Biochemistry1996, 35, 8371—8380 8371

Spectroscopic States of the CO Oxidationfeduction Active Site of Carbon
Monoxide Dehydrogenase and Mechanistic Implications

Mark E. Andersohand Paul A. Lindahl*
Department of Chemistry, Texas A&M Uarsity, College Station, Texas 77843

Receied December 8, 1995; Rised Manuscript Rece¢d February 26, 1996

ABSTRACT. CO dehydrogenases catalyze the reversible oxidation of CO to &@n active site (called

the C-cluster) composed of an/Sg cube with what appears to be a 5-coordinate Fe (called FCII), linked
to a Ni (Hu, Z., Spangler, N. J., Anderson, M. E., Xia, J., Ludden, P. W., Lindahl, P. A.,"&dMLE.
(1996)J. Am. Chem. Soc. 11830-845). During catalysis, electrons are transferred from the C-cluster
to an [FaSy]2"1* electron-transfer cluster called the B-cluster. 8w %, form of the C-cluster (called

Creqz) CONverts to anothe® = Y/, form (called Geq) upon reduction with CO, at a rate well within the
turnover frequency of the enzyme (Kumar, M., Lu, W.-P., Liu, L., & Ragsdale, S(1893)J. Am.
Chem. Soc. 11511646-11647). This suggests that the conversion is part of the catalytic mechanism.
Dithionite is reported in this paper to effect this conversion as well, but at a much sloweksates.3

x 1072 M~1 s71for dithionitevs 4.4 x 10 M~1 s for CO). By contrast, dithionite reduces the oxidized
B-cluster much faster, possibly within the turnover frequency of the enzyme. Dithionite apparently effects
the Geq/Credz cONversion directly, rather than through an intermediate. The conversion rate varies with
dithionite concentration. The £&7/Ceq2 CONversion occurs at least Afimes faster in the presence of
CO; than in its absence. GQilters theg values of theg,, = 1.82 signal, indicating that C{binds to a
C-cluster-sensitive site at mild potentials. Chhhibits CO oxidation by binding to FCII (Hu et al.,
1996), and CO, Cgin the presence of dithionite, or @8 dithionite accelerate CNdissociation from

this site (Anderson, M. E., & Lindahl, P. A. (1998jochemistry 338702-8711). The effect of CO,

CO,, and CS on CN- dissociation suggested that these molecules bind at a site (called the modulator)
other than that to which CNbinds. The effects of C§ CS, CO, and dithionite on the v/Cred2
conversion rate followed a similar pattern, suggesting that this rate is also influenced by modulator binding.
Some batches of enzyme cannot convert to thexf@rm using dithionite, but pretreatment with CO or
COy/dithionite effectively “cures” such batches of this disability. The results presented suggest that the
Ni of the C-cluster is the modulator and the substrate binding site for C©/T®e inhibitor CS in the
presence of dithionite also accelerates the decline .gfi, Seading first to an EPR-silent state of the
C-cluster, and eventually to a state yielding an EPR signal ggih= 1.66. C$S binding thus shares
some resemblance to GOinding. Approximately 90% of the absorbance changes at 420 nm that occur
when oxidized CODI; is reduced by dithionite occur within 2 min at 2C. This absorbance change
occurs in concert with thgay = 1.94 signal development. The remaining 10% of Aag changes occur

over the course of50 min, apparently coincident with thed/Creq2 cOnversion. One possibility is that

the conversion involves reduction of an (unidentified) Fe-S cluster. A three-state model of catalysis is
proposed in which @41 binds and oxidizes CO, &2 is two electrons more reduced thardzand is the

state that binds and reduces £@nd G, is a one-electron-reduced state that is proposed to exist because
of constraints imposed by the nature of the CO4@€xaction and the properties of the clusters involved

in catalysis.

Carbon monoxide dehydrogenases (COb&ate one of acetyl-CoA (acetoclastic methanogenesis) (Wood & Ljungdahl,
only four known types of naturally occurring Ni containing 1991; Ragsdale, 1991; Roberts et al., 1992).
enzymes. They are found in certain acetogenic, methano- Carbon monoxide dehydrogenase from the acetogen
genic, and photosynthetic bacteria, where they catalyze theClostridium thermoaceticunfCODHc;) has anayf, tet-
reversible oxidation of CO to CO CODH'’s from acetogenic ~ rameric quaternary protein structure (Xia et al., 1996). The
bacteria also participate in the synthesis of acetyl-CoA (the a. and 8 subunits have masses of 81 730 and 72 928 Da,
Wood/Ljungdahl pathway), and methanogenic CODH's respectively (Morton et al., 1991). Eaalff dimer contains
additionally participate in the synthesis of methane from 2 Ni, 11-13 Fe, and~14 $ ions (Ragsdale et al., 1983;
Lindahl et al., 1990a). These metal ions are arranged into

" This research was supported by the National Institutes of Health three types of clusters, called tife, B-, and C-clusters
(GM46441) and the Robert A. Welch Foundation (A1170). The A-cluster is the active site for acetyl-CoA synthesis

e e ot o By and violcur (SO & Ragsdale, 1991, Shin & Lindabl, 19922, Shin et
Biology, University of SouthpFIorida College of Medici%e, 12901 Bruce al., 1993). It appears to consist of a Ni center exc;hange-
B. Downs Blvd., Tampa, FL 33612. coupled to an F£&, cluster (Ragsdale et al., 1985; Lindahl

® Abstract published irAdvance ACS Abstractdune 1, 1996. et al., 1990b; Fan et al., 1991; Xia & Lindahl, 1996) and is

S0006-2960(95)02902-3 CCC: $12.00 © 1996 American Chemical Society




8372 Biochemistry, Vol. 35, No. 25, 1996

located in thea subunit. The A-cluster is stable in a
diamagnetic oxidized state {4 and a one-electron-reduced
state with CO bound (A+CO) (Lindahl et al., 1990b; Kumar

& Ragsdale, 1992; Qiu et al., 1994, 1995). This reduced

Anderson and Lindahl

(Cusd”"+ COLHHT = (€,f ™+ CO+ O
1

state exhibits the so-called NiFeC EPR signal (Ragsdale etWe proposed this because the midpoint potential for the

al., 1982, 1983, 1985). 4&-CO appears to be the catalyti-
cally active state of the A-cluster (Lu & Ragsdale, 1991).

The C-cluster is the active site for CO oxidation and,CO

reduction (Kumar et al., 1993; Anderson et al., 1993;
Anderson & Lindahl, 1994) and is apparently located in the

B subunit (Xia & Lindahl, 1995; Xia et al., 1996). It is
diamagnetic when oxidized, argl= Y/, when reduced by
one electron £ = —220 mV »s NHE; Lindahl et al.,
1990a). The reduced state exhibits an EPR signal gith
= 1.82 (the Geq; State). As potentials are lowereH{=

conversion is near to the reduction potential for COC&3
expected for reversible catalysis), and the two states are
separated by an even number of electrons (as required by
then = 2 nature of the CO/C@Oredox process). Alterna-
tively, Ceqzand Geqr may be isoelectronic and the conversion
may reflect a redox-dependent conformational change trig-
gered when some unidentified species (designated Y in
footnote 6) besides the C-cluster is reduced (in which case
E°’ for Yox/Yreq Would be —530 mV). A third possibility,
that Geqzis an isoelectronic CO-bound form ofg, can be
ruled out since dithionite and other low-potential nonligating

—530 mV), thegay = 1.82 signal disappears and is replaced reqyctants (e.g., viologens) can also effect this conversion

by another signal witlyg,, = 1.86 (the GeqzState; Lindahl et
al., 1990a). Hu et al. (1996) recently used $dbauer
spectroscopy to determine that the C-cluster is ajbfe

cluster with what appears to be a 5-coordinate Fe (labeled

FCII) that is probably bridged to a Niion. In thg; state,
the cluster is in the & core oxidation state, and the Ni
appears to be in the+42 state. The Ni may or may not
participate in the spin-coupling arrangement yieldingdghe
= 1.82 state.

