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Coenzyme F430 is a Ni(I1)-containing corphinoid which was first isolated from the 
cells of methanogenic archaebacteria in 1978. The cofactor F430 is responsible for 
the conversion of CO, into CH, in the methanogenic process. Starting from the 
first structural studies of coenzyme F430 with application of NMR and biosynthetic 
methods, many papers have been published to discuss the structural features as 
well as the biocatalytic role of F430. However, a precise understanding of the 
mechanism of F430-dependent catalysis is lacking. With a focus on what is known 
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about the F430-dependent biocatalysis in methanogens, the results of physical and 
chemical studies of F430 are presented. In addition. functions of novel enzymes 
involved in the methanogenic process are discussed. 

Key Words: coenzyme F430, Ni(I1)-containing corphinoid, methanogens 

Abbreviations 

MFR: Methanofuran, 4-[N-(4,5,7-tricarboxyheptanoyl-y-L-glutamyl-y-L-glut~- 

HJtlPT: Tetrahydromethanoptenn, 7-methylopterin (Z-amin0-4-hydroxy-7-meth- 

Coenzyme M (HS-CoM): 2-Mercaptoethanesulfonic acid 
HS-HTP: 7-(Mercaptoheptanoylj-L-threonine-03-phosphate 
F420: Deazaflavin, (N-(Nj-L-Lactyl-y-L-g1utamyl)-L-glutamic acid phosphodiester 

F430: Cofactor, nickel(I1)-containing corphinoid 
F430M: Pentamethylated ester form of coenzyme F430 
NMR: Nuclear Magnetic Resonance 
TFE-I,: Deuterated trifluoroethanol 
NOESY: Nuclear Overhauser Effect Spectroscopy 
HOHAHA: Homonuclear Hartmann-Hahn spectroscopy 
HMQC: Heteronuclear Multiple Quantum Coherence spectroscopy 
HMBC: 'H-detected Heteronuclear Multiple Bond Coherence spectroscopy 
DG: Distance Geometry 
XAS: X-ray Absorption Spectroscopy 
EXAFS: Extended X-ray Absorption Fine Structure 
CD: Circular Dichroism 
MCD: Magnetic Circular Dichroism 
RR: Resonance Raman spectroscopy 
EPR: Electron Paramagnetic Resonance 
RP-HPLC: Reverse-Phase High Pressure Liquid Chromatography 

myl-)-p-(~-aminoethyI)phenoxymethyl]-2-(aminomethyl)furan 

ylpteridine) 

of 7,8-didemethyl-8-hydroxy-5-deazariboflavin 5'-phosphate) 

I. METHANOGENS AND THEIR NOVEL COENZYMES 

Methanogens are unique microbes occupying a plethora of anaer- 
obic Methanogenic archaebacteria are distinguished from 
eucaryotes and eubacteria on the basis of homologies of partial 
sequences of their 16s ribosomal ribonucleic acid (rRNA). These 
organisms can be isolated from virtually every habitat in which 
anaerobic biodegradation of organic compounds occurs, including 
fresh water and marine sediments, digestive and intestinal tracts 
of animals, and anaereobic waste digesters.* They are capable of 
utilizing only a limited number of substrates (CO,, formate, meth- 
anol, methylamines, isopropanol, ethanol and acetate) as carbon 
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and energy sources. Most methanogens can grow on H2 and C 0 2  
by a complex set of reactions. The overall balanced equation 
and the thermodynamic free energy change3 are given in reactions 
(1): 

C02 + 4 H2 + CHj  + 2 H2O 
(1) 

AG"' = -131 kJ/mol CH, 

The obligate biosynthesis of methane is the signature of these 
microbes; in the entire biological ecosystem, only methanogens 
are known to couple growth to the synthesis of methane. These 
organisms are very sensitive to dioxygen. For this reason, they 
were difficult to work with until improved methods of culture were 
developed .4 

At least six novel coenzymes (including F430) are involved in 
the biocatalytic conversion of CO, to CHj.5 The eight-electron 
reduction is accomplished by successively reducing the C, group 
as it is passed from coenzyme to coenzyme in a bucket-brigade 
fashion as shown in Fig. 1.6 Figure 2 shows the complete structures 
of the five novel coenzymes involved in methanogenesis. Bio- 
chemically, the best-studied organism among the methanogens is 
Methanobacterium thermoautotrophicum. To acquaint the reader 
with the biochemistry of methanogens, a brief discussion. of the 
conversion of CO, to CH, is described here. 

