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ABSTRACT. Acetogenic carbon monoxide dehydrogenases catalyze the reversible oxidation of C@ to CO
and the synthesis of acetyl-coenzyme A, utilizing two novel Ni-Fe-S active sites (the C- and A-clusters,
respectively) and an [R84]2"1* cluster (the B-cluster) that serves to transfer electrons. Enzyme samples
were titrated under equilibrium conditions using various partial pressures of CO in Ar anati@@spheres.

EPR signal intensities from each cluster were analyzed as a function of potential using the Nernst equation.
The presence of CQraised the reduction potentials of the A-, B-, and C-clusters, and it appeared to
increase the strength of CO (substrate for acetyl-CoA synthesis) binding to the reduced A-cluster. Carbon
dioxide also appeared to stabilize an intermediate EPR-silent state of the C-cluster and alter the saturation/
relaxation properties of the reduced B-cluster. Simulations assumiaiies (number of einvolved in
reduction) larger than appropriate for timelividual reactions generally fit better to the titration data than
those which assumed the appropriate n, indicating positive redox cooperativity. Carbon dioxide did not
inhibit 1,10-phenanthroline from removing the labile Ni from the A-cluster, but it did inhibit the CO/
acetyl-coenzyme A exchange activity, probably by causing CO to bind more tightly to the A-cluster.
Taken together, these results indicate a significant-@&€pendent conformational change affecting the
properties of all three clusters and both subunits. Since the enzyme operates in vivoje@/&ahment,

the CQ-induced conformation may be mechanistically important.

Carbon monoxide dehydrogenases are one of only five (2). Itis anoyf, tetramer B) containing~ 4 Ni, 24 Fe and
known types of Ni-containing enzymes. They are found in 30 $ ions, organized into three clusters called A, B, and
certain acetogenic, methanogenic, photosynthetic, and sulfateC.
reducing bacterial] and catalyze the reversible oxidation The C-cluster is the active site for CO oxidation/CO

of CO to CQ according to eq 1. reduction 4). It has a Ni-X-FeS, structure §), and is
located in the3-subunit 8). The diamagnetic oxidized form
CO+H,0=CO,+ 2H" + 2¢ (1) (Cox) can be reduced by one electron to a statgg(Cthat
exhibits an EPR signal with,, = 1.82 6).
The enzyme from the acetog@tostridium thermoaceti- The B-cluster is a typical [R&]?"*" cluster {7) also

cum (CODHY" also catalyzes the synthesis of acetyl- |ocated in the3-subunit 8). It serves as an = 1 electron
coenzyme A from CO, coenzyme A, and a methyl group shuttle between the other clusters in the enzyme and external
redox agents§, 9). The diamagnetic oxidized form (B
TThis research was supported by the National Institutes of Health can be reduced by one electron to a statgq(§ielding a

(GM46441) and the Robert A. Welch Foundation (A1170). Jav = 1.94 signal §).
* Author to whom correspondence should be addressed. Email: 2 . . .
Lindahl@chemvx.tamu.edu. Lindahl et al. ) measured the thermodynamic reduction

1 Abbreviations: CODH, carbon monoxide dehydrogenase from potentials for the B/Beq and G/Creq1 COUples electrochemi-
Clostridium thermoaceticunCoA, coenzyme A; A Ares, and Aeg cally, and obtainedE%(7.2) = —0.44 V andE%(7.2) =

CO, oxidized, one-electron-reduced (hypothetical), and one-electron- . . : =
reduced-and-CO-bound states of the A-cluster, respectivelyaiid 0.22V. Similar potentials (ranging from0.39 V to—0.44

Bres, OXidized and reduced states of the B-cluster, respectivaly; ¢~V for E% and —0.035 V t0—0.23 V for E°:;) have been
Creds, and Gean, OXidized, one-electron-reduced, and (most likely) three- obtained for the corresponding redox couples in CODHs

electron-reduced states of the C-cluster, respectively;i@pothetical isolated from other bacterid)
state of the C-cluster presumed to be one electron more reduced than . . .