The Geq/Cied2 cOnversion is not well understood, but it

and afford the (g, State.

The mechanism of CO oxidation is thought to involve the
binding and deprotonation of water at a metal site of the
C-cluster (Seravalli et al., 1995). CO is thought to bind to
an adjacent site of the C-cluster, followed by attack of a
metal-bound hydroxide on the carbonyl carbon, forming a
metal-bound carboxylate. After deprotonation, £@Q
thought to leave, affording a two-electron-reduced form of
the C-cluster. Electrons are then transferred from the
C-cluster through the B-cluster (an [Sg]2"** cluster) to

appears to be involved in catalysis. Kumar et al. (1993) found external electron acceptors (Kumar et al., 1993; Anderson
that this conversion is the first EPR-detectable event to occur& Lindahl, 1994).

when partially-oxidized CODH is reduced with CO. It
occurs well within the turnover frequency of the enzyme
(Keonversion= 400 s* compared tk.o= 47 st at 5°C), and

Cyanide is a potent inhibitor of the CO oxidation reaction.
Hu et al. (1996) found that CNbinds to the novel FCII
iron of the C-cluster in the Gy form. Binding shifts the

at a rate that depends on CO concentration. We previouslygay = 1.82 signal to one witly., = 1.72 (Anderson et al.,
proposed, and now summarize in eq 1, that CO binds to and1993). CN is a slow-tight-binding inhibitor that does not

is oxidized by G.q1, that CQ binds to and is reduced by
Credz and that Gq2is two electrons more reduced thapde
(Anderson & Lindahl, 1994):

! Abbreviations: CODH, carbon monoxide dehydrogenase; CQDH
CODH from Clostridium thermoaceticumCODHg,, CODH from
Rhodospirillum rubrumEPR, electron paramagnetic resonancg; A
the diamagnetic oxidized A-cluster state:££CO, the A-cluster state
exhibiting the NiFeC EPR signal, obtained when CQid reduced
and bound with CO; B, the diamagnetic oxidized B-cluster states;;B
the reduced B-cluster state, exhibiting the = 1.94 signal; G, the
diamagnetic state of the C-cluster, the C-cluster state exhibiting
the gav = 1.82 signal in CODH;; Credz the C-cluster state exhibiting
the gv = 1.86 signal in CODH;; Cint, @ proposed C-cluster state one
electron more reduced thane& and one electron more oxidized than
Credz Ceum the sum of theg,, = 1.82 andg.,y = 1.86 EPR signal
intensities; ¥%x/Y e the oxidized and reduced form of the proposed

EPR-silent redox-active species required by the isoelectronic model to

cause the fea/Credq2 CONversion; Gaa the C-cluster state of the
isoelectronic model which exhibits tlgg, = 1.82 andg,, = 1.86 signals
in CODH; as determined by the redox status of species sefed &
proposed state of the C-cluster two electrons more reduced than C
Xox/Xrea the oxidized and reduced forms of the proposed 1 EPR-
silent redox-active species that is reduced hyadd oxidized by gz
Lox/Lreq, the oxidized and reduced forms of the proposed 1 redox-
active ligand to the Ni in the C-cluster; FCII, the Fe in the;%&e
component of the C-cluster that appears to be 5-coordikatethe
second-order rate constant for the dithionite-inducegh/Cieq> COnver-
sion; keps, the observed apparent first-order rate constant for thg/ C
Credz cOnversion; NHE, normal hydrogen electrode.

2The A-, B-, and C-clusters were previously called tNiée
ComplextheFCl-associated F£5, Cluster, and theg,, = 1.82 Species
respectively. Anderson and Lindahl (1994) referred t@:@nd Gedz
asCig, andCige respectively. Kumar et al. (1993) referred to the same
states a< andC', respectively.

readily dissociate, even after removing free Chd diluting
CN~-inhibited samples 100-fold (Anderson & Lindahl,
1994). CN does dissociate over the course~df h at room
temperature if samples are exposed to CO,, @Dthe
presence of dithionite (CZuithionite), or C%/dithionite.
Dithionite by itself is ineffective in CN dissociation.
Anderson and Lindahl (1994) concluded that CO,,Cand
CS bind at a site, called theodulator,other than that to
which CN- binds (presumed at that time to be the active
site). According to this view, CNand either CO, C® or
CS; are not competing for the same site and can bind
simultaneously to the enzyme.

The modulator has not been spectroscopically identified,
and further evidence is required to establish its existence.
We postulated such a site so that the following properties of
the enzyme could be explained. First, Cthat is bound to
CODHc; does not dissociate when the enzyme is separated
from any unbound CN and diluted 100-fold. If CO and
CN~ competed for the same site on the enzyme, the rate of
CN~ dissociation under these circumstances would be similar
to the rapid dissociation rate obtained by exposing €N
inhibited samples to CO. Second, competitive binding
requires that CO binds thedg state of the C-cluster (to
explain how CO protects CODJin this state against CN
inhibition), but the G, state could be attained by adding
dithionite or reduced viologens in the absence of CO.
Finally, CS/dithionite causes the dissociation of Clitom
the C-cluster although GSwas reported to be a weak
noncompetitie inhibitor of CO oxidation.
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Another unusual property of CODJs that Ay can only
be reduced in a limited number of ways. It can be reduced | 1.80 .
with CO, but not by low-potential viologens or dithionite /W\ ! |
(Lindahl et al., 1990a,b). Curiously,.Acanbe reduced by
viologens or dithionite in the presence of CO, £0r CS
(Anderson & Lindahl, 1994). With G$reduction of Ay
affords an EPR signal with,, = 2.15 rather than the NiFeC
signal (Kumar et al., 1994). Evidence that dithionite can
reduce Ay in the presence of CO was difficult to obtain,
since CO itself can reduce,A Anderson and Lindahl (1994)

found that incubation of CNinhibited CODH in dithionite

i

and CO afforded the NiFeC signal (indicative of£CO) 1.97\ /| i

at a rate that wagaster than CN- dissociated from the . . 1.86  1.75 .
C-cluster (Figure 10, Anderson & Lindahl, 1994). With CN 3000 3310 3620 3930 4240 4550
bound at the C-cluster, CO could not reduce the clusters in Magnetic Field (Gauss)

the enzyme (Figure 7, Anderson & Lindahl, 1994), leaving Fgure 1: Kinetics of the dithionite-induced,Girto-Creqz cONver-
dithionite as the only possible reductant ofsA Why can sion at 1°C. CODH; (32 uM a3, batch 1) was cooled to IC,
dithionite reduce 4 in the presence of CO, GQand C$ and then oxidized with a slight excess of thionin. The conversion

