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Methyl-coenzyme-M reductase (MCR) is a key enzyme common to all methane-producing pathogens. It catalyses
the final step in methane synthesis. Each MCR contains two noncovalently bound molecules of cofactor F430.
Normal-coordinate structural decomposition, hole-size analysis, and molecular mechanics calculations were undertaken
to examine the effect of MCR on the hole-size and nonplanar deformations of coenzyme F430. In MCR, the protein
prevents F430 from undergoing nonplanar deformations, which results in a more rigid tetrahydrocorphinoid cofactor
that has a shorter ideal metal—nitrogen distance in the MCR protein matrix than it does in solution. Changing the
coordination number of the nickel ion in F430 has a very small effect on the ideal hole size; however, it has a
significant effect on the nonplanar deformations the coenzyme undergoes upon contraction and expansion. In all
complexes we examined, cofactor F430 undergoes more nonplanar deformations when it contains a four-coordinate
metal ion than it does when it contains a six-coordinate metal ion. Clearly, MCR moderates the hole-size and the
nonplanar deformations of coenzyme F430, which are known to affect redox potentials and axial ligand affinities.
This suggests that the protein environment may be responsible for tuning the chemistry of the active-site nickel
ion.

Introduction MCR is a key enzyme common to all methane-producing
. ) . . pathogens. It catalyzes the last step of methanogenesis in
The role of the protein in regulqtlng the catalytl_c properties | pih methyl-coenzyme M (Me-CoM) and coenzyme B are
of metaililoen;ymes is the subjgct of great interest and joined by the formation of a disulfide bond (CoMs—S—
debaté- The induced-fit and entatic state theories have been CoB) and methane is released. Recently, indirect evidence

used to describe how the protein matrix surrounding a metaly, o MCR also catalyzes the anaerobic oxidation of methane
ion regulates the function of a metalloenzyme by exerting o< peen reportet
strain on the active-site metal and changing its electronic Crystal structures of MCR froviethanobacterium mar-

and ;teric properties. In this paper, we describe how the burgensis, Methanosarcina barkeandMethanopyrus kan-
protein methyl-coenzyme-M reductase (MCR) modulates the dleri have been publisheéd® Each MCR is composed of

nonplanar dgformations c_>f cofactor .F_4.30, thereby si_gni_fi— three subunits in acfy), structure and contains two

cantly changing the hole size and flexibility of the corphinoid ), cqvalently bound molecules of cofactor F430 that are
coenzyme, which affects the chemistry of the active-site |ocated about 50 A from each other. This unusual nickel
nickel ion. tetrahydrocorphinoid cofactor, Figure 1, is most likely the

Methyl-Coenzyme-M Reductase. Anaerobic bacteria  active site of MCRY It has been suggested that the binding
produce 400 million tons of methane annually. About 45 ) ,
(6) Kruger, M.; Meyerdierks, A.; Glockner, F. O.; Amann, R.; Widdel,

million metric tons of the methane escape into the tropo- F. Kube, M.: Reinhardt, R.. Kahnt, R.: Bocher, R.: Thauer, R. K.:

sphere and significantly contribute to the greenhouse €ffect. Shima, SNature 2003 426, 878-881.
(7) Grabarse, W.; Mahlert, F.; Duin, E. C.; Goubeaud, M.; Shima, S.;
Thauer, R. K.; Lamzin, V.; Ermler, Ul. Mol. Biol. 2001, 309, 315—
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Hole-Size and Nonplanar Deformations of Coenzyme F430

Figure 1. Structure of cofactor F430. Diepimerization occurs at positions
12 and 13.

of Me-CoM and coenzyme B to one active site induces a
conformational change that is required to expel the product
heterodisulfide from the second site into the water phase
(somewhat like a two-stroke enginé)Two catalytic mech-
anisms for methane generation have been propt¥ed.*4

The cofactor F430 is held in place within the protein via
hydrogen bonding to the partially negatively charged car-
boxylate groups of the Ni-porphrinoid.The nickel ion is
redox active and is found in nickel(l) EPR visible and nickel-
(1) EPR silent formgt6-20

Free cofactor F430 is thermally unstable, it first epimerizes
to 13-epi F430 and then in a second epimerization to 12,13-
diepi F430?* Because of problems in the purification

lographic determinations of porphyrins and metalloporphy-
rins began to appear, it was soon obvious that the porphyrin
ring was subject to a number of distortions and was often
distinctly nonplanar. This nonplanarity of porphyrins is
biologically relevart* and influences the chemical properties
of porphyrin complexes.

