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Hypothetical scheme showing a combination of the central catabolism of K. stuttgartiensis together with the nitrate reductase to generate low-redox—

nitrite reductase; HH hydrazine hydrolase; HZO hydrazine dehydrogenase; Nar

nitrate reductase; Q ubiquinone; fdh formate dehydrogenase; nuo NADH: ubiquinone oxidoreductase; Q( H,) ( reduced) ubiquinone; bel  bel-
complex; . Symbols: light diamonds cytochromes; dark diamond with a black rim ferredoxin; solid arrows reductions; dashed arrows oxidations.
AW " and AW " are thought to represent the anammoxosome and riboplasmic compartments respectively.
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Table 1 The main reactions of anammox central metabolism
Process( Enzyme) Reaction E' (V/e) Location
1 Denitrification( Nir) NO, + 2H" + e ——>NO +H,0 0.34 Periplasm
2 Hydrazine formation( HH) NH,;” +NO +2H" +3e” ——N,H, +H,0 0.34 Anammoxosome
3 Nitrogen generation( HZO) N,H, —N, +4H" +4e” -0.75 Anammoxosome
4 Nitrification( Nar) NO, + H,0——>NO, +2H" +2e” -0.43 Membrane
Paracoccus pantotrophus 499% *
2 AAOB ( 1 1) NO,
. Nir 2 Cyt ed,
2.1 Nir 120 kDa ( 2-A)
NO, (NO, + 2H" + e~ —NO + c d, B
H,0) Nir, K. NO, d, Fe?* M
stuttgartiensis Cyt cd, Nir nirs Cu Nir 36 kDa
‘. Nir . ( 2B) .
K. stutigartiensis  Nirs( kuste4136) I ) I
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Fig.2 The structure of Nir. A: Cyt cd, 4ype Nir * ; B: Copper—
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HNZH4 + HQO) HH., Fig.4 The structure of N, O reductase monomer.
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Fig.5 Over all structure of E. Coli NarGHI. A: NarGHI viewed parallel to the membrane; B: Redox cofactor of

NarGHI in the same orientation as in A; C: NarGHI dimmer viewed parallel to the membrane and rotated 90° from A.
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Fig.8 The structure and function of ATP synthetase.

4 Co,
4
( Calvin Cycle) . ( Reverse
Tricarboxylic Acid Cycle) . -CoA
( Reductive acetyl-CoA Pathway) ( acetyl-CoA
) 3- ( 3-Hydroxypropionate
Pathway) . AAOB
10 acetyl-CoA co,*' " .
4.1
9 o
18 ATP 12 NADPH 6 Co, 1
6- o 6-

6CO, + 12NADPH + 18ATP —— C,H,, O,
(PO,H) +12NADP* +18ADP +17P,
1 5-

4.2 Acetyl-CoA
K. stuttgartiensis
-CoA ** . K. stuttgartiensis
-CoA

3.4 nmol/( min*mg) (
) e AAOB —CoA

9 36

Fig.9 Calvin cycle.

10 acetyl-CoA 3

Fig. 10  The acetyl-CoA pathway of Autotrophic acetogenic bacteria.



Huifeng Lu et al. /Acta Microbiologica Sinica(2011) 51( 8)

1020
4.3
K. stuttgartiensis
NADH: Q ( I) .NADH:
Strous AAOB
NADH QH,” .
AAOB
2 c 2
Q Q 2
CoO, NADH:
NADH NADH CO, o
5
. AAOB
N Strous
AAOB
AAOB o
AAOB
AAOB . AAOB

1 van de Graaf AA  Mulder A de Bruijn P Jetten MS
Robertson LA Kuenen JG. Anaerobic Oxidation of
Ammonium Is a Biologically Mediated Process. Applied
and Environmental Microbiology 1995 61(4): 1246-
1251.

2 Jetten MSM  Nifirik LV Strous M Kartal B Keltjens JT
Op den Camp HJM. Biochemistry and molecular biology of
anammox bacteria. Critical Reviews in Biochemistry and
Molecular Biology 2009 44(2-3): 65-84.

3 Arrigo KR. Marine microorganisms and global nutrient
cycles (vol 437 pg 349 2005). Nature 2005 438
(7064) : 122422.

4 Strous M Pelletier E Mangenot S Rattei T Lehner A
Taylor MW  Horn M Daims H  Bartol-Mavel D
Wincker P Barbe V  Fonknechten N  Vallenet D
Segurens B Schenowitz-Truong C  Me” digue C
Collingro A Snel B Dutilh BE Opden Camp HJM van

11

12

13

der Drift C Cirpus I van de Pas-Schoonen KT

Harhangi HR  van Niftrik L Schmid M Keltjens J van
de Vossenberg ] Kartal B Meier H Frishman D

Huynen MA Mewes HW Weissenbach J Jetten MSM

Wagner M Paslier DL. Deciphering the evolution and
metabolism of an anammox bacterium from a community
genome. Nature 2006 440(7085): 790-793.

