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Abstract: Carbon monoxide dehydrogenase fromClostridium thermoaceticum(Ct-CODH) is a nickel-containing
enzyme that catalyzes acetyl-CoA synthesis and CO oxidation at two separate Ni sites, the A-cluster and
C-cluster, respectively. Carbon monoxide dehydrogenase fromRhodospirillum rubrum(Rr-CODH) contains
only a C-type cluster and catalyzes only CO oxidation. We have used L-edge X-ray absorption spectroscopy
to study the Ni electronic structure of these two enzymes. The spectra indicate that most of the Ni in as-
isolated Ct-CODH is low-spin Ni(II). Upon CO treatment, a fraction of the nickel is converted either to high-
spin Ni(II) and/or to Ni(I). Ni in dithionite-reduced Rr-CODH also exhibits a clear low spin Ni(II) component,
again mixed with either high-spin Ni(II) or Ni(I). The spectrum of Rr-CODH shifts to higher energy upon
indigo carmine oxidation, suggesting either that most of the high-spin Ni(II) is converted to low-spin Ni(II)
and/or that some Ni is oxidized between these two forms. These results are discussed and compared with
recent L-edge spectra for the Ni site in hydrogenase.

Introduction

The Wood-Ljungdahl pathway describes the biochemical
steps involved in anaerobic fixation of carbon dioxide and
synthesis of acetate.1,2 Apart from their biochemical and
environmental significance, these reactions are analogous to
important industrial processes.3 In Clostridium thermoaceticum,
CO oxidation and acetyl-CoA synthesis are catalyzed by carbon
monoxide dehydrogenase (Ct-CODH), a 310 kDa (Râ)2 tet-
ramer.4,5 In the photosynthetic bacteriumRhodospirillum ru-
brum, there is a related enzyme (Rr-CODH)sa monomer that
catalyzes only the first reaction.

Ct-CODH catalysis involves two physically distinct sites,4-8

the “C-cluster” and “A-cluster”, which both contain Ni and

Fe.9-13 Each Râ dimer contains 2 Ni and 11-14 Fe7,14 and
presumably incorporates one A-cluster and one C-cluster. There
is also a conventional [Fe4S4]2+/1+ “B-cluster”,15 which transfers
electrons between the C-cluster and external redox agents.5

The A-cluster contains the acetyl-CoA synthesis site and is
EPR-silent in the as-isolated “Aox” form. It generates a “Ni-
Fe-C” EPR signal when Ct-CODH is treated with CO16,17 to
yield “Ared-CO”. Mössbauer and ENDOR studies suggest a
structure involving Ni bridged to an Fe4S4 cluster.8,11,18,19The
CO oxidation site C-cluster has been proposed to have a similar
structure.13 This cluster occurs in two EPR-active forms, “Cred1”
and “Cred2”, as well as an EPR-silent “Cox” form, along with
other states.

Rr-CODH is a 66.9-kDa protein containing 1 Ni and 7-8
Fe,20 with an associated 22-kDa subunit containing an additional
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Fe-S cluster.21 Genetic characterization of the two enzymes
has shown that Rr-CODH is 67% similar to theâ subunit of
Ct-CODH.22 It contains an Fe4S4 cluster and a catalytic center
analogous respectively to the B-cluster and C-cluster of Ct-
CODH.13 EXAFS analysis of Rr-CODH provided evidence for
both S and N/O ligation to the Ni.24 The Ct-CODH Ni EXAFS
is also dominated by Ni-S interactions,25 but weaker Ni-N/O
components may be present.26 Interpretation of the Ni EXAFS
of native Ct-CODH, however, is complicated by the heterogene-
ity of the samplesssignals from different Ni sites are averaged
together in the spectra, and the ligation of the individual sites
cannot be determined. To simplify the analysis, Xia and co-
workers examined the EXAFS of theR subunit of Ct-CODH,
obtained by gel electrophoresis of SDS-dissociated protein.27

They concluded that the Ni site has a distorted square planar
Ni with 2S at 2.19 Å and 2N,O donor ligands at 1.89 Å. From
the differences between theR subunit and the intact CODH
spectra, they inferred that C-cluster Ni is most likely in a
distorted five-coordinate or tetrahedral geometry. In the above
studies, the Ni-Fe distances and the nature of possible Ni-Fe
bridging interactions remained ambiguous.

