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Biological nitrogen fixation is an important process for academic and industrial aspects. This
review will briefly compare industrial and biological nitrogen fixation and cover the characteristics
of biological nitrogen fixation studied in Azofobacter vinelandii. Various organisms can carry out
biological nitrogen fixation and recently the researches on the reaction mechanism were concen-
trated on the free-living microorganism, A. vinelandii. Nitrogen fixation, which transforms atmo-
spheric N, into ammonia, is chemically a reduction reaction requiring electron donation. Nitrogenase,
the biological nitrgen fixer, accepts electrons from biological electron donors, and transfers them to
the active site, FeMo-cofactor, through Fe,S, cluster in Fe protein and P-cluster in MoFe protein.
The electron transport and the proton transport are very important processes in the nitrogenase
catalysis to understand its reaction mechanism, and the interactions between FeMo-cofactor and
nitrogen molecule are at the center of biological nitrogen fixation mechanism. Spectroscopic studies
including protein X-ray crystallography, EPR and Méssbauer, biochemical approaches including
substrate and inhibitor interactions as well as site-directed mutation study, and chemical approach
to synthesize the FeMo-cofactor model compounds were used for biological nitrogen fixation study.
Recent research results from these area were presented, and finally, a new nitrogenase reaction
mechanism will be proposed based on the various research results.
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AAAN EAhs 2AATAE HelE ol HiR
so] 79 BE Fo] YT wHd T2E IHT e AL
2 4EA ok @A A ase] vigpEe] dE ave
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Table 1. Catalytic activity comparison among Mo-, V-, and Fe-nitrogenase®
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Fig. 1. Isolation of MoFe protein and Fe protein by ion exchange
(Q-sepharose) column chromatography. (a) The proteins are black
due to the metallo-cofactor which nitrogenase contains. The MoFe
protein is eluted first, as shown in the picutre, and then Fe protein is
eluted at higher concentation of NaCl. (b) The isolated MoFe protein
from ion exchange column chromatography. (Pictures were taken by J.
Han)
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GeAZ BAEE Fa ke e A RL] &
el F8 A¥E7F @09 Table 1914 Mo-245178
+ 2,100 nmoles H/min/mg =9 4& Holw, VAL
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Mo-EAMAF A vAEALTZEA Fe AN a4
Specific Activity (nmoles H,/min/mg) 2100 1348 253
% electrons to N, 70 36 21
% electrons to C,H, 85-95 45 11
C,H, Reduction Products CH, CH,/CH, ) C,H,/C.Hy
N, Reduction Products NH, NH,/NH, NH,/?
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Fig. 2. Electron transport process in nitrogenase. The protein X-ray
crystallographic structure of Fe protein and MoFe protein shown here
is half of the Fe protein and MoFe protein complex. The electrons are
subsequently transferred from the biological electron donors to the
[4Fe-4S] cluster in the Fe protein, to the P cluster and to the FeMo-
cofactor in MoFe protein.
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T MoFe whe] AgslA |k AAAEe ATPS] ADP
29| el E ERelH, ) dxls Fe TS Fe S, F
ZE|oX MoFe WHl-ao] Pclusters E3)4 FeMo-cofactorZ.
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Fig. 3. X-ray crystallographic protein structure of nitrogenase.
MoFe protein and Fe protein form a complex in the presence of the
ATP analog.
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o} Bk 2 Helel Fe ©de) Fe,S, cluster?] 4Hsh



192 288 - T

Fig. 4. The X-ray crystallographic structure of the Fe protein (INIP).
The structure was generated at http:/metallo.scripps.edw/PROMISE/.

Fig. 5. The X-ray crystallographic protein structure of the MoFe
protein (2MIN). The structure was generated at http://metallo.scripps.
edw/PROMISE/.
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Fig. 6. Structural change of P-cluster upon reduction and:
oxidation. The left structure is PN state P-cluster and the right structure
is P%X state which is two-electron oxidized form of the PV state. (From
Broach, R. 2004, Dissertation, Louisiana State University)
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At sir 2 EA7E A ARJHJTES P-cluster= Fe,S,
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Fig. 7. Structure of FeMo-cofactor.
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2 g o) dukyoes Auw Ak 25-100%7t T4t
PAol] AREEEH, FA0l2e] S o B AAEA
TE SPINE AT 47 gk 70 AAuAE Ll o
T2 AL XY PHIE o n|SIE R, rhizobium
v 23 e ALTGHEL FAVIAE FHEe A
A A~(uptake hydrogenase)s 71}, AANAGFE FAES
AE o83y, FaHER AgE FARRE v AAE H
T Ae Aot IE ke AV EAT OA] A
AY, TFIgoz ARG
o] 33l FR7F WA, AR SR
7} FeMo-cofactoreh= #ej7l o]F-oix]7] #xl HFE d#9]
Agtelee "AaTgade] @43 okst 71dte] Azt
4 Bof| vsiM Aysied 9ok e, A EAe] Fe
SE o] wjiol tiFEe] 19904 o) F4- kinetics A
e} 7143 A, g, AsjAel #g A 5 F
o] A welgojol & Aol

