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ABSTRACT: Acetyl-CoA synthase (carbon monoxide dehydrogenase) fromClostridium thermoaceticum
was stoichiometrically titrated under CO2 with CO and thionin. Resulting EPR titration curves were
simulated assuming different redox descriptions of the enzyme. Samples began slightly reduced, with
∼20% of the C-cluster reduced to the Cred1 state. With increasing CO intensities, the intensity of Cred1

increased to a maximum, and then declined as the intensities of Cred2, Bred, and Ared-CO increased and
plateaued. Simulations revealed that only a fraction of the A-, B-, and C-centers in the enzyme were
redox-active and that, within the probed potentials (-0.2 to-0.45 V), there are probably no other redox
sites in the enzyme. Oxidative processes occurred at higher potentials, but they are catalytically irrelevant.
Additional low-potential redox sites may be present, but this could not be assessed from the titrations.
Best-fit E°Cox/Cred1 ) -0.12( 0.04 V, 0.1 V less negative than under Ar. Titrated samples accepted from
3.5 to 5.0 equiv/Râ in accordance with the intensity of the sample’s EPR signals. A similar titration
under Ar revealed a different pattern of reduction. The intensity of Bred increased first; then Cred1converted
to Cred2, and then Ared-CO developed. The sample accepted∼4 equiv/Râ. The heterogeneity in the enzyme
is summarized as follows. About forty percent of Aox can be reduced by one electron and bound with CO,
yielding Ared-CO. The remaining Aox cannot be reduced. All Box can be reduced, most (∼65%) to theS
) 1/2 state and the remainder to theS) 3/2 state. About 40% of Cox are reduced by one electron to Cred1

and then by two more electrons to Cred2. The remaining Cox clusters are reduced by one electron to anS
) 3/2 form. Possible origins of this heterogeneity are discussed.

Methanogenic archaea and acetogenic bacteria use the
Wood/Ljungdahl pathway to grow autotrophically on CO2

and H2. Acetyl-CoA synthase (ACS),1 previously called
carbon monoxide dehydrogenase (CODH), is a major enzyme
in this pathway (1). It catalyzes two reactions, including the
reversible reduction of CO2 to CO (reaction 1)

and the synthesis of acetyl-CoA from CO, coenzyme A, and
a methyl group. InClostridium thermoaceticum, the methyl
group is transferred onto ACS from a corrin-iron-sulfur
protein (CoFeSP) (reaction 2).

ACS fromC. thermoaceticumis anR2â2 tetramer (2). Each
Râ dimer houses three metal clusters, called A-C, and
possibly additional EPR-silent redox centers. The A-cluster,
a Ni-X-Fe4S4 cluster (X is an unknown bridge) located in
theR-subunit, is the active site for acetyl-CoA synthesis (3-
7). The diamagnetic oxidized Aox state can be reduced by
an electron and bound by CO, yielding the Ared-CO state.
This S ) 1/2 state exhibits the so-called NiFeC EPR signal
(g ) 2.09, 2.08, and 2.02).

The electron used to reduce the A-cluster typically comes
from the oxidation of CO at the C-cluster. The reduction
potential and CO binding constant have not been measured
independently, but the effective potential for the Aox-to-Ared-
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CO2 + 2e- + 2H+ ) CO + H2O (1)

CO + CoASH+ CH3-Co3+FeSPh

CH3-C(O)-SCoA+ Co+FeSP+ H+ (2)
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CO transition (E°Aox/Ared-CO) performed under a CO2 atmo-
sphere at pH 6.3 is-0.173 V (8).2

The B- and C-clusters are located in theâ-subunit. The
B-cluster is an [Fe4S4]2+/1+ cluster (E°Box/Bred ) -0.366 V)
that transfers electrons between the C-cluster and external
redox agents (9, 10). TheS) 1/2 Bred state exhibits an EPR
signal (g ) 2.04, 1.94, and 1.90;gav ) 1.94), while Box is
diamagnetic (9, 10).

The C-cluster is the active site for CO/CO2 redox catalysis
(11-13). It also consists of a Ni ion linked to an Fe4S4 cluster
(14). The C-cluster is stable in (at least) three redox states,
called Cox, Cred1, and Cred2. One-electron reduction of the
diamagnetic Cox state (E°Cox/Cred1 ) -0.22 V under an Ar
atmosphere) yields Cred1, anS ) 1/2 EPR-active (g ) 2.01,
1.80, and 1.64;gav ) 1.82) state. Further reduction of the
enzyme (E°Cred1/Cred2 ) -0.345 V) yields Cred2, anotherS )
1/2 EPR-active (g ) 1.97, 1.87, and 1.75;gav ) 1.86) state.
Anderson and Lindahl (12, 13) proposed that Cred2 is two
electrons more reduced than Cred1, though this is not certain.
They also proposed a fourth redox state of the C-cluster,
called Cint, thought to be one electron more reduced than
Cred1 and one electron more oxidized than Cred2 (13).

Additional EPR-silent redox centers have been suggested.
Barondeau and Lindahl proposed that ACS contains a low-
potential cystine-cysteine redox site called D (15). This
hypothetical species is thought to serve as a surrogate
electron-transfer agent to maintain the Ni of the A-cluster
in the 2+ state at each step of catalysis.E°Dox/Dred was
estimated to be about-0.53 V under Ar, but the value has
not been determined for samples under CO2. Anderson and
Lindahl (13) proposed ann ) 1 redox-active species X to
serve as another electron-transfer agent similar to the
B-cluster. They stressed that X could be either another redox
site in the enzyme or one of the known clusters (A-C) in
another ACS molecule. Seravalli et al. (16) supported and
expanded the idea that X is another redox site in ACS, and
concluded that their redox titrations of ACS provided
evidence for it. Maupin-Furlow and Ferry (17) proposed a
second A-cluster in the subunit of ACS fromMethanosarcina
thermophiliathat would correspond to theâ-subunit of the
ACS from C. thermoaceticum.

