFK, 6-phosphofructokinase; PPi-
PFK, pyrophosphate-dependent 6-phosphofructokinase;
PRK, phosphoribulokinase; RuBisCO, ribulose-1,5-bisphos-
phatecarboxylase/oxygenase; RuMP, ribulose monophosphate;
SBPase, sedoheptulose-1,7-bisphosphatase; S7P, sedoheptu-
lose-7-phosphate.

* To whom correspondence should be addressed.

tokinase (PPi-PFK, EC 2.7.1.90), which is homologous
to ATP-PFK [1]. The reaction catalyzed by PPi-PFK is
reversible, thus suggesting participation of the enzyme in
both glycolysis and gluconeogenesis.

The origin and metabolic consequences of replace-
ment of ATP by PPi in the central reaction of glycolysis
are not obvious. Alternative hypotheses have been pro-
posed in which the PPi-PFK is considered as an attribute
of an “ancient metabolism” that has been conserved as a
rudiment in a small number of species, or, conversely, as
result of mutations of ATP-dependent enzymes during
adaptation to anaerobic conditions [1-3].

PPi-PFK was found in obligate methanotrophs — a
specialized group of aerobic bacteria using methane as
carbon and energy source and not able to grow on multi-
carbon compounds, as well as in a small number of facul-
tative methylotrophic bacteria growing on methanol and
some carbohydrate substrates [4-6].

Three basic cyclic pathways of primary assimilation
of C, compounds and synthesis of cell components have
been shown to function in methanotrophic and methy-
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lotrophic bacteria. In the ribulose monophosphate
(RuMP) cycle, hexulose-6-phosphate as the first product
is formed by condensation of formaldehyde and ribulose-
5-phosphate. At this stage in methanotrophs with the
RuMP-cycle two pathways of C; phosphosugar cleavage
for synthesis of C; compounds are realized:
Entner—Doudoroff and Embden—Meyerhof—Parnas
(glycolysis). In methylotrophs with the serine pathway, C,
compound (serine) is the primary biosynthetic product
formed by condensation of formaldehyde and glycine.
Some methylotrophic bacteria assimilate reduced C,
compounds, after oxidation to CO,, via the Calvin cycle
in which 3-phosphoglycerate is produced as a first stable
intermediate. Thermotolerant methanotrophs of the
Methylococcus and Methylocaldum genera assimilate C,
compounds via the three simultaneously operating path-
ways listed above [7-9]. Thus, in methylotrophic bacteria
the functional significance of glycolysis/gluconeogenesis
differs depending on the pathway of C, assimilation.
Therefore, these bacteria are convenient model organ-
isms for elucidating the role of PPi-PFK in carbon
metabolism.

Earlier, we characterized PPi-PFKs from methano-
trophs with the RuMP-cycle (Methylomonas methanica
12 and Methylomicrobium alcaliphilum 20Z7), and also
from Methylococcus capsulatus Bath [10-13]. Based on
differences in the enzyme properties and the results of
analysis for the genomic sequences of these bacteria, sev-
eral important functions of PPi-PFK in carbon and ener-
gy metabolism were proposed. However, this enzyme
from the serine pathway methylotrophic bacteria has not
been investigated.

The aim of this study was to purify and characterize
the recombinant PPi-PFKs from the obligate methano-
troph Methylosinus trichosporium OB3b and the faculta-
tive phytosymbiont Methylobacterium nodulans ORS 2060
assimilating C, compounds via the serine pathway.

MATERIALS AND METHODS

Bacteria and growth conditions. Methylosinus tri-
chosporium OB3b' was grown under a methane—air
atmosphere (1 : 1) in mineral medium at 28°C with shak-
ing (200 rpm) [14]. Methylobacterium nodulans ORS
2060T was cultivated at 28°C in a flask with mineral medi-
um containing (g/liter): KH,PO, (2.0), (NH,),SO, (2.0),
NacCl (0.5), MgSO,7H,0 (0.025), FeSO,-7H,0 (0.002),
pH 7.2, in the presence of methanol (0.5%) or L-arabi-
nose (1 g/liter) with shaking (200 rpm) [15]. Escherichia
coli BL21(DE3) was grown in liquid Luria—Bertani (LB)
medium at 150 rpm and 37°C. Ampicillin and chloram-
phenicol (100 pg/ml) were added for growth of E. coli
cells containing plasmids.