Formyl-Level of Oxidation 

The first two-electron reduction involves the conversion of CO, 
to the formyl-level of oxidation. This formyl group is bound to the 
primary amine of methanofuran; thus, the chain of reactions starts 
with the formation of an N-substituted carbamate of C 0 2  and 
methanofuran (MFR), followed by its reduction to formyl-MFR. 
The structure of MFR has been elucidated and is 4-[N-(4,5,7- 
tricarboxyheptanoyl- y - L-glutamyl- y -L-glutamyl-) - p- (p -amino - 
ethyl)phenoxymethyl]-2-(aminomethyl)furan.7 The reaction is cat- 
alyzed by formyl-MFR dehydrogenase, which is a molybdenum- 
iron-sulfur protein.* The enzymology of this reaction is not well 
understood and involves the role of molybd~pterins.~ Like other 
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HS-CI+-CI+-SQ- 

Coenzyme M (HS-CoM) HS 
I 

H CH3 OH 

H3C-S-CI+-CI+-So.J- 7-Mercaptoheptanoylthmnine phosphate (HS-HTP) 

Methyl coenzyme M ( H3C-S-CoM ) 

OH OH 

OH COOH 

Teuahydromethanopterin (H4MFT) HzN I 
H 

H O O C  
COOH H 0 COOH H 

Methanofuran 

Oxidizd coenzyme F420 Reduced coenzyme F420 

FIGURE 2 Molecular structures of novel coenzymes found in methanogens. 

cofactors, methanofuran appears in the polyglutamated form in 
Methanosarcina barkerii. 

Methylene and Methyl Levels of Oxidation 

The formyl-group is then passed to the second novel coenzyme, 
tetrahydromethanopterin ( H a P T )  , a folic acid analogue. This 
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molecule is a 7-methylpterin (2-amino-4-hydroxy-7-methylpteri- 
dine). It is derivatized with the formyl, methenyl, methylene, or 
methyl C, groups linked to either or both the N-5 and N-10 po- 
sitions of the pterin moiety. In this series of reactions the formyl 
group is transferred to H,MPT by the enzyme formylmethano- 
furan: tetrahydromethanopterin formyltransferase. The methenyl 
group of methenyl-H,MPT is reduced to a methylene group by 
the enzyme, methy1enetetrahydromethanopterin:coenzyme F420 
oxidoreductase. The third novel coenzyme, F420, a deazaflavin 
(N-(N)-L-lactyl-y-L-glutamy1)-L-glutamic acid phosphodiester of 
7,8-didernethyl-8-hydroxy-S-deazariboflavin 5'-phosphate), pro- 
vides the electrons for this Coenzyme F420 is an 
obligate two-electron donor and possesses a midpoint potential of 
-370 mV (vs. NHE).14 It was named because of its intense ab- 
sorption at 420 nm. 

The enzyme that catalyzes the next two-electron reduction (from 
the methylene-level to the methyl-level of oxidation) has recently 
been purified and shown to be a methyltetrahydromethanop- 
terin:coenzyme F420 oxidoreductase. Once again, reduced F420 
provides the electrons for this reaction. l5 . I6  

The transfer of the methyl group to the fourth novel coenzyme, 
HS-CoM is not well understood, but evidence suggests that a car- 
bamide enzyme, which also may be a sodium pump, is involved 
in methyl transfer.Ix 

Conversion of CH,-S-CoM to CH, 

The final step of methanogenesis is probably the most complex of 
all the reactions. There are no fewer than three novel coenzymes 
involved in this reaction, indicating that this was probably not a 
trivial reaction for nature to invent. It is also perhaps the most 
interesting step from a chemical perspective, since it is the methane 
yielding reaction-a reaction unique in the biological world. This 
reaction is the  reductive demethylat ion of 2-(methyl- 
thio)ethanesulfonic acid (CH,-S-CoM) with a reducing equivalent 
from the fifth novel coenzyme, 7-(mercaptohepatanoyl)-L-threo- 
nine-03-phosphate (HS-HTP). The products of this reaction are 
methane and the unsymmetrical disulfide of 2-mercaptoethane- 
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sulfonic acid (HS-CoM) and HS-HTP (COM-S-S-HTP)".'~ The 
balanced equation is presented in reaction (2): 

CH,-S-CoM + HS-HTP + CH, + COM-S-S-HTP (2) 

A product of the CH3-S-CoM reductase reaction, CoM-S-S-HTP, 
is involved in the fixation (an activation) of CO, to form formyl- 
MFR.'" That is, the terminal step is coupled to the initial step of 
methanogenesis. The mechanism of this activation is not known. 
For this reason, the above described series of reductions is pre- 
sented in cyclic form in Fig. 1. Only partial structures (i.e., the 
reactive end of the molecules) are shown. 

The yellow enzyme that catalyzes the methane-yielding reaction 
is the 2-(methylthio)ethane-sulfonic acid reductase (CH,-S-CoM 
reductase). The protein is highly acidic (acidic amino acids out- 
number basic ones by a factor of 2: 1). In M. fhermoautofrophicum 
(strain A H ) ,  the enzymatic complex which reductively demethyl- 
ates the substrate has been shown to be composed of a complex 
set of proteins, including the reductase, A l ,  A2, A3a, and A3b.Igb 
Component A1 may be involved in the transfer of electrons from 
H2 to CoM-S-S-HTP (a product of the methylreductase reaction); 
A2 may catalyze an allosteric modification of the reductase (pro- 
ducing a more positive midpoint potential); A3a is a large iron- 
sulfur protein involved in electron transfer to the reductase. A3b 
is required when H, and HS-HTP are provided as the dual source 
of electrons. Only the CH,-S-CoM reductase and A2 have been 
purified to homogeneity.6 Another difficulty with this system is 
that there are no individual assays for each component. Only through 
laborious cross-titration experiments can the system be reconsti- 
tuted. In contrast, the CH,-S-CoM reductase from strain AH has 
been purified in highly active form and does not require the A 
components for activation." Bound to this enzyme (non-cova- 
lently) is the sixth novel coenzyme, F430. The stoichiometry is two 
moles of F430 per mole of enzyme. 