One of the most peculiar properties of ACS is that only
about 30-50% of its Râ dimeric units appear to be
catalytically active. The evidence for this is substantial but
not definitive. First, all EPR signals described above quantify
to substantially less than 1 spin/Râ (the signals from Ared-
CO, Bred, Cred1, and Cred2 typically quantify to about 0.2, 0.7,
0.3, and 0.3 spin/Râ, respectively) (9, 10). This suggests that
only a fraction of clusters are redox-active. Second, the labile
Ni of the A-cluster can be selectively removed by 1,10-
phenanthroline (phen), eliminating the CO-acetyl-CoA
exchange activity (3, 4). However, phen treatment removes
only ∼0.3 Ni/Râ (18), suggesting that only a fraction of
A-clusters are catalytically active. Third, only about 40% of
CO-reducedR-subunits exhibit magnetic Mo¨ssbauer features
due to the Ared-CO state; the remainder yield diamagnetic

features (7). Fourth, the number of methyl groups bound per
enzyme (0.5 methyl group perRâ) suggests that only Ni-
labile A-clusters can be methylated (15). Fifth, Mössbauer
results suggest that only about 40% of Cox clusters reduce
to Cred1 and eventually to Cred2 (14). The remaining clusters
are reduced by one electron to anS ) 3/2 state called C3/2.
This reduction corresponds to the process [Fe4S4]2+ + e- )
[Fe4S4]1+. Sixth, only about 70% of B-clusters can be reduced
to the Bred S ) 1/2 state, affording thegav ) 1.94 signal (9,
10). The remaining Bred [Fe4S4]1+ clusters are tentatively
thought to have anS of 3/2, because the enzyme exhibits
EPR features (g) between 4 and 6 (14).

The origin of this heterogeneity is not understood. Obvious
possibilities, such as impurities, damage during protein
purification, and errors in protein, spin, and/or metal analyses,
have been considered and discounted (19). Lacking a
coherent explanation of this phenomenon, we decided to
ascertain whether the low-intensity EPR signals arise because
only a fraction of the redox centers in the enzyme are reduced
to the observed EPR-active states, or because of a physical
effect attenuating EPR intensity (20). We also wanted to
determine whether ACS contains other redox centers besides
A-C. Our approach was to titrate oxidized ACS with the
reductant CO, monitor samples by EPR, and simulate the
resulting titration curves assuming various models that
explain the heterogeneity. This method can detect spectro-
scopically unobservable redox sites, and has been success-
fully applied to the NiFe hydrogenase fromDesulfoVibrio
gigas (21, 22).

In this paper, we report the results and analysis of our
titrations. We conclude that the intensities of ACS EPR
signals are low because the enzyme suffers from the redox
and spin-state heterogeneity previously proposed, and that
within the potential region reliably probed by these titrations,
there are no additional EPR-silent species in the enzyme.

EXPERIMENTAL PROCEDURES

Isolation of ACS. C. thermoaceticumcells were grown,
and three batches of ACS were purified as described
previously (19). Purification, preparation of samples, and
titrations were performed in an Ar atmosphere glovebox
(Vacuum/Atmospheres, HE-453) containing<1 ppm O2 as
detected continuously by a calibrated Teledyne model 310
analyzer. All buffers were degassed on a Schlenk line,
transferred into the glovebox, and exposed to the glovebox
atmosphere overnight to remove residual O2. Research grade
CO and CO2 were O2-scrubbed (Oxisorb, MG Scientific)
prior to use. Batches 1-3 had CO oxidation activities of
340, 240, and 320 units/mg, and CO-acetyl-CoA exchange
activities of 0.21, 0.18, and 0.26 units/mg, respectively (23,
24). All batches were>90% pure as determined by visual
inspection of SDS-polyacrylamide electrophoretic gels.
Protein concentrations were determined by the Biuret method
(25).

Titrations with CO.Three CO titrations (1-3) of ACS
under a CO2 atmosphere (CO/CO2) were performed, using
batches 1-3, respectively. Modified EPR cuvettes with
quartz mixing chips and intentionally punctured rubber septa
(4) were prepared. ACS was concentrated (30 000 MW
Centricon concentrator) and passed down a 1.5 cm× 15
cm Sephadex G-25 column equilibrated in 50 mM MES (pH

2 The atmosphere and pH are relevant because the presence of CO2

shifts the redox potential and CO binding properties of the enzyme
(8). Unless mentioned otherwise, all potentials quoted here were
obtained for ACS under CO2 at pH 6.3, and are relative to the normal
hydrogen electrode.
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6.3). The eluent (17.5 mg/mL of ACS for titration 2) was
diluted to 4.0 mg/mL with elution buffer, incubated in a CO2-
filled vial for 45 min, and then used to completely fill the
EPR cuvettes (leaving no gas phase). Had a gas phase been
present, added CO would have partitioned into it, complicat-
ing calculations. Cuvettes were injected with increasing
volumes of either CO-saturated buffer at 26°C [970 µM
CO (26)] or 1.00 mM thionin [standardized against potassium
ferricyanide as described previously (13)]. Cuvette solutions
were mixed by repeated inversion for 1 min, incubated for
an additional 1 min, and then frozen by rapid immersion in
liquid N2-cooled isopentane. ACS was titrated similarly with
CO under an Ar atmosphere (CO/Ar) except that the enzyme
(26 µM, batch 3) was incubated under Ar prior to filling
EPR cuvettes and the concentration of the thionin solution
was 0.86 mM.

