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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 f
subunit active site. The properties of Ni in the active site A-cluster in the ACDS f subunit from
Methanosarcina thermophila were investigated. A recombinant, C-terminally truncated form of the 5 subunit
was employed, which mimics the native subunit previously isolated from the ACDS complex, and contains
an A-cluster composed of an [FesS4] 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(ll) and the other with high-spin Ni(ll). XMCD spectroscopy confirmed that
the species producing the high-spin signal was paramagnetic. Upon treatment with Ti** citrate, an additional
Ni species emerged, which was assigned to Ni(l). By contrast, CO treatment of the reduced enzyme
converted nearly all of the Ni in the sample to low-spin Ni(ll). 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(ll) state. These
findings are discussed in relation to the mechanism of C—C bond activation, in connection with the model
of the 5 subunit A-cluster developed from companion Ni and Fe K edge, XANES, and EXAFS studies.

Introduction The ACDS complex is composed of five different subunits
(o, B, y, 0, ande),2? and in addition to €& C bond cleavage, it
also catalyzes several other partial reactibfibese include the
oxidation of the carbonyl group of acetyl-CoA to ¢@nd the
transfer of the methyl group to the acceptor substrate tetrahy-
drosarcinapterin (§8Pt), an analogue of tetrahydrofolate, form-
ing NS-methyltetrahydrosarcinapterin (GHH4SPt), in the
Psverall reaction, as follows.

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 Cbond of acetate.
Metabolic pathways that use direct acetytC bond activation
include the energy-requiring autotrophic fixation of £@s well
as processes used for energy production such as acetogenes
from CQO, and H, oxidation of acetate to 2 CQand dispro- .
portionation of acetate to GQand CH, Approximately two- Acetyl-CoA+ H,SPt+ H,0=
thirds of the nearly 10 tons/year of CH formed in the COASH+ CH,—H,SPt+ CO, + 2H" + 2¢™ (1)
environment by microorganisms are derived from cleavage of
acetate by methanogens. Cleavage of the acetyC ®ond is The active site for &C bond cleavage is located in the ACDS
brought about by an enzymatic decarbonylation reaction cata- 8 subunit which harbors a unique heterometallic center known
lyzed by a multienzyme complex designated acetyl-CoA de- as the A-cluster, which contains an }Sg] unit and 2 Ni. Site-
carbonylase/synthase (ACDS). 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 bond cleavage, reaction*2.
E; + acetyl-CoA=> Eg-acetyl+ CoA (2)

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(ll) present in

the as-isolated enzyme is reduced to Ni(l), which then would
carry out nucleophilic attack on acetyl-CSAA corrinoid
cofactor located on the ACD® protein subcomponent accepts
the nascent methyl group formed upon cleavage of thecC
bond and transfers it to 43Pt, whereas the ACDSue;

subcomponent carbon monoxide dehydrogenase (CODH) oxi-

dizes enzyme-bound CO derived from the carbonyl group.
Two separate crystallographic structures have been reporte
for the A-cluster in carbon monoxide dehydrogenase/acetyl-
CoA synthase (CODH/ACS), am,3, homodimeric bacterial
enzyme containing the A-cluster in the subunit, which is
homologous to th@ subunit in ACDS from methanogens. The
first structure revealed an A-cluster consisting of an,fze
cluster bridged to a CuNi binuclear site in which Cu was
located proximal to the [R&,4] cluster, designated Mwhereas
the distal site, M, was occupied by Ni in square planar
geometnf The second structure portrayed rather different metals
in the proximal position, and contained two different A-cluster
structures in separate subunits displaying dissimilar confor-
mational state$.0One conformational state designated “open”
contained an [F£4] —Ni—Ni arrangement with the proximal

Ni in square planar geometry, whereas the alternate “closed”

state contained an [F®]—Zn—Ni form of the A-cluster, with
Zn in tetrahedral geometry, analogous to the;fzp-Cu—Ni
type in the first crystallographic study. In all cases, the distal

Using a recombinant form of the ACDS 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 NiH€O species, formulated as
Nil*—CO (or Aes—CO)12 However, with the recombinant
ACDS 3 subunit, reactions of the Ni(ll)-containing enzyme with
CO produce a strong EPR signal with equivalent intensity
regardless of the presence or absence of reducing agent 1 mM
Tis* citrate. This result provided evidence that Ni(l) was not
involved in the paramagnetic A center-CO adduct, and a Ni-
(1) —CO radical species was proposed.