Cloning of pfp genes and PP,-PFK purification.
Chromosomal DNAs from Mb. nodulans and Ms. tri-
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chosporium were isolated as described previously [16].
The pfp gene from Mb. nodulans ORS 2060 (Mnod_0681)
was amplified by PCR using primers PFKnod-N and
PFKnod-C (Table 1) designed on basis of the sequence
available in GenBank (accession number NC_011894).
The PCR-product was cloned into the expression vector
pHUE, which yielded a heterologous protein fused with
ubiquitin [17]. Cells of E. coli BL21(DE3) carrying an
additional plasmid pT-groE were transformed by the
resulting plasmid pHUE:pfpnod. The transformed E. coli
cells were grown overnight at 37°C in LB medium, trans-
ferred into fresh LB medium containing 100 pg/ml ampi-
cillin and chloramphenicol, and cultivated to Ag,, = 0.6-
0.7. The expression of the protein was induced by adding
isopropyl B-D-thiogalactopyranoside (IPTG) to the final
concentration of I mM. After 5 h incubation at 27°C, the
cells were harvested by centrifugation (6000g, 20 min at
4°C) and stored at —20°C. The Hise-Ub-PPi-PFK was
purified by affinity chromatography on a Ni>?*-NTA col-
umn as described earlier [11]. After treatment with the
deubiquitinating enzyme Usp2-His, for 1 h at 4°C, PPi-
PFK was kept in 40% glycerol at —20°C. Before charac-
terization, an aliquot of the protein was dialyzed against
20 mM Tris-HCIl buffer, pH 8.0, containing 0.5 M NaCl,
and purified again on a Ni**-NTA column.

The pfp gene (EFH03142) from Ms. trichosporium
OB3b was amplified from the chromosomal DNA using
primers pfkOB3b-N and pfkOB3b-C (Table 1) that were
designed based on the sequence available in GenBank
(accession number ADVE(01000022). The PCR-product
was cloned in the expression vector pET22b*. Cells of E.
coli BL21(DE3) carrying the plasmid pT-groE were
transformed by the resulting plasmid pET22b:pfpOB3b.
The transformed E. coli cells were grown overnight in LB
medium at 37°C, transferred into fresh LB medium con-
taining 100 pg/ml ampicillin and chloramphenicol, and
grown to Ag, = 0.6-0.7. For protein expression, 1 mM
IPTG was added into the culture, which was then incu-
bated at 18°C for 10 h. The cells were harvested by cen-

Table 1. Primers used

Primer Nucleotide sequences (5'-3")

PFKnod-N | TAGGATCCATGACCACAGCCAAAGT
(BamHI)

PFKnod-C
TCAAGCTTAGGCGTGCGGCTGCCCGAT

pfkOB3b-N | (HindllI)

pfkOB3b-C | TTCATATGTCCGACATCGACTTCTCCAA
(Ndel)
TTAAGCTTCTTTTTCAAAATCTTGGCGACAT
(HindIII)

Note: Sites of restriction endonucleases (indicated in parentheses) are
underlined.
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Table 2. Range of substrate concentrations used for
determination of kinetic characteristics of PPi-PFK

C, mM
Substrate
Mb. nodulans Ms. trichosporium

F6P 0.10-3.00 0.06-2.00
S7P 0.07-3.75 0.03-2.50
FBP 0.02-3.00 0.03-1.00
PP, 0.01-1.00 0.01-1.00
P; 0.40-30.0 0.90-45.0
Mg** 0.03-5.00 0.02-2.50
Mg?*#* 0.15-5.00 0.15-5.00

* Forward reaction.
** Reverse reaction.

trifugation (6000g, 20 min) and stored at —20°C. PP;-
PFK-Hisg-tag was purified by affinity chromatography on
a Ni?*-NTA column. The enzyme was stored in 3.2 M
(NH,),S0O, at 4°C. Before use, an aliquot of the protein
was dialyzed against 20 mM Tris- HCI buffer, pH 7.5.