Jetten MSM' Wagner M Fuerst ] van Loosdrecht M

Kuenen G Strous M. Microbiology and application of the
anaerobic ammonium oxidation ( ‘anammox’) process.
Current Opinion in Biotechnology 2001 12(3): 283-
291.

2004: 1-20.
Shimamur AM Nishiyama T Shigetomo H Toyomoto T
Kawahara Y  Furukawa K  Fujii T. Isolation of a
multiheme protein with features of a hydrazine-oxidizing
enzyme from an  anaerobic = ammonium-oxidizing
enrichment  culture.  Applied and  Enwvironmental
Microbiology 2007 73(4) :10654072.
Shimamura M Nishiyama T Shigetomo H Toyomoto T
Kawahara Y Furukawa K Fujii T. Another multiheme
protein  hydroxylamine  oxidoreductase  abundantly
produced in an anammox bacterium besides the
hydrazine-oxidizing enzyme. Journal of Bioscience and
Bioengineering 2008 105(4) :432-432.
Van Niftrik L Geerts WJC Van Donselaar EG Humbel
BM Webb RI Fuerst JA Verkleij A] Jetten MSM
Strous M. Linking ultrastructure and function in four
genera of anaerobic ammonium-oxidizing bacteria: Cell
plan glycogen storage and localization of cytochrome ¢
proteins. Journal of Bacteriology 2008 190(2): 708-
717.
Schouten S Strous M Kuypers MMM  Rijpstra WIC
Baas M Schubert CJ Jetten MSM Damste JS. S.
Stable carbon isotopic fractionations associated with
inorganic carbon fixation by anaerobic ammonium
oxidizing bacteria. Applied Environmental Microbiology
2004 70(6): 37853788.
Hu AH Zheng P Mahmood Q Zhang L. Shen LD
Ding S. Characteristics of nitrogenous substrate
conversion by anammox  enrichment.  Bioresource
Technology. 2011 102: 536-542.
Kostera J  Youngblut MD  Slosarczyk JM  Pacheco
AA. Kinetic and product distribution analysis of NO
center dot reductase activity in Nitrosomonas europaea
hydroxylamine oxidoreductase. Journal of Biological
Inorganic Chemistry 2008 13: 1073-4083.

Tiedje JM . Ecology of denitrification and dissimilatory



(2011) 51(8)

1021

15

17

19

20

21

22

23

24

Biology of Anaerobic
John Wiley &Sons

nitrate reduction to ammonium. In:
Microorganisms Zehnder AJB( ed)
New York 1988.179-244.
Ferguson SJ. Denitrification and its control. Antonie van
1994 66(1-3): 89410.

Godden JW and Turley Ws Teller DC  Adman ET Liu
MY Payne W] LeGall J. The 2 3Angstrom X-ay

structure  of

Leeuwenhoek

reductase from Achromobacter
cycloclastes. Science 1991 253(5018) : 438-442.
Fenderson FF' Kumar FS Adman ET Liu MY Payne

nitrite

WJ LeGall J. Amino acid sequence of nitrite reductase:
a copper from  Achrobacter  cycloclastes.
Biochemistry 1991 30(29): 7180-7185.

Howes BD Abraham Z. Abraham DJL Thomas B
Robert RE  Barry ES. EPR and electon-nuclear double—

resonance( ENDOR) studies show nitrite binding to the

protein

type 2 copper centers of the dissmilatory nitrite reductase
of Alcaligenes  xylosoxidation ( NCIMBI110157 ).
Biochemistry 1994 33(11): 31713177.

Timkovich R Robinso MK. Envidence for water as the

reduction by

1979 88: 649-655.

product for oxygen cyctochrome cd,.

Biochem Biophys res Commun

Masuko M Iwasaki H Sakurai T Suzuki S Nakahara
A. Characterization of Nitrite Reductase from a
Denitrifier  Alcaligenes Sp. NCIB 11015. A Novel
Copper Protein.. Journal of Biochemistry 1984 96
(2): 447-454.

Vilmos F James WBM  Stuart JF Hajdua J. The

anatomy of a bifunctional enzyme Structural basis for
reduction of oxygen to water and synthesis of nitric oxide
by cytochrome cd,. Cell. 1995 81(3): 369377.

Elinor T Adman JW Godden Stewart T. The Structure
of  Copper-nitrite

from  Achromobacter

with NO, Bound and

Reductase
cycloclastes at Five pH Values

with Type II Copper Depleted. The Journal of Biological
Chemistry. 1995 270(46) : 2745827474.

