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Abstract Recombinant acetate kinase (AcK) was
obtained from the aerobic haloalkalitolerant methan-
otroph Methylomicrobium alcaliphilum 207 by
heterologous expression in Escherichia coli and
purification by affinity chromatography. The substrate
specificity, the kinetics and oligomeric state of the
Hise-tagged AcK were determined. The M. alcaliphi-
lum AcK (2 x 45 kDa) catalyzed the reversible
phosphorylation of acetate into acetyl phosphate and
exhibited a dependence on Mg*" or Mn*" ions and
strong specificity to ATP/ADP. The enzyme showed
the maximal activity and high stability at 70 °C. AcK
was 20-fold more active in the reaction of acetate
synthesis compared to acetate phosphorylation and
had a higher affinity to acetyl phosphate (K,
0.11 mM) than to acetate (K, 5.6 mM). The k../Kn
ratios indicated that the enzyme had a remarkably high
catalytic efficiency for acetate and ATP formation (k,/
K., = 1.7 x 10°) compared to acetate phosphorylation
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(kea! Ky = 2.5 x 10°). The ack gene of M. alcaliphi-
lum 20Z was shown to be co-transcribed with the xfp
gene encoding putative phosphoketolase. The Blast
analysis revealed the ack and xfp genes in most
genomes of the sequenced aerobic methanotrophs, as
well as methylotrophic bacteria not growing on
methane. The distribution and metabolic role of the
postulated phosphoketolase shunted glycolytic path-
way in aerobic C;-utilizing bacteria is discussed.
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Introduction

Methanotrophs are a highly specialized group of
aerobic bacteria utilizing methane as a carbon and
energy source (Hanson and Hanson 1996; Murrell and
Jetten 2009). Methanotrophs are ubiquitous in nature,
thus playing an essential role in the global carbon and
nitrogen cycles and being involved in the biodegra-
dation of hazardous organic materials (Lontoh and
Semrau 1998; Lontoh et al. 2000; Jiang et al. 2010;
Semrau 2011). Methanotrophs are promising agents
for future technologies aimed at obtaining various
useful compounds such as single cell protein, biofuel,
bioprotectants, etc. (Fei et al. 2014; Kalyuzhnaya
2015). The study of specific biochemical pathways
and enzymes in methanotrophs is a prerequisite for
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efficient implementation of their metabolic potential.
The haloalkalitolerant methanotrophs belonging to the
Gammaproteobacteria class are very promising for
practical applications due to their fast and stable
growth in a wide pH and salinity range and the ability
to synthesize the cyclic imino acid ectoine for
balancing external osmolarity (Khmelenina et al.
1999, 2015). The haloalkalitolerant methanotroph
Methylomicrobium alcaliphilum 207 is a model
organism for studying osmoadaptation mechanisms
and biosynthetic capacity.

In M. alcaliphilum 20Z and in most obligate
methanotrophs, the first stage of methane oxidation
into methanol is catalyzed by the methane monooxy-
genase bound with the well developed intracytoplas-
mic membranes (ICM). M. alcaliphilum 207
assimilates methane carbon via the ribulose
monophosphate (RuMP) cycle, where the condensa-
tion of formaldehyde and ribulose-5-phosphate leads
to Ce-phosphosugars as the primary intermediates, and
triose phosphates are formed in the simultaneously
operating Embden-Meyerhoff-Parnas and Entner—
Doudoroff (ED) pathways (Trotsenko and Murrell
2008). In this bacterium, the common precursor for
ICM and ectoine synthesis is acetyl-CoA thought to be
generated through oxidative decarboxylation of pyru-
vate catalyzed by pyruvate dehydrogenase. The draft
analysis of the M. alcaliphilum genome revealed the
open reading frames (ORFs) that encode a putative p-
xylulose 5-phosphate/p-fructose 6-phosphate phos-
phoketolase (XFP, EC 4.1.2.9/EC 4.1.2.22) and
acetate kinase (AcK, EC 2.7.2.1). The co-location of
the xfp- and ack-like genes in the chromosome
indicates that the phosphoketolase pathway in M.
alcaliphilum 20Z could represent a pathway for
phosphosugars breakdown and an additional source
of C, compounds for acetyl-CoA synthesis. The
functionality, distribution and metabolic role of this
pathway in aerobic methanotrophs need to be clarified.