Analysis.EPR spectra were recorded as described previ-
ously (4). Spectra consisted of some combination of the
NiFeC andgav ) 1.94, 1.82, and 1.86 signals. Individual
signals were simulated using the XPOW program (27-30).
Simulated signals were double-integrated and quantified
using a 1.00 mM Cu perchlorate standard (31). Resulting
spin concentrations (normalized per ACSRâ) were plotted
versus the number of equivalents of CO added (also
normalized perRâ). Such plots will be called the Ared-CO,
Bred, Cred1, and Cred2 titration curves. After EPR analysis,
concentrations of Ni and Fe were determined by electro-
thermal ionization atomic absorption spectrometry (Perkin-
Elmer model 2380). Prior to analysis, samples were digested
overnight at 80°C in 6 M trace-metal grade nitric acid.
Samples from titrations 1 and 3 were also subjected to
quantitative amino acid analysis, using the methods of Moore
and Stein (32) for titration 1 and those of Godel et al. (33)
for titration 3. The enzyme concentrations (Etot) used in the
analyses were the average of the Biuret, amino acid analysis,
the Ni concentration divided by 2, and the Fe concentration
divided by 12. For titration 1, the respective values (in
micromolar) were 28, 28, 27, and 26, yielding anEtot of 27
µM. For titration 3, the respective values were 26, 20, 31,
and 23, yielding anEtot of 25 µM. For titration 2, the Biuret,
Ni, and Fe values were 26, 26, and 24, respectively, yielding
anEtot of 25µM. We estimate an overall relative uncertainty
in Etot of (15%.

Simulations.Each simulated titration curve consisted of
100 individual “simulation points” evenly spaced at intervals
spanning the range (in either equivalents perRâ or in
atmospheres) of the experimental titrations. At each point,
the specified amount of CO was presumed to reduce the A-,
B-, and C-clusters and an unidentified EPR-silentn ) 2
redox site (called X) according to expressions 3-8 at fixed
pH.

where RN (N being A, B, C, or X) values indicate the
proportion of redox site N presumed to be redox-active. For
each simulation point, [NJ] values are the equilibrium
concentrations of center N in a given state J (J being ox,
red, or red-CO) divided byEtot.

Equilibrium constants for reactions 3-8 were calculated
from the equationKeq ) exp(nF/RT)∆E°, where ∆E° )
(E°ox/red- E°CO2/CO]. E°CO2/CO is the thermodynamic reduction
potential for the CO2/CO couple,-0.487 V at pH 6.3 (34).
E°ox/red ) -0.173 V for Aox/Ared-CO in reaction 3 (5),
-0.366 V for Box/Bred in reaction 4 (8), -0.345 V for Cred1/
Cint and Cint/Cred2 in reactions 6 and 7, respectively (8), and
unknown for Cox/Cred1 in reaction 5 and Xox/Xred in reaction
8. E°ox/redvalues were determined using partial pressures for
CO and CO2. PCO andPCO2 are the partial pressures of CO
and CO2, respectively.PCO2 was fixed at 1 atm for all points.
The CO concentration for each sample was known from the
amount of CO-saturated buffer injected, but thePCO values
used in solving the equilibrium expressions had to be
calculated using Henry’s Law since there was no gas phase.

Values ofRN were model-dependent, and are specified in
Table 1 and the Supporting Information. Equilibrium expres-
sions for reactions 3-8 were determined at each simulation
point using the following iterative procedure. Reaction 3 was
allowed to equilibrate, using the initialPCO for that simulation
point. The amount of CO remaining was used as the initial
pressure to solve reaction 4. The equilibriumPCO obtained
from reaction 4 was used as the initialPCO for reaction 5,
etc. until the equilibriumPCO for reaction 8 was obtained.
This cycle was repeated a sufficient number of times
(determined experimentally to be 30) for all reactions to be
simultaneously at equilibrium. The fact that this condition
was achieved was determined by verifying that all equilib-
rium constants calculated using the final concentrations and
pressures equaled the values generated from the supplied
E°ox/red values.

Equilibrium concentrations were related to spin concentra-
tions (spins perRâ) of the NiFeC andgav ) 1.94, 1.82, and
1.86 EPR signals (designatedINiFeC, I1.94, I1.82, and I1.86,
respectively) through eqs 9-12.

where SN (N being A, B, or C) is the proportion of the
designated redox-active cluster that contributes to the as-
sociated EPR signal intensity.

Simulated EPR intensity titration curves were compared
to the experimental curves as described below. All points
shown in the figures were included in this process. The
resulting quality-of-fit parameterQfit is essentially the average
normalized length between each data point and the nearest
simulation point; thus, smallerQfit values correspond to better
fits. To minimize Qfit , E°Cox/Cred1 and E°Xox/Xred were freely
adjusted, andSA, SB, SC, RA, RB, RC, and RX values were
allowed to vary within 15% of their model-requiring values
given in Tables 2-5. E°Aox/Ared, E°Box/Bred, E°Cred1/Cint, and
E°Cint/Cred2 were fixed at the experimentally determined values

INiFeC ) SARA[Ared-CO]/Etot (9)

I1.94 ) SBRB[Bred]/Etot (10)

I1.82 ) SCRC[Cred1]/Etot (11)

I1.86 ) SCRC[Cred2]/Etot (12)

2RA[Aox] + 3RA[CO] h 2RA[Ared-CO] + RA[CO2] (3)

2RB[Box] + RB[CO] h 2RB[Bred] + RB[CO2] (4)

2RC[Cox] + RC[CO] h 2RC[Cred1] + RC[CO2] (5)

2RC[Cred1] + RC[CO] h 2RC[Cint] + RC[CO2] (6)

2RC[Cint] + RC[CO] h 2RC[Cred2] + RC[CO2] (7)

RX[Xox] + RX[CO] h RX[Xred] + RX[CO2] (8)
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given above. Within these constraints,Qfit values were
normalized to the best (lowest)Qfit obtained (calledQbfit).