The purified enzymes were analyzed by elec-
trophoresis in 12% SDS-polyacrylamide gel [18]. B-
Galactosidase (116.0 kDa), BSA (66.2 kDa), ovalbumin
(45.0 kDa), lactate dehydrogenase (35.0 kDa), ribonucle-
ase Bsp981 (25.0 kDa), B-lactoglobulin (18.4 kDa), and
lysozyme (14.4 kDa) were used as protein molecular mass
markers.

Determination of the PPi-PFK molecular mass. To
determine the molecular mass of the native enzymes, a
nondenaturing gel electrophoresis was performed using
the pore-limiting gradient of polyacrylamide (4-30%)
[19] and a set of protein markers (Pharmacia, USA) con-
taining ferritin (440 kDa), catalase (232 kDa), lactate
dehydrogenase (140 kDa), and BSA (67 kDa).
Additionally, the Ms. trichosporium OB3b enzyme was gel
filtered on a Ultrogel AcA 34 column equilibrated with
20 mM Tris-HCI buffer, pH 7.2, containing 100 mM
NaCl. The reference proteins were ferritin, amylase
(200 kDa), alcohol dehydrogenase (150 kDa), and BSA
(Sigma, USA).

PPi-PFK activity assay. The activities of PPi-PFK in
the forward and reverse reactions were determined by reg-
istering FBP or F6P formation with coupling enzymes
using earlier described methods [12]. Cell-free extracts of
Mb. nodulans were prepared as described [14].

To study the pH dependence of PPi-PFK activity,
50 mM imidazole-HCI (pH 6.0-8.0) and Tris-HCI
(pH 7.0-8.9) buffers were used. Potential effectors (pyru-
vate, citrate, serine, phosphoglycerate, phospho-
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enolpyruvate, ATP, ADP, AMP, NADP*, NAD",
NADPH, glucose-6-phosphate, glucose-1-phospate,
fructose-1-phosphate, ribose-5-phosphate or glyceralde-
hyde-3-phosphate) were added to the reaction mixture to
the final concentration of 1 mM. To test the ability of
some divalent metals to replace Mg?*, aqueous stock
solutions of BaCl,, MnCl,, CoCl,, or CuCl, were added
to final concentration of 0.01-1 mM. To test the potential
acceptors of the phosphoryl group, glucose-6-phosphate,
glucose-1-phosphate, fructose-1-phosphate, mannose-
6-phosphate, ribulose-5-phosphate, ribose-5-phospate,
ribose-1-phosphate, erythrose-4-phosphate, and glycer-
aldehyde-3-phosphate were used at the final concentra-
tion of 5 mM, and the enzyme activity was determination
by measuring of the orthophosphate concentration as
described earlier [11]. This method was also applied for
studies of the dependence of the enzyme activity on tem-
perature. The apparent K, and A4,,,, values were calculat-
ed using SigmaPlot (v.10). Kinetic parameters of PPi-
PFK were determined at different concentrations of one
substrate and saturating concentrations of the other
(Table 2).

Protein concentrations were assayed by a modified
Lowry method [20] using BSA as a standard.

Sequence analysis. Sequences from the NCBI data-
base (http://www.ncbi.nlm.nih.gov) were obtained using
BLAST. Alignments of amino acid sequences of PFKs
were generated using the CLUSTALX software (v.1.8)
[21]. Minor corrections of the alignments were made
manually. Phylogenetic analysis was performed using the
MEGA 4 software and the Neighbor-Joining model [22].
The pfp gene sequences from Mm. alcaliphilum 20Z and
Methylocaldum szegediense O-12 were obtained from their
partially completed genomes (http://www.genoscope.cns.
fr/externe/English/corps_anglais.html).

DNA manipulations. Plasmid isolation, restriction,
agarose gel electrophoresis, ligation, and transformation
of E. coli cells were performed according to standard
methods [23] using restriction enzymes, T4 DNA-ligase,
Pfu DNA-polymerase, and dNTP mixture manufactured
by Fermentas (Lithuania).