In this paper, the recombinant AcK from the
aerobic haloalkalitolerant methanotroph M. alcaliphi-
lum 20Z has been purified and characterized for the
first time. The properties of the enzyme demonstrate
that it is well adapted to its role in acetate synthesis
from acetylphosphate being formed from phospho-
sugars cleaved by phosphoketolase. Also, the distri-
bution of AcK and phosphoketolase in methanotrophs
and other Ci-utilizing bacteria was studied by
genomic analysis.
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Materials and methods
Bacteria and growth conditions

M. alcaliphilum 20Z (VKM B-2133" = NCIMB
14124") was used as a source of genomic DNA and
RNA. The culture was grown at 30 °C in methane:air
atmosphere (1:1) on a mineral 2P medium supple-
mented with 0.1 M NaHCO;5; and 0.3 M NaCl (Kh-
melenina et al. 1999). The Escherichia coli Rosetta
(DE3) obtained from Stratagene (La Jolla, Calif.) was
routinely grown at 37 °C in Luria—Bertani (LB)
medium (Sambrook and Russell 2001). If required,
100 ug ml~"  ampicilin and 25 pg ml~'chloram-
phenicol were added to the medium.

Cloning, expression of the ack gene,
and purification of the recombinant AcK

The chromosomal DNA from M. alcaliphilum 20Z
was prepared as described previously (Kalyuzhnaya
et al. 1999). The ack gene (CCE24519) was amplified
by PCR using the primers designed from the sequence
available in GenBank (accession number NC_
016112): forward (5-ATCATATGACAATACCAA
ACGGCAACATTCTCG) and reverse (5-AC
CTCGAGTGCGTGATCTTTATCAAGCACAGCC),
containing the recognition sites for the Ndel and Xhol
restriction endonucleases, respectively. The pET22b:ack
vector was transformed into E. coli Rosetta (DE3) and
ack expression was induced by adding 0.5 mM iso-
propyl-1-thio-5-p-galactopyranoside (IPTG, Sigma-
Aldrich) in the logarithmic phase of culture growth
(ODgpg of 0.6-0.8). After 18-h growth at 18 °C, the cells
were harvested by centrifugation for 30 min at 5000 g
and 8 °C and stored at —20 °C. AcK-Hisg-tag was
purified by affinity chromatography on a Ni*"-nitrilotri-
acetic acid (Ni-NTA) column as described earlier
(Reshetnikov et al. 2008). The enzyme purity was
verified by 12 % SDS-PAGE. The pure enzyme was
stored in 40 % glycerol at —20 °C.

Determination of AcK molecular mass

The quaternary form of the enzyme was analyzed by
non-denaturating gel electrophoresis using pore-lim-
iting gradient polyacrylamide (4-30 %) (Slater 1969).
Ferritin (440 kDa), amylase (200 kDa), alcohol dehy-
drogenase (150 kDa), and bovine serum albumin
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(66 kDa) obtained from Sigma-Aldrich Group were
used as reference proteins.

DNA manipulations

Plasmid isolation, digestion by restriction enzymes,
agarose gel electrophoresis, ligation and transforma-
tion of E. coli cells were performed according to
Sambrook and Russell (2001). Restriction enzymes,
T4 DNA-ligase, Tag- and Pfu DNA-polymerases,
restriction endonucleases, dNTP mixture, RNase
inhibitor, HMinus M-MuLV reverse transcriptase,
Gene Ruler™ DNA Ladder Mix and Page Ruler
Prestained Protein Ladder for SDS-PAGE were pur-
chased from Thermo Scientific (Lithuania).