To better understand the electronic structure of the different
Ni species in the A-cluster, we studied this system by Ni L-edge

Oabsorption and X-ray magnetic circular dichroism (XMCD)

spectroscopies. The recombingrgubunit was examined under
several different reaction conditions: as-isolated, in the presence
of Ti%* citrate, and with both Pi" 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 ProceduresUnless 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®Ti
citrate were prepared immediately before use as described diluted
with 25 mM HEPES, pH 7.2 to give working solutions containing-11
44 mM Ti#t. Unless otherwise indicated, anaerobic procedures were
carried out under an atmosphere of dontaining +3% H, using a
Coy type anaerobic chamber. A calibrated Teledyne model 3191 trace

Ni site was present in square planar geometry, coordinated byoxygen analyzer was used to monitos lvels, which were typically
two cysteine thiolate groups and two deprotonated amides in the range of 0.52 ppm.

belonging to the protein backbone.

By contrast, the methanogen ACD®% subunit does not
contain Cu or Zn, and evidence indicates an,fzp-Ni—Ni
form of the A-cluster. K-edge X-ray absorption spectroscopic
analyses of thg subunit A-cluster indicated that Ni was present
in two different coordination environments, one approximately

Protein Purification and Ni Reconstitution. Recombinant ACDS
subunit was obtained by anaerobic expressiorEincoli of a 44.6
kDa, C-terminally truncated form of thdethanosarcina thermophila
strain TM-1 ACDSp subunit with 85% of the molecular mass of the
full length protein, designated CdhC*, as previously describédis
form mimics the truncate@ subunit isolated following proteolytic
dissociation of the native ACDS compléxhe recombinant protein

tetrahedral and the other square planar, together contributingwhich contained Fe but lacked Ni was purified by ion exchange

to make up the overall XANES and EXAFS spectra obsefved.
On the basis of these results, a structure for gheubunit
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.

Both native enzymes CODH/ACS and ACDS react with CO
to generate anfS = 1/2 paramagnetic enzyme-CO adduct
detectable by EPR spectroscopy at temperatures upl®0
K, which is a property characteristic of the A-center (with EPR
signal known as the NiFeCO signal because of hyperfine
broadening byNi or 5Fe, or with3CO used in the reactiofiy1

(4) Gencic, S.; Grahame, D. A. Biol. Chem2003 278 6101-6110.

(5) Bhaskar, B.; DeMoll, E.; Grahame, D. Biochemistryl998 37, 14491
14499.

(6) Doukov, T. 1.; Iverson, T. M.; Seravalli, J.; Ragsdale, S. W.; Drennan, C.
L. Science2002 298 567—-572.

(7) Darnault, C.; Volbeda, A.; Kim, E. J.; Legrand, P.; Vezde, X.; Lindahl,
P. A.; Fontecilla-Camps, J. Qlat. Struct. Biol.2003 4, 271-279.

(8) Gu, W.; Gencic, S.; Cramer, S. P.; Grahame, D.JAAmM. Chem. Soc.
2003 125 15343-15351.

(9) Ragsdale, S. W.; Ljungdahl, L. G.; DerVartanian, D Bibchem. Biophys.
Res. Commuril983 115 658-665.

chromatography under anaerobic conditions and reconstituted véith Ni
by using the ‘large scale’ method exactly as previously described.
Following the step at which excess?Niwas 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 9893% pure as found by densitometric analysis of
SDS gels, and contained 3100.2 g atom Fe/mol protein, as determined
by ICP analyses and protein estimation methods described prevfously.
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 applyinglL10
of the protein (0.28 mM CdhC* in low buffer and salt concentration,
3.2 mM HEPES, 0.8 mM N&Q,, pH 7.2) to 6 mm diameter sapphire
disks, followed by drying. Samples designated “as-isolated” were dried

(10) Ragsdale, S. W.; Wood, H. G.; Antholine, W. Broc. Natl. Acad. Sci.
1985 82, 6811-6814.

(11) Fan, C. L.; Gorst, C. M.; Ragsdale, S. W.; Hoffman, B.Bibchemistry
1991, 30, 431-435.

(12) Russell, W. K.; Lindahl, P. ABiochemistry1998 37, 10016-10026.
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under an atmosphere of=B% H, in Nz in a Coy anaerobic chamber 5 ~————rT—r—rTr-r-—Tr--—r———
operating at less than 2 ppm,@nd required approximately 35 min to [
produce a thin dry film. Samples containing in addition-645mM

Ti®* citrate were prepared by addition of 1/20 or 1/10 volume &f Ti
working solutions (1344 mM Ti*") and were similarly dried, and are
designated as “Fi-reduced”. Samples designated “CGfFtreated”
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 cn? volume, through which 100% CO
(Matheson, research purity grade, 99.99% minimw@,05 ppm Q)

was allowed to flow at a constant rate sufficient to dry the sample >-
over a comparable time interval. Dried films exposed to the atmosphere= 2
of the anaerobic chamber for 21 h at room temperature and subsequent! [
redissolved in anaerobic buffer exhibited high levels of acetyltransferase l'-'_J i
activity (assayed as described previoushyjth 82—89% of the original z 1 [
activity remaining under nonreducing conditions and-64% in TE*-

reduced samples, with 100% activity equivalent to a turnover rate for

acetyl transfer of 4500 mirt. The disks were mounted in a capped

sample holder under anaerobic conditions and transferred to a vacuum  Q
chamber as described previouslyThe 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. ENERGY (eV)

