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ABSTRACT. When samples of the enzyme in thadzstate were reduced with i citrate, the C-cluster
stabilized in an EPR-silent state. Subsequent treatment with CO or dithionite yielgedT@e EPR-

silent state formed within 1 min of adding °Ti citrate, while Geq, formed after 60 min. Fi* citrate
appeared to slow the rate by which.g formed from Geq; and stabilize the C-cluster in the previously
proposed G state. This is the first strong evidence fop.Cand it supports the catalytic mechanism that
required its existence. This mechanism is analogous to those used by flavins and hydrogenases to convert
betweemn = 2 andn = 1 processes. ¥ citrate had a different effect on enzyme in a £fmosphere;

it shifted reduction potentials of metal centers (relative to those obtained using CO) and did not stabilize
Cint. Different redox behavior was also observed when methyl viologen and benzyl viologen were used
as reductants. This variability was exploited to prepare enzyme samples in which EPR {frpnvas

present without interfering signals fromeB The saturation properties of.&8 depended upon the redox

state of the enzyme. Three saturation “modes”, called-Sa#t3, were observed. Satl was characterized

by a sharpg = 1.94 resonance and low-intensiy= 2.04 and 1.90 resonances, and was observed in
samples poised at slightly negative potentials. Sat2 was characterized by weak intensity from all three
resonances, and was strictly associated with intermediate redox states and the presencSat3Gaas
characterized by strong broad resonances with normalized intensities essentially unchanged relative to
nonsaturating conditions, and was observed at the most negative potentials. Each mode probably reflects
different spatial relationships among magnetic components in the enzyme.

Nickel-containing carbon monoxide dehydrogenases (someconfiguration of Geg, has not been established, but the
of which are also acetyl-CoA synthases or decarbonylases)associated EPR signal, withvalues of 1.97, 1.87, and 1.75
are found in numerous bacteria and archaea, including(gax = 1.86), is quite similar to that exhibited by
homoacetogens, methanogens, sulfate reducers, and som&uggesting that the &, cube remains in the core state.
photosynthesizerd {-4). These enzymes catalyze the revers- Anderson and LindahBj proposed that G, is two electrons
ible reaction CO+ H,O = CO, + 2e + 2H'. more reduced than &, with one of the electrons localized

Two metal-sulfur clusters in these enzymes, called B and on the Ni (affording Ni*) and the other reducing a
C, are responsible for this activit$p{8). The C-cluster in hypothetical redox-active ligand to the Ni (calledd. Thus,
the active site consists of a NK—FegS, cluster (where X the electronic configuration of G, would be Leq—Nitt—
is an unknown ligand). The oxidized,{ state corresponds X —[FesSy]*", while Ceq1 Would have L oxidized. The
to the NP"—X—[FesS, ]?" electronic configurationg, 10). hydroxyl group is not bound in & (13).

It can be reduced by one electrdf®(= —0.15 V vs NHE Crear and Geg probably play important roles in catalysis
under CQat pH 7) to the Gqy state (1). ThisS= Y, state  (5-14). CO is proposed to bind the Ni of Cieq; and be

has the electronic configuration Ni-X—[Fe;S,]*" and attacked by the hydroxyl group bound at the bridging Fe.
exhibits an EPR signal witg values of 2.01, 1.80, and 1.64

= 1.82) (10, 12). The N#" is at most weakly coupled
(gav ) (1 ) y P 1 Abbreviations: EPR, electron paramagnetic resonance; ACS, acetyl-

tc.) the Cupe. The Fe _b”dged to the Ni is probably f'Ve', 0" coa synthase (previously carbon monoxide dehydrogenase, abbreviated
six-coordinate, including a hydroxyl group that may function CoDH); Ti/Ar, Ti* citrate titration performed under Ar; Ti/GOsame
in catalysis 10, 13). As potentials are lowered furtheE{ as Ti/Ar but performed under GOCO/Ar, CO titration performed