: ; 5 Qi o s ” reaction was initiated by adding dithionite (0.11 mM final
but not in their absence? Since this “reactivity pattern” was concentration). Aliquots were withdrawn periodically and quickly

similar to that observed for the dissociation of Camely,  frozen in a LN-cooled isopentane bath at the following times: (A)
that CO, CQ/dithionite, or C%/dithionite could effect a 1.4 min; (B) 74 min; (C) 150 min; (D) 230 min; (E) 300 min; (F)
phenomenon that dithionite alone could not effect), Anderson 600 min. Similar experiments were performed using the same batch
and Lindahl (1994) suggested that the reduction gfwas of CODHc; and 0.98, 2.8, and 3.8 mM dithionite. EPR conditions

o for all figures: microwave frequency, 9.43.44 GHz; microwave
controlled by modulator binding; i.e., that electrons can be oyer 20 mw; temp, 10 K: time constant, 328 ms; modulation
delivered to Ay either from the C-cluster, from the B-cluster, amplitude, 11 G; modulation frequency, 100 kHz.

or from dithionite as long as CO, GQor CS was bound to
the modulator. 99% pure. Sodium dithionite (Aldrich) was standardized

In this paper, we report the first spectroscopic evidence agai.nst. potgssium fe_rricyanide. Thionin (3,7-<_jiaminop_he—
pap P P P nothiazin-5-ium chloride, Aldrich) was standardized against

for a modulator site (a C&2dependent shift of thg,, = 1.82 N o S .
EPR signal), describe another apparent affect of modulator?he dithionite. Both dithionite and thionin were standardized

- . immediately before experiments.
binding (a CQ-dependent (z4/Cieq2 CONversion rate), and : I
providg (some evirt)jence that mrgdéulator binding in)duces a For the optical study, a 10/30 outer ground-glass joint and

protein conformational change. We also probe the difference double-septum-sealed port (Averill & Orme-Johnson, 1978)

: : were attached to a 1-cm path length quartz optical cuvette
between the (41 and Geq. States by electronic absorption A .
spectroscopy, and characterize the effects of @@ CS (Starna, 1-Q-10/GS). A thermocouple was sealed with epoxy

on the enzyme. Arguments are made that the Ni Componentthrough an inner 10/30 ground-glass joint, and this joint was

. sealed into the outer joint of the cuvette. YVis spectra

of the C-clustgr is the modulator, that the C-cl_uster traverses, ..o optained on a JHewIett Packard 8452A digde—array
th.ree sequential redgx states during catalysis, and that thespectrophotometer with 89531A software. The antifreeze-
Ni-has a 3 valence in the e, state. cooled sample-holder was attached to a Haake A81 constant-
temperature circulating bath.

To render batch 1 of COD¢ able to be converted fully
to the Geqe State by dithionite, samples were freed of
dithionite and salts using a Sephadex G25 column equili-
brated in 50 mM Tris, pH 8, exposed to 1 atm CO fe8
min, allowed to degas under Ar ferl h, and then oxidized
with a slight excess of thionin. The dithionite kinetic
experiments were performed on such CO-treated CQDH

EXPERIMENTAL PROCEDURES

Cultures of C. thermoaceticumwere grown, and two
batches of CODWH were purified and characterized as
described (Lundie & Drake, 1984; Shin & Lindahl, 1993).
Batches 1 and 2 were90% pure according to SBSPAGE
(Weber & Osborn, 1969) and had 410 and 490 units/mg CO
oxidation activity, and 0.1 and 0.3 unit/mg CO/acetyl-CoA
exchangg activity, re§pectively. COIaHsampIe_s were  RESULTS
buffered in 50 mM Tris, pH 8. All procedures involving
CODHCt were performed either in an argon_atmosphere Rate of Dithionite-lnducedr@l/CredZCOnuerSion. When
glovebox (Vacuum/AtmosphereS HE453) Containing_ms thionin-OXiC!ized COD"dt was reduced by d|th|0n|te, the rate
ppm oxygen as monitored continuously (Teledyne Model 310 Of conversion from €q; to Geq, Was slow enough to be
oxygen analyzer) or on CO or G&chlenk manifolds. EPR followed by .manual mixing and §Iow freezing methods. At
spectra were recorded and quantified as described (Shin efl °C and using 0.11 mM dithionite, & converted to Ged,
al., 1992), using a 1.0 mM copper perchlorate standard.n ~10 h (Figure 1). Similar experiments were performed
Protein concentrations were determined by the biuret methodUSing 0-98, 2.8, and 3.8 mM dithioniteThe simplest model
(Pelley et al., 1978). GSFisher) was purified as described explaining this conversion assumesjhgg;_(_?s two electrons
(Gordon & Ford, 1971), and analyzed by GCMS (HP Model More reduced than £ and that dithionite reduces &
5970A detector; 5890 GC; 59970A workstation; 50q0.2  directly 10 Gesa according to the following equation:

mm i.d. cross-linked methylsilcone column; elution temper-
ature, 80°C) and HPLC (Waters, Model 600, 3.9 150 it Kons=kdS:027] (-2t
mm Cg column, 25°C in methanol), and was found to be [Cread — —[Cread (2)
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This model requires that the sum of tgg = 1.82 and z 100 200"S5™ 00 500
1.86 signal intensities be invariant with time. To check this,
these intensities were quantified and summed for each point
of the reaction. The summed intensities were invariant
within the scatter of the data-20%), and thus support this
model?

The model also requires that the rate ef;cdecay equals
the rate of Gegodevelopment. To check this, these rates were
analyzed independently using the following equations:

[Cred]]t = [Csun]e_kt (3)

[Credélt = [Csun](l - e_kt) (4)

0 20 40 60 80 100 O 20 40 60 80 100
Time (min)

Ln ([C182]t/[Csum]) (®) and Ln (1 -([C186]t/[Csum])) (>

Ceum is the summedy,y, = 1.82 + 1.86 signal intensities, _
averaged over all data points. Plots of Inl@¢/[Csun]) vS FiGUrRe 2: Analysis of gay = 1.82 decay andg,y = 1.86

tme (icles) and (- (Cosh/[Can)) rstime (1angles), _ dovelopmentneies Tigy ~ 182 and 1o6 sgnl menstis

along with the corresponding least-squares best fits t0 they ‘regpectively. For each experimeng, = 1.82 and 1.86 intensities
data (solid and dotted lines, respectively) are shown in Figure at each data point were summed, and the summed values were
2. The apparent first-order rate constants for both decay andaveraged. The,, = 1.82 signal intensities were then divided by
development reactions are given in Table 1. For the this averaged value, and the natural log of these ratios were plotted

: : P _ (circles)ustime after adding dithionite to thionin-oxidized COIgH
experiments using 0.11, 2.8, and 3.8 mM dithionite, the best Theg,, = 1.86 signals were divided by the same averaged value,

fit values ofk obtained for Gea; decay deviated from those  gypiracted from 1, and plotted similarly (triangles). The lines are
for the corresponding &2 development by only 10%. This  the least-squares best fits to the data, with slopes equal to the
is further support for the model. The corresponding rate negative apparent first-order rate constantk, (values given in

constants for the 0.98 mM experiment differed somewhat Table 1). (A) 0.11 mM dithionite. The time parameter for this
experiment is given at the top of the plot. (B) 0.98 mM dithionite.

more (by 28%), not enough to be inconsistent with the model. (V' &'\ dithionite. (D) 3.8 mM dithionite. The times for these
These rates (ranging from 457 10° s to 38 x 10° experiments are given at the bottom of the plots.

s 1) are orders of magnitude slower thiag for CO oxidation

at this temperature (47°5. Nevertheless, it would be  Table 1: Apparent First-Order Rate Constants fs@ecay and

incorrect to conclude that this conversion is catalytically Cred» Development

irrelevant, since it occurs substantially faster thlap: [dithionite] Crea1decay Creczdevelopment
(Keonversion= 400 s'1) when the substrate CO is the reductant (mMm) k x 1073 (min~Y) k x 1073 (min™Y)
(Kumar et al.,, 1993). We do not understand why the 0.11 28 31
conversion is slower with dithionite, but it allowed the 0.98 9.2 7.0
conversion to be studied in more detail. g-g %919 g