Soft X-ray Fluorescenpe Elemental AnaIyS|sSta.ndard solutions Figure 1. Ni L-edge spectra of the as-isolated ACPSubunit taken with
of Fe(NH,)2(SQy)z, and NiCh, in 0.01M HCI were mixed to produce  the STJ (- - -) and Ge) detectors. Separate enzyme samples were used,
samples containing 1.00 mM Ni£And a range of Fe(NhL(SQy). from and conditions for measurements in the separate chambers were as described
1.00 to 8.0 mM, to provide solutions containing Fe:Ni ratios of 1, 2, 4, under Experimental Procedures.
and 8. Thin film samples prepared from these standards, as well as an
“as-isolated” ACDSﬁ subunit Samp|e' were excited at 890 eV, and resolution of~0.2 eV at 800 eV. The energy was calibrated USing the
the emission spectra were recorded with a custom designed 9-elementotal electron yield spectrum of NiFwith centroid energy of the&

(arbitrary units)

845 850 855 860 865 870 875 880

superconducting tunnel junction (STJ) detedfofhe Fe:Ni fluores- line defined to be 852.7 e¥.
cence ratio was obtained by integration and summation of all Fe and ~ Control Experiments for Radiation Damage. To ensure that the
Ni L lines, after subtraction of the spectral baseline. 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

permitted fluorescence-detected absorption measurements both with ouf€tected attributable to radiation damage. The as-isolated form of the
custom-designed STJ deteéfoand with a Canberra 30-element Ge /2 Subunit was more susceptible to radiation damage thénrgduced
detectort The STJ detector was attached to a chamber equipped with S2mples. However, at the lowest temperature availakZe, little or
a helium flow cryostat operating at temperatures down to 16 K (L- N° change was observed in the as-isolated protein over time, even after

edge chamber), whereas the Ge detector was mounted on a chambey0 Min of exposure to the X-ray beam. By contrast, at 20 K, with
equipped wib a 6 T superconducting magnet (XMCD chamber) in  SUCCESSive scans, a low energy shoulder emerged at about 852.0 eV

which the sample stage was connected to a pumped He cryostat capabl@d there was a decrease in the main peak intensity (see Supporting
of reaching a base temperature of 2.217KThe chambers were Information). This is presumably due to the formation of a Ni(l) species.
maintained at a vacuum in the low Tombar region. Interestingly, both the rate and the spectral characteristics of the

The ACDSg subunit data were recorded as fluorescence excitation ir:drlatloir;] d:mage ﬁh@nﬁeg_bstvrveen 10k0 tagge;zso C'WAt 100n§’vm:hh
spectra® The Ni fluorescence signald) was obtained by integration creasing dose, a new high-energy peax a - EV'was found, whic

. . . . increased in intensity over the course of 2 h, while the main peak
of the Ni Los regions of independent multichannel analyzer spectra decreased (see the Supporting Information). The ne ectrum wa
for each detector element. To correct for incident beam intensity nlik Sn (ti] r mod Iuppm : gnd th twl h);/ ; tV\éIiSz nolIJ i\\;v ns
fluctuations, the Ni signal was divided by the incident beam intensity uniike any other modet compou atwe have yet studied and, give

(l)). A signal proportional tdg was measured using either the total ';\r;_eodeclzgég |n;en5|rt3/d|nct:§ mainslregion, one possibility is that a
electron yield from an Al foil placed between the sample and I(0) species was produced.

monechvoaty. of usng the ougen furescence signal fom the 118 S0 PO 1 e Lot e wes SRR 9
sample itself. The exit slit was set to 20n, leading to an energy ge. y g

was found after a short, 10 min exposure to the beam, even at 20 K,
the Ls and L, peak regions (which contain the chemically sensitive

Soft X-ray Absorption and XMCD Spectroscopy. The experiments
were conducted at the elliptically polarizing undulator beamline of the
Advanced Light Source (ALSY. Tandem ultrahigh vacuum chambers

(13) Ralston, C. Y.; Wang, H.; Ragsdale, S. W.; Kumar, M.; Spangler, N. J.;

Ludden, P. W.: Gu, W.: Jones, R. M.: Patil. D. S.: Cramer, SJ.FAm. information and are most influenced by radiation damage) were scanned
Chem. Soc200Q 122, 10553-10560. . first, and the remaining three regions were scanned thereafter (below

14) I';rs"fdzrbc(?z' % Eggg'_lé?’?r“ry' O.; Labov, S. E.; Cramer, SRR Sci. Ls, between b and Ly, and above L). In the XMCD chamber, left and

(15) YoLing, AT Martynov, V.: Padmore, H. Electron Spectrosc. Relat. right-hand circularly polarized light were scanned consecutively on the
Phenom.1999 103 885-889. same sample spot, and the total scan time at 2.2 K was 80 min.