ArGaae] 282 oy WA D) olg 9%

o 2 1o >
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ATP] A% £3f, 283, 8% Fe @lEe] MoFe T}
o] AfE w3 5o B duHe] S BT et}
ol I FoIM MoFe Tl Eol] HALE HLs)sl 4k3kd, Fe
wEe] MoFe Wiz e 9] Fe7t 7P =3A daud
Thol A TAIY] SR vt AA K preumoniae®)
AAIATLAE 2T 6499 WAL HEE 3k=0,® ol 12
o 187t olake] Ny gEyol2 et 9ujojt)
HATARAY &) ZE&4F FeMo-cofactorgle] <714
Age) o8l AT M, FeMo-cofactorE: APAIsHA] &
&= mutants apo-MoFe TS BA3R=t],® o] FeMo-
cofactor= 7FXZ YA o}, P-clusters 7R3tk oj#
apo-MoFe thajZ ol A2}e] MoFe T dZXE NMF(N-
methylamideyg A28} F&3F FeMo-cofactorS Ts)FH
a4 Ao FEHE AR FHHJTN E4, R
homocitrater= citrate®] 323 olAAAR FATA AFAQ
A%rE i, AAE AAvA wAE= R-homocitrateS-
Asl7] A3k 594 F212E EAS o] A AsiE
e Aol citrate’} FeMo-cofactord] AEsA S 289 o)
o, E4v H'E sl 13 sk 582 fXE, 2
AVAFTEE Aske Aol dEA Utk o)¥A|, citrater}
@ FeMo-cofactorS apo-MoFe T o) Woljm, 28
MoFe ©id2- A H & Adsle 58 fA9, FAE
gdsks 8ol e Ao HIuHUDY uixztoz IR
FeMo-cofactoré} B3 3288 ks FH ofuielbs A
$AZ] mutants= =291 718 319 WSS Ho] oy A
Foll BT TAIAQ] o2 MoFe ©E 9] a69-Gly
& SeroZ Z|#s MoFe A2 FAAE = 5
e A Wsht glov, opEdl s K Bale o
2 A kR 31 MoFe WA o70-Val 712 Ala
oh} Glye @ x|¥slH, MoFe THEe olEalg shde 4
= F2e] W3l=o] propyne(CH,C = CHPL} butyne(CH,CH,C
=CHYS YUE = AU o]Ake] o ZHE] FeMo-cofactor
7b 7189l At A # ollg), #9lo] dojule xYgo) ¥
Hom, FZoE FeMo-cofactor®] 3 B2 Avsle] ¢
A&l 71de] At 2ol gk At [T gick
ALVAEA wiletyped] A, N2 91 CO, H,, o€
gl ofaix] nlFgA oz As|Ect. o AL ogd ozt
St AR mutant}, V-EATAH A0 B e A4
gt} opdde] S CO, N, azide(N,), ol=# Fol 2|
3 AfEt” 53], COe A2 A=A oA H'E A
98 BE 71de g Al aHEE, co A4 sl
Me AEIFEAVE HEF A g coe Ay ash
o] AAHEE AfsA gotA, Co7t EAFA e A9}
Hlwsh AA ARsEE HAe] Jelle HalE FA4 get) o
e Aavgaiel FAgaEQ) FeMo-cofactorol /] HY Skzt
2ot the 7129 St Erhs Ae AR Aaa
BRA0) CO7t AdstA =W, Bolgt EPR 2135 Yeh)A)
e, Co%l F&ol wehr, the EPR A%t dojzih
ENDOR A3exl= o] EPR A18E BAsled, CO7} FeMo-
cofactorel] A¥sh= WS AokslT:

Fig. 8. X-ray structure of FeMo-cofactor and the important amino
aicd residues. (Adopted from Acc. Chem. Res. 38, 208)

A7 e A2V AH R4 FeMo-cofactore] 3+ F2o| N,7f
Al A=, N, S vAAA AsfA] oA gL
FeMo-cofactor®] 5 F-8 = 21 ool zlgo] ZAgsie] &
Qe Aoz RuEet® AT FA] FeMo-cofactor?t
CO, ol g, og=lze] Joargo] #E 0|8 ATE B
FE AT * FeMo-cofactor FHe] opu|=4t 27| (Fig. 8)&
site-directed mutation A7) MoFe Y22 712 tjgt Sl
o] H3lE HolFEd o]y Pcluster FHE oln|:At 275
W37 mutanyt 718 Aol HErt glo], HAF ai
e "HgE sPR2the HodA txE 1 FeMo-
cofactor 2] o] AL FAAERe] 3glof] 1 ofn)
A 27150] AAL Ao, ol dde Gloix wig- ¥
Sl Agg Ivke 2L B IR Yo EF, F2E
FeMo-cofactor = AAA e A5 Ao gliths AR ©]&
Z =dsla Ath Site-directed mutation® ZE HFA| T
mutansh AER] GEAQ oHEAS SHR B, AaT
Hasrel 714 74 AsArgo] A ok HE ol
A7 A% MoFe T E 2] mutant] o70-ValZ propargyl
alcohol(HC = CCH,OH)#9] “J52-8-¢ gt ENDOR 7]
A ALEA7} side-on mode B A= Aol ARMHATE?

AT EAe] EES g4 42 N, $9ad SO D.E
A7¥ehd HD7F 4= slo|th. HD A2 N osfArt
715, ol glont thE 71N E dojubA] ekt o]
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and Lowe.
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Fig. 10. Proposed nitrogenase N, reduction mechanism. (a) Structure
of the FeMo-cofactor in resting state. a96-Arg residue is close to one
of the carboxy oxygens of R-homocitrate and o195-His is closely
located above the bridging sulfide of the FeMo-cofactor. (b) Suggested
N, reduction steps of the FeMo-cofactor in nitrogenase.
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Fig. 10. Continued.
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