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ABSTRACT: We have completed the first direct structural characterization of an enzyme-bound four-
coordinate Co(I) intermediate, in this case for the corrinoid/iron—sulfur protein (C/Fe-SP) from Clostridium
thermoaceticum. Extended X-ray absorption fine structure and X-ray edge spectroscopy of the active
Co(I) state of the C/Fe-SP indicates a four-coordinate (distorted) square-planar structure where the best
fit gives average Co—N(equatorial) distances of 1.87 & 0.01 A, corresponding to 4.2 = 0.3 ligands. The
X-ray edge spectrum of Co(I) C/Fe-SP contains a moderate intensity 1s-4p + ‘““shake-down” (SD) transition
and no 1s-3d peak (where SD transitions are indicative of square-planar geometries). X-ray edge results
for the methyl-Co(III) form, reported earlier [Wirt, M. D., Kumar, M., Ragsdale, S. W., & Chance, M. R.
(1993) J. Am. Chem. Soc. 115, 2146—2150], are consistent with a base-off methylcobamide structure.
The absence of a ligated 5-methoxybenzimidazole base in the methyl-Co(III) state is important since the
base-off form is predicted to predispose the Co—C bond toward heterolytic cleavage to form the four-
coordinate Co(I) species concurrent with methyl transfer. Additionally, we have examined first-derivative
X-ray edge spectra of Co(I) C/Fe-SP, relative to edge spectra of a cobalt foil, as an indicator of effective
nuclear charge on cobalt. The Co(I) C/Fe-SP edge position at 7720.5 + 0.3 eV is less than, but very
close to, the value seen for the corresponding free Co(I) cobalamin. The observed reduction in effective
nuclear charge for protein-bound cobamides in Co(I), Co(Il), and Co(lIlI) oxidation states may promote
heterolytic Co—C bond cleavage by increasing the electrophilic nature of the donated methyl group and
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increase the nucleophilicity of enzyme bound Co!* to facilitate remethylation of the cofactor.

The corrinoid/iron-sulfur protein (C/Fe-SP) from Clostrid-
ium thermoaceticum plays an important role as a methyl
carrier protein in the reductive acetyl-CoA pathway. Methyl
transferase catalyzes the transfer of a methyl group from
methyl tetrahydrofolate (CHs-Hy folate) to the C/Fe-SP to
form a methyl-Co (III) species (Figure 1). This methyl group
is then transferred to carbon monoxide dehydrogenase
(CODH), which catalyzes the final steps in acetyl-CoA
synthesis (Lu ef al., 1990). The C/Fe-SP cycles between a
methyl-Co(Ill) and Co(I) form in this process. In transfer
of the methyl group to CoDH, formation of the nucleophilic
Co(I) intermediate is believed to proceed through heterolytic
Co—C bond cleavage of the base-off Co(IIl) 5-methoxyben-
zimidazoylmethylcobamide parent (Ragsdale et al., 1987;
Harder et al, 1989; Hu et al., 1984). In addition to the
cobamide, a [4Fe-4S]?*'* cluster has been identified in the
C/Fe-SP (Ragsdale et al., 1987).
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FIGURE 1: Structure of methylcobalamin (MeCbl) in a “base-on”
configuration (Rossi et al., 1985). The base-off form of methyl-
cobalamin is generated by cleavage of the axial cobalt-nitrogen bond
to the benzimidazole base. The MeCbl structure was obtained from
the Cambridge Crystallographic Data Base version 5 (Allen et al.,
1983) and plotted using the Chem-X molecular modeling program.
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Comparison of structural and electronic information col-
lected from free cobalamins and their derivatives with data
from relevant oxidation states of enzyme bound B, cofactors
provides an initial starting point from which insight into the
mechanisms of both heterolytic Co—C bond cleavage and
methyl transfer reactions is gained. In this study, we have
employed extended X-ray absorption fine structure (EXAFS)
and X-ray edge spectroscopy to probe the local molecular
structure of the catalytically important Co(I) state of the C/Fe-
SP. Both EXAFS and X-ray edge analysis indicate a four-
coordinate (distorted) square-planar structure in which the
5-methoxybenzimidazole base remains detached from cobalt.
This result provides the first direct evidence for an enzyme-
bound four-coordinate Co(I) C/Fe-SP species like that of free
Co() By (Wirt et al., 1992). These results, coupled with
recent methyl-Co(III) and Co(II) C/Fe-SP data (Wirt et al.,
1993a), demonstrate that a base-off configuration is main-
tained for all three cobamide oxidation states. Additionally,
we have found a consistent shift in the effective nuclear
charge on cobalt to lower energy for the enzyme-bound
cobamide cofactor when compared with analogous free
cobalamins. Examination of the electronic and structural
characteristics of the Co(I), Co(II), and Co(IIl) series for
C/Fe-SP furnishes convincing evidence for protein-mediated
modification of the cobamide to facilitate the heterolytically
generated transfer of a methyl group to CODH. In addition,
this is apparently the first structural characterization of a Co-
(I) enzyme state.

