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Abstract: The corrinoid/iron-sulfur protein (C/Fe-SP) from Clostridium thermoaceticum is an 88 kDa a/9-dimer that cycles 
between a Co(I) and methyl-Co(III) form as it transfers a methyl group from methyltetrahydrofolate (methyl-H4folate) to 
carbon monoxide dehydrogenase. Extended X-ray absorption fine structure (EXAFS) and X-ray edge spectroscopy of the 
as-isolated C/Fe-SP indicates that the inactive Co(II) state of the corrinoid has a four-coordinate distorted square-planar 
structure. To our knowledge, this is the first observation of a four-coordinate Co(II) corrinoid. This unusual coordination 
state would be expected to poise the Co(II) state of the C/Fe-SP for facile reduction to four-coordinate Co(I), which is the 
active nucleophile that acts as the acceptor of the methyl group of methyl-H4folate. Additionally, the first-derivative X-ray 
edge spectra for both the methyl-Co(III) and Co(II) forms of the C/Fe-SP show an unexpected shift to lower energy when 
compared to analogous free cobalamins indicating a potential role for the protein in mediating electronic as well as structural 
properties of the enzyme bound methylcobamide. 

Introduction 

The B|2-cofactor, methylcobalamin (MeCbI, Figure 1), is known 
to participate in enzyme reactions involving methyl group transfers 
from methyltetrahydrofolate (methyl-H4folate) to the cobalamin 
with subsequent transfers to homocysteine in methionine synthase1 

and to carbon monoxide dehydrogenase (CODH) for the synthesis 
of acetyl-CoA by Clostridium thermoaceticum.2 Early obser
vations by Poston et al.3 and Ljungdahl et al.4 recognized that 
a corrinoid or corrinoid protein was involved in acetate biosynthesis 
by acetogenic bacteria. For the acetogenic bacterium, C. ther
moaceticum, which completely converts sugars as well as several 
one-carbon compounds to acetate (via acetyl-CoA as an inter
mediate), the methyl-corrinoid protein is required (see ref 5 for 
a review). 

The corrinoid/iron-sulfur protein (C/Fe-SP) from C. ther
moaceticum is an 88-kDa a/3-dimer containing a cobalt corrinoid 
that is methylated by methyl-H4folate to form base-off methyl-
Co(III) cobamide in a reaction catalyzed by methyltransferase.6 

The C/Fe-SP was purified to homogeneity by Ragsdale et al., 
who identified two redox-active metal sites: 5-methoxybenz-
imidazoylcobamide and a [4Fe-4S]2+/+ cluster.7 The cobamide 
was found to be in the unusual base-off state in both the meth-
yl-Co(III) and Co(II) forms.7 Base-off cobamides are generally 
observed only at pH values below 3.O.8 The (II)/(I) redox couples 
for the cobamide and the cluster are nearly isopotential with 
midpoint reduction potentials of —510 mV vs SHE and are ca. 
100 mV more positive than that of free Co(II)/Co(I) cobalamin 
couples.9 Both cofactors appear to change oxidation state as the 
corrinoid cycles between methyl-Co(HI) and Co(I) states.6 

Electron spin resonance7 (ESR) and redox9 studies indicate that 
the cobamide and cluster do not strongly interact. 

To better understand the mechanism of methyl transfer per
formed by the C/Fe-SP and to attempt to relate structural changes 
of the corrin system to changes in ligation and oxidation state, 
we have examined the Co(II) and methyl-Co(III) forms of the 
C/Fe-SP using cobalt Ka extended X-ray absorption fine structure 
(EXAFS) and X-ray edge spectroscopy. Both X-ray edge and 
EXAFS studies indicate that the Co(II) state has a base-off 
four-coordinate distorted square-planar structure. Comparison 
of edge data on methyl-Co(III) with temperature-dependent data 
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collected previously on base-off methyl-B12'° suggests that the 
methyl-Co(IH) form of C/Fe-SP may be six coordinate at low 
temperature (where a water ligand may occupy the position va
cated by the benzimidazole base). UV-visible spectra of the 
methyl-Co(IH) species indicate that the benzimidazole base is 
unligated to cobalt. Our results provide strong evidence for 
protein-induced modification of the corrinoid coordination state 
to facilitate heterolysis of the Co-C bond of the methylated 
C/Fe-SP by CODH and to facilitate reduction of the inactive 
Co(II) state, in both cases, forming four-coordinate Co(I). 