RESULTS AND DISCUSSION

Cloning of pfp genes and PPi-PFK purification. The
pfp genes encoding PPi-PFK were amplified from the
genomic DNAs. The PCR-product from Ms. trichospori-
um was cloned into the bacterial vector pET22b(+)
designed for expression of C-terminal Hisg-tagged fusion
proteins under control of the T7 promoter. The Mb. nodu-
lans PCR-product was cloned into the expression vector
pHUE, which yields authentic proteins without His-tags.
Cells of E. coli BL21(DE3) carrying the additional plas-
mid pT-groE with chaperone-encoding genes were trans-
formed by the recombinant plasmids. This yielded the
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recombinant proteins in the soluble fraction. PPi-PFK-
His from Ms. trichosporium and Hisg-Ub-PPi-PFK from
Mb. nodulans were purified from E. coli extracts by affin-
ity chromatography on a Ni**-NTA column in a single
step. Then Mb. nodulans Hisc-Ub-PPi-PFK was treated
by the deubiquitinating enzyme Usp2 and again purified
on the Ni**-NTA column. As a result, electrophoretical-
ly homogenous preparations of the enzymes were
obtained (Fig. 1).

Biochemical characterization of PPi-PFK. The puri-
fied proteins had electrophoretic mobility in the SDS-
polyacrylamide gel corresponding to the theoretically cal-
culated masses of the subunits (43.2 and 44.4 kDa) (Fig.
1). According to native gradient electrophoresis, the
molecular mass of the Mb. nodulans enzyme is ~180 kDa.
Therefore, the enzyme is a homotetramer. The homote-
trameric structure of PPi-PFK was testified for
Amycolatopsis methanolica and Mm. alcaliphilum 207
enzymes [5, 12]; however, most of the studied microbial
PPi-PFKs are homodimers. Gel filtration and native gra-
dient electrophoresis revealed that the Ms. trichosporium
enzyme is a homohexamer with molecular mass 270 kDa.
So far, there have been no reports of hexameric structure
of PPi-PFK, but the R. rubrum PPi-PFK was shown to be
present as monomer, dimer, or octamer due to associa-
tion—dissociation [24].

The Mb. nodulans PPi-PFK catalyzed F6P phospho-
rylation and FBP dephosphorylation most actively at
pH 7.5 and 30°C (4,,,, = 87 and 75 U/mg protein, respec-
tively). The dependence of the enzyme activity on con-
centrations of the substrates of the forward and reverse
reactions corresponded to Michaelis—Menten kinetics.
The following apparent K, values were obtained for F6P,
FBP, PPi, and Pi: 0.65 = 0.11, 0.043 + 0.001, 0.006 =
0.001, and 1.04 = 0.10 mM, respectively.

The activity of the Ms. trichosporium PPi-PFK was
maximal at 50°C and pH 7.5, being practically equal in
the forward and reverse reactions (88 and 89 U/mg pro-
tein). The dependence of PPi-PFK activity on concen-
trations of the substrates also had hyperbolic character.
For F6P, FBP, PPi, and Pi the following apparent K, val-
ues at 30°C were obtained: 0.24 + 0.04, 0.074 £ 0.008,
0.011 £0.006, and 2.4 = 0.2 mM, respectively.

For Mb. nodulans PPi-PFK the apparent K, values
for Mg?* were 0.047 + 0.001 and 0.36 = 0.01 mM for the
forward and reverse reactions, respectively. Similar appar-
ent K, values for Mg?" were calculated for the Ms. tri-
chosporium enzyme (0.030 = 0.001 and 0.363 =+
0.007 mM). At 1 mM concentration Co?" and Mn?* ions
could replace Mg?* (=50 and 65% of Mg?" activity,
respectively) in the reactions catalyzed by the Ms. tri-
chosporium PPi-PFK. The activity of the Mb. nodulans
enzyme with Mn?* was 81% of its activity with Mg?*.

No effectors were revealed for the Mb. nodulans PPi-
PFK, similarly to most bacterial PPi-PFKs (see
“Materials and Methods”). Therefore, we assume that
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Fig. 1. Electrophoresis of Mb. nodulans (1) and Ms. trichosporium
(2) PPi-PFK in denaturing conditions. M, marker proteins.

the enzyme activity in the glycolytic and gluconeogenic
directions is regulated by the substrate and product con-
centrations. In contrast, 1 mM AMP or ADP inhibited
the activity of the Ms. trichosporium enzyme in the for-
ward reaction by 90 and 50%, and completely in the
reverse reaction. Among previously characterized bacter-
ial PPi-PFKs, only the R. rubrum enzyme was inhibited
by AMP, ADP, and, to a lesser extent, by ATP [24]. It is
reasonable to assume that in Ms. trichosporium the syn-
thesis and cleavage of C4-compounds depend on the cell
energy status and are regulated at the level of PPi-PFK
activity.