- _ ; under Ar; CO/CQ, same as CO/Ar but performed under £®1V/

N 0.39 V under C@at pH 7), Geadisappears and anOt.her Ar, electrochemically reduced methyl viologen titration under Ar; MV/
S = Y/, state called ¢q appears 12, 14). The electronic CO,, same as MV/Ar but performed under §CBV/CO,, benzyl
viologen titration performed under GOSat}-Sat3, three saturation
T This research was supported by the National Institutes of Health modes for the Bq state; Gx, Creds Cint, and Gedz four redox states of

(GM46441) and the Robert A. Welch Foundation (A1170). the C-cluster, with & fully oxidized and each subsequent state more
* To whom correspondence should be addressed. Telephone: (409)reduced by one electron. Reduction potentials differ according to
845-0956. E-mail: Lindahl@chemvx.tamu.edu. whether samples were under Ar or €Q4), and this will be indicated
* Department of Chemistry. by (CO,) or (Ar) following the E°. Potentials are relative to the normal

§ Departments of Chemistry and of Biochemistry and Biophysics. hydrogen electrode at pH 7.0 unless stated otherwise.

10.1021/bi990398f CCC: $18.00 © 1999 American Chemical Society
Published on Web 11/05/1999



Evidence for the ¢ State in ACS Biochemistry, Vol. 38, No. 48, 19995707

An unidentified base removes the proton from the resulting A—__/J\,_\/\/_\/_

Ni-bound carboxylate, triggering decarboxylation and two-
electron reduction of (e (yielding Geds). In the reverse
direction, CQ binds and oxidizes G Subsequent proto-
nation and transfer of a hydroxyl group (to the Fe) yields
CO bound to the Ni" of Creqs (13).

The B-cluster is an [F&4]27** cube that is diamagnetic
when oxidized (By) and exhibits aj., = 1.94 signal when
reduced E° = —0.41 V under CQat pH 7) to itsS= %,
Breq State 0, 10, 12, 14). The B-cluster transfers electrons
to and from the C-cluster and extermalk 1 redox agents
such as methyl viologen (MV) and i citrate.

One puzzling aspect of the catalytic mechanism is that
the B cluster is am = 1 redox agent while the C cluster

catalyzes am = 2 redox process. Anderson and Lindahl FIGURE 1: EPR of ACS reduced by Ti citrate under Ar: (A)
) : eductant-free ACS, (B) same as for part A with 9 equp//of
suggested that the C-cluster must be stable in a redox staté:l.i3+ citrate, (C) same as for part B with 1 atm of CO, and (D)

one _electron more reduced _tha_r;o(l:and one electron more  ACs (batch 3) reduced with 5 equiyd of Ti3* citrate in 1 atm of
oxidized than Gg, (8). This intermediate redox state, CO,. EPR conditions were as follows: microwave frequency, 9.42
designated fz, would be eithelS = 0 (or an integer), and GHz; temperature, 10 K; modulation amplitude, 11.8 G; modulation
probably EPR-silent. Thus, the absence of an EPR signalfrequency, 100 kHz; and microwave power, 20 mW.

from reduced C-clusters would be evidence fgf.C o . . .
. . ) . tific) prior to use. All other chemicals were used without
In this paper, we report the first substantial evidence for further purification.

this hy_pothetical C;[ state,_ and thus suppo_rt for the_proposed Ti3* Citrate Titrations.Ti3* citrate was prepare@() using
catalytic mechanism. Evn_nle_nce was obtaln_ed by_ titrating the TiCls (Sigma) immediately prior to the experiment. Its
enzyme (ACS) fronClostridium thermoaceticuwith vari- concentration was determined by UVis spectroscopy
ousn = 1 reductants under Ar and G@tmospheres and assuming amsso of 0.73 mM1 cmrL, and then adjusted to
monitoring for a reduced EPR-silent state of the C-cluster. 11 mM with buffer. For the titration performed under Ar
We also report subtle c_hanges in the saturation pro_pertiesdesignated TilAr, the enzyme (batch 1) was transferred to
of Bres and further evidence for reductant-and-oxidant- ppg ypes containing increasing amounts &t Eitrate (final