Creqr and one electron more oxidized thardg E%, E%(pH), Eocr- At substantially lower po_tentlals, in accqrdance WHH
g)l—})Ei E%ép/g), Eoccer(rl)/g), Eoc(gz(rzllé), agld?é:o/cQ(pE').Ctg?CAé(/ﬁnlafdy = —0.53V, thega, = 1.82 signal from G4 disappears and
ox/Breds Low Lreds CreddCreda Credd Cinty Cint/ Creda @N aft- is replaced by another EPR signal wigh = 1.86 6), arising

cell standard reduction potentials, respectively, at an indicated pH (6.3, . . ’
7.0, or 8.0);E%irec, standard reduction potential for the,A\ecCO from a state deS|gnatede€g Credzis prObably two electrons

half-cell reaction involving a one-electron reduction and CO binding more reduced than & (9, 10), but the exact electronic
process;E™irec, Midpoint potential for the NiFeC potentiometric  designation is not certain. During catalysis, CO is thought

titration curve;Kco, the association constant for the binding of CO to ; ;
Aves Pco andPco, partial pressure of CO and GOespectively: pCO, to bind Geqs, be attacked by OH deliver two electrons to

negative logarithm oPco; Prw, microwave powerQy, quality-of-fit Crea1 (affording Geqs), and dissociate as GQ@9, 11). An
parameterQyyr, smallest (bestis. electron from Gz is presumed to transfer to,B resulting
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in Bregand an as-yet unestablished even-spin C-cluster statethat CQ alters the relaxation/saturation properties of the
called G, (10). G is thought to reoxidize to Gy as reduced B-cluster and inhibits the CO/acetyl-CoA exchange
electrons exit the enzyme through the B-cluster. In the reaction. Mechanistic implications of these effects are
reverse direction, G2binds CQ and reduces it to CO which  discussed.

dissociates from (.

The A-cluster is a Ni-X-Fg5, cluster that serves as the EXPERIMENTAL PROCEDURES
site of acetyl-CoA synthesis, and resides in thhsubunit CODH Purification and Actiities. CODH was grown,
(3,12-17). By exposing the enzyme to CO, the diamagnetic purified, and characterized fron€. thermoaceticumas
oxidized state of the A-cluster ¢4 can be reduced to an S  previously described?l). All experiments involving CODH
= 1/, CO-bound form (A+CO) that exhibits the so-called were performed anaerobically in an Ar atmosphere glovebox
NiFeC EPR signalg, 7, 18, 19) The A.q state without (Vacuum/Atmospheres HE-453) maintained-@®00 K with
CO bound has not been demonstrated. The A-cluster is<1 ppm Q (monitored by a Teledyne model 310 analyzer).
reduced by electrons from CO oxidation. The NiFeC signal Five batches were isolated, with puritie®0% according
develops 2000 times more slowly than the C-cluster reducesto SDS-polyacrylamide gel electrophoresis. Protein con-
the B-cluster 8, 9), suggesting that the electron pathway from centrations were determined by the Biuret meth@ad),(
the C- to the A-cluster differs from that used to exit the assuming 154 700 Da for each COD#f dimer @23).
enzyme through the B-cluster. Batches had CO oxidation activities of 280, 320, 340, 290,

One peculiar property of the A-cluster is that it can be and 290 units/mg21) and CO/acetyl-CoA exchange activi-
reduced only by a very limited group of reductants, including ties @4) of 0.1, 0.07, 0.14, 0.09, and 0.3 units/mg, respec-
CO. Low-potential reductants such as dithionite or viologens tively. For the CO/acetyl-CoA activity in a GQ@tmosphere,
are effective, but only if CgQ CS, or acetyl-CoA are also @ sample of CODH (0.4 mg, batch 5) was divided in two,
included 6, 9, 10, 15, 2Q) The basis of this unusual property and assayed as above except that the cuvette in which one
is not understood; COand C$ may bind to the enzyme  aliquot was assayed contained 0.2 atm CO and 0.8 atsp CO
and permit dithionite and viologens to reduce,2either while the control contained 0.2 atm CO and 0.8 atm Ar. Two
directly, or via another cluster in the enzynt 10, 20). similar experiments (using 0.3 mg CODH per aliquot) were