As required by eq 2, the best-fit first-order apparent rate
constants increased with dithionite concentration. Analysis
using the relationshifx = ksS,04?7] yielded the second-
order rate constart, = 5.3 x 103M~1s'. The observed
trend in rates suggests that dithionite reduces the site k,[SO,~] v, k[SO,] .
responsible for the Guy/Creq2 CONVersion (assumed here to [Cread” — [Celd ™ " ——[Cread" 2" (5)
be Geq: itself), at or before the rate-limiting step in the

conversion process. The number and range of data pointsrhe gata require that < ko, for otherwise the intensity of
are insufficient to exclude the possibility that the trend in Cine Would build up and the decay rate ofe& would not
rates actually depends on the SGconcentration rather than equal the development rate ofe@.
on SO,2. In this case, the C-cluster would be reduced to  pjhionite Reduction of B. The rate at which dithionite
reduced By was substantially faster than thee&dCreq2

% Similar experiments were also performed using 5.8, 6.5, and 9.4 conversion rate. We quantified thgg, = 1.94 signal at each
mM dithionite, but scatter in the data precluded reliable analysis. The point of the four experiments and plotted the normalized

Crea/Credz CONVersion rates did increase in proportion to the dithionite .
concentration in these experiments, except for that using 9.4 mM valuesustime (data not showrf). The B-cluster was- 90%

dithionite, which yielded an anomolously low rate. Factors such as reduced within the time of manual mixing and freezingL.Q
sample history may have affected the rate observed. s). Thus, dithionite does not appear to reduce the B-cluster

4The sum of they,, = [1.82+ 1.86] signal intensities for the samples : : _
reduced with 0.11 mM dithionite (obtained from the spectra of Figure exclusively via the ¢ form of the C-cluster. It may reduce

1) varied from 0.21 to 0.28 spimf. Similar intensities for the samples ~ Box directly. The rapid reduction of & suppprts the .
reduced with 0.98, 2.8, and 3.8 mM dithionite were 6:B426 spin/  proposed electron-transfer role of the B-cluster in catalysis.
o, 0.20-0.28 spiné3, and 0.25-0.38 spindpj, respectively. No Effect of CQ on Geq. A sample of thionin-oxidized

dependence of intensities with time was observed. The least-square L
best fit to a plot ofnormalizedsignal intensitieg's time yielded slope SCODHC‘ was exposed to C{and then frozen. It exhibited

Cieq2Via an EPR-silent one-electron-reduced form callgg C
as shown:

and intercept values of 0.000 mihand 1.00, respectively. Thm, = an EPR signal from the C-cluster (Figure 3B) wik, =
1.94 signal intensities of the same samples varied from-@3&R spin/ 1.85 @ = 2.01, 1.84, 1.68). The control sample prepared
af, 0.50-0.61 spinéf, 0.50-0.90 spinéf, and 0.64-0.82 spinag, in the absence of CQexhibited a typicabs, = 1.82 signal

respectively. In this case, there appeared to be a slight increase in spin, e e .
intensities with time. The corresponding fit to the data yielded 0.001 (9 = 2.01, 1.80, 1.65; Figure 3A). The shift @values in
min~! slope and 0.96 intercept values. the presence of CQindicates that C®is binding to the
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dy"/dH

dy"/dH
(]
| I

L L L L

3000 3300 3600 3900 4200 4500 3oloo 34100 38|00 42.00 46‘00
Magnetic Field (Gauss) Magnetic Fleld (Gauss)

Ficure 3: Effect of CQ on theg,, = 1.82 signal. (A) CODH; Ficure 4: Effect of dithionite (A), CQ/dithionite (B), and Cg
(32uM ap, batch 1), oxidized with thionin (7.8 equiys), cooled dithionite (C) on the @4/Creq2 cOnversion rate, and of GAD)
to 1°C, and frozen 5 min later. (B) COD4(36 uM a3, batch 1) and CO (E) on Cgdithionite-treated CODK (A) CODHc; (31
oxidized with thionin (6.6 equiw), exposed to 1 atm CJor 3 uM ap3, batch 1), cooled to 1C, oxidized with thionin (4.8 equiv/
min, then cooled to 2C, oxidized further (0.7 equiwf3 thionin), o), reduced 5 min later with dithionite (64 equiyff), and frozen
and then frozen 5 min later. 1 min later. (B) Dithionite (116 equiw/3) was added to an EPR
tube chilled to 1°C and filled with 1 atm C@ CODH; (32 uM

enzyme at this potential, at a C-cluster-sensitive site. Given \?\L/iﬁt'h btﬁtig':“%) (gxzp%fﬁ?\&%)cg(;ges%% ?I) (ioatlnf %chéfera ot>(<)idlized
the reduction potentials of the,0Creq1and B/BreaCOUPIES, ¢ "oyidized further with thionin (0.7 equisg3), injected into the

these samples appear to be poised at ab@uB V. Since  EPR tube, and frozen 1.0 min later. (C) COR¥B2 4M af, batch
this is about 0.2 VV more positive th&s' for CO/CG, (—0.52 1) exposed to CO, freed of CO, oxidized with thionin (16 equiv/

V at pH 7), this binding of C@does not appear to be a ¢p), chilled to 1°C, further oxidized (4 equielf), reacted with
direct step in its catalytic reduction. CS (41 mM final concentration) for 5 min, reduced with dithionite

. (65 equiviB), and frozen 1.2 min later. (D) COD(35uM ap,
Effect of CQ on the Rate of i/Creq2 Corversion. CO;  y310n ) oxidized with thionin (2.7 equivg; 5 min), reduced with

dramatically increased the rate of thedZCreq2 CONversion  dithionite (51 equivgs; 10 min), reacted with CS8.2 mM final
by dithionite. A sample of C®incubated CODH, frozen concentration; 2 min), analyzed by EPR and shown to have a
immediately after adding dithionite, exhibited thg zform spectrum similar to (C), and then exposed to,G@ 30 min. (E)

~ ; ; As in (D) but instead of exposure to GQhe sample was
of the C-cluster (Figure 4B). Under approximately the same concentrated (Centricon 100), diluted in 50 mM Tris, pH 8,

CO.ndItIOI”IS, a sample Iacklr_lg. G@xhibited the Gedr form reconcentrated, exposed to CO for 5 min, and then frozen.
(Figure 4A). Our manual mixing and slow freezing methods
precluded us from determining the.6/Creq2 CONVersion rate
in CO,, but we estimate that the presence of Q@reased
this rate byat leasta factor of 16. Aqueous solutions
become more acidic in CQfound to be~pH 6.3 in our
solutions), and we considered that the increased rate was
actually due to pH changes accompanying exposure to CO
However, a control sample reduced under similar conditions
but in the absence of GQ&nd buffered at pH 6.3 (50 mM
MES) did not undergo the £/Creq2 CONversion as fast as
the sample exposed to GOndicating that C@ not protons,
interacts with the enzyme to accelerate the conversion rate.
Batch-Dependent Ability To Coart Cegy t0 CGedz, and
Treatment for Disabled BatchesLindahl et al. (1990a) . . X .
noticed that C-clusters in some batches of CQDWere 3000 3300 3600 3900 4200 4500
unable to convert to the,&.form upon addition of reduced Magnetic Fleld (Gauss)
viologens or dithionite. A sample of such a batch, incubated figre 5: The effect of CO on Gu/Creqzconversion-disabled
137 min in 9.4 mM dithionite, is shown in Figure 5A. We  CODHc;. (A) CODHc; (38 uM @, batch 1, 2°C) oxidized with
have noticed that, when the reductant was €&y batch thionin (4.6 equiv3), reduced 5 min later with dithionite (10 mM
tested Converted to them@2 form (Flgure SB) Moreover’ final Concentration), and frozen after 137 min. (B) CO@KBS