dependent changes in the redox properties of the ACS \cg concentration of 10 mg/mL). Resulting solutions were
clusters. These changes may reflect different protein CON- mixed for 1 min and then frozen in liquid NProcedures

formations that allow the enzyme to operate reversibly over \,caq for the T* citrate titration under Co(designated Ti/

a wide range of CO/C¢pressures. CO,) were the same as those for the methyl viologen (MV)
titration (MV/CQO;) (see below) except that the®Ticitrate
EXPERIMENTAL PROCEDURES was diluted to 2 mM and the protein concentration (batch
C. thermoaceticuncells were grown, and three batches 3) was 4.0 mg/mL. The titration was simulated using the
of ACS were purified and assayed as described previouslybest-fit PMX parameters for titration 21).
(15). Batches 13 had CO oxidation activities of 340, 240, Titrations with Methyl Viologen and Benzyl Viologen (BV).
and 320 units/mg, and CO/acetyl-CoA exchange activities FOr the MV titrations, half of the reductant-free enzyme
of 0.21, 0.18, and 0.26 units/mg, respectively. Each batch (batch 2) was incubated under gfr 45 min (MV/CO,),
was>90% pure as determined by visual inspection of SDS ~ While the other half was incubated under Ar (MV/Ar).
polyacrylamide electrophoretic gels. Samples were purified, Aliquots were then transferred to modified EPR cuvettes as
manipulated, and titrated in a glovebox (Vacuum/Atmo- described in refsll and 21, combined with increasing
spheres HE-453) containing an Ar atmosphere withppm amounts of reduced viologen, mixed for 1 min, incubated
O, (monitored by a Teledyne model 310 analyzer). Protein for an additional 1 min, and then frozen by rapid immersion
concentrations were determined by the Biuret metd@). ( in liquid No-cooled isopentane. The BV titration under £0
The molecular mass of eadtf dimeric unit is 154 700 Da  (BV/CO,) was performed equivalently (also using batch 2).
(17). EPR spectra were recorded and analyzed as described/iologens were reduced in 50 mM MES (pH 6.3), 5% (v/v)
previously (L8, 19). ethanol, and 200 mM KCIl using a three-electrode system as
Five titrations were performed as follows. Enzyme samples described previously2@). The final concentrations of the
were concentrated using a 30 kDa Centricon concentrator'®@duced MV and BV, determined before and after the
(Amicon) and freed from dithionite by passage through a fitrations, were 0.91¢gos = 13.9 mM™* cm™) and 0.85 mM
Sephadex G-25 (1.5 cm 15 cm) column equilibrated in (€578 = 8.65 mM™* cm™), respectively.
buffer. The buffer used in the titration withTicitrate under RESULTS
Ar (designated Ti/Ar) was 50 mM Tris (pH 8.0), while that
used in all other titrations was 50 mM MES (pH 6.3). Protein  Titration of ACS under an Ar Atmosphere with3Ti
concentrations were determined, and samples were dilutedCitrate. When we reduced a sample of ACS in the,(state
with buffer to 4.0 mg/mL (except where noted). Buffers were (Figure 1A) with T#* citrate and then rapidly froze it, the
degassed on a Schlenk line, and then left overnight in the gay = 1.82 signal, which characterizes that state, disappeared,
glovebox prior to use for removal of residua}.QResearch  but theg,, = 1.86 signal, which characterizes thedstate,
grade CO and CPwere Q-scrubbed (Oxisorb, MG Scien-  did not appear (Figure 1B). This is unprecedented behavior
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Ficure 2: EPR of ACS reduced by Ti citrate/Ar and frozen at
different times: (A) ACS reduced with 10 equiyg of Tis* citrate

in Ar, frozen after incubation for 1 min, (B) same as for part A but
frozen after 5 min, (C) same as for part A but frozen after 60 min,
and (D) same as for part A after anaerobic thawing and addition of
10 mM sodium dithionite. EPR conditions are the same as described
in the legend of Figure 1. The EPR signal from3Ticitrate
contributes to the region of thgy, = 1.94 signal of ACS, but it is
largely saturated under the conditions that are employed.