MATERIALS AND METHODS

Materials. Aluminum oxide and 5,10,15,20,-tetraphenyl-
21H,23H-porphine cobalt(I) (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
°C under CO; (Ljungdahl & Andreesen, 1978), and cells
were harvested as described (Roberts et al., 1992). The
C/Fe-SP was purified to homogeneity in an anaerobic
chamber (Vacuum Atmospheres) at ~16 °C. Purity after
each chromatographic step was determined by SDS—PAGE
followed by silver staining (Bio-Rad) and by Western
hybridization to polyclonal antibodies (Roberts et al., 1989).
For the preparation of the Co(I) sample, a Co(IIl) enzyme
sample was treated with a 4-fold excess of Titanium (III)
citrate (Zehnder & Wuhrmann, 1976) and desalted rapidly
on a Pensfsky column (Penefsky, 1977) before freezing in
liquid nitrogen. Anaerobic conditions were maintained at
all times. EXAFS model compounds were prepared as
described previously (Wirt ef al., 1992).

Data Collection. Data were collected at the National
Synchrotron Light Source, Brookhaven National Laboratory,
on beam line X-9B, using a double flat Si(111) crystal
monochromator with fixed exit geometry. Harmonics were
rejected by a Ni mirror positioned downstream of the
monochromator. All experiments were conducted at 115—
130 K, and sample temperature was maintained by flowing
cooled nitrogen gas through a low-temperature cryostat
(Powers et al., 1981). X-ray edge data having 3 eV
resolution were collected as described previously (Wirt et
al., 1991, 1992). Fifteen EXAFS scans were collected from
two different (89 and 76 mg/mL) Co(I) C/Fe-SP samples.
To limit radiation damage and minimize X-ray exposure on
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the sample, the horizontal beam aperture was reduced (1.8
mm H; 2.0 mm V for EXAFS, 0.5 mm for edge studies),
and the position of the beam along the sample was incre-
mented every three scans. Photon flux was 9.40 x 10°
photons s~! mm~2 at 100 ma beam current (Gmur et al.,
1989). Data were generally taken in the range of 100—200
ma. K-a cobalt fluorescence was collected using a 13-
element energy resolving germanium detector without dead
time corrections. Internal count rates were in the range of
35 000—40 000 counts s™!. 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
monochromator.

Data Treatment and Error Analysis. EXAFS data were
manipulated and analyzed using a PC-based version of the
AT&T Bell Labs EXAFS package on an IBM compatible
machine (Scheuring er al., 1994). EXAFS background
removal, k* weighting, Fourier filtering, and nonlinear least-
squares fitting followed standard procedures (Sagi et al.,
1990; Chance et al., 1986; Lee et al., 1981). All scans were
examined for edge position and sharp nonstatistical noise
glitches prior to data processing. Corrected edge positions
were determined by calibrating the edge position of the
sample to the edge position of a cobalt foil as described
above. Obvious noise glitches were removed prior to further
processing. Background subtracted data were Fourier trans-
formed from 1.5 A~! to 12.5 A~! in k-space using a square
window function. To isolate first shell contributions, the
Fourier filter window functions were set to 1.0 and 2.0 A in
r-space. All data were fit from 4.0 to 11.0 in k-space. The
data collected for CoTPP was treated in exactly the same
manner as that for Co(I) 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 analyses of
independently prepared samples. Third, the method of
mapping the minimum solution by examination of 2 was
applied (Lytle et al., 1989). These estimates gave similar
errors of +£0.01 A for distances.