Most deformations of the porphyrin core are in a direction
perpendicular to the tetraaza plane. They can be classified
into six classes. These are based on simple symmetric
deformations, one of each out-of-plane symmetry classifica-
tion of the O4,) point group of the square-planar macrocycle.
More complicated asymmetric distortions that are composed
of combinations of these simple distortions are also found.

A normal-coordinate structural decomposition (NSD)
procedure has been derived to characterize and quantify
porphyrin deformations in proteir#$2®> The method deter-
mines the out-of-plane distortions in terms of the equivalent
distortions along the lowest-frequency normal coordinates
of the porphyrir?®

Nonplanar deformations are important because numerous
studies have shown that nonplanar distortions have a
significant effect on the chemistries of tetrapyrrole com-
plexes?® It has been suggested that the nonplanar deforma-
tions observed in photosynthetic proteins are responsible for
the photophysical and redox properties of chlorophyll pig-
ments?” Nonplanar porphyrins are easier to oxidize than
planar porphyring’~—2° Excited-state lifetimes of porphyrins
are influenced by nonplanar deformatiét¥as is the axial
ligand affinity 3!

procedure, the crystal structure of free F430 has not been Resonance Raman studies have shown that in solution

solved; however, the structure of a methanolated derivative,
12,13-diepi F430M, has been publisiédrree, reduced
F430M does not react with Me-CoRf4,which leads us to
assume that either F430 or Me-CoM are activated by MCR.
Resonance Raman studies have shown that cofactor F43
undergoes a significant conformational change when it binds
MCR 20

Nonplanar Deformations. At one time, it was thought
that the aromatic porphyrin macrocycle would be planar. In
fact, early structure determinations constrained the macro-
cycle to be planar. However, when high-quality crystal-

(11) Goenrich, M.; Duin, E. C.; Mahlert, F.; Thauer, R. X.Biol. Inorg.
Chem.2005 10, 333-342.

(12) Ghosh, A.; Wondimagegn, T.; Ryeng, Burr. Opin. Chem. Biol.
2001 5, 744-750.

(13) Pelmenschikov, V.; Siegbahn, P. E. MBiol. Inorg. Chem2003 8,
653—-662.

(14) Ermler, U.Dalton Trans.2005 3451-3458.

(15) Ermler, U.; Grabarse, W.; Shima, S.; Goubeaud, M.; Thauer, R. K.
Curr. Opin. Struct. Biol.1998 8, 749-758.

(16) Telser, J.; Davydov, R.; Horng, Y. C.; Ragsdale, S. W.; Hoffman, B.
M. J. Am. Chem. So2001, 123 5853-5860.

(17) Thauer, R. KMicrobiology (UK) 1998 144, 2377-2406.
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(19) Goenrich, M.; Mahlert, F.; Duin, E. C.; Bauer, C.; Jaun, B.; Thauer,
R. K. J. Biol. Inorg. Chem2004 9, 691—-705.
(20) Tang, Q.; Carrington, P. E.; Horng, Y. C.; Maroney, M. J.; Ragsdale,
S. W.; Bocian, D. FJ. Am. Chem. SoQ002 124, 13242-13256.
(21) Pfaltz, A. L.; D. A.; Jaun, B.; Diekert, G.; Thauer, R. K.; Eschenmoser,
A. Hely. Chim. Actal985 68, 1338-1358.

(22) Faerber, G. K. W.; Kratky, C.; Jaun, B.; Pfaltz, A.; Spinner, C.; Kobelt,
A. Eschenmoser, AHelv. Chim. Actal991, 74, 697—716.

(23) Jaun, B. InMetal ions in biological systemsSigel, A., Sigel, H.,
Eds.; Dekker: New York, 2003; Vol. 40, pp 28337.

nickel protoporphyrin is found in an equilibrium mixture of

nonplanar and planar conformations. However, when the

nickel protoporphyrin is bound to hemoglobin, it is only
ound in the planar conformation, even when the nickel is
ot coordinated to the proximal histidife.

We have previously shown that MCR modifies the
reactivity of the nickel active site by changing the conforma-
tions available to cofactor F430 in two ways: by preventing
cofactor F430 from adopting the energetically more favorable
12,13-diepimeric conformer and by moderating the nonplanar
deformations F430 can adoft.

