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Abstract: Clostridium thermoaceticurand other autotrophic anaerobic bacteria contain a bifunctional enzyme, carbon
monoxide dehydrogenase/acetyl-CoA synthase (CODH/ACS), that catalyzes two reactions of CO at two separate
Ni—FeS clusters. Oxidation of CO to G@& catalyzed by Cluster C, while incorporation of CO into acetyl-CoA
occurs at Cluster A. In this study, resonance Raman [RR] and infrared [IR] spectroscopy are applied to the adduct
of Cluster C with cyanide, a selective inhibitor of CO oxidation. The RR spectra reveal thabiGis simultaneously

to Fe and Ni, because bands whé¥e and!®N shifts identify them as cyanidemetal stretching and bending modes

are sensitive to incorporation of bote and®Ni into the enzyme. The IR spectrum reveals a low frequency,
2037 cntl, for the G-N stretch, indicative of Pebinding via the C end. Vibrational modeling of the frequencies

and isotope shifts indicates a bentH#eN—Ni bridging geometry, with a-140° C—N—Ni angle. This geometry of

the inhibitory adduct suggests that CO oxidation involves a bimetallic mechanism. It is proposed that pre-organization
of the metal ions by the enzyme promotes CO oxidation b{XIH~ attack on F&—CO, followed by Ni-FeS
reduction as C@is released. This chemistry is analogous to the metal-catalyzed water-gas shift reaction.

Carbon monoxide dehydrogenase/acetyl-CoA synthase
(CODH/ACS) contains 1114 Fe, 2 Ni, Zn, and 133 per
150-kDa dimef The metal ions are organized into at least three
distinct centerd=® Cluster A, which catalyzes acetyl-CoA
synthesis® 12 has been identified as a [NX—FeSy] center
(X is an unknown bridging ligand between Ni and Fe) by EPR,
Mdéssbauef,and ENDOR studies of the native protein and of

T Princeton University.

# University of Nebraska.

® Abstract published irAdvance ACS Abstract©ctober 1, 1996.

(1) “CO dehydrogenase” (CODH) is the recommended name for the
activity that catalyzes CO oxidation to GOr its reverse. “Acetyl-CoA

synthase” (ACS) is the recommended name for the activity that assembles

acetyl-CoA from enzyme-bound methyl, CO, and CoA groups. The

the isolatedo. subunit!416 Cluster C, the site of CO oxida-
tion,1217 has likewise been proposed to be a{iNi—FeSy]
cluster!®8 while Cluster B, which is involved in electron transfer
reactions during CO oxidatiol, is a typical [4Fe-4SE+/1+
cluster’® Clusters B and C are present in all the Ni-containing
enzymes that perform CO oxidatiéA® 23 This study focuses
on Cluster C and the mechanism of CO oxidation.

In its oxidized state (€) Cluster C of CODH/ACS is
diamagnetic, while the one-electron reduced statgf@xhibits
EPR signals witlg values at 2.01, 1.81, and 1.65. The midpoint
potential for this reduction is relatively high, ranging fren35
mV for the Methanosarcina barkegnzym@®to —220 mV for
the Clostridium thermoaceticurprotein’ The EPR spectrum

bifunctional enzyme from acetogens and methanogens is designated “COOf Cluster Geq1iS pH-dependent reflecting an ionization with a

dehydrogenase/acetyl-CoA synthase” (CODH/ACS); the monofunctional
enzyme fromR. rubrumis denoted CODH [Ragsdale, S. W.; Kumar, M.
Chem Rev. In press].
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1.86, 1.75). Because of uncertainties in quantitation, however, Preparation of Samples for Vibrational Spectroscopy. After
it is not known whether fgg2has two more electrons than.@, concentrating CODH/ACS to 1:01.3 mM in 50 mM Tris-DCI/DO

or is instead a variant of the cluster which is at the same buffer at pH 7.6 with an Amicon macrosolute concentrator, 1b®f
oxidation level as Gqx. enzyme was introduced anaeribically into a Circle cell (Spectra Tech).