(16) Cramer, S. P.; Chen, J.; George, S. J.; van Elp, J.; Moore, J.; Tench, O.; . . . . .
Colaresi, J.; Yocum, M.; Mullins, O. C.; Chen, C. Nucl. Inst. Methods A comparison of the quality of the Ni L-edge spectra obtained using
A, 1992 319 285-289. the two chambers with the different detector systems was made using

(17) Funk, T.; Friedrich, S.; Young, A.; Arenholz, E.; Cramer, SRBu. Sci. i f .
Inst. 002 73, 1649-1651. separate samples of the as-isolated AGDSubunit (Figure 1). The

(18) Cramer, S. P.; Peng, G.; Christiansen, J.; Chen, J.; van Elp, J.; George, S:
J.; Young, A. T.J. Electron Spectrosc. Relat. Phenoh®96 78, 225— (19) van der Laan, G.; Zaanen, J.; Sawatzky, G. A.; Karnatak, R.; Esteva, J.-M.
229. Phys. Re. B, 1986 33, 4253-4263.

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



Ni L-Edge and XMCD of ACDS 3 Subunit ARTICLES

7000 T T T T T = : : : : : r : T T T T T T
O Ko, s
g AS ISOLATED
6000 | 2 3} :
S =
w
. 5000 F 3 : 0
o 4000 | é% 1 @
z N Ko S U I R R s
Fe/Ni COMPOSITION @©
< 3000} FeLop . g
S CKe, NiLoB |U:)
) b4
% 2000 § .|-|_-|
o Z
o
1000 1
1125 k Na K2
0 I T 1 A a NNy o —
200 400 600 800 1000 1200 1400

850 851 852 853 854 855 856 857
ENERGY (eV)

Figure 2. Soft X-ray emission spectrum of the 2:1 Fe:Ni standard used in ENERGY (eV)
the analysis of the ACD$P subunit. The STJ detector was used with  Figure 3. Ni L3 edge spectra of the ACD subunit in the as-isolated,
excitation at 890 eV. No background subtraction was applied to the spectrum Ti3*-reduced, and Fi/CO forms, as indicated ). Spectra of the
as shown, in which scattered radiation was minimized by positioning the components used for fitting are: (s)Ni(I)[S 2C2(CFs)-]2 for low-spin
detector at 90relative to the beam in the plane of the synchrotron. The Ni(ll) (- - - -), Ni(tren), for high-spin Ni(ll) (---+) and [PhTt(tBu)]Ni-
high-energy shoulders on all primary peaks arise from X-ray absorption in (P(CH)3)3¢ for Ni(l) (— + —). The spectrum of the Ni(l) model compound
the lower detector layéf The Na fluorescence is excited by second-order is shown shifted to higher energy by 0.1 eV in order to optimize the fit to
radiation.Inset the measured Fe/Nid fluorescence ratio plotted versus  the as-isolated form; the spectrum of the high-spin Ni(ll) reference
Fe/Ni composition of standards prepared as described under Experimentalcompound was shifted to lower energy by 0.3, 0.4 and 0.5 eV for fitting
Procedures. The standards) (were fit by linear least squares, solid line.  the as-isolated, Ti/CO, and Ti-reduced forms, respectively; and the low-
The observed subunit Fe/Ni fluorescence ratio is indicated by)( spin Ni(ll) 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

spectra displayed nearly identical signal-to-noise ratios, and were components are indicated-J.
virtually superimposable. These data confirmed that both systems yield
accurate, high quality spectra, and provide further evidence that radiationshoulder at~ 854.4 eV, features that also are present in the
damage was negligible under the optimized conditions used in theseTi3*-reduced form. Notably, an additional component of
studies. substantially lower energy was evident in thé"Fieduced form
Results and Discussion at 851.7 eV (Figure 3, middle).

The Ly 3 spectrum of the Fi/CO form of thef subunit was
typical of spectra for complexes containing low-spin Ni(ll). A

comparison with one such compound, the low-spin Ni(ll)

Elemental Analysis.The Fe:Ni ratio in the ACD$ subunit
was determined from the relative intensities of Fe and &5 L

fluorescence signals. As shown in Figure 2, the STJ deteCtorcomplex (PBAS)NI(IN[S 2Co(CFs)s]2 is shown in Figure 3,

yielded emission spectra with well-resolved lines for O, Fe, and bottom. The L centroid energy of 853.6 eV is consistent with
Ni. Because the absolute intensities are affected by geometricak/allues .seen for low-spin Ni(ll) systérﬁ%zo Moreover. the

factors, absorption cross sections, and fluorescence yields, "’branching ratio)(La)/I(La + Ls), 2 was 0.63, which falls at
calibration curve was generated using standard samples Withthe low end of ,the range 0 6—3)’ 70 seen for’Iow-spin Ni(ll)
known Fe:Ni ratios. The Fe/Ni ratio for the subunit thus model compounds (Table 332022 Thus, following T#/CO

