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Abstract: The 5-subunit-containing acetyl-CoA decarbonylase/synthase (ACDS) complex plays an important
role in methanogenic Archaea that convert acetate to methane, by catalyzing the central reaction of acetate
C-C bond cleavage in which acetyl-CoA serves as the acetyl donor substrate reacting at the ACDS â
subunit active site. The properties of Ni in the active site A-cluster in the ACDS â subunit from
Methanosarcina thermophila were investigated. A recombinant, C-terminally truncated form of the â subunit
was employed, which mimics the native subunit previously isolated from the ACDS complex, and contains
an A-cluster composed of an [Fe4S4] center bridged to a binuclear Ni-Ni site. The electronic structures of
these two Ni were studied using L-edge absorption and X-ray magnetic circular dichroism (XMCD)
spectroscopy. The L-edge absorption data provided evidence for two distinct Ni species in the as-isolated
enzyme, one with low-spin Ni(II) and the other with high-spin Ni(II). XMCD spectroscopy confirmed that
the species producing the high-spin signal was paramagnetic. Upon treatment with Ti3+ citrate, an additional
Ni species emerged, which was assigned to Ni(I). By contrast, CO treatment of the reduced enzyme
converted nearly all of the Ni in the sample to low-spin Ni(II). The results implicate reaction of a high-spin
tetrahedral Ni site with CO to form an enzyme-CO adduct transformed to a low-spin Ni(II) state. These
findings are discussed in relation to the mechanism of C-C bond activation, in connection with the model
of the â subunit A-cluster developed from companion Ni and Fe K edge, XANES, and EXAFS studies.

Introduction

A wide range of anaerobic Bacteria and Archaea employ a
unique organometallic enzymatic mechanism involving several
different metal-bound carbon species (acetyl, CO, and methyl)
for direct synthesis and/or cleavage of the C-C bond of acetate.
Metabolic pathways that use direct acetyl C-C bond activation
include the energy-requiring autotrophic fixation of CO2, as well
as processes used for energy production such as acetogenesis
from CO2 and H2, oxidation of acetate to 2 CO2, and dispro-
portionation of acetate to CO2 and CH4. Approximately two-
thirds of the nearly 109 tons/year of CH4 formed in the
environment by microorganisms are derived from cleavage of
acetate by methanogens. Cleavage of the acetyl C-C bond is
brought about by an enzymatic decarbonylation reaction cata-
lyzed by a multienzyme complex designated acetyl-CoA de-
carbonylase/synthase (ACDS).

The ACDS complex is composed of five different subunits
(R, â, γ, δ, andε),1,2 and in addition to C-C bond cleavage, it
also catalyzes several other partial reactions.3 These include the
oxidation of the carbonyl group of acetyl-CoA to CO2 and the
transfer of the methyl group to the acceptor substrate tetrahy-
drosarcinapterin (H4SPt), an analogue of tetrahydrofolate, form-
ing N5-methyltetrahydrosarcinapterin (CH3-H4SPt), in the
overall reaction, as follows.2

The active site for C-C bond cleavage is located in the ACDS
â subunit which harbors a unique heterometallic center known
as the A-cluster, which contains an [Fe4S4] unit and 2 Ni. Site-
directed mutagenesis studies have shown that an intact A-cluster
is required for acetyl transfer activity, forming an acetyl-enzyme
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species activated for C-C bond cleavage, reaction 2.4

Acetyl transfer is strictly dependent on low redox potential, with
half-maximal activity observed at-486 mV at pH 6.5.
Reductive activation of the enzyme takes place according to a
1-electron redox process, which suggests that Ni(II) present in
the as-isolated enzyme is reduced to Ni(I), which then would
carry out nucleophilic attack on acetyl-CoA.5 A corrinoid
cofactor located on the ACDSγδ protein subcomponent accepts
the nascent methyl group formed upon cleavage of the C-C
bond and transfers it to H4SPt, whereas the ACDSR2ε2

subcomponent carbon monoxide dehydrogenase (CODH) oxi-
dizes enzyme-bound CO derived from the carbonyl group.3

Two separate crystallographic structures have been reported
for the A-cluster in carbon monoxide dehydrogenase/acetyl-
CoA synthase (CODH/ACS), anR2â2 homodimeric bacterial
enzyme containing the A-cluster in theR subunit, which is
homologous to theâ subunit in ACDS from methanogens. The
first structure revealed an A-cluster consisting of an [Fe4S4]
cluster bridged to a Cu-Ni binuclear site in which Cu was
located proximal to the [Fe4S4] cluster, designated Ma, whereas
the distal site, Mb, was occupied by Ni in square planar
geometry.6 The second structure portrayed rather different metals
in the proximal position, and contained two different A-cluster
structures in separateR subunits displaying dissimilar confor-
mational states.7 One conformational state designated “open”
contained an [Fe4S4]-Ni-Ni arrangement with the proximal
Ni in square planar geometry, whereas the alternate “closed”
state contained an [Fe4S4]-Zn-Ni form of the A-cluster, with
Zn in tetrahedral geometry, analogous to the [Fe4S4]-Cu-Ni
type in the first crystallographic study. In all cases, the distal
Ni site was present in square planar geometry, coordinated by
two cysteine thiolate groups and two deprotonated amides
belonging to the protein backbone.