Native coenzyme F430 is a tetrapyrrole (tetrahydrocorphin) con- 
taining the transition metal Ni as shown in Fig. 3. It also has a 
lactam ring fused to the B ring and a unique cyclohexanone fused 
to the D ring of the macrocycle. The CH3-S-CoM reductase has a 
molecular weight of about 300,000. It consists of three different 
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subunits with apparent molecular weights [in Methanobacterium 
thermoautotrophicum (strain AH)]  of 68,000, 45,000, and 38,500 
daltons. The stoichiometry is therefore a2, P2, y2.’*‘ Besides F430, 
the isolated enzyme is found to contain two tightly bound equiv- 
alents of HS-CoM.” HS-HTP is also bound to the enzyme; a 
stoichiometry of two is expected. l9 

Jean LeGall first noticed factor F430 in extracts of Methano- 
bacterium thermoautotrophicurn (due to its strong absorption at 
430 nm). The isolation of coenzyme F430 was first reported by 
R. P. Gunsalus and R. S. Wolfe in 1978.’O Within two years, two 
laboratories independently discovered that F430 contains nickel. 
Soon afterward, Thauer and co-workers found that 8 mol of either 
succinate21 or 8-aminolevulinic acidz2 was incorporated per mole 
of F430 (by the radioactive precursors). This was strong evidence 
that the chromophore was a tetrapyrrole. 6-Aminolevulinic acid 
is a biosynthetic precursor of all natural prophinoids and cor- 
r i r ~ s . ~ ~ . ’ ~  The biosynthetic pathways of several known tetrapyrroles 
are shown in Fig. 4. The chemical structure of F430 was established 
in a collaborative effort by the laboratories of Eschenmoser and 
Thauer in 1982.25 In addition to classical 1D IH and I3C NMR 
studies (e.g., nuclear Overhauser effect spectroscopy), a wide ar- 
ray of chemical and instrumental methods was used to deduce 

8 x I-Aminolevulnic 
acid 

I 
Uroporphyrinogen III Factor F430 

FIGURE 4 Biosynthetic pathways of several known tetrapyrroles. 
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theprimary structure, including, UV/Vis spectroscopy, circular di- 
chroism, I.R. and mass spectroscopy and ozonolytic degradation. 
Ten of the eleven macrocyclic stereochemistries were determined. 
The chirality assignment of C17 on the D-ring could not be made 
due to severe overlap in the 1D NMR spectrum. 

In 1984, Robert Hausinger showed that there are two pools of 
F430 found intracellularly in methanogens. One pool is bound 
(non-covalently) to the enzyme, the CH,-S-CoM reductase, and 
another pool can be found unbound (i.e., “free”) in the cytoso1.26 
Thauer and co-workers were able to show that when the meth- 
anogenic cells were grown under Ni-limiting conditions, F430 ex- 
isted mainly in an enzyme-bound form. All methanogenic bacteria 
investigated incorporate nickel in coenzyme F430.*l 

Once extracted from the holoenzyme (by the relatively mild 
conditions of salt and ethanol) native F430 undergoes complex 
chemistry. The cofactor is thermal and oxygen sensitive. In the 
presence of heat, native F430 undergoes epimerization of the acid 
side chain at 6-carbon positions 12 and 13 (see Fig. 3). The 12,13- 
diepimer is the product of this epimerization. The intermediate 
step is a single epimerization at the chiral position of C13. The 
native coenzyme is also 02-sensitive and is slowly oxidized to the 
more stable 12,13-didehydro F430 (F560) in which a double bond 
is formed between p-carbons 12 and 13 of the C ring.27 Figure 3 
shows the structures of native F430 and its analogues. Only the 
native configuration is believed to have biological significance, but 
this certainly has not been proven. It is also not known if an 
epimerase exists in methanogens to convert the diepimer back to 
the native stereochemical configuration. F430 exists as a hydro- 
corphinoid, i.e., a porphinoid C-N ligand skeleton combined with 
a corrinoid chromophore s y ~ t e m . ~ ~ - ~ ~  In addition, it also exhibits 
the most reduced macrocycle known to exist in the biological world.” 
Native coenzyme F430 and its analogues can be separated by var- 
ious types of anion exchange chromatography and RP-HPLC.’’.32 

Nickel has unique coordination and redox properties; it exhibits 
oxidation states from - 1 to + 3. Nickel-containing macrocycles 
are extremely rare in the biological world; only two are known to 
exist, one is F430 and the other is tunichlorin found in the marine 
tunicate Trididemnum solidum .33 
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11. STUDIES OF COENZYME F430 