. s . IR spectroscopy was performed on a FTIR Mattson Galaxy 4020
Several anions inhibit the enzyme and alter the SPeCtroscopICinstryment that was purged with,lefore and during the experiment.

properties of Cluster C. Thiocyanate, azide, cyanate, or The Circle cell contained a ZrSe crystal and was maintained under
isocyanide all convert Cluster C to the same altered forau{C  anaerobic conditions. CODH/ACS was incubated in eith@N
earlier called C*), with an EPR spectrum having @lvalues (Fisher) or'3CN (Cambridge Isotope Laboratories) for 30 min before
above 2 (2.28, 2.08, 2.083:26:27 Cyanide, however, converts  pipeting into the Circle cell. Spectra (8000 scans) were recorded for
Cluster C to a different form, having an EPR spectrum wjith ~ 37.8 min at 4-cm? resolution at a forward speed of 3.6 cm/s using an
values at 1.87, 1.78, and 1.85?8 The marked sensitivity of ~ MCT detector. Stock solutions of 1.0 M KCN were in 50 mM NaOH
the Cluster C EPR spectrum to environment (pH, anions, redox or NaOD. The resulting spectrum was subtracted digitally (using First

potential) may be attributed to weak electronic couplifigr(2 software) from that of a CODH/ACS solution that had not been

Cm‘l) between a high spin Ni(ll) site and ti&= 1, state of incubated with CN. The subtraction factor was from 0.98 to 1.02.
2+H/1+ g 18p 2 Resonance Raman spectra were recorded on CODH/ACS samples
the [FeS4] cluster?

(1—-1.2 mM) prepared as described above except that the buffer was
Cyanide has played an important role in identifying Cluster not deuterated. The final cyanide concentrations were 10 mM unless
C as the site of CO oxidatiof,and in establishing which metals  otherwise stated and prepared from stock solutions (100 mM KCN in
are presem?3%because it is a potent inhibitor of CO oxidation 50 mM NaOH). The KCN isotopomers were purchased from Cam-
activity (Ki = <10uM),229313%t affects acetyl-CO synthesis ~ bridge Isotope Labs. Protein samples were maintained at 77 K in liquid
only at high concentratiorfs334 In this present work, we have nitrogen 'durlng data Collecthn. _Spectra were obtained for Six dlff_er_e'nt
used cyanide to characterize Cluster C bonding with resonancePreparations, and the CO oxidation and acetyI-Cc_)A_synthess activities
Raman (RR) and infrared (IR) spectroscopy. The spectra were checked afterwards to ensure that laser irradiation had not degraded

L . . . . the enzyme. A coherent Alaser (476.5-nm line) ata. 90 mW power
indicate that cyanide binds simultaneously to the Ni and Fe <"\ <ed to probe the sample. Spectra were collected by a Spex

components Qf Cluster C in a bent'"FeCN—Ni br_ldglhg _triplemate spectrograph equipped with a grating (2400 grooves/mm)
geometry. This result leads us to propose a mechanism in whichand an intensified diode array detector (Princeton Instruments). Six
pre-organization of the metal ions by the enzyme promotes CO spectra were collected for each sample with an accumulation time of
oxidation by attack of Ni—OH~ on Fd'—CO, followed by ~40 min for each spectrum.

Cluster C reduction as CQOs released.
Results

Materials and Methods Metal—Cyanide RR Bands. RR spectra of CODH/ACS in
the 300-400-cnT? region contain metalligand vibrational

; . . bands arising from the metal clusters of the enzym&Vhen
moaceticunstrain ATCC 39073 was grown with glucose as the carbon . . . .
source at 55C as previously described. Isolation and purification cyanide is added (Figure 1), these bands are altered slightly;
of CODHIACS were performed in a Vacuum Atmospheres (Haw- the 393- and 381-cnt bands are now at 390 and 384 Thn
thorne, CA) anaerobic chamber maintained at@nd below 1 ppm  and the 363-cm band develops a low-frequency shouléfer.
of oxygen. Oxygen levels were monitored continuously with a Model More importantly, two new bands are observed, at 384
317 trace oxygen analyzer (Teledyne Analytical Instruments, City of (coincident with the 384-cmi cluster band) and at 342 crh
Industry, CA). The purified protein was stored in liquid nitrogen. which arise from metatcyanide vibrations, as revealed by their
Isotopically labeled protein was prepared in the same manner, but with 13CN- and G5N~ sensitivities (Figure 1). These bands shift down
isotopically enriched metal salts. The metal isotopes were obtained {5 379 and 335 crri- in the 13CN- spectrum and to 380 and 337
from Advanced Material & Technology (New York). Purified CODH/ cmLin the G5N spectrum. Because of band overlaps, tH\NC