There is little direct information about the electronic structure
of the Ni ions in the various forms of the A- and C-clusters.
The “Ni-Fe-C” EPR signal exhibits61Ni hyperfine broaden-
ing,15,16 as does the “pseudo-Ni-Fe-C” signal from theR
subunit.8,19 In a model developed by Mu¨nck and co-workers,
this is explained by a Ni(I) species exchange-coupled with one
Fe site of a [Fe4S4]2+ cluster through a bridging ligand X.19

They also proposed a Ni(II) species for the oxidized A-cluster,
based on the absence of an EPR signal in this form. For the
“Cred1” form of the C-cluster, which lacks61Ni hyperfine

coupling, the same group proposed a high-spinS ) 1 Ni(II)
weakly coupled to aS) 1/2 [Fe4S4]1+ cluster.13 However, they
could not rule out a model with high-spin or low-spin Ni(II)
electronically isolated from the [Fe4S4]1+ cluster. Finally,
Anderson and Lindahl have argued that the “Cred2” form of the
C-cluster contains Ni(I) and a [Fe4S4]1+ cluster. They propose
that the Ni(I) is spin-coupled to the reduced form of a redox
active ligand Lred.28

L-edge X-ray absorption spectroscopy (XAS) has been
extensively used as a probe of electronic structure in transition
metal compounds,29 but it is still a relatively new technique for
characterization of metalloprotein electronic structure.30,31 For
first transition metal ions, L-edge spectra involve transitions
from 2p63dN to 2p53dN+1 configurations. The spectral intensities
are sensitive to the number of d-holes available.32 The spectral
energies and relative intensities are sensitive to the oxidation
and spin state changes of the absorbing element.29 In favorable
cases the strength and symmetry of the ligand field can be
inferred.33,34

We have previously used L-edge XAS to probe Fe35-37 and
Cu38-40 proteins, as well as the Ni sites in Ni-substituted
rubredoxin34 and inPyrococcus furiosushydrogenase.41,42 We
report here the L-edge XAS spectrum of the native and CO-
treated forms of Ct-CODH, and the dithionite-reduced and
indigo carmine oxidized forms of Rr-CODH. In a companion
paper, we examine the Ni in a variety of hydrogenase samples.43

The results provide information about the Ni oxidation state
and spin states in these enzymes which has been unavailable
by other techniques.

Experimental Procedures

Preparation of Protein Samples.R. rubrumcultures were grown
and CODH was purified according to published methods.44,45Rr-CODH
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Scheme 1.Essential Features of the Ni-X-Fe4S4 Structures
that Has Been Proposed for Both the A-Cluster23 and the
CRed1 Form of the C-Cluster.13,a

a The number and geometry of the Ni ligands is probably different
between A and C clusters.

10554 J. Am. Chem. Soc., Vol. 122, No. 43, 2000 Ralston et al.



samples were prepared in an anaerobic box containing less than 1 ppm
oxygen (Vacuum/Atmospheres Dri-Lab glovebox, model HE-493). Rr-
CODH in 100 mM MOPS (3-(N-morpholino)propanesulfonic acid) at
pH 7.5 containing 400 mM NaCl and∼2 mM dithionite was stripped
of NaCl and dithionite by passage through a Sephadex G-25 column
equilibrated in 100 mM MOPS, pH 7.5. Rr-CODH was oxidized by
adding indigo carmine (∼3 mM), and indigo carmine was removed as
previously described.12 This partially oxidized sample should correspond
to [Box:Cox:Cred1] Rr-CODH in the nomenclature of Hu et al.13 In the
current paper, we refer to this sample as “indigo carmine oxidized Rr-
CODH”. The “dithionite-reduced Rr-CODH” sample was prepared by
adding dithionite to the desalted enzyme to a final concentration of 2
mM. This sample should correspond to fully reduced or [Bred:Cred2:
CS)3/2] Rr-CODH in the nomenclature of Huet al.13 The concentration
of the Rr-CODH sample used to prepare films was 29 mg mL-1. The
protein concentration was determined by the bicinchoninic acid
colorimetric method using bovine serum albumin (grade A, Sigma) as
standard.46 CO-oxidation activity was determined by the CO-dependent
methylviologen reduction assay.44 One unit of activity equals 1µm
CO-oxidized per minute.

Ct-CODH was purified essentially as previously described,7,14using
C. thermoaceticumstrain ATCC 39073 grown on glucose at 55°C.47

The specific activity of purified Ct-CODH for the first round of
experiments was 300-450 units mg-1 (1 units) 1 µmol CO oxidized
min-1) at 55°C in the standard assay using 50 mM Tris-HCl, pH 7.6,
with 10 mM methylviologen as electron acceptor. The samples used
in the second round of experiments had a CO oxidation specific activity
of 500 units/mg. The specific activity of the Ct-CODH in the isotope
exchange reaction between CO and [1-14C]acetyl-CoA was 183 nmol
min-1 mg-1 at 55 °C using 0.49 mM acetyl-CoA and 1 mM CO in
100 mM Tris-maleate, pH 5.5. The samples used in the second round
of experiments had an exchange specific activity of 0.290 unit/mg. The
concentration of the Ct-CODH sample used for the preparation of
L-edge samples was 57-61 mg mL-1 (0.38-0.4 mM) for the first round
and 0.1 mM for the second round.