Since the discovery of coenzyme F430, numerous spectroscopic 
methods have been carried out in order to understand the F430- 
dependent function in methanogens. Studies of F430-chemistry 
have focused on the understanding of coordination modes, struc- 
tural features and the mechanism of F430-dependent catalysis. As 
discussed in the previous section, cofactor F430 is responsible for 
the conversion of CH3-S-CoM into methane by using a reducing 
equivalent from HS-HTP. The production of methane is an energy- 
yielding process in methan~gens.~-’ 

The changes of nickel oxidation state (Ni(I1)-Ni(II1) or Ni(I1)- 
Ni(1)) of F430 may be involved in this biocatalytic p r o ~ e s s . ~ ~ . ~ ~  
Therefore the systematic characterization of the electrochemical 
properties of these metal ions is essential to an understanding of 
the terminal step of methanogenesis. Why has nature invented a 
highly saturated corphinoid to accommodate the nickel ion rather 
than other metal ions? A Ni(1)-EPR signal in intact cells has been 
observed, suggesting that Ni(I1) in the macrocycle center has been 
r e d u ~ e d . ~ ~ . , ~  The presence of Ni(1) species in the CH3-S-CoM re- 
ductase has increased curiosity about the physiological role of Ni(1I) 
associated with the highly reduced macrocycle and the active site 
of the protein-bound F430. 

Native coenzyme F430 is quite polar because the corphinoid has 
five carboxylic groups as well as the electrophilic Ni(I1) macrocyclic 
center, so F430 dissolves well in polar solvents like water and 
methanol. Solvation gives rise to the paramagnetic properties of 
two unpaired electrons occupied in nickel dz2 and d , 2 ~ ~ 2  orbitals. 
Interestingly, until recently this paramagnetism hampered the de- 
tailed structural analysis of native F430 by NMR.3s.39 Native F430 
exhibits partial diamagnetic properties in non-nucleophilic trifluo- 
roethanol (TFE-d,) sqlvent, in which it does not form an octahedral 
environment. However, the first structural studies by NMR could 
not be made due to the severe broadening of the NMR signals.40 
In addition, structural studies by X-ray crystallography were pre- 
cluded due to the difficulties, in part, in obtaining suitable crystals. 
The paramagnetic properties of F430 as well as the difficulties in 
crystallizing native F430 have led to numerous F430-model studies 
and other synthetic approaches to understand F430-chemistry. In 
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this section, the progress of previous structural studies of coenzyme 
F430 is discussed. 

NMR Studies 

The first structural studies of coenzyme F430 involved the appli- 
cation of NMR and biosynthetic  method^.'^ The native free acid 
is quite polar (soluble mainly in H,O and MeOH), is paramagnetic 
in these nucleophilic solvents, and is therefore not amenable to 
high resolution NMR studies.4' The pentamethyl ester derivative 
of F430, F430M, however, is soluble in non-coordinating organic 
solvents (e.g., CD,CI,) and is diamagnetic under these conditions. 
The 'H-NMR spectroscopic studies of F430M were made with 
classical one-dimensional (1D> 'H-NMR NOE difference spec- 
troscopy and employed biosynthetically labeled I3C precursors of 
F430. Partial 'H- and I3C-NMR signal assignments of F430M were 
made by using the stereochemistries and NMR signal assignments 
of several known model complexes.25 In these studies, the stere- 
ochemical assignments were made for 10 of the 11 chiral corphin 
macrocyclic ring carbons. Partial 'T-NMR assignments were made 
for the native form of F430 (free acid) in deuterated trifluoro- 
ethanol (TFE) solution based upon the comparison of the I T -  

NMR spectrum of F430M. 
Although paramagnetic line broadening precluded NMR studies 

using aqueous solutions, IH NMR signals of the native form of 
coenzyme F430 obtained using TFE-d, as the solvent at high mag- 
netic field strength were sufficiently narrow to allow detailed in- 
vestigations with recently developed 2D NMR techniques, includ- 
ing homonuclear and 'H-W heteronuclear correlation experiments. 12 
Complete 'H-NMR signal assignments for all non-exchangeable 
protons and unambigous I3C-NMR signal assignments were ac- 
complished for native F430 and 12,13-diepimeric F430.32.3' 

From these studies, which included application of HMBC spec- 
tra, the primary structure of native F430 was confirmed.3' Inter- 
estingly, the stereochemistry of the C17 carbon could not be de- 
termined due t o  severe signal overlap.25 and the relative 
stereochemical assignments for C18 and C19 were made on the 
basis of weaker NMR and chemical data and were considered to 
be tentative.32 The C17-Cl8-Cl9 assignments were determined to 
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be either R-R-S (original assignments) or S-S-R (reverse assign- 
m e n t ~ ) . ~ ~  The results of stereochemical analysis that employed 2D 
NOE back-calculations for the F430 model structures generated 
by distance geometry (DG) computations indicated that the re- 
verse structure, if it existed, should contain internal strain.41 The 
solution-state structure of 12,13-diepimeric F430 was recently made 
using 2D NMR methods in combination with distance geometry 
and Overhauser effect back-calculation methods. The superposi- 
tions of DG structures with the X-ray structure of the pentamethyl 
ester form of 12,13-diepimeric F430 indicated good structural 
agreement with an average RMS deviation for corphin macrocyclic 
atoms of 0.28 A.39 