Models Employed.The partial-plus-X (or PPX) model
assumes the redox chemistry attributed to the A-, B-, and
C-clusters in the introductory section and the presence of
another (generic) redox site X. The word “partial” indicates
the assumption of redox heterogeneity. If the PPX model
were correct, the number of electron equivalents perRâ
accepted by fully oxidized ACS would depend on the EPR
spin intensities. As an example, assumeINiFeC, I1.94, I1.82, and
I1.86 values of 0.20, 0.75, and 0.4 spin/Râ, respectively.
According to a recent Mo¨ssbauer study, anINiFeC of 0.2 spin/
Râ would indicate 0.3 redox-active Ared-CO center/Râ (RA

) 0.3 andSA ) 0.7) (7). Each cluster in the Aox state requires
3 equiv/Râ for reduction to Ared-CO, yielding a subtotal of
0.9 equiv/Râ involved in reducing the A-cluster. All B-
clusters are assumed to be redox-active (RB ) 1.0) and
require 1 electron for reduction (subtotal of 1.0 equiv/Râ
involved in reducing the B-cluster). About 75% of B-clusters
are assumed to reduce to theS ) 1/2 Bred state, yielding the
gav ) 1.94 signal with a maximal intensityI1.94 of 0.75 spin/
Râ (thus,SB ) 0.75), while 25% reduce to theS ) 3/2 Bred

state, yielding EPR features (g) between 4 and 6. About 40%
of C-clusters are assumed to reduce from Cox to Cred2(a three-
electron process, with anIC of 0.4 spin/Râ and anSC of 1.0),
and the remainder are reduced by one electron to the CS)3/2

state. This yields a subtotal of (3× 0.4)+ 0.6 ()1.8) equiv/
Râ used to reduce both forms of the C-cluster. We do not
know the redox potential of the Cox/CS)3/2 couple, but assume
that of the Box/Bred couple (both reductions correspond to
the one-electron reduction of an [Fe4S4]2+ cube). For
simplicity, we count the proportion of C-clusters that reduce
to the CS)3/2 state along with the B-clusters, affording anRB

of 1.0 + 0.6 ()1.6) redox-active clusters/Râ and anSB of
0.75/1.6 ()0.47). That leaves anRC of 0.4 and anSC of 1.0,
where these values refer only to those C-clusters that can be
reduced to the Cred1 and Cred2 states. In the PPX model, the
proportion of site X (RX) is variable. In general, the PPX
model predicts that the number of equivalents perRâ
accepted by fully oxidized ACS equals

The five terms in eq 13 indicate the number of equivalents
per Râ accepted by the A, B, and C (those that reduce to
the Cred1 and Cred2 states), C (those that reduce to the CS)3/2

state), and X redox sites, respectively. In the example
presented above, if site X accepted 0.6 equiv/Râ (RX ) 0.3),
EQtot would equal (3× 0.3 × 1) + (1 × 1.0 × 1) + (3 ×
0.4× 1) + (1 × 0.6× 1) + (2 × 0.3× 1), or 4.3 equiv/Râ.

The partial-minus-X (or PMX) model is identical to the
PPX model except that it excludes the X site. Given the
maximum EPR signal intensities and the PMX model, EQtot

can be obtained from eq 14.

In this example, EQtot ) (3 × 0.2)/0.7+ (1 × 0.75)/0.75+
(3 × 0.4)/1 + (1 × 0.6)/1, or 3.7 equiv/Râ.

The total-plus-X (or TPX) model is identical to the PPX
model except that it assumes that all clusters in the enzyme
are redox-active (thus, no redox heterogeneity in the enzyme)
whether they exhibit EPR signals (i.e.,RA ) RB ) RC ) RX

) 1.0, andSA ) IA, SB ) IB, andSC ) IC). The TPX model
predicts that fully oxidized ACS would accept 9 equiv/Râ
in the CO/CO2 titration. The total-minus-X (or TMX) model
is identical to the TPX model except that it excludes the X
site; it predicts that fully oxidized ACS would accept 7 equiv/
Râ.

The entire experiment and analysis employs 22 parameters,
including (a) the protein concentration; (b) the initial CO
concentration at each point; (c) the CO2 concentration; (d)
the pH; (e) the observed spin intensities for the NiFeC and
gav ) 1.94, 1.82, and 1.86 signals; (f) the redox potentials
for the Aox/Ared-CO, Box/Bred, Cox/Cred1, Cred1/Cint, Cint/Cred2,
and Xox/Xred couples; (g) the proportion of each center that
is redox-active (RA, RB, RC, andRX); (h) the proportion of
each redox-active center that exhibits an EPR signal (SA, SB,
andSC); and (i) the number of equivalents perRâ by which
the enzyme is reduced at the start of the titration (EQinit).
This last parameter is required because the samples were
not fully oxidized at the start of the titrations (see below for
more details).

RESULTS

Three independent reductant-free samples of ACS were
titrated under a CO2 atmosphere using stoichiometric amounts
of the reductant CO and the oxidant thionin, as described in
Experimental Procedures. The extent of reaction was moni-
tored by EPR. Resulting spectra were simulated, and the
intensities of each contributing signal were quantified and
plotted as titration curves. These curves were simulated using
parameters defined by particular models.