A number of studies have attempted to analyze the redox Performed using batch 4. CODH was treated with 10 equiv/
behavior of CODH. Lindahl et al.6f electrochemically 4 of 1,10-phenanthroline as describdd), except that the
poised CODH under a GQatmosphere and monitored the ~treatment was performed under 1 atm £LO
NiFeC signal intensity as a function of potential. They  CO Titrations under an Ar Atmospher&ubber septa and
concluded that the midpoint potential associated with the vVolume-calibrated EPR tubes (Wilmad, 710-SQ-250m) and
development of the NiFeC signdTyired) is between-0.35  Vials (Wheaton, 10, 15, and 50 mL) were stored in the
V and—0.53 V. Gorst and Ragsdalg5) electrochemically ~ glovebox for at least 3 days prior to use. Septum-sealed,
poised CODH in the presence of acetyl-CoA. They moni- Ar-filled tubes and vials were injected by syringe (10, 25,
tored the development of the NiFeC signal as a function of 50, and 100uxL Hamilton gastight series 1700) with
potential, and fitted the resulting titration curve to the Nernst Oz-scrubbed (Oxisorb, MG Scientific) research-grade CO
equation usingf™virec = —0.541 V. Shin and Lindahtl) (MG Industries). Gases were mixed by withdrawing and
added CO to dithionite-reduced CODH. They monitored the reinjecting a syringe-volume of the tube’s atmosphe@9
NiFeC signal intensity versus the number of equivalents of times and waitig 1 h toallow for diffusion-mixing. Samples
CO added, simulated the resulting NiFeC titration curve, and of CODH batches 1 and 2 were rendered free of dithionite
obtained a CO-binding constarco of 6—14 atnr'?2 and DTT using gel filtration columns (1 cm 12 cm) of
Although these studies contribute substantially to our un- Sephadex G-25 (Pharmacia) equilibrated in 50 mM Tris-Cl,
derstanding of the redox clusters of CODH, each is flawed PH 8.0. Aliquots (40QuL of 3.4 mg/mL of batch 1, or 4.1
in some respect (either by not being at equilibrium when mg/mL of batch 2) were injected into the EPR tubes and
samples were frozen, or by assuming that the NiFeC titration Vials. They were thoroughly exposed to the gas phase by
curve reflects a simple one-electron reduction). Additionally, agditation, incubated for 3 h, and agitated again. The samples
CODH has been studied primar”y in an inert atmosphere' in vials were transferred into EPR tubes (Containing the same
even though C@|s present when the enzyme functions in atmosphere as the VialS), and all tubes were frozen in ||qU|d
Vivo (the bacteria grow under QD Thus, the properties N> for Subsequent EPR analySiS. A similar eXperiment was
of CODH examined in the absence of €@nd the performed USingasample (42 mg/mL, batch 4) equi”bratEd
mechanistic insights gleaned therefrom may not reflect how in 50 mM MES, pH 6.3. All potentials quoted are vs the
the enzyme functions in nature. Normal Hydrogen Electrode and have an estimated overall

In this paper we report the results of a series of redox Uncertainty ot 0.03 V, unless mentioned otherwise.
titrations using increasing partial pressures of CO in the _CO Titration under a CQ Atmosphere at pH 6.3.The
presence and absence of £ahd reevaluate the results of fitration was performed as above, except that volume-
the previous studies mentioned above. These titrationsCalibrated vials (10, 15, 20, and 60 mL) were filled with
demonstrate that Ginding substantially changes the redox  Slightly greater than 1 atm of &scrubbed C@(dispensed
and CO binding properties of the clusters and provide Tom a Schlenk line) rather than Ar. Samples of CODH (450

evidence for cooperative redox behavior. We also report 4L Of 4.8 mg/mL of batch 2, or 4.6 mg/mL of batch 3, in 50
mM Tris-Cl, pH 8) were injected into the vials, incubated