Enzyme Film Preparation and Sample Transfer. Method 1.The
CODH samples were initially prepared as partially dehydrated films
by placing a drop of protein sample (∼10 µL) on a silicon wafer and
allowing the enzyme to dry under a N2 atmosphere in an anaerobic
chamber. The back of the silicon wafer was then glued to a threaded
gold-plated copper mount for attachment to the coldfinger. In the case
of CO-treated Ct-CODH, a CO atmosphere was maintained during the
drying process using a desiccator jar filled with CO. All samples were
transferred anaerobically to the X-ray spectroscopy vacuum chamber,
using a load-lock and magnetic transfer arm, where they were mounted
onto a gold-plated coldfinger. During this transfer process, the time
interval over which samples were under vacuum but not frozen was
approximately 25 min. The coldfinger temperature was maintained at
20-30 K throughout the data collection.

Enzyme Film Preparation and Sample Transfer. Method 2.After
the first round of experiments, reasonable concerns were expressed by
referees and others about possible changes in resting or CO-treated
Ct-CODH enzyme, both during film preparation and while being
transferred through the load-lock. We therefore devised a method for
keeping the enzyme under the appropriate atmosphere until reaching
∼20 K on the chamber coldfinger. In these experiments, the previous
silicon support was replaced by a 1 mmthick × 5 mm diameter sapphire
plate. Control or CO-treated CODH film samples were prepared by
placing 20µL of the appropriate enzyme solution on this plate. This
sample was then allowed to dry either in the glovebox or in a small jar
under a pure CO atmosphere. The plate was mounted on a copper
support and sealed with a cap under a N2 or CO atmosphere. The sealed
cell was transferred through a loadlock into the vacuum chamber and

threaded onto the 20 K coldfinger. After∼30 min, the cap was
unthreaded and the X-ray experiments commenced.

Checks of Protein Sample Integrity.To ensure that samples were
able to withstand the film creation process, assays were performed on
material before and after drying, both in parallel experiments and in
some cases on the same samples used for X-ray spectroscopy. In the
case of Rr-CODH, 10-µL aliquots of a sample with an initial activity
of 3620 ( 220 units/mg were dried on microscope slide cover slips
under conditions analogous to X-ray sample creation. Samples were
dried for 1, 2, 3, and 4 h, dissolved in 100 mM MOPS, pH 7.5, and
assayed. Activities of 3750( 235, 3640( 350, 3650( 130, and
3720( 120 units/mg were measured for the 1-, 2-, 3-, and 4-h samples,
respectively. In addition to recovering 100% of the original activity,
100% of the dried protein was recovered in solution as well. The Rr-
CODH samples used for L-edge experiments initially had a specific
activity of 2670 units mg-1.

For the native Ct-CODH samples, the specific activity of one sample
for CO oxidation before drying on Si was 297 units/mg. In a laboratory
test, after drying the CODH on Si, then scraping off a fraction and
dissolving in 50 mM Tris/HCl at pH 7.6, the CO oxidation specific
activity was 276 units/mg. Thus, the drying procedure only slightly
diminishes enzyme activity. For one sample from this batch, after
L-edge and EPR analyses, the specific activity for CO oxidation was
185 units/mg. Some of the damage may occur after warming the X-ray
exposed sample, when the free radicals generated by the X-ray beam
become mobile. For one CO-treated sample, the specific activity for
CO oxidation, before CO treatment, was 437 units/mg. After CO
treatment but before L-edge analysis, the specific activity for CO
oxidation was 406 units/mg. After L-edge analysis, the specific activity
measured for CO oxidation was 238 units/mg.

Preparation of Model Compounds.The Ni model compounds used
for this investigation were synthesized according to published proce-
dures, as referenced in the companion paper.43

L-Edge Measurements.The first round of protein Ni L-edge spectra
were recorded at beamline 10-1 at the Stanford Synchrotron Radiation
Laboratory (SSRL) and at beamline U4-B48 at the National Synchrotron
Light Source (NSLS). The spectrometer energy resolutions used for
protein samples and for Ni model compound spectra were 350 and
270 meV, respectively. The more recent “capped-cell” protein spectra
were recorded on SSRL beamline 8-2 with∼1.5-eV resolution.49 During
all X-ray measurements, the sample chamber was maintained at less
than 5× 10-9 Torr using a helium cryopump.