Like other PPi-PFKs, the enzymes from Mb. nodu-
lans and Ms. trichosporium were highly specific to PPi as
the phosphoryl donor. Glucose-6-phosphate, glucose-1-
phosphate, fructose-1-phosphate, mannose-6-phos-
phate, ribose-5-phosphate, ribose-1-phosphate, and ery-
throse-4-phosphate were not effective as the phosphoryl
acceptors for the enzymes from both bacteria. However,
PPi-PFK from Ms. trichosporium displayed ability to
phosphorylate ribulose-5-phosphate, but with low activi-
ty (1.4% of the F6P activity). In contrast, the Mb. nodu-
lans PPi-PFK had no corresponding activity. Low activi-
ty with ribulose-5-phosphate was earlier reported for PPi-
PFK from Mec. capsulatus Bath [11].
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Table 3. Specificity of PPi-PFK to C,- and C,-phosphosugars
Mb. nodulans Ms. trichosporium
Substrate
K,, mM ke, sec™! | ke/K,, mMlsec™! K,, mM key, sEC™! kew/ K., mMsec™!
F6P 0.65 16 24 0.24 24 99
S7P 0.21 8.3 40 0.51 23 45
FBP 0.043 13.4 312 0.070 24 343

Table 4. Some characteristics of PPi-PFK from methylotrophic bacteria

Substrate Mm. alcaliphilum M. methanica Mec. capsulatus Bath Mb. nodulans Ms. trichosporium
20Z [12] [10] [11] ORS 2060 OB3b
Apaxs U/mg protein
F6P 577 840 7.6 87 88
FBP 805 850 7.6 75 89
S7P 0.18 n.d. 31 47 85
K,, mM

PP, 0.118 0.051 0.027 0.006 0.011
F6P 0.64 0.39 2.27 0.65 0.24
S7P 1.01 n.d. 0.030 0.21 0.51
P, 3.4 1.7 8.69 1.04 24
FBP 0.095 0.1 0.328 0.043 0.07
Mgt * 0.22 0.038 0.028 0.047 0.030
Mg?" ** 0.33 0.35 2 0.32 0.36
M, kDa (number 180 (4) 92 (2) 90 (2) 180 (4) 270 (6)
of subunits)
pH-Optimum 7.5 8.0 7.0 75 7.5
T\, °C 30 40 30 30 50
Effectors — — — _ ADP, AMP

Notes: —, not found; n.d., not determined; M, molecular mass; 7, temperature optimum.

* Forward reaction.
** Reverse reaction.

As demonstrated, PPi-PFK from a number
microorganisms can phosphorylate S7P, but with lower
activity and specificity as compared with F6P [25, 26].
The enzyme from Mb. nodulans phosphorylated S7P
with two times lower activity (A4,,,, = 47 U/mg protein) as
compared with F6P, but the apparent K, value for the
C,-substrate was lower (0.21 £ 0.02 mM). Judging from
the specificity constant k/K,,, PPi-PFK from Mb.

nodulans prefers S7P to F6P (Table 3). The activities of
the Ms. trichosporium PPi-PFK with S7P and F6P were
approximately equal (85 and 89 U/mg protein), although
the apparent K, value was higher for S7P (0.51 %
0.26 mM) than for F6P (Table 4). However, the best sub-
strate for the enzymes from both methylotrophs was FBP
(Tables 3 and 4), which was in agreement with the func-
tioning of the serine pathway in these bacteria and the
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81 Nitrosomonas europaea (CAD85845)