2Th tuall teteo in Units of ML, (600014000 M- for 3 h, then transferred into G&illed EPR tubes and
€y actually reportetkco In units o i ! . . . . . .
Ke = 1/Kco = 70— 165uM) rather than in atm Peo and concentrations immediately frozen using liquid-Ncooled isopentane. The

of CO in solution were interconverted using the Henry's Law constant PH Of equivalent samples stabilized at 6.3 upon exposure to
of 1.02 x 1073 uM/atm (16, 45, 46). CO..
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Reaction of CODH with Ti(lll) Citrate and Acetyl-CoA.

A sample of CODH (batch 5) was rendered free of reductants
as above. Three modified EPR cuvettes with quartz mixing
chips (6) were filled completely with the reductant-free
CODH (500uL of 13 mg/mL). A solution of Ti(lll) citrate
was prepared as describéb) and 10 equiwds were added

to each cuvette. After 3 min, 0, 0.1, and 3.0 equi/of
acetyl-CoA (Sigma) were added to different cuvettes. Solu-
tions were mixed, frozen after 15 min incubation, and
analyzed by EPR. Another aliquot of enzyme (the positive
control) was treated with 1 atm CO prior to freezing.

EPR Characterization.The spectrometer used has been
described previouslyl@). Individual EPR signalsdhy
1.82, 1.86, and 1.94) in a given spectrum were simulated
using the XPOW program26—29). The intensities of

Russell and Lindahl

pH were used. Equilibrium constants for reactions 2 and 5
will be calledK; andKco, respectively. Aq+CO is probably
generated from 4 by a one-electron reduction and a CO-
binding step, and this process was simulated assuming either
reaction 2 or sequential reactions 3 and 5. The process was
also modeled as requiring two electrons, reaction 4, and CO
binding. The use of CO as a reductant in these reactions
(and those involving the B-cluster) is not meant to imply
that CO reduces & or Bo directly; only that equilibrium
conditions with these clusters and the CO/Quple can

be established. Itis also known thaiBs reduced by one
electron, given by eq 6. However, the reduction was also
modeled as requiring two electrons, indicated by eq %4.C

is probably two electrons more reduced thamf£but it is

not known whether fq; is reduced by CO directly to G

simulated EPR signals were adjusted to match those of thegg in eq 8, or if it is reduced first to the intermediatg C

observed signals, and then quantified by double integration
(30) using 1.00 MM CUEDTA as a standard. NiFeC signals
were quantified directly from spectra obtained at 130 K. The
spin intensities obtained for thg, = 1.82, 1.86, 1.94, and
NiFeC signals in an Ar atm (pk: 8) were normalized by
dividing by 0.28, 0.21, 0.77, and 0.18 spif¥ respectively

state, and then to & as in eqs 9 and 10. Another model
assumes that &, is reduced directly by four electrons to
Credz €9 11, or by two electrons to the,Cstate, and then
by two more electrons to the,&, state, eqs 12 and 13.
Equilibrium constants were converted to reduction poten-
tials using the relatiol; = exp(F/RT)AE, where n equals

(these values were the averaged spin intensities of five datane number of electrons involved in the reaction. aviel=

points in the plateau region of each titration curve). Cor-

responding normalization values were 0.22, 0.21, 0.60, andEoC

0.15 spinés for the Ar pH 6.3 titration and 0.40, 0.40, 0.69,
and 0.21 spirlg for the CQ titration. In the CQ titration,
there was no plateau region for thedgtitration curve, and
so the normalization value for that curve was assumed to
equal that for the gg2curve. Normalized intensities for the
O = 1.82, 1.86, 1.94, and NiFeC signals were plotted versus
the negative log oPco (pCO) to yield the Ggs, Credz Bred,
and A+ CO titration curves, respectively.