Sann R Kostka S Friedrieh B. A cytochrome cd,-type
nitrite reductase mediates the first step of denitrification
in Alcaligenes eutrophus. Archives of Microbiology
1994 161(6) :453-459.

Baker SC  Saunders NFW  Willis AC Ferguson SJ
Hajdu J Filtop V. Cytochrome cd, Structure: Unusual
Haem Environments in a Nitrite Reductase and Analysis
of Factors Contributing to b-Propeller Folds. Journal of
Molecular Biology 1997 271(2): 294-295.

Karlsson R Karlsson A Backman O Johansson BR
Hulth S. Identification of key proteins involved in the
FEMS Microbiol Lett 2009 297

anammox reaction.

(1): 8794,

25

26

27

28

29

30

31

32

33

34

35

36

DL Cox MM.
Biochemistry ( Fourth Edition) .

Freeman 2005.

Lehninger  Principles  of

New York: W. H.

Nelson

Brown K Tegoni M Prudencio M Pereira AS Besson

S Mouram JJ] Moura I  Cambillau C. A novel type of
catalytic copper cluster in nitrous oxide reductase.
Nature Structural Biology 2000 7(3): 191495.

Shimamura M Nishiyama T Shigetomo H Toyomoto T

Kawahara Y Furukawa K Fujii T. Isolation of a
Multiheme Protein with Features of a Hydrazine-Oxidizing
from an  Anaerobic Ammonium-Oxidizing
Applied

Microbiology 2007 73(4): 10654072.
Schalk J  Oustad H Kuenen JG Jetten MSM. The

anaerobic oxidation of hydrazine:

Enzyme

Enrichment Culture. Environmental

a novel reaction in

microbial nitrogen metabolism. FEMS Microbiology

Letters 1998 158(1): 61-67.
Shapleigh JP. The Prokaraotes: An Evolving Electronic

rd

Database for Microbiological Community. 3" eds.

York: Springer-Verlag 2001.

New

Steward V. Nitrate respiration in relation to facultative
metabolism in enterobacteria.
1988 52(2): 190232.

Bertero MG Rothery RA Palak M Hou C Lim D
Blasco F' Weiner JH Strynadka NCJ. Insights into the

respiratory electron transfer pathway from the structure of

Microbiological Reviews

nitrate reductase. Nature Structure Biology. 2003 10
(9): 681-687.

Lansing MP  John PH Donald AK. Microbiology. 5"
eds. New York: McGraw-Hill Companies 2002.
Cirpus IE  de Been M Op den Camp HJM Strous M
Le PD  Kuenen GJ Jetten MSM.. A new soluble 10
kDa monoheme cytochrome ¢-552 from the anammox
bacterium Candidatus “Kuenenia stuttgartiensis”. FEMS
Microbiology Letters 2005 252: 273278.

Huston WM  Harhangi HR Leech AP Butler CS
Jetten MSM  Op den Camp HJM Moir JWB. Expression
and characterisation of a major c-ype cytochrome
encoded by gene kustc0563 from Kuenenia stuttgartiensis
as a recombinant protein in Escherichia coli. Protein
Expression and Purification 2007 51(1): 28-33.
Cirpus IEY Geerts W Hermansa JHM Op den Campa
HJM  Strous M Kuenen JG Jetten MSM. Challenging
protein purification from anammox bacteria. International
Journal of Biological Macromolecules 2006 39( 1-3):
88-97.

Madigan MT Martinko JM Parker J. Brock Biology of
Pearson

Microorganisms( 10th edition) . Prentice Hall:

Education Inc. 2002.



1022 Huifeng Lu et al. /Acta Microbiologica Sinica(2011) 51( 8)

Central metabolism of anammox bacteria—A review

Huifeng Lu Shuang Ding Ping Zheng’

Department of Environmental Engineering Zhejiang University Hangzhou 310058 China

Abstract: Anaerobic ammonium oxidation ( anammox) is a biological process by which ammonium is oxidized to dinitrogen
gas by using nitrite as the electrons acceptor. Anaerobic ammonium-oxidizing bacteria play an important role in nitrogen
removal from wastewater and global N-cycle. The study of metabolism of anammox bacteria will help us understand the
anammox mechanism and develop anammox biotechnology. Anammox bacteria are chemoautotrophic bacteria that use CO,
or HCO, as carbon source and obtain their energy from the conversion of ammonium and nitrite into dinitrogen gas.
Hydrazine has been detected as an intermediate in the anammox pathway while hydroxylamine and nitric oxide have not
been detected yet. The genomic data indicate that anammox bacteria fix carbon dioxide through acetyl-CoA pathway. The
proposed anammox pathway is consistent with the available experimental data thermodynamical calculation and
biochemical determination and as well as the Ockham’s razor principal.

Keywords: anammox bacteria nitrogen metabolism energy conversion carbon dioxide fixation
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