In addition to the structural features and signal assignments by 
NMR, axial ligand binding studies have recently been accom- 
plished." The oxidation state of Ni(II)-F430M was sufficiently 
reduced to Ni(1) to accommodate the axial ligand CD3. CH3-F43OM 
was proposed as an intermediate in the enzymatic process catalyzed 
by the CH,-S-CoM reductase as shown in Fig. 5 .  In these studies, 
F430M could be chemically reduced in a non-coordinating solvent 
to the Ni(I)F430M species without adversely affecting the corphi- 

CH3 DCl 

_. 
Green 

CD3 

L Brown 1 

N L k r  .. 
Bright yeUow 

t 

HCI 
FIGURE 5 Scheme representing the formation of a methylnickel(I1) derivative of 
coenzyme F430 proposed as an intermediate in the enzymatic process. 
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noid macrocycle. The addition of CH,X (X = halides) to solutions 
of Ni(I)F430M at low temperature ( - 60°C) produces methane via 
a possible complex formation, CH3-Ni(II)F430M. This complex is 
relatively stable at low temperatures, and no methane is produced 
under these conditions. However, methane is evolved upon warm- 
ing the solution (with a concomitant change in color). This is an 
indication that the mechanistic process of coenzyme F430 may 
undergo an oxidoreduction process via Ni(1) in the final step of 
the conversion of CH,-S-CoM into methane. 

UV/Vis and CD Studies 

The isolation of F430 from the CH,-S-CoM reductase leads to the 
major free species of native F430 (C12, S; C13, S), the 12,13- 
diepimeric F430 (C12, R; C13, R), the 13-monoepimeric F430 
(C12, S; C13, R) and the 12,13-didehydro F430 (an oxidation prod- 
uct, F560)25 (see Fig. 3). However, it is not known whether the 
two stereoisomers and F560 are physiologically important .43 F560 
exhibits a purple color due to the extended conjugation of the 
macrocyclic ring, whereas the native coenzyme F430 and its iso- 
mers exhibit a yellow color. The circular dichroism (CD) spectrum 
of the 12,13-diepimeric F430 is about two or three times as intense 
as that of the native form of F430 throughout the visible region. 
The stereochemistries of two C12 and C13 carbons could easily be 
made by comparing the relative stereochemistries obtained from 
the ozonolysis product of F430M, vitamin BI2 and sirohydro- 
~ h l o r i n . ~ ~  

CD and UVtVis spectroscopies could also easily distinguish the 
diamagnetic, ruffled-macrocyclic 12,13-diepimeric F430 from the 
paramagnetic, planar-macrocyclic native F430 as shown in Fig. 6. 
For example, the paramagnetism of the native F430 giving rise to 
the pseudo-octahedral Ni(I1) environment could be observed by 
the magnetic circular dichroism (MCD) spectrum.44 The UV/Vis 
absorption peak near 430 nm is slightly blue shifted (by 10 nm) in 
the six-coordinated native form of F430 compared to that of the 
12,13-diepimeric F430. The UVtVis peak is flanked by two weak 
absorptions at -500 nrn and -340 nm (tentatively assigned as 
d-d bands) only in the spectrum of 12,13-diepimeric F43029.3".43 
(see Fig. 6). The structural studies completed by NMR, several 
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FIGURE 6 UViVis and CD absorption spectra for native (-) and 12,13-di- 
epimeric F430 (---). 

biosynthetic-labeling methods, UVNis and CD spectroscopies were 
used to deduce the entire molecular skeieton for native F430 and 
its isomers. 

XAS and EXAFS Studies 

Structural investigations by X-ray absorption (XAS) and Extended 
X-ray Absorption Fine Structure (EXAFS) spectroscopies were 
used to determine the Ni-ligand bond distances as well as the axial 
ligation modes of F430 in aqueous solution, in nonaqueous solution 
and in the CH,-S-CoM reductase holoenzyme. The coordination 
geometries and numbers of F430 were assigned by comparing a 
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large number of XAS results for Ni(I1) model corn pound^.^^.^^ For 
example, the 12J3-diepimeric F430 exhibits a nickel K-edge 
X-ray absorption spectrum with a transition at -8336 eV, which 
is a signature of square-planar coordination as shown in Fig. 7. 
The six-coordinate native F430 (presumably with two axially bound 
water molecules) is predominant at temperatures below 250 K. 
However, the four-coordinate form of native F430 is the predom- 
inant species in TFE and 2-mercaptoethanol solvents.45 

EXAFS experiments indicated that native F430, extracted from 
the CH3-S-CoM reductase, is a six-coordinate pseudo-octahedron 
exhibiting long Ni-N bond distances of -2.1 A with two axial 
ligands (in aqueous solution).45 The MCD spectra obtained for 
both free and protein-bound F430 are highly similar, and it was 
suggested that the axial ligation may occur by either water ligands 
or by other 0-donor ligands with binding strengths similar to that 
of water. Analysis of the low temperature EXAFS data of the 
12,lIdiepimeric F430 in aqueous solution yields a Ni-N distance 
of 1.89 A.45.47 By contrast, native F430 exhibits a sharp absorption 
spectrum typical of octahedral Ni(I1) complexes at low tempera- 
ture. XAS and EXAFS studies showed that F560 is also in a four- 
coordinate geometry with Ni-N bond distances of 1.9 A. 