Titration Curve Simulations.Titration curves were simu-
lated using eqs 2133

2A,,+ 3CO=2A_CO+ CO, @)
2A, + CO=2A_,+ CO, 3)
A, + CO=A -+ CO, 4)
A4+ CO=A_ CO 5)
2B,, + CO= 2B, + CO, 6)
B, + CO=B,,+ CO, )
Creart CO==Ceyp + CO, (8)
2C, 4+ CO=2C,, + CO, ©)
2C,, + CO=2C,.4,+ CO, (10)
Coqy+ 2CO= C,oy,+ 2CO, (11)
C,oqu+ CO=C,, + CO, (12)
C,,+ CO=C, g+ CO, (13)

Proton and hydroxide contributions to these equations were

omitted because the pH of the solutions analyzed were fixed
at either 6.3 or 8.0, an8%o/co,(pH) appropriate for each

E%(pH) — E’oico(pH). E’coico(6.3) = —0.487 V and
oico(8.0) = —0.587 V @1). Equilibrium expressions,
using molar concentrations of all species in solution and
partial pressures for the two gases in these reactions, were
solved at 100 simulation points (fixed partial pressures of
CO (Pco) and CQ (Pco,)). Simulation of the titrations
performed in an Ar atmosphere assumed a fitsa), ~ 0.001
atm{ estimated from a calculation of the amount of £O
generated as the system reached equilibrium using the
Henry’s law constant for C§ 3.1 x 10° uM/atm (32).

The quality-of-fit of the simulation to the dat&y;, was
assessed as follows. For each of Mhdata pointga{Xgas
Y4ay), the normalized distance to every simulation poXatq{,
Ysim) Was determined according to eq 14

Dgim = {[(Xdat - Xsim)/(xmax - Xmin)]2 +
[(Ydat_ Ysim)/(Ymax - Ymin)]z} vz (14)

where Kmax — Xmin) IS the length of the data along the

3 Menon and Ragsdal@®) recently reported that CODH solutions
have a slow hydrogenase activity. This activity, if present in our
samples, would have increased potentials-iy2 V relative to those
calculated here. We measured the potential of CODH samples (1 mL
of 1 mg/mL batch 3) under 1 atm G@nd variousPco values (using
an EG&G Princeton Applied Research Model 273 potentiostat, an
electrochemical cell with a double-septum-sealed injection port, a Au
working electrode, and a Ag/AgCl reference electrode). After injecting
a known volume of CO, potentials of the stirred solution were monitored
and then recorded after they stabilized, roughly 90 min after injecting
CO. Additional CO was then injected and the process was repeated.
Measured potentials were within 0.05 V of those calculated assuming
no hydrogenase activity. Hydrogenase activity may be so slow in our
samples as to have little effect on potentials, and so we have not taken
it into account in our simulations.

4The minimum and maximurRco, values present in these samples
were estimated to be 0.0001 and 0.01 atm, respectively. The minimum
corresponds to that generated by the oxidation of CO by CODH, while
the maximum value is an estimate of possible residual amounts pf CO
in the buffers (not eliminated during the degassing process), and that
generated by the maximum amount of residuat@nceivably present.

A 10-fold error in the estimate dPco, translates into an error ot
0.03 V.
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Ficure 1: Selected EPR spectra of CODH poised at different partial

pressures of CO under Ar at pH 8. Samples are from batch 1 as
described in Experimental Procedures, and were poised at the

following pCO: A, no CO; B, 4.24; C, 3.82; D, 3.46; E, 3.04; F,
2.69; G, 2.42. EPR conditions: microwave frequency, 9.43 GHz;
temperature, 10 K; microwave power, 20 mW; modulation ampli-
tude, 11.8 G; modulation frequency, 100 kHz. Tdrealues of the
Oav = 1.94, 1.82, and 1.86 signals, from the BCredqz, and Geq2
states, respectively, are indicated.

abscissa andvfax — Ymin) is the length of the data along the
ordinate. The smalledds, value for each data point was
designatedDsimminr  FOr each titration, the quality-of-fit

parameterQy: was defined as

N

1
Qe =— D (15)

simmin
N piam1
Each titration curve was simulated at differéqtvalues,
and the lowesQy;, indicating the best-fit simulation, was
designatedys.

