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Abstract to better understand and utilize cellular pathways for
chemical transformation and eggrtransductiot?.

Metabolomics deals with the identification ¢ th oulati fond
qualitative and quantitative measurement of tifbe ocuses the manipuiation of €ndogenous genes or

metabolites acting in the biochemical network. It € mtroqlucﬂon offoreign genes mto_ aganism of
widely applied advanced microbiological research {§€rest in order to reroute metabolic pathways for
understand the metabolic as well as systems behayidfsProduction of specific compouridhe interest
of industrial important microganisms. Combining In metab_ohc engineering IS stl_mulated by potential
genomics, proteomics and metabolomics date to re\%%[pmerual applications where improved methods for

our molecular hypothesis of selectedaisms is an eveloping strains which can increase production of
essential interest of this approadthe resulted useful metabolite§.he successful development of an

metabolomic model with internal or external ﬂU)?nglneermg Process 1S dependent upon a thorough

balance and metabolic flux céiefent would be served working k_nowledge 9f the genes_and r_netak_)olltes.
as a platform to set-up our metabolic engineeriﬁ: mputational modeling in metabolic engineering has
i; ditionally been used to guide experimental attempts

experiments towards commercial metabolit A : e
production. Cyanobacteria are important for th y anticipating the &kct of genetic moifications on

beneficial natural product production, bioremediatidﬂetabonsm' HoweV(_arsu.ch modgling approach(_es
and enggy applications on which they are highl)?ommonly involve _kme_-tlc_ technlq_ues that require
promising for hydrogen production. Upon consideri%eui”eld enzly”_‘e tkr:nft'c mf_ormatmn Metabtolt:c q
its applications and available X-omics data in pub QENtrol analysis that requires experiment-base

domain databases, cyanobacterial metabolomi&‘?alsuremems gf I!ux c;)ntrol t_cﬁefen';s.':'htgs, Itth ¢
particularly methylotrophyhave been studied in detaif"VOIVES IN€ Prediction ot genetic manipufations tha
guld lead to optimized microbial strains, maximizing

and presented herein. Phylogenetic analysis of t)% quct te of chemicals of int ¢
study strongly suggested a strong resemblar} Spr'a_ uc :;)_nlrae;) bC lemlpas_o tIE erest. I
between cyanobacteria and facultative methylotrophic. icrobial metabolomics 1S the how wetl-
bacteriaAccordingly we have proposed a metaboIiSStab“Shed scientific field concerned with the study

pathway for methane and methylamine assimiIati8f1n"°ltur"°_‘"y occurring, l.OW m_olecular we|gh_gan.nc
in marine cyanobacteriaProchlorococcus metabolites within a microbial céllThe application
chlorococcus marinus MIT9303. Thus. we of metabolomics to the investigation of both free-living

recommend further research that focuses on g2n!'sms obtained _dlrectly from the natural
methane and C1 compounds metabolisms involvedfironment and of ganisms reared under laboratory

living phototrophic prokaryotes to test our hypothes(fémqr['ons' where any Iaboratpry experiments
of methylotrophy specifically serve to mimic scenarios encountered in
Keywords: Metabolomics: cyanobacteria; systen'@e natural environment is called environmental

biology: methylotrophy: methane; hydrogen; genomi&etapolomic% The actua_l fgnctional status pf the
Introduction organism can be mechanistically related wamism

i . o _ _ phenotype by metabolomic measurements report.
_ Metabolic engineering 1S an engerg f'elo_l of Metabolomics can discover unexpected relationships
biotechnology which dérs tremendous potential fory 4 metabolite responses, which in itself can lead to

the production of desired metabolites. It is generaPX/pothesis generatioms such, metabolomics is
referred to as the @eted and purposeful alteratiogining an increasing number of applications in the

of metabolic pathways found in arganism in order o ironmental sciences, ranging from understanding
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organismal responses to abiotic stressé&rsanalysis. Most of these tools are able to store and
Metabolomics dbrds also several advantages faxchange models in the Systems Biology Markup
studying oganism-environment interactions and fdranguage and to fit parameters for a given set of
assessing ganism function and health at thexperimental data
molecular levél Metabolomics serves not only as a source of
Metabolic flux balance analysis gualitative but also quantitative data of intra-cellular
Metabolic flux analysis is based on a knowmetabolites essential for the model-based description
biochemistry frameworkA linearly independent of the metabolic network operating undarvivo
metabolic matrix is constructed based on the lawadnditions.To collect reliable metabolome data sets,
mass conservation and on the pseudo-steady stalture and sampling conditions, as well as the cells'
hypothesis on the intracellular metabolitdfie metabolic state, are crucidlogether with the other
formulation resulted in a set of linear equations thabre established omics technologies, metabolomics
can be expressed as a stoichiometric ma&riaf will strengthen its claim to contribute to the detailed
dimension m by n with vectors for net accumulationnderstanding of the vivo function of gene products,
r (mx1), and metabolic flux, u (nx1). No kinetic dathiochemical and regulatory networks and, even more
is required. Dynamic flux balance analysis can lenbitious, the mathematical description and simulation
obtained from the same derivation as shown in tbethe whole cell in the systems biology approach.
following equation with b as the transport term.  This knowledge will allow the construction of designer
_ organisms for process application using
r= dX A-v—b biotransformation and fermentative approaches
dt making efective use of single enzymes, whole

