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= v b OENITIL [4Fe-4S] 7 7 A 2 —MERR I T\ T,
A, D ThZhic ATP AT — 2T OFET 5, &
DZODY T 2=y MEZD ATP #5EH6 ORI
B, B O AkE IS By I T
HMT, RIGEEOILERE IR I TS 2 e FaF
w7 v CoA FeFox—¥Eix® s, —J, BC
P72y MIEHISEOC AT A vERAYEL, F05
H8{HN 2 DD [4Fe-4S] 7 5 A X —HEFL T 5 &
Ez2bRT\W5,

FCik 7z & kb, Birch EILKIGOMEILET I
HREFHFEALEGY OBALREITTEN 2D TR 2 & T
BB, ALERIGOBE L T RE - fe g bR AL
DAERNETCHN BT 5 & & TRIGDEALT 5D, BEX
PRI s\ T 2 BT 5 L FRFRIC, AEEEOMBL
BILBAMEY FIFs Lo s (K4),

53. BMHRETHIZDLS

BCR CHETHMHIBTHDII 7= v FF v THDHZ
L35> THEY, BCR ODFFH3 DD [4Fe-4S] 7 5 A
2 — b, MALETEMIZ -500mV BE LHEXh
729, 7=V FF* > vinb BCRICK - FE T, S=1/2
LWOHMEOAE VIRRER S, LavL, & 2T ATP
DD AD V7 2=y MIT Lo TIKGRI D &,
CYV 7oy bDLAFTVERIENY vBLIAD, =
NDFFEDH LT [4Fe4S] 7 T AR —DIA Y 7 5 A— g
VI LR, BT S=7/2 LW OHEHI R AF DR
CVIRREEERRD X 51D, 0 [ATP IKGRIC X

HIGEEAL] X o T, 77 A% —OBALETTHENL D
-500mV BEEK T L, &5 -1V O LEITCENMN &2 FFo,
Lo BEILDOBETFHGAIHEIRSE EEZLRT
W3 (K4A),

54. FEROBILETEMZ LTS

—JiC, FEOMILEITLENIT CoA 425 1l
I ERL, FERILIDZELEINCT b, el
DEEB/HBOMALEITTEAMT, vEVERLL 3V
BETHLHEINTWED, FAZ 2T AL 5T
19V B EEZ DR TS, ZH#iE, Buckel Hic X
5&, COA AT AT ADFDOHIALR=AFKITT LT
LRy b vOWEEH TR, A E=ARBCE
THREB L THEKDL 7 745 O ARHKRRLT W T
HBHENS (KB, P,

FTLTCETHSELEOEY D 1V HOELXHD LD
i, —OlkEEE & v R 2 BOKFEBRIEN D LR = LR
g Tu bk Vb A LI TTHAS EE 2 DR
Tw5 (K4C), 2hicX v r 135 vh ani2gE@Zdl
L, 250mV BERIEITEMNE LF5 LAk s,
Ebig, By REBREERIE ) L R = VIRFBA~OFET
R LA p- i RED e Fad v i (biisC 5o b
ERLTWh, THIRE->TF VAT =+ v DERY
EhEEL, XDICBLETTEMZI L BT, WEREECE
1} % Birch BT EBTHDTH 59,

5.5. BCR O%9%

T. aromatica Dffic BCR Mz T ZFH > LD
N D, BEME O Azoarcus evansii® &
Magnetospirillum JEME>?, o5 ME D Rhodopseu-
domonas palustris'> D\ %5, D 5%H A evansii DiE(n

CO0O-
3V — :0: e :@:
€]
R-C-SCoA R-C-SCoA
Benzoate )
Ketyl>PhIL
COSCoA
HILR=LEOTORAEE
2V — C) EFuBEXOTANATMIZES
SUNILER D BB

pol Benzoyl-CoA
o) B) COAFAITRTILIEIZLD
3-;’( KetylSCHILDREL
o

|

A1V —

BCR"
. /ﬂ//<;m
Ferredoxin —————— BCR
ATP
A) ATPIK D RIZED
BINILX—REVEFHIZEFDER
ov