RESULTS

CO Titrations of CODH under Ar and COAtmospheres.
Dithionite-free CODH samples were prepared at pH 8 in
vessels containing increasifgo in a balance of Ar. Vessel
volumes were sufficiently large so that the amount of CO
reacting with the enzyme had a negligible effect Ry,
and incubation times were sufficiently long for equilibrium

to be established. Selected EPR spectra of these samples
are shown in Figure 1. The sample poised at the lowest

Pco value exhibited they,, = 1.82 and 1.94 signals, from
the Geqs and Beg States, respectively. Ao increased, the
Oav = 1.82 signal disappeared, and thg = 1.86, gay
1.94, and NiFeC signals developedlhese changes reflect
the Geqrto-Ceg2cOnversion, the reduction of,Bto Breg, and

5NiFeC signals are not observed in Figure 1 because theC®
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Ficure 2: Normalized CODH EPR signal intensities vs pCO for
titrations under Ar at pH 8. Points shown include the quantified
intensities of the spectra in Figure 1 and the remaining spectra of
the two sets of experiments performed. A, NiFeC signal (circles)
and best-fit simulation using eq 2 witki,s = 1.0 x 10° atnr2
(solid line); B, gav = 1.94 signal (circles) and best-fit simulation
using eq 6 withE%(8.0) = —0.53 V (solid line); C,gay = 1.82
(triangles),gay = 1.86 (circles), and best-fit simulation fordg

and Geg2Using eq 11 withE%14(8.0)= —0.58 V (solid and dashed
lines, respectively); D same as C except that the simulation was
obtained using eq 8.

the reduction and CO-binding of Ato the A.+CO state,
respectively.

The individual signals contained in each spectrum (includ-
ing those of Figure 1) were simulated and quantified.
Normalized signal intensities are plottedR&o in Figure 2.
Plots of the NiFeCga, = 1.94, 1.82, and 1.86 signals will
be called the A¢CO, Beg, Creq, and Gegy titration curves,
respectively. At the lowesPco used, about half of the
B-cluster population in the sample was already reduced, and
so a full titration curve was not obtained. The potential at
each point was estimated froRco, Pco, the pH of the
solution, and the Nernst equation. In the Ar titratioRge
and the pH were known, whil®co, was estimated to be
0.001 atntt

Another group of samples was incubated in vessels
containing 1 atm C@and various fixedPco. Although the
pH of the buffer used in these titrations was initially 8, the
final pH of the solutions was-6.3 after exposure to GO
Samples were frozen and analyzed by EPR (Figure 3). Plots
of the normalized EPR signal intensities Rso are shown
in Figure 4. Relative to the titration performed under Ar,
lower Pco values were sufficient to yield fully developed
signals in this titration. Moreover, the order of signal
development was different; under gQhe B-cluster was
reducedafter the other states (i.e., at highgo values than
were needed to cause.f to decline and Gg2and Ae+CO
to develop). Under Ar, the B-cluster was reduced at lower
Pco values. SincePco, was known for these samples,
accurate potentials could be calculated.

To determine whether these differences \hgisa the
titrations performed under Ar were due to £@ to the more
acidic pH conditions employed in the G@tration, a third
experiment was performed in which samples were prepared

state saturates at the microwave power employed. They were quantifiedin @n Ar atmosphere at the pH of the €tration, namely

under nonsaturating conditions (130 K, 80 mW).

pH = 6.3. Data were treated similarly, and the resulting
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Ficure 3: Selected EPR spectra of CODH poised at different partial fi

pressures of CO under 1 atm @@ODH (batch 2) poised at the
following pCO values: A, no CO; B, 4.50; C, 4.18; D, 3.96; E,