icallv. th h Its | microbial and even higher céfid?
Typ'ca y, the shystem that results is ur'defb\_pplication of microbial metabolomics
determined system where m>n. However under certain Microbial metabolomics has a potential to

gondltlolns, sd(_)rrae pathways areblnoperatlve alnd ¥¥hefit from integration of metabolomics into system
e neglectedIhe system may become comp etelﬁfameworks. Kinetic mathematical modeling has been

determined or over determined and can be SO"’&éjscribed for central metabolism ccharomyces
along with the measurements of external or inte”@revisiae Escherichia coli and glycolysis in

fluxes. Lactococcuslactis but also for biosynthetic pathways

Currenrt] scenarllopf me]:‘tabol Ol;n'l(_:s _ leading to shikimate itreptococcus pneumonia, L-
The regulation of metabolic reaction networ enylalanine and L-threoninekncoli, L-valine/ L-

isan im_portant task in systems biol(_)gy and fumtioﬂ@bcine and L-lysine iftorynebacteriumglutamicum
genoml_csA complete und_ers_tan(_jlng of r_netabollgnd penicillin inPenicillium chrysogenum based on
regulation requires quantitative information aboﬂ'éta sets from metabolome measurer&itsThe
kinetic Iaws_and the_co_ncentrations of_metabo_liteg angk o modeling process tries to minimize the gap
enzymesThis quantitative knowledge in Comb'nat'o%etween the measured and modeled data in an iterative
with the known network of me_tabolic pathways anov‘é?pproach by parameter fitting and implementation of
the constrqctlon of ma_lthematlca_l models that _desch&N model hypotheses about enzyme mechanisms or
t_he dynamic changes in r_netab_ollte cpncentratlons OP’(%ulatory elements. Herein, cyanobacterial
time. The models are high-dimensional systems r‘?]fethylotrophy is our special interest to be described

ordlnlary non;llnhear drferentlf;lll equat;]ons'[he mal? in detail to understand its metabolic capabilities and
problems of the approach are the setup of t8g,1ar behavior in response to environmental
equations that describe the metabolic pathways in fqrmp,, o o

of kinetic rate equations and the identification of ﬂmethane oxidation mechanism
system parameter®o solve these problems, a variety Methanogenesis and methane oxidation are the

of metabolome_ and §yst(_ems modeling tools have b?ﬁ’é]or biological processedatting the global cycling
developed which simplify model construction an(gif the powerful greenhouse gas methane. Its
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atmospheric concentration has been steadily increaghgnts and eukaryotic algae have evolved from
over the past 300 yeaifhere are two major ways incyanobacteria via endosymbidsis
which methane is removed from the environmerRRhylogeny of cyanobacteria
aerobic oxidation by a specialized group of bacteria Phylogenies of cyanobacteria have been
and anaerobic oxidation by a specialized group reconstructed on the basis of comparing the orders of
archaea. Methylotrophic bacteria utilize reducepenes in chromosomes and nucleotide sequences
carbon substrates containing no carbon-carbon boagpear to be similain the evolution of marine
(such as methane, methanol, and other methylatedcellular plankton cyanobacteria, genome
compounds) as their sole sources of carbon aedrrangements are fixed with a low rate, whereas in
enegy?’. The flux of trace gases between soil arather groups of cyanobacteria the gene order can
atmosphere is usually the result of simultaneouslgange several times more rapidifie gene orders
operating production and consumption processesrimgenomes of cyanobacteria and chloroplasts preserve
soil. Methane is the dominant gaseous productafconsiderable degree of similarfty The
anaerobic degradation of ganic matter and iscyanobacterial radiation consists of several lineages
released into the atmosphere, whereas the other tigcphyletically (morphologically and genetically)
gases are only intermediates, which are mostly cyclethted oganisms. Several of thesganisms show a
within the anoxic habitaf significant percentage ofstriking resemblance to fossil counterparis.
the produced methane is oxidized by methanotrophigestigate the molecular mechanisms responsible for
bacteria. Nature has cleverly recycled key reactiostabilizing or homogenizing cyanobacterial characters,
for the C1 transfers between the oxidation levels tbe evolutionary rates and phylogenetic origins of 16S
formaldehyde and formate, and these involvyBNA and the conserved gene rbcL are compéred
analogous enzyme systems and common specialiZeBhylogenetic analyses support the hypothesis that
cofactors, methanopterin and methanofeéff&The cyanobacteria capable of cell f@#ifentiation are
field of methylotrophy has undgone a significant monophyletic, and the geological record provides both
transformation in terms of discovery of novel typagiper and lower bounds on the origin of this ctade
of methylotrophs, novel modes of methylotropdnyd Cyanobacterial car boxysome
novel metabolic pathwa¥/s Recent moleculabiochemical and physiological
Cyanobacterial metabolomics studies have significantly extended current knowledge