4. AW Birch EIGIC R 5 — T T HALE TC R ALREEE D TE R,



78

FRINFOMOMFEELETEIIERE S RitoTE
Y, T aromatica ® BCR & 1% 7o 5iris 5 HERE TG %
fTo T BEEMEL D B,

—77, b EBrEERS M A s LR RS MR B
X BCR X A2 T\, g ITCHIE Geobacter
metallireducens (388 2 DHEFFALEW & 5 R+ 50, #
XNty 7 A i BCR HMT 58ET IR, <
VAL CoA DRIzt Lv v EE) TF Vv ERELR
HOBFENERE L TV 5 2 ERRBI T 5%, [k
PRGN DI IC B T 5 L EEIE D R T, &
W46 BTBEILICE > Ty 7 a~Fr vy NMEFRKTH9 &
IhTkh, BEMEE IR ABE TV EVERENE
TIN TS AR E L,

6. #% [6)

DX 5 CHBEACE Y OB FEB AP 38R 7 e
Bk e I EDNFAET B2, 29 LI IGD W@ % #E
MBEHE & L TORIMILE TR T e, BRI
W OFIRHIC DT, HRBED & R0 B #
EoRE, fMlaREoKs, MR L 5 MEmlacr
FOHERELL ORBEND Y, TIULE#HRZ & Tl
N 1EAH 5,

L2y LRIRFI, AU Rk s X h s W EE Tk
TWIEAH S, SR EC LAMEYy o ARG R
BITDz v 72 BONAARREENBA I, KExk [F—
& OBREEMY LT, in silico THEMEHAHRL X
5L VO TH D, 5 Licthr bRt o TH
Wit X AT AT NMEL R, [HREED
DIGA=2 2 vHFE] LW FHPELIHL, o<
fennd Livisw, EZ B, o Tl eptsst
W X B GBS ROBEFRIIG &\ 5 SRR A
Z D201 EDOBICY ) T REBCEL T 5
D, FIIEERT ) I H o T [HKEND
E VS BRI TR TR I, MBI B 1Y, £ 5 LA
REadeL cotRmtEmolt- iy ABZ &EThAr 5,

[T BENZ] EWSRETODIE, PR
e I TG I S T v e A R S T e, HIER E
T BIAK IR 25 2 UE, £ icidEnie
TBEM: A O WA F 1L L R - TV B IE R
WEBbhEDTH S,

E | &

EFD N A v B LTy, BRI AL R R
MR B E AT, G RER, T Ahko 7
Z 4 77 K5 G. Fuchs #&#%, M. Boll & iz %
#£T5,

X )

1) Bak, F,, and F. Widdel. 1986. Anaerobic degradation of phenol
and phenol derivatives by Desulfobacterium phenolicum sp.
nov. Arch. Microbiol. 146: 177-180.

2) Barragan, M.J.L., E. Diaz, JL. Garcia, and M. Carmona.
2004. Genetic clues on the evolution of anaerobic catabolism
of aromatic compounds. Microbiology 150: 2018-2021.

&

3)

4)

5

6)

7)

8)

9

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

Beller, H.R. 2002. Analysis of benzylsuccinates in groundwater
by liquid chromatography/tandem mass spectrometry and its
use for monitoring in situ BTEX biodegradation. Environ. Sci.
Technol. 36: 2724-2728.

Beller, H.R,, S.R. Kane, T.C. Legler, and P.J. Alvarez. 2002. A
real-time polymerase chain reaction method for monitoring
anaerobic, hydrocarbon-degrading bacteria based on a cata-
bolic gene. Environ. Sci. Technol. 36: 3977-3984.

Boll, M. 2005. Key enzymes in the anaerobic aromatic metab-
olism catalysing Birch-like reductions. Biochim. Biophys. Acta.
1707: 34-50.

Boll, M., G. Fuchs, and J. Heider. 2002. Anaerobic oxidation
of aromatic compounds and hydrocarbons. Curr. Opin. Chem.
Biol. 6: 604-611.

Boll, M., G. Fuchs, and D.J. Lowes. 2001. Single turnover
EPR studies of benzoyl-CoA reductase. Biochemistry 40: 7612—
7620.