Model compound spectra were measured in total electron yield mode
with a channeltron electron multiplier as detector.50 The protein spectra
were recorded using fluorescence detection with a windowless 13-
element germanium detector.51 In all cases, the incident beam intensity
was measured by using the total electron yield from a gold-coated grid
placed between the sample and the monochromator.

The L-edge spectra were calibrated by using the total electron yield
spectrum of NiF2 or NiO, which have absorption maxima at 852.7 and
853.2 eV,52 respectively. Each protein spectrum presented represents
the sum of about 40 20-min scans. Calibration spectra were run hourly
during protein scans to monitor beam stability and resolution. To
minimize radiation damage, the position of the X-ray beam on the
sample was moved every few scans. No evidence was observed for
changes over time in the spectra. All of the reported changes in protein
spectra were reproduced on 2-4 different occasions at different
beamlines with separate batches of samples.

L-Edge XAS Data Analysis.The background from absorption by
oxygen and other elements was approximated by a polynomial fit to
the low-energy region before the L3 edge and to the high-energy region
beyond the L2 edge. This polynomial baseline was then subtracted from
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the raw spectrum. The branching ratio was calculated by integrating
the L3 peak (850-856 eV) and the L2 peak (868-874 eV) and
calculating the area ratioI(L3)/[I(L2) + I(L3)]. The L3 centroid was
calculated by integration over the energy range 850-856 eV. Errors
of (0.1 eV in L3 centroid position and(0.02 in branching ratio were
estimated by calculating these parameters using various ranges of
integration and by comparing results from two separate runs of the
same samples.

Results

Model Compound Correlations. Computer simulations of
L-edge multiplet structure are commonly used to derive
information about the metal oxidation state and ligand field.29

Calculated spectra have proven useful in previous studies of
Ni,34,41Mn,33,53and Fe complexes54 and Fe proteins.35 However,
there is no observable multiplet structure in the CODH L-edges,
and other characteristics of the spectra must be exploited. One
useful property is the L3 centroid position, since L-edges
generally shift to higher energy as the metal becomes more
oxidized. A second diagnostic involves the ratio of L3 intensity
to overall intensity,I(L3)/[I(L2) + I(L3)], known as the “branch-
ing ratio”.29 As shown by Thole and van der Laan,55 the
branching ratio for high-spin complexes is higher than for low-
spin complexes, and it can therefore be used as a diagnostic of
the metal spin state. A final useful property, which results from
an X-ray “sum rule”,56 is the integrated intensity of the 2pf
3d transitions normalized to the continuum intensity. Since d8

Ni(II) has approximately twice the number of d-vacancies as
d9 Ni(I), for a given amount of Ni, the integrated area under
the Ni(II) L-edge features will be approximately twice the
integrated area of a Ni(I) complex.32

We examined the branching ratio and L3 centroid position
for a number of Ni compounds in different spin states and
oxidation states. Many of the individual spectra are reported in
the companion paper to this work.43 In the spirit of the Peisach
and Blumberg EPR “truth diagrams”,57 we created a two-
dimensional diagram mapping the above quantities for different
types of Ni complexes. As illustrated in Figure 1, the combina-
tion of branching ratio and L3 centroid allows the segregation
of Ni spectra into different regions for Ni(I), high-spin Ni(II),
low-spin Ni(II), Ni(III), and Ni(IV).

The L3 centroid position can be used to distinguish Ni(I) and
Ni(II). For the compounds in our database, the average centroid
positions differ by nearly 1 eVs852.55 eV for Ni(I), 853.4 eV
for high spin Ni(II), and 853.5 eV for low spin Ni(II) on our
calibration scale. The L3 centroid position turns out to be a more
useful indicator than the L3 peak position. For example, the L3

absorption maxima of several high spin Ni(II) compounds are
within 0.2 eV of those for Ni(I) compounds, making it difficult
to distinguish these two species using the peak position.
However, high spin Ni(II) spectra have additional higher energy
features that shift the centroid of the absorption in that direction.
Of course, when presented with the spectra of mixtures, it
becomes hard to define the centroids of the individual compo-
nents, and this limits our ability to distinguish between Ni(I)
and high-spin Ni(II) in some of the protein spectra.

High-spin and low-spin Ni(II) often have similar centroid
positions (Figure 1). In this case, these two types of Ni can
usually be distinguished by the branching ratio. The experi-
mental values for high-spin complexes ranged from 0.71 to 0.76,
with an average of 0.74, while low-spin Ni(II) complexes had
branching ratios ranging from 0.63 to 0.70, with an average of
0.67.