Materials and Methods 
Materials. Aluminum oxide and (5,10,15,20-tetraphenyl-21//,23//-

porphine)cobalt(II) (CoTPP) were purchased from Aldrich Chemical Co. 
and were used without further purification. 

Sample Preparation. C. thermoaceticum strain ATCC 39073 was 
grown with glucose as the carbon source at 55 0C under CO2'' and cells 
harvested as described.12 The C/Fe-SP was purified to homogeneity7 

in an anaerobic chamber (Vacuum Atmospheres) at ~16 0C. Purity 
after each chromatographic step was determined by SDS-PAGE followed 
by silver staining (Bio-Rad) and by Western hybridization to polyclonal 
antibodies.13 

To methylate the C/Fe-SP, the purified protein was concentrated by 
ultrafiltration using an Amicon concentrator with a YM 30 membrane. 
The as-isolated Co(II) form of the C/Fe-SP was similarly concentrated 
to 60 mg/mL for X-ray absorption studies. Methylation of the C/Fe-SP 
(15 mg in 1 mL of 50 mM Tris-HCl, pH 7.5) was achieved by electro
chemical reduction at -720 mV vs SHE (-530 mV vs NHE) as described 
earlier2 followed by addition of 10 nL of 0.2 mM methyl iodide. The 
methylated C/Fe-SP solution was then centrifuged through a Sephadex 
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X-ray Absorption Spectroscopy of CjFe-SP 

Figure 1. Structure of methylcobalamin (MeCbI) in a "base-on" con
figuration.39 The base-off form of methylcobalamin is generated by 
cleavage of the axial cobalt-nitrogen bond to the benzimidazole base. 
The MeCbI structure was obtained from the Cambridge Crystallographic 
Data Base version 441 and plotted using the Chem-x molecular modeling 
program.42 

G-50 column twice to remove unreacted methyl iodide and concentrated 
to 250 iiL (50 mg/mL) using an Amicon macrosolute concentrator. Both 
the as-isolated Co(II) and methylated C/Fe-SP solutions (250 iiL) were 
then transferred anaerobically to 25 x 2.5 x 2 mm deep lucite sample 
holders (approximate volume 200 *tL) and sealed with kapton tape. 
EXAFS model compounds were prepared as described previously.14 

ESR spectra were recorded on a Bruker ECS106 spectrometer 
equipped with an Oxford ITC4 temperature controller and automatic 
frequency counter (Hewlett Packard, Model 5340A). Spin concentra
tions were measured by comparing the double integrals (using supplied 
Bruker software) of the spectra with those of a 1 mM copper perchlorate 
standard. Spectroscopic parameters are given in the figure legends. 

Data Collection. Data were collected at the National Synchrotron 
Light Source, Brookhaven National Laboratory, on beam line X-9A, 
using a double flat Si(111) crystal monochromator with fixed exit ge
ometry. Harmonics were rejected by a Ni mirror positioned downstream 
of the monochromator. All experiments were carried out at 115-130 K, 
and sample temperature was maintained by flowing cooled nitrogen gas 
through a low-temperature cryostat.15 EXAFS and X-ray edge data 
having 3 eV resolution were collected as described previously.14 A total 
of 47 EXAFS scans were collected from three different 60 mg/mL 
Co(II) C/Fe-SP samples. To limit radiation damage and minimize 
X-ray exposure on the sample, the horizontal beam aperture was reduced 
(1.8 mm H, 2.0 mm V) and the position of the beam along the sample 
was incremented every 4 scans. Photon flux was 9.40 x 10' photons s"1 

mm"2 at 100 ma beam current.16 Data were generally taken in the range 
of 100-200 ma. Ka cobalt fluorescence was collected using a 13-element 
energy resolving Germanium detector. For reference signals, mylar tape 
was mounted at a 45° angle to the X-ray beam to scatter photons counted 
by a photomultiplier tube positioned perpendicular to the X-ray beam. 
For an internal standard, cobalt foil calibration spectra were collected 
simultaneously with each scan using the same collection configuration 
as the reference signal. This method accounts for shifts in the mono
chromator. 

