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Abstract: Carbon monoxide dehydrogenase fr@ostridium thermoaceticuwas methylated such that all bound
methyl groups could subsequently react with CO and coenzyme A (or) @Hyield acetyl-coenzyme A (acetyl-

CoA) (or acetate). Methyl groups could not bind enzyme lacking the labile Ni of the A-cluster, but could bind such
samples after incubation in agueousNia process known to reinsert the labile Ni and reactivate the enzyme.
Bound methyl groups inhibited the ability of 1,10-phenanthroline to remove the labile Ni, and the amount bound
approximately correlated with the amount of labile Ni. This is strong evidence that the methyl group used in acetyl-
CoA synthesis binds the labile Ni. Evidence is presented that a redox site (called the D site) other than the spin-
coupled metals that define the A-cluster must be reduced before methylation can occur. Both methyl and acetyl
intermediates appear to be EPR-silent. The acetyl intermediate reacted slowly witto @idld acetate and rapidly

with CoAS™ to yield acetyl-CoA. When enzyme in a state with the A-cluster reduced and bound with C®=the

1/, Aeq-CO state) was methylated, the resulting acetyl intermediate was also EPR-silent, indicating that the order of
substrate addition had no effect on the EPR silence of the resulting acetyl intermediate. The D site appears to be an
n = 2 redox agent that functions to reduce the oxidized A-cluster upon methylation and to oxidize the A-cluster as
the product acetyl-CoA dissociates. D is EPR-silent in both of its oxidation states and is not any of the known metal
clusters in the enzyme. D may be a special pair of cysteines coordinated to the labile Ni that can be oxidized to
cystine at unusually low potentials' 530 mV vs NHE). Catalytic mechanisms that do not include D or its functional
equivalent, or that employ the reduc8d= %/, CO-bound form of the A-cluster as an intermediate, are inconsistent
with the present data. A new catalytic mechanism incorporating the results of this study is proposed.

Introduction

Acetogenic bacteria such @$ostridium thermoaceticurtan
grow autotrophically on C®and H, utilizing the so-called

Wood-Ljungdahl pathway to synthesize acetyl coenzyme A
(acetyl-CoA), a starting material for the anabolic processes of

converted to methyltetrahydrofolic acid (gGHHF) and then
transferred to CoFeSP. The CO also originates from, GO
CODH catalyzes the reversible reduction of £© CO at a
separate active site

CODH contains 4 Ni~24 Fe, and~30 & ions perayfz

these celld. The central enzyme of this pathway, carbon tetrame organized into three types of clusters named A, B,

monoxide dehydrogenase (COBY} catalyzes the synthesis of

and C78 The B-cluster is an unexceptional [fS3]2™1* cluster

acetyl-CoA by condensing the methyl group of a methylated that exhibits ag., = 1.94 EPR signal in its reduced B
corrinoid—iron—sulfur protein (CoFeSP) with CO and coenzyme state?10 The C-cluster is the active site for CO oxidation/£O

A.23 The methyl group originates from GQwhich is first

* Author to whom correspondence should be addressed. Email:

Lindahl@chemvx.tamu.edu.

reduction catalysi$>1+13 |t can be stabilized in an oxidized
diamagnetic state (&), a one-electron-reducedl = Y/, state
(Creqn) that exhibits an EPR signal withy, = 1.82, and what is

T Present Address: The Scripps Research Institute, La Jolla, CA 92037. apparently a three-electron-reduc8d= 1/, state (Gegp that
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potent, tight-binding reversible inhibitor of CO oxidation that
binds to the C-cluster and renders it redox-inactile!®

The A-cluster consists of a Ni complex exchange-coupled to
an F@S; cluster through an unidentified brid§é?1” When the
enzyme is exposed to CO, an electron originating from the
oxidation of CO at the C-cluster reduces the diamagnetic
oxidized form of the A-cluster () to a one-electron-reduced
form with CO bound (A CO)4° This S= 1/, state exhibits
the so-called NiFeC EPR signay(= 2.08 andg, = 2.03).

Barondeau and Lindahl

analogous to the Monsanto process used to synthesize acetic
acid?223 possibly because of the rarity of Ni in enzymes, they
proposed that (a) CO and the methyl group bind the Ni of the
A-cluster, (b) a migratory insertion leads to a nickatetyl
intermediate; and c) that this intermediate is cleaved by CQAS
forming the product acetyl-CoA.

Pezacka and Wood reported that a stable methylated inter-
mediate of CODH could be isolated by incubatireduced
CODH with either CH-Co*"FeSP or CHI.24 CHgl apparently

Since CO is a substrate for acetyl-CoA synthesis, the presencemethylates trace amounts of contaminating'@@SP in purified

of CO bound at the A-cluster provided the first indication that

CODH preparations (rather than methylating CODH directly),

the A-cluster may be the active site for that reaction and that and the resulting CHCo*"FeSP methylates COD#. The

ArecCO might be a catalytic intermediate. CO is thought to
bind to one of the irons of the &, cubel®

CHs-THF is attacked by CoFeSP in the nucleophilic’Co
state to yield CH-Co*"FeSP in a reaction (eq 1) catalyzed by
methyltransferase (MTr). The methyl group is then transferred
to CODH (eq 2), and combined with CO and CoA® form
acetyl-CoA (eq 3).

[Co""FeSPT" 4+ CHy-THF + H" =
[CH,-Co* FeSP{™™V* + H-THF (1)

CH,-Co®"FeSP{™V* + [CODH]"™ =
3
[Co™"FeSPT" + [CH,-CODH]™V* (2)
[CH,-CODH]™Y* + CO+ CoAS =
CH,-C(0)-SCoA+ [CODH]™ (3)

The methyl group of CEHTHF transfers to acetate with
retentionof configuration, consistent with mechanisms involving
an even number of 2-based methyl group transféfs.Sub-

authors found that a potent thiol-modifigrchloromercuriben-
zoate, completely inhibited methylation, and the transferred
methyl group was attached to a cysteine after the methylated
enzyme was acid-hydrolyzed. These results suggested that
cysteine was the methyl group binding site. lai al2®
subsequently argued that the binding site was probably not
cysteine but a redox-active nucleophilic metal site that could
be methylated only in its reduced form. They suggested that
this site was the reduced A-cluster (presumably£0).

Kumar et al. recently used resonance Raman spectroscopy
to identify the methyl group binding sifé. They first examined
CHs-Co*"FeSP, and identified a GHCo stretching frequency
at 429 cnl. After CODH was added, this peak disappeared
and one at 422 cri appeared. The 422 crh peak shifted
frequency when either®CH; or C?H3 was used in the methy-
lation reaction (to 410 and 392 ¢t respectively), and it shifted
with samples enriched ifNi (to 417 cntl). The peak did
not shift with samples enriched ffFe or58Fe. The authors
concluded that the methyl used in the synthesis of acetyl-CoA
binds to the Ni associated with the A-cluster.

Given the abundance of supporting evidence that the A-cluster
Ni is the methyl group binding site, the above conclusion was

sequent stopped-flow studies indicate that the methyl groupsang is the most reasonable. However, no evidence actually

in egs 1 and 2 do transfer iy fashion?®2! These results
imply that the site to which methyl binds is also that to which
CO and CoAS bind and react to form acetyl-CoA.

Ragsdale and Wood usétC-labeled acetyl-CoA to demon-
strate that CODH (by itself) catalyzes the exchange of the
carbonyl carbon of acetyl-CoA with free CO(eq 4). This

CO+ CH,-"'C(0)-SCoA=""CO + CH,-C(0)-SCoA (4)

seminal discovery implies that CODH (a) binds £1C(O)-
SCoA, (b) breaks both the GH*C and“C-SCoA bonds, (c)
binds CH, 14CO, and CoAS moieties at separate coordination
sites, and (d) reforms the GHC and C-SCoA bonds of
unlabeled acetyl-CoA (after bourfdCO exchanges with free
CO).

Since the reduced A-cluster was known to bind CO in the

AresCO state, Ragsdale and Wood suggested that this cluste

served as the CO-binding site in the exchange and synthas

reactions and proposed a mechanism of acetyl-CoA synthesis;
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linking the Ni-associated vibration with the A-cluster was
reported. This is of some concern because Shin and Lindahl
found that only a small fraction15%) of the 4 Ni ions in the
enzyme are from the A-clustét. The chelating agent 1,10-
phenanthroline (phen) selectively removes the A-cluster Ni,
thereby abolishing the NiFeC signal and COJ/acetyl-CoA
exchange activity. Ni can be reinserted by incubating phen-
treated enzyme in aqueous Ni, causing near quantitative
redevelopment of the NiFeC signal and exchange activity. Only
~0.3 N#t/a could be removed from or reinserted into the
labile Ni site of the A-cluster. These results, in conjunction
with the fact that the NiFeC signal intensity fromeACO
quantifies to only~0.3 spinf3, suggest that only-30% of o
subunits contain functional A-clusters and that the remaining
o subunits contain structurally similar but nonfunctional clus-
ters26 The cause(s) and exact nature of this apparent hetero-
geneity have not been elucidated, and this certainly complicates
he analysis of many experiments performed on the enzyme,
including the Raman study by Kumat al?!

A related concern is whether the methyl groups of the samples
used in the Raman study were functionally bound (i.e., bound
in a manner that would yield acetyl-CoA or acetate if CO and
CoA were added). None of the methylations reported to date
has afforded completely functional methylated enzyme. Pezacka

(23) (a) Forster, DJ. Am. Chem. S0d.976 98, 846-848. (b) Forster,
D. Adv. Organomet. Chenil979 17, 255-267.