The most ionic Ni(III) complex in our sample set was K3-
NiF6 (20 in Figure 1), with an L3 centroid at 854.6 eV. The
large branching ratio is consistent with the primarily high-spin
nature of this complex. Complexes with significant Ni(III)
character such as NiIIIDCB (13) and NiIII (cyclam)Cl2(ClO4) (17)
had centroids at 854.3 and 854.5, respectivelyswell separated
from the Ni(II) region. These samples also had lower branching
ratios than K3NiF6, and they indeed turn out to be low-spin Ni-
(III) complexes.

Some formally Ni(III) complexes have spectra quite similar
to low-spin Ni(II). For example, the L3 centroid for [NiIIIpdtc2]-

(15) falls at 854.0 eV, close to low spin Ni(II) complexes with
strong ligand fields, such as [Ph4P]2NiIImac* (26) at 853.8 eV.
This indicates that a significant fraction of the positive charge
is delocalized onto the ligand, yielding more Ni(II)L.+ character.
The potential for ligand oxidation in formally Ni(III) complexes
was pointed out as early as 1965 by Stiefel and co-workers.58

Finally, for completeness, we include an ionic Ni(IV) complex
in our correlationsKNi IV(IO6) (27). With an L3 centroid at 855.6
eV, this complex represents the most oxidized form of Ni that
we have encountered.

Modified Sample Handling. The fluorescence-detected soft
X-ray experiment employs high vacuum conditions around the
sample, and there is always a concern that the sample integrity
is damaged by exposure to vacuum. We therefore devised a
new sample apparatus that allows characterization of the film
in situ and keeps a controlled atmosphere above the sample until
cool-down is complete. A photograph of this device is included
with an exploded sketch in Figure 2. The device consists of a
sapphire plate, which mounts inside a threaded, gold-plated

(53) Grush, M. M.; Chen, J.; Stemmler, T. L.; George, S. J.; Penner-
Hahn, J. E.; Christou, G.; Cramer, S. P.J. Am. Chem. Soc.1996, 118, 8,
65-69.

(54) Peng, G.; van Elp, J.; Jang, H.; Que, L.; Armstrong, W. H.; Cramer,
S. P.J. Am. Chem. Soc.1995, 117, 2515-2519.

(55) Thole, B. T.; van der Laan, G.Phys. ReV. B 1988, 38, 3158-3171.
(56) Stöhr, J. J. Electron Spectrosc. Relat. Phenom.1995, 75, 253-

272.
(57) Peisach, J.; Blumberg, W. E.Arch. Biochem. Biophys.1974, 165,

691-708.
(58) Stiefel, E. I.; Waters, J. H.; Billig, E.; Gray, H. B.J. Am. Chem.

Soc.1965, 87, 3016-3017.

Figure 1. Two-dimensional correlation of branching ratio vs L3

centroid position for a set of Ni model compounds with different
oxidation state and spin states. Key: Ni(I) complexessfilled circles;
low-spin Ni(II) complexessinverted triangles; high-spin Ni(II)
complexessupright triangles; low-spin Ni(III) complexessblack dia-
monds; high-spin Ni(III)sopen circle; Ni(IV)ssquare. Identities of
compounds are included as supporting information. Ellipses are drawn
only to guide the eye.
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copper base, which is in turn sealed with an O-ring and a
threaded cap. The sample is only exposed to vacuum once the
base is attached to the coldfinger and the temperature is close
to 20 K. Since the vapor pressure of water is negligible at 20
K, sample lyophilization is no longer a concern. Details
concerning the use of this cell are reported in the Experimental
Section.

Ct-CODH EPR. To confirm that the enzyme metal clusters
in our samples have properties similar to those observed in
frozen solutions, we recorded EPR spectra of the films. The
EPR spectrum of the “as-isolated” film before L-edge analysis
(Figure 3) is dominated by thegav ) 1.82 EPR signal (features
at 2.01, 1.80, and 1.64) that arises from the C-cluster in the
partially reduced Cred1 state.13,28 Small amounts of thegav )
1.86 EPR signal (from the Cred2 state of the C-cluster) and the
g ) 1.94 signal (from the Bred state of the B-cluster) are also
observed. No signal is apparent from the A-cluster; it appears
that the composition under these conditions is primarily Aox:
Box:Cred1.

The CO-treated film before L-edge analysis exhibits a strong
Bred signal (features atg ) 2.04, 1.94, and 1.90) and a mixture
of Cred1 and Cred2 signals. In fact, it is quite similar to spectra
reported by Anderson and Lindahl for Ct-CODH during the
early phases of dithionite reduction.28 The NiFeC signal should
occur atg-values of 2.08 and 2.028.59 However, we note that a
P1/2 of 0.2 mW at 16 K was reported for the NiFeC signal from
Methanosarcina thermophilaCODH,60 hence any NiFeC signal
from our sample was saturated. Although the NiFeC signal is
not evident under the conditions employed, in parallel experi-
ments on CO-treated films, 10( 5% of the total Ni was
converted to the NiFeC form. The only reductant used in the

sample preparation was CO, and it clearly changed the redox
status of the enzyme.