Data Treatment and Error Analysis. EXAFS data for samples of the 
C/Fe-SP were manipulated and analyzed using the University of 
Washington EXAFS package. EXAFS background removal, k'-
weighting, Fourier filtering, and nonliner least-squares fitting followed 
standard procedures.17"" All scans were examined for edge position and 
sharp nonstatistical noise glitches prior to data processing. Obvious noise 
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Figure 2. UV-visible spectra of the C/Fe-SP. Top 2 traces: as-isolated 
Co(II) form of the C/Fe-SP before (solid line) and after (dashed line) 
X-ray exposure. Bottom 2 traces: methylated C/Fe-SP before (solid 
line) and after (dashed line) X-ray exposure. The spectra of the C/Fe-SP 
before X-ray exposure (solid lines) have been positively displaced for ease 
of comparison. 

glitches were removed prior to further processing by fitting the data on 
each side of the glitch with a polynomial interpolation. Background 
subtracted data were Fourier transformed using cosine-squared tapered 
windows to isolate first shell contributions as described previously.'4'7 20 

The tapers had centers of 1.5(fc,) and 11.0(Jc2) A"' in wave-vector-(fc) 
space. The Fourier filter back-transform window taper centers were set 
to 1.0(/,) and 2.0(r2) A. At k, - Dk1 /2 and k2 + Dk1Il, the window 
function tailed to zero, and at k\ + DkJl and Ic1 ~ Dk1Il, the window 
function was completely square and left unchanged (where D is an ar
bitrary value that simply selects the degree of taper). The back-transform 
(/•-window function) was the same type as the fc-window function. The 
taper functions were set at Dk1 = 3.0, Dk1 = 2.0 A"1. The Fourier filter 
window functions were set at Dr1 = Dr1 = 0.2 A. All data were fit from 
4.0 to 11.0 in &-space. The data collected for CoTPP were treated in 
exactly the same manner as those for the C/Fe-SP. 

Errors in the EXAFS analyses were estimated by three methods. To 
determine the degree of statistical or random noise, partial sums of the 
total number of scans were independently fit. The differences in fit 
distances provide an estimate of random noise. Second, systematic errors 
due to variations in sample preparation, radiation damage, and beam 
fluctuations are estimated by separate analysis of independently prepared 
samples. Third, the method of mapping out the minimum solution by 
examination of x2 was applied.14'21 These error estimates gave similar 
results of ±0.01 A for distances. 

X-ray edge data for the Co(II) and methyl-Co(III) states of the C/ 
Fe-SP samples were collected and processed as described in detail pre
viously.22 X-ray edge energy calibrations are obtained by comparison of 
the X-ray fluorescence and cobalt foil transmission data collected si
multaneously. The cobalt edge is assigned as the maximum of the 
first-derivative fluorescence spectrum, and as the minimum of the cor
responding first-derivative cobalt foil transmission spectrum. Cobalt edge 
data are calibrated to the absolute cobalt edge (7709.0 eV). Integrated 
pre-edge transition intensities (Table II) are presented in ratio form 
referenced to the integrated area of a cobalt hexamine ls-3d peak (ar
bitrarily given the value of 1.0). The actual area of the cobalt hexamine 
ls-3d transition is 2.0 X 10"2 eV with the step jump normalized to I.22 

Cobalt hexamine provides an excellent reference for pre-edge transition 
comparisons due to its almost perfect octahedral geometry23 and corre
spondingly low ls-3d transition intensity. Errors associated with inte
grated intensities of pre-edge features were estimated from a combination 
of statistical noise and errors introduced due to the method of analysis. 
Contributions of statistical noise (measured in the region prior to the 
ls-3d transition) to ls-3d or ls-4p shake-down (SD) peak areas were 
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Table I. Nonlinear Least-Squares Fitting Solutions for EXAFS Spectra of the Co(II) C/Fe-SP from C. thermoaceticum' 
solution 

A 
B 
C 
D 
E 
F 

model 

Co-N 
Co-N 
Co-N 
Co-N 
Co-N 
Co-N 

r(A) 
1.87 
1.87 
1.88 
1.88 
1.88 
1.88 

N 

3.0 
3.5 
3.8 
4.0 
4.5 
5.0 

A£0 (eV) 