X-ray edge data for the Co(I) C/Fe-SP samples were
collected and processed as described in detail previously
(Wirt er al., 1991). X-ray edge energy calibrations were
obtained by comparison of the x-ray fluorescence and cobalt
foil transmission data collected simultaneously. The cobalt
edge was assigned as the maximum of the first-derivative
fluorescence spectrum and as the minimum of the corre-
sponding first-derivative cobalt foil transmission spectrum.
Cobalt edge data were calibrated to the absolute cobalt edge
(7709.0 eV). Integrated pre-edge transition intensities (Table
2) are presented as absolute intensities (eV) with the step
jump normalized to 1 (Wirt ez al., 1991). Errors associated
with integrated intensities of pre-edge features were estimated
from a combination of statistical noise and errors intrinsic
to the method of analysis. Statistical errors varied between
2 and 3% for Co(I) C/Fe-SP samples. Systematic errors
inherent to the method of data analysis were calculated by
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FIGURE 2: (A) Raw data of Co(I) C/Fe-SP in k-space after cubic
weighting, background subtraction, and removal of obvious noise
glitches. (B) Fourier transform of Co(I) C/Fe-SP data presented in
Figure 3A. (C) Back-transformed data from the Co(I) form of the
C/Fe-SP after removal of glitches (solid lines) compared with the
1-atom fit simulated solution (D) (squares); ¥2 = 0.9. Data are fit
from 4.0 to 11.0 in k-space.

comparison of the integrated peak areas of different scans
and from duplicate samples. These systematic errors were
<5%. Errors seen in Table 2 represent the error for this
measurement taking into consideration both the systematic
and statistical errors discussed above.

RESULTS

The XAS data collected on the Co(I) form of the C/Fe-
SP, after cubic weighting, background subtraction, and
removal of obvious noise glitches, are presented in Figure
2A. Figure 2B shows the Fourier transform of the data
shown in Figure 2A. The data were subsequently back-
transformed and analyzed using a one-atom fit in which
distance (r), Debye—Waller factor shift (Ao?), and edge
energy shift (AE,) were varied, and the coordination number
(N) was held fixed for all solutions except solution D, where
it was varied (Table 1). Reported values for Ag? and AE,
were with respect to the model compound. The best fit gave
a solution of » =1.87 + 0.01 A, N = 4.2 + 0.3 ligands, Ac?
= —2 x 1074 £ 0.0006 A2, AE; = —0.9 eV, and 2 (sum of
the residuals squared) = 0.9. Solution D (Table 1) and the
experimental data are compared in Figure 2C. A complete
series of one-atom fits were conducted by fixing N at various
values and examining the effects on y? and the Debye—
Waller factors (Table 1). When N was held fixed at 3.0, y?
was 20 times greater than that of the well defined minimum
with N = 4.2, Solutions with coordination numbers greater
than four had rapidly increasing values of ¥? (Table 1). When
N was fixed at 5.0, ¥ was more than seven times that for
the minimum solution. Two different two-atom fits were
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Table 1: Nonlinear Least-Squares Fitting Solutions for EXAFS
Spectra of the Co(I) C/Fe-SP from C. thermoaceticum®

solution model r(A) N AE,(eV) Ag? (A?) ¥
A Co—N 1.86 3.0 -0.5 -3 x10-% 228
B Co—N 1.86 35 —0.6 -1 x 103 7.9
C Co—N 1.87 4.0 -0.9 3 x 10— 1.6
D Co—N 1.87 42 —-0.9 2 x 10—* 0.9
E Co—N 1.87 45 -09 7 x 10— 1.6
F Co—N 1.87 5.0 -1.1 2 x 10-3 6.5
G Co—N 1.87 6.0 -14 4 x 10— 263