Spin intensity/xff

because a similar treatment using other low-potential reduc-
tants (CO and dithionite) yields theg state.

One intriguing possibility is that i citrate reduced the
C-cluster to the hypothetical EPR-silentGtate. However,
other possibilities must also be considered. For example, Ti 011
citrate may have destroyed the C-cluster. However, subse-
guent treatment of ¥i citrate-reduced samples with CO ‘ ‘ ‘ ‘ ‘ ‘
(Figure 1C) or dithionite (not shown) yielded the.&state. 0 1 2 3 4 5
Thus, the C-cluster must have remained functional and €. T cirate added

undama in the EPR-silent state nerat treatmenf!GURE 3: Curves and simulgition f(_)r the titration of ACS with
Wit(rj1 Ti3+g§i?rate S ge ed by tre ;3* citrate under CQ@ (®) NiFeC signal (A.qe—CO state), M)

. . - Gav = 1.94 signal (R, (V) Gav = 1.82 signal (Gear), and @) Gay
Another possibility was that ¥ citrate oxidized the = 1.86 signal (Ggy). Solid ines are simulations performe%l as

C-cluster to the & state. This is counterintuitive since®Ti described previouslyld) using the best-fit parameters for titration
citrate is a powerful reductanEf’ = —0.48 V (20)], notan 2. the PMX model, except that Ewas 0.5 equivdf, E*'aga.co
oxidant. It also seems unlikely because subsequent additionV2S~0-130 V.E”g, g, Was—0.391 V,E”cic,, Was—0.375 V,
. - . . and E* ¢, /c,.s, Was —0.335 V. E” coico, was switched to—0.440

of the oxidant CQto Ti*" citrate-treated samples yielded o estimate the potential for ¥i citrate at pH 6.320).
the Geqo State (Figure 1D). However, neither result strictly
excludes this possibility, because redox agents are knownreflect the slow oxidation of this state tqe However, we
to alter the properties of the C-cluster (see below), and it discount this possibility because subsequent addition of
would be possible to rationalize these results by invoking reductants with potentials comparable to that &f Titrate
such effects. (i.e., dithionite or CO) causes rapid formation agfdz and

However, this possibility was further discounted by it seems unreasonable to suggest that these reductants
treating ACS samples in thedg, state with T#" citrate and oxidized the enzyme. We conclude that the EPR-silent state
then freezing them at different times. The sample incubated obtained by T3 citrate is Gy, and propose that Ti citrate
for 1 min showed full conversion to the EPR-silent state reduces Gqg1to Gy rapidly, but reduces & to Ceqz more
(Figure 2A). That incubated for 5 min exhibited similar slowly. In contrast, dithionite appears to reducgso G
features except that a hint of the.& state was evident  slowly and Gy to Ceg2 rapidly @). The substrates CO and
(Figure 2B). The sample incubated for 60 min exhibited the CO,/dithionite increase these rates substantiadly Thus,
Credzstate (Figure 2C) virtually identical to that obtained by the rate by which the C-cluster can be reduced critically
adding dithionite to the sample used to generate Figure 2A depends on the reductant and/or atmosphere employed.

Spin Intensity/af

\

(Figure 2D). This demonstrates thafTtitrate is powerful Titration of ACS under a C®Atmosphere with #f
enough to reduce the C-cluster to theqsgstate, and that it Citrate. Another sample of ACS in a CQatmosphere was
acts by slowing the rate by whichdgis formed from Gega. exposed to increasing amounts of Ttitrate. The sample