Boll, M., G. Fuchs, C. Meier, A. Trautwein, A. El Kasmi, S.W.
Ragsdale, G. Buchanan, and D.J. Lowe. 2001. Redox centers
of 4-hydroxybenzoyl-CoA reductase, a member of the xan-
thine oxidase family of molybdenum-containing enzymes. J.
Biol. Chem. 276: 47853-47862.

Boll, M., G. Fuchs, C. Meier, A. Trautwein, and D.J. Lowe.
2000. EPR and Mossbauer studies of benzoyl-CoA reductase. J.
Biol. Chem. 275: 31857-31868.

Bonting, C.F., and G. Fuchs. 1996. Anaerobic metabolism of
2-hydroxybenzoic acid (salicylic acid) by a denitrifying bacteri-
um. Arch. Microbiol. 165: 402-408.

Boopathy, R., C.F. Kulpa, and M. Wilson. 1993. Metabolism
of 2,4,6-trinitrotoluene (TNT) by Desulfovibrio sp (B-strain).
Appl. Microbiol. Biotechnol. 39: 270-275.

Brackmann, R., and G. Fuchs. 1993. Enzymes of anaerobic
metabolism of phenolic compounds. 4-Hydroxybenzoyl-CoA
reductase (dehydroxylating) from a denitrifying Pseudomonas
species. Eur. J. Biochem. 213: 563-571.

Buckel, W,, and R. Keese. 1995. One-¢electron redox reactions
of CoASH esters in anaerobic bacteria — a mechanistic pro-
posal. Angew. Chem. Int. Ed. Engl. 34: 1502-1506.
Chakraborty, R., and J.D. Coates. 2004. Anaerobic degrada-
tion of monoaromatic hydrocarbons. Appl. Microbiol. Bio-
technol. 64: 437-446.

Egland, P.G., D.A. Pelletier, M. Dispensa, J. Gibson, and C.S.
Harwood. 1997. A cluster of bacterial genes for anaerobic
benzene ring biodegradation. Proc. Natl. Acad. Sci. U.S.A. 94:
6484-6489.

Elshahed, M.S., V.K. Bhupathiraju, N.Q. Wofford, M.A.
Nanny, and M.J. McInerney. 2001. Metabolism of benzoate,
cyclohex-1-ene carboxylate, and cyclohexane carboxylate by
“Syntrophus aciditrophicus” strain SB in syntrophic associa-
tion with H,-using microorganisms. Appl. Environ. Microbiol.
67: 1728-1738.

Evans, W.C. 1977. Biochemistry of the bacterial catabolism of
aromatic compounds in anaerobic environments. Nature 270:
17-22.

Gibson, J., M. Dispensa, and C.S. Harwood. 1997. 4-
hydroxybenzoyl coenzymeA reductase (dehydroxylating) is
required for anaerobic degradation of 4-hydroxybenzoate by
Rhodopseudomonas palustris and shares features with
molybdenum-containing hydroxylases. J. Bacteriol. 179: 634—
642.

Gibson, J., and C.S. Harwood. 2002. Metabolic diversity in
aromatic compound utilization by anaerobic microbes. Annu.
Rev. Microbiol. 56: 345-369.

Gieg, L.M., and J.M. Suflita. 2002. Detection of anaerobic
metabolites of saturated and aromatic hydrocarbons in
petroleum-contaminated aquifers. Environ. Sci. Technol. 36:
3755-3762.

Glissmann, K., E. Hammer, and R. Conrad. 2005. Production
of aromatic compounds during methanogenic degradation of



22)

23)

24)

25)

26)

27)

28)

29)

30)

31

~

32)

33)

34)

35)

36

~

37)

BESHERENC X 2 958 AL A DSBS 79

straw in rice field soil. FEMS Microbiol. Ecol. 52: 43-48.
Gorny, N., and B. Schink. 1994. Anaerobic degradation of
catechol by Desulfobacterium sp. strain Cat2 proceeds via
carboxylation to protocatechuate. Appl. Environ. Microbiol.
60: 3396-3400.