obtame_d was 2'% 0.3, I_:lgure 2 inset. An Fe:Ni ratio of treatment nearly 100% low-spin Ni(Il) could be assigned to both
approximately 2:1 is consistent with the metal content analysesNi sites in the subunit A-cluster

using Ko fluorescencéand plasma emission spectroscdms . . . .
: ) - In comparison with the Pi/CO spectrum, the as-isolated and
expected for an enzyme with an A-cluster containing angije Ti®*-reduced k3 spectra showed a trend toward higher branch-

cluster and a binuclear NiNi site. . . . . "
Ni L-Edge Spectra. The Ni Ls edges of the as-isolated 3Ti ing ratios (0.73 and 0.76) and lower integrated intensities (17
: ' and 13), respectively. As mentioned above, features were

;r?(lj:lijgsgeaanr:gg;l?i;n:ll (t)kfwt:: ?a%%?é Ss:vt;ir}gl?;:l;]gvgn observed on both sides of the central 853.6 eV peak (at 853.0

eV. However, the three spectra showed significant differences.

(20) Wang, H.; Ralston, C. Y.; Patil, D. S.; Jones, R. M.; Gu, W.; Verhagen,

The as-isolated and Fi-reduced3 subunit spectra had a broad M.; Adams, M. W. W.; Ge, P.; Riordan, C.; Marganian, C. A.; Mascharak,
i H 3 P.; Kovacs, J.; Miller, C. G.; Collins, T. J.; Brooker, S.; Croucher, P. D.;

Lz edge (F|gure 3, top and middle), Whereas the COAreated Wang K.. Stiefel, E. I: Cramer. 5. B Am. Chem. S0800 122 10544

$ subunit had a much sharpes &dge (Figure 3, bottom). The 10552.

i ; i (21) Thole, B. T.; van der Laan, ®hys. Re. B, 1988 38, 3158-3171.
spectrum of the as-isolated protein exhibited a strong, low (22) Wang, H.; Patil, D. S.; Gu, W.; Jacquamet, L.; Friedrich, S.; Funk, T.;

energy component at-853.0 eV and a weak high energy Cramer, S. PJ. Electron Spectrosc. Relat. Phend2001, 114, 855-863.
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Table 1. Ni L-edge Properties for the ACDS  Subunit Under T T T T T T
Different Conditions :

sample L, 5 intensity? branching ratio® L centroid (eV)® S
as-isolated 17.0(5) 0.730(9) 853.32(5)
Ti%*-reduced 13.0(5) 0.756(9) 852.98(5)

Ti*/ CO nd 0.632(9) 853.57(5)

I

aThe Lp,3 intensity was calculated using the integratecahd L, peaks
with normalization to the continuum stépThe branching ratio is the ratio
of integrated intensitie$(L3)/I(L, + L3). ¢ The Ls centroid energy was
calculated using the first moment of the peak including all intensities
within 80% of the maximum intensity.

w

and 854.4 eV), which are typical for spectra of high-spin Ni(ll)
species. The splitting of the high-spin Ni(ll);ledge can be
explained as a multiplet feature due primarily to an exchange
interaction between the partially occupiegb2nd 31 © shells

in the final state’®24For example, the 4-edge of high-spin Ni-
(I)-azurin has a main peak at 852.7 eV with a high energy
shoulder at 854.8 e¥£ As indicated in Figure 3, top, most of
the features in the as-isolated spectrum could be simulated using
roughly equal fractions of (RAs):Ni(IN[S 2C2(CF3)2]» and Ni-
(IN(tren), [tren = tris(2-aminoethyl)amine] as models for low- , \ \ \

INTENSITY (arbitrary units)
N

—_

spin and high-spin Ni(ll). 850 851 852 853 854 855 856 857
The branching ratios of 0.73 and 0.76 observed for the as-
isolateds subunit and for the Fi-reduced form are in the range ENERGY (eV)

of 0.71 to 0.77 expected for high-spin Ni(ll) compounds from Figure 4. Tendency of the Fit/CO form to revert to a spectrum resembling

P ; ; ; ; the as-isolated enzyme following removal from a CO atmosphere. Samples
empirical studies. Theoretical considerations also hold that dried under 100% CO, as described under Experimental Procedures, were

higher branChir_‘g ratios signify a hig_h_er fraction C_’f high-spin  gransferred to the capped sample holder underaNd held for either 10
Ni(Il) and/or Ni(l). Notably, the additional, prominent low-  min (- - - -) or 50 min ¢-++) before loading into the chamber, cooling to 77

energy feature near 851.7 eV in théFreduced spectrum is K and uncapping. The spectrum of the as-isolated protein is shown for
present in a region indicating Ni(l). comparison {).