In this paper, we will describe our work to determine the
effect the protein, MCR, has on the hole size of cofactor
F430. Since low-spin Ni(I5-Npyrole distances are typically

(24) Shelnutt, J. A., Kadish, K. M., Smith, K. M., Guilard, R., Eds.;
Academic Press: 2000.

(25) Shelnutt, J. A.; Song, X. Z.; Ma, J. G.; Jia, S. L.; Jentzen, W.; Medforth,
C. J.Chem. Soc. Re 1998 27, 31-41.

(26) Jentzen, W.; Song, X.; ShelnuttJJ.Phys. Cheml997, 101, 1684~
1699.

(27) Barkigia, K. M.; Chantranupong, L.; Smith, K. M.; Fajer,JJ.Am.
Chem. Soc1988 110, 7566.

(28) Ravikanth, M.; Chandrashekar, $truct. Bondingl995 82, 107.

(29) Kadish, K. M.; Van Caemelbecke, E.; Dsouza, F.; Medforth, C. J.;
Smith, K. M.; Tabard, A.; Guilard, Rinorg. Chem.1995 34, 2984.

(30) Drain, C. M.; Kirmaier, C.; Medforth, C. J.; Nurco, D. J.; Smith, K.
M.; Holten, D.J. Phys. Chem1996 100, 11984.

(31) Othman, S.; Fitch, J.; Cusonovich, M. A.; Desbois Bfochemistry
1997, 36, 5499.

(32) Alden, R. G.; Ondrias, M. R.; Shelnutt, J. A.Am. Chem. Sod99Q
112 691.

(33) Todd, L. N.; Zimmer, MInorg. Chem.2002 41, 6831-6837.
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between 1.85 and 1.91 A, high-spin six-coordinate Nil1) 200
Npyrole distances are between 1.98, and 2.05 A and six- _ 180 ——F430
coordinate Ni(I)>Npyroe distances are even longer with E 1807 ——F430 in MCR
Ni(l) —Npyrrole distances of about 2.1 A, the hole size will 3 107
influence the redox potential. This is particularly important g 1201
since MCR is a redox-active protein in which the inactive & 1001
nickel(ll) form is reduced to the active nickel(l) species. '-; 801
2 601

Experimental Section L

Molecular Mechanics. The AMBER* option of MacroModel % 20
v9.0016* was used with the default equations in all the molecular 0 T T * T T T T
mechanical calculations. The parameters used to model the inorganic troo8 e 221 22 23 24 28
interactions were based on those we used in our previous calcula- Ni-N distance in Angstrom
tions?3:3536and that were originally reported for complexes of low-  Figure 2. Relative strain energy (kJ/mol) for a six-coordinate metal ion
spin and high-spin Ni(ll) with polyamine ligands by HancGéRre bound to F430 4), and for a six-coordinate metal ion bound to F430 in

JMCR (m), as a function of the ideal MN bond length calculated as

Convergence was considered complete when the gradient obtaine Hescribed by Hancock

was <0.001 kJ/mol. The crystal structures of the MCR were
downloaded from the Protein Data Ba#fkJnless stated otherwise,
the MCRy1—silent State (pdb codes IMRO) was used as the starting
point for calculations. A hot-sphere of 8.00 A around coenzyme
F430 was used, all atoms in this substructure were minimized
without restriction. Two subsequent shells extending a further 2.00
A each were constrained to theiry, andz coordinates by a force
constant of 200.00 kcal/mdi2 for the first shell and a force
constant of 400.00 kcal/md\2 for the second shell. For the six-
coordinate F430 structure in MCR, the nickel ion was bound to
GIn147 and coenzyme M(2-mercaptoethanesulfonic acid), while in
the absence of the protein matrix, a six-coordinate nickel ion was
generated by coordinating two methyl mercaptan groups to the
nickel ion.