(24) Pezacka, E.; Wood, H. G. Biol. Chem1988 263 16006-16006.
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(26) (a) Shin, W.; Lindahl, P. AJ. Am. Chem. Sod.992 114, 9718~
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115 5522-5526.
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and Wood found that60% of the methyl groups bound in In summary, tremendous progress has been made in identify-
their samples were functional, while Let al. obtained ing the methyl group binding site used in the synthesis of acetyl-
~T70%?2425 The proportion of functionally-bound methyl groups CoA and in elucidating the mechanism of catalysis. Available
in the resonance Raman samples was not reported, but theevidence suggests that the Ni and an Fe of the reduced A-cluster
substantial percentage of nonfunctional groups reported in earlierbind the methyl group and CO substrates, respectively, and that
studies raises the possibility that the vibration assigned to Ni  catalysis occurs by a heterobimetallic migratory insertion
CHjs actually arose from nonfunctionally-bound methyl groups. mechanism via methylation of the,&CO intermediate state.
Consistent with this is the fact that the Raman samples for which However, CODH is unusually complicated and the concerns
methyl group quantification was reported had 0.89 methyl detailed above prompted us to reinvestigate the substrate binding
groups bound{.?” Pezacka and Wood's samples had similar sites and the catalytic mechanism. In this paper, we provide
proportions of methyl groups bound (up to 1.3 methyl groups/ substantial evidence that (a) the labile Ni of the A-cluster is, in
o), but a maximum of only 0.4 methyl groupg! were fact, the methyl group binding site, (b) the methyl group binds
functional?* Lu et al’s samples had as many as 0.85 methyl the A, state (not ACO), and (c) another redox-active species
groups,s bound, but a maximum of only 0.43 methyl groups/ called D must be reduced beforg,&£an be methylated. Species

a8 were functionaP®> Given the evidence for-0.3 labile Ni/ D may be a pair of special cysteines that oxidize to cystine and
03,28 only ~0.3 methyl groupsis would be expected to bind  thus maintain the labile Ni of the A-cluster in the2Nistate
functionally if the methyl group bound at the labile Ni. during each step of catalysis.

Qiu et al.and Kumatret al. have suggested a heterobimetallic
mechanism in which the CO bound at the;&gportion of the Experimental Procedures
A-cluster either inserts into the NiCHz bond, forming a
nickel—acety! intermediate, or the GHmigrates to Fe-CO, CODH Purification. Clostridium thermoaceticurells were grown
forming an iron-acetyl intermedia€?! A schematic reaction  in two 20 L carboys, as describ&band harvested anaerobically using
describing this is shown in eq 5. In the final step of acetyl- & CQ/Hz atmosphere chamber (Coy Labs, Inc.). CODH was purified
immediatelyfrom the pelleted cell paste, using a slight modification
of a published procedure (10 mM DTT was included in all bufféts).
[C|'|3'CO|:)|'|](”H)+ +CO= [CHS(CO)—CODHI”+1)+~——‘ All pFl)Jrificationpsteps wer(e performed anaerobically in a Vacuzlm
n+1)+ Atmospheres HE-453 glovebox containin@.5 ppm Q, as monitored
[CH?’-C(O)-CODHT ®) contimf)ously (Teledynegmodel 310 analyzg). F,)Apsecond batch of CODH
was purified similarly except that the bacteria were harvested in the
CoA synthesis, CoASattacks the acetyl intermediate to afford glovebox. Batches 1 and 2 of CODH were-96% pure according

acetyl-CoA, as shown in eq 6. to SDS-PAGE. They displayed CO oxidation activitfesf 270 and
320umol min~* mg* and CO/acetyl-CoA exchange activities (using
} ) n+1)+ — . 11.9 mM acetyl-CoA¥ of 0.41 and 0.45%mol min~* mg™?, respec-
[CH4-C(O)-CODH[™™* + CoAS ey,
CH;-C(O)-SCoA+ [CODH]™ (6) CoFeSP Purification. Purifications were performed by a modifica-

tion of published method¥:3> The red-brown fractions eluting prior

Holm and co-workers have demonstrated a similar reaction t© CODH on the first DEAE column were combined, concentrated,
sequence using synthetically prepared complexes. They foundg”“mtﬁ/ld gil\iltl::‘lriloi?teeq:lljgl r‘;i;”g?_%f t;L:]fgerIO/-e\‘ ézg EKOTQS:;&}]SHD%X’E
that [NiZH(NSR)(CI)]Y, where NSR is the tetradentate tripodal ; ’

. - h Sephacel column (5 cm 18 cm) equilibratedn 1 L of buffer A. The
ligand N(CHCH,SCH(CH),)s, reacts with CHMgCI to yield column was washed with 600 mL of buffer A containing 0.1 M NaCl

[CHa-Ni2*(NS57)]**.28 This methylated compound reacts with  ang eluted with a linear gradient composed of 500 mL of buffer A
CO to yield an acetyl intermediate, which then reacts with ith 0.1 M NaCl and 500 mL of buffer A with 0.4 M NaCl. Red-
thiolates to yield thioesters andNiA second complex, square  brown fractions were combined, made 10% (w/v) in ammonium sulfate,
planar [CH-Ni2*(SR)(bpy)? (bpy = 2,2-bipyridyl; R = 2,6- and loaded onto a phenyl Sepharose (Pharmacia) column (5 &6
CeHsClp), reacts with 1 equiv of CO to yield an acetyl cm)equilibrated in buffer A with 10% ammonium sulfate. The column
intermediate and with 3 equiv of CO to yield the thioester and was washed with 500 mL of buffer A containing 10% ammonium
[Ni(CO)2(bpy)PP.22 The thioester forms when the bound thiolate sulfate, and the proteins were eluted with a linear gradient of buffer A
reacts with the acetyl group. These CODH mimics are not containing 16-2.5% ammonium sulfate (750 mL of each). The
catalysts, however. They react with metaylions(at the N#+) combined red-brown fractions were90% pure CoFeSP according to

and are reduced by 2 gforming N) as product forms. In SDS-PAGE. Batches 1 and 2 contained 0.97 and 0.90 cobalamins/
y 9 p ) of, respectivel§® (assuming a molecular mass of 89 000 Da for

contrast, CODH reacts with methyations and does SO coresp?). Both batches had acetyl-CoA synthase activities of 150
catalytically because it is able to return to its original electronic nmg| mint mg* at 55°C 2
state as product forms. Ram and Riordan have recently i1 purification.

. Initial purification steps (up to the DEAE Bio-
demonstrated the first example of a methyl group transfer from

a Co complex to a Ni complex yielding a stable?Nmethyl (31) Lundie, L. L., Jr.; Drake, H. LJ. Bacteriol.1984 159, 700-703.
species? (32) Shin, W.; Lindahl, P. ABiochim. Biophys. Acta993 1161, 317—
322.

(27) The authors methylated some of their samples using methyl iodide  (33) Raybuck, S. A.; Bastian, N. R.; Orme-Johnson, W. H.; Walsh, C.
at concentrations sufficient to completely inhibit both CO/acetyl-CoA T. Biochemistryl988 27, 2698-7702.

exchange and CO oxidation activiti#s?2 The mechanism by which methyl (34) Hu, S.-I.; Pezacka, E.; Wood, H. &.Biol. Chem1984 259 8892~
iodide inhibits CO oxidation is not known, but the presence of Ni in the 8897.
C-cluster raises the possibility that the methglckel bond observed by (35) Ragsdale, S. W.; Lindahl, P. A.; 'Muak, E.J. Biol. Chem.1987,
Kumar et al?! arose from the Ni of the C-cluster rather than from that of 262 14289-14297.
the A-cluster. (36) Ljungdahl, L. G.; LeGall, J.; Lee, Biochemistryl973 12, 1802~
(28) Stravropoulos, P.; Muetterties, M. C.; Carrie, M.; Holm, R.JH. 1808.
Am. Chem. Sod99], 113 8485-8492. (37) Roberts, D. L.; James-Hagstrom, J. E.; Smith, D. K.; Gorst, C. M.;
(29) Tucci, G. C.; Holm, R. HJ. Am. Chem. Sod995 117, 6489~ Runquist, J. A.; Baur, J. R.; Haase, F. C.; Ragsdale, St. Natl. Acad.
6496. Sci. U.S.A1989 86, 32—36.
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Gel A column) followed a literature proceddfeexcept that (i) cell temperature in a glovebox. In a typical methyl group transfer reaction,
extracts were sonicated (Heat Systems model W-380) in the glovebox“CHs;-Co*"FeSP and CODH were mixed at equimolar concentrations
for 5 min instead of being disrupted with a French pressure cell, (ii) a with 2—5 equivbs of dithionite (standardized against potassium
folate Sepharose column (2:64 cm) was used, (iii) a Centricon-30  ferrocyanide) in a minireaction vial (total volume of Q) for 2 min.
(Amicon, Inc.) was used to concentrate the MTr fraction to 1 mL prior Samples were injected into the HPLC, and fractions were collected
to loading the Bio-Gel A 0.5 cm column (16 100 cm) run at 24 mL into scintillation vials at 30 s intervals-20 min after injection. Vials
per hour. Active fractions were combined and loaded onto a DEAE were removed from the glovebox, filled with 4.5 mL of scintillation
Sephacel column (0.9 cm 5 cm) equilibrated in Buffer B (50 mM cocktail (Beckman), and scintillation-counted. Elution times of CODH
potassium phosphate pH 6.3, 1 mM DTT) and 50 mM NaCl. The and CoFeSP were monitored at 400 nm.
column was washed with 50 mL portions of Buffer B containing 150, The amounts of methyl group bound to CODH and the CoFeSP were
225, 300, and 400 mM NaCl. Active fractions (225 and 300 mM NaCl) calculated as follows: () the HPLC fractions associated with CODH
were combined, concentrated, made 15% in ammonium sulfate, andand CoFeSP were identified; (b) a background (average dpm per fraction
loaded onto a phenyl Sepharose column (0.9xci® cm) equilibrated outside the protein peak region) amount of radioactivity was subtracted
in Buffer B with 10% ammonium sulfate. A stepwise gradient of Buffer from each fraction{25 dpm per fraction); (c) the dpm values of the
B containing 10, 8, 6, 4, 2, and 0% ammonium sulfate (50 ml each) background-subtracted peak fractions were summed:; (d) the summed
was applied. The most active fraction (4% ammonium sulfate) was dpm values associated with each protein peak were converted to
colorless and>95% pure MTr by SDS-PAGE. MTr had an acetyl- nanomoles of “methyl” using th¥C specific activity; (e) the amount
CoA synthase activity of 8300 nmol mihmg~.3¢ of each protein injected was calculated from the protein concentration
After purification, protein samples were immediately fractionated and the injection loop size (calibrated with radioactivity to be 26.3
into vials and frozen in liquid nitrogen. Protein concentrations were uL); (f) the total dpm values collected in all fractions was compared
determined by the biuret method using bovine serum albumin as a to that calculated from the amount'd€Hs;-Co*"FeSP injected. Results