0 
0 

-2 
-2 
-2 
-4 

Ao-2 (A"2) 

-4 X 10"3 

-3 X 10"3 

-2 X 10"3 

-1 X 10"3 

-1 X 10 3 

2 X 10-" 

X2 

5.0 
1.3 
0.8 
1.1 
3.5 
8.0 

"Simulated solutions A-F represent fitting results at various values of fixed coordination number. Parameters: r, distance in A; N, coordination 
number; A£0, energy shift relative to model compound; AIT2, Debye-Waller shift relative to model compound; X2, sum of residuals squared. All 
solutions, except solution C where N was floated, result from fixing N, letting r and a2 float, and stepping E0 from -8 to +8 eV to minimize X1. 
EXAFS solutions for Co(II) /Fe-SP are obtained from Fourier filtered data. The back-transformed data are fit to CoTPP (4 nitrogens at 1.949 A 
average distance)30 by a nonlinear least-squares fitting procedure. 

2600 3000 3400 
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saoo 

Figure 3. EPR spectra of the Co(II) form of the C/Fe-SP. The C/ 
Fe-SP was in 50 mM Tris/HCl, pH 7.5. EPR conditions were the 
following: temperature, 77 K; field set, 3300 G; sweep width, 2000 G; 
gain, 1 X 104; power, 20 mW; and frequency, 9.451 GHz. (Top) EPR 
spectrum of the as-isolated C/Fe-SP taken before X-ray exposure. 
(Bottom) EPR spectrum of the as-isolated C/Fe-SP taken after X-ray 
exposure. Note the absence of superhyperfine coupling indicating a 
base-off configuration. 

determined by calculating the percent contribution to the total peak area. 
Statistical errors varied between 10 and 15% for protein samples. Sys
tematic errors due to the method of data analysis were calculated by 
comparison of the integrated peak areas of different scans and from 
duplicate or triplicate samples. These systematic errors were <5%. 
Errors seen in Table II represent the expected error for this measurement 
taking into consideration both the systematic and statistical errors dis
cussed above. 

Results and Discussion 
Optical characterization of both the Co(II) and methyl-Co(III) 

forms of the C/Fe-SP was completed before and after sample 
exposure to the X-ray beam (Figure 2). ESR spectra of the 
Co(II) form of the C/Fe-SP form were also collected before and 
after X-ray analysis to detect oxidation of the Co(II) species and 
to confirm the base-off configuration (Figure 3). By both methods 
of analysis, it is clearly demonstrated that the C/Fe-SP was not 
damaged or altered during X-ray exposure. Raw Co(II) C/Fe-SP 
data, after cubic weighting, background subtraction, and removal 
of obvious noise glitches are presented in Figure 4. Figure 5A 
shows the Fourier transform of Co(II) C/Fe-SP data presented 
in Figure 4. The Co(II) C/Fe-SP data were subsequently 
back-transformed and analyzed using a one-atom fit in which 
distance (r) and Debye-Waller factor shift (Aa2) were floated, 
and the coordination number (N) was held fixed for all solutions 
except solution C, where it was floated. Edge energy shift (AE0) 
was stepped from -8 to +8 eV in I-eV increments for all solutions. 
Reported values for Ac2 and AE0 were with respect to the model 
compound. The best fit gave a solution of r = 1.88 ± 0.01 A, 
N = 3.8 ± 0.4 ligands, Aa2 = -2 X 10"3 ± 0.0006 A"2, AE0 = 
-2.0 eV, and jc2(sum of the residuals squared) = 0.8. Solution 
C (Table I) and the experimental data are compared in Figure 

x 

-it-

k(A') 
Figure 4. Plot of raw data of Co(II) C/Fe-SP in /t-space after cubic 
weighting, background subtraction, and removal of obvious noise glitches. 

"I T T 
NRDIHL COORDINATE (RNOSTROMI 

k(A-') 

Figure 5. (A) Fourier transform of Co(II) C/Fe-SP data presented in 
Figure 4. (B) Back-transformed data from the Co(H) form of the C/ 
Fe-SP after removal of glitches (solid lines) compared with the 1-atom 
fit simulated solution C (squares); x2 = 0.8. Data are fit from 4.0 to 11.0 
in &-space. 