By contrast, the methanogen ACDSâ subunit does not
contain Cu or Zn, and evidence indicates an [Fe4S4]-Ni-Ni
form of the A-cluster. K-edge X-ray absorption spectroscopic
analyses of theâ subunit A-cluster indicated that Ni was present
in two different coordination environments, one approximately
tetrahedral and the other square planar, together contributing
to make up the overall XANES and EXAFS spectra observed.8

On the basis of these results, a structure for theâ subunit
A-cluster was proposed similar to that in CODH/ACS, but with
the proximal site of the binuclear center occupied by Ni in
approximately tetrahedral geometry.8

Both native enzymes CODH/ACS and ACDS react with CO
to generate anS ) 1/2 paramagnetic enzyme-CO adduct
detectable by EPR spectroscopy at temperatures up to∼130
K, which is a property characteristic of the A-center (with EPR
signal known as the NiFe-CO signal because of hyperfine
broadening by61Ni or 57Fe, or with13CO used in the reaction).9-11

Using a recombinant form of the ACDSâ subunit, Ni was
shown to be essential both for activity and for the formation of
the NiFe-CO EPR signal. Studies on CODH/ACS concluded
that reduction of the enzyme was required prior to CO binding
to generate the paramagnetic NiFe-CO species, formulated as
Ni1+-CO (or Ared-CO).12 However, with the recombinant
ACDSâ subunit, reactions of the Ni(II)-containing enzyme with
CO produce a strong EPR signal with equivalent intensity
regardless of the presence or absence of reducing agent 1 mM
Ti3+ citrate. This result provided evidence that Ni(I) was not
involved in the paramagnetic A center-CO adduct, and a Ni-
(II)-CO radical species was proposed.4

To better understand the electronic structure of the different
Ni species in the A-cluster, we studied this system by Ni L-edge
absorption and X-ray magnetic circular dichroism (XMCD)
spectroscopies. The recombinantâ subunit was examined under
several different reaction conditions: as-isolated, in the presence
of Ti3+ citrate, and with both Ti3+ citrate and CO. By
comparison with model compound spectra, we estimate the
fraction of different Ni oxidation and spin states under varying
reaction conditions. The implications for distinct chemical
properties of the proximal and distal Ni sites are discussed.

Experimental Procedures

General Procedures.Unless otherwise specified, all chemicals were
purchased from Sigma Chemical Co. at the highest purity offered. All
solutions were prepared using deionized water obtained by use of a
Milli-Q apparatus (Millipore Corp.). Stock solutions of 140 mM Ti3+

citrate were prepared immediately before use as described,5 and diluted
with 25 mM HEPES, pH 7.2 to give working solutions containing 11-
44 mM Ti3+. Unless otherwise indicated, anaerobic procedures were
carried out under an atmosphere of N2 containing 1-3% H2 using a
Coy type anaerobic chamber. A calibrated Teledyne model 3191 trace
oxygen analyzer was used to monitor O2 levels, which were typically
in the range of 0.5-2 ppm.

Protein Purification and Ni Reconstitution. Recombinant ACDS
subunitâ was obtained by anaerobic expression inE. coli of a 44.6
kDa, C-terminally truncated form of theMethanosarcina thermophila
strain TM-1 ACDSâ subunit with 85% of the molecular mass of the
full length protein, designated CdhC*, as previously described.4 This
form mimics the truncatedâ subunit isolated following proteolytic
dissociation of the native ACDS complex.3 The recombinant protein
which contained Fe but lacked Ni was purified by ion exchange
chromatography under anaerobic conditions and reconstituted with Ni2+

by using the ‘large scale’ method exactly as previously described.4

Following the step at which excess Ni2+ was removed by chromatog-
raphy on Sephadex G-25, the holoenzyme was subjected to diafiltration
on an Amicon YM 30 ultrafiltration membrane to concentrate the
enzyme and reduce buffer and salt concentrations. The protein
preparations were 90-93% pure as found by densitometric analysis of
SDS gels, and contained 3.0( 0.2 g atom Fe/mol protein, as determined
by ICP analyses and protein estimation methods described previously.8

Samples of the Ni reconstituted protein exhibited an Fe/Ni ratio of 1.8
by ICP analysis.