Nitrosospira multiformis (ABB74047)
Methylibium petroleiphilum (ABM95730)
Thiobacillus denitrificans (AAZ97455)
Methviococcus capsulatus (AAU92465)
Methylocaldum szegediense®
Beggiatoa sp. PS (EDN70902)
Nitrosococcus oceani (ABAS9292)
Chromohalobacter salexigens (ABES8887)
Hahella chejuensis (ABC32449)
Marinobacter aguaeolei (ABM19478)
Legionella preumophila (AAU27983)
Nitrococcus mobilis (EAR21417)
Xvlella fastidiosa (AAF83087)
Xanthomonas orvzae (BAE6T633)
Thioalkalivibrio sp. HL-EbGR7 (ACL71381)
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Saccharophagus degradans (ABDB0197)
Moorella thermoacetica (ABC19548)
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Clostridium difficile (CAIT0002)
Gallionella capsiferriformans (ZP_04831102)
Mariprofindus ferrooxydans (EAU55532)
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100

100

100
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68 Rhizobium leguminosarum (ACS57129)
Jm—I—E Agrobacterium radiobacter (ACM27062)

100 Methylobacterium sp. 4-46 (ACA16250)

74

Magnetococeus sp. MC-1 (ABK44425)
Methvlosinus trichosporium (ZP 06888368)
Polaromonas naphthalenivorans (ABM38853)
Rhodoferax ferrireducens (ABD68116)

Leptothrix cholodnii (ACB32316)

Thioalkalivibrio sp. HL-EbGR7 (ACL71453)
Magnetospirillum magnetotacticum (ZP 00055860)
Rhodospirillum rubrum (ABC24201)

Hoeflea phototrophica (EDQ35137)
100~ Labrenzia alexandrii (EEE44488)
Nakamurella multipartite (ACV78222)

Sinorhizobium medicae (ABR60939)
Methvlobacterium nodulans (ACL55713)

Methyvlomicrobium alcaliphilum*
Methviobacter tundripaludum (EFO03887)
Methylomonas methanica (AAY28468)
Opitutus terrae (ACB73441)

Rhodopirellula baltica (CAD78962)
Mastigamoeba balamuthi (AAF70463)
Nocardioides sp. 1S614 (ABL82600)

Kribbella flavida (ADB35868)
Propionibacterium freudenreichii (AAA25675)
Propionibacterium acnes (AAT82837)
Beutenbergia cavernae (ACQB80161)
Cellulomonas flavigena (EEN39659)

Jonesia denitrificans (ACV09088)
Sanguibacter keddieii (ACZ21515)
Xvlanimonas cellulosilytica (ACZ31018)

J

Rhodopirellula baltica (CAD75440) SHORT

Entamoeba histolytica (EAL47787) LONG

Escherichia coli (ATP; POAT96) Bl

98

Methviacidiphilum infernorum (ATP: ACD84176)

Rhodospirillum rubrum (ATP; ABC21848)
Planctomyces maris (EDL56936)
Amycolatopsis methanolica (AABO1683)

11

Fig. 2. Phylogenetic tree based on deduced amino acid sequences of PFK from methylotrophs (underlined) and other bacteria. Phosphate
donor (ATP) for ATP-dependent PFK and accession numbers of sequences in GenBank are indicated in parentheses. Monophyletic groups
are named according to the accepted classification [1, 29]. * The pfp gene sequences were obtained from the partially completed genome
sequences of Mm. alcaliphilum 20Z and Methylocaldum szegediense O-12.
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necessity of synthesis of C¢-phosphosugar from C;-com-
pounds.

Relatively high activity of the Mb. nodulans PPi-
PFK with S7P may be due to the ability of this facultative
methylotroph to grow on some Cs- and C4-sugars, but not
on glucose [27]. Considering this, PPi-PFK can partici-
pate in the reactions of the pentose phosphate pathway.
Moreover, the specific activity of PPi-PFK in extracts of
Mb. nodulans cells growing on L-arabinose was twofold
higher than that of the methanol-grown cells (50 and
22 mU/mg protein, respectively).