standard® Concentrations of CODH are expressed onogn(M, = were discarded i>10% of the radioactivity could not be accounted

154 700) basié* EPR spectra were recorded, quantified, and simulated for.

as described?? Functional Activity of the CHs-CODH. CODH was methylated
Methylation of CoFeSP. CoFeSP and CODH were methylated as described above, mixed with a 30-fold molar excess of CoA, injected

according to a modification of published methdesDithionite-reduced into a reaction vial containing 1 atm of CO, incubated for a prescribed

CoFeSP was thawed, concentrated, and applied to a Sephadex G-2%ime, and then injected into the HPLC. Fractions were collected and
(Pharmacia) column (k 20 cm) equilibrated in 50 mM potassium  analyzed as described above. To identify the products formed, reaction
phosphate, pH 6.8. The eluted protein was collected into a 0.5 cm mixtures were subjected to reversed-phagg(Rainin, 4.6 mmx 25

pathlength quartz cuvette (Starna) modified with a double-septum seal.cm) HPLC chromatography (Beckman Model 128/166). Samples were

Most of the dithionite was removed by this procéssResidual eluted into scintillation vials at 1 min intervals using a linear gradient
dithionite was removed by slowly titrating eluted samples with aliquots from 30 mM potassium phosphate pH 7.5, 5% MeOH (HPLC grade)
of 1 mM thionin until a feature at 470 nm (Perkin-Elmer Mod&8B to 100% MeOH at a flow rate of 1 mL/min.

spectrometer) due to €band oxidized iror-sulfur cluster appeared. Requirement of Labile Ni for Methylation. 14CHs-Co*'FeSP (39

Dithionite-free CoFeSP samples were concentrated, resubjected to G-25M) was reacted for 5 min with 4 equivf of dithionite and (a) native

chromatography, collected back into the cuvette, and reduced with 1 CODH (39 uM), (b) phen-treated CODH (3%M) prepared by

mM titanium(lll) citrate®* After a peak at 390 nm due to €o incubating native CODH in 5 equia8 phen for 1 h, and (c)

developed fully, 0.20.4 uM MTr and 2—4 equivbp of ¥“CHs-THF Ni-reconstituted CODH (3@M) prepared by incubating phen-treated

(Amersham) were added. The extent of reaction was followed by the CODH with 10 equivé3 aqueous Ni for 2 h. In a second experiment,

decline at 390 nm which required2 h. Samples were then brought CODH (354M) was reacted with CEHHCoFeSP (35M) for 2 min,

back into the glovebox, concentrated, and subjected to G-25 chroma-analyzed by HPLC, then treated with 11 equif/of phen for 1 h, and

tography (to remove excess radioactivity). The amount of protein reanalyzed.

methylated was quantified using a scintillation counter (Beckman LS Methylation of Cyanide-Inhibited CODH. One aliquot of CODH

6000SE). Two batches #fCHs-THF were used with specific activities (35 uM) was incubated with 1 equisf3 of 1“CHs-CoFeSP for 2 min.

of 5870 dpm/nmol and 2200 dpm/nmol. A second aliquot was inhibited with 10 equiyf of CN~ and then
Methyl Group Transfer from 4CH;-Co’"FeSP to CODH. An methylated as above. A third aliquot was inhibited as above, but

Altex model 110 A pump, Scientific Systems model LP-21 pulse incubated for 15 min during the methylation procedure.

dampener, Rheodyne model 7125 injector, TosoHaas G3000SW size-

exclusion column (7.5 mnx 30 cm) (with guard column) and Varian  Resylts

UV-200 detector were combined in series in an argon atmosphere

glovebox (Vac/Atm HE 493). An isocratic buffer system of 100 mM Methylation of CODH. CODH was methylated such that

potassium phosphate, pH 6.3, 0.2 M NacCl, and 0.1% sodium azide essentially all of the bound methyl groups were functional (i.e.,

was used with a flow rate of 0.8 mL/min. Buffers were filtered through they reacted with CO and either CoASr OH™ to yield acetyl-

a 0.45um filter (Supelco) and then degassed on a Schlenk line. Once coa or acetate). The first step of the procedure involved mixing

inside the glovebox, buffers were further_ degassed py bupbling with reduced Cb"FeSP with an excess fCHs-THF, separating

box atmosphere<1 ppm of Q) for ~2 h using an aquarium airpump. - nreacted4CHg-THF, and then analyzing by HPLC. The
CODH was thawed, concentrated, and rendered dithionite-free with resulting chromatogram, shown in Figure 1A, consisted of one

a G-25 column (1x 20 cm) equilibrated in 50 mM potassium bsorb k due to CoFeSP and iarati di
phosphate, pH 6.8. All methylations of CODH were performed at room a s_o_r ance pea u_e O_ ore and one Co-r_nlg_ra Ing radio-
activity peak. Co-migration of the two peaks indicates that

(39) Drake, H. L.; Hu, S.; Wood, H. G. Biol. Chem1981, 256, 11137 CoFeSP was methylated according to eq 1, affordit@iHs-
11144. _ . ) Co*FeSP. The proportion that methylated was calculated from
86,%91)152')1?/' J. W.; Gamer, C. W.; Little, G. tnal. Biochem1978 the ratio of quantified radioactivity to the amount of CoFeSP

(41) Morton, T. A.; Runquist, J. A.; Ragsdale, S. W.; Shanmugasundaram, in peak fractions. Lack of radioactive counts in the small-
T.; Wood, H.; Ljungdahl, L. GJ. Biol. Chem.1991, 266, 23824-23928. molecule region of the chromatogram (178 min) demonstrates
sote2) Shin, W.; Stafford, P. R Lindahl, . Aiochemistryl992 31, that unreacted“CHs-THF had been removed. This sample

(43) A residual amount of dithionite inevitably remained after size- bound 0.92 methyl groups per CoFe&®. In the six reactions
exclusion chromatography. This prevented thé&'Geature in the absorption  Of this type performed, an average of 0.77 methyl groups/
spectrum of CoFeSP from developing when reductants were added andpgynd.

inhibited methylation of CoFeSP. The possibility that dithionite binds to .
'CO'FG'}SP shouI)& ble evaluated further. possibility hionte B In the second step of the methylation procedure, CODH was

(44) Seefeldt, L. C.; Ensign, S. Anal. Biochem1994 221, 379-386. reduced with dithionite and mixed with an equimolar amount
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Figure 1. Sizing HPLC chromatograms demonstrating methyl group Figure 2. Sizing HPLC chromatograms demonstrating functionally
transfer from“CHs-Co**FeSP to CODH. Fractions were monitored at ~ active methylation. CHHCODH (29uM) prepared as in Figure 1 and
400 nm (solid line) and by scintillation counting (solid circles). (A) reacted with (A) CO (1 atm) for 2 min; (B) CO (1 atm) for 30 min;
14CH;-Co*"FeSP (88(M; 0.92 methyl groups/CoFeSEs bound). (B) (C) CO (1 atm) and 0.98 mM CoA for 2 min. Other details are as in
Reductant-free CODH (2iZM) reacted with'“CHs-Co* FeSP (2%M) Figure 1.

for 2 min. (C) Sample similar to B except reduced with 15 equiv/

dithionite (0.40 methyl groups/CODM/ bound). HPLC conditions  chromatogram (Figure 2B) exhibited the same two protein peaks
described in Experimental Procedures. as above, as well as two radioactivity peaks. The minor

of the 14CH,-Ca* FeSP solution generated in the first step of radioactivity peak co-migrated W|th_ CoFeSP _(correspondlng to
the procedure. After incubation, the mixture was analyzed by I0t04 medthyl _grpupts/goE;ethlEﬁ),_wh;le tf|1e _maj_oL{)eak ‘?'“tedN

HPLC. The resulting chromatogram, shown in Figure 1C, ater and co-migrated with low-molecuiar-weight Species. INo
consists of two absorbance peaks. The peak~8t min radloagtlv_ny co-migrated w!th the CODH peak. These experi-
corresponds to CODH while that at12 min corresponds to ments indicate that the CO-induced transfer of the methyl group,