Sample Preparation for Soft X-ray Spectroscopy.Samples for
L-edge and XMCD measurements were prepared by applying 10µL
of the protein (0.28 mM CdhC* in low buffer and salt concentration,
3.2 mM HEPES, 0.8 mM Na2SO4, pH 7.2) to 6 mm diameter sapphire
disks, followed by drying. Samples designated “as-isolated” were dried
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under an atmosphere of 1-3% H2 in N2 in a Coy anaerobic chamber
operating at less than 2 ppm O2, and required approximately 35 min to
produce a thin dry film. Samples containing in addition 0.5-4 mM
Ti3+ citrate were prepared by addition of 1/20 or 1/10 volume of Ti3+

working solutions (11-44 mM Ti3+) and were similarly dried, and are
designated as “Ti3+-reduced”. Samples designated “CO/Ti3+-treated”
were prepared identically except that drying was carried out under an
atmosphere of 100% CO. This was accomplished by transferring the
disks to a small chamber,∼3 cm3 volume, through which 100% CO
(Matheson, research purity grade, 99.99% minimum,<0.05 ppm O2)
was allowed to flow at a constant rate sufficient to dry the sample
over a comparable time interval. Dried films exposed to the atmosphere
of the anaerobic chamber for 21 h at room temperature and subsequently
redissolved in anaerobic buffer exhibited high levels of acetyltransferase
activity (assayed as described previously),4 with 82-89% of the original
activity remaining under nonreducing conditions and 61-64% in Ti3+-
reduced samples, with 100% activity equivalent to a turnover rate for
acetyl transfer of 4500 min-1. The disks were mounted in a capped
sample holder under anaerobic conditions and transferred to a vacuum
chamber as described previously.13 The samples were kept inside the
capped sample holder during transfer and the cap was removed only
after the sample equilibrated with the coldfinger at temperatures below
50 K.

Soft X-ray Fluorescence Elemental Analysis.Standard solutions
of Fe(NH4)2(SO4)2, and NiCl2, in 0.01M HCl were mixed to produce
samples containing 1.00 mM NiCl2 and a range of Fe(NH4)2(SO4)2 from
1.00 to 8.0 mM, to provide solutions containing Fe:Ni ratios of 1, 2, 4,
and 8. Thin film samples prepared from these standards, as well as an
“as-isolated” ACDSâ subunit sample, were excited at 890 eV, and
the emission spectra were recorded with a custom designed 9-element
superconducting tunnel junction (STJ) detector.14 The Fe:Ni fluores-
cence ratio was obtained by integration and summation of all Fe and
Ni L lines, after subtraction of the spectral baseline.

Soft X-ray Absorption and XMCD Spectroscopy.The experiments
were conducted at the elliptically polarizing undulator beamline of the
Advanced Light Source (ALS).15 Tandem ultrahigh vacuum chambers
permitted fluorescence-detected absorption measurements both with our
custom-designed STJ detector14 and with a Canberra 30-element Ge
detector.16 The STJ detector was attached to a chamber equipped with
a helium flow cryostat operating at temperatures down to 16 K (L-
edge chamber), whereas the Ge detector was mounted on a chamber
equipped with a 6 T superconducting magnet (XMCD chamber) in
which the sample stage was connected to a pumped He cryostat capable
of reaching a base temperature of 2.2 K.17 The chambers were
maintained at a vacuum in the low 10-9 mbar region.

The ACDSâ subunit data were recorded as fluorescence excitation
spectra.18 The Ni fluorescence signal (IF) was obtained by integration
of the Ni LRâ regions of independent multichannel analyzer spectra
for each detector element. To correct for incident beam intensity
fluctuations, the Ni signal was divided by the incident beam intensity
(I0). A signal proportional toI0 was measured using either the total
electron yield from an Al foil placed between the sample and
monochromator, or using the oxygen fluorescence signal from the
sample itself. The exit slit was set to 20µm, leading to an energy

resolution of∼0.2 eV at 800 eV. The energy was calibrated using the
total electron yield spectrum of NiF2, with centroid energy of the L3-
line defined to be 852.7 eV.19

Control Experiments for Radiation Damage.To ensure that the
samples were not compromised due to exposure to the X-ray beam,
different conditions were examined for the potential to cause radiation
damage. When multiple spectra were acquired over extended periods
of time from the same spot on the sample, spectral changes were
detected attributable to radiation damage. The as-isolated form of the
â subunit was more susceptible to radiation damage than Ti3+-reduced
samples. However, at the lowest temperature available,∼2 K, little or
no change was observed in the as-isolated protein over time, even after
90 min of exposure to the X-ray beam. By contrast, at 20 K, with
successive scans, a low energy shoulder emerged at about 852.0 eV
and there was a decrease in the main peak intensity (see Supporting
Information). This is presumably due to the formation of a Ni(I) species.
Interestingly, both the rate and the spectral characteristics of the
radiation damage changed between 100 and 20 K. At 100 K, with
increasing dose, a new high-energy peak at 856.5 eV was found, which
increased in intensity over the course of 2 h, while the main peak
decreased (see the Supporting Information). The new spectrum was
unlike any other model compound that we have yet studied and, given
the decline in intensity in the main L3 region, one possibility is that a
Ni(0) species was produced.