RNA isolation and RT-PCR analysis

Total RNA was isolated from 10 ml of exponential
culture (ODggy = 0.8) as described earlier (Reshet-
nikov et al. 2006). For each RT-PCR reaction, a
mixture of 5 pg total RNA and 20 pmol primer RT-
ack-xfp (5-CGGGAAATGAGCCAAGCAACT) was
heated for 5 min at 70 °C and immediately placed on
ice. 4 pl of reverse transcriptase buffer (5x), 1 mM of
each ANTP, and 10 units of RNase inhibitor were
added to the mixture. For cDNA synthesis, 10 units of
HMinus M-MuLV reverse transcriptase were added;
the sample was incubated at 42 °C for 1 h and then
heated at 70 °C for 15 min to terminate the reaction.
For amplification, 2 pl of this reverse transcriptase
reaction mixture containing cDNA was added to 30 pl
of the amplification reaction mix containing 3 pl of
Tagq buffer (10 x), 1 unit of Tag DNA polymerase,
2 mM of MgCl,, 0.2 mM of each dNTP, 10 pmol of
primers xfp-5' (5-TTTTCAATTTCCACGGCTATC
CCTG) and RT-ack-xfp. In each case, PCR without
the RT stage was used as a control for DNA
contamination in the RNA preparations. After 1-min
incubation at 94 °C, the samples were subjected to 30
amplification cycles (30 s at 94 °C, 20 s at 55 °C, and
1 min at 72 °C) followed by the final incubation at
72 °C for 1 min.

Enzyme assays
The AcK activity was determined at 30° using

different assay systems: (i) by measuring the rate of
ADP formation from ATP with the coupling enzymes

pyruvate kinase (PK; Sigma-Aldrich) and lactate
dehydrogenase (LDH; Sigma-Aldrich) or (ii) by
monitoring the formation of acetyl phosphate, which
was registered as acetyl hydroxamate at 540 nm (Rose
et al. 1954). The reaction mixture (i) contained (1 ml):
Tris—HCI buffer (pH 8.0), 100 mM; MgCl,, 10 mM;
acetate K, 100 mM; ATP, 10 mM; phosphoenolpyru-
vate, 5 mM; NADH, 0.25 mM; PK, 12 U; LDH 24 U;
and M. alcaliphilum AcK, 2.4 ng. The reaction was
initiated by adding acetate or ATP. This method was
used to determine the apparent K, for acetate (the
concentration range 0.781-100 mM).

The reaction mixture (ii) contained (0.5 ml): Tris—
HCI buffer (pH 8.0), 150 mM; MgCl,, 5 mM; acetate
K, 100 mM; ATP, 10 mM; neutralized hydroxylamine,
705 mM; and the recombinant AcK, 2.4 ng. After
10-min incubation, the reaction was stopped by adding
an equal volume of 10 % trichloroacetic acid and then
2.5 % FeCly in 2 N HCI. A colored complex was
registered at A = 540 nm. This method was used to
determine the apparent K, values for ATP, MgCl, and
MnCl, and to test various effectors, thermostability of
the enzyme, the specificities to nucleotides and divalent
cations, and the pH and temperature optima.

The apparent K, value for acetyl phosphate was
determined by measuring the rate of ATP formation in
the presence of various concentrations of acetyl
phosphate using the coupling enzymes hexokinase
(HK) and glucose-6-phosphate dehydrogenase
(G6PD). The reaction mixture (1 ml) contained:
Tris—HCL buffer (pH 8.0), 100 mM; acetyl phosphate,
0.156-5 mM; ADP, 10 mM; MgCl,, 10 mM; glucose,
5 mM; NADP, 0.3 mM; 10 units of each HK and
G6PD; and 0.24 ng of the recombinant AcK. The
apparent K,,, for ADP was determined by measuring
the decrease in acetyl phosphate from the reaction
mixture (ii) containing 0.0078-10 mM ADP. The
reaction mixture containing the initial concentration of
acetyl phosphate without AcK was used as a control.