Cyanobacteria known as blue-green algae, ialaout the genes and protein components of single-
phylum of bacteria that obtain their eggtthrough cell CQO, concentrating mechanism (CCM) and how
photosynthesisthey are a significant component ofhey operate to elevate C@ound RubisCO during
the marine nitrogen cycle and an important primaphotosynthesis. Cyanobacteria and some
producer in many areas of the ocean, but are also foahdmoautotrophic bacteria are able to grow in
in habitats other than the marine environmergnvironments with limiting CQconcentrations by
Cyanobacteria are known to occur in both freshwatemploying a CCM that allows them to accumulate
hypersaline inland lakes and in arid areas where thegrganic carbon in their cytoplasm to concentrations
are a major component of biological soil crustseveral orders of magnitude higher than that on the
Stromatolites of fossilized oxygen-producingutside.The final step of this process takes place in
cyanobacteria have been found from 2.8 billion yegrslyhedral protein microcompartments known as
ago possibly as old as 3.5 billion years*&goThe carboxysomes, which contain the majority of the.CO
ability of cyanobacteria to perform oxygenidixing enzyme, RubisCO.he widely accepted models
photosynthesis is thought to have converted the eddy the role of carboxysomes in the carbon-
reducing atmosphere into an oxidizing one, whidoncentrating mechanism of autotrophic bacteria
dramatically changed the composition of life formgredict the carboxysomal carbonic anhydrase to be a
on earth by stimulating biodiversity and leading to tleeucial component he eficiency of CQ fixation by
nearextinction of oxygen-intolerant ganisms. the sequestered RubisCO is enhanced by co-
Accordmg to endosymbiotic theqrghloroplasts in localization with a specialized carbonic anhydrase that
f JAdv.Dev.Res. Vol-1(1) 2010 Chéellapandi, P and Dhivya, C 61
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catalyzes dehydration of the abundant cytosolic In comparison to the traditional ways of
bicarbonate and ensures saturation of RubisCO witydrogen production (chemical, photoelectrical),
its substrate CY. cyanobacterial hydrogen production is commercially
Modeling carbonate-silicate cycle viable. Sulfurdeprivation in combination with CH

The existence of weathering feedbacks in thed changes in the pH of the media can be used to
carbonate-silicate cycle suggests that atmospheric aimther increase the specific capacity of unicellular non-
oceanic CQ concentrations would have been higN,-fixing cyanobacteria to produce,Hiuring
prior to the presence of a methane greenhd\ib. fermentatiof?. Nitrogenase produces hydrogen as a
the onset of a methane greenhouse, carbon dioxidemal byproduct of the reduction of dinitrogen to
concentrations would decrease. Bicarbonate has bagmoniaThe Nif, nitrogenase iAnabaena variabilis
proposed as the preferred reductant that precededn alternative Mo-nitrogenase and is expressed in
water for oxygenic photosynthesis in a bacteriakégetative cells grown with fructose under strictly
photosynthetic precursor to cyanobacteria; with theaerobic conditios While integrating the existing
drop of carbon dioxide leveArchean cyanobacteriaknowledge and technologyuch future improvement
emeged using water as a reductant instead aid progress is to be done before hydrogen is accepted
bicarbonateA greenhouse transition timescale on ttees a commercial primary eggrsourcé:+3
order of 50-100 million years is consistent with resulddechanism of cyanobacterial methylotrophy
from modeling the carbonate-silicate cytle In our studya simple text mining approach was
Cyanobacterial hydrogen production carried out to retrieve the information regarding the

Molecular hydrogen is one of the potentidlnction of proteins, enzymes, sequenceganisms
future enegy sources as an alternative to the limiteahd other metabolic characteristics from NCBI, iHOP
fossil fuel resources of toda@yanobacteria that usgInformation Hyperlinked Over Proteins), MetaCyc,
two sets of enzymes to generate hydrogen Has: KEGG and UM-BBD (University of Minnesota
first one is nitrogenase and it is found in the heterocyBiscatalysis/Biodegradation Database). Some of the
of filamentous cyanobacteria when they grow underoteins functions from the sequences of
nitrogen limiting condition®. Hydrogen is producedProchlorococcus chlorococcus marinus MIT9303
as a byproduct of fixation of nitrogen into ammoni@btained in text mining were preliminarily annotated
The other hydrogen-metabolizing/producing enzymbg BLASTp search tool of NCB1. The selected
in cyanobacteria are hydrogenases; they occur as s@quences were clustered with complete deletion of
distinct types in ditrent cyanobacterial species. Ongaps using ClustalX 2.0 softwdteThen after
type of them, uptake hydrogenase has the abilityNeighbor Joining trees were searched homogeneous
oxidize hydrogen and the other type of hydrogengsatterns among all lineages using MEGA 4.0
is reversible or bidirectional hydrogenase and it caaftwaré® with 1000 bootstraps values, JTT model
either take up or produce hydrod&fi Uptake of along 0.25 gamma distributions, at uniform rates
hydrogenase enzymes are found in the thylak@ohong sites. Based on the phylogenetic resemblance
membrane of heterocysts from filamentous proteins involved in reference pathwayroposed
cyanobacteria, where it transfers the electrons fronethane metabolic pathway was manually inspected
hydrogen for the reduction of oxygen via thand then verified to reconstruct it with hand curated
respiratory chain in a reaction known agathway set derived from the available metabolic
oxyhydrogenation or Knallgas reactidime hydrogen information including reactions, Enzyme Commission,
formed is usually reoxidized by an uptake hydrogendselogical reliability etc., in KEG@VetaCyc and UM-
via a Knallgas reaction and hence there is no netBBD databases.
production in strains with uptake hydrogenases under The presence of nutrient stress-induced DNA-
ambient conditiond hus it is counterproductive wherbinding protein, starvation induced DNA binding
the goal is to produce hydrogen on a commercabtein, DNA starvation/stationary phase protection
scalé. protein, nucleoside triphosphate
pyrophosphohydrolase, carbon dioxide concentrating
f J.Adv.Dev.Res. Vol-1(1) 2010 Chéllapandi, P and Dhivya, C 62