_ M of, batch 1,~28 °C) was exposed to CO, and an aliquot was
when such CO-treated samples were subsequently freed 0rransferred to an EPR tube and frozen. (C) The remainder of (B)

CO, oxidized with thionin (to remove residual CO) (Figure yas freed of CO by Ar degassing for 1 h, and then oxidized by
5C), and then reduced with dithionite, they converted fully thionin (2.6 equiw), and an aliquot was frozen after 5 min. (D)
to the Geg2form (Figure 5D). EPR spectra obtained at low Dithionite (26 equivé3) was added to the remainder of (C), and

microwave power were devoid of the NiFeC signal, dem- an aliquot was frozen after 5 min. (E) CORH38 uM o/, batch

onstrating the absence of residual CO in such solutions. AC’&ZS €) was reduced with dithionite (52 equii), exposed to

similar effect was observed using génd dithionite (Figure

dy"/dH

-?o- >

|

, and then frozen.

5The g, — 1.94 signal intensity is unusually low in Figure 4B 5E). Thus, treatment with CO or G@ithionite “cures” this

because it is saturating under these conditions (Russell and Lindahl,disability. These studies suggest that the enzyme has two
unpublished). conformations, one that iAble to convert to Gg, with
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FIGURE 7: Cegrt0-Geqz CcONversion monitored at 420 nm and by
EPR. CODH (35 uM o, batch 1) was placed into the cuvette
described in Experimental Procedures, cooled td@Qoxidized

p  With thionin (1.6 equivéf), and monitored at 420 nm. Dithionite
was added (0.9 mM final concentration), and an aliquot was

1 Withdrawn 2 min later and frozen immediately in a chilled
isopentane bath. (arrow A, spectrum A). The absorbance was
monitored every 2 min (circles), and a second sample was
withdrawn after 125 min (arrow B, spectrum B).

Ficure 6: Kinetics of the Cgdithionite-induced ¢q4; conversion
at 1°C. (A) CODH; (32 uM ap) cooled to 2°C, oxidized with
thionin (4 equivéy3), reacted with Cg(41 mM final concentration),
and then frozen after 5 min. (B) As in (A) except reduced witl
dithionite (63 equiwdf) and frozen after 1.2 min. (C) As in (B)
except frozen after 16 min. (D) As in (B) except frozen after 3
min. (E) As in (B) except frozen after 46 min.

dithionite, the other that iBisabled and that C@dithionite
convert Disabled CODH into Able CODH:..

The Effect of CS Carbonyl disulfide increased the rate
at which dithionite effected the decay ofefz. As shown
in Figure 4C, Geq1 disappeared within 1 min of adding
dithionite in the presence of GS However, in contrast to
the effect of CQ, the g, = 1.86 signal did not develop.
Rather, no signal initially developed as ttpg = 1.82 signal

at 420 nm occurred within the first 2 min and are associated
with the reduction of B, and other species. The remaining
10% of the absorption changes occurred between 2 and 125
min, and they may be associated with thgsfiC;q2 cONver-
sion. In support of this, the rate at which this 10% change
occurred is about that expected for thgs@Cieq2 CONversion
cecined (Fgure 65 G). Sowy. an amsoropic £pR 2 10°C. We sanot exclude e pessiity at e spect)
signal, apparently witg = 1.78, 1.69, 1.51, appeared (Figure coincidentally with the Gq/CreqzcoOnversion. Assuming that

6C—E). The EPR-silent state of the C-cluster does not eachoup, tetramer contains six &8s clusters and that the
appear to reflect damaged C-clusters, since samples in this Q2p2

state afforded stronga, = 1.86 signals when they were reduction of each cluster contributes equally to the spectral
subsequently exposegvto C(j or S@ompare Figure 4C to changes, the &r-to-Cegz CONversion may be associated with

. ; : : the reduction of~0.6 clusters per tetramer. Thg, = 1.94
4D and 4E). Finally, unlike C& CS did not shift the Gy . . .
signal of partially-oxidized CODH (Figure 6A). and [1.82+ 1.86] EPR signal intensities for the two samples

Spectroscopic Differences betweegyGand Gegs Evalu were essentially the same, suggesting that the B-clusters and
ed2 -

sing the ifrences betueen: and G s ciffcul  CiOUSLes Were ol e specis beitg fecuced. Sice
because the C-cluster cannot be prepared in isolation of the

other clusters in the enzyme. However, we now have the (Lindahl et al., 1990b), we are uncertain which cluster was

means of examining spectroscopic differences between theséeduced' Ope pOS.SIbllltY Is that no 4 clusters were
two forms. This is because dithionite reduces the various reduced during this period, but that.& absorbs less
clusters in CODH; at different rates. Dithionite very rapidly intensely at 420 nm than.&.
reduces B, slowly converts (?edl_into Cred2 and_ does not' DISCUSSION
reduce Ax. Thus, any changes in the electronic absorption
spectra of CODH: ~1 min after adding dithionite probably Further Ezidence, and an Expanded Role for a Modulator
reflect the Gea/Cred2 CONvVeErsion. Site in CODH:. Two processes of CODd namely

A sample of thionin-oxidized COD# was chilled to 10 dissociation of CN and reduction of 4, were previously
°C, reduced with 1.2 mM dithionite, and monitored at 420 shown to exhibit a similar reactivity pattern to dithionite,
nm. At this wavelength, the redox state of J5g?"* CO, CQ, and C$ (Anderson & Lindahl, 1994). Neither
clusters can be monitored (the extinction coefficient of such process occurs with dithionite or low-potential viologens
clusters at this wavelength decline$0% upon reduction;  alone (i.e., dithionite does not cause Cid dissociate from
Shin et al., 1992). Aliguots were removed for EPR analysis the C-cluster and it cannot reducgdh while both processes
after 2 and 125 min. The sample frozen 2 min after adding occur in the presence of CO, G@ithionite, or C%/
dithionite exhibited they,, = 1.82 (0.21 spird3) and 1.94 dithionite. Anderson and Lindahl argued (as summarized
signals (0.64 spini8) (Figure 7A), while that frozen after  in the Introduction) that CO, CQor CS bound to a site on
125 min exhibited they,y = 1.86 (0.24 spirdf) and 1.94 the enzyme (called the modulator) other than the site where
(0.58 spinéB) signals. This analysis demonstrates that the CN~ bound.
B-cluster was fully reduced and the C-cluster was in the,C In this paper, we provide evidence that the conversion of
state less than 2 min after adding dithionite, and that the C.eq1t0 Gegz€Xhibits a similar reactivity pattern to dithionite,
C-cluster was fully converted to,£, 125 min after adding  CO, CQ, and (to some extent, see below for details)y.CS
dithionite. Approximately 90% of the total spectral changes Specifically, in the presence of CO or @@ithionite, this
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conversion occurs very rapidly, while in the presence of that CS would be a noncompetitive inhibitor of CO
dithionite alone, it occurs quite slowly. A similar reactivity oxidation/CQ reduction for CODH,;, yet a competitive

pattern was observed for CNlissociation and 4 reduction, inhibitor for CODHg,, since the two enzymes are so similar.
suggesting that the&-t0-Ceqz2conversion rate is controlled  The amino acid sequences of CORItdnd thes subunit of
by modulator binding. CODH; are 46% identical (Kerby et al.,, 1992), both