We were not able to obtain useful EPR spectra for samples
after data collection. The enzyme films tend to fall off the
support during removal from the vacuum chamber, and the
intensities from the remaining fragments are very weak.
Furthermore, the trapped radicals that are produced during data
collection at 20 K are free to migrate and cause damage when
the films are removed from the chamber. Since the L-edge
spectra are reproducible and do not change during data collec-
tion, we assume that they probe the films in the same form as
the “before” EPR spectra.

CODH L-Edges.The L-edges of Ct-CODH under native and
CO-treated conditions, recorded with and without the capped
cell assembly, are compared with reduced and oxidized Rr-
CODH spectra in Figure 4. The native Ct-CODH spectrum has
a centroid at 853.7 eV and a branching ratio of 0.68. This falls
within the low-spin Ni(II) region of the correlation diagram
(Figures 1 and 4). The L3 spectrum of the CO-treated Ct-CODH
sample shows additional absorption intensity at low-energy
compared to the as-isolated enzyme; the centroid shifts to 853.2
eV. There is also an increase in branching ratio from 0.68 to
0.70. The “dithionite-reduced” Rr-CODH spectrum has an even
higher branching ratio (0.71); the edge is relatively broad with
a centroid at 853.6 eV. Finally, indigo carmine oxidation lowers
the branching ratio to 0.69 and raises the centroid to 853.9 eV.

Ct-CODH Analysis. From its position in the correlation
diagram (Figure 4), we would expect the “as-isolated” Ct-CODH
spectrum to resemble those for low-spin Ni(II) complexes. This
is indeed the case, and a reasonable simulation is obtained
without invoking other types of Ni (Figure 5). If a second high-
spin Ni(II) component is added anyway, we estimate that it
constitutes∼10% of the total Ni. A low-spin Ni(II) assignment
is not unexpected for the 50% of the Ni in the A-cluster, since
the K X-ray absorption edge suggests a distorted square planar
Ni26,27and such complexes are generally low-spin. The EXAFS
data indicating 2.19 (2.18) Å Ni-S and 1.89 (1.82) Å Ni-N/O

(59) Ragsdale, S. W.; Wood, H. G.; Morton, T. A.; Ljungdahl, L. G.;
DerVartanian, D. V. InThe Bioinorganic Chemistry of Nickel; Lancaster,
J. R., Ed.; VCH Publishers: New York, 1988; pp 311-332.

(60) Lu, W.-P.; Jablonski, P. E.; Rasche, M.; Ferry, J. G.; Ragsdale, S.
W. J. Biol. Chem.1994, 269, 9736-9742.

Figure 2. TopsPhotograph of the capped sample cell for biological
soft X-ray spectroscopy. Bottomsexploded sketch of the cell assembly.

Figure 3. EPR spectra of CODH samples after drying on the silicon
wafer, before L-edge analysis. Top to bottom: (a) as-isolated Ct-CODH;
(b) CO-treated CODH. EPR conditions: temperature, 10 K; power,
40 mW; modulation amplitude, 12 G; frequency, 9.451 GHz; gain,
2000.
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distances for theR-subunit or intact protein, respectively, are
also typical of low-spin Ni(II).27,61 The remaining 50% of the
Ni is in the C-cluster, which, in the coupling model of Hu and
co-workers,13 is proposed to be high-spin Ni(II) in the Cred1form.
However, the authors note that the Cred1fraction only integrates
to between 0.1 and 0.6 spin/mol.13 It appears that the bulk of
the C-cluster must also contain low-spin Ni under our conditions,
but it may be in a form or forms distinct from Cred1.

The spectral changes upon CO treatment of Ct-CODH are
consistent with reduction of a fraction of nickel in Ct-CODH
to Ni(I). However, they could also be associated with partially
converting low-spin to high-spin Ni(II). We tested these
alternatives by fitting the spectrum of CO-treated Ct-CODH with
a combination of Ni(I) and Ni(II) model compound spectra, as
well as with a combination of high spin and low spin Ni(II)
(Figure 5). The best fit uses a mix of Ni(I) and low-spin Ni(II)
(Figure 5). However, with the quality of the current data, we
cannot rule out a mix of high-spin and low-spin Ni(II) or even
a mixture of Ni(I) and both types of Ni(II).