ACS had an average specific activity of 320 units/mg (1 enlt umol - . _ .
of CO oxidized/min) at 55°C and pH 7.6 when assayed for CO fre_quenmes are less certain than &N~ frequencies, but the
shift pattern is clear.

oxidation with 10 mM methyl viologen as the electron acceptdihe .
average specific activity of the CODH/ACS in the isotopic exchange ~ When the RR spectra are examined for adducts that are
reaction between CO and [4€]acetyl-CoA was 224 nmol mift mg-* enriched in®Ni or 54Fe, the 342-cm! band is found to have

at 55°C (28 nmol mirrt mg* at 25°C) using 34QuM acetyl-CoA, 1 little metal isotope sensitivity (Figure 2). The 384 chband,
mM CO (solubility of 1 atm CO), 100 mM pH 5.5 Trismaleate buffer, however, is seen to shift for both isotopes. In both &N
and 0.1 mM dithiothreitol. Protein concentrations were determined and3CN- spectra, this band shifts down by 5 thupon®*Ni

by the Rose Bengal methd#l. substitution, and up by 42 cm! upon 54Fe substitution.
Because of overlap with the 384-cfncluster mode, thé‘Fe
shift is obscured in th&?CN~ spectra, but it is apparent in the

Growth of the Organism and Enzyme Purification. C. ther-

(26) Kumar, M.; Lu, W.-P.; Smith, A.; Ragsdale, S. W.; McCracken, J.
J. Am Chem Soc 1995 117, 2939-2940.

(27) Kumar, M.; Ragsdale, S. W. Am Chem Soc 1995 117, 11604 13CN-~ spectra, where a 380-cthshoulder is clearly discernable
11605. , next to the 384-cm! cluster band. Also, thé3CN~ spectra
Inéé@é?ggferfnogég’g El %Et‘:;‘; \é-lié_HOﬁma”' B. M.; Lindahl, PJA. establish that in the metal isotope spectra there is no remnant

(29) Ensign, S. A.; Hyman, M. R.; Ludden, P. \Biochemistry1989 intensity at the unshifted position, 378 thn ruling out the
28, 4973-4979. possibility that there are two cyanide adducts, one involving
49((3%0) Ensign, S. A.;; Bonam, D.; Ludden, P. \Biochemistry1989 28, Ni and the other involving Fe, which happen to have the same

(31) Morton, T. A. Ph.D. Thesis, University of Georgia, 1991. vibrational frequency. The sensitivity of a single V|brat|o.nal

(32) Anderson, M. E.; Lindahl, P. ABiochemistry1994 33, 8702~ mode to both isotopes means that the Cbinds to both Ni
8711 ) and Fe, simultaneously.
39§?f) Ragsdale, S. W.; Wood, H. G. Biol. Chem 1985 260, 3970~ To gain insight into the origins of the RR bands, we modeled

(34) (a) Raybuck, S. A.; Bastian, N. R.; Orme-Johnson, W. H.; Walsh, their frequencies and isotope shifts with four-atom normal mode
C. T. Biochemistryl988 27, 7698-7702. (b) Diekert, G.; Hansch, M.;  calculations for a variety of bridging geometries, ba#i,1
Conrad, RArch. Microbiol. 1984 138 224.