CoFeSP. The two co-migrating radioactivity peaks indicate that from _the two proteins to f_o fm Iow-mole_cular-we|ght Species,
some CHs transferred fromCHs-Co*FeSP to CODH, was incomplete after 2 min and essentially complete after 30

apparently in accordance with eq 2, and that sét@&l;-Co®"- min. ) )
FeSP did not react. The proportion of CODH that was _ Another experiment was performed under the same condi-
methylated (0.4 methyl groups per COD#A in this example)  tions, except that tht*CH;-CODH sample was exposed to CO
depended on the exchange activity of CODH and not the amount@nd COA and analyzed after 2 min. As shown in Figure 2C,
of excess CoFeSP used in the reaction. In other samples usinjfhe resulting chromatogram was essentially the same as that of
a larger excess of CoFeSP (data not shown), the same amounkigure 2B. Thus, Co/accelergtedhe CO-induced transfer of
of methyl group was transferred. In the 27 reactions of this Methyl group from the proteins to form one or more small
type performed, an average of 0.49.14 methyl groups bound ~ Molecules. Imoneof the other five experiments of this type
per CODHa. performed (adding CO {ind CoA) dahy radioactivity (apart

In a similar experiment in which no reductant was added from background) co-migrate with the CODH peak (i.e., the
during the second step of methylation, no methyl group mMethyl groups bound to every CODH sample examined were
transferred fron#4CHs-Co**FeSP to CODH (Figure 1B). This ~ completely functional).

confirms the result and conclusion of Pezacka and \&baxd The low-molecular-weight radioactive species in the last
of Lu et al25 that some site on CODH must be reduced before experiment were identified using§reversed-phase HPLC. The
the enzyme can be methylated. resulting chromatogram of th&CHs;-CODH sample exposed

Functional Activity of Methylated CODH. A sample of to CO and CoA (Figure 3A) exhibited two significant 254 nm
14CH,;-CODH was prepared as above (i.e., resulting in a solution peaks and three radioactivity peaks. A minor radioactivity peak
that contained a mixture dfCH;-Co**FeSP and CoFeSP). and authentic acetate co-migrated-dtmin. Thus, when CH
A portion was exposed to CO for 2 min and then analyzed by CODH was exposed to CO and CoAS small proportion of
HPLC. The resulting chromatogram, shown in Figure 2A, the bound methyl groups must have reacted with CO and OH
exhibited the same two absorption peaks obtained previouslyto form acetate. The first major 254 nm peak eluteth min
(arising from CODH and CoFeSP) and three radioactivity peaks. after injection and co-migrated with authentic CoA. The second
Two of the radioactivity peaks co-migrated with the proteins. 254 nm peak eluted at12 min and co-migrated with the major
The third eluted significantly later and did not absorb at 400 radioactivity peak and authentic acetyl-CoA. This indicates that
nm, suggesting that tHéC radioactive label was now associated the majority of methyl groups bound to CODH reacted with
with one or more low-molecular-weight species. CO and CoAS to yield acetyl-CoA*®> The third radioactivity

Another portion of thé4CH;-CODH sample was exposed to  peak eluted at~20 min and corresponded to unreacté@H-

CO for 30 min and then injected into the HPLC. The resulting Co*"FeSP.
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Table 1. Effect of Labile Nickel on Methylation of CODH

A

0.9 13500
methyl group exchange
transfer (methyl NiFeC activity
06| sample groups6,3) (spinst3) (units/mg)
12000 native 0.54 0.49 0.39
Phen-treated 0.04 0.03 0.03
03¢ Ni-reconstituted 0.51 0.25 0.28
£ 1500
I o
o 00 2 phen was almost completely devoid of the labile nickel, as
go09r B 3500 evidenced by the lack of NiFeC spin intensity and CO/acetyl-
< CoA exchange activity. Essentially none of phen-treated
06} o enzyme was methylated, supporting the hypothesis that the
12000 methyl group binds to the labile nickel. The Ni-reconstituted
03l enzyme, prepared from the phen-treated aliquot, exhibited a
NiFeC signal, CO/acetyl-CoA exchange activity, and methyla-
. 1500 . R y
0.0 |a_2eeee . tion ability similar to the control_. Th_e_se results are organized
0 10 20 30 in Table 1. Thus, when the labile Ni is present, CODH can be
Time (min) methylated; when it is absent, CODH cannot be methylated.

This is exactly the reactivity pattern expected if functional
methyl groups bound at the labile Ni of the A-cluster.

Bound Methyl Group Inhibits Phen-Induced Removal of
Labile Ni. We conjectured that if phen and the functional
methyl group bind the labile Ni using the same coordination
site, then phen may be unable to remove the labile Ni when the
methyl group is bound. To test this, a control aliquot of CODH
was assayed for methylation (0.50 methyl groof$and NiFeC
spin intensity (0.29 spingf3). A second aliquot was methylated

A similar C;g HPLC analysis was performed to identify the and then treated with phen. With a control sample of CODH
low-molecular-weight species obtained by exposing methylated (i.e., treated with unmethylated CoFeSP), these conditions were
CODH to CO (in the absence of CoA) for 90 min. In this case, sufficient to completely remove the labile Ni (O spip¥/NiFeC).
the major radioactivity peak co-migrated with authentic acetate However, with methylated CODH these conditions yielded a
(Figure 3B). The minor radioactivity peak-&20 min in Figure sample that still had 0.37 methyl grougs/bound and a NiFeC
3B was from unreactetCHz-Co®>*FeSP. signal intensity of 0.12 spingf (after the sample was exposed

The CO- and CO/CoASinduced loss of radioactivity from  to CO and CoA). The presence of the NiFeC signal and bound
the “CHs-Co*tFeSP in the reaction mixture is probably an methyl group indicates that a substantial fraction of the labile
indirect consequence dfCHz-CODH reacting with CO and  nickel was not removed by phen when the enzyme was
CoAS /OH™ to form acetyl-CoA/acetate. Once the methyl methylated. This indicates that the bound methyl group
group is displaced from CODH, an additional methyl group from inhibited phen from removing the labile Kf.
the remaining“CHs-Co**FeSP probably binds, eventually EPR Spectra of Methylated CODH before and after
depleting the solution d*CHs-Ca**FeSP. A small proportion  Exposure to Either CO or CO/CoA. The EPR spectrum of

Figure 3. Reversed-phase HPLC chromatograms identifying the
products of reacting CHCODH with CO and CoA. Elutant was
monitored at 254 nm (solid line) and by scintillation counting (solid
circles). Authentic acetate, CoA, acetyl-CoA, and unreaét€its-
CoFeSP had retention times of2, 9, 12, and 20 min, respectively.
(A) Sample used for Figure 2C, spiked with 0.78 mM nonradioactive
acetyl-CoA. (B) Sample of Figure 2B incubated with CO for an
additional 60 min.

of 1“CH;-Co*"FeSP did not react in this manner (note the minor
radioactive peaks co-migrating with CoFeSP in Figures 2B,C
and 3A,B), and may have been nonfunctional.

Requirement of the Labile Ni of the A-Cluster for
Methylation. We wanted to determine whether functional
methyl groups bind to the labile Ni of the A-cluster. If so, phen-

methylated CODH is shown in Figure 4A. It exhibited thg
= 1.82 signal from the fgq; State of the C-cluster and thgg,
= 1.94 signal from the Ry state of the B-cluster. No other
EPR signals were observed. Thus, in the absence of CO, the
methylated A-cluster appears to be EPR-silent.

Another CH-CODH sample was exposed to CO for 2 min

treated enzyme (which is devoid of labile Ni) should not and frozen inan EPR tube. As shown in Figure 4B, the sample
methylate when treated as above, while a similar sample exhibited the NiFeC signal (0.17 spitf), theg., = 1.86 signal
subsequently incubated in aqueous?™Ni(Ni-reconstituted (from Cegd, and thegay = 1.94 signal (Rqg. A third CHs-
enzyme) should methylate. To test this, a stock solution of CODH sample was exposed to CO for 30 min and then analyzed
reductant-free CODH was prepared, and a control aliquot was by EPR. The resulting spectrum (Figure 4C) was the same as
assayed for (a) methylation, (b) NiFeC spin intensity, and (c) that in Figure 4B, except that the NiFeC signal was two times
COlacetyl-CoA exchange activity. The control exhibited prop- as intense (0.33 sping8). A fourth CH»-CODH sample was
erties of active native enzyme. Another aliquot treated with exposed to CO and CoA for 2 min and then analyzed by EPR
(Figure 4D). This spectrum was virtually identical to that of

(45) One reviewer suggested that this method of determining whether _. . . .
the methyl groups bound to CODH were functional was flawed in that it Figure 4C (0.29 spinaf3 for the_N'FeC $'9“a|)- ) .
actually assessed the functionality of the methyl groups bound to CoFeS, These samples almost certainly exhibited the NiFeC signal

not those bound to CODH. He correctly pointed out that acetyl-CoA would  pecause CEHHCODH was “demethylated” by reaction with either

be obtained quantitatively even if only 1% of our CODH was active. This . R -
criticism would be valid had we not determined that the methyl groups on CO and CoAS to yield acetyl-CoA (see Figures 2C and 3A)