3.65; F, 3.19; G, 2.69; H, 0. EPR conditions were the same as in

Figure 1.
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t simulation using eqs 3 and 5, witf, = —0.52 V andK¢p =
1400 atm?® (solid line); B, gay =1.94 signal (circles), best-fit

simulation using eq 7 with%(6.3) = —0.46 V (solid line), and
best-fit simulation using eq 6 witk%(6.3) = —0.42 V (dashed

line); C, gav = 1.82 (triangles)gay = 1.86 (circles), and best-fit

simulation for Gegzand GegoUsing eq 11 withEC146.3)= —0.47

V (solid and dashed lines, respectively); D same as C except that

the simulation was obtained using eq 8.
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Ficure 4: Normalized CODH EPR signal intensities vs pCO for  Figure 6: Summation of the,, = 1.82 and 1.86 signal intensities
the titrations under CQ Points shown include the quantified from the three titrations plotted vs pCO. Circles, squares, and
intensities of the spectra in Figure 3 and the remaining spectra of triangles represent the sums for the titrations performed under CO
the two sets of experiments performed. A, NiFeC signal (circles), Ar pH = 6.3, and Ar pH= 8.0, respectively. For clarity, squares
simulation using egs 4 and 5, witfa = —0.39 V, andKco = and circles are displaced upward by 0.4 and 0.65 spths/

20000 atm'* (solid line), and simulation using egs 3 and 5, with  respectively. Solid lines are linear best-fits, obtained using AXUM
E% = —0.42 V, andK¢o = 23000 atm? (dashed line); Bga, = 3.0 (Trimetrix, Inc.).

1.94 signal (circles), simulation using eq 7 wiks(6.3) = —0.37
V (solid), and simulation using eq 6 witB%(6.3) = —0.36 V
(dashed); Cgay = 1.82 (triangles) and,, = 1.86 (circles) signals,
simulation of Gegz and Geg2 Using egs 12 and 13, wit%n(6.3)
= —0.35 V andE%,(6.3) = —0.36 V (solid and dashed lines,
respectively); D, same as C except simulation using eq 8.

For each of the three titrations, the sum of the= 1.82
and 1.86 signal intensities were plotted as a functioRdef
If the former signal converted directly into the latter, the
sum of their intensities should be invariant throughout the
titration. As shown in Figure 6, the plots for the titrations
signal intensities are plotted Vo in Figure 5. The order  performed under Ar (squares and triangles) were essentially
of the spectral changes that occurredPas increased was  flat, while that performed under GQcircles) had a notice-
the same as that observed under Ar at pH 8; developmentaple slope with higher overall spin intensity from the
of Bregwas followed by the arto-Ceqzconversion and then  C-cluster under highePco. This suggests that at 0Rco,
by the rise of the AsCO state. Also, thePco values  a significant proportion of C-clusters are in an EPR-silent
required to effect those changes were similar to those state.
required for the Ar titration at pH 8, and were substantially  Effect of CQ on Beg Saturation/Relaxation Properties and
greater than those required for the Ofration. Although CO/Acetyl-CoA Exchange Aditly. In the course of analyz-
the pH had some effect on the curves, the presence ef CO ing these EPR spectra, we noticed thatghe= 1.94 signal
appears to have caused the major difference between the firstrom By Saturated substantially easier (lower microwave
two titrations described. power at the same temperature) in the presence gftan
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Ficure 7: EPR 10 K power study of thg, = 1.94 signal. 3200 3260 3320

Quantified signal intensities were divided by the square root of the Gauss

microwave powers at which the spectra were obtained. These valuesricure 8: Background-subtracted EPR spectra of Ti(lll)-citrate-
were then normalized to the maximum value, and plotted vs the reduced CODH in 0.1 (B), and 3 (C) equid of acetyl-CoA. A
logarithm of the microwave power. Down-triangles, 4.3 mg/mL  corresponding spectrum of Ti(lll)-citrate-reduced CODH devoid
CODH in 50 mM Tris-Cl, pH 8.0, undePy, = 0.84 atm andPco of acetyl-CoA was used for subtractions. Spectrum A, a NiFeC
= 0.16 atm. Up-triangles, 3.8 mg/mL CODH in 50 mM MES, pH  signal quantifying to 0.21 spia3, is from a matching CO-reduced
6.3, underP,