Other parameters of the L-edge spectrum provided further sample, as shown in Figure 4. The spectrum of samples for
support for the existence of Ni(l) in theftreduced form. One  which this time was minimized (about 10 min) showed only
of these was the increased branching ratio found relative to thethe low-spin Ni(ll) species. However, extending the time to 50
as-isolated enzyme, because Ni(l) complexes are known to havemin resulted in the formation of a low-energy and a high-energy
the highest values of branching ratio. Another was the decreaseshoulder in the spectrum. These features were close to the ones
in integrated intensity observed from 17 in the as-isolated jn the spectrum of the as-isolated sample. Thus, a fraction of
enzyme to 13 in the Fi-reduced form. This indicates formation e low-spin Ni(ll) was converted to a high-spin Ni(ll) species,
of a substantial quantity of Ni(l), due to the lower transition \hijch appeared to correlate with loss of CO from the sample.
probability of thed ® system, in which a value of 8.7 has been Ni XMCD Spectra. Soft X-ray MCD is a relatively new tool
ascribed to one hoR.In simulations using three components  for characterization of metal centers in proteih@This probe
(Figure 3, middle) the Pi-reduced spectrum could be fit by  has the advantage of selectivity for paramagnetic centers and
assigning 25:30% Ni(l), similar amounts of high-spin Ni(ll)  sym rules that provide information about spin and orbital
and about 40% low-spin Ni(ll). Approximately equal quantities magnetic moment&:28Ni L-edge XMCD spectra for the ACDS
of Ni(l) were observed in samples treated with 1 mM and 4 g subunit under different conditions are shown in Figure 5. The
mM Ti3*-citrate. as-isolated enzyme (Figure 5A) exhibited an XMCD effect of

Surprisingly, during the course of these investigations, we about—18% at the XMCD minimum of 852.8 eV, in the region
observed that the spectrum of the>TCO sample was not  where the absorption spectrum exhibits the low energy com-
stable, and was altered upon removal of CO during the time ponent, and displayed a positive XMCD signal near at 854.7
required for mounting of the disks and transfer to the vacuum eV, where the high-energy absorption shoulder occurs. This
chamber— demanding that this step be completed rapidly. bipolar Ls signal is typical for high-spin Ni(ll) specie$:3The
Otherwise, the spectrum observed fof'TCO samples tended  XMCD in the L, region is unipolar and positive. No XMCD
to revert over time toward the spectrum of the as-isolated effect was observed for the main peak at 853.6 eV.

The strongest XMCD effect was observed for thé'Ti
reduced form of th¢ subunit (Figure 5B), with a value of nearly

(23) van der Laan, G.; Thole, B. T.; Sawatzky, G. A.; Verdaguer,Rtlys.
Rev. B, 1988 37, 6587-6589.
(24) Wang, X.; Grush, M. M.; Froeschner, A. G.; Cramer, SJ.RSynchrotron

Rad.1997 4, 236-242. (27) Cramer, S. P.; Wang, H.; Bryant, C.; Legros, M.; Horne, C.; Patel, D.;
(25) Funk, T.; Kennepohl, P.; Wehbi, W. A.; Di Bilio, A. J. Young, A. T, Ralston, C.; Wang, X. Iispectroscopic Methods in Bioinorganic Chemistry
Friedrich, S.; Arenholz, E.; Gray, H. B.; Cramer, S.)>Rray Magnetic Solomon, E. I. and Hodgson, K. O., Ed.; American Chemical Society:
Circular Dichroism of Pseudomonas aeruginosa Nickel(Il) Azug@03 Washington, D. C., 1998; Vol. 692, pp 15478.
manuscript submitted td. Am. Chem. Sac. (28) Cramer, S. P., in Telser, J., Ed.; ACS, 2003, pp. in press.
(26) Wang, H.; Ge, P.; Riordan, C. G.; Brooker, S.; Woomer, C. G.; Collins, (29) de Groot, F. M. F.; Arrio, M.-A.; Sainctavit, P.; Cartier, C.; Chen, C. T.
T.; Melendres, C. A.; Graudejus, O.; Bartlett, N.; Cramer, SJ.FRhys. Phys. B 1995 208209, 84—86.
Chem. B 1998 102 8343-8346. (30) van der Laan, G.; Thole, B. Phys. Re. B, 1991, 43, 13401-13411.
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—30% at the XMCD minimum at 852.8 e¥~.The general shape
of the XMCD spectrum was similar to that of the as-isolated
state, confirming its high-spin Ni(ll) character. In additior; T
multiplet simulation® provided a reasonable fit to the observed
XMCD spectrum using a high-spin Ni(ll) center in a tetrahedral
ligand field (see the Supporting Information). Minor differences
in the spectra of the ¥1 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(Il)
species, perhaps as a result of changes taking place in a nearby
group such as reduction of the [Sg] cluster.