This excludes the possibility that the EPR-silent state lacking Tf* citrate exhibitedg.,, = 1.82, 1.86, and 1.94
generated by treatment with*Ticitrate was G (because it  signals, all at low intensities [the (&/Creq2 and Bo/Bred
seems unreasonable to suggest th#t ditrate first oxidized couples have similaE®" values under C© (14)]. With
Cred1 to Cox and then reduced £et0 Creqy). increasing amounts of Ti citrate, the A,g—CO state started
Another possibility was that Ti citrate rapidly reduced  to develop immediately (Figure 3, top plot), while thedZ
Creq1 to an EPR-silent state one electron more reduced thanC.eq, crossover point occurred nearly 0.5 equj§fater than
Credqz Accordingly, the slow development of & would predicted by simulations using the best-fit parameters for
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Ficure 4: EPR of ACS titrated with methyl viologen under argon.
Reductant-free ACS and the following amounts of reduced methyl
viologen (in equivalents penj): (A) 0.0, (B) 0.5, (C) 1.5, and
(D) 2.0. EPR conditions as described in the legend of Figure 1.
E—H, same as parts-AD, respectively, except that the microwave
power was 0.05 mW.

our CO/CQ titrations (Figure 3, bottom plot). Best-fit
simulation of the Ti/CQtitration required thd&=® (CO,, pH
6.3) values given in the Figure 3 legend. Relative to CO,
Ti3* citrate in the presence of G@ncreased the reduction
potentials of the A/Areq—CO and G/Ceq2couples by 0.03
and 0.01 V, respectively, and decreased those for the B
Bred @nd Geqd/Cint couples by 0.03 and 0.04 V, respectively.
This titration reveals that the redox potentials of the ACS

clusters vary depending on the reductants and the atmosphere

used.

Titrations of ACS under Ar and GOAtmospheres with
Methyl ViologenThis sensitivity of cluster properties to the
presence of redox agents is further illustrated by titrations
performed with electrochemically reduced methyl viologen
under Ar and CQ@ atmospheres. MY is a mildern = 1
reductant than Fi citrate E°umvzrmvit = —0.44 V (23)].
Reductant-free ACS under Ar exhibited thefand Ged:
states (Figure 4A,E). As MYV was added, some but not all
of the Geq1 converted to g2 (Figure 4B-D). The matched
reductant-free samples under g&xhibited EPR signals from
Brea Cred, and Gegz (Figure 5A,E). However, increasing the
level of MVY* caused the intensity of & to decline and
that of Geq2 to develop fully (Figure 5B-D). This full
development suggests thBtc,,,c.., Was less negative in
MV/CO, than in MV/Ar, and was similar to that observed
in CO/CG; and Ti/CQ titrations (about-0.34 V). Interest-
ingly, MV did not reduce B (the g., = 1.94 signal
intensities at the beginning and end of the titration were
similar) (Figure 5E-H). This suggests th&°s_z,., in MV/
CO, was more negative than in CO/@0-0.37 V), where
both B.q and Geqz developed at nearly the same potential
(11). E°g 4B, is probably more similar to that in Ti/CO
(—0.39 V), where Gq; converted to Ggq at more positive
potentials that B, was reduced (Figure 3, middle panel vs
lower panel). Thus, under GOMV 't was not sufficiently
powerful to reduce the B cluster fully but was sufficiently
powerful to reduce e t0 Ceqz The 20 MW spectrum
(Figure 5D) essentially consisted of only g = 1.86 signal
from Ceqz This is the first sample of ACS in which thg,
= 1.86 signal is present without other “interfering” EPR
signals. At low power, a small amount of tlyg, = 1.94
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FiIGURe 5: EPR of ACS titrated with methyl viologen under €0
Reductant-free ACS with the following amounts of reduced methyl
viologen (in equivalents pexs): (A) 0.0, (B) 0.38, (C) 1.25, and
(D) 2.0. EPR conditions as described in the legend of Figure 1.
E—H, same as parts-AD, respectively, except that the microwave
power was 0.05 mW.
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FiGURe 6: EPR of ACS titrated with benzyl viologen under €O
Reductant-free ACS with the following amounts of reduced benzyl
viologen (in equivalents pemf): (A) 0.0, (B) 0.2, (C) 0.4, (D)
0.7, (E) 0.9, (F) 1.25, (G) 2.0, and (H) 5.0. EPR conditions as
described in the legend of Figure 1.

signal was evident (0.1 spm#8, or ~15% of fully reduced),
as well as the NiFeC signal (Figure 5H).