(35) Andreesen, J. R.; Schaupp, A.; Neurater, C.; Brown, A.; Ljungdahl, (36) Elliott, J. I.; Brewer, J. MArch. BiochemBiophys 1978 190, 351~
L. G. J. Bacteriol 1973 114, 743-751. 357.
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Figure 2. Resonance Raman spectra (conditions as in Figure 1) of
Av/cm'! the CODH-CN complex, showing metal isotope sensitivity of cyanide-

Figure 1. Resonance Raman spectra (476.5 nrh laser excitation) associated bands for natural abundance 888l adducts of CODH/

in the 320-400-cnT region. Incubation of CODH/ACS with cyanide ~ ACS. WhiCQAW_aS isolated from cells grown in medium enrichetffie
induces slight shifts in cluster mode frequencies and produces two new (98%) and>Ni (95%).
bands, at 342 and 384 c which are sensitive to the replacement of ' . .
CN- with °CN- and G5N-. As in previous work?a 360 cm” band Table 1. Observed Frequencies and Isotopic Shifts for CN
- Related Modes (crt)
buffer has been subtracted digitally.

freq A™N AC AN A>Fe
(both metal atoms bound to the C atom or to the N atom) and 342 5 7 0 -1
u-1,2 (one metal bound to C and the other to N). It proved ??g 1‘; 151 51 —i

impossible to fit the data for @& 1,1 geometry using a physically
reasonable force field. There is, in fact, no precedent for this

geometry among the known cyanide bridged complexes, all of  The preferred model complex was obtained by carrying out

which areu-1,2. Within theu-1,2 motif, there are a wide range 3 series of calculations for a F€—N—Ni unit with variable

of bond angles, particularly at the N atom. We were unable to Nj—N—C angle, and also an NIC—N—Fe unit with variable

model the data satisfactorily with a linear bridge, but obtained Fe-N—C angle. A priori it seemed possible that the C end of

a good fit by employing a FeCN—Ni complex with allatoms ~ the CN- could be bound to either metal (although the CN

in a plane, and having F&C—N and C-N—Ni angle§’ of 175° stretching frequency favors Feee next section), and bending

and 140. is expected to occur at the N end, as was observed, for example,
Such a complex should have six vibrational modes, five in by Scott and Holr#f in a series of PE—CN—Cu' complexes.

the plane and one out of the plane. The in-plane modes consist(In any event, trial calculations with both ends of the bridge

of the C—N stretch, an isolated mode near 2100 ¢érfsee next bent were unsuccessful.) Force constants were chosen (Table

section), and four modes below 1000 cirhaving contributions 1) to be physically reasonable, and to bring the frequencies and

from Fe—C and Ni-N stretching and FeC—N and Ni-N—C isotope shifts into optimum agreement with the observed values

bending. Our calculation predicted that, in addition to the modes for the 384- and 342-crd bands; the weak 719-cthband was

corresponding to the 384- and 342-chRR bands already  not included in the optimizations.

observed, the two remaining in-plane modes should be at 80 The results of systematically varying the bending angle are

and 710 cm!. The former frequency is obscured by back- shown graphically in Figure 3. The frequencies and isotope

ground scattering in our spectra, but a careful search of the 700-shifts all vary strongly with the angle, reflecting changes in the

cm! region did reveal a band at 719 chy which shifted mode compositiod® When the bridge is linear, the 342- and

appropriately upo#3CN and G5N substitution, as seen in Figure

2. This band is weak, and its signal only marginally exceeds  (38) Scott, M. J.; Holm, R. HJ. Am Chem Soc 1994 116, 11357

; i ; ; i idi 11367.
the noise, but its detection lends confidence in the validity of (39) We note that the kinematics of the metayanide vibrations are
the model. quite different in the bridged complex than in mononuclear cyanide adducts,
for which two modes, M-CN stretching and bending, are found in the
(37) 175 was employed instead of 180to avoid complications 300-450-cnT? region [Simianu, M. C.; Kincaid, J. R. Am Chem Soc
associated with the higher symmetry at exact linearity. 1995 117, 4628].
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Figure 3. Isotope shift vs frequency plots for the cyanide-associated mode844,~380, and~720 cnt?, using a Fe-C—N—Ni (dark line) or
Ni—C—N—Fe (light line) model (force constants in Table 1; standard bond distances){WithC—N = 175> and variable 1C—N—M' [values
plotted for 178, 16C°, 15C°, 14C°, 13(¢*]. The arrows indicate the direction of decreasing—N—M'. The experimental data are plotted as open
symbols. The FeC—N-—Ni model with JC—N—Ni = 140 gives the best overall agreement with the data.