The scan procedure in the L-edge chamber was optimized to
minimize the influence of radiation damage. Because very little change
was found after a short, 10 min exposure to the beam, even at 20 K,
the L3 and L2 peak regions (which contain the chemically sensitive
information and are most influenced by radiation damage) were scanned
first, and the remaining three regions were scanned thereafter (below
L3, between L3 and L2, and above L2). In the XMCD chamber, left and
right-hand circularly polarized light were scanned consecutively on the
same sample spot, and the total scan time at 2.2 K was 80 min.

A comparison of the quality of the Ni L-edge spectra obtained using
the two chambers with the different detector systems was made using
separate samples of the as-isolated ACDSâ subunit (Figure 1). The
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Figure 1. Ni L-edge spectra of the as-isolated ACDSâ subunit taken with
the STJ (- - -) and Ge (-) detectors. Separate enzyme samples were used,
and conditions for measurements in the separate chambers were as described
under Experimental Procedures.

A R T I C L E S Funk et al.

90 J. AM. CHEM. SOC. 9 VOL. 126, NO. 1, 2004



spectra displayed nearly identical signal-to-noise ratios, and were
virtually superimposable. These data confirmed that both systems yield
accurate, high quality spectra, and provide further evidence that radiation
damage was negligible under the optimized conditions used in these
studies.

Results and Discussion

Elemental Analysis.The Fe:Ni ratio in the ACDSâ subunit
was determined from the relative intensities of Fe and Ni LRâ
fluorescence signals. As shown in Figure 2, the STJ detector
yielded emission spectra with well-resolved lines for O, Fe, and
Ni. Because the absolute intensities are affected by geometrical
factors, absorption cross sections, and fluorescence yields, a
calibration curve was generated using standard samples with
known Fe:Ni ratios. The Fe/Ni ratio for theâ subunit thus
obtained was 2.0( 0.3, Figure 2 inset. An Fe:Ni ratio of
approximately 2:1 is consistent with the metal content analyses
using KR fluorescence8 and plasma emission spectroscopy,4 as
expected for an enzyme with an A-cluster containing an [Fe4S4]
cluster and a binuclear Ni-Ni site.

Ni L-Edge Spectra.The Ni L3 edges of the as-isolated, Ti3+-
reduced and Ti3+/CO forms of the ACDSâ subunit are shown
in Figure 3. The peak in all three samples was found at∼853.6
eV. However, the three spectra showed significant differences.
The as-isolated and Ti3+-reducedâ subunit spectra had a broad
L3 edge (Figure 3, top and middle), whereas the CO/Ti3+-treated
â subunit had a much sharper L3 edge (Figure 3, bottom). The
spectrum of the as-isolated protein exhibited a strong, low
energy component at∼853.0 eV and a weak high energy

shoulder at∼ 854.4 eV, features that also are present in the
Ti3+-reduced form. Notably, an additional component of
substantially lower energy was evident in the Ti3+-reduced form
at 851.7 eV (Figure 3, middle).

The L2,3 spectrum of the Ti3+/CO form of theâ subunit was
typical of spectra for complexes containing low-spin Ni(II). A
comparison with one such compound, the low-spin Ni(II)
complex (Ph4As)2Ni(II)[S2C2(CF3)2]2 is shown in Figure 3,
bottom. The L3 centroid energy of 853.6 eV is consistent with
values seen for low-spin Ni(II) systems.13,20 Moreover, the
branching ratio,I(L3)/I(L2 + L3), 21 was 0.63, which falls at
the low end of the range 0.63-0.70 seen for low-spin Ni(II)
model compounds (Table 1).13,20,22 Thus, following Ti3+/CO
treatment nearly 100% low-spin Ni(II) could be assigned to both
Ni sites in theâ subunit A-cluster.

In comparison with the Ti3+/CO spectrum, the as-isolated and
Ti3+-reduced L2,3 spectra showed a trend toward higher branch-
ing ratios (0.73 and 0.76) and lower integrated intensities (17
and 13), respectively. As mentioned above, features were
observed on both sides of the central 853.6 eV peak (at 853.0

(20) Wang, H.; Ralston, C. Y.; Patil, D. S.; Jones, R. M.; Gu, W.; Verhagen,
M.; Adams, M. W. W.; Ge, P.; Riordan, C.; Marganian, C. A.; Mascharak,
P.; Kovacs, J.; Miller, C. G.; Collins, T. J.; Brooker, S.; Croucher, P. D.;
Wang, K.; Stiefel, E. I.; Cramer, S. P.J. Am. Chem. Soc.2000, 122, 10544-
10552.
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Cramer, S. P.J. Electron Spectrosc. Relat. Phenom.2001, 114, 855-863.