The pH dependence of AcK was studied using the
following buffers (100 mM): K-phosphate (pH
6.0-8.0), Tris—HCl (pH 7.6-8.9), and Glycine-NaOH
(pH 9.0-10.0). Pyruvate, phosphoenolpyruvate, AMP,
fructose 1,6-bisphosphate, fructose 6-phosphate, ribose
5-phosphate, erythrose 4-phosphate (5 mM), glycerate,
lactate, malate, oxaloacetate, o-ketoglutarate, citrate,
serine, pyrophosphate (1 mM), or KH,PO,4 (10 mM)
were tested as potential effectors. The effects of
divalent metals were examined by adding the aquatic
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stock solutions of CuCl,, MgCl,, MnCl,, CoCl,, BaCl,,
ZnCl, or CaCl, to a final concentration of 1 mM. The
thermal stability of AcK was determined by incubating
the aliquots of the enzyme in Eppendorf tubes for 5 min
to 3 h at 30, 40, 50, 60 and 70 °C. The tubes were
rapidly cooled in an ice bath, and residual AcK activity
was determined at 30 °C. The percentage of residual
activity was calculated by comparison with the activity
of the non-incubated enzyme. The optimal temperature
for AcK activity was tested by measuring the reaction at
25-90 °C. Protein concentrations were assayed by the
Lowry method using BSA as a standard.

K., and V., values for acetyl phosphate, acetate,
Mg*" and Mn*" were determined through nonlinear
data analysis fit to the Michaelis—Menten Eq. (1)
uzing the program SigmaPlot (version 12.5):

="V *S/(Km +S) (1)

K, values for ADP and ATP were determined
through nonlinear data analysis fit to the Hill Eq. (2)
uzing the program SigmaPlot (version 12.5):

f = Vi + 8" / (K3, +57) 2)

The values of standard deviation for replicate reac-
tions were calculated using SigmaPlot (version 12.5).

Sequence analysis

The full-length amino acid sequences from the NCBI
protein databases (http://www.ncbi.nlm.nih.gov) were
obtained by BLAST searches. The alignment of amino
acid sequences of different AcKs was generated with
multiple alignment mode of ClustalX2 (Thomson et al.
1997). The Gonnet series of protein weight matrix was
used, the gap opening was 10 and the gap extension
was 0.2. 420 informative positions in the final dataset
were analyzed. Phylogenetic analysis was performed
by MEGA 6 and the Neighbor-Joining model (Tamura
et al. 2007). 1000 bootstrap replicates were used.

Results

Expression of the ack gene and AcK-Hisg
purification

The ORF annotated as a gene encoding putative AcK
was successfully expressed in E. coli Rosetta (DE3).

@ Springer

The recombinant AcK—Hisg protein was purified from
the crude extract of E. coli cells by a single-step metal-
chelating affinity chromatography. The purified
enzyme catalyzed the reversible reaction of acetate
phosphorylation by ATP to acetyl phosphate. SDS-
PAGE of AcK-Hisq revealed a single band of about
45 kDa (Fig. 1), which was in good agreement with
the theoretically calculated subunit size (43.6 kDa).
According to the native gradient electrophoresis, the
M, of the M. alcaliphilum AcK is 80 kDa, corre-
sponding to its homodimeric form. The homodimeric
structure is typical for most AcKs, with the exception
of the monomeric enzyme from Clostridium ther-
moaceticum and the homotetrameric enzyme from
Bacillus stearothermophilus (Schaupp and Ljungdahl
1974; Nakijima et al. 1978).

Catalytic properties of the recombinant acetate
kinase

The AcK from M. alcaliphilum 20Z was active in a
wide pH range (pH 6.0-9.5) and exhibited the
maximal activity at pH 8.0-8.5 (Figure 1S). The
enzyme activity was fivefold higher at 70 °C com-
pared to that at 30 °C (Fig. 2). 50-70 % activity was
retained after a 3-h exposure at 30-70 °C. Rather
similar thermal stability was displayed by AcK from
mesophilic Lactobacillus sanfranciscensis showing
the maximal activity at 50 °C and stability at 60 °C for
30 min (Knorr et al. 2001). The highest thermal
stability was shown for AcKs from thermophilic
microorganisms (Methanosarcina thermophila, Ther-
motoga maritima). Since M. alcaliphilum 207 is a

Fig. 1 SDS-PAGE of the M
recombinant AcK-Hisg from
Methylomicrobium  alcali-

philum 20Z 170
130
70 | —
55 |
40 e
25 |
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Fig. 2 Dependence of the recombinant AcK activity on
temperature. The enzyme activity in the direction of acetate
phosphorylation is expressed in percent of the control activity
measlured at 30 °C. The specific activity at 30 °C was 89.65 U
mg

mesophilic methanotroph, the properties of AcK were
studied at 30 °C.