Hole-Size Calculations.To determine the ideal average nickel
nitrogen distance of the F430 cavity, the molecular mechanics
method of Hancock was usé®#:*? The ideal nickelnitrogen
distance in the AMBER?* force field of MacroModel v9.0016 was
systematically varied by 0.02 A increments before energy mini-
mization with 1000 iterations and no solvent—NN force constants
of 287 and 2000 kcal/meh were both used (the size of the force To find the effect of MCR on the hole size and flexibility
constant made no difference). Convergence was considered comof F430, we first determined the hole size and flexibility of
plete when the gradient obtained wa®.001 kJ/mol. Hole-size  cofactor F430 by itself, i.e., outside of MCR. Molecular
calculations of F430 in MCR were carried out with ar-& + 2 mechanical calculations were used for this purpose. In
A hot-sphere as described in the molecular mechanics section. Themolecular mechanics, it is common practice to drive a certain
strain energy of F430 in MCR, plotted in graphs such as those parameter, for example, a torsion angle, through a series of
shown in Figure 2, was determined by calculating the single-point fixed Valués to obtain th’e strain energy AS a function of the

strain energy of F430 obtained from the minimized “F430 in MCR” f th .
structures. All structures were subjected to a conformational searchparameter. A curve of the strain energy versus theM

before being subjected to a hole-size scan. bond distance can similarly be obtained by systematically
Conformational Searching. Conformational searches were increasing the ideal MN distance in the force field and
conducted using the Monte Carlo (MC) torsional and molecular calculating the strain after each increase. The minimum of
position variation methotf** F430 was randomly rotated by such a graph occurs at the ideaHW bond length because
the strain energy is at a minimum when the tetrapyrrole hole

(34) Mohamadi, F.; Richards, N.; Guida, W.; Liskamp, R.; Lipton, M.; ; 1 i
Caulfield, C.; Chang, G.; Hendrickson, T.; Still, \&.. Comput.Chem Size perfeCtly matches the metal sf2é: The ideal M-N

1990 11, 440-467. bond length therefore represents the metal-to-nitrogen dis-

(35) Zimmer, M.; Crabtree, RIl. Am. Chem. S0d99q 112, 1062-1066. tance of a hypothetical metal that would best fit the ligand
(36) Zimmer, M.J. Biomol. Struct. Dyn1993 11, 203-214. . . . .
(37) Hancock, R.; Dobson, S.: Evers, A.. Wade, P.; Ngwenya, M.; Boeyens, N its lowest-energy conformation. Figure 2 shows the relative

J. C. A.; Wainwright, K.J. Am. Chem. Sod988 198§ 2788-2794. strain energy vs the imposed ideal metal-to-nitrogen distance

883 EZPrﬁgﬁk’HR/?2:9'\/323?;05?%9925% 2;’3,'Gi””and G- Bhat TN Curve obtained for six-coordinate cofactor F430, (orange

Weissig, H.; Shindyalov, I. N.; Bourne, P. Bucleic Acids Re200Q

between 0 and 180 and randomly translated by between 0 and
1.00 A in each MC steff The flexible dihedral angles of the side-
chains of residues 120, 147, 153, 230, 330, 331, 333, 367, 396,
and 443 were also randomly rotated by betweéra®d 180 in

each MC step. Fifteen thousand MC steps were taken in each search.
Structures within 50 kJ/mol of the lowest-energy minimum were
kept, and a usage directed mettfodas used to select structures
for subsequent MC steps. Structures found in the conformational
search were considered unique if the least-squaresd superimposition
of equivalent non-hydrogen atoms found one or more pairs
separated by 0.25 A or more.

Normal-Coordinate Structural Decomposition. The nonplanar
deformations of cofactor F430 were analyzed by NSD as described
in the literature?>2® The NSD computational engine (http:/
jasheln.unm.edu/jasheln/content/nsd/NSDengine/docs_index.htm) was
used for all decompositiorf§.