5B. A complete series of one-atom fits were conducted by fixing 
./V at various values and examining the effects on x2 and the 
Debye-Waller factors (Table I). When N is held fixed at 3.0, 
x2 is more than six times that of the N = 3.8 solution. When N 
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Table II. Integrated X-ray Fluorescence Pre-edge Transition 
Intensities and Edge Positions for Co(II) and Methyl-Co(III) 
C/Fe-SP from C. thermoaceticum, Free Cobalamins, and Cobalamin 
Model Compounds 

7.704 7.708 7.712 7.716 
KeV 

Figure 6. Comparison of X-ray fluorescence pre-edge data of transitions 
observed in cobalamin models, free cobalamins, and C/Fe-SP com
pounds: (1) CoTPP, ls-4p + SD (4-coordinate, not to scale compared 
to other spectra); (2) Co(I) B|2, ls-4p + SD (4-coordinate); (3) Co(II) 
C/Fe-SP, ls-4p + SD (4-coordinate; (4) Co(II) B12, ls-3d (5-coordi-
nate); (5) cyanocobalamin, ls-3d (6-coordinate); (6) methyl-Co(III) 
C/Fe-SP, ls-3d (6-ccordinate). X-ray edge spectra are calibrated for 
energy and intensity comparisons. Spectra have been arbitrarily offset 
along the Y axis for ease of comparison. 

is fixed at 4.5, x2 more than quadruples that of the minimum 
solution. Coordination numbers of less than four are not chem
ically reasonable for the corrin ring system. Solutions with co
ordination numbers greater than four had rapidly increasing x1 

values (Table I). The well-defined minimum observed at 3.8 
ligands provides evidence for a coordination number of approx
imately four. Additionally, two different two-atom fits were 
attempted to examine the possibility of extracting a unique Co-N 
contribution. Neither a 3(Co-N): 1 (Co-N) nor a 2(Co-N):2-
(Co-N) fit gave reasonable solutions. Both of the two-atom fits 
had unreasonable Debye-Waller factors as well as distance so
lutions with differences less than the resolution of the data.21 As 
with earlier ESR7 and redox9 studies, the X-ray absorption spectra 
indicate that the cobalt and the iron of the [4Fe-4S] cluster are 
too distant to communicate, since Figure 5A shows no evidence 
of a strong backscatterer at 3-5 A. 

Since the back-scattering amplitude between the nearest 
neighbor to the absorber is susceptible to non-transferability,24 

coordination number assignments based on EXAFS data alone 
are not recommended. Integration of pre-edge features of X-ray 
edge spectra, followed by comparison to model compounds of 
known structure, provides another basis for predicting coordination 
number and geometry.222526 The edge spectrum of Co(II) C/ 
Fe-SP (Figure 6) contains a moderate intensity ls-4p + shake
down transition and no Is—3d peak. Shake-down (SD) transitions, 
which are indicative of transfer of charge from the ligand to the 
metal, occur in compounds with square-planar geometries.22'27"29 

The presence of the ls-4p + SD transition and absence of a Is-3d 
transition in the edge spectrum of the Co(II) C/Fe-SP are in
consistent with five-coordinate or tetrahedral geometries.2526 

Comparison of the ls-4p + SD transition intensity for CoTPP, 
a nearly perfect square-planar complex,30 to that of the Co(II) 
C/Fe-SP shows a much greater intensity for CoTPP (Table II). 
A reduction in intensity of the Co(II) C/Fe-SP ls-4p + SD 
transition, compared to CoTPP, is also observed in our recent 
X-ray edge and EXAFS study of the distorted square-planar Co(I) 
B|2 intermediate.14 This reduction in ls-4p + SD intensity is 
anticipated due to deviation from a pure square-planar geometry 
resulting from fusion of corrin tetrapyrrole rings A and D (Figure 
1). Thus, both our X-ray edge data and EXAFS results provide 
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compd 
Co(III) 

hexamine22 

Co(II) B12
22 

Co(II) TPP22 

Co(I) B12
14 

Co(II)/Fe-SP 
methyl-Co(lll) 

C/Fe-SP (125 
K) 