2 EXAFS solutions (A—G) represent fitting results at various values
of fixed coordination number. Parameters: r, distance in A; N,
coordination number; AE,, energy shift relative to model compound;
Ac?, Debye—Waller shift relative to model compound; y?, sum of
residuals squared. All solutions, except solution D where N was varied,
result from fixing N and refining #, 0%, and E, to minimize y>. EXAFS
solutions for Co(I) C/Fe-SP are obtained from Fourier filtered data.
The back-transformed data are fit to CoTPP (four nitrogens at 1.949 A
average distance) (Madura ez al., 1976) using a nonlinear least-squares
fitting procedure.

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 meaningful solutions. Both
series of two-atom fits gave solutions with unreasonable
Debye—Waller factors (i.e., values greater than +1 x 1072
A?; Chance et al., 1986) that had distance solutions with
differences less than the resolution of the data (Lytle et al.,
1989). Two-atom fits where the Debye—Waller factors were
reasonable contained at least one metal—ligand distance that
was not chemically reasonable. Thus, the EXAFS data
provides strong evidence that the Co(I) state of the C/Fe-SP
adopts a square planar geometry with four N ligands
equidistant from the Co nucleus. The C/Fe-SP contains a
[4Fe-4S] cluster. There was no evidence of a strong back-
scatterer at 3—5 A (Figure 2B) indicating that the cobalt
center and the [4Fe-4S] cluster may be too distant to be
observed by the EXAFS technique or that the two metal sites
are involved in noncorrelated motion, thereby increasing the
Debye—Waller factor and washing out the [4Fe-4S] contri-
bution. Both possibilities are consistent with earlier XAS

studies of the Co(II) state of C/Fe-SP (Wirt er al., 1993).

Previous ESR (Ragsdale ez al., 1987) and redox studies
(Harder et al., 1989) of C/Fe-SP have also failed to observe
communication between the two metal centers.

Integration of pre-edge features from X-ray edge spectra,
followed by comparison of the resulting areas to those for
model compounds of known structure, provides a semiquan-
titative method for predicting coordination number and
geometry (Wirt et al., 1991; Bart, 1986; Roe et al., 1984).
The edge spectrum of the Co(I) state of the C/Fe-SP (Figure
3) contains a moderate intensity 1s-4p + shake-down
transition and no 1s-3d peak, where shake-down (SD)
transitions are indicative of transfer of charge from the ligand
to the metal in compounds with square-planar geometries
(Kosugi er al., 1984; Bair et al., 1980; Kosugi ef al., 1986).
The presence of the 1s-4p + SD transition and absence of a
1s-3d transition in the edge spectrum of the Co(I)-C/Fe-SP
are consistent with a four-coordinate square-planar geometry
(Bart, 1986; Roe er al., 1984). Comparison of the integrated
1s-4p + SD transition area for CoTPP, a nearly perfect
square-planar complex (Madura et al., 1976; Stevens, 1981),
is greater than that for the Co(I) form of the C/Fe-SP (Table
2). A reduction in intensity of the 1s-4p + SD transition,
compared with CoTPP, was also observed in the X-ray edge
spectrum of the (distorted) square-planar Co(I) B;; interme-
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FIGURE 3: X-ray fluorescence pre-edge data of transitions observed
in cobalamin models, free cobalamins, and C/Fe-SP compounds.
(1) CoTPP, 1s-4p + SD (four-coordinate); (2) Co(I) By,, 1s-4p +
SD (four-coordinate); (3) Co(II) C/Fe-SP, 1s-4p + SD (four-
coordinate); (4) Co(I) C/Fe-SP, 1s-4p + SD (four-coordinate); (5)
Co(I) B,, 15-3d (five-coordinate); (6) cyanocobalamin, 1s-3d (six-
coordinate). X-ray edge spectra are calibrated for energy and
intensity comparisons. Spectra have been arbitrarily offset along
the Y-axis for comparison.

diate (Wirt et al., 1992) and the four-coordinate Co(II) state
of the C/Fe-SP (Wirt et al., 1993a) (Figure 3 and Table 2).
This reduction in intensity is likely due to deviation from a
pure square-planar geometry since the corrin tetrapyrrole
rings A and D are fused (Figure 1). Thus, both our X-ray
edge data and EXAFS results provide direct evidence for a
four-coordinate (distorted) square-planar configuration for
the Co(I) state of the C/Fe-SP.