CoFeSP quantitatively transferred to CODH before we added CO and CoA OF with CO and OH to yield acetate (see Figures 2A,B and

to generate acetyl-CoA (and acetate). The methyl groups did transfer 3B) and because the demethylated enzyme subsequently reacted
quantitatively to CODH (as determined by HPLC and scintillation counting)
prior to adding CO and CoA. Past this step, the presence of excess CH (46) The NiFeC signal intensity of the methylated sample treated with
Co**FeSP in the solution had no bearing as to whether the methyl groups phen, CO, and CoA may have been lower than that of the control sample
already bound to CODH were functional. Those methyl groups on CODH (which lacked phen) because the phen probably removed some of the labile
reacted with CO and CoA to yield acetyl-CoA (or acetate), demonstrating Ni during the period after the sample was “demethylated” by CO and CoA
that they must have been functionally boudCODH and before it was frozen.
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Figure 4. EPR spectra of methylated CODH, before and after treatment Figure 5. EPR spectra of CO-reduced CODH before and after
with CO or CO/CoA. (A) Sample of Figure 1C. (B) Sample of Figure methylation. (A) CODH (93:«M) under 1 atm CO (0.09 spin NiFeC/
2A. (C) Sample of Figure 2B. (D) Sample of Figure 2C. EPR af). (B) Sample A reacted witffCHs-Co*"FeSP (93:M) for 2 min
conditions: temperature 10 K; microwave power 0.05 mW,; frequency (0.11 methyl groups bound per CODOtf). (C) Sample B reacted with
9.43 GHz; modulation amplitude 11.8 G; 3 scans averaged. The NiFeC 10 equivy3 of CoA for 5 min (0.05 spin NiFe@3). EPR conditions:
signal hagy = 2.08 andg = 2.03. Thegay = 1.94 signal hag-values temperature 130 K; microwave power 80 mW; frequency 9.44 GHz;
of 2.04, 1.94, and 1.90. Thgy, = 1.82 signal hag-values of 2.01, modulation amplitude 11.8 G.

1.81, and 1.65. Thga, = 1.86 signal hag-values of 1.97, 1.87, and

L.75. 045( A
with CO to yield the AetCO state. Thus, the NiFeC signal - .
intensity of methylated samples (reacted with CO) reflects the s 030 J 2
proportion of A-clusters without methyl groups bound. §
Since the substrate CO is known to react very rapidly with ? 015 . 2
the enzymé;> these experiments seem to indicate that methy-
lated CODH exposed to CO reacts slowly with O&hd rapidly 0.00
with CoAS™. The low NiFeC spin intensity for the sample ,
incubated with only CO for 2 min (and the lack of any new 045 B
EPR signals) suggests that CO and:83ODH reacted rapidly .
to give an EPR-silent product. This product then reacted rapidly F 030} *
with CoAS™ to yield acetyl-CoA and slowly with OHto yield Z;
acetate. We argue in the Discussion that this EPR-silent product % 015}
is the acetyl intermediate. =
Methylation of CO-Reduced CODH. We were somewhat 0.00
surprised that CHCODH and the product of reacting GH 2 4 6 8 10

CODH with CO (i.e., the acetyl intermediate) were both EPR-

. . Equiv/op
silent. It has been widely assumed that e= ¥/, A+CO

: : : Figure 6. Plots of CODH EPR signal intensities prior to methylation
state is methylated during catalysis and that the methylated (and(A) and the resuiting methyl groups bound (B) vs amount of dithionite

acetylated) intermediates .Sh.QUId have half".nteger Spin States'added to CODH. Reductant-free CODH (281) was reduced with 0,
We conadergd thg pos.S|b|I|ty that reversing .the order .of 05, 1.1, 1.6, 2.2, 2.7, 3.3, 5.4, and 10.9 equitithionite. After 5
substrate addition might yield an EPR-active species (essentiallymin of incubation, aliquots of each sample were analyzed by HPLC
“forcing” the ArCO state to be methylated). To test this, and the remainders frozen for EPR analysis. (A) Intensities ofithe
CODH was reduced with CO (yielding the NiFeC signal shown = 1.86 (squares), 1.82 (circles), and 1.94 (triangles) EPR signals plotted
in Figure 5A), reacted with*CHs-Co*"FeSP, and frozen for  vs equiviys of dithionite added. (B) Amounts of methyl groups bound.
EPR analysis. The sample bound radioactive methyl group in The line in A nearest the squares was constructed by joining the least-
someform, but the resulting EPR spectrum lacked the NiFeC squares best-fit hori_zor_1ta| line obtained u_sing the Iast_ 2 point_s to the
signal (Figure 5B). After adding CoAS the enzyme lost the Ieast—_squares_—best—flt flrst—order polynomlal line obtained using the
radioactive methyl group and once again exhibited the NiFeC "émaining points. The two lines intersected at 0.16 sgirdnd 3.5
signal (Figure 5C). The methyl group had presumably reacted equivi of dithionite. The line in A nearest the circles was constructed

; 1 . . identically and afforded an intersection point at 0.28 sgféand 4.5
with CO and CoAS to form *CHz-C(0)-SCoA. This experi- equivie3 of dithionite. The line in B was constructed identically and

ment indicates that methylating the enzyme in ther&O state  afforded an intersection point at 0.35 methyl grougisand 4.4 equiv/
yields an EPR-silent methyl-bound state. This EPR-silent state o4 of dithionite. The line in A nearest the triangles was constructed
and the one obtained by exposing the &EODH to CO are similarly, except that the polynomial line was obtained using the first
probably the same acetyl intermediate. two points, and the horizontal line was obtained using the remaining
Redox Requirements for Methylation. A titration was points. The intersection point was at 0.31 spfhand 0.74 equivif

performed to correlate the redox state of CODH to the ability ©f dithionite.

of the enzyme to be methylated. A sample of reductant-free time as the methylated samples were injected into the HPLC).
CODH was divided into nine aliquots reduced by increasing The quantified signal intensities of the resulting EPR spectra
amounts of dithionite. Small portions of each were reacted with along with the amounts methylated are plotted in Figure 6 vs
14CH3-Co*"FeSP and assayed for methylation by HPLC. The the amount of dithionite added. The extent of methylation
remaining amounts were frozen for EPR analysis (at the sameincreased monotonically with dithionite, reaching a plateau of
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oxidation activity of the enzyme using cyanide and then

A determining whether CNinhibited CODH could be methylated.
-"/‘/\/\/w—*————-—i A sample of reductant-free CODH was divided into three

B aliquots. The control had 320 units/mg of CO oxidation activity
—-’\/\)\l/\q————v and bound 0.48 methyl groupg?. The second aliquot was
inhibited with KCN, reducing its CO oxidation activity to 2%

of the control. The CN -inhibited sample was reacted as above
¢ with 14CHs-Co**FeSP for 2 min, and it bound 0.15 methyl

groupsfi3. The CO oxidation activity of the sample was
unchanged after methylation. Thus, Cihhibited CODH can
D be methylated. The third aliquot was also inhibited with CN
this time yielding enzyme with no detectable CO oxidation
activity. This CN -inhibited sample was methylated as above,
3000 3400 3800 4200 except for a longer time (15 min). Analysis by HPLC revealed
Magnetic Field (Gauss) that this sample bound substantially more methyl groups (0.35
Figure 7. EPR spectra of CODH before and after methylation. (A) Methyl groupsif). These experiments indicate that a non-
CODH (53 M) reduced with 1.5 equie3 of dithionite (0.8 equiv/ functioning C-cluster (bound with CN slows either the rate
o3 of methyl viologen). (B) Sample A reacted with 1 equig/of of methylation at the A-cluster or the rate at which the enzyme
CHs-CoFeSP for 2 min (0.17 methyl group# transferred to CODH).  is reductively-activated toward methylation. However, TN

(C) CODH (51uM) reacted as in A except reduced with 2.9 eqeif/  nhibition does not appear to alter the final extent of methylation.
of dithionite. (D) Sample C reacted with 1 equiy of “CHs-Co*"-

FeSP for 2 min (0.43 methyl groupgd transferred to CODH). EPR
conditions are as in Figure 4.

Discussion

Identity of the Methyl Group Binding Site. All relevant
~0.33 methyl groupsif at 5 equivi3 of dithionite. The evidence now supports the view thtie labile Ni of the
reductant-free sample exhibited only the = 1.82 signal and  A-cluster binds the methyl group used in the synthesis of acetyl-
could not be methylated. The sample reduced by 1.1 egiiv/ CoA First, the resonance Raman results of Kurearal.

of dithionite exhibited the fully-developeg., = 1.94 signal provide compelling evidence that methyl groups (functional and/
but was methylated only 18% of maximal. Methylation or nonfunctional) bind Ni (either the labile Ni or another Ni) in
correlated most closely with the development of ghe= 1.86 the enzymé! Second, the inability of phen-treated enzyme to
signal?” No other EPR signals were observed. Sinceghe  be methylated and the ability of Ni-reconstituted enzyme to be
= 1.86 signal develops in accordance wi{ = —530 mV vs methylated demonstrate that the presence of the labile Ni is