Selected 10 K spectra from one titration (Titration 2) are
shown in Figure 1. The most oxidized sample (Figure 1A)
exhibited only thegav ) 1.82 signal (from the Cred1 state).
As CO was added and samples were incrementally reduced,
this signal increased, and then declined as thegav ) 1.86
(from Cred2), 1.94 (from Bred), and NiFeC (from Ared-CO)
signals arose and eventually plateaued. Intensities of thegav

) 1.82 and 1.86 signals were obtained from the 20 mW
spectra (Figure 1, upper set of spectra). NiFeC andgav )
1.94 signal intensities were quantified from the 0.05 mW
spectra (Figure 1, lower set of spectra), since they saturated
at 20 mW. For each titration, with increasing amounts of
CO, the intensity of the Cred1 state increased to a maximum,
and then declined as the intensity of Cred2 increased and
eventually plateaued. The most distinctive points of these
curves are the initial increase in the Cred1 intensity, the
“hump” in the Cred1 intensity, and the Cred1:Cred2 “crossover
point”. Each titration began at a slightly different oxidation
state, and so for ease of viewing (Figures 2-4), titrations
were aligned at the Cred1:C red2 crossover points (where all
three samples share a common oxidation state).

Before describing the analysis of these data, we must
mention difficulties encountered and our methods of resolv-
ing them. This is important because the degree to which we
succeeded in resolving these difficulties impacts our conclu-
sions.

“Spontaneous” Oxidation of Fully Reduced ACS.Titra-
tions were complicated by spontaneous reactions apparently

EQtot (equiv/Râ) ) 3RA[A tot] + 1RB[Btot] + 3RC[Ctot] +
1(1 - RC)[Ctot] + 2RX[X tot] (13)

EQtot (equiv/Râ) ) 3INiFeC[A tot]/SA +
I1.94[Btot]/SB + 3[(I1.82 + I1.86)/2][Ctot]/SC +

1[1 - (I1.82 + I1.86)/2][Ctot]/SC (14)
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catalyzed by ACS. Fully reduced enzyme spontaneously
oxidizes apparently because of a slow hydrogenase activity
(35, 36). At equilibrium, the enzyme is in a stable partially
reduced state. Despite this, we wanted to generate complete
titration curves (from fully oxidized to fully reduced).
Because of its stability, the partially reduced state (most
conveniently obtained by removing all reductants chromato-
graphically) was chosen as the titration start point. To
generate the complete titration, some aliquots had to be
oxidized while others were reduced, and all were subse-
quently frozen before they equilibrated back to the partially
reduced state. This approach effectively achieved equilibrium
conditions for catalytically functional redox processes oc-
curring in the reductive part of the titrations. It was effective
because the rates of reduction of catalytically functional
redox sites are fast relative to the hydrogenase activity (23,
36).

Spontaneous Reduction of Fully Oxidized ACS.Fully
oxidized ACS (oxidized with excess thionin) spontaneously
reduces to a partially reduced state, apparently because excess

thionin oxidatively damages the metal clusters in ACS,
releasing sulfide ions that reduce other enzyme molecules
(35). This problem was less easily resolved. Milder oxidants
could not be used because they would not oxidize the enzyme
fully, and excess thionin irreversibly inactivates the enzyme
at a rate that becomes (at thionin amounts of greater than
∼1 equiv/Râ) comparable to that at which catalytically
functional oxidation processes occur (35). As a result, fully
active and fully oxidized ACS (i.e., devoid of the Cred1 EPR
signal) could not be obtained.

Cred1 and Cred2 Titration CurVes.The Cred1 curves for the
three titrations are shown in Figure 2. For titrations 1 and 2,
the most oxidized regions (where 1.0-3.0 equiv/Râ of
thionin was added) are not presented. In those regions, the
intensity of Cred1declined far slower with added thionin than
expected if the only oxidation process occurring was Cred1

f Cox. We took this as evidence for the inactivation
oxidation processes described above, and excluded these
points. This problem was not as apparent for titration 3, and
so all points were included.

Thus, the most oxidized samples included in the titration
curves were not fully oxidized at the start point of the
titrations; all of the A- and B-clusters were oxidized, but a
fraction of the C-clusters were in the Cred1 state (with the
remainder in the Cox state). It was important for our analysis
to determine the point at which the titrations would have
begun had those inactivation oxidation processes been absent
(the “ideal” start point). The ideal start point was estimated
by simulating the shape of the reliable portion of the Cred1

hump region (assuming just the Cox f Cred1 redox process)
and “constructing” the most oxidized portion of the Cred1

titration curve. This resulted in the curve that would have
been present had the inactivation oxidation processes been
absent. The experimental titration curves were then shifted
by a variable amount designated EQinit to minimizeQfit. EQinit

is defined as the number of equivalents perRâ between the
first reliable experimental data point and the ideal start point
of the titrations. This procedure was also performed on
titration 3, even though no data points had been excluded.

FIGURE 1: Selected EPR spectra of CO/CO2 titration 2 collected
at microwave powers of 20 (top panel) and 0.05 mW (bottom
panel). Samples were treated with the following amounts (equiva-
lents perRâ) of either CO or thionin: (A) 0.375, thionin; (B) 0.0;
(C) 0.75, CO; (D) 1.25, CO; (E) 1.5, CO; (F) 2.0, CO; (G) 4.0,
CO; and (H) 6.0, CO. Data points were subsequently readjusted to
the ideal starting point of the titration as described in Experimental
Procedures. EPR conditions were as follows: microwave frequency,
9.42 GHz; temperature, 10 K; modulation amplitude, 11.8 G; and
modulation frequency, 100 kHz. CO equivalents (and thionin
equivalents) are equal to electron equivalents.