Like most other AcKs, the M. alcaliphilum enzyme
is strongly dependent on divalent metal ions (Table 1):
Mg>" (100 %), Mn*" (100 %), or Co*" (68 %); the
activity was not maintained by Ba®", Ca**, Zn*" or

Cu®". The reaction rate was 12-fold higher in the
direction of acetate and ATP synthesis than in the
direction of acetate phosphorylation (1288 vs. 90
U mg ', respectively). The dependence of the activity
on acetate and acetyl phosphate concentrations obeyed
the Michaelis—Menten kinetics, whereas the depen-
dence on ATP and ADP concentrations was sigmoidal
and the Hill coefficients n were 1.67 4+ 0.18 (ATP)
and 2.05 £ 0.26 (ADP) (Figure 2S). At 30 °C and the
optimal pH, the following apparent K, values were
found: 0.28 &+ 0.03 mM (for Mg®"), 047 +
0.06 mM (Mn”*") 0.11 & 0.01 mM (acetyl phos-
phate), and 5.6 mM + 0.7 mM (acetate). The K,
values for ADP and ATP were 1.28 £+ 0.09 mM and
2.36 £ 0.23 mM respectively. The sigmoid responses
to ATP for AcKs from B. stearothermophilus, Veil-
lonella alcalescens and C. thermoaceticum were
earlier shown (Nakijima et al. 1978; Bowmann et al.
1976; 1974). Unlike AcKs from Salmonella typhimur-
ium (Chittori et al. 2012), Methanosarcina ther-
mophila (Aceti and Ferry 1988), Thermotoga
maritima (Bock et al. 1999), the enzyme from M.
alcaliphilum 20Z was strongly specific for ATP as
phosphoryl donor and did not use CTP, GTP, or UTP.
The calculated k.,/K, ratios indicated that the enzyme

Table 1 Some properties
of the recombinant AcK

Parameter

Methylomicrobium alcaliphilum

from M. alcaliphilum 20Z Vi (U mg_l):
Acetyl phosphate
Acetate

K, (mM):
Acetyl phosphate
Acetate

K2 (mM):
ADP
ATP

kear (min”"):
Acetyl phosphate
Acetate

keat! K
Acetyl phosphate
Acetate
Inhibitors
Metal ions
t-opt (°C)
pH-opt

The standard deviations of
Vinax» Km and K, values
were calculated with
SigmaPlot (version 12.5)

Subunit molecular mass (kDa)

nd not detected

1288.6 &+ 30.7
90.1 £ 4.8

0.11 £ 0.01
5.6 £0.7

1.28 £ 0.09
2.36 + 0.23

19 x 10°
14 x 10*

1.7 x 10°

2.5 x 10°

nd

Mg>" (100 %), Mn** (100 %), Co>* (68 %)
70

8.0

90 (45 x 2)
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Fig. 3 RT-PCR analysis of the region of the xfp-ack genes of
Methylomicrobium alcaliphilum 20Z. (a) Organization of the
xfp-ack gene cluster and positions of the oligonucleotide primers
used for RT-PCR assays. (b) Gel electrophoresis of the RT-PCR
products obtained with primers xfp-5’ and RT-ack-xfp (lane I);
negative controls for PCR: the presence of total RNA, primers

had an about 700-fold preference for acetyl phosphate
(kea K = 1.7 x 10°) over acetate (keo/Ky = 2.5 X
103). Therefore, AcK from M. alcaliphilum 207 had a
markedly higher catalytic efficiency toward acetate
and ATP synthesis than acetate phosphorylation.
Although M. alcaliphilum 20Z is a halotolerant
bacterium, Na™ ions had no influence on AcK activity.
Pyruvate, phosphoenolpyruvate, citrate, fructose 1,6-
bisphosphate, fructose 6-phosphate, ribose 5-phos-
phate, glycerate, lactate, malate, oxaloacetate, serine,
AMP, pyrophosphate, or KH,PO, did not serve as
effectors.