Figure 2. Soft X-ray emission spectrum of the 2:1 Fe:Ni standard used in
the analysis of the ACDSâ subunit. The STJ detector was used with
excitation at 890 eV. No background subtraction was applied to the spectrum
as shown, in which scattered radiation was minimized by positioning the
detector at 90° relative to the beam in the plane of the synchrotron. The
high-energy shoulders on all primary peaks arise from X-ray absorption in
the lower detector layer.14 The Na fluorescence is excited by second-order
radiation.Inset, the measured Fe/Ni LRâ fluorescence ratio plotted versus
Fe/Ni composition of standards prepared as described under Experimental
Procedures. The standards (O) were fit by linear least squares, solid line.
The observedâ subunit Fe/Ni fluorescence ratio is indicated by (+).

Figure 3. Ni L3 edge spectra of the ACDSâ subunit in the as-isolated,
Ti3+-reduced, and Ti3+/CO forms, as indicated (-). Spectra of the
components used for fitting are: (Ph4As)2Ni(II)[S2C2(CF3)2]2 for low-spin
Ni(II) ( - - - -), Ni(tren)2 for high-spin Ni(II) (‚‚‚‚) and [PhTt(tBu)]Ni-
(P(CH3)3)36 for Ni(I) (- ‚ -). The spectrum of the Ni(I) model compound
is shown shifted to higher energy by 0.1 eV in order to optimize the fit to
the as-isolated form; the spectrum of the high-spin Ni(II) reference
compound was shifted to lower energy by 0.3, 0.4 and 0.5 eV for fitting
the as-isolated, Ti/CO, and Ti-reduced forms, respectively; and the low-
spin Ni(II) dithiolene spectrum was shifted by 0.1 eV to higher energy for
fitting the as-isolated and Ti/CO forms. Best fit combinations of the three
components are indicated (s).
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and 854.4 eV), which are typical for spectra of high-spin Ni(II)
species. The splitting of the high-spin Ni(II) L3-edge can be
explained as a multiplet feature due primarily to an exchange
interaction between the partially occupied 2p5 and 3d 9 shells
in the final state.23,24For example, the L3-edge of high-spin Ni-
(II)-azurin has a main peak at 852.7 eV with a high energy
shoulder at 854.8 eV.25 As indicated in Figure 3, top, most of
the features in the as-isolated spectrum could be simulated using
roughly equal fractions of (Ph4As)2Ni(II)[S2C2(CF3)2]2 and Ni-
(II)(tren)2 [tren ) tris(2-aminoethyl)amine] as models for low-
spin and high-spin Ni(II).

The branching ratios of 0.73 and 0.76 observed for the as-
isolatedâ subunit and for the Ti3+-reduced form are in the range
of 0.71 to 0.77 expected for high-spin Ni(II) compounds from
empirical studies. Theoretical considerations also hold that
higher branching ratios signify a higher fraction of high-spin
Ni(II) and/or Ni(I). Notably, the additional, prominent low-
energy feature near 851.7 eV in the Ti3+-reduced spectrum is
present in a region indicating Ni(I).

Other parameters of the L-edge spectrum provided further
support for the existence of Ni(I) in the Ti3+-reduced form. One
of these was the increased branching ratio found relative to the
as-isolated enzyme, because Ni(I) complexes are known to have
the highest values of branching ratio. Another was the decrease
in integrated intensity observed from 17 in the as-isolated
enzyme to 13 in the Ti3+-reduced form. This indicates formation
of a substantial quantity of Ni(I), due to the lower transition
probability of thed 9 system, in which a value of 8.7 has been
ascribed to one hole.26 In simulations using three components
(Figure 3, middle) the Ti3+-reduced spectrum could be fit by
assigning 25-30% Ni(I), similar amounts of high-spin Ni(II)
and about 40% low-spin Ni(II). Approximately equal quantities
of Ni(I) were observed in samples treated with 1 mM and 4
mM Ti3+-citrate.

Surprisingly, during the course of these investigations, we
observed that the spectrum of the Ti3+/CO sample was not
stable, and was altered upon removal of CO during the time
required for mounting of the disks and transfer to the vacuum
chamber- demanding that this step be completed rapidly.
Otherwise, the spectrum observed for Ti3+/CO samples tended
to revert over time toward the spectrum of the as-isolated

sample, as shown in Figure 4. The spectrum of samples for
which this time was minimized (about 10 min) showed only
the low-spin Ni(II) species. However, extending the time to 50
min resulted in the formation of a low-energy and a high-energy
shoulder in the spectrum. These features were close to the ones
in the spectrum of the as-isolated sample. Thus, a fraction of
the low-spin Ni(II) was converted to a high-spin Ni(II) species,
which appeared to correlate with loss of CO from the sample.