FIGURE 2: C-Cluster curves for titrations 1 (A), 2 (B), and 3 (C):
(9) Cred1 and (2) Cred2. Solid lines are the best fits using the PPX
model. For clarity, curves A and B have been shifted vertically by
0.7 and 1.4 spins/Râ, respectively. Other details are given in the
text and Table 1.
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Despite complexities, uncertainties resulting from this
procedure were not large. The first reliable data points in
the Cred1titration curves were located on the oxidative decline
of the Cred1hump region (to the right of the left dotted vertical
line in Figure 2), and so the curvature of that region could
be used to extrapolate to the abscissa (at 0 spin/Râ).
Moreover, the Cred1spin intensities of the first reliable points
were no greater than 0.2 spin/Râ, and so only 0.2 equiv/Râ
(assuming the partial models) or 0.5 equiv/Râ (assuming the
total models) of oxidizing equivalents would be required to
abolish that signal. Thus, the uncertainty in this procedure
corresponded to less than∼10% of the total number of
titrated equivalents. It did, however, add uncertainty to the
determination ofE°Cox/Cred1 and the presence of high-potential
EPR-silent redox sites (see below).

The average of the best-fit values forE°Cox/Cred1 (-0.12 V)
should be reliable within 40 mV. This value, along with
E°Cred1/Cint, determines the shape of the Cred1hump. Given that
there was no inactivation oxidation occurring in the bulk of
this hump region, the fit to it should be fairly accurate. An
E°Cox/Cred1 of -0.22 V has been reported for samples under
Ar (9), suggesting a CO2-dependent shift of 0.1 V. This is
in line with the effects of CO2 on other redox processes in
the enzyme.

The Cred2 titration curves were quite reproducible for the
three titrations, while the Cred1 titration curves, and in
particular the intensity of the Cred1 humps, varied signifi-
cantly. In titration 1, the maximum intensity of this feature
was only 50% of the maximal intensity of the Cred2 state,
while in the other two titrations, the Cred1 and Cred2 maximal
intensities essentially matched. We have observed similar
variations in previous studies, but typically, the Cred1 and
Cred2 maximal intensities have been quite similar (8, 9, 13).
Thus, we regard the attenuated intensity of the Cred1 curve
of titration 1 as anomalous.

Bred and Ared-CO Titration CurVes. The Bred titration
curves, shown in Figure 3, were quite reproducible. In each
case, essentially all ACS molecules of the most oxidized
samples contained Box. The Bred state began to develop at
∼1 equiv/Râ; its intensity increased monotonically to 4.5
equiv/Râ, and plateaued thereafter.

The Ared-CO titration curves are shown in Figure 4. All
ACS molecules in the most oxidized samples contained Aox.
The Ared-CO state began to develop between 1.5 and 1.8
equiv/Râ; its intensity increased monotonically, and pla-

teaued at 3.5-4.5 equiv/Râ. As observed in numerous
previous studies, the NiFeC signal intensities varied sub-
stantially for the three titrations (8, 9, 13, 15).

Simulation of Titration CurVes. Titration curves were
simulated using four model descriptions of the redox
properties in ACS. The simulation procedures and the PPX,
PMX, TPX, and TMX models are described fully in
Experimental Procedures. Numerous parameters were re-
quired for these simulations, but many were known from
previous studies and were not varied. Others (defined by the
model that was employed) were allowed to vary slightly.
The most remarkable aspect of this study is that, despite these
seVere restrictions, the simulations to the partial models
(PPX and PMX) fit the data extremely well.Best-fit
parameters are given in Table 1, and simulations are shown
in Figures 2-4 (solid lines). Neither total model (TPX and
TMX) fit the data satisfactorily (see Tables A and B of the
Supporting Information), yieldingQfit values 1.6-5.8 times
Qbfit. This result indicates that the total models are incorrect.

According to eq 14 and the values in Table 1, the best-fit
total number of reducing equivalents perRâ accepted by
the samples was 3.5 for titration 1 (PMX model), 3.7 for
titration 2 (PPX model), and 5.0 for titration 3 (PPX model).
Titration 3 accepted more equivalents than titrations 1 and
2 primarily becauseINiFeC was substantially higher in titration
3, and this increasedRA. Titration 2 accepted more equiva-
lents than titration 1 primarily because thegav ) 1.82 signal
intensity was disproportionately low in titration 1.

Titrations of ACS with CO under an Ar Atmosphere.ACS
titrations with CO performed under Ar are more complicated
to analyze, since the Nernst equation cannot be reliably
employed. The problem is that the concentration of CO2 is
very low in these titrations and can only be estimated (8).
Nevertheless, the differences in the pattern of signal develop-
ment are edifying, and so we present selected EPR spectra
of a CO/Ar titration in Figure 5. The corresponding titration
curves are shown in Figure 6. The sample devoid of CO
was partially reduced with 0.05 spin/Râ for Bred and 0.14
spin/Râ for Cred1. The intensity of the Bred state increased
rapidly (with a slope of 0.4 spin/equiv) and was fully
developed by 1 equiv/Râ. The Cred1:Cred2 conversion began
at 0.5 equiv/Râ, had a crossover point at 1.2 equiv/Râ, and
was complete at∼2.5 equiv/Râ. The Ared-CO state began

FIGURE 3: B-Cluster titration curves. Details as described in the
legend of Figure 2.

FIGURE 4: A-Cluster titration curves. Details as described in the
legend of Figure 2.

15702 Biochemistry, Vol. 38, No. 48, 1999 Fraser and Lindahl



to develop at 1.5 equiv/Râ and was complete at∼4 equiv/
Râ.