Analysis of transcriptional organization of the xfp
and ack genes

In the genome of M. alcaliphilum 20Z, the ack gene is
preceded by the xfp gene coding for the putative
phosphoketolase (XFP) with an intergenic region of
459 bp. XFP is known as a bi-functional enzyme that
converts fructose 6-phosphate/xylulose 5-phosphate
into erythrose 4-phosphate/glyceraldehyde 3-phos-
phate and acetyl phosphate. RT-PCR was used to test
whether the cluster could be an operon. The RT-PCR
product of the correct size and sequence was obtained
across the xfp and ack pair of genes (Fig. 3). The direct
PCR without the RT step was a negative control for
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3

M

1200 bp
B S

~S~——_ 1000bp

900 bp

and Tag-polymerase, but not reverse transcriptase in the reaction
mixture (lane 2); positive controls for PCR: the presence of
genomic DNA and same primers (lane 3). M, molecular mass
markers GeneRuler™ DNA Ladder Mix (Thermo Scientific).
The primer positions relative to the start codon of the xfp gene
are given in brackets

DNA contamination of the RNA preparation. The data
demonstrated the cotranscription of the xfp and ack
genes.

Distribution of acetate kinase and phosphoketolase
in C-utilizing bacteria

Blast searches revealed ack-like genes in almost all
sequenced genomes of aerobic methanotrops includ-
ing methanotrophic representatives from the Verru-
comicrobia phylum (Table 2). Generally, in the
gammaproteobacterial methanotrophs, the ack genes
are co-located with the XFP encoding genes. Alterna-
tively, in the alphaproteobacterial methanotrophs, the
ack gene is usually co-located with the pat gene coding
for the putative phosphate acetyltransferase (EC
2.3.1.8) which reversibly converts acetyl phosphate
into acetyl-CoA, but the xfp gene occurs less fre-
quently and is located separately in their chromosomes
(Table 2). In addition to methanotrophs, AcK and XFP
occurred in most methylobacteria not growing under
methane, with the exception of betaproteobacterial
representatives of the genera Methylotenera, Methyli-
bium (M. petroleiphilum) and Methylovorus (M.
glucosetrophus) lacking either ack or xfp. Among
the gammaproteobacterial methylobacteria, only
Methylophaga thiooxydans has neither AcK nor
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Table 2 Distribution of putative phosphoketolase and acetate Table 2 continued
kinase encoding genes in aerobic methylotrophic bacteria Methylotrophic bacteria ack X
Methylotrophic bacteria ack X
Y P b Methyloversatilis universalis® + +
Gammaproteobacterial methanotrophs Methylovorus glucosetrophus - -
Methylomicrobium alcaliphilum 20Z* + + ) Verrucomicrobial methanotrophs
Methylomicrobium alcaliphilum 5G* + + (2) Methylacidiphilum infernorum V4 + +
Methylomicrobium album BG8* + + Methylacidiphilum fumariolicum + +
Methylobacter luteus. 89 . + + Number of the gene copies is indicated in brackets
Methylobacter tund.rlpaludm:t + +@ ? The ack gene is co-located with the xfp gene
Methylobacter marinus A45 + +@) b The ack gene is co-located with the pat gene
Methylocaldum szegediense O-12* + +
Methylococcus capsulatus Bath + +
Methyloglobulus morosus + + XFP. Interestingly, the putative ack and xfp genes
Methylohalobius crimeensis10K* + + were found in almost all cyanobacteria and in 25 out of
Methylomonas methanica S1 + + 46 representatives of the bacteria belonging to the
Methylomonas sp. 11b + + genus Burkholderia (Betaproteobacteria class). These
Methylomonas sp. MK1 + + Burkholderia species are potentially autotrophic
Methylosarcina fibrata AML-C10 + + methylotrophs, since their genomes code for the
Methylosarcina lacus LW14 + + putative methanol dehydrogenase and ribulose bis-
Methylovulum miyakonense HT12* + + phosphate carboxylase (Rubisco). The genomic anal-
Methylomarinum vadi + + ysis therefore implies that the variety of aerobic
Gammaproteobacterial methylotrophs methylotrophs, chemoautotrophs and cyanobacteria
Methylophaga aminisulfidivorans® + + possess genetic determinants for the phosphoketolase
Methylophaga lonarensis® + + pathway. Remarkably, the duplication of the phos-
Methylophaga thiooxydans _ _ phoketolase gene was revealed in salt-dependent
Alphaproteobacterial methylotrophs methanotrophs. Thus, two xfp homologs (CCE24247
Methylobacrerium extorquens AM1° + @ + @ and CCE24518) are present in the M. alcaliphilum 20Z
Methylobacrerium mesophilicum® n + chromosome and one more is in the plasmid
Methylobacterium radiotoleranse® + (2) + (2) (CCE25819). ) )
Methylobacterium sp. 285MFTsu5. 1% n n Phylogepejtlcallly, methanotrophic AcK seguences
Methylobacterium sp. 446 ® +Q i c.0u¥d b.e divided 11.1to t\fvo large groups showing low
Methylobacrerium nodulans + Q) ) 51m11a11t¥ (<35 % identity). AcKs from the alphapr(.)-
Methylobacterium sp. MB200 +03) + 3 teobacterial methylotrophs form a monophyleFlc
Methylobacterium sp. WSM2598" +0) " group, whereas AcKs from the gammaproteobactqml
. methylotrophs are found at two distinct locations
Alphaproteobacterial methanotrophs ‘thin th vl K £ AcK (Fi 35
Methylocapsa acidiphila B2° n n within the phy ogeneitlc t.ree of AcK (Figure 35).
} . b AcKs from verrucomicrobial methanotrophs Methy-
Methylocella silvestris BL2 + (2) - o . oo
) . lacidiphilum infernorum and M. fumariolicum are
Methylocystis parvus OBBP + (3) - .. .
Methviocvsiis rosed SV97° + @ positioned separately from other methanotrophic
elny. - . .
Y _y b sequences. Though AcK from M. alcaliphilum 20Z
Methyloferula stellata AR4 + + () . T .
Methmlosins trichosmorium OB3b® N has only distant sequence similarities with those from
B ety b 0 P ol N the organotroph Salmonella typhimurium and the
etaproteobacterial methylotrophs archeon Methanosarcina thermophila (43 and 42 %
Methylibium petroleiphilum - - identiti . . .
) o 5 identities of amino acid sequences), it possesses the
Methylobacillus flagellatus™ + +@ same residues, which are important for binding of
Methylophilus methylotrophus® + +