Overview of Microbial Metabolomics: A Special Insight to Cyanobacterial M ethylotrophy

mechanism protein, RuBisCO expression protein,
carbon induced starvation protein, starvation-induced
protein involved in peptide utilization during carbon
starvation, starvation-inducible outer membrane
lipoprotein and starvation sensing protein support our
molecular hypothesis for survival of thisganism
under methane enriched condition (Cdgficient
environment). It was agreed to earlier rep6rfts
RuBisCO lage subunit and ferredoxin dependent
sulfite reductase are known enzymes reported in this
organism, which are required for photorespiration and
sulfur metabolism. Using a phylogenetic approach,
the functions of carbonic anhydrase, putative ammonia
monooxygenase, methanol dehydrogenase regulatory
protein, zinc-containing alcohol dehydrogenase (class
), S-(hydroxymethyl)glutathione dehydrogenase, S-
formylglutathione hydrolase, bidirectional
hydrogenase, carbon-monoxide dehydrogenase,
soluble methane monooxygenase, glutathione-
independent formaldehyde dehydrogenase, formate
dehydrogenase, methylamine dehydrogenase and
trimethylamine-N-oxide reductase have been assigned
to ensure its metabolic capability for hydrogen
production from methane gas and methylamine
(Figures 1-1). Accordingly, the proposed methane
metabolome of cyanobacteria was constructed as
shown in Figure 12 and corresponding biochemical
reactions are representedTiable 1. Phylogenetic
analysis of every genes involved in this pathway
revealed the strong relationships between
cyanobacteria and gamma proteobacteria, particularly
facultative methylotrophic bacteria that is an indicative
of occurring methylotrophic characteristic in this
organism.Thus, it suggests that thiggainism would

be served as a potential strain for commercial hydrogen
production. It is experimentally supported by earlier
reportg$®*
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&) Tablel. Major biochemical reactions of proposed methane metabolism in cyanobacteria

> EC ENZYME REACTION
;z 4211 Carbonic anhydrase H,CO,=CQ,+H,0 o
# 11312, Ammonia monooxygenase NH, + Oxygen + Ubiquinol <=> Hydroxylamine +,8 + Ubiquinone 3
E 111.1.6  Manganese containing catalase 2H0,=0,+2H0 é
g 363 Methanol dehydrogenase regulatory protein Methanol + NAD = formaldehyde + NADH + H+ o
11212 Bidirectional hydrogenase H, + NAD+ = H" + NADH §
12.99.2  Carbon-monoxide dehydrogenase CO+HO+A=CQ,+AH, 8
1.14.13.25 Soluble methane monooxygenase Methane + NAD(P)H + H+ + 0= methanol + NAD(P)+ + 1D %
1.2.1.46 Glutathione-independent formaldehyde dehydrogenaseFormaldehyde + NAD+ H,0 = formate + NADH + 2 H g}
o) 1212 Formate dehydrogenase Formate + NAD = CQ, + NADH §
2 14993 Methylamine dehydrogenase RCHNH, + H,0 + acceptor = RCHO + NH reduced acceptor 3
g 1.6.6.9 Trimethylamine-N-oxide reductase NADH + H* + trimethylamine N-oxide = NAD+ trimethylamine + HD %
£ 11117  Peroxidase Donor + HO, = oxidized donor + 2 }0 @
éu 1.1.99.8 Zinc-containing alcohol dehydrogenase (class Il) A primary alcohol + acceptor = an aldehyde + reduced acceptor %
% 1.1.1.284  S-(Hydroxymethyl)glutathione dehydrogenase S-(hydroxymethyl)glutathione + NAD(P)+ = S-formylglutathione +NAD(P)H* H g
g 31212  S-Formylglutathione hydrolase S-formylglutathione + ED = glutathione + formate S
'?; 1581 Dimethylamine dehydrogenase Dimethylamine + HO + electron-transferring flavoprotein =methylamine + formaldehyde + g
reduced electron-transferring flavoprotein §
1582 Trimethylamine dehydrogenase Trimethylamine + HO + electron-transferring flavoprotein =dimethylamine + formaldehyde +§-
reduced electron-transferring flavoprotein g*
1.1.1.244  Methanol dehydrogenase Methanol + NAD = formaldehyde + NADH + H 2
2.7.9.3 Selenide, water dikinase ATP + selenide + HD =AMP + selenophosphate + phosphate §
44122 S-(Hydroxymethyl)glutathione synthase S-(hydroxymethyl)glutathione = glutathione + formaldehyde <3
41.2.32  Trimethylamine N-oxide reductase/demethylase Trimethylamine N-oxide = dimethylamine + formaldehyde g
1.14.13. Oxidoreductases Hydantoin-5-propionate + 9, <=> 4-Imidazolone-5-propanoate +Oxygen $0H 2
4.1.1.39 Ribulose-bisphosphate carboxylase 2 3-phospho-D-glycerate + 2'i# D-ribulose 1,5-bisphosphate + C€H,0
18.7.1 Sulfite reductase Hydrogen sulfide + 6 oxidized ferredoxin + 3= sulfite + 6 reduced ferredoxin + 6 H
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gz, Fabonic anhiydrase Methylobacteium chloromethanicumn Chid]
B3 _|_ Cahonic antydrase Metndobacteiom mdictolerans JCh 2831)]
mo Carbonic anhydase wkethdobactedum nodulans ORS A060)
L Cabonic arhydrase [Ranthobacter autxrophicus Pyl]
o\ — Hvpothaical pratein PO303_12041 [Prochlorococcus mainus =tr. MIT 9303]
__— AEEHypnthetical protein SynWFHFE03 0832 [Synechococcus sp. WFH TEOE]
B35 Hypothetical protein s 162 [Synechocystiz sp. PCC G203]
- | Cabonic anbydrase [Hehella chejuensis KCTC 23956]
wml_______ Carbonic anhydrase [Scarwochlons maring MBICT1017]
g3, Cabonic arhydrasze [Gramella forzeti KTOS02]
Cabonic anhydrase [Gramella oreeti KTOE03]
= Carbonic anbydrase [manne gamma probeobactenum HTCC2 143]
L Carbonic anhydrase [manine adtinobacterium PHEC2Z0C1]
Cabonic anbydrase [Bacillus halodurans C-125)