Ni XMCD Spectra. Soft X-ray MCD is a relatively new tool
for characterization of metal centers in proteins.27,28This probe
has the advantage of selectivity for paramagnetic centers and
sum rules that provide information about spin and orbital
magnetic moments.27,28Ni L-edge XMCD spectra for the ACDS
â subunit under different conditions are shown in Figure 5. The
as-isolated enzyme (Figure 5A) exhibited an XMCD effect of
about-18% at the XMCD minimum of 852.8 eV, in the region
where the absorption spectrum exhibits the low energy com-
ponent, and displayed a positive XMCD signal near at 854.7
eV, where the high-energy absorption shoulder occurs. This
bipolar L3 signal is typical for high-spin Ni(II) species.29,30The
XMCD in the L2 region is unipolar and positive. No XMCD
effect was observed for the main peak at 853.6 eV.

The strongest XMCD effect was observed for the Ti3+-
reduced form of theâ subunit (Figure 5B), with a value of nearly(23) van der Laan, G.; Thole, B. T.; Sawatzky, G. A.; Verdaguer, M.Phys.
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Table 1. Ni L-edge Properties for the ACDS â Subunit Under
Different Conditions

sample L2,3 intensitya branching ratiob L3 centroid (eV)c

as-isolated 17.0(5) 0.730(9) 853.32(5)
Ti3+-reduced 13.0(5) 0.756(9) 852.98(5)
Ti3+/ CO nd 0.632(9) 853.57(5)

a The L2,3 intensity was calculated using the integrated L3 and L2 peaks
with normalization to the continuum step.b The branching ratio is the ratio
of integrated intensitiesI(L3)/I(L2 + L3). c The L3 centroid energy was
calculated using the first moment of the L3 peak including all intensities
within 80% of the maximum intensity.

Figure 4. Tendency of the Ti3+/CO form to revert to a spectrum resembling
the as-isolated enzyme following removal from a CO atmosphere. Samples
dried under 100% CO, as described under Experimental Procedures, were
transferred to the capped sample holder under N2, and held for either 10
min (- - - -) or 50 min (‚‚‚‚) before loading into the chamber, cooling to 77
K and uncapping. The spectrum of the as-isolated protein is shown for
comparison (-).
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-30% at the XMCD minimum at 852.8 eV.31 The general shape
of the XMCD spectrum was similar to that of the as-isolated
state, confirming its high-spin Ni(II) character. In addition, T-T
multiplet simulations32 provided a reasonable fit to the observed
XMCD spectrum using a high-spin Ni(II) center in a tetrahedral
ligand field (see the Supporting Information). Minor differences
in the spectra of the Ti3+ and as-isolated forms, that are close
to the presently existing signal-to-noise limitations, may indicate
that the signal comes from slightly different high-spin Ni(II)
species, perhaps as a result of changes taking place in a nearby
group such as reduction of the [Fe4S4] cluster.

The Ni XMCD spectrum for the Ti3+/CO form showed a very
small XMCD effect (Figure 5C), as expected from the assign-
ment of low-spin Ni(II) described above. Such small magnitude
effects might have resulted from an imperfect subtraction and
normalization procedure for left circularly polarized and right
circularly polarized spectra. However, given the apparent
instability of the Ti3+/CO form (as discussed above), the residual
XMCD effect also might be due to traces of a regenerated high-
spin form. In either case, the effect is small, and not reflective
of the predominantly low-spin Ni(II) character of the Ti3+/CO
form, as evident from the XMCD results.

Conclusion

The A-cluster in the methanogen ACDSâ subunit active site
shares a number of spectroscopic and enzymological properties
with the bacterial CODH/ACS A-cluster, which, taken together
with recent results from site directed mutagenesis analyses,
indicate an arrangement of metals with similar geometries and
coordination environments. Metal analyses by plasma emission
spectroscopy,4 Ni and Fe KR fluorescence intensity ratios,8 and
the results presented here from quantitative Ni and Fe L-edge
fluorescence ratios all indicate 2 Ni atoms per [Fe4S4] cluster
with no significant levels of other metals including Cu and Zn.