Methylotenera mobilis

Methylotenera versatilis - -

acetate, NTP and metals, except for position 181,
where Phe is replaced by Ala (Ingram-Smith et al.
2005; Gorrell et al. 2005).

@ Springer



972

Antonie van Leeuwenhoek (2015) 108:965-974

Discussion

In this work, the recombinant AcK from the aerobic
methanotroph M. alcaliphilum 20Z has been purified
and characterized for the first time. Similarly to some
other microbial AcK, the M. alcaliphilum AcK is a
homodimeric enzyme displaying the pH optimum near
neutrality and the dependence on Mg®" or Mn**.
Unlike many AcK from bacteria and archaea, M.
alcaliphilum enzyme has a strong specificity to ATP. It
is a highly thermostable enzyme retaining 50 %
activity after heating at 70 °C for at least 3 h.

The M. alcaliphilum AcK has a higher activity in
the reaction of acetate synthesis compared to acetate
phosphorylation and higher affinity to acetyl phos-
phate than to acetate. These kinetic properties imply
that the enzyme prefers to catalyze acetate and ATP
synthesis from acetyl phosphate and ADP. Along with
the co-transcription of the xfp and ack genes, these
features indicate that AcK of M. alcaliphilum 207 is a
member of the phosphoketolase pathway described as
a bifid shunt, which is a potential alternative carbon
route to the enhancement of acetyl-CoA production in
lactic acid bacteria, bifidobacteria, and xylose fer-
menting yeasts (Ratledge and Holdsworth 1985;
Sanchez et al. 2010). XFPs are known to be bi-
functional enzymes converting hexoses into acetic and
lactic acids or directly splitting xylulose-5-phosphate
into glyceraldehyde-3-phosphate and acetyl-phos-
phate bypassing the non-oxidative branch of the
pentose phosphate pathway (Sanchez et al. 2010). In
any case, the phosphoketolase pathway is known to be
more efficient in anaerobic ATP generation compared
to the classical glycolysis or the pentose phosphate
pathway.