—
o=

Figurel. Phylogenetic inference of carbonic anhydrase sequences and similarity hits obtained fron
cyanobacteria
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Figure2. Phylogenetic inference of carbon-monoxide dehydrogenagedabunit sequences and similarity
hits obtained from cyanobacteria
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NADOH e lpydroge sizse sibnnit H [P os i bococzis marins str WTE03
NADH deiprdroge izse sabanit H [Bynechococcis sp. U H 78059
Prigtie respigion-cias HOOH de iy dioge 1ase siban i Eyiechosoccs sp. RS9E1T]

1Al NAOH de bpdioge 1zse idomain prokin Cyaiobam sp. PCC 00
=0 NAOH deydroge izse sabnnit H [P pchlonococzis maris st T3
MoO-dependentiom3e dehpdrogeszse [lociln edmarniee backram HFO_ 12003
= u:nl Pedicted MO Db pende it omak de ipdoge e [ncitoedman: apla potecbace nim HOTAC01]

= Prigtie MO, CHdepe ndent Bmate dehydiegenas e [incikied mari e bacte iom EBO_5S00.10
Fomate debhyd e nmse Oceaiobacilis eperss HTEE]
Fomak debypdrogerzse [FEamonelb erericasibsp . entenca seo@ar Tephim i st LT3
H Fomak debpdrogerzme Chromotacenmm viobo:im LTCC 12474]
54 — Fomate dehpd oge izse [ pmoas saimonicdasibsp. saimont:da B4
01| L Fomak de hydoge 1 =e [Pecioback ram atroseptc: im SCRNEA
AEFanat e bydoge 1 e [Samone B ek nca sibsp. e rkerica se oar Typhimonom st 1H2E5
| — Fomak de bydoge 1xe [Bacilks iakbdies C-129
v | Fomak debydogeszse [ibno spkidds LGREA
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—
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Figure 3. Phylogenetic inference of formate dehydrogenase sequences and similarity hits obtained fror
cyanobacteria

6 [ Glutathione-independent formaldehy de dehy drogenase [Streptomy ces viidochromogenes DSM 40736]
Glutathione-independent formaldehy de dehydrogenase [Streptomyces hygroscopicus ATCC 53653]

Glutathione-independent formaldehy de dehydrogenase [Arthrobacter aurescens TC1]

Glutathione-independent formaldehyde dehydrogenase [Pseudomonas syringae pv. tabaci ATCC 11528]
Glutathione-independent formaldehyde dehydrogenase [Streptomyces griseoflawus Tu4000]

492| 6474 Glutathione-independent formaldehyde dehydrogenase [Saccharopolyspora erythraea NRRL 2338]
Glutathione-independent formaldehyde dehydrogenase [Pseudomonas fluorescens Pf5]

Glutathione-inde pendent formaldehyde dehydrogenase [Pseudomonas syringae pv. oryzae str. 1_6]
Putative methyltransferase [Prochlorococcus marinus str. MIT 9303]

431 Methyltransferase [Prochlorococcus marinus str. MIT 9313]
P51
624 Hypothetical protein RS9916_31957 [Synechococcus sp. RS9916]

Methyltransferase type 11 [Cyanothece sp. PCC 8801]

1000
SAM-dependent methyltransferase [Synechococcus sp. WH 7803]

816 Glutathione-independent formaldehyde dehydrogenase [Burkholderia pseudomallei 1710b]
&% |L Glutathione-independent formaldehyde dehydrogenase [Burkholderia multivorans ATCC 17616]

Glutathione-independent formaldehy de dehydrogenase [Burkholderia sp. CCGE1002]