The rnacrocyclic core-hole radius of native F430 is larger than 
that of the 12,13-diepimeric F430 by 0.2 A. The probable reason 
for this difference was explained by the ability of the F430 macro- 
cycle to flex between a nearly planar (in native F430) to a highly 
SCruffled conformation (in the diepimer), a behavior which is 
observed in Ni(I1) pyrocorphin model c o r n p o ~ n d s . ~ ~ . ~ ~ ~ ~ - ~ ~  This 
flexibility is afforded by the highly reduced nature of the F430 
tetrapyrrole. The expansion of the Ni(I1) coordination sphere and 
the increase in coordination number are correlated with a Ni(I1) 
spin-state change. Native F430 exhibits the paramagnetic (S = 1) 
ground state expected for pseudo-octahedral Ni(II), whereas the 
12,13-diepimeric F430 is d iamagnet i~ .~~ The Fourier transform (m) 
data of EXAFS indicated that the Ni-N distances of F430 observed 
in the CH,-S-CoM reductase are longer than those of protein-free 
F430. In addition, the axial ligand-binding studies with cyanide, 
pyridine, and I-methylimidazole ligands indicated that these axially 
coordinating ligands bind more tightly (-40-fold) to the native 
F430 compared to the 12,13-diepi-F430. These results suggest that 
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Frequency (awl) 

FIGURE 7 Resonance Raman spectra of methyl reductase (a), native F430 (b), 
and the 12,13-diepimeric F430 (c); (Bottom) Nickel K-edge X-ray absorption spec- 
tra of native F430 (-) and 12,13-diepimeric F430 (---) in aqueous solution 
(TOP). 
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the protein control of planarity may affect the expansion of corphin 
ring and axial ligand affinity.& X-ray absorption spectroscopic data 
indicate that the Ni in native F430 (free and bound to the CH3-S- 
CoM reductase) has a Ni-N bond distance of 2.10 ? 0.02 A. The 
12,13-diepimer, in contrast, has a Ni-N bond length of 1.89 L 0.02 
A.4334536 The shorter bond distances in the diepimer @e., in the 
axially uncoordinated form of F430) are indicative of a ruffled 
macrocycle. The thermal stability of the diepimer over the native 
form can be rationalized by considering this ruffling, the confor- 
mation of which is known as the W-conformation, so named be- 
cause of the shape of the cylindrical p r ~ j e c t i o n . ~ ~ - ~ l  

There appear to be steric repulsions between the carbonyl group 
on the saturated carbocyclic ring attached to the D-ring of the 
macrocycle and the C13 propionic acid side chain. This repulsion 
forces this side cnain to be quasi-axial. It is now known that the 
nickel in F430 is pseudo-octahedrally coordinated in t h e  
h ~ l o e n z y m e ~ ~ ;  the two axial ligands are believed to be supplied by 
the protein. The identity of the ligands is not known. All known 
crystal structures of nickel(I1) complexes with kydroporphinoid 
ligands have a characteristic S, deformation of the ligand periph- 
ery. It is believed that the ruffling is the consequence of a con- 
traction of the coordination hole of the hydroporphinoid ligand 
induced by the relatively small nickel(I1) ion which tries to reach 
saturation of e le~trophi l ic i ty .~~ 

Resonance Raman (RR) Studies 

The possible coordination numbers and geometries of F430 were 
also predicted by comparing the Raman separations in the high 
frequency region (-1500- 1650 cm- ') which represent the specific 
ligation modes of F430 and medel c o r n p l e x e ~ . ~ ~ ~ ~ ~  The frequency 
values of Raman separation for nickel corphinoid nickel complexes 
that are similar to F430 structure were as follows: 93 cm-I, 
4-coordination; 80 cm-', 5-coordination; and 71 cm-', 6-coordi- 
nation. 

The RR studies for the well-purified forins of F430 in aqueous 
solution indicate that the spectra of native F430 (a mixture of four- 
and six-coordination) are clearly different from those of the 12,13- 
diepimeric F430.2R-29 The Raman separation of 12,13-diepimeric 
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F430 (94 cm-*) is consistent with the XAS and EXAFS results 
indicating that the diepimeric F430 is a four-coordinate, square- 
planar structure with Ni-N distances of 1.9 A. However, the 77 
cm- separation value of the CH,-S-CoM reductase is considerably 
different from that of either native F430 or 12,13-diepimeric F430 
as shown in Fig. 7.29 Although the spectrum obtained for the bis- 
pyridine adduct comes closest to reproducing the CH3-S-CoM re- 
ductase spectrum, no six-coordinate F430 complexes that resolve 
this discrepancy in the high frequencies were reported. It was 
suggested that a six-coordinate cofactor F430 with novel ligation 
is responsible for the anomalous holoenzyme spectrum. 