719-cnt! modes are the in-phase and out-of-phase metal-ligandand 5 cn®. Likewise the two bands should have large-&4
stretching modes, while the 384-chmode and the additional ~ cm™2) and small (6-2 cnm1) 8Ni shifts, respectively, for a linear
mode calculated at 80 crh are in-phase and out-of-phase bridge, whereas the observed shifts, 0 and 5mare the
bending modes. As the €N—metal angle decreases, the reverse. Thel®3CN and %Ni shifts are close to the values
stretching and bending coordinates mix, particularly in the 384- calculated with a 140bridging angle for either FeC—N—Ni
and 342-cm?! modes, resulting in a scrambling of the isotope or Ni—C—N—Fe.

shifts. Consequently, the experimental data discriminate strongly =~ The alternative metal placements can be distinguished by the
among the test geometries. For example, a linear bridge is®¥e and®N shifts. If Fe were bound to N, the 384-c#rband
immediately ruled out by th&’CN shifts, which are predicted  would show a negligiblé“Fe shift and a large (7 cm) °N

to be zero for the lower frequency (342 cHhband and 9 cm! shift, but this is not observed. Instead, 88 shift is only 4
for the higher frequency (384 cr), instead of the observed 7 cm™, while a 2-cn1? shift is seen foP4Fe. These values are
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Figure 4. FTIR spectra of the CODHCN adduct (1.0 mM in 50
mM Tris—DCI/D,0, pD 7.6) with 5:1 and 10:1 CMCODH molar ratio
(showing the appearance of the 2079-érband only at high CN
concentration), and [top] the 10:1 spectrum for €N~ adduct.
Protein, buffer, and solvent contributions were subtracted digitally with

a reference spectrum of the same solutions without.CN

in good agreement with the F€—N—Ni calculation at 140.
This calculation is also in much better agreement withlthe
shift, 5 cnm?, of the 342-cm? band; the Ni-C—N—Fe model
predicts a very smal®N shift, 0—1 cnr'?, at any angle. The
Fe—C—N—Ni calculation also gives better agreement with the
data for the~720-cnT! mode, although these were not included
in the optimization. The vibrational analysis therefore provides
strong support for a model of the Cluster C adduct in which an
essentially linear F&CN unit interacts with a Nliion at an angle
of about 140.4°

CN Stretching Infrared Band. The IR spectrum of CODH/
ACS incubated with cyanide in deuterated buffer (Figure 4)
contains bands at 2037 and 2078 ¢mwhose 43-cm® 1CN
isotopic shifts identify them as-EN stretching vibrationsycy.
These bands are assigned respectively to tight and loose CN
binding sites on the basis of their CNconcentration depen-
dence. The 2037-cm band could be seen when the cyanide/
enzyme molar ratio is as low as two, but the 2078-¢tvand

only appeared at ratios greater than five. We infer that the 2037-

cm! band arises from Cluster C, the site of tight cyanide
binding# while the 2078-cm! band reflects some other binding
site on enzymé? This weaker adduct is not reflected in the
RR spectra, which are the same at low and high cyanide ratios
The 2037-cm! Cluster C frequency is exceptionally low.
Binding to a metal ion generally raisesy from its free ion
value, 2078 cmt, because polarization of the carbon lone pair
reduces the €N antibonding character of the sy molecular
orbital. Only when the metal ion is a stromgdonor is the

(40) This bonding arrangement contrasts with that of the {4/ cluster
of a ferredoxin fromPyrococcus furiosusvhere cyanide displaces an
aspartate ligand to form an end-on-ReN adduct with one of the iron
sites in the mixed valent pair [Telser, J.; Smith, E. T.; Adams, M. W. W_;
Conover, R. C.; Johnson, M. K.; Hoffman, B. Nl.Am Chem Soc 1995
117, 5133].