44
Probable omaldehyde dehydrogenase [Rhodopirellula baltica SH 1]

— Glutathione-independent formaldehyde dehydrogenase [Rhizobium leguminosarum bv. viciae 3841]

=
0.2

Figure 4. Phylogenetic inference of glutathione-independent formaldehyde dehydrogenase sequences a
similarity hits obtained from cyanobacteria
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hanganese-containing catalase [Bacillus hd odurans C-124]

S5k
lll;lEManganﬁe-cantaining caElase [Oceanobacillus iheyvensis HTESE]
S5

hanganese-containing catalase [Fhodopirellula battica 5 H 1]

han@nese containing catalase [Beijernckia indica subsp. indica ATCC 90349]

hianganese containing caalase [Bacillus wehenstephanensiz KBABY |
hanganese corf@ining catalase [Desulitomaculum reducens hik]
B12 | o hianganese containing camlaze [Clostridium cellulowrans 7430]

hanganese containing caalase [Clostridium cellulowrans B)
Hypothetical protein PA203_13281 [Prochlorococcus mannus sr. MIT 9203)

E‘;mhe‘tical protein R59917_13115 [Synechococcus sp. RE9917)
Aminoglycoside phosphotranserase [Syntmphobacter imarexidans WP OB]

Hypothetical pmtein 5 HOU0E5SS [Synechococses sp. WIrH 2102]

1H

iom

L hBnganese cont@ining catalase [Thermoanaerobacterium themmosacchambyticum O5hd 571]
Manganese containing ca@lase [Thermoanaermobacter ethanolicus CCS O1)
56| iangane=e containing cadlase [Thermoanaerobacter sp. K6 1]

Mlanganese containing catalase [Thermoanaembacter mathranii subsp. mathranii str. 23]

Bl Manganese containing catalase [Thermoanaembacter itdicus AbA]

—i
oz

Figureb5. Phylogenetic inference of manganese containing catalgseslaounit sequences and similarity hits
obtained from cyanobacteria
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Figure6. Phylogenetic inference of methanol dehydrogenase regulatory protein sequences and similarity hi
obtained from cyanobacteria
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Figure7. Phylogenetic inference of methylamine dehydrogenase sequences and similarity hits obtained frol
cyanobacteria
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Figure8. Phylogenetic inference of putative ammonia monooxygenase sequences and similarity hits obtaine
from cyanobacteria
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Figure9. Phylogenetic inference of soluble methane monooxygenase sequences and similarity hits obtaine
from cyanobacteria
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Figure 10. Phylogenetic inference of trimethylamine-N-oxide reductase sequences and similarity hits ob-
tained from cyanobacteria
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Figure11. Phylogenetic inference of bidirectional hydrogenase sequences and similarity hits obtained fron

cyanobacteria
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Conclusion

Overall, we conclude that elucidating the
molecular and biochemical mechanisms of
methylotrophy in fresh and marine water cyanobacteria
by comparing their genomes functional homologies

and metabolomes witfype I, Il and X methylotrophs 7.

using systems biology approach will provide an insight

to understand their methane assimilation capacitie§in
the ecosystem. It is emphasis the genomes of
cyanobacteria can have the metabolic capabilities not
only for methane, but also other C1 compounds
assimilation by finding the genes involved in their
metabolomeslhe genes with unknown functions aré-
predicted and complied with known functional genes
for reconstruction of methane pathway using
bioinformatics resources and thereaftaetabolic
model of this pathway is developed with experimenﬂa@-
as well as hypothetical data using systems biology
approachThe resulted exposure will perhaps coincide
with experimental data so as to exploit cyanobacteria
for producing hydrogen from C1 compounds and for

bioremediation purpose. 11.

Acknowledgement

The corresponding author is grateful to the

University Grants Commission, New Delhi, India for

financial assistance (UGC Sanction No. 32-559/200@

to carry out the work.

References

1. Lessard, P1996. Metabolic engineering: the
concept coalescedNature Biotechnology, 13
14:1654-1655.

2. Wiechert,W. 2002. Modeling and simulation:
tools for metabolic engineeringournal of
Biotechnology, 94:37-63.

3. Stephanopoulos, @999. Metabolic fluxes andq4
metabolic engineeringetabolic Engineering,
1:1-11.

4. Fell, DA. 1996.Understanding the control of 15
metabolism. London, Portland Press.

5. Griffiths, W. 2007 Metabolomics, metabonomics
and metabolite profiling. Cambridge: Royal
Society of Chemistry

6. Morrison, N, Bearden, D, BundyG Collette, 1¢4
T, Currie, F Davey MP, Haigh, NS, Hancock,

D, Jones, OAH, Rochfort, S, Sansone, S-A, Stys,

(£) 1.Adv.DevRes,Vol-1(1) 2010

Chéllapandi, P and Dhivya, C

D, Teng, Q, Field, D an&iant, MR. 2007.
Standard reporting requirements for biological
samples in metabolomics experiments:
Environmental contextMetabolomics, 3:203-
210.

Glass, DJ and Hall, N. 2008.brief history of
the hypothesi<LCell, 134:378-381.