In axial ligand-binding studies, the RR spectra of native F430 
were dramatidy changed in the presence of axial ligands in aqueous 
solution. The fingerprints of the four-coordinate form of F430 
become the characteristic six-coordinate complexes (by exhibiting 
a 70 cm-l separation of the two high-frequency bands) in the 
presence of pyridine, 1-methylimidazole, and cyanide ion.29,43 

X-Ray Crystallographic Studies 

Although the structure of native F430 has yet to be determined, 
detailed structural features, including the degree of macrocyclic 
ring-puckering and the bond lengths of Ni-N, have been obtained 
from X-ray crystallographic studies of F430-model complexes. Ex- 
tensive X-ray analyses for high-spin and low-spin hydrocorphinoid 
Ni(I1) F430-model complexes correctly predicted the nature of 
F430.48-51 Several diamagnetic Ni(II)-N4 corphinoid complexes ex- 
hibit a common saddle-shaped conformation with S4 symmetry.49 
This deformation is believed to be dependent on the degree of the 
saturation of porphyrin rings and the electrophilicity of Ni(I1) ion. 
The electrophilicity of the nickel ion in corrin and hydrocorphin 
complexes lies in the core-hole of the ring in terms of ruffled- 
ligand conformation and strain energy due to this ruffling.50 

The structure of 12,13-diepimeric F430M (pentamethyl ester de- 
rivative 12,13-diepimeric F430) was recently obtained by X-ray 
crystallographic methods. As predicted in extensive F430-model 
studies, the molecular consitution exhibits a ruffled-S4 geometry 
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with Ni-N bond distances of 1.85 A (cf. 1.89 A predicted from 
EXAFS studies).30 The original stereochemical assignment of the 
C17 chiral carbon was not made due to severe 'H-NMR signal 
overlap and the relative stereochemical assignments for C18 and 
C19 were made on the basis of weaker NMR and chemical data. 
In addition, C17-Cl8-Cl9 assignments were determined to be either 
R-R-S (original assignments) or S-S-R (reverse  assignment^)^^ on 
the basis of 2D-NOESY peak intensities. 

However, the X-ray crystallographic results of F430M have un- 
ambiguously reassigned the stereochemical assignments of C17- 
C18-Cl9 (R-S-S) to be C17-C18-C19 (S-S-R).39 In addition, F430 
has a geometrically unique lactam ring moiety compared to the 
porphyrin and corrin complexes (e.g., coenzyme BIZ). Interest- 
ingly, recent structural studies show that the lactam ring amide 
proton is located on top of the corphine macrocyclic nickel center.39 
The free carboxylic acids of F430 and the amide proton of the 
lactam ring are believed to be important in the specific location 
of a-subunit of CH,-S-CoM reductase protein and in putative sub- 
strate-binding. 

EPR Studies of F430 

The electron paramagnetic resonance (EPR) signals were observed 
for Ni(1)-species in whole cell preparations of M. fhermoautotro- 
phicum as shown in Fig. 8.36,37 The EPR studies indicate that the 
coordination geometries of both the CH,-S-CoM reductase and 
Ni(I)-F430M are tetrahedrally distorted The signals (S 
= 1/21 have been attributed to Ni(1) species containing an odd 
electron in the dX2~y2 orbital. The Ni(1) species appears to be 
involved in methane production. The presence of multiple Ni(1) 
EPR signals in spectra of whole cell samples is believed to arise 
from the differences in axial coordination geometries. EPR studies 
provide a clue that the Ni(1) species may be involved in the F430- 
dependent biocatalysis. The observation of Ni(1) species in a series 
of catalytic studies with RX (R = alkane, X = halide) have shown 
that Ni(I1) plays a catalytic role in the production of methane and 
other alkanes when Ni(I1) is reduced to Ni(1) by using a reducing 
agent .34,35 
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2.3 2.2 2. : 
6-VALUE 

FIGURE 8 Electron paramagnetic resonance spectroscopy of native F430 and intact 
CH,-S-CoM reductase. Intact cells kept under N, at 4°C (A); Cells disrupted by 
ultrasound in air and kept under Hz for 18 hr at 4°C (B); Purified cofactor F430 
0. 

111. REMAINING QUESTIONS AND 
CONCLUDING REMARKS 

As described above, a wide array of spectroscopic characterizations 
and mechanistic studies of F430 have been performed to address 
the structural features as well as the exact biocatalytic role of 
coenzyme F430. 