NHE_® this potential is probably within-50 mV of the reduction critical in methylation. Third, the ability of the bound methyl
potential of the species that must be reduced before CODH cangroup to inhibit phen from abstracting the labile Ni again
be methylated. suggests that the labile Ni is the binding site. Fourth, the amount
This last experiment monitored the CODH EPR signals of functional methyl group bound (ranging from 0.23 to 0.73
present just prior to methylation. We also wanted to determine methyl groups#;3, with an average of 0.49 methyl groups)
the EPR signals present just after methylation. A sample of supports this conclusion, since only about-30% of o
reductant-free CODH was mixed with a trace of methyl dimeric units appear to contain functional A-clusters with labile
viologen, reduced with 1.5 equiyB of dithionite, and then  Ni sites*® Finally, the lability of the A-cluster Ni is itself
divided into two aliquots. One aliquot was frozen for EPR evidence for this role. If synthesis of acetyl-CoA proceeds by
analysis. The resulting spectrum, shown in Figure 7A, consists a migratory insertion step, then the binding site for the methyl
of thegay = 1.94 and 1.82 signals, as well as an isotropic signal group and CO would most likely have two cis open coordination
at g = 2.00 due to reduced methyl viologen. The methyl sites?® This property may well be responsible for the ability
viologen served as an internal indicator of the redox status of of the bidentate phen ligand to remove the Ni.
the clusters. The other aliquot was immediately methylated. Redox Requirements of Methylation. Previous studies had
Most of the material was frozen for EPR analysis, and the rest syggested that the methyl group binding site had to be reduced
was analyzed by HPLC. The sample had 0.17 methyl groups/ (at potentials<—350 mV) before it could be methylated, and
aff bound and exhibited the EPR spectrum of Figure 7B. The arguments were made that this site might be the A-clus-
spectrum consisted of the same signals as those of Figure 7Ater 24255051 On the basis of these reports, we initially assumed
Thus, methylation caused virtually no change in the EPR that, prior to methylation, ¢ had to be reduced to tf&= %/,
spectrum of CODH. ACO state (yielding the NiFeC signal). Since the reaction
The experiment was repeated using 2.9 eqyif dithionite. of a diamagnetic methyl cation with the,xCO state must
The resulting EPR spectra are shown in Figure 7C,D. In this afford an half-integer spin state that should be EPR-active, we
case, 0.43 methyl groups? bound, and the EPR spectra of

both samples consisted of thg = 1.94, 1.82, and 1.86 signals. (48) Shin et al?® measured 0:20.3 labile Nigy, for samples with
Again. th ianifi t diff bet the t average NiFeC spin intensities and exchange activities of 0.14 agins/
gain, there was no signicant driierence between the tWo anq 016 units/img, respectively. Due to improved bacterial harvesting and

spectra, indicating that methylation does not affect the redox enzyme purification methods (harvesting anaerobically and purifying rapidly
state of EPR-active B- and C-clusters. and immediately after harvesting), our NiFeC spin intensities(0.3 spins/

. P : a3) and exchange activities-0.4 units/mg) are significantly higher. Since
Methylation of Cyanide-Inhibited CODH. We considered we obtained an average 610.5 methyl groups bound pegs, the CODH

the possibility that the C-cluster had to be functional for used here may have contained more labile nickel than the lower-activity

methylation to occur and tested this by inhibiting the CO samples studied previously.

(49) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, R. G. In
(47) The C-cluster did not convert fully from&i to Ceeqz during this Principles and Applications of Organotransition Metal Chemistuyiver-

experiment. This behavior has been observed previously, but is not well sity Science Books: Mill Valley, CA, 1987; Chapter 6, pp 3580.

understood:1* This incomplete conversion may have lowered the amount (50) Lu, W.-P.; Ragsdale, S. W. Biol. Chem1991, 266, 3554-3564.

of methyl group bound, but it does not affect the conclusion that methylation ~ (51) Gorst, C. M.; Ragsdale, S. W. Biol. Chem.1991, 266, 20687

correlated most closely with the development of ¢ag= 1.86 signal. 20693.
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were initially surprised that the methylated A-cluster was EPR-
silent. We subsequently realized thatACO could not possibly
be the state that is methylated, becauggoannot be reduced
by dithionite or electrochemically-reduced redox mediatgyes,
these reductants are effective in the methylation procésss
implies that Ax is the state of the A-cluster that is methylated
and that there is another site in the enzyme (to be called D),
which can be reduced by dithionite or redox mediators and must
be reduced before methylation can occur.

According to our analysis, the potential dependence of
methylation corresponds to the reduction gf,.Dhot A (i.€.,
E” < —350 mV for Dn/Dreg. The reduced D site, then, may
provide the electrons needed for binding £Ho Ay (since
the resulting state is viewed as having a coordinated methyl
anion), and Ax need not change its redox state. SincesCH
Aox is EPR-silent, D is probably a two-electron redox agent.
These relationships are given in eqgso

[A,,D,,]"" + [ CH,-Co® FeSPT" = no reaction (7)

[A,D,J" +2e=[A Je-ar

®)

OXD re

[ADied ™" + [CH;-CO* FeSPT" —
[CHA,,Dod ™ + [Co FeSPI™ V" (9)

OXDOX

The oxidation state of the Ni in & is almost certainly Ni*.
The evidence for this is thatAis diamagnetic and its &8,
portion has Masbauer parameters typical of diamagnetic
[FesSy]2+ clustersl® This indicates that the labile Ni is
diamagnetic (0iS= 1) as well. Of the three oxidation states
of Ni demonstrated to be stabilized by biologically-relevant
ligands @1, +2, +3), only NP+ can be diamagnetic 8= 1
(Ni*™ and NB+ have half-integer spin states). MoreoverZNi
reinserts into the labile site of reductant-free phen-treated
enzyme to afford an EPR-silent state that is presumabkly A
Linking the oxidation of a neighboring D site with the
methylation of Ax could also explain why a non-nucleophilic
Ni2* can attack a methyl cation from GHCo*"FeSP, leaving
Co'™, a well-known nucleophile. Reduction of the methylated
A-cluster by Deq may drive what would otherwise be an
unfavorable methylation step.

Evidence for an Acetyl Intermediate. According to our
results, both CHHCODH and the product obtained by exposing
this intermediate to CO are EPR-silent. That product may be
any of the three possibilities given in eq 10, including the methyl
intermediate, a methylcarbonyl intermediate, and the acetyl
intermediate.

A"+ CO= [CH4(CO)-A,D|" V" =
[CHZ-C(0)-A,D,,] "V (10)

[CHyA,,D

oxX—0

The first possibility seems unlikely, as our results and those
of Lu et al. demonstrate that acetate forms when methylated
CODH is exposed to CO in the absence of CoA (eq?1).

[CHy-C(0)-AuD] ™ V7 + OH™ =
CH,C(O)OH+ [A,D,.d™ 2" (11)

This suggests that the acetyl intermediate is formed when
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shift into the acetyl form. It is also possible that most of the
molecules are in the acetyl form. In support of this last
possibility, some well-characterized NCHz complexes with
biologically-relevant ligands react rapidly with CO to yield
stable acetytnickel specieg®2?? and we are unaware of any
such complexes that yield stable carboerylethyl intermediates
at room temperature. The study by Rarakal 52 also suggests
that the acetyl intermediate is stable, as does a study of acetyl-
CoA decarbonylase synthase frditethanosarcina barkefi®
This enzyme is quite similar to CODH in that it contains a
cluster with spectroscopic and functional properties virtually
identical to the A-cluster. For example, the CO-reduced enzyme
exhibits an EPR signal mimicking the NiFeC signal of CODH.
However, the enzyme is involved in fermenting acetate tq CH
and CQ (acetoclastic methanogenesis). Grahatra. recently
reported that wheNP®-methyltetrahydrosarcinapterin (an analog
of CHs-THF) is added to the CO-reduced enzyme, the NiFeC-
like signal disappear®. They attributed this to the formation
of an acetyl intermediate and concluded that this intermediate
was EPR-silent. Our experiment of Figure 5 is analogous and
supports their conclusion.

Properties of the D Site. In the final step of catalysis, CoA
binds the enzyme and attacks the acetyl intermediate, affording
the product acetyl-CoA (eq 12).

[CH4-C(0)-A, D, ] V" + CoAS =
CH,-C(0)-SCoA+ [A,,D,.d" 2" (12)

Dox is re-reduced as CoASattacks the acetyl group, while
maintaining the A-cluster in its 4 state. Thus, one unexpected
property of the D site is that {) mustnot be reducible when
the A-cluster is methylated or acetylated. If D was reduced in
these intermediate states during catalysis, the reaction in eq 12
could not proceed and catalysis would halt. This redox
requirement for D is unusual becausg Panbe reduced when
Aox is not methylated or acetylated. We have not been able to
circumvent this requirement because the catalytic cycle operates
in the presence of a reductant that is able to redugei®
samples prior to methylation.

The second property of D is that it must be reducible by low-
potential redox mediators, dithionite and CO, since CODH
reduced by any of these agents can be methylated. DTT-reduced
CODH can not be methylatéd,implying that DTT cannot
reduce D.

The third property of D is that it is almost certainly arn
2 redox agent. We conclude this for the following reasong. A
and the methyl cation that reacts with this state are both
diamagnetic. The resulting methyl intermediate is EPR-silent
and most likely diamagnetic or paramagnetic with an integer
spin. If D was ann = 1 redox agent, and [& donated one
electron to the methyl intermediate, the resulting intermediate
and Dy would both have half-integer spin states and would
likely exhibit EPR signals. However, no appropriate signals
were observed. Related to this is the fourth property of D,
namely, that it is EPR-silent in both oxidized and reduced states.
We conclude this because no EPR signals other than those from
A-, B-, and C-clusters developed during methylation, and none
of these clusters appear to be the D site (see below).

Fifth, D appears to undergoing redox changes during each

methylated samples are exposed to CO, although it does notcatalytic cycle, reducing the methyl group via the A-cluster as
establish what proportion is present relative to the uncombined p g methylated and oxidizing the CoA via the A-cluster as

carbonyt-methyl intermediate. It is possible that most of the
molecules are in the carbonryinethyl intermediate form and

that, by removing the tiny proportion in the acetyl form from
solution (by attack with hydroxide), the remaining molecules

(52) Ramer, S. E.; Raybuck, S. A.; Orme-Johnson, W. H.; Walsh, C. T.
Biochemistryl989 28, 4675-4680.