Results and Discussion

28, 235-242. (44) Saunders: M.; Houk, K.; Wu, Y.-D.; Still, W.; Lipton, M.; Chang,
(40) Hancock, R. DProg. Inorg. Chem1989 37, 188-286. G.; Guida, W.J. Am. Chem. S0d.99Q 112 1419.
(41) Canales, C.; Egan, L.; Zimmer, M. Chem. Ed1992 69, 21—-22. (45) Bartol, J.; Comba, P.; Melter, M.; Zimmer, Nl. Comput. Cheni999
(42) De Bari, H.; Zimmer, MInorg. Chem.2004 43, 3344-3348. 20, 1549-1558.
(43) Chang, G.; Guida, W. C.; Still, W. Q. Am. Chem. Sod.989 111, (46) Sun, L.-S.; Jentzen, W.; Shelnutt, J. A. http://jasheln.unm.edu/jasheln/
4379-4386. content/nsd/NSDengine/docs_index.htm.
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Table 1. Ideal Ni—N Distances for Cofactor F430 in Its Different 25
Epimeric States and Coordination Geometries §
metal coordination ideal M—N E 2
structure number distance (A) S AB2uin MCR
: : 8515 ® B1uin MCR
F430 in protein (LMRO) 6 1.941.97 a$
F430 in protein (IMRO) 4 1.941.97 2g A B2u F430
E430 6 2.06 5 < mB1u F430
F430 5 (distal) 2.12 '—g_ 05 4 i !
F430 5 (proximal) 2.02 £ Mmm\
F430 4 2.08 =
12,13 diepi-F430 6 2.04 0 - - -
12,13 diepi-F430 5 (distal) 2.06 17 19 21 23
12,13 diepi-F430 5 (proximal) 2.04 M-N distance (Angstrom)
12,13 diepi-F430 4 2.02

Figure 3. B2u(sad) and Blu(ruf) deformations of all the six-coordinate
nickel F430 (red) and six-coordinate nickel F430 in MCR structures used

triangles) and six-coordinate F430 in MCR (blue squares). in the hole scans shown in Figure/21 A distortion means that the square
According to the grap_h, the ideal average—N_I distance of irgct)etqifatlhtislggn of the squares of thelisplacements from the mean plane
six-coordinate metal ion in cofactor F430 is 2.06 A. The

same procedure was carried out with cofactor F430 in the
active site of MCR. The ideal metahitrogen distance is
1.97 A when F430 is in MCR.

The hole scan of F430 and F430 in MCR shows that free
F430 has a larger ideal NN distance than it does when it
is in the protein and that the tetrapyrrole is more rigid in the Figure 4. Overlap of all structures, between 1.8 and 2.4 A, that were
protein, i.e., deviations from the ideal NN distance cause  used to generate Figure 2. F430 in MCR (left) undergoes less nonplanar
more rapid increases of the relative strain energy. This deformations than F430 in solution (right).
narrowing of the ideal metal distance caused by MCR
imposing some rigidity upon F430 will affect the redox
chemistry of MCR, since the nickel(Il)/nickel(l) couple is
associated with an increase in metal ion size.

protein, and increasing the metal size results in a decrease
in both ruffling and saddling.

All the individual structures used to generate Figures 2
) ) T and 3 were overlapped. As expected, the overlaps show that
Table 1 lists the ideal NiN distances for cofactor F430 k430 in MCR (Figure 4, left) is a flatter than F430 (Figure

in its different epimeric states and coordination geometries. 4 right) and that it undergoes less nonplanar deformations.
Examination of the table and all the hole scans carried out The main conformational differences occur in the C fing

reveals that the above-mentioned observations are true inypich flips to accommodate larger metal ion sizes (see Figure
all coordination geometries, free F430 always has a Iargerl)_ Figure 5 shows the cavity in MCR which contains

ideal Ni—N distance than F430 in MCR, and the flexibility  cofactor F430. The cavity restricts the conformational