The Ni XMCD spectrum for the $i/CO form showed a very
small XMCD effect (Figure 5C), as expected from the assign-
ment of low-spin Ni(ll) 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 T#*/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(ll) character of the3TICO
form, as evident from the XMCD results.

Conclusion

The A-cluster in the methanogen ACIBSubunit 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 Ni and Fe Ko fluorescence intensity rati§sand
the results presented here from quantitative Ni and Fe L-edge
fluorescence ratios all indicate 2 Ni atoms per &g 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 [R&4] cluster. The results from Ni
K-edge XANES and EXAFS analyses on the ACPSubunit
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 [F=] cluster® From
these studies, in connection with crystallographic results on
CODH/ACSS7 different geometries were proposed for the
individual Ni sites in the3 subunit A-cluster, corresponding to
square planar for the Ni site distal to the }Bg cluster,
designated Nj and tetrahedral or distorted tetrahedral for the
proximal site, Nj (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, freri8% in the as-isolated
enzyme to—29% upon reduction with ¥i remains uncertain. In this regard,
it may be notable that exposure ofTHreduced samples to air, which causes

Figure 5. Ni L, zedge XMCD spectra of different forms of the ACIHS
subunit. L-edge absorption spectra were recorded with rightand 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 thedpeak maximum (XMCD effect, %). The
spectra were takent & T and 2.2 K. Samples were as indicatel; as-
isolated;B, Ti®"-reduced, andC, Ti®*/CO treated.

a complete loss of the Ni(l) 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(ll) form. However, air oxidation is an unlikely
explanation for these samples, which display substantial quantities of Ni-
(I). Since the high-spin Ni(ll) component in these samples exhibited slightly
shifted centroids and slightly different splitting, a change in magnetic
behavior might have resulted as well.

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.
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and show further that the two Ni sites differ significantly in CO at the proximal site Ni in the ACDB8 subunit, converting
their individual chemical properties. the high-spin Ni(ll) fraction nearly completely to a low-spin
The A-cluster in the as-isolated ACO&subunit contained state.
predominantly two types of Ni in roughly equal amounts, A scenario in which CO reacts with Ni(l) to form a Nif)
corresponding to high-spin Ni(ll) and low spin Ni(ll), as CO adduct, followed by transfer of an electron to the;fzE"
indicated by the results from L-edge measurements (Figure 3, cluster resulting in [F£54]*" and Ni(I)—CO appears unlikely.
top), and supported by XMCD analyses (Figure 5A). From basic In this regard, the formation of an [FF&]** form in the A-center
ligand field theory, a square planar site for Ni(ll) invariably NiFe—CO adduct was all but excluded on the basis of equivalent
produces a low-spin configuration, whereas a tetrahedral sitevalues of the isomer shift found in Mebauer experiments in
favors a high-spin configuration. Thus, it is proposed that the the oxidized versus CO-treated CODH/A@Ssubunit3* In
high-spin species corresponds to tetrahedral or distorted tetra-addition, our results from Fe EXAFS and XANES indicated
hedral Ni(ll) located at the proximal site (where the distortion less disorder in the ACDB subunit [Fa@Sy] cluster and less
from tetrahedral cannot rule out 5-coordinate geometries), andreduction of the cluster by ¥ when the reaction was carried
that the low-spin fraction in the as-isolated form represents the out in the presence of C®.

signal from Ni(ll) in square planar geometry at the distal site.  One possibility for spin state conversion in thé TCO form
As shown in Figure 3, top;-10% of Ni(l) was used in the fit  \would be a reaction with CO resulting in direct transition at
of the as-isolated form. Although this may suggest some amountthe high-spin Ni(ll) site to generate a low-spin NitHCO form
of Ni(l) present in the enzyme as isolated, another possibility (along with the exchange of one electron with some other group
is that it represents a small degree of X-ray photoreduction. in the process of S 1 to S= 1/2 conversion). This is supported
The appearance of an30% Ni(l) fraction in the Tt"-reduced by the finding that direct addition of CO to the enzyme
samples is most naturally ascribed to reduction of the tetrahedralcontaining only Ni(ll), and no other source of reducing agent,
Ni(Il) species. In parallel, a substantial decline in the high-spin was capable of generating high levels of the N#&0 EPR
Ni(ll) fraction was evident (see Figure 3), but there also was a signal? Our finding of largely diamagnetic Ni(ll) in the i/
decrease in low-spin Ni(ll). One possibility is that both the CO form suggests that the A-center radical is located primarily
proximal and distal Ni sites are capable of becoming reduced, at a site other than Ni, since spin states corresponding to either
however, reduction of Ni(ll) in a square planar configuration is Ni(l) or Ni(lll) were conspicuously absent in this form.
unexpected. An alternate explanation could involve two forms  atter CO is bound, formation of Ni(l) appears to be more
of the A-cluster in equilibrium with one another, in which the difficult, since Ni(l) was not observed in the3fiCO reacted
proximal Ni site is either tetrahedral, in high-spin configuration, samples even at concentrations ofTtitrate that otherwise
or distorted square planar, in a low-spin state. In this situation, \yould cause substantial reduction in the absence of CO. This
a decrease in the amount of the tetrahedral form upon reductionyq g agree with a mechanism proposed earlier in which
to Ni(l) also would cause decline in the amount of the low- reqyction of the enzyme-CO adduct to a form involved in the
spin form. Potentially, these two forms could reflect an catalytic cycle was considered to be unlikely, particularly in
equilibrium between different conformational states of the e apsence of other substrates addition, the inability to
enzyme. In either case, the present work provides the first direct ;g qyce the enzyme in the presence of CO argues for an ordered
demonstration of Ni(l) formation in the A-cluster, and in  mechanism in which CO binding would take place after
addition indicates that the Ni(l) is generated at the proximal methylation-also consistent with the inhibitory effects of high
site. concentrations of CO noted for CODH/ACS by oth#&s.