The sum rule for integrated L-edge intensities allows us to
quantitatively interpret these fits.32 Because Ni(I) has fewer
d-shell vacancies than Ni(II), the integrated L2,3-edge (2pf
3d) intensity for Ni(I) is lower. In the language of UV-visible
spectroscopy, the “oscillator strength” for Ni(I) L2,3-edges is
only about half of that for Ni(II), and a given area for a Ni(I)
component represents twice the amount of Ni as does the same
area for Ni(II). If the CO-treated spectrum is simulated as Ni-
(I) plus low-spin Ni(II), the relative intensities of the two

components indicate that Ni(I) represents about 30-50% of the
total Ni. If the spectral change were due to formation of high-
spin Ni(II), then the fits suggest∼20-30% high-spin Ni.

Since only∼15% of the total Ct-CODH Ni forms an EPR-
active CO complex, the amount of predicted Ni(I) is actually
more than expected on the basis of the Ni-Fe-C signal alone.
One possibility is that some of the C-cluster Ni is also partially
reduced under these conditions. However, the results can also
be explained by an increase in the fraction of high-spin Ni(II)
after CO treatment, and further work is needed with more
homogeneous systems to settle these issues.

Rr-CODH Simulations. The C-cluster of CODH is more
readily studied in theR. rubrumenzyme, where it is the only
Ni-containing center. Simulations of the L-edge spectra of
dithionite-reduced Rr-CODH and indigo-carmine oxidized Rr-
CODH are shown in Figure 6. The energy of the L3 centroid of
the dithionite-reduced sample (853.6 eV) falls in the Ni(II)
region, while the branching ratio (0.71) is near the border
between typical high-spin and low-spin values. The dithionite-
reduced spectrum is also broader than model compound spectra
with a single Ni species.

The simplest explanation of the dithionite-reduced Rr-CODH
L-edge data is that the samples contain both low-spin and high-
spin Ni(II) under our conditions. It can be simulated by a mixture
of 40% low-spin and 60% high-spin Ni(II) components (Figure
6). EPR and Mo¨ssbauer spectroscopy have already provided
ample evidence for C-cluster heterogeneity. For example, Hu
and co-workers found that in dithionite-reduced Rr-CODH, 50-
70% of the C-clusters is in the CS)3/2 state, while about 40% is(61) Ralston, C. Y. Ph.D. Thesis, University of California, Davis, 1997.

Figure 4. L-edge spectra for all of the CODH samples. Top to
bottom: (a) bare samples of native Ct-CODH (s) vs CO-treated Ct-
CODH (- - -); (b) native Ct-CODH (s) vs CO-treated Ct-CODH
(- - -) using capped samples; (c) Rr-CODH in dithionite reduced (- - -)
and indigo carmine oxidized (s) forms. Insetslocation of enzyme
spectra on the correlation diagram: (a) native Ct-CODH, (b) CO-treated
Ct-CODH, (c) dithionite reduced Rr-CODH, and (d) indigo carmine
oxidized Rr-CODH. Also for comparison: (e) H2-reduced (form R)
D. gigashydrogenase and (f) as-isolated (form A)D. gigashydrogenase.

Figure 5. Simulations of Ct-CODH L-edge spectra. Top to bottom:
(a) L3-edge of as-isolated Ct-CODH (s) compared to pure low-spin
Ni(II) (- - -); (b) CO-treated Ct-CODH (s) compared to a simulation
(- - -) using 40% Ni(I) and 60% low-spin Ni(II); (c) CO-treated Ct-
CODH (s) compared to a simulation (- - -) using 30% high-spin Ni-
(II) and 70% low-spin Ni(II); (d) spectra of the model compounds used
for the fits: Ni(I), (NiI“S4”) (s‚‚‚s); high-spin Ni(II), (Ni(DAPA)-
(SePh)2) (- - -); low-spin Ni(II), (NiII“S4”) (s). Additional model
compound details are included as supporting information.
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in the Cred2state.13 Furthermore, they note that the samples have
to be frozen within 1-2 min after reduction for the Cred2signal
to be obtained. In partially reduced samples poised at-300
mV, the Cred1 EPR signal integrated to∼0.65 spin (relative to
the Bredsignal).13 Unfortunately, none of the magnetic resonance
data addresses the status of the Ni site, since61Ni ENDOR
signals are not observed for Cred1 or Cred2.62

The Ni L-edge centroid of the indigo carmine oxidized Rr-
CODH sample (Figure 6) is shifted to higher energy (853.9 eV)
from the dithionite-reduced spectrum. This result was repro-
duced in three individual experiments. There are two alternative
explanations for this observation. In one scenario, addition of
indigo carmine oxidizes the Ni(II) to a covalent Ni(III) species.
As shown in Figure 6, the L-edge spectrum of oxidized Rr-
CODH does resemble that of the covalent Ni(III) complex
[Ni(pdtc)]-.63 However, there is no EPR evidence for a Ni(III)
species.