Is an Additional EPR-Silent Redox Site X Present in ACS?
An important issue is whether these titrations support the
presence of an EPR-silent redox site in ACS. The best-fit
simulation to titration 1 (PMD) assumed no X site in ACS,
while those to titrations 2 and 3 assumed 0.5 and 0.9 equiv/
Râ for X, respectively. Thus, these data are unable to
rigorously support or exclude the existence of X. However,
closer inspection of the data reveals that the best-fitE°Xox/Xred

for both titrations essentially matchesE°Cox/Cred1 (-0.15 and
-0.20 V for titrations 2 and 3, respectively). Thus, the fitting
program “used” X to fit the region of the titrations where

the Cox/Cred1 couple is active, i.e., the oxidative side of the
Cred1 hump. This was the most difficult region to analyze
because another oxidative process occurred there. Even if
the fitting procedure was prompted withE°Xox/Xred values
substantially more negative thanE°Cox/Cred1, the iterative nature
of the program eventually shifted the former value toward
the latter. For titrations 1 and 2, data beyond the last reliable
point in Figures 2-4 were excluded, while for titration 3,
all data that were collected were included. In retrospect, some
oxidative inactivation probably accounted for the broad
decline in the oxidative side of the hump in titration 3, and
this was attributed to site X. Thus, the site X used to improve
the fit in titrations 2 and 3 is almost certainly not the
functional redox site X or D proposed previously (13, 15-
17).

Table 1: Theoretical and Best-Fit Parameters Using the PPX and PMX Models

titration 1 (PPX) titration 1 (PMX) titration 2 (PPX) titration 2 (PMX) titration 3 (PPX) titration 3 (PMX)

SA 0.65 (0.70)a 0.65 (0.70) 0.66 (0.70) 0.70 (0.70) 0.81 (0.70) 0.78 (0.70)
SB 0.46 (0.41) 0.46 (0.41) 0.46 (0.41) 0.44 (0.41) 0.31 (0.31) 0.30 (0.31)
SC 1.15 (1.00) 1.15 (1.00) 1.15 (1.00) 1.00 (1.00) 1.00 (1.00) 1.00 (1.00)
RA 0.35 (0.30) 0.33 (0.30) 0.26 (0.30) 0.27 (0.30) 0.55 (0.60) 0.55 (0.60)
RB 1.50 (1.60) 1.40 (1.60) 1.50 (1.60) 1.60 (1.60) 1.60 (1.60) 1.80 (1.60)
RC 0.36 (0.40) 0.38 (0.40) 0.34 (0.40) 0.40 (0.40) 0.35 (0.40) 0.40 (0.40)
RX 0.25 (0.30) - 0.26 (0.30) - 0.44 (0.5) -
EQint 0.10 0.20 0.25 0.20 0.20 0.20
E°Cox/Cred1 -0.100 -0.100 -0.15 -0.15 -0.20 -0.20
E°Xox/Xred

b -0.20 - -0.15 - -0.20 -
Qbfit 1.08 1.00 1.00 1.13 1.00 1.16

a Theoretical values are shown in parentheses.b For all models,E°Aox/Ared-CO ) -0.173 V,E°Box/Bred ) -0.366 V, andE°Cred1/Cint ) E°Cint/Cred2 )
E°Cred1/Cred2 ) -0.345 V.

FIGURE 5: Selected EPR spectra from the titration of ACS with
CO under Ar. EPR conditions as described in the legend of Figure
1. The amounts of CO added, in equivalents perRâ, were (A) 0.0,
(B) 0.5, (C) 1.0, (D) 1.5, (E) 3.0. and (F) 5.0.

FIGURE 6: Titration curves for CO/Ar: (A) Ared-CO (NiFeC EPR
signal intensity vs the number of equivalents perRâ of CO), (B)
Bred (gav ) 1.94 signal), and (C) Cred1 [gav ) 1.82 (b)] and Cred2
[gav ) 1.86 (2)] titration curves. Solid lines were constructed by
visual inspection of the data.
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DISCUSSION

Heterogeneity of ACS.The excellent fits of the partial
models to the titration data, using very few free-floating
parameters, provide strong evidence that ACS is heteroge-
neous as previously proposed (6, 7, 9, 10, 14, 15, 18, 19)
and described in the introductory section. The origin of this
heterogeneity remains unknown, though (a) harvestingC.
thermoaceticaanaerobically, (b) purifying ACS under strict
anaerobic conditions, (c) purifying ACS rapidly in the
presence of DTT, and (d) purifying ACS without excessive
prolonged dilution all seem to yield somewhat higher
activities and spin intensities (15). However, even when
purified under these conditions, the greatest NiFeC andgav

) 1.82 or 1.86 signal intensities correspond to∼0.5 and∼0.4
spin/Râ, respectively (i.e., similar to titration 3). Heterogene-
ity may ultimately arise from events occurring during the
growth of the bacteria. Similar heterogeneity seems to afflict
a number of other proteins besides ACS, including methane
monooxygenase (37, 38), ribonucleotide reductase (39), and
stearoyl-acyl carrier protein∆-9 desaturase (40).

EPR-Silent Redox Sites.Our data and analysis indicate that
there are no additional EPR-silent redox sites titrating in the
region between 0.3 and 6 equiv/Râ. If such a site is assumed,
the fitting process “shifts” the potential so that the assumed
site undergoes redox in the most oxidative portion of the
titrations (from 0 to 0.3 equiv/Râ). In fact, the “site” fitted
by our models is probably due to oxidative inactivation that
occurs upon adding thionin. There may also be EPR-silent
species (e.g., the D site) that titrate beyond the end point of
our titration (where all of the EPR signals cease changing),
but these would be undetected.E° for such a species would
likely be less than-0.45 V. Under an Ar atmosphere, the
reduction potential of the D site is about-0.54 V. In the
presence of CO2, this potential may be less negative, but
given the function of the D site (to render the Ni2+ of Aox a
potent nucleophile), its potential under CO2 should remain
quite negative, beyond the range of the titrations that are
presented.