of F430 is severely reduced in MCR. freedom of F430, so it is not surprising that F430 undergoes
To further examine the structural effects MCR imposes less nonplanar deformations in MCR.
upon F430 as a function of its hole size, the nonplanar Since nonplanar tetrapyrroles tend not to bind axial
deformations of cofactor F430 were analyzed by NSD. This ligands?”¢ the MCR-imposed reduction in nonplanar de-
method determines the out-of-plane distortions in terms of formations will presumably increase the likelihood of axial
the equivalent distortions along the lowest-frequency normal ligation in the MCR-bound F430. This is important because
coordinates of the tetrapyrrotfeThe predominant nonplanar  F430 is axially ligated in all active protein-bound forms, and
deformations observed for the tetrahydrocorphinoid F430 axial ligand exchange occurs during the MCR catalytic
were the B2u (saddled) and the Blu(ruffled) normal defor- reaction. We have therefore also examined the structural
mations. Figure 3 shows the degree of ruffling and saddling, consequences of axial ligation.
as determined by NSD analysis, of all the six-coordinate A change from four-coordinate nickel to six-coordinate
nickel F430 (red) and six-coordinate nickel “F430 in MCR” nickel has no major effect on the ideal metaitrogen
(dark blue) structures used in the hole scans shown in Figuredistance of cofactor F430. However, Figure 6 shows that
2. It shows that the surrounding protein has a significant the coordination does affect how the tetrahydrocorphinoid
effect on the nonplanar deformations that the tetrahydrocor- backbone of F430 responds to a change in the metal size. In
phinoid backbone of F430 undergoes in order to accom- all complexes, we observed that free cofactor F430 undergoes
modate different metal sizes. In the absence of protein, F430more nonplanar deformations when it contains a four-
undergoes a significant ruffling deformatior2 A) to cordinate metal ion than it does when it contains a six-
accommodate small metal ions (NN < 1.90 A), while
increasing the ideal MN distance results in a reduction in (47) I\Slgrr::%, g: J;l Skéﬁg?(:dl\‘l.%.;lzz.h aJr'%’ JS b'é,HJ?cks’.;Ss'h%lrgel\ic;j’ehg'ze’\gﬂ,
the amount of ruffling and an increase in the amount of S.: Pecaut, J.: Marchon, J. C.: Medforth, C. J.: Shelnutt, J. Am.
saddling. Ruffling is also the predominant nonplanar defor- Chem. Soc2005 127, 1179-1192.
mation F430 undergoes when it is inside MCR. However, (48) Retsek, J. L.; Drain, C. M.; Kirmaier, C.; Nurco, D. J.; Medforth, C.

. o ' . J.; Smith, K. M.; Sazanovich, I. V.; Chirvony, V. S.; Fajer, J.; Holten,
F430 is able to undergo significantly less ruffling in the D. J. Am. Chem. So@003 125 9787-9800.
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Figure 5. Molecular surface of one of the F430 cavities in MCR. The figure was obtained by removing F430 from the IMRO MCR crystal structure and

calculating the Connelly surface with a 1.2 A probe radius.

2.5

T s A B2y in MCR
s ®B1u in MCR
2 A B2u F430
< 1 W B1u F430

Non-planar NSD deformations

1.7

1.9
M-N distance (Angstrom)

21 23

Figure 6. B2u(sad) and Blu(ruf) deformations of four-coordinate nickel
F430 (red) and six-coordinate nickel F430 in MCR (blue) structures. A 1
A distortion means that the square root of the sum of the squares af the
displacements from the mean plane is equal # 1.

coordinate metal ion. Furthermore, in the absence of protein,
F430 undergoes significantly more saddling than ruffling
deformations to accommodate small metal ions—(NI <
1.90 A); this is directly opposite to what was observed for
six-coordinate F430. Increasing the ideatM distance in
four-coordinate F430 results in a reduction in the amount of
both the saddling and ruffling. In contrast to six-coordinate
F430 in MCR, the nonplanar deformations of four-coordinate
F430 in MCR do not vary much upon changing the size of
the metal ion.

Conclusion

It has been suggested that proteins are able to enforc
unstable geometries upon metal ions and their cofactors,

2602 Inorganic Chemistry, Vol. 45, No. 6, 2006

thereby producing an entatic state that can increase the
reactivity of the active site. Previously, we have shown that
the protein matrix of MCR influences the chemistry at the
nickel active site by preventing 12,13-diepi F430 from
undergoing nonplanar deformations and therefore favoring
F430 over the 12,13-diepimeric F430 foPinThe strain
imposed on 12,13-diepi F430 in the protein is so large that,
although 88% of free F430 is found in the diepimeric form,
none of the diepimeric form is found in MCR.

In this work, we have examined the effect MCR has on
the hole size of F430 and we have shown that by restricting
F430’s nonplanar deformations MCR limits F430’s hole-
size flexibility. MCR also imposes a shorter ideal metal
nitrogen distance on the tetrahydrocorphinoid cofactor. This
suggests that the protein environment (MCR) is responsible
for tuning the chemistry of the active-site nickel ion.

It is known that the axial ligand affinities are affected by
the degree of nonplanarity present in tetrapyrilaad that
the hole size affects the redox potential due to the fact that
nickel(l) is significantly larger than nickel(ll). This suggests
that the protein environment (MCR) is capable of tuning the
chemistry (redox potentials and axial ligand affinity) of the
active-site nickel ion and that computational studies such as
this might be able to locate residues that can be mutated to
moderate the extent of the nonplanar deformations found in
F430, thereby changing its reactivity.

1C0521832
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