We also report that CO and GAithionite (but not enzymes contain virtually identical C- and B-clusters (Hu
dithionite itself) are able to “cure” batches of COBHhat et al., 1996), and both CNinhibited enzymes are reactivated
would otherwise be unable to converfe§gt0 Cegqz This by CO, CQ/dithionite, and Cgdithionite (Ensign et al.,
study suggests that the enzyme has two conformations: onel989; Hyman et al., 1989; Anderson & Lindahl, 1994). These
that isAbleto convert to Gq, with dithionite, the other that ~ similarities, our evidence that GSinding affects the
is Disabled The reactivity pattern observed here (where CO C-cluster, and the isoelectronic and isostructural nature of
and CQY/dithionite cause a phenomenon inaccessible to CO, and C$ all suggest that GScompetes with C@for
dithionite alone) again suggests that modulator binding is the same site. On the other hand, the results of Kumar et
involved; namely, that CO and Gind at the modulator  al. (1994), and the somewhat different behavior of,@@d
and cause a conformational change that converts DisabledCS, toward CODHR; observed here, suggest that the,CS
CODHc; into Able CODH:.. binding properties of CODHand CODHk, are not identical.

To summarize, our results suggest that modulator binding Further experiments appear to be required to clarify whether
controls: (a) the dissociation of CNfrom the C-cluster; CS; is a noncompetitive or competitive inhibitor of GO
(b) the reduction of 4; and (c) the rate at which & reduction in CODH.
converts to Gqz Modulator binding also (d) transforms The Identity of the ModulatorWe assumed the existence
enzyme in the Disabled conformation into one that is Able of a modulator site to explain the effects of CO, £0
to be converted from G1to CGeg2 In general, the modulator  dithionite, and Cgdithionite. These effects required that
appears to alter electron-transfer properties of the clustersthe modulator beslectronically isolatedrom the C-cluster
in the enzyme, probably via a protein conformational change, and be redox active (Cnd C$ bind to the reduced state,
and it seems to have a close relationship to the C-cluster.CO binds to the oxidized state). The requirement that the
Modulator binding appears to open electron pathways from modulator be electronically isolated from the C-cluster
dithionite (or from the B-cluster) to & and to the site  allowed us to rationalize how CO could prevent Cfiom
responsible for the Gu/Cred2 cOnversion (assumed here to binding the Geg. State of the C-cluster without binding
be Geq: itself), and it may accelerate the loss of CNMom itself (we did not want to propose that CO boungdy& since
the C-cluster. Modulator binding may also be affecting the nonligating reductants like dithionite and viologens to
redox potentials of sites in the enzyme. The= 1.86 signal CODHc; can also yield the 42 State). The modulator was
developed at more moderate potentials in the presence othought to be redox active because£@d CS were unable
CQO; than in its absence (Lindahl et al., 1990a). to accelerate the dissociation of Chh the absence of a

The Effect of CS Previously, we found that CN reductant. However, in spite of being electronically isolated
dissociated from the C-cluster in the presence of/CS from the C-cluster, the modulator was thought to be closely
dithionite, and this led to the proposal that O8as also associated with the C-cluster (since binding the modulator
binding at the modulator (Anderson & Lindahl, 1994). The accelerates the dissociation of Clénd, as we have shown
dissociation process was similar to those observed with COhere, the Gq/Cieq2 CONversion rate).
or CQy/dithionite, but the rate was slower. We now report  Hu et al. (1996) recently used Msbauer spectroscopy to
that CS/dithionite effects some of the other phenomena determine that the C-cluster consists of angé ™" cluster
attributed to modulator binding, but that there are differences linked to a Ni center. One of the irons in the cube appears
vis-avis CO and CQ(dithionite. Kumar et al. (1994) to be 5-coordinate (called FCII), and this is probably the
reported that CSwas a weak noncompetitive inhibitor of iron that bridges the cluster to the Ni. CNvas found to
CO oxidation and C@ reduction, that it was a mixed bind to FCIl. In the Gy State, the F£5, cluster has at
inhibitor of CO/acetyl-CoA exchange activity, and that it core oxidation state and the Ni center is almost certainly
interacted with the A-cluster and afforded an EPR signal from Ni2*. Surprisingly, theg,, = 1.82 signal appears to arise
that cluster withg,, = 2.15 @ = 2.2, 2.087, 2.017). We predominately (or exclusively) from the [F&]* cluster
have observed this signal, and agree with their conclusion portion of the C-cluster; the Ni center appears to be either
that CS interacts at the A-cluster. However, Kumar et al. weakly coupled to the cube or not coupled at all. This
(1994) reported (without showing supporting spectra or data) conclusion is based on the fact that the = 1.82 signal is
that CS “does not change the morphologies, intensities, or not hyperfine-broadened bBNi and that theg,, = 1.82
relaxation properties” of the C-cluster's EPR signals, and electronic state is quite similar to the [Sg]** cluster in
concluded that CSinhibited CO oxidation/C@ reduction the Ni-free enzyme aconitase, with citrate bound to one of
exclusvely through its interaction at the A-cluster. Our the irons of the cubeg(= 2.01, 1.875, 1.796; Telser et al.,
results indicate that GSn the presence of dithionite alters 1986). Alternatively, the Ni could be high-spin Ni(S =
the C-cluster’s EPR signals (it accelerates the loss ofithe 1) and this could spin-couple weakly with the cluster. A
= 1.82 signal, prevents development of the= 1.86 signal, coupling model derived using these assumptions (Hu et al.,
and causes the slow development of a new C-cluster signal1996) can explain the unusual EPR sigrgi(2.0) obtained
with g = 1.78, 1.69, 1.51). This is evidence thatQfthds from the C-cluster in the presence of SCbt N;~ (Seravalli
at or near the C-cluster. et al., 1995).

Ensign (1995) recently reported that {48 acompetitve In light of these developments, we now propose that the
inhibitor of the CQ reduction reaction of the CODH from  Ni ion of the C-cluster is the modulator. Because the Ni is
Rhodospirillium rubrum(CODHg,) and concluded that GS  either weakly coupled, or not coupled at all to the f&¢"
mimicked CQ as a ligand at the active site. Itis surprising cluster yielding theg,, = 1.82 and 1.86 signals, CO, GO
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and C$ may bind to the Ni without affecting the electronic CO + OH™ CO, + H*

state of the cluster. Because of the close proximity of the

Ni to the FaS, cluster, steric and/or electronic effects may [Cred,]“'&é[cmdz](n—m
Fast

be responsible for accelerating the dissociation of @dm

FCII and altering the feg#Cieq2 CONVersion rate. X, N & B
The model also allows us to rationalize the behavior of e e S o

CO, CQ, and C3. Since CO does not shift theds signal,

it may bind exclusively to the Ni in this form. Since GO C. |o-v*

shifts the Gega Signal, it may bind to both the Ni and an Fe Xox [Ciud

red

of the cube. Since Cfhas no effect on s it may bind FiGURE 8: Model of CO oxidation/C@ reduction catalysis by
only to the Ni in this state. Since G®loes not shift the  CODHs.