For the aerobic obligate methanotrophs, the dual
function of this pathway could be predicted. It might
play a role in energy generation and acetyl-CoA
formation from the primary metabolites of C; assim-
ilation, fructose-6-phosphate and/or xylulose-5-phos-
phate. The respective enzymes, phosphate
acetyltransferase and acetyl-CoA synthetase utilizing
acetyl phosphate and acetate formed in this pathway
has been detected in M. alcaliphilum 207 (CCE24023
and CCE24530, respectively) and all sequenced
gammaproteobacterial methanotrophs. While another
route for acetyl-CoA synthesis via oxidative decar-
boxylation of pyruvate is functional in the RuMP
pathway methanotrophs, this mechanism is less
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efficient as it is accompanied by the breakdown of
the C—C bond formed during C;-assimilation. Dupli-
cation of the xfp gene in the halotolerant methan-
otrophs that require additional amount of acetyl-CoA
for the biosynthesis of the osmoprotective compound
ectoine confirms this supposition (Table 2). More-
over, the presence in M. alcaliphilum 20Z of the third
xfp copy of plasmid location is consistent with the
highest production of intracellular ectoine by this
bacterium, compared to other salt-dependent methan-
otrophs (Khmelenina et al. 2015). The only exception
is the halophilic methanotroph Methylohalobius
crimeensis 10Ki possessing a single copy of the xfp
gene. Although M. crimeensis 10Ki has the highest
salt tolerance among any cultured methanotrophs, its
genome encodes, besides the ectoine biosynthesis
pathway, additional mechanisms for osmoadaptation
such as the synthesis and transport of another
compatible solute betaine (Sharp et al. 2015).

The wide distribution of XFP and AcK in various
C,-utilizers indicates the importance of the XFP-AcK
system in autotrophic bacteria. Thus, the putative AcK
and XFP encoding genes could be identified in many
genomes of the bacteria assimilating CO, via the
Calvin cycle: in the verrucomicrobial methanotrophs
of the Methylacidiphilum genus, in the Burkholderia
species harboring both methanol dehydrogenase and
Rubisco genes (Table 2), in chemoautotrophic Pro-
teobacteria and variety of the sequenced cyanobacte-
rial strains (data not shown). Thus, it could be
predicted that the phosphoketolase route as a mech-
anism of acetyl-CoA synthesis provides an advantage
to microbes whose carbon assimilation proceeds via
de novo formation of the C—C bond.

The Blast searches showed that alphaproteobacte-
rial methanotrophs with the serine cycle of C;-
assimilation also possess the ack-like genes, but they
are frequently clustered with the pat genes (Table 2).
Obviously, the facultative representatives of alphapro-
teobacterial methanotrophs realize the AcK-PAT
pathway to activate acetate for use as a carbon and
energy source. However, the role of this pathway in
obligate serine pathway methanotrophs not growing
on any polycarbon compounds still needs to be
elucidated. It is not improbable that they are able to
utilize acetate as a co-substrate under certain environ-
mental conditions.

The contribution of phosphoketolase pathway to
C,-compound production and its role in C;
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assimilation and/or acetate production in methan-
otrophs from the Gammaproteobacteria class have
been recently predicted (Kalyuzhnaya 2015; Kalyuzh-
naya et al. 2015). In oxygen limiting growth condi-
tions they perform formaldehyde fermentation
accompanied by the excretion of several organic acids
including acetate into the medium (Kalyuzhnaya et al.
2013). The presence of the phosphoketolase pathway,
along with the pyrophosphate-dependent glycolysis
and the Entner—Doudoroff pathway, suggests the
metabolic flexibility of the gammaproteobacterial
methanotrophs that has an important eco-physiologi-
cal consequence. Such ability seems to be an impor-
tant part of their bioenergetics explaining surviving in
microaerobic ecosystems. The potential role of the
phosphoketolase shunted glycolytic pathway in ATP
synthesis bypass of the respiratory chain is not
improbable but needs further investigations.
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