A more conventional explanation for the L-edge change is a
spin-state shift caused by structural changes in the Ni environ-
ment. The oxidized Rr-CODH spectrum can be fit by a mixture
of 15% high-spin Ni(II) and 85% low-spin Ni(II) (Figure 6).
Small geometry changes and/or ligand changes can result in
high-spin to low-spin conversions at Ni sites.64 In Rr-CODH,
such a change might involve the ligand proposed to bridge
between Ni and the FCII Fe of the Fe4S4 cluster.13 Even if redox
activity is localized at the Fe site, a change in the Ni-Fe bridge

could induce a Ni spin-state change. For example, one possibility
is that oxidation of the associated Fe4S4 cluster breaks the Ni-
X-Fe bridge, resulting in loss of a Ni axial ligand and conversion
to a more square planar geometry. This would explain the shift
to primarily low-spin Ni(II). Furthermore, if the lost ligand were
a cysteine thiolate, the low-spin Ni would be in a less covalent
environment and would have a higher energy L3 centroid.

Overall, this study has shown that both CODH A- and
C-clusters often utilize the low-spin Ni(II) state. This is in sharp
contrast with our Ni-Fe hydrogenase results, where the Ni site
is most frequently in the high-spin Ni(II) form. The dramatic
difference in CODH and H2ase spectra is illustrated in Figure
7, as well as in the inset of Figure 4.

Conclusions

We (and others) have found that L-edge XAS is able to
distinguish between different spin and oxidation states of Ni
compounds. We have used this capability to characterize two
CODH proteins, both of which can contain heterogeneous nickel
populations. Low-spin Ni(II) was found to be the dominant Ni
component in as-isolated Ct-CODH samples. This is in contrast
with Ni hydrogenases, where reduced samples contain mostly
high-spin Ni(II).41,43,65CO-treatment of Ct-CODH elicited a new
form of Ni, which is either Ni(I), high-spin Ni(II), or a mixture
of both species. Dithionite-reduced Rr-CODH was also found
to be heterogeneous and is best modeled as a mixture of low-
spin and high-spin Ni(II). Finally, we found that indigo carmine
oxidation of Rr-CODH produced a Ni L-edge spectrum similar
to almost homogeneous low-spin Ni(II) or very covalent Ni-
(III).

The experimental sensitivity of L-edge spectroscopy is now
adequate for obtaining spectra on protein films. The introduction
of more powerful undulator beamlines66 and higher resolution

(62) DeRose, V. J.; Telser, J.; Anderson, M. E.; Lindahl, P. A.; Hoffman,
B. M. J. Am. Chem. Soc.1998, 120, 8767-8776.

(63) Krüger, H.-J.; Holm, R. H.Inorg. Chem.1987, 26, 3645-3647.
(64) Coyle, C. L.; Stiefel, E. I. InThe Bioinorganic Chemistry of Nickel;

Lancaster, J. R., Jr., Ed.; VCH Publishers: New York, 1988; pp 1-28.
(65) Ralston, C.; Chen, J.; Peng, G.; George, S. J.; van Elp, J.; Cramer,

S. P.Physica B1995, 209, 203-208.

Figure 6. Simulations of Rr-CODH L-edge spectra. Top to bottom:
(a) dithionite-reduced Rr-CODH (s) and fit (- - -) using 40% low-
spin Ni(II) and 60% high-spin Ni(II); (b) indigo carmine oxidized
enzyme (s) and (- - -) fit using 85% low-spin Ni(II) and 15% high-
spin Ni(II); (c) spectra of the model compounds used for the fits: high-
spin Ni(II), Ni(DAPA)(SePh)2 (s); low-spin Ni(II), NiII“DCB” ( s‚s).
Also included for comparison: low-spin Ni(II), NiII“S4” (- - -); low-
spin Ni(III), [Ni III (pdtc)2]- (s‚‚‚s).

Figure 7. Comparison of L-edge spectra for predominantly high-spin
vs low-spin Ni enzyme samples. Top to bottom: (a) as-isolated Ct-
CODH (- - -) compared to dithionite-reduced Rr-CODH (s); (b) as-
isolated Ct-CODH (- - -) compared to H2-reducedD. gigashydrogenase
(s).
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detectors67 will make measurements possible on dilute frozen
solutions. L-edges can reveal information about electronic
structure that is difficult or impossible to obtain by other

methods. As the experiment becomes easier and more accessible,
soft X-ray spectroscopy should become a valuable tool for the
study of metals in biology.
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