Creds Signal, it might bind exclusively to the Ni moiety in

the Gea1 form. But since Cgshifts the Geqo Signal to one  present at potentials outside of these limE8& for Cox/Cred1

with g,y = 1.66 in the reduced enzyme, it may bind the Ni = —220 mV).

and an Fe in this state. Other inhibitors likg NOCN-, These properties would seem to require that, during
and SCN appear to have a dramatic effect on the coupling catalysis, the C-cluster traverses three sequential oxidation
of the C-cluster, probably because they bridge the Ni and states, labeled™@, C"+ and G2, and that these states

an Fe of the cube (Seravalli et al., 1995). react with CO, CQ@ the B-cluster, and an unidentified species
Direct spectroscopic evidence for the modulator is needed X, as shown in Figure 8. We previously proposed tha§:C
to establish its existence. The effect of £@n theg,, = (S= ) and Geq2 (S= ¥,) were the € and G2 states,

1.82 EPR signal establishes that £3fan bind to a C-cluster-  respectively (Anderson & Lindahl, 1994), and this forms the
sensitive site at mild potentials. This @Binding site may basis of our model. In this model, |&G]"" binds CO, is
be the modulator, but this is not known with certainty. Ifit reduced by two electrons to JGJ™2*, and releases GO
is the modulator, CN would appear to dissociate by a [Cea]™?* reduces B, affording the state [G]" Y+,
mechanism somewhat different than we proposed earlier[Ciy] 9" reduces X, returning to the state [Gi]"". Bred
(Anderson & Lindahl, 1994). We proposed that CN and Xeq are reoxidized by external redox agents such as
dissociation was caused by the binding of CO,Cind CS methyl viologen.
to the modulator, that the modulator was redox active, and We have introduced species X to make this model
that CQ and CS could only bind to its reduced state. Our compatible with all published results relevant to COACO
present results indicate that gkinds to a site on the enzyme redox catalysis. For example, CO reduction of enzyme in
when the C-cluster is in the (&G state. However, our the Geq: State and with the B-cluster oxidized affords the
previous results indicate that G@annot accelerate the Ciq2and Beq States (i.e., fully reduced enzyme exhibits the
dissociation of CN when the enzyme is poised in this state g,y = 1.94 and 1.86 EPR signals). If X was not included,
(see Figure 6 of Anderson & Lindahl, 1994; diamonds). The two-electron reduction of Gy by CO would yield Gegz and
enzyme must be further reduced before Ctlissociates. a subsequent one-electron reduction gf By Ceeq2 Would
Thus, CN  dissociation appears to involve not only modula- yield Bg and Gy. Given that G cannot be reduced by a
tor binding but a reduction event as well. We will argue second CO (this state can only accept one electron, and CO
below that this reduction corresponds to theqfCred2 is a two-electron donor), a model that does not include X
conversion. predicts that fully-reduced enzyme would exhibit only the
Mechanism for CO Oxidation and GReduction. One Oav = 1.94 signal. By introducing X, f& can reduce ¥,
of our long-term goals is to understand the mechanism of and a second molecule of CO can reduce the resulting C
catalysis in CODHs. The results presented here, and thestate to Geqz Accordingly, fully-reduced enzyme would
following properties of the enzyme, severely restrict the exhibit theg,y = 1.86 and 1.94 signals, as observed.
possible mechanisms. First, only one active-site cluster (the Species X must also be introduced to explain the results
C-cluster) and onen = 1 electron-transfer cluster (the of Kumar et al. (1993). They reacted partially-oxidized
B-cluster) are required for catalysis (Hu et al., 1996). The CODH in the Geq; State with CO and monitored the pre-
[FesSg)>H*+ B-cluster transfers electronsne at a time steady-state changes by EPR. The first event to occur was
between the C-cluster and external electron acceptors suctihe decline of they,, = 1.82 signal and the development of
as methyl viologen (M¥"/MV1"). Second, catalysis appears the g., = 1.86 signal. This was followed by the slow
to proceed by a ping-pong mechanism, in which CO binds development of thg,, = 1.94 signal as thg,, = 1.86 signal
to the C-cluster, delivers two electrons to it, and departs in intensity remained constant. This behavior is explained by
the form of CQ before methyl viologen is reduced (Seravalli our model as follows. CO rapidly binds and reducesi,C
et al., 1995). This indicates that the two-electron-reduced to Ceqz and then Gq, slowly reduces B, forming Gy and
form of the enzyme is stable. Third, the ability of the B Without species X, the model would predict that the
enzyme to operate in reverse suggests tha kifids to a Oav = 1.86 shoulddecayas theg,, = 1.94 signal develops.
stable two-electron-reduced form of the C-cluster, extracts By including X, G, could rapidly reduce ¥, re-forming
two electrons from it, deposits an Okbn the enzyme, and  Ciq;, and a second molecule of CO could rapidly reduce
leaves in the form of CO. Fourth, since low-potential Cieqs, forming Geq2 Since these last two steps would be
electron acceptors such as KVcan be used in catalysis, rapid, the Gy state would not be observed, and the;{tate
catalytically-relevant states of the C- and B-clusters should would appear constant as thgg, = 1.94 signal developed.
be stable within~0.1 V of E*'s for the CO/CQ couple The identity of species X is uncertain, and it is not
(—0.52 V) and the M¥"/MV1t couple ¢0.44 V), i.e., necessarily another cluster in CODH. For example, CODH
between about-0.3 and—0.6 V. This effectively excludes  molecules may be able to undergo intermolecular electron
the Gy state from participating in catalysis, because it is transfer, and X may actually be another CODH molecule.
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We have also considered that a major assumption of ourNil*. These studies also suggest that the overall charge on

model (that Gegz is two electrons more reduced thapd)

is incorrect, and that X is an artifact of this incorrect
assumption. We have formulated a model in whichy{C
and Geqz are assumed to be isoelectronic, but this model is
more complicated and unrealistic than the one we févor.
Thus we regard this possibility as unlikely.

Comparison to Other CO/CNi Catalysts. It is edifying
to compare the mechanism of CO/gf@dox proposed for
CODH to those proposed for well-characterized Ni com-
plexes with biologically-relevant ligands that catalyze the
same reaction. Lu and Crabtree (1994) report that™ Ni
iminothiolate complexes (e.g., [NiggH13NsOS)L) catalyti-
cally oxidize CO to CQusing methyl viologen as an electron
acceptor. They proposed that CO binds t'Nand is
attacked by OH. After deprotonation, C@loss occurs in
concert with a one-electron oxidation of the Ni complex.
The resulting Nit complex is oxidized by a second methyl
viologen, returning the complex to the Nistate.

Ni(cyclam) (cyclam= 1,4,8,11-tetraazatetradecane) cata-
lyzes the electrochemical reduction of €0 CO (Beley et
al.,, 1986). One-electron-reducedNicyclam binds and
reduces C@Q affording NBt*—CQO,~. After protonation, the
complex is reduced rapidly to Ri—COOH, thereby weak-
ening the CG-OH bond. Dissociation of OHand CO affords
the NP' state. Sakaki (1992) calculated the energy of
simplified versions of these catalytic states (he replaced
cyclam with four NH ligands) using theb initio MO/SD-

Cl method. He found that C{ran coordinate to the axial
position of a planar Ni(Nk), fragment as long as the Ni is
in the 14 state and an anionic ligand (fvas used in his
calculations) is coordinated in the other axial position. The
anion neutralizes the positive charge on thé"Nthereby
reducing the chargedipole repulsion associated with the
approach of a bending G@o the complex) and destabilizes
the filled dz orbital (thereby enhancing the charge transfer
from this orbital to the emptyr* orbital of CO, that is
eventually used for coordination).