~ The finding that the level of Ni(l) was not increased by ope interesting and still puzzling finding was the difference
increasing the PFir concentration from 1 mM to 4 mM is further between samples treated wit#TICO and those reacted with
evidence for reduction of only one class of Ni sites. These results - g10ne. As noted in the accompanying study, samples treated
support a mechanism involving Ni(l) as a nucleophilic species \yith coO in the absence of Ti citrate exhibited Ni and Fe

formed in 1-electron reductive activation of the enzyme, y_eqge spectra differing little from those of the as-isolated
potentially |nvol\{ed in atta}ck on acetyl-CoA to fgrm an activated enzyme? L-edge spectra also were taken on samples treated
enzyme-acetyl intermediate. Formation of Ni(0) was not ob- ity cO alone (not shown) and exhibited similar behavior, i.e.,
served, except in experiments for assessing radiation damag§ie or no change from that of th subunit as-isolated. Thus,
at high-temperature and long-term X-ray exposure. Since our o L-edge and K-edge data were fully consistent with one
analyses did not require Ni(0), little or no evidence could be gngther, however, such behavior does not agree with the
obtained for a mechanism involving Ni(0). previous demonstration that the formation of the Ni#& EPR
One of the more remarkable findings was the nearly quantita- signal is independent of Ti citrate? One possibility is that
tive conversion of the high-spin Ni(ll), at the proximal site Ni, T3+ citrate may act as a stabilizer for the Ni(ll)-CO radical
to low-spin Ni(ll) in the T#*/CO treated form. Previously, it gpecies, and therefore would be required in X-ray absorption
was postulated that CoA and CO bind to the proximal nfetal, stdies, whereas it is unnecessary for EPR measurements under

and recently direct evidence for CoA interaction in the mjjder conditions. Direct irradiation of EPR samples could serve
coordination sphere of Cti at the proximal site was obtained 55 one method for further study of these differences.

by EXAFS analysis of CODH/ACS with seleno-CoA bound as
a substrate analogdé.The results of L-edge and XMCD  (34) xia, J. Q.; Hu, Z. G.; Popescu, C. V.; Lindahl, P. A.Nk, E.J. Am.

analyses now provide the first direct evidence for reaction of Chem. Soc1997 119 8301-8312.
(35) Maynard, E. L.; Sewell, C.; Lindahl, P. &. Am. Chem. So2001 123

4697-4703.
(33) Seravalli, J.; Gu, W.; Tam, A,; Strauss, E.; Begley, T. P.; Cramer, S. P.; (36) Schebler, P. J.; Mandimutsira, B. S.; Riordan, C. G.; Liable-Sands, L. M.;
Ragsdale, S. WRroc. Nat. Acad. Sci2003 100, 3689-3694. Incarvito, C. D.; Rheingold, A. LJ. Am Chem. So2001, 123 331—332.
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In summary, Ni L-edge spectra of the ACDS subunit the U.S. Department of Energy Grant DE-FG02-00ER15108
A-cluster have been interpreted as evidence for a low-spin Ni- (D.A.G), and the U.S. Department of Energy, Office of
(I1) at the distal Ni site, and a proximal site that can exist in a Biological and Environmental Research. The ALS is supported

variety of forms: low-spin and high-spin Ni(ll), Ni(l), and low-  py the U.S. Department of Energy, Office of Basic Energy
spin Ni(ll)—CO. The paramagnetism of the high-spin Ni(ll) gciences.

species has been confirmed by XMCD spectroscopy. The higher
resolution of soft X-ray spectroscopy complements interpreta- Supporting Information Available: L-edge spectra from
tions involving two distinct Ni sites. Additional experiments control experiments showing the éffects of radiation damage
with A-cluster derivatives that contain a single type of Ni are p Y . 9
in progress. as a function of X-ray beam exposure time and temperature
(Figure S1), and a simulation of the XMCD spectrum of the
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