Several different A-cluster structures have been presented
from previous crystallographic studies on CODH/ACS which
vary in their metal compositions and in the geometry of the
metal site proximal to the [Fe4S4] cluster. The results from Ni
K-edge XANES and EXAFS analyses on the ACDSâ subunit
here are interpreted in terms of a model of the A-cluster in the
methanogen enzyme generally similar to those found in the
bacterial CODH/ACS, but with Ni present at both sites in the
Ni-Ni binuclear center bridged to the [Fe4S4] cluster.8 From
these studies, in connection with crystallographic results on
CODH/ACS,6,7 different geometries were proposed for the
individual Ni sites in theâ subunit A-cluster, corresponding to
square planar for the Ni site distal to the [Fe4S4] cluster,
designated Nib, and tetrahedral or distorted tetrahedral for the
proximal site, Nia (see Scheme 1 in ref 8). The results from the
present study provide additional evidence for these assignments,

(31) The reason for the increase in XMCD effect, from-18% in the as-isolated
enzyme to-29% upon reduction with Ti3+ remains uncertain. In this regard,
it may be notable that exposure of Ti3+-reduced samples to air, which causes
a complete loss of the Ni(I) signal in the L-edge spectrum, also resulted in
increased intensity in the region near 853.0 eV, as well as in the high energy
shoulder region around 854.4 eV, apparently due to generation of a more
ionic high-spin Ni(II) form. However, air oxidation is an unlikely
explanation for these samples, which display substantial quantities of Ni-
(I). Since the high-spin Ni(II) component in these samples exhibited slightly
shifted centroids and slightly different splitting, a change in magnetic
behavior might have resulted as well.

(32) The T-T Multiplets suite of programs was graciously provided by Dr.
Frank de Groot, and is available at http://www.anorg.chem.uu.nl/de-
groot.htm.

Figure 5. Ni L2,3-edge XMCD spectra of different forms of the ACDSâ
subunit. L-edge absorption spectra were recorded with right (-) and left
(- - -) circularly polarized light, upper. The edge jumps have been removed
by separate background subtractions using a two-step function, with a
secondary background component subtracted using a parabolic function.
XMCD spectra, lower, were calculated as the difference in intensity, right-
minus-left, normalized to the L3 peak maximum (XMCD effect, %). The
spectra were taken at 6 T and 2.2 K. Samples were as indicated:A, as-
isolated;B, Ti3+-reduced, andC, Ti3+/CO treated.
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and show further that the two Ni sites differ significantly in
their individual chemical properties.

The A-cluster in the as-isolated ACDSâ subunit contained
predominantly two types of Ni in roughly equal amounts,
corresponding to high-spin Ni(II) and low spin Ni(II), as
indicated by the results from L-edge measurements (Figure 3,
top), and supported by XMCD analyses (Figure 5A). From basic
ligand field theory, a square planar site for Ni(II) invariably
produces a low-spin configuration, whereas a tetrahedral site
favors a high-spin configuration. Thus, it is proposed that the
high-spin species corresponds to tetrahedral or distorted tetra-
hedral Ni(II) located at the proximal site (where the distortion
from tetrahedral cannot rule out 5-coordinate geometries), and
that the low-spin fraction in the as-isolated form represents the
signal from Ni(II) in square planar geometry at the distal site.
As shown in Figure 3, top,∼10% of Ni(I) was used in the fit
of the as-isolated form. Although this may suggest some amount
of Ni(I) present in the enzyme as isolated, another possibility
is that it represents a small degree of X-ray photoreduction.

The appearance of an∼30% Ni(I) fraction in the Ti3+-reduced
samples is most naturally ascribed to reduction of the tetrahedral
Ni(II) species. In parallel, a substantial decline in the high-spin
Ni(II) fraction was evident (see Figure 3), but there also was a
decrease in low-spin Ni(II). One possibility is that both the
proximal and distal Ni sites are capable of becoming reduced,
however, reduction of Ni(II) in a square planar configuration is
unexpected. An alternate explanation could involve two forms
of the A-cluster in equilibrium with one another, in which the
proximal Ni site is either tetrahedral, in high-spin configuration,
or distorted square planar, in a low-spin state. In this situation,
a decrease in the amount of the tetrahedral form upon reduction
to Ni(I) also would cause decline in the amount of the low-
spin form. Potentially, these two forms could reflect an
equilibrium between different conformational states of the
enzyme. In either case, the present work provides the first direct
demonstration of Ni(I) formation in the A-cluster, and in
addition indicates that the Ni(I) is generated at the proximal
site.

The finding that the level of Ni(I) was not increased by
increasing the Ti3+ concentration from 1 mM to 4 mM is further
evidence for reduction of only one class of Ni sites. These results
support a mechanism involving Ni(I) as a nucleophilic species
formed in 1-electron reductive activation of the enzyme,
potentially involved in attack on acetyl-CoA to form an activated
enzyme-acetyl intermediate. Formation of Ni(0) was not ob-
served, except in experiments for assessing radiation damage
at high-temperature and long-term X-ray exposure. Since our
analyses did not require Ni(0), little or no evidence could be
obtained for a mechanism involving Ni(0).