An important implication of these studies is that the
C-cluster state that binds G@.e., Geq2) probably contains

6 Consider a model in which & is isoelectronic with @41, and
call this state Gq12 The triangular catalytic cycle described in Figure
8 still applies, since it was constructed to explain how catalysis can
occur, given ther = 2 nature of the CO/C&reaction, then = 1 nature
of the BedBox couple, and evidence that the enzyme is stable in a two-
electron-reduced form. Since the.gzto-Ceq2 CONversion is a redox-

the complex in this state is probably small (to reduce the
charge-dipole repulsion) and that an anionic ligand (cys,
asp, glu) may be coordinated opposite of the,@ixding
site.

Oxidation State Assignments of&and Geqo. Hu et al.
(1996) concluded that the Ni and /& cluster in Geq; are
in the 2+ and H states, respectively. Assuming that{&
is two electrons more reduced thapde how might the two
additional electrons be assigned? Ni can be stabilized in
the 3+, 2+, and H- states when coordinated to biological
ligands (Lancaster, 1988), and,Beclusters can be stabilized
in the 3+, 2+, and H core oxidation states. Sincgef; is
proposed to be the form that binds £@&nd the model
studies described above indicate that,@€acts with Ni*
species, we assign one electron to the Ni, generatifg. Ni
Assigning the second electron is more difficult. An JS4°
cluster has been proposed (Surerus et al., 1992) for the
reduced state of the nitrogenase P-clusters (a unique bridged
pair of F@S, clusters), and so it is possible that this state is
present in the g4 form. However, the local spin of the
[FesS)° cluster would be eitheS = 0 or integer, and
coupling to a Ni* would yield an electronic state substan-
tially different from theg,y = 1.86 state (Hu and Mhck,
personal communications). Since thg = 1.82 and 1.86
signals appear so similar, the /5 moiety of the C-cluster
would appear to be isoelectronic (i.e., in theé tore state)
in Creq1and Geqz The only other option is that the Ni center
accommodates the second electron. One possibility is that
the Ni coordinates a redox-active ligand that is reduced and
spin-coupled to the Ni ion in the Geq State. A related
phenomenon occurs in galactose oxidase, where a redox-
active tyrosine is coordinated and spin-coupled té'Gito
et al., 1991). Thus, the oxidation state assignments that
appear to be most compatible with the relevant results
are {Lo, Ni%t, [FeS? 1™+ for Cox, {Lox™, Ni2t,
[Fe454] 1+} (m-1)+ for CredL and{ LrEG(n—l)—o—, Ni1+, [F&;S4]l+} (m=3)+
for Credz

Conclusions. The results and conclusions of this paper
can be summarized by the following model. ThgsCstate
of the C-cluster is a Ni complex with a redox-active ligand
Lox, bridged to an [F£5,]*" cube. Gegzis two electrons more
reduced than (g, with one electron assigned to the Ni
(affording Nit") and the other assigned to the redox-active
ligand (Leg). Dithionite can slowly reduce thid o™ Ni2*}

dependent process, and no EPR signals besides those from the C-clustétenter of Ceqiinto the{ Lef" 9" Ni*} center of Geu2 Both
appear to change during that conversion, this model requires that CODHCO and CQ can bind the Ni center in Gq1. Two electrons

contains an EPR-silent redox species Y, such that reduction &Y (
—530 mV) converts thg., = 1.82 signal to they,, = 1.86 signal.
Since Gx does not appear to participate in catalysis, the:&state
(being one electron more reduced thaR) @ould be the catalytic state
that reacts with CO. Cpresumably would react with a C-cluster state
two electrons more reduced thard; but no such state is known.
This model must assume the existence of such a state, to be calle
Csuperred AS Was the case with the model described in the text (in which
Creqz Was proposed to be two electrons more reduced than),Ghis
model also requires a species X to render it fully compatible with the
relevant results. However, the proposeg,tesState is unrealistic, for

it should be stable at potentials substantially more negative-t&00

mV (the gy = 1.86 form of Geq12is stable at—=600 mV (Lindahl et

al., 1990a), and &perediS proposed to be two electrons more reduced
than Geq1p. But E*' for CO/CQ, is only —0.52 V (pH 7), and so CO
does not seem to have enough reducing power to reduge 0 the
hypothetical GueresState. In summary, the isoelectronic model assumes
everything assumed by the model described in the text, plus it assume
another redox-active species Y (whose reduction effects thet6-
Cred2 COnversion) and a Lperred State that would be generated at
unrealistically low potentials.

from the bound CO are rapidly transferred to the Ni center
to yield CQ and the Gg, State. CQ binds Geq1 NONcata-
lytically (i.e., without accepting an electron pair from the
center) but in a manner that perturbs the = 1.82 signal

Jriginating predominately from the [F®]'" portion of the

C-cluster. This binding also accelerates the reduction of the
Ni center by dithionite (forming feq2), either by altering the
reduction potential of the site or the electron-transfer kinetics
from dithionite to the C-cluster. This binding also allows
Aox to be reduced by dithionite.

The potent inhibitor CN binds to the FCII iron of the
[FesS, ]t portion of the C-cluster in the £ state. CN
dissociates after CO binds to the Ni center and reduces the

Senter by two electrons. CNalso dissociates after GO

binds and dithionite reduces the center. Thuyg,for CN™
dissociation (Anderson & Lindahl, 1994) would correspond
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to kot of CN™ from the Geqo State of the C-cluster.
reacts similarly to C@

GS

Catalysis requires one active-site C-cluster, one electron-

transfer [FgS,)2"1+ B-cluster, and one unidentified = 1

Anderson and Lindahl

Kumar, M., Lu, W.-P, Liu, L., & Ragsdale, S. W1993)J. Am.
Chem. Soc. 11511646-11647.

Kumar, M., Lu, W.-P., & Ragsdale, S. W. (199Bjochemistry
33, 9769-9777.

Lancaster, J. R., Ed. (1988e Bioinorganic Chemistry of Nickel

redox agent X. The C-cluster traverses three sequential redox vCH, New York.

states in catalysis: &, G, and Gegz  During CO oxidation
catalysis, CO binds and is oxidized by.§& During CO
reduction catalysis, C{binds and is reduced by,&, Cin

is obtained after a one-electron transfer to either the B-cluster

or species X. This model requires the assumption of X, L,
and the G state to render it compatible with all relevant
experimental results.

Although this model for the Gyrto-C eq2conversion, CN
dissociation, and CO oxidation/G@eduction catalysis may

be ultimately superseded by superior models, it is the first

Lindahl, P. A., Minck, E., & Ragsdale S. W. (19904&)Biol. Chem.
265 3873-3879.

Lindahl, P. A., Ragsdale, S. W., & Mgk, E. (1990b)J. Biol.
Chem. 2653880-3888.

Lu, W.-P., & Ragsdale, S. W. (1991) Biol. Chem. 2663554~
3564.

Lu, Z., & Crabtree, R. H. (1995)J. Am. Chem. Soc. 113994~
3998.

Lundie, L. L., Jr., & Drake, H. L. (1984). Bacteriol. 159 700—
703.

Morton, T. A., Runquist, J. A., Ragsdale, S. W., Shanmu-
gasundaram, T., Wood, H. G., & Ljungdahl, L. G. (1991Biol.

and only model proposed to date that unifies and explains Chem. 26623824-23828.

all the relevant properties of the enzyme. We hope it will
stimulate further mechanistic studies of this highly complex
metalloenzyme.
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