Comparison to PreVious Titrations.Lindahl et al. (9) first
titrated ACS, using the method of controlled potential
coulometry. In the potential region between-0.1 and-0.6
V, 5.4 equiv/Râ of electrons was accepted by the thionin-
oxidized enzyme under an Ar atmosphere. These electrons
reduced Box to Bred and Cox to Cred1 and converted Cred1 to
Cred2. The partial model predicts that oxidized ACS would
require ∼1 equiv/Râ less in Ar than in CO2 (since the
A-cluster would not be reduced). Thus, the samples used by
Lindahl et al. (9) accepted about 2 equiv/Râ more than that
predicted by the PPX model (assuming standard spin
intensities). At the time of the previous study, the deleterious
effects of thionin were not known, and we suspect that
oxidative inactivation products consumed the extra reducing
equivalents.

Shin et al. (35) performed both oxidative and reductive
stoichiometric titrations, using CO as a reductant and thionin
as an oxidant, monitoring the reaction by UV-vis spectros-
copy. They found that ACS contained “A420-sensitive” redox
sites that could accept or donate∼4 equiv/Râ and were most
likely involved in catalysis. Their results are compatible with
those obtained here.

Seravalli et al. (16) reported stoichiometric reductive
titrations of ACS with dithionite and CO, monitored with
EPR and UV-vis. Their samples began partially reduced,
with Cred1 and Bred EPR signals each quantifying to about
0.2 spin/Râ. According to the PMX model, these samples
would have been about 0.4 equiv/Râ reduced. With dithionite
as the reductant, the titration was complete after adding∼2
equiv/Râ, and the resulting sample exhibited 0.6 spin/Râ Bred

and 0.25 spin/Râ Cred1. According to our titrations, only∼1
equiv/Râ should have been required for that titration. They
proposed that ACS contains another redox site called X that
was responsible for consuming the extra reducing equiva-
lents. However, Shin et al. (35) noticed that dithionite-
reduced ACS spontaneously oxidizes over time, and for this
reason, they froze their samples relatively quickly after
reduction. In contrast, Seravalli et al. incubated their samples
for ∼1 h before freezing (16). Thus, another possibility for
why their titration required twice the number of reducing
equivalents predicted by our model is that their samples
“spontaneously” oxidized during the lengthy incubation. The
lack of conversion from Cred1 to Cred2 in their samples is
consistent with this explanation (9, 13).

Seravalli et al. (16) also titrated ACS with CO under an
Ar atmosphere. In this case, the reduction process was
qualitatively identical to what we observed (Box f Bred

followed by Cred1 f Cred2 and Aox f Ared-CO). However,
the number of equivalents perRâ required for these changes
was substantially greater than that predicted by our model.
Their sample (which we estimate to be 0.4-0.6 equiv/Râ
reduced relative to the fully oxidized ideal state) required
more than 4 equiv/Râ of CO before the A-cluster started to
be reduced. According to our results, only 2.2 equiv/Râ is
required before the A-cluster starts to reduce, a difference
of ∼2 equiv/Râ. Their titrations appear to have been
performed with a gas phase present, into which some of the
CO that was added would have equilibrated (we performed
our titration in cuvettes devoid of a gas phase). If Seravalli
et al. (16) did not correct for this partitioning (and they make
no mention of doing so), additional reducing equivalents
would have been required to achieve the same level of
reduction achieved in our gas-phase-free titrations. In this
case, their data would not provide evidence for another redox
site.

Mechanistic Implications.Although our data discount the
possibility of an additional redox site in ACS (in the redox
region reliably probed by our titrations), the need for such a
site remains. When reductant-free ACS (in the [Cred1 Box]
state) is reduced by CO, the resulting [Cred2 Bred] state is
3e- more reduced than the starting state (9). Since CO is a
two-electron reductant, anothern ) 1 redox site (X) seems
to be required. When ACS in the [Cred1 Box] state is reduced
by CO, it first converts to the [Cred2 Box] state, and then
slowly to the [Cred2 Bred] state (41). If Cred2 slowly reduces
Box f Bred, the resulting state would have the C-cluster
poised in the hypothetical Cint state which should not be able
to be reduced by CO. Ann ) 1 redox site X seems to require
rapid oxidation of Cint back to Cred1so that Cred1could rapidly
react with another CO and afford the observed [Cred2 Bred]
state. This predicament can be resolved by assuming that X
is another molecule. Under in vitro conditions using pure
ACS, X would be another ACS molecule in the [Cred1 Box]
state. Under in vivo conditions, X might be another protein
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functionally associated with ACS.
Conclusions.Within the potential region probed by these

titrations (-0.2 to-0.45 V), we conclude that there are no
additional redox sites besides the A-, B-, and C-clusters.
There are additional redox sites with potentials of more than
-0.2 V, though these are probably nonfunctional and reflect
oxidative damage. There may be additional redox sites with
potentials of less than-0.45 V, but such sites were not
probed by these titrations. The metal centers in the enzyme
exhibit redox- and spin-state heterogeneity, causing the
observed low EPR spin intensities.

SUPPORTING INFORMATION AVAILABLE

Tables of theoretical and best-fit parameters using the total-
minus-X and total-plus-X models. This material is available
free of charge via the Internet at http://pubs.acs.org.
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