One of the more remarkable findings was the nearly quantita-
tive conversion of the high-spin Ni(II), at the proximal site Ni,
to low-spin Ni(II) in the Ti3+/CO treated form. Previously, it
was postulated that CoA and CO bind to the proximal metal,6

and recently direct evidence for CoA interaction in the
coordination sphere of Cu1+ at the proximal site was obtained
by EXAFS analysis of CODH/ACS with seleno-CoA bound as
a substrate analogue.33 The results of L-edge and XMCD
analyses now provide the first direct evidence for reaction of

CO at the proximal site Ni in the ACDSâ subunit, converting
the high-spin Ni(II) fraction nearly completely to a low-spin
state.

A scenario in which CO reacts with Ni(I) to form a Ni(I)-
CO adduct, followed by transfer of an electron to the [Fe4S4]2+

cluster resulting in [Fe4S4]1+ and Ni(II)-CO appears unlikely.
In this regard, the formation of an [Fe4S4]1+ form in the A-center
NiFe-CO adduct was all but excluded on the basis of equivalent
values of the isomer shift found in Mo¨ssbauer experiments in
the oxidized versus CO-treated CODH/ACSR subunit.34 In
addition, our results from Fe EXAFS and XANES indicated
less disorder in the ACDSâ subunit [Fe4S4] cluster and less
reduction of the cluster by Ti3+ when the reaction was carried
out in the presence of CO.8

One possibility for spin state conversion in the Ti3+/CO form
would be a reaction with CO resulting in direct transition at
the high-spin Ni(II) site to generate a low-spin Ni(II)-CO form
(along with the exchange of one electron with some other group
in the process of S) 1 to S) 1/2 conversion). This is supported
by the finding that direct addition of CO to the enzyme
containing only Ni(II), and no other source of reducing agent,
was capable of generating high levels of the NiFe-CO EPR
signal.4 Our finding of largely diamagnetic Ni(II) in the Ti3+/
CO form suggests that the A-center radical is located primarily
at a site other than Ni, since spin states corresponding to either
Ni(I) or Ni(III) were conspicuously absent in this form.

After CO is bound, formation of Ni(I) appears to be more
difficult, since Ni(I) was not observed in the Ti3+/CO reacted
samples even at concentrations of Ti3+ citrate that otherwise
would cause substantial reduction in the absence of CO. This
would agree with a mechanism proposed earlier in which
reduction of the enzyme-CO adduct to a form involved in the
catalytic cycle was considered to be unlikely, particularly in
the absence of other substrates.4 In addition, the inability to
reduce the enzyme in the presence of CO argues for an ordered
mechanism in which CO binding would take place after
methylationsalso consistent with the inhibitory effects of high
concentrations of CO noted for CODH/ACS by others.35

One interesting and still puzzling finding was the difference
between samples treated with Ti3+/CO and those reacted with
CO alone. As noted in the accompanying study, samples treated
with CO in the absence of Ti3+ citrate exhibited Ni and Fe
K-edge spectra differing little from those of the as-isolated
enzyme.8 L-edge spectra also were taken on samples treated
with CO alone (not shown) and exhibited similar behavior, i.e.,
little or no change from that of theâ subunit as-isolated. Thus,
the L-edge and K-edge data were fully consistent with one
another, however, such behavior does not agree with the
previous demonstration that the formation of the NiFe-CO EPR
signal is independent of Ti3+ citrate.4 One possibility is that
Ti3+ citrate may act as a stabilizer for the Ni(II)-CO radical
species, and therefore would be required in X-ray absorption
studies, whereas it is unnecessary for EPR measurements under
milder conditions. Direct irradiation of EPR samples could serve
as one method for further study of these differences.

(33) Seravalli, J.; Gu, W.; Tam, A.; Strauss, E.; Begley, T. P.; Cramer, S. P.;
Ragsdale, S. W.Proc. Nat. Acad. Sci.2003, 100,3689-3694.

(34) Xia, J. Q.; Hu, Z. G.; Popescu, C. V.; Lindahl, P. A.; Mu¨nck, E.J. Am.
Chem. Soc.1997, 119, 8301-8312.

(35) Maynard, E. L.; Sewell, C.; Lindahl, P. A.J. Am. Chem. Soc.2001, 123,
4697-4703.

(36) Schebler, P. J.; Mandimutsira, B. S.; Riordan, C. G.; Liable-Sands, L. M.;
Incarvito, C. D.; Rheingold, A. L.J. Am Chem. Soc.2001, 123, 331-332.
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In summary, Ni L-edge spectra of the ACDSâ subunit
A-cluster have been interpreted as evidence for a low-spin Ni-
(II) at the distal Ni site, and a proximal site that can exist in a
variety of forms: low-spin and high-spin Ni(II), Ni(I), and low-
spin Ni(II)-CO. The paramagnetism of the high-spin Ni(II)
species has been confirmed by XMCD spectroscopy. The higher
resolution of soft X-ray spectroscopy complements interpreta-
tions involving two distinct Ni sites. Additional experiments
with A-cluster derivatives that contain a single type of Ni are
in progress.
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