Kell, DB and Oliver SG 2004. Here is the
evidence, now what is the hypothesiEie
complementary roles of inductive and hypothesis-
driven science in the post-genomic era.
BioEssays, 26:99-105.

Delgado, J and Liao, JC. 1997. Inverse flux
analysis for reduction of acetate excretion in
Escherichia coli. Biotechnology Progress,
13:361-367.

Chellapandi, PSivaramakrishnan, S and
Viswanathan, MB. 2010. Systems biotechnology:
An emeging trend in metabolic engineering of
industrial microoganisms. durnal of Computer
Science and Systems Biology, 3: 43-49.

Oldiges, M, Lutz, S, Pflug, S, Schro&t, Sein,

N andwiendahl, C. 2007. Metabolomics: current
state and evolving methodologies and tools.
Applied Microbiology and Biotechnology,
76:495-51.

. Karthigeyan, C, Sivaramakrishnan, S and

Chellapandi, P2007. Phylogenomic analysis of
archaeal domainBioinformatics Trends, 2: 37-
55.

Chellapandi, P Karthigeyan, C and
Sivaramakrishnan, S. 2007. Phylogenomic
analysis of archaeal domaiAn overview
Research and Revielournal of Bioscience, 1:
160-168.

. Heijnen, JJ. 200B\pproximative kinetic formats

used in metabolic network modeling.
Biotechnology and Bioengineering, 91:534-545.

. Rizzi, M, Baltes, MTheobald, U and Reuss, M.

1997.In vivo analysis of metabolic dynamics in
Saccharomyces cerevisiae. |II. Mathematical
model. Biotechnology and Bioengineering,
55:592-608.

. Vaseghi, S, Baumeisté, Rizzi, M and Reuss,

M. 1999.1n vivo dynamics of the pentose
phosphate pathway $accharomycescerevisiae.

71



17.

18.

19.

20.

21.

22.

23.

24,

25.

(£) 1.Adv.DevRes,Vol-1(1) 2010

Overview of Microbial Metabolomics: A Special Insight to Cyanobacterial M ethylotrophy

Metabolic Engineering, 1:128-140.

Chassagnole, C, Noisommit-Rizzi, N, Schmid,
JW, Mauch, K and Reuss, M. 2002. Dynamic
modeling of the central carbon metabolism &6.
Escherichia coli. Biotechnology and
Bioengineering, 79:53-73.

Degenring, D, Froemel, C, Dikta, G anakors,

R. 2004. Sensitivity analysis for the reduction of
complex metabolism model&urnal of Process 27.
Control, 14:729-745.

Visser D, Schmid, JWMauch, K, Reuss, M and
Heijnen, JJ. 2004. Optimal re-design of primary
metabolism inEscherichia coli using linlog 28.
kinetics.Metabolic Engineering, 6:378-390.

Voit, EO,Almeida, J, Marino, S, Lall, R, Goel,

G NevesAR and Santos, H. 2006. Regulation
of glycolysis inLactococcuslactis. an unfinished
systems biological case stutliyE Proceedings
of Systems Biology, 153:286-298.

Noble, M, Sinha)Y, Kolupaey A, Demin, O,
EarnshawD, Tobin, FWest, J, Martin, JD, Qiu,
CY, Liu, WS, DeWlf, WE, Tew, D and Goryanin,
[I. 2006. The kinetic model of the shikimate30.
pathway as a tool to optimize enzyme assays for
high-throughput screenin@iotechnology and 31.
Bioengineering, 95:560-73.

Wahl, SA, Haunschild, MD, Oldiges, M and
Wiechert,W. 2006. Unravelling the regulatory32.
structure of biochemical networks using stimulus
response experiments anddarscale model
selectionl EE Proceedings of Systems Biology,
153:275-285. 33.
Chassagnole, C, Fell, DA, Rais, B, Kudla, B and
Mazat, JP 2001. Control of the threonine-
synthesis pathway ifEscherichia coli: a 34.
theoretical and experimental approach.
Biochemical Journal, 356:433-444.

Magnus, JB, Hollwedel, D, Oldiges, M and
Takors, R. 2006. Monitoring and modeling o35.
the reaction dynamics in the valine/leucine
synthesis pathway inCorynebacterium
glutamicum. Biotechnology Progress, 22:1071-
1083.

Yang, C, Hua, Q and Shimizu, K. 199936.
Development of a kinetic model for L-lysine
biosynthesis iCorynebacteriumglutamicumand

29.

Chéllapandi, P and Dhivya, C

its application to metabolic control analysis.
Journal of Bioscience and Bioengineering,
88:393-403.

Pissara, PD, Nielsen, J and Bazin, MJ. 1996.
Pathway kinetics and metabolic control analysis
of a high-yielding strain ofPenicillium
chrysogenum during fed batch cultivations.
Biotechnology and Bioengineering, 51:168-176.
Chistoserdova, L, Kalyuzhnaya, MG and
Lidstrom, ME. 2009The expanding world of
methylotrophic metabolismAnnual Review of
Microbiology, 63:477-499.

Chistoserdova, L, Jenkins, C, Kalyuzhnaya, M,
Marx, CJ, LapidusA, Vorholt, JA, $aley JT
and Lidstrom, ME. 2004The enigmatic
Planctomycetes may hold a key to the origins of
methanogenesis and methylotroplkiplecular
Biology and Evolution, 21:1234-1241.
Chistoserdova, L\orholt, JAand Lidstrom, ME.
2005.A genomic view of methane oxidation by
aerobic bacteria and anaerobic arch@&eaome
Biology, 6:208.