Harwood, C.S., G. Burchhardt, H. Herrmann, and G. Fuchs.
1999. Anaerobic metabolism of aromatic compounds via the
benzoyl-CoA pathway. FEMS Microbiol. Rev. 22: 439-458.
Heider, J., and G. Fuchs. 1997. Microbial anaerobic aromatic
metabolism. Anaerobe 3: 1-22.

Hirsch, W,, H. Schagger, and G. Fuchs. 1998. Phenylglyoxyl-
ate: NAD™ oxidoreductase (CoA benzoylating), a new enzyme
of anaerobic phenylalanine metabolism in the denitrifying
bacterium Azoarcus evansii. Eur. J. Biochem. 251: 907-915.
Hosoda, A., Y. Kasai, N. Hamamura, Y. Takahata, and K.
Watanabe. 2005. Development of a PCR method for the de-
tection and quantification of benzoyl-CoA reductase genes and
its application to monitored natural attenuation. Biodegrada-
tion 16: 591-601.

Juteau, P, V. Cote, M.F. Duckett, R. Beaudet, F. Lepine,
R. Villemur, and J.G. Bisaillon. 2005. Cryptanaerobacter
phenolicus gen. nov., sp. nov., an anaerobe that transforms
phenol into benzoate via 4-hydroxybenzoate. Int. J. Syst. Evol.
Microbiol. 55: 245-250.

Leuthner, B., C. Leutwein, H. Schulz, P. Horth, W. Haehnel, E.
Schiltz, H. Schagger, and J. Heider. 1998. Biochemical and
genetic characterization of benzylsuccinate synthase from
Thauera aromatica: a new glycyl radical enzyme catalysing the
first step in anaerobic toluene metabolism. Mol. Microbiol. 28:
615-628.

Lochmeyer, C., J. Koch, and G. Fuchs. 1992. Anaerobic deg-
radation of 2-aminobenzoic acid (anthranilic acid) via benzoyl-
coenzyme A (CoA) and cyclohex-1-enecarboxyl-CoA in a de-
nitrifying bacterium. J. Bacteriol. 174: 3621-3628.

Lovley, D.R., M.J. Baedecker, D.J. Lonergan, .M. Cozzarelli,
E.J.P. Phillips, and D.I. Siegel. 1989. Oxidation of aromatic
contaminants coupled to microbial iron reduction. Nature 339:
297-299.

Meckenstock, R.U., M. Safinowski, and C. Griebler. 2004. An-
aerobic degradation of polycyclic aromatic hydrocarbons.
FEMS Microbiol. Ecol. 49: 27-36.

Mobitz, H., and M. Boll. 2002. A birch-like mechanism in en-
zymatic benzoyl-CoA reduction: A kinetic study of substrate
analogues combined with an ab initio model. Biochemistry 41:
1752-1758.

Muller, J.A., and B. Schink. 2000. Initial steps in the fermen-
tation of 3-hydroxybenzoate by Sporotomaculum hydroxy-
benzoicum. Arch. Microbiol 173: 288-295.

Peters, F., M. Rother, and M. Boll. 2004. Selenocysteine-
containing proteins in anaerobic benzoate metabolism of
Desulfococcus multivorans. J. Bacteriol. 186: 2156-2163.
Rhee, S.K., and G. Fuchs. 1999. Phenylacetyl-CoA: acceptor
oxidoreductase, a membrane-bound molybdenum-iron-sulfur
enzyme involved in anaerobic metabolism of phenylalanine
in the denitrifying bacterium Thauera aromatica. Eur. J.
Biochem. 262: 507-515.

Rudolphi, A., A. Tschech, and G. Fuchs. 1991. Anaerobic deg-
radation of cresols by denitrifying bacteria. Arch. Microbiol.
155: 238-248.

Schink, B., B. Philipp, and J. Muller. 2000. Anaerobic degra-
dation of phenolic compounds. Naturwissenschaften 87: 12—
23.