The first derivatives of the X-ray edge spectra of the
various Co(I) species were calculated and compared with
that of a cobalt foil, to indicate the effective nuclear charge
(ENC) on cobalt. The edge position of the Co(I) state of
the C/Fe-SP at 7720.5 &+ 0.3 eV was 0.5 eV lower in energy
but within the error extremes compared to the value observed
for free Co(I) By, (Table 2). This reduction in ENC for
enzyme-bound cofactor was observed for all measured
oxidation states, with a 1.0 eV lower ENC for the methyl-
Co(III) and Co(Il) forms than for base-on Co(IIl) methyl-
cobalamin and Co(Il) By, respectively. The ENC at cobalt
for the five-coordinate methyl-Co(IlII) state of the C/Fe-SP
was 1.5 eV lower than that observed for five-coordinate base-
off Co(III) methylcobalamin.

In comparison to the four-coordinate Co(II) state of the
C/Fe-SP from C. thermoaceticum, the base-off Co(II) state
of Bi2 was found to be quite unstable and could only be
observed by photolysis of a base-off methylcobalamin parent
species using a time multiplexed laser-photolysis system
coupled to a rapid-flow cell (Scheuring e? al., 1995) (Figure
4). Rapid generation and observation of the base-off Co(II)
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FIGURE 4: X-ray fluorescence pre-edge data (from bottom to top)
observed for free base-off Co(II) By, generated by time-resolved
X-ray spectroscopy (solid circles), 1s-4p + SD and 1s-3d observed
(the residual 1s-3d transition is due to incomplete conversion of
the alkylcobalamin to Co(II), quantum yield = 0.4); Co(II) C/Fe-
SP, 1s-4p + SD observed (solid line); free base-off Co(II) B,
generated by chemical reduction stabilized at low temperature, 1s-
3d observed (dotted line); free base off methylcobalamin, 1s-3d
observed (open triangles). Spectra have been arbitrarily offset along
the Y-axis for comparison.

species was required since oxidation to Co(III) occurs quickly
at room temperature and coordination of water to the Co(Il)
species appears to occur at low temperatures. One can
observe dramatic differences between the pre-edge features
of base-off Co(Il) B;, prepared by chemical reduction and
immediate quenching in liquid nitrogen, enzyme-bound Co-
(II) cobinamide, and room temperature Co(II) B, spectra
generated by photolysis (Figure 4). The presence of a
moderate intensity 1s-3d transition in the low temperature
Co(II) species generated by chemical reduction is consistent
with the addition of axial water. Only the enzyme-bound
Co(II) cobamide and free base-off Co(Il) B; generated using
time-resolved methods have the 1s-4p + SD transitions
characteristic of a four-coordinate structure. For the Co(II)
form of C-Fe/SP, we presume the active site excludes solvent
while, for the time-resolved photoproduct, the water coor-
dination has not had time to occur (Chen & Chance, 1990).

DISCUSSION

In order for the C/Fe-SP to cycle effectively between the
CH;-Co’* and Col!™ states, there must be mechanisms to
prevent homolytic cleavage of the carbon—cobalt bond
(which would result in formation of Co?* and an alky] radical
species) and to facilitate reduction of Co?* (which is formed
by inadvertent oxidation) to the active Co!* state. We have
observed three characteristics of the C/Fe-SP that may be