Olson, JM. 2006. Photosynthesis in rtehean
era.Photosynthesis Research, 88: 109-17.
Schwartzman, D, Caldeira, K and Pavlév
2008. Cyanobacterial engance at 2.8 gya and
greenhouse feedbaclkstrobiology, 8:187-203.
CavalierSmith,T. 2006. Cell evolution and earth
history: stasis and revolution. Philosophical
Transactions of the Royal Society of London.
Biological Sciences, 361:969-1006.

Markov, AV and ZakharoJA. 2009. Evolution

of gene orders in genomes of cyanobacteria.
Russian Journal of Genetics, 45:906-916.

Rudi, K, Skulbeg, OM and Jakobsen, K. 1998.
Evolution of cyanobacteria by exchange of
genetic material among phyletically related
strainsJournal of Bacteriology, 180:3453-3461.
Badger MR and Price, GD. 2003. CO
concentrating mechanisms in cyanobacteria:
molecular components, their diversity and
evolution. Journal of Experimental Botany,
54:609-622.

Tomitani, A, Knoll, AH, Cavanaugh, CM and
Ohno,T. 2006.The evolutionary diversification
of cyanobacteria: Moleculgghylogenetic and

72



37.

38.

39.

40.

41.

42.

43.

44.

(£) 1.Adv.DevRes,Vol-1(1) 2010

Overview of Microbial Metabolomics: A Special Insight to Cyanobacterial M ethylotrophy

paleontological perspectivda.oceedings of the
National Academy of Science, USA 103:5442-
5447.

Dou, Z, Heinhorst, S\illiams, EB, Murin, CD,

Shively, JM and Cannon, GC. 2008. Cixation  46.

kinetics ofHal othiobacillus neapolitanus mutant
carboxysomes lacking carbonic anhydrase
suggest the shell acts as dutifonal barrier for
CQO,. Journal of Biological Chemistry,
283:10377-10384.

Cannon, GC, Heinhorst, S and Kerfeld, CA.
2010. Carboxysomal carbonic anhydrases:
Structure and role in microbial CQixation.
Biochimica et Biophysica Acta - Proteins and
Proteomics, 1804:382-392.

Happe, T, Schitz, K and Bohme, H. 2000.
Transcriptional and mutational analysis of the
uptake hydrogenase of the filamentous

cyanobacteriumAnabaena variabilis ATCC 49.

29413.Journal of Bacteriology, 182:1624-1631.
Weyman, PD, Pratte, B arthiel, T. 2010.
Hydrogen production in nitrogenase mutants in
Anabaena variabilis. FEMS Microbiology,
304:55-61.

Dutta, D, De, D, Chaudhuri, S and Bhattacharya,
SK. 2005. Hydrogen production by
cyanobacteriaVlicrobial Cell Factories, 4:36.
Antal, TK and Lindblad, P2005. Production of
H, by sulphurdeprived cells of the unicellular
cyanobacteriaGloeocapsa alpicola and
Synechocystis sp. PCC 6803 during dark
incubation with methane or at various
extracellular pH. Journal of Applied
Microbiology, 98:114-120.

Tamagnini, PAxelsson, R, Lindbey, P Oxelfelt,

F, Wunschiers, R and Lindblad, R002.
Hydrogenases and hydrogen metabolism of
cyanobacteriaMicrobiology and Molecular
Biology Review, 66:1-20.

Altschul, SEFMaddenTL, Schafer, AA, Zhang,

J, Zhang, Z, MillerW and Lipman, DJ. 1997.
Gapped BLASTand PSI-BLAST a new

generation of protein database search program.

Nucleic Acids Research, 25:3389-3402.

. Thompson, JD, GibsonlJ, Plewniak, F

Jeanmougin, F and Higgins, DG997.The

47.

48.

50.

Chéllapandi, P and Dhivya, C

ClustalX windows interface: flexible strategies
for multiple sequence alignment aided by quality
analysis tooldNucleic Acids Research, 24:4876-
4882.

Tamura, K, DudleyJ, Nei, M and KumarS.
2007. MEGA4: Molecular Evolutionary Genetics
Analysis (MEGA) software version 4.0.
Molecular Biology and Evolution, 24:1596-
1599.

de Marsac, NT and Houmard, J. 2006.
Adaptation of cyanobacteria to environmental
stimuli: new steps towards molecular
mechanismsFEMS Microbiology Letters,
104:119-189.

Conrad, R. 1996. Soil microganisms as
controllers of atmospheric trace gaseg €D,
CH,, OCS, NO and NO).Microbiological
Review, 60: 609-640.

Gupta, RS. 2000.The phylogeny of
proteobacteria: relationships to other eubacterial
phyla and eukaryote$ssEMS Microbiology
Reviews, 24:367-402.

Battistuzzi, FU, Feijadd and Hedges, SB. 2004.
A genomic timescale of prokaryote evolution:
insights into the origin of methanogenesis,
phototrophyand the colonization of lanBMC
Evolutionary Biology, 4:44.

73