(41) The inhibition constant of cyanide for the CO oxidation reaction is
3uM [Morton, T. A. Ph.D. Thesis, University of Georgia, 1991]. Inhibition
of acetyl-CoA synthesis requires much higher concentrations of cyanide
[Ragsdale, S. W.; Wood, H. G. Biol. Chem 1985 260, 3970-3977].

(42) An alternate possibility, that the 2078-chband arose from free

cyanide, can be ruled out because the pD of the reaction mixture was

maintained between 7.6 and 8.1, where cyanide exists as DKNA9.2],
whose G-N stretch is at 1887 cni in DO [confirmed in control IR
spectra).

J. Am. Chem. Soc., Vol. 118, No. 43, 19433

frequency lowered, because of back-donation into e
molecular orbital. The Fe-CN adducts of myoglobfi¥2or of
horseradish peroxidag® for example, havecy = 2057 and
2029 cntl, close to the CODH/ACS value. Niis not as
effective ar donor as F& thevey frequenciet in [KoNi(CN)4,
for example, range from 2124 to 2144 thmabout 100 cm!
higher than the CODH/ACS value.

We note that adding a second metal ion to a cyanide adduct
is expected to produce an additional increasedi, because
of the added stabilization of the* orbital, but this effect is
diminished for bent EN—M angles. Scott and Holf&found
thatvcy decreased by 60 cm as the G-N—Cu angle in their
Fe!'—CN—Cu' complexes decreased from 246 140. This
difference is comparable to the difference between CODH/ACS
(2037 cnt?) and the linear Fe-CN—Ni'" bridge of the Ni[Fe-
(CN)¢] lattice (2114 cmt).*> Thus, the 2037-cm frequency
is consistent with a bent bridge in CODH/ACS and a strongly
s-donating metal ion, equivalent to low-spin'Ae [Fe(CN)]*~.

Discussion

Cluster C and the Cyanide Adduct. CODH/ACS has the
remarkable property of catalyzing CO oxidation and CO incor-
poration into acetyl-CoA, at separate catalytic centers, both of
which contain Ni and a R&, cluster. That Ni and Fe are
intimately involved in acetyl synthesis at Cluster A has been
evident for some time, thanks to metal isotope line-broadening
in the EPR spectrum of the CO adddét. The makeup of
Cluster C has been more elusive, since CO does not form a
stable adduct, but is rapidly oxidized. However, freeze-quench
RR spectroscopy has recently provided direct evidence for the
involvement of Ni!3 since the®Ni-sensitive 365-cm! band of
the enzyme disappears on the time scale (10 ms) of the reduction
of Cluster C by CO. The present study supports this involve-
ment by showing“Ni sensitivity for RR bands associated with
bound cyanide, a potent inhibitor of CO oxidation.

Cluster C can be more thoroughly characterized in another
CODH, CODHk, from the photosynthetic bacteriuRhodospir-
illium rubrum, because this enzyme lacks Cluster A, and only
catalyzes CO oxidatiof? The Cluster C EPR and Msbauer
signatures are similar in COQ4Hand CODH/ACS® The Fe
EXAFS of CODHk is typical for Fe-S clusters, while the Ni
EXAFS indicats 2 S donors and-23 N/O donors, and is
inconsistent with Ni being incorporated into the corner of a
Fe—S cluster®* CODHg, can be prepared in an Ni-deficient
form, which can be restored to activity by adding@#° The
Cluster C EPR and WNesbauer signatures of Ni-deficient
CODHg, are typical for an F£54 cluster, but they are signifi-