Although not as obvious as with Ti/Ar, the MV/Ar and
MV/CO, titrations also provided evidence for theGtate.
At the end of the MV/Ar titration, spectra exhibited only
~0.15 spinds of C-cluster signals (a1 plus Gedd. In
contrast, by the end of the MV/CQitration, the C-cluster
signal (exclusively G4y quantified to 0.4 spiml3. Since
these were matched samples (the same sample divided into
two aliquots), comparing their relative intensities is reliable.
Such a comparison suggests th&0% of the redox-active
C-clusters were in an EPR-silent state (i.g)@t the end
of the MV/Ar titration.

Titration of ACS under a COAtmosphere with Benzyl
Viologen.The effect of BV/CQ was similar to that of MV/
CO,, except that BV is a milder reductanEfy+gyvz =
—0.35 V 4)], and so the resulting samples were not as
reduced. The reductant-free sample for the BVJ@tation
(Figure 6A) was slightly more oxidized than that for the MV/
CQ, titration (Figure 5A), and the final BV/COsample
(Figure 6H) was slightly more reduced than the MV/CO
sample used to generate Figure 5A. Thus, the BWWCO
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A____A/\J\//__,_\/_\/_ E, is called Sat3. Sat3 is characterized by strgrig 2.04,
B 1.94, and 1.90 resonances with normalized intensities essen-
“"—’AM\,\/“’\" tially unchanged from that at 0.05 mW. However, the reso-

nances of the Sat3 signal are broader than those of Satl under

C A . " )
b nonsaturating condlthns._Sat3 is observed at the most nega-
—M-»/\/\A/V\n/\,w-\/-mww tive potentials of the titrations under an Ar atmosphere with

CO or dithionite as a reductant, or under ag£x@mosphere
% using CO, T¥ citrate, or dithionite as the reductant.
Lindahl et al. interpreted Sat3 as a brapg= 1.94 signal
F superimposed on a narrower form, arising in samples poised
at low potentials 12). However, theg,, = 1.94 signal
‘ ‘ ‘ ‘ ‘ ‘ intensity in spectra from our CO/Ar titration did not increase
3000 3200 3400 3600 3800 4000 4200 as it broadened (in reifl, compare spectra D and E in Figure
MagneticField (gauss) 5). Thus, we view this as a change in the saturation properties
FIGURE 7: Bieg Saturation patterns. A and B, same as parts A and of B, (from Satl to Sat3) rather than as the development

E of Figure 4, respectively; C, ACS reduced with 0.75 eqyiv/ of another signal. Development of the.ACO state seems
of CO under 1 atm of C@(microwave power of 20 mW); D, same . . e .

as part C except obtained with a microwave power of 0.05 mw; © be associated with the change in saturation mode.

E, ACS reduced with 5 equies of CO under 1 atm of Ar (20 The situation is somewhat different for the CO/LCO

mW); F, same as part E except obtained with a microwave power titration. In this case, the samples from the more oxidized

of 0.05 mW. Pairs of spectra have been corrected for differences half of the titration (Figure 1BF of ref 11) exhibit Sat2

in receiver gain and microwave power, such that the displayed \ypjje those from the more reduced half (Figure 1G,H) exhibit

intensities at 20 mW would equal those at 0.05 mW if signals were . !

not saturating. Sat3. The_ correlat!on noted above betwee_n the/AO state
and Sat3 is not evident here; rathefACO is present under