Table 2: Integrated X-ray Fluorescence Pre-Edge Transition Intensities and Edge Positions for Co(I), Co(II), and Methyl-Co(III) C/Fe-SP from
C. thermoaceticum, Free Cobalamins, and Cobalamin Model Compounds

compound coordination number  1s-3d intensities (eV)  1s-4p + SD intensities (eV)  edge position (eV)
Co(III) hexamine® 6 0.020 £ 0.006 7723.5+0.2
Co(Il) B2, 5 0.166 £+ 0.012 77220 £0.2
Co(ITPP® 4 1.188 £ 0.006 77215 +£0.2
Co(l) By? 4 0.266 £ 0.012 7721.0+£0.2
Co(I) C/Fe-SP 4 0.282 £ 0.010 77205 £0.3
Co(Il) C/Fe-SP¢ 4 0.248 £ 0.036 7721.0 £ 0.3
methyl-Co(IIT) C/Fe-SP¢ (125K) 6 0.256 £0.042 77215£0.3
Co(III) methylcobalamin® 6 0.250 £ 0.016 77225 £02
Co(III) base-off methylcobalamin (180 K)? 6 0.316 £ 0.016 77230+ 0.2
Co(III) base-off methylcobalamin (298 K)? 5 0.458 £+ 0.004 7723.0£0.2

T Wirt et al. (1991). ® Wirt et al. (1992). < Wirt et al. (1993a). ¢ Wirt et al. (1993b).
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important in minimizing the formation of Co?*: (i) main-
tenance of base-off coordination geometry, (ii) imposition
of a square-planar Co(Il) state, and (iii) lowering of the
effective nuclear charge on cobalt.

One way that the C/Fe-SP appears to facilitate reduction
of oxidatively produced inactive Co?t and protect against
homolysis of the methyl—Co3* bond is by control of the
ligation state of the cobalt center. In all three redox states,
the benzimidazole group remains uncoordinated to cobalt.
It was shown earlier that removal of the benzimidazole base
as an axial ligand could account for the increased stability
of Co!* (by ~12 kJ/mol) in the C/Fe-SP (Harder et al.,
1989). The Co I/ and Co(II)/(1) reduction potentials were
found to be ~100 mV more positive for the enzyme-bound
cobamide than that found for free cobalamin (Harder et al.,
1989). Maintenance of the base-off conformation is also
thought to protect methyl-Co(III) species from a homolytic
cleavage event that would disadvantageously form a methyl
radical and inactive Co(II) state of the C/Fe-SP (Martin et
al., 1992). Not only is the Co?* state base off in the C/Fe-
SP, but it also adopts an unusual four-coordinate planar
geometry (Wirt er al., 1993). As shown here, the same
geometry is observed for Co!'* in C/Fe-SP similar to that
previously observed for free Co(I) By, (Wirt et al., 1992).
Imposition of the Co!* geometry on the Co?* state would
be expected to enhance the rate of reduction of Co?* since
there would be no requirement for accompanying reorganiza-
tion of the ligand sphere.

There are examples of protein-bound cobamides which
have Co*™"!* redox potentials in the same range as observed
for the C/Fe-SP and which have a coordinated aromatic
nitrogen donor ligand (Banerjee et al., 1990). Therefore,
one wonders if other effects may play a role in controlling
the reactivity of cobamide and alkyl cobamide for the C/Fe-
SP.

A third characteristic of all these states of the cobamide
is the lowered effective nuclear charge on cobalt relative to
B; in solution. For methyl Co®*, Co?*, and Co'*, the ENC
is lowered by 1—1.5, 1.0, and 0.5 eV relative to By; in
solution (for the latter this is within the error range). The
mechanistic implication of this may include the following.
To maintain neutral charge on CH3-Co®", it is likely that
electron density has been transferred from the protein, corrin
ring, or methyl group to the cobalt center. In free methyl-
cobalamin this effect is observed as a reduction in ENC
relative to non-o-bonding axial ligands [cf., Table 1 and Wirt
et al., (1991)]. In the enzyme case, the methyl group may
become even more electrophilic, facilitating the nucleophilic
attack by a methyl group acceptor on the CODH forming
the methyl-CODH product. Similarly, for the Co!* state of
the C/Fe-SP, transfer of electron density to lower the charge
on Co would increase its ability to displace the methyl group
of CHs-Hj; folate. In any case, the C/Fe-SP enzyme provides
unique electronic and structural influences on the cobamide
cofactor that are entirely consistent with the known mech-
anism.
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