.cantly altered in the native [or Ni-restored] protéfn.In the

Creq1 (—300 mV) state of native CODkd, the Massbauer
spectrum contains a “ferrous component II” signal, similar to
that of the substrate binding site of the JBg™ cluster of
aconitas¢’#® This binding site of aconitase has unique
hexacoordinate geometry, although five-coordination is con-
sidered likely for the corresponding site in CORH from a
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260, 3518-3528.
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comparison of the isomer shift with that of synthetic,&e c///N o .
compounds with one site having R coordinatiorf®~>2Thus, i OH Lo 3 X’_A Lo
incorporation of Ni in CODH; expands the coordination sphere Ny Ni—on- Pe NIl P %e..’ W OH
of one Fé&* ion in the Cluster C F£, cluster, creating a binding L Yy Ni—
site for exogenous ligands. A model was suggédtedvhich 1K : o 2¢ H* I
this F&* ion is bridged to Ni*; weak antiferromagnetic : DtHzo 2\
coupling 0 < 2 cnT1) can explaif® the unusual EPR spectra @ N N
induced by azic® and thiocyanafé binding. Fel " w I { ‘Fe'.xﬁm/l\} HO.O,0
Cyanide binding to CODK} perturbs the ferrous component X 4 ~,§,_.If‘ N
Il M@ ssbauer signal, suggesting that CHRinds to the five- “ /i
coordinate site, Re!® The low C-N stretching frequency  a_) H VA
observed in this study, 2037 cf is consistent with P& Fe"\"EN”/"'N'in"““‘ At HO
binding, since substantial back-donation is indicated; Feis XY 3 ;:eu ” I{°=°
a stronger potentialr-donor than Nit. Effective n-back- i, ) XN
bonding requires that the C atom be bound to thdonor. ‘,Fe"vx—"/‘Ni‘L O, H*

Consistent with these considerations, the vibrational modeling

is in better agreement with the isotope shift pattern of the RR Figure 5. Proposed bimetallic mechanism for CO oxidation. CO binds

spectra for a FeCN—Ni than a Ni-CN—Fe complex. to Fé' (step 1), and is attacked by'Nbo_und hydroxide, producing a
When bound to CN, Fe* is normally low-spin, since a short carbohydroxy complex of Feor, alternatlvgly of Ni (st_ep 2). Inter_gal

Fe—CN bond is required for effective back-donation. However, redox (step 3) releases G@nd H', transiently forming Féor Ni°

hort Ee-CN dist d i v imol . i the process may be promoted by electron transfer to the Nie
ashort e IStance does not necessarily Imply Spin-paifing  ,y;qation level. Electron transfer out of Cluster C (to Cluster B), and

in the irregular coordination geometry of the proposeqd $ite, release of a proton from Mibound water (step 4), returns the active
and indeed the EPR characteristics do not indicate a grosssite to its starting point. CNbinds to Fé competitively with CO,
alteration in electronic structure upon CNbinding*® Col- and then forms an additional bond to'Nhereby increasing the binding
lectively, the data do support the idea that Cbinds to Fg constant, and slowing the reversal of CO inhibition.

via its C end in an essentially linear fashion, in order to

maximize back-bonding. H-bond donor, the distal histidine, forms an interaction with

The RR data require that the CMilso be bound to Ni, and  bound Q but not with bound CO.

vibrational modeling shows the frequencies and isotope shifts  The additional interaction with R in the bridged complex

to be consistent with a bent bridging geometry, in which the can explain the slow inhibition of CO oxidation by CNas

Ni is bound at an angle of about 14® the end of an essentially jllustrated in Figure 5. Initial binding of CNto Fe** would
linear FeCN unit. This geometry is quite well defined because pe rapid and reversible by CO; however, a slow subsequent
the vibrational coordinate mixing, and therefore the isotope shift rearrangement to the bridged complex would be more difficult
pattern, is strongly dependent on the bridging angle. Also the to reverse. CO would nevertheless protect against” CN
C—N stretching frequency would be expected to be higher than inhibition by tying up the F& site. And it could accelerate

it is, even considering back-donation from*Feif the bridge CN- dissociatioR®32by producing a transient mixed complex,
to Ni** were linear, as in Ni[Fe(CN).*° with CO bound to F& and CN- bound to N#*.
The CO Oxidation Mechanism. Does the Cluster €cya- This model of the inhibited active site provides the basis for

nide adduct have implications for the mechanism of CO a mechanistic proposal regarding CO oxidation (Figure 5). The
oxidation? The strong inhibition by cyanide suggests an Fe,2* jon provides the docking site (step 1) for the CO. The
affirmative answer, but Anderson and Lind&proposed that  adjacent Ni* ion does not itself bond to the CO, but is properly