titration can be viewed as an expansion of the most oxidized Poth Sat2 and Sat3 modes. _
portion of the MV/CQ titration. As BVA* was added, the A change from Satl to Sat2 is illustrated in the MV/CO
intensity of thegav =194 Signa| declined and songg, = titration. Spectra EH Of' Flgure 5 (thlS paper) show that
1.82 signal converted to thg, = 1.86 form2 The decline  the gaw = 1.94 signal intensities were about the same
of the Begystate with added BY is consistent with the results ~ throughout the titration. However, the signals in Figure
of the MVI*/CO, and Ti/CQ titrations. Taken together, they 5A—C exhibited Satl, while that in Figure 5D exhibited Sat2.
suggest thaEs_s,,, shifted negatively in the presence of Development of the A—CO state appears to be associated
these reductants (i citrate, MV, and BV) under C® No with this change in saturation. In the MV/Ar titration,.B
such shift was observed in the presence of CO. saturates in the Satl mode throughout the titration. In
Redox-Dependent Changes ipfSaturation Properties. ~ COnfrast, samples appear to saturate in the Sat3 mode in
We have also observed some significant potential-dependengithionite/Ar titrations (Figure 1)§). Clearly, further work
changes in the saturation properties ¢f4BThe Beg State is required to rationalize these changes. Nevertheless, our
saturated in any of the three modes, which is illustrated by Studies indicate that & saturates in three distinct modes,
the ga, = 1.94 signals in Figure 7. Spectra B, D, and F were and that the mode that is observed depends on the redox
all obtained under nonsaturating conditions (0.05 mw), and State of the enzyme, the presence or absence of &
their g., = 1.94 signals serve as controls. Spectra A, C, and the nature of the reductant. Each saturation mode probably
E were obtained from the same samples as those used téeflects different spatial relationships among the magnetic
obtain spectra B, D, and F, but at 20 mW. Spectrum A, from components in the enzyme, and thus a different enzyme
a reductant-free ACS sample under Ar, illustrates the first conformation.
saturation mode called Satl. Satl is characterized by a sharpy g~ yss10N
g = 1.94 resonance and low-intensigy= 2.04 and 1.90
resonances (in Figure 7, tlge= 2.04, 1.94, and 1.90 reso- This paper illustrates the ability of G@nd various redox
nances occur at 3300, 3470, and 3540 G, respectively). Satiagents to alter the redox, kinetic, and magnetic properties
has been observed in samples poised at the least negativef the metat-sulfur clusters in ACS. Their ability to do this
potentials of our reductive titrations, with the.@ state  implies that ACS contains binding sites the occupancy of
present. The second saturation mode, illustrated by spectrunhich affects these cluster properties. The enzyme certainly
C, is called Sat2. Sat2 is characterized by weak intensity has binding sites for its substrates CO andfough we

EPR Signal Intensity

from all three resonances. It is associated with, @@no- cannot exclude the possibility that these molecules elicit their
spheres, intermediate potentials (for example, those achievecffects by binding to a noncatalytic modulator site on the
with BV and MV), and the presence of thg.& and Aecq— enzyme 7). Some of our results also suggest that the enzyme

CO states. Sat2 has not been observed for samples preparedgs binding sites for ?1, citrate, MV, and/or BV, though
under Ar. The third saturation mode, illustrated in spectrum We remain skeptical about this possibility.
The three Rqsaturation modes described here may reflect
2Two gay = 1.82 type signals were present, one witivalues of three redox- and/or C&ependent conformations of the
2.005, 1.84, and 1.68, and the other wgtalues of 2.005, 1.80, and  protein. Msbauer studies reveal that the;Bnd Geq. States
1.64. The former has been described earlier for samples prepared undeinteract magnetically, suggesting that they are separated by
CO,, while the latter has been observed previously in samples preparedslS A (10). In each conformation, the distance and/or

under Ar @). In the BV/CQ titration, the CQ form disappeared under . . .
more oxidizing conditions, suggesting that it has a slightly less negative Orientation of the Rq cluster to other clusters in the enzyme

reduction potential than the Ar form. may be different.
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Whether these states have catalytic import is uncertain, are both EPR-silent. Given the similar catalytic properties
though those effected by G@hay (14). Particular states may and metat-sulfur composition, it would be interesting to
control the direction of catalysis or facilitate reversibility compare the atomic level structures of the two active sites.
under various conditions. The enzyme functions undes CO
in vivo, and is required to reduce G@ CO as part of syn-
thesizing acetyl-CoA. By lowering the potential of the/B
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