(53) Grahame, D. A.; Khangulov, S.; DeMoll, Biochemistry1996
35, 593-600.
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acetyl-CoA is formed. k) is apparently reduced at potentials
substantially lower than that required to reducg @ Ceq1
(—220 m\#), somewhat lower than that required to redugg B
(E” (B) ~ —440 m\P) and similar to that required to convert
Credl to Qed2 (Em' ~ —530 m\P)

Identity of the D Site. Might one of the known clusters in

the enzyme be the D site? The A-cluster cannot be D, since it

cannot be reduced by redox mediators or dithiohie.The
B-cluster is probably not D because it isar= 1 redox agent

Barondeau and Lindahl

moaceticum, Methanobacterium thermophilend Methano-
coccus jannischiieveals a 100 amino acid region with unusually
high homology, including six cysteinés56:57 Assuming that
three or four of these cysteines coordinate thgSkeluster
leaves two or three cysteines to coordinate the labile Ni and
conceivably constitute the D site.

The Electronic and Catalytic Nature of Aq-CO and
Deficiencies of the Generally Accepted Mechanism of Acetyl-
CoA Synthesis. There is either disagreement or confusion

and its reduction potential is too positive. We have considered regarding the oxidation state of the;Bgportion of the A-cluster

the possibility that the C-cluster is the D site and thaiyC
corresponds to 4 and Geq1 corresponds to . In support
of this, Geq2is probably two electrons more reduced thagy
(as required for the [Y/Dreg couple), and the extent of
methylation is proportional to the development ot (i.e.,
Em' (Credi-to-Credd = —530 mV must be near t&” (D), the
redox potential for the B/Dregcouple). However, the C-cluster

in the A.+CO state. In our view, the strongest evidence
regarding this is the Mssbauer parameters) (and AEg)
associated with these irons. These parametetsytimthe Ao

and A.+CO states, are characteristic of j5g?* clusterst©
These parameters are easily understood for the diamagngtic A
state (a low-spirSy; = 0 Ni?"™ complex linked to ar§, = 0
[FesS4]2+ cluster) but not for th&s = 1/, A-CO state. Their

is probably not D because cyanide-inhibited CODH methylated invariance when the A-cluster was reduced suggested tckiu
to almost the same extent as native CODH (albeit at a slower and co-workers that the unpaired electron used to reduge A

rate). With CN bound, the C-cluster is nonfunctional and
locked in the Gegy state? and it would be unable to function in
the role required of D. Moreover,&:can be reduced to.&i»
when the A-cluster is methylated (in contrast to the required
irreducibility of Dok under this circumstance). Since the CO/

does not localize on the cube. They proposed that the@O
state arises from a Ni ion spin-coupled through a bridge to
an [FeS4?* cluster, using a mechanism analogous to that by
which siroheme F&72* in Escherichia colisulfite reductase
couples to a bridging [R&4]%" clusterl®58 In contrast, Qilet

acetyl-CoA exchange and acetyl-CoA synthase reactions areal. concluded from their resonance Raman study of the enzyme

performed in a CO atmosphere, and CO transforpgg 0 Ceeqa
Cred2 IS probably present at each step of catalysis. In theC

state, the C-cluster would be unable to accept an electron pair

from A as product is released, another requirement of D.

D is probably another redox-active species in the enzyme,

that the FgS, cluster is reduced to thel state when the enzyme
is reduced with CG8

There is also disagreement or confusion regarding the number
of electrons used to reduce the A-cluster. As discussed in the
Méssbauer study of Lindahét all® and later by Shin and

possibly a special pair of low-potential cysteines that can be Lindahl?® the spin state difference betweenrAS = 0) and

readily oxidized to cystine. Such a pair would underge 2

AeeCO (S= 1/,) indicates that A+CO is one-electron more

redox and be EPR-silent in both oxidation states, as requiredreduced than &. Tucci and Holm suggested that, during

for D. E” (D), estimated to be-530+ 50 mV, is substantially
lower than that expected for a cystine/cysteine coépldt. is

catalysis, Ax (NiZ"-X-[Fe;S42") is reduced bytwo electrons
to a state designated NiX-[Fe;S,]*" and that this state bound

possible that one S of cystine coordinates to the labile nickel both CO (at the [F£5]1" moiety) and methyl group (at the

of the A-cluster. Binding a metal ion should lower the midpoint
potential of the couplé! and it could conceivably inactivate
the disulfide toward reduction when the Ni is methylated or
acetylated, a requirement discussed above.

Analogous chemistry is exhibited by chloro(es[(2-
pyridylmethyl)amino]ethylidisulfide)nickel(Il) monocation and
a number of macrocyclic bis(disulfide)tetramine?Nicom-
plexes® These six-coordinate Ni disulfide complexes have Ni
(R)SSR bond lengths of2.5 A, demonstrating substantial
Ni—S bonding interactions. They are prepared by oxidizing

Ni1t).2° But a 2 € reduced state of the A-cluster has not been
observed, and it cannot correspond to thg&O state since it
would have an even system spin whilgACO isS= /,. Thus,
if CO binds to an Fe of the A-clusté$,it would bind to the
oxidized [FaSy]?* form. However, as far as we are aware, this
mode of CO binding has no precedence in the chemistry of
well-characterized synthetic [F&]?" clusters.

Another unsettled issue is whether the ACO state is an
intermediate in catalysis. Our results strongly suggest that it is
not. The inability of Ay to be reduced by dithionite or redox

the corresponding thiolate complexes. When the oxidant usedmediators and the ability of these reductants to facilitate

is I, (think of I, as I — I*) the coordinating thiolates are
oxidized by two electrons (reducing to 17), and the resulting
I~ and a disulfide-sulfur coordinate toNi This chemistry is

methylation of the enzyme indicate thag&an be methylated
and that the A+CO state is not required. This conclusion is
reinforced by the EPR-silence of the methylated and acetylated

analogous to that proposed here: a two-electron oxidation of intermediates. Finally, the EPR-silence of the A-cluster obtained

Dred (two cysteines free or coordinated to the labil@Nif the
A-cluster) by “CH™, resulting in CH~ and a disulfide
coordinated to Ni",

Since the A-cluster is located in thee subunit®17 and this
subunit appears to function only in the synthesis of acetyl-CoA
(not CO/CQ redox)2® the D site is probably located in as
well. The Ni of the A-cluster appears to be coordinated by 2
S donors and 2 N/O donors, while the 46¢ cluster is
coordinated by cysteine ligandsComparing the amino acid
sequence between the subunits of CODHs fronC. ther-

(54) Kumar, M.; Day, R. O.; Colpas, G. J.; Maroney, MJJAm. Chem.
Soc 1989 111, 5974-5976.

(55) Fox, S.; Potenza, J. A.; Knapp, S.; Schugar, H. Bi@inorganic
Chemistry of CopperKarlin, K. D., Tyeklar, Z., Eds.; Chapman & Hall:
New York, 1993; pp 3447.

by first reducing Ax to the A.¢-CO state and then methylating
it seems to indicate that,&CO cannot be methylated in a stable
fashion. Although further studies are needed to fully explain

(56) Bult, C. J.; White, O.; Olsen, G. J.; Zhou, L.; Fleischmann, R. D.;
Sutton, G. G.; Blake, J. A.; FitzGerald, L. M.; Clayton, R. A.; Gocayne, J.
D.; Kerlavage, A. R.; Dougherty, B. A.; Tomb, J.-F.; Adams, M. D.; Reich,
C. |.; Overbeek, R.; Kirkness, E. F.; Weinstock, K. G.; Merrick, J. M.;
Glodek, A.; Scott, J. L.; Geoghagen, N. S. M.; Weidman, J. F.; Fuhrmann,
J. L.; Nguyen, D.; Utterback, T. R.; Kelley, J. M.; Peterson, J. D.; Sadow,
P. W.; Hanna, M. C.; Cotton, M. D.; Roberts, K. M.; Hurst, M. A,; Kaine,
B. P.; Borodovsky, M.; Klenk, H.-P.; Fraser, C. M.; Smith, H. O.; Woese,
C. R.; Venter, J. CSciencel996 273 1058-1073.

(57) Maupin-Furlow, J. A.; Ferry, J. G. Bacteriol 1996 178 6849-
6856.

(58) Christner, J. A.; Mock, E.; Janick, P. A.; Siegel, L. Ml. Biol.
Chem.1981, 256, 2098-2101.