CO and cyanide bind at separate sites becausei€l slow-  positioned to act as a Lewis acid catalyst and to deliver
binding inhibitor, and because CO protects against”CN hydroxide for nucleophilic attack (step 2). We note that a
inhibition and accelerates the dissociation of Com both similar proposal was recently advanced by Hu et&although

the R. rubrun?® andC. thermoaceticunenzymes? However, they suggested hydroxide binding tos#e and CO binding to
these observations are also consistent with a common bindingNi2+. A reversal of the roles of the metals is clearly indicated
site, but different bindingnodesfor the two ligands. Specif- by the present spectroscopic data. Support for the idea of metal-
ically, we suggest that CO, as well as CNbinds to Fg. The assisted hydroxide attack comes from th&, jpf 7.5 for the
binding of CO depends even more stronglyzoback-donation  CO oxidation activity pH profilé* This is a reasonable value
than does CN binding, and Fg is the only plausible site for  for jonization of a water molecule that is coordinated to a buried
effective back-donation. However, CO is unlikely to bind Nj!" ion.

simultaneously to the nearby Ni as CN" does. Although A precedent for Ni-assisted hydroxide attack on a carbonyl
back-donation enhances the negative charge on both ligandscompound at a bimetallic center exists in the enzyme ufé&Se.
the charge on bound CO is much less than that on bourd CN - No redox chemistry ensues in urease, the overall reaction being
Consequently, the electrostatic attraction to the positiv& Ni  yrea hydrolysis. In the CODH mechanism, however, hydroxide
would be lower. The situation bears a resemblance to the distalattack (step 2) produces bound carbohydroxy if®@QOH, a
H-bonding seen in the £adduct of myoglobif? but not in the strong reductarft’ It can release C®and H" by transferring

CO adduct* Charge transfer from Féto the ligand is greater  an electron pair to the Edstep 3). Alternatively, the hydroxide
for O, than CO, with the consequence that a suitably position
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attack could be accompanied by attachment@®OH to Ni', speculate that the difference in chemistry resides in the Ni
instead of F&. This step might be energetically advantageous, coordination environment, which favorsNiat Cluster C, but
since NI' is generally easier to reduce than is'Fdn either low-valent Ni at Cluster A, in order to facilitate OHransfer

case, the two-electron oxidation requires generation of zero- at the former and Ckt transfer at the latter.

valent metal, Fe[0] or Ni[0], either in the transition state or as  |n CODH/ACS, Nature has anticipated industrial chemistry,
a transient intermediate. This high-energy step can be assistedwhich also utilizes transition metal based catalysts for CO
however, by rapid electron transfer to the neighboring metal, oxidation and reduction processes. The synthesis of acetyl-
forming a F&Ni' center. This reduced form of Cluster Cwould  coenzyme A at Cluster A is analogous to industrial acetic acid
then deliver two electrons (step 4), via Cluster B, to Cluster A, synthesis by methylation of CE.5Lwhile the oxidation of CO
where they are utilized in acetyl-CoA syntheXis. at Cluster C is analogous to the water gas shift reaéfian,

If this mechanistic proposal is correct, then there is a striking source of industrial hydrogen: C® H,O = CQO, + H,. The
parallel between the chemistries of CO oxidation and of acetyl- industrial catalysts are not, however, pre-organized to juxtapose
CoA synthesis in CODH/ACS. Both utilize a Ni atom to different metal atoms, as CODH/ACS is. This may explain why
facilitate attack on Fe-bound C®. At Cluster C, the attacking  the industrial processes require elevated temperatures and
group is a hydroxide nucleophile, while at cluster A, the pressures, whereas CODH/ACS does not.
attacking group is a methyl electroph#®.In both centers, the
structural motif appears to be a Ni atom bridged to aSre Acknowledgment. This work was supported by NIH grants
cluster, at a F& ion with an available coordination site. We GM 13498 (to T.G.S.) and GM 39451 (to S.W.R.).
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