In the future, information regarding the interactions between 
F430 and potential axial ligands is necessary, since the catalytic 
mechanisms include either the formation of Ni-S (S-HTP) or Ni- 
CH, intermediates. The XASEXAFS data indicate that Ni is oc- 
tahedrally coordinated in the resting-state form of the CH,-S-CoM 
reductase, and as indicated in the previous section, both five- and 
six-coordinate Ni species have been implicated in various phases 
of the F430-dependent catalysis. In these respects, the axial ligand 

21 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
5
1
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



binding studies are important from a biochemical perspective. The 
holoenzyme is very intolerant with respect to changes in the length 
of methylene carbons of either CH,-S-CoM or HS-HTP, and HS- 
HTP cannot substitute as the methyl-group donor. 1 2 s  Structural 
studies of the relatively stable (at low temperature) organonickel 
complex (CH3-F430M or RS-F430M) are necessary to determine 
if the structural deformations of F430 occur on the axial ligand 
binding. In addition, structural investigations of X-F430M com- 
plexes (X = monodentate ligands such as CN -, CO,  SCN- , I , 
and RS- (R = alkyl) are important to gain insights into the stability 
and lability of axial bonds. The results of axial ligand binding 
studies can determine if the direction of ligand-binding is a-site 
(above the corphine macrocyclic plane) or p-site (below the cor- 
phine macrocyclic plane) of the macrocyclic tetrapyrrole plane. 
Since resonance Raman data indicate that his-axial bindings are 
formed (more readily for F430 than for 12,13-diepimeric F430), 
the structural comparisons of native and 12.13-diepimeric F430 
may provide information that the different chemistries result from 
differences in steric interactions between the lactam group and the 
bound axial ligands. 

Suitable crystals of the CH,-S-CoM reductase have not yet been 
obtained for X-ray crystallography. In addition, because of the 
high molecular weight of the a-subunit (-68,000 daltons) of the 
CH,-S-CoM reductase, it is not currently possible to approach the 
3D structure determination by NMR. However, since XAS studies 
have shown that Ni(I1) in the CH,S-CoM reductase is octahedrally 
coordinated and paramagnetic, it may be possible to examine se- 
lectively the 'H-NMR signals due to residues that are relatively 
close to the Ni center,s3 including those of proximal amino acid 
residues, substrates, and potential inhibitors. 

The isolation of F430 from the CH,-S-CoM reductase yields 
native F430 and its isomers, including 13-monoepimeric F430 and 
the thermodynamically stable 12,13-diepimeric F430.2s.35 Interest- 
ingly, H13 of native F430 was observed to be labile in TFE-d, due 
to deuterium exchange as shown in Fig. 9.32 The 3-D structure of 
F430 indicates that the carbonyl group of the D-sugar ring slightly 
perturbs H13. This interaction may be important in epimeric for- 
mation. The changes in the oxidation state of Ni(1I) due to axial 
ligand-binding or possible substrate binding provide other expla- 
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FIGURE 9 A portion of 2D HOHAHA spectrum of native coenzyme F430 im- 
mediately after dissolving into TFE-d, showing J-networks from H13 proton. 

nations for epimerization. To date, no clear evidence has been 
reported regarding the physiological relevance of epimerization in 
methanogens. 

Proposed mechanisms of F430-mediated demethylation include 
the substrate binding to nickel at some stage of the catalytic cycle. 
The finding of Ni(1)-EPR signals in intact cells as weld as the 
isolation of Ni(1) and Ni(II1) in F430M suggest that the mechanism 
includes a Ni(1) oxidation state of F430 via CH,-Ni(II)-F430 
or RS-Ni(II)-F430. A possible mechanism involves reduction of 
F430 to a Ni(1) species, followed by reaction of Ni(I)F430 with 
CH,-S-CoM to yield the organonickel intermediate,' CH,- 
Ni(II)F430, as shown in Fig. 10. Results of these related experi- 
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ments provide a possible formation of an organonickel (square 
pyramidal) CH3-Ni(II)F430M species. Although it is not known 
whether the CD3 group is bound at the a- or p-site of macrocycle, 
the observation of CH3-Ni(II)F430M strongly suggests that the 
methylreductase employs a CH,-Ni(II)F430 intermediate in the 
reduction of a methyl group to methane.7.34-37.55 A reductive ac- 
tivation of the CH,-S-CoM reductase has been recently supported 
by the finding that the inactive enzyme can be partially activated 
in the presence of light.5s 

In summary, the history of F430-chemistry is relatively short 
compared to metallo-porphyrins and BI2 chemistry. Historically, 
nickel has been considered to be biologically significant only be- 
cause of its toxic effects, but it is now known as an essential re- 
quirement for many microorganisms. It is an important element, 
for example, in metabolic reactions of urease, hydrogen metabo- 
lism and acetogene~is.’-~ Methanogenesis is large-scale biochem- 
istry. Recent estimates indicate that near 400 million tons of meth- 
ane enters the Earth’s atmosphere annually, and 75% of this methane 
is generated by methan~gens.,.’~ In pure scientific terms, the find- 
ing of coenzyme F430 is a milestone in the study of Ni(I1)-con- 
taining corphinoid chemistry. To date, most research has focused 
mainly on the structural features and the coordination modes of 
F430, but detailed studies on the mechanism of F43O-dependent 
biocatalysis are needed. 

H 3 c - y s o 3 -  

I le- I/’ Y- 
/Ni(II) /*/NiUl /HN/ Ni /”+ tNsO” 

23 NIN IN --tN 

vo3- LA 
1 rc Htt+? / 

/Nf 7 NIN CH4 

FIGURE 10 Possible mechanism for CH,-S-CoM reductase involving one-electron 
reduction to a Ni(1) F430 species, formation of a methyl-nickel intermediate, and 
protonolytic decomposition. 
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