(59) Shin, W.; Lindahl, P. ABiochemistry1l992 31, 1287G-12875.
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these experiments, we suggest that under a CO atmosphere, the NiZ*-X-[Fe,S2"
A-cluster is in the equilibrium given in eq 13. RS4 SR

A, +e+CO=A_;CO (13)

The electron in eq 13 originates from the C-cluster. In 1 +2¢

atm of CO, the reaction appears to lie well to the rightWhen

CODH under 1 atm of CO is methylated, we suspect that the

mgthyl group reacts with the small amount ofxApresent, NiZ*-X-[Fe,S, >

shifting the equilibrium such that the enzyme is eventually fully . -
methylated. Alternatively, the methyl group may react with the CH;-C-SCoA RS™SR CH;Co™ FeSP
ArerCO state, but this reaction appears to cause the loss of an Co'*FeSP
electron (since the intermediate is EPR-silent), yielding the same % \
Aox-C(0)-CH; state obtained when A is first methylated in

the absence of CO. In either case, this result suggests that A
CO is not a catalytic intermediate. A similar experiment was
recently performed by Graharet al>® using decarbonylase
synthase. They found that methylatingeACO caused the — CHy-CoNi*"-X-[Fe,S,J*" Ni**-X-[Fe,S,1*"
NiFeC signal to disappear and concluded that+&£0 is the RQ_SR
product of anonfunctionalside reaction, arising because CO

tends to bind to reduced metal centers. They suggested that a

reduced A-cluster serves to stabilize positively charged inter- co
mediates (we assume they are referring tosClind CHC-

(O)") during catalysis. If the mechanism used by decarbonylase CoAS

synthase is the same as that used by CODH, these results would

SCoA C+H3

RS-SR

prov_ide_further_ evidence that the_acetyl inte_rmediatQO(D)- CH,
Aoy is either diamagnetic or an integer spin system.
. . ~ 2+ + 2+ 2+
In contrast, a number of earlier studies have concluded that CHs-C=Ni*"-X-[Fe,S,)* oc ’T‘il -X-(FesSal
AreCO is a catalytic intermediate. Let al. concluded that RS-SR D RS-SR

the A-cluster has _to be reduced to theACO state for the Figure 8. Proposed mechanism of Acetyl-CoA synthesisx
enzyme to be activated for catalysfs.Gorst and Ragsdale  assumed to be a cystine coordinated to the labile Ni of the A-cluster.
found that Ae-CO develops faster upon exposing the enzyme RSS(R)N#-X-[Fe,Si]?" corresponds to [§De]™. Two-electron

to CO than free CO exchanges with acetyl-CoA, and they reduction of Ry activates the assembly for catalysis. Beginning at the
concluded that A+CO is catalytically competent to serve as top of the catalytic cycle and moving clockwise are the states
an intermediate for this exchange reaction and for the synthesis/AoDred ™ 2*, [CHz-AoxDox] "D, [CH3-(CO)-AoxDod ™ I*, [CHsC-

of acetyl-CoASt Kumaret al.established that the apparent first-  (0)-AuDa] ", and [CHC(0)-(CoA)-AxDod 2.

order rate constant for development ofeACO from Ao is _ _ ) _

similar to thekea:for CO/acetyl-CoA exchange and acetyl-CoA in which the methyl group binds first, followed by CO, and
Synthesi§_ Q|u et al. later stated that these experiments then CoA. However, further studies are requ|red to examine
“established that the CO adduct of center A is a catalytically this issue. ) .
relevant intermediate in the enzymatic pathway” used to N summary, the generally accepted heterobimetallic mech-
synthesize acetyl-Co However, development of 4rCO anism is inconsistent with the present data because it involves
at rates fast enough for it to be an intermediate in the synthesisthe AesCO state and lacks the D site or its functional equivalent.
of acety|_CoA isa necessary but insufficient condition for it to Moreover, this mechanism includes intermediates with little or
be one. no precedence in the chemistry of well-characterized synthetic

Gorst and Ragsdale found that electrochemically-reduced Metal complexes. We are unaware of any‘Niomplexes with
CODH in the presence of acetyl-CoA yields the NiFeC signal biologically relevant ligands that support methylation and form

and explained their results in a manner that supports the catalytic (60) This result was explained by assuming that redox mediators reduced
intermediacy of A+CO5! They also reported that the NiFeC  Aoxto Areqwhich reacted with acetyl-CoA to yield methyl(CoA-)ACO
signal was hyperfine-broadened when electrochemicaIIy-reduceda”d that this latter species happened to exhibit the same NiFeC EPR signal

- . . - as Ae+CO. Thus, it was concluded that¢#f can be carbonylated and
enzyme was incubated in GHC(O)-SCoA and viewed this methylated simultaneously, supporting the view that-&0 (and methyl-

result as further evidence that.&CO was an intermediate.  (CoA-)-A.+CO) are catalytic intermediates. However, it seems unlikely

However, both results can be explained more simply without X‘at methyl(CoA-)-AerCO would exhibit the same NiFeC EPR signal as

. . . . rec-CO, since the bound methyl group would probably perturb the ligand
assuming that ArCO is an intermediaté field of the A-cluster such that thg-values of the resulting signal would

Lu et al. have argued that the three substrates used tobe altered. This result can also be explained by assuming that redox
synthesize acetyl-CoA can bind in any order, since each can mediators reduced the D site and thag,Bveq reacted with acetyl-CoA to

? . . yield an EPR-silent methyl(carbonyl-)(CoA-)-{#Dox] state from which CO
bind in the absence of the other two (i.e.;,cCO can be dissociated. The dissociated CO then reduced and bound A-clusters of other

prepared without methylating the enzyme or adding CoA, CODH molecules, yielding the observed NiFeC signal. In support of this
methylated enzyme can be prepared in the absence of CO oexplanation, the spin intensity of the resulting NiFeC signal was only about

: ; 10% of normal (0.04 spingf3), indicating that most CODH molecules in
CoA, and CoA can bind unmethylated enzyme in the absencesolution were in fact EPR-silent. Their other experiment could be viewed

of CO)2°> However, since A¢+CO no longer appears to be an a5 supporting the catalytic intermediacy atACO by assuming that Ay
intermediate in catalysis, the issue of whether the enzyme bound CH-3CO-SCoA, forming a methyl(CoA-)-A+'*CO state that

i ielded the hyperfine-broadened NiFeC signal. However, we suspect that
proceeds by an ordered or random mechanism needs to b A Dred reacted with acetyl-CoA to yield the GECO-)(SCoA)-[ArDod

reevaluated. Since adding CO to native enzyme leads t0 astate from whichi*CO dissociated and bound to other CODH molecules,
nonfunctional A.+-CO state, we favor an ordered mechanism yielding the A.+13CO state and the hyperfine-broadened signal.
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Ni®™-CHs. By contrast, there are a number of well-characterized  Our mechanism utilizes the same fundamental steps first
Ni2+-CHz complexes, some of which react with CO to form proposed by Ragsdale and Wa&¢migratory insertion of CO
nickel(ll)—acetyls?8-30.61.62 \We are unaware of any [F8y]%" and methyl group to form an acetyl intermediate, followed by
clusters that are known to react with CO. By contrast, there nucleophilic attack by CoAS. However, it also (a) specifies
are a number of well-characterized®WCO complexes and one  that a redox sit@ther than the A-clusteitself (i.e., D) must be
Ni2+-CO complexé® The vast majority of migratory insertions  reduced before methylation can occur, (b) assigns oxidation
reactions involving metal-bound CO and methyl groups occur states at each step of catalysis{Nat each step), and (c) does
with these species coordinated to adjacent positions on a singlenot include the A+CO state as a catalytic intermediatin
metal ion?® summary, our mechanisnuiolves a surrogate redox agent that
Mechanism of Acetyl-CoA Synthesis Involving a Sur- allows the substrate-binding site to remain redox-inae(N#")
rogate Redox Agent. The results and analysis presented here at each step of catalysisGiven the results presented here, this
are summarized by the mechanism of acetyl-CoA synthesis mechanism appears to be the only one that is compatible with
illustrated in Figure 8. According to our mechanism, reductant- all of the published relevant studies of COBHWe hope that
free enzyme ([AxDox"") becomes catalytically active when,D our results and analysis will encourage further experiments
is reduced by 2 electrons. The labile?Nion of the A-cluster aimed at elucidating this elegant and most fascinating bioor-
in the [AcDred ™2+ state is methylated (by GHCo*'FeSP)  ganometallic catalytic mechanism.
gnd siml_JItaneoust_ reduced (byre%_gifording a CHf'Ni2+ Acknowledgment. We thank Frank M. Raushel for the
|qtermed|ate. CO binds [Cj.'A"XD"X] ’ gnd Inserts into the generous use of the scintillation counter and Marcetta Y.
nlckel—metgyll)liond, affording t_he acetyl m'_termedlate [ Darensbourg and Musie Ghezai for helpful discussions. We
(0)-AnDox - COAS coordinates the nickéand attacks . also sincerely thank Christine A. Mullen (recently married to
the bound acm?glz)tf _yleld the pr_oduct'aqetyl_-CoA and the starting D.P.B.) for some preliminary studies and discussions. This
state [AxDred in a reductive elimination step. research was supported by the National Institutes of Health
(61) Sellmann, D.; Haussinger, D.; Knoch, F.; Moll, M. Am. Chem.  (GM46441) and the Robert A. Welch Foundation (A1170).
Soc.1996 118 5368-5374.

(62) Hsiao, Y.-M.; Chojnacki, S. S.; Hinton, P.; Reibenspies, J. H,; JA963597K
Darensbourg, M. YOrganometallics1993 12, 870-875. (65) Our mechanism may seem incompatible with the Raman study of
(63) Nguyen, D. H.; Hsu, H.-F.; Millar, M.; Koch, S. A.; Achim, C.; Kumaret al.in which CO was proposed to bind to the;sBgportion of the
Bominaar, E. L.; Mack, E.J. Am. Chem. S0d 996 118 8963-8964. A-clustef! rather than to the labile Ni center as proposed here. However,
(64) Removing sulfur from CoA (desulfo-CoA) increasks for the since this binding mode was assigned from spectra of CODH in the A

acetyl-CoA/CO exchange reaction by nearly $0ggesting that the thiolate CO state, proposing that CO binds to the labile Ni in other states is
portion of CoAS coordinates the labile Ni compatible with, though not supported by, that result.