38)

39)

40)

41)

42)

43)

44)

45)

46)

47

48)

49)

50)

51)

52)

53)

Schmeling, S., A. Narmandakh, O. Schmitt, N. Gad’on, K.
Schuhle, and G. Fuchs. 2004. Phenylphosphate synthase: a
new phosphotransferase catalyzing the first step in anaerobic
phenol metabolism in Thauera aromatica. J. Bacteriol. 186:
8044-8057.

Schneider, S., M.E. Mohamed, and G. Fuchs. 1997. Anaerobic
metabolism of L-phenylalanine via benzoyl-CoA in the de-
nitrifying bacterium Thauera aromatica. Arch. Microbiol.
168: 310-320.

Schnell, S., and B. Schink. 1991. Anaerobic aniline degrada-
tion via reductive deamination of 4-aminobenzoyl-CoA in
Desulfobacterium anilini. Arch. Microbiol. 155: 183-190.
Schuhle, K., and G. Fuchs. 2004. Phenylphosphate carboxyl-
ase: a new C-C lyase involved in anaerobic in phenol metabo-
lism in Thauera aromatica. J. Bacteriol. 186: 4556-4567.
Shinoda, Y., J. Akagi, Y. Uchihashi, A. Hiraishi, H. Yukawa, H.
Yurimoto, Y. Sakai, and N. Kato. 2005. Anaerobic degrada-
tion of aromatic compounds by Magnetospirillum strains: iso-
lation and degradation genes. Biosci. Biotechnol. Biochem. 69:
1483-1491.

Shinoda, Y., Y. Sakai, M. Ue, A. Hiraishi, and N. Kato. 2000.
Isolation and characterization of a new denitrifying spirillum
capable of anaerobic degradation of phenol. Appl. Environ.
Microbiol. 66: 1286-1291.

Shinoda, Y., Y. Sakai, H. Uenishi, Y. Uchihashi, A. Hiraishi, H.
Yukawa, H. Yurimoto, and N. Kato. 2004. Aerobic and anaer-
obic toluene degradation by a newly isolated denitrifying bac-
terium, Thauera sp. strain DNT-1. Appl. Environ. Microbiol.
70: 1385-1392.

Travkin, V., B.P. Baskunov, E.L. Golovlev, M.G. Boersma, S.
Boeren, J. Vervoort, W.J.H. van Berkel, I. Rietjens, and L.A.
Golovleva. 2002. Reductive deamination as a new step in the
anaerobic microbial degradation of halogenated anilines.
FEMS Microbiol. Lett. 209: 307-312.

Tschech, A., and G. Fuchs. 1987. Anaerobic degradation of
phenol by pure cultures of newly isolated denitrifying pseudo-
monads. Arch. Microbiol. 148: 213-217.

Tseng, S.K., and C.J. Yang. 1994. The reaction characteristics
of waste-water containing nitrophenol, treated using an anaer-
obic biological fluidized-bed. Water Sci. Technol. 30: 233-240.
Unciuleac, M., and M. Boll. 2001. Mechanism of ATP-driven
electron transfer catalyzed by the benzene ring-reducing en-
zyme benzoyl-CoA reductase. Proc. Natl. Acad. Sci. U.S.A.
98: 13619-13624.

Unciuleac, M., M. Boll, E. Warkentin, and U. Ermler. 2004.
Crystallization of 4-hydroxybenzoyl-CoA reductase and the
structure of its electron donor ferredoxin. Acta Crystallogr.
Sect. D-Biol. Crystallogr. 60: 388-391.

Widdel, F., and R. Rabus. 2001. Anaerobic biodegradation of
saturated and aromatic hydrocarbons. Curr. Opin. Biotechnol.
12: 259-276.

M, W N, BIIER. 2004 BREEELAOBES
WMAEWOERAYBIELT. "4 AP ATV RAEL VXA
Y —. 62:31-34.

RS, BRIFEERR, kiR, 2005, MEEMEMIREIC X %

FHEFALEY DMy R—MEWRBOF1le7a v T 4
7—. FKEPEK. 47: 182-189.

RS, BOEEERE, MnEklR. 20000 JRAZE S A A4 L ox
T4 T—va VICHEM e BEMEIC X B HEBELEY Db
IR, N4 AT AL ALY E ALY —. 58 693
698.