It has been shown for PPi-PFK from Entamoeba his-
tolytica that the enzyme has only two times lower apparent
K., for S7P than that for F6P [28]. For this amitochondr-
ial protist having no transaldolase and sedoheptulose-1,7-
bisphosphatase (SBPase), a modified version of the non-
oxidative pentose phosphate pathway with the participa-
tion of PPi-PFK has been proposed [28, 29]. The high
activity with S7P and preference for this substrate (the
apparent K., for S7P was 1000 times lower than for F6P
(Table 4)) was shown for PPi-PFK from the methano-
troph Mec. capsulatus Bath. This implies that the enzyme
may participate in the reductive segment of the Calvin
cycle, fulfilling the function of SBPase [11, 13]. In this
connection, it should be noted the presence in the Mb.
nodulans genome of two genes coding the large subunit of
the ribulose-1,5-bisphosphate carboxylase/oxygenase
(RuBisCO) (accession numbers ACL58349 and
ACL57391) and a gene of a putative phosphoribulokinase
(PRK) (ACL55364). Although in the genome of Ms. tri-
chosporium OB3b the gene for PRK (accession number
EFHO01572) is present, no open reading frame for the large
or small subunits of RuBisCO was found. And the PPi-
PFKs from Mm. alcaliphilum 20Z and M. methanica 12,
which have no genes for the Calvin cycle enzymes, showed
only negligible activity with S7P [12]. Thus, although the
ability to phosphorylate S7P is common to all PPi-PFKs,
the enzyme from methylotrophic bacteria displays certain
“specialization” to different types of C,-metabolism.

Phylogenetic analysis showed that the PPi-PFKs
from Mb. nodulans ORS 2060 and Ms. trichosporium
OB3b display only 17% identity of translated amino acid
sequences and belong to different subgroups of type 11 6-
phosphofructokinases according to the classification of
Bapteste et al. [1] (Fig. 2). The Ms. trichosporium PPi-
PFK is a member of the B2 subgroup and has the highest
similarity to the enzymes from a- and -proteobacteria:
Polaromonas  naphthalenivorans (77%  identity),
Rhodoferax ferrireducens (76%), and R. rubrum (75%).
PPi-PFK from the y-proteobacterium Mc. capsulatus
Bath also belongs to this subgroup (34% identity with the
Ms. trichosporium enzyme). The Mb. nodulans PPi-PFK
as well as the enzymes from the RuM P-pathway methano-
trophs Mm. alcaliphilum 207, M. methanica 12, and
Methylobacter tundripaludum belong to the P subgroup of
PPi-PFKs. Remarkably, the latter subgroup includes
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enzymes from anaerobes for which predominantly gly-
colytic function has been shown.

The occurrence of PPi-PFK in microorganisms is
usually associated with anaerobic type of metabolism.
Aerobic methanotrophs, including Ms. trichosporium
OB3b, are microaerophiles being able to survive for a long
period in an oxygen-free environment due to fermenta-
tion of endogenous substrates [30], the reutilization of
which by means of PPi-PFK may play an important role.
Methylobacterium nodulans ORS 2060 is a rhizospheric
phytosymbiont possessing in its life cycle an anaerobic
bacteroid stage, which realizes in the nodules of legumi-
nous plants the energy-requiring process of nitrogen fixa-
tion [31]. In this case, glycolysis where PPi instead of
ATP is consumed in one reaction is a way of effectively
drawing energy from plant biosynthesis products. It
should be noted that the Mb. nodulans PPi-PFK is closest
in amino acid sequence (64-65% identity) to the enzymes
from Methylobacterium sp. 4-46, Rhizobium legumi-
nosarum, Sinorhizobium medicae, and Agrobacterium
radiobacter (Fig. 2), also stimulating nodulation in higher
plants. However, the pfp genes were not found in the
genomes of phyllosphere symbionts of the Methylobac-
terium genus, highlighting the relationship of the presence
of PPi-PFK with the ability of some bacteria to live under
anaerobic conditions of phytosymbiosis, which is consis-
tent with a significant role of lateral transfer of the pfp
gene in microorganisms [1].

The data provided in Table 4 indicate that the PPi-
PFKs of methylotrophs prefer FBP as a substrate and,
therefore, functions predominantly in the gluconeogenic
direction. This reaction can create a pool of PPi, and its
reutilization with the participation of the membrane H*-
translocating pyrophosphatase can lead to ATP synthesis
bypassing the respiratory chain. This correlates with the
extraordinarily low activity of the soluble inorganic
pyrophosphatase in methanotrophs possessing PPi-PFK
[6] and with the presence of H*-pyrophosphatase genes
in the genomes of these bacteria.
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