Co(III) 
methylcobal-
amin22 

Co(III) base-off 
methylcobal-
amin (180 K)10 

Co(III) base-off 
methylcobal-
amin (298 K)10 

coord no. 
6 

5 
4 
4 
4 
6 

6 

6 

5 

ls-3d 
1.0 ±0.3 

8.3 ± 0.6 

12.8 ± 2.1 

12.5 ± 0.8 

15.8 ±0.8 

22.9 ± 0.2 

ls-4p + 
SD 

59.4 ± 0.3 
13.3 ± 0.6 
12.4 ± 1.8 

edge position 
(eV) 

7723.5 ± 0.2 

7722.0 ± 0.2 
7721.5 ±0.2 
7721.0 ±0.2 
7721.0 ±0.3 
7721.5 ±0.3 

7722.5 ± 0.2 

7723.0 ± 0.2 

7723.0 ± 0.2 

direct evidence of a four-coordinate (distorted) square-planar 
configuration for the Co(II) state of the C/Fe-SP. To our 
knowledge, this is the first report of a four-coordinate Co(II) 
corrinoid. Generally, Co(II) corrinoids are five- and sometimes 
six-coordinate. That the C/Fe-SP has imposed a distorted 
square-planar geometry on the cobamide constitutes a destabi-
lization that would be expected to facilitate the important one-
electron reductive activation to form the active Co(I) state. 

To investigate changes in the protein structure associated with 
changes in oxidation state, we examined the X-ray edge spectrum 
of the methyl-Co(HI) state of the C/Fe-SP. In a previous study, 
Ragsdale et al. presented evidence based on optical spectroscopy 
for a base-off conformation of the methyl-Co(III) state of the 
C/Fe-SP.7 Our X-ray edge spectra, collected at 125 K, also are 
consistent with a base-off configuration except it appears that a 
weak donor ligand (likely a water molecule) may replace the 
5-methoxybenzimidazole base at the sixth coordination position. 
We have recently completed a study of the dependence of coor
dination number on temperature for base-off adenosyl- and me-
thylcobalamins over temperatures ranging from 180 to 295 K.10 

As the temperature was raised, an increase in ls-3d intensity was 
observed consistent with a change in coordination number from 
six-coordinate (where a water molecule is believed to occupy the 
coordination position vacated by the benzimidazole base) to a 
five-coordinate square-pyramidal structure. A similar optical study 
of base-off phosphitocobalamins was performed by Chemaly who 
found an analogous shift in coordination number from six to five 
as the temperature increased from 288 to 328 K.3'32 In light 
of these studies, it is a reasonable hypothesis to propose a five-
coordinate structure at room temperature for the methyl-Co(HI) 
state. Additional X-ray edge and EXAFS studies of the base-off 
methyl-Co(III) protein at different temperatures will address the 
question of coordination number in more detail. The benz
imidazole base has been found to have a major effect on stabilizing 
the methyl-Co(III) bond against heterolysis.33 Therefore, a 
base-off structure for methyl-Co(III) C/Fe-SP would be expected 
to facilitate a heterolytic Co-C bond cleavage mechanism in the 
transfer of the methyl group from methylcobamide to CODH, 
forming a methyl-metal intermediate on CODH. It would also 
be expected to protect methyl-Co(III) from homolytic cleavage 
that would form two disadvantageous products, a methyl radical 
and Co(II).34 

We have examined the first-derivative X-ray edge positions of 
the methyl-Co(III) and Co(II) forms of the C/Fe-SP relative to 

(31) Chemaly, S. M. J. Inorg. Biochem. 1991, 44, 1. 
(32) Chemaly, S. M. J. Inorg. Biochem. 1991, 44, 17. 
(33) Krautler, B. HeIv. Chim. Acta 1987, 70, 1268. 
(34) Martin, B. D.; Finke, R. G. J. Am. Chem. Soc. 1992, 114, 585. 
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Table HI. Comparison of EXAFS Data for Co(II) C/Fe-SP from C. 
thermoaceticum to EXAFS and X-ray Crystallographic Data of Free 
Cobalamins" 

eompd 
Co(III) methylcobalamin 

Co-N (eq) 
Co-N (ax) 
Co-C 

Co(II) C/Fe-SP 
Co-N (eq) 

Co(II) Bp 
Co-N (eq) 
Co-N (ax) 

Co(I) B12 
Co-N (eq) 

coord no. 
6 

4 

5 

4 

EXAFS (A) 

1.90 ±0.0120 

2.20 ± 0.03 
2.00 ± 0.03 

1.88 ± 0.01 

1.88 ±0.02'7 

1.99 ±0.03 

1.88 ± 0.0214 

X-ray (A) 

1.8939 

2.19 
1.99 
ESD = 0.02 

1.89"° 
2.13 
ESD = 0.02 

"The Co-N (equatorial) distances for the two X-ray solutions are 
the 1/r2 average of the four individual equatorial distances. EXAFS 
results for Co(II) C/Fe-SP, Co(I), Co(II) B12, and methylcobalamin 
are from solution samples. Bond distance entries correspond to co
balt-nitrogen equatorial (eq), axial (ax), and axial cobalt-carbon co
ordinations. Estimated standard deviations (ESD) are noted for 
structures determined by X-ray crystallography. 

the edge spectra of a cobalt foil as an indication of effective nuclear 
charge on cobalt. Edge shifts to lower energy correspond to a 
reduction in effective nuclear charge3536 (Table II). The edge 
positions of Co(III) MeCbI and Co(II) B12 are at 7722.5 ± 0.2 
and 7722.0 ± 0.2 eV, respectively. A shift of 1 eV to lower energy 
is observed between Co(II) B12 and Co(I) B12. Thus, there is a 
consistent trend for the free corrinoids to shift to lower energy 
upon reduction. Examination of the edge shift for Co(II) C/Fe-SP 
compared to Co(II) B12 shows a 1.0-eV shift to lower energy. In 
addition, comparison of the base-off methyl-Co(III) C/Fe-SP edge 
to absolute edge positions seen for base-off MeCbI collected at 
180 K shows a 1.0-eV shift to lower energy. Thus, both the Co(II) 
and methyl-Co(IH) C/Fe-SP forms indicate edge positions at 
lower energies than their respective free B12 analogues. This 
reduction in effective nuclear charge of the methyl-Co(IH) and 
Co(II) states may be related to the mechanism the protein utilizes 
to facilitate conversion of the methyl-Co(IH) to Co(I) in the 
methyl transfer reaction and of Co(II) to Co(I) in the reductive 
activation. Reduction of the electron donating strength of the 
Co-C bond in the base-off methyl-Co(III) C/Fe-SP species and/or 

(35) Wong, J.; Lytle, F. W.; Messmer, R. P.; Maylotte, D. H. Phys. Rev. 
B 1984, 30, 5596. 

(36) Belli, M.; Scafati, A.; Bianconi, A.; Mobilio, S.; Palladino, L.; Reale, 
A.; Burattini, E. Solid Stale Commun. 1980, 35, 355. 

charge distribution to the corrin ring may account for this sur
prising result. 
Conclusion 

Recent structural data collected on several B12 com
pounds101417'2022 indicate that detachment of the benzimidazole 
base may be the initial step in heterolytic Co-C bond cleavage. 
In addition, electrochemical studies indicate that base-off Co(II) 
is a likely intermediate in reduction to Co(I).3738 Understanding 
the role of the protein in controlling the coordination state of the 
benzimidazole base, predisposing the methyl-Co(III) or Co(II) 
states toward formation of the Co(I) species, is a primary goal. 
The identification of a four-coordinate distorted square-planar 
Co(II) state in the C/Fe-SP provides strong evidence that the 
protein facilitates reduction by generation of a strained Co(II) 
intermediate, which would be poised for one-electron reductive 
activation to Co(I). In addition, we corroborate the earlier 
proposal of an unusual base-off methyl-Co(HI) state and predict 
that methyl-Co(III) may be five-coordinate with the methyl group 
as the only axial ligand at physiologically relevant temperatures. 
The unexpected shift to lower energy for both the Co(II) and 
methyl-Co(III) C/Fe-SP as compared to their free cobalamin 
analogues invites further questions regarding the role of the protein 
in mediating cobalamin function. EXAFS and X-ray edge studies 
of the Co(I) form of the C/Fe-SP will provide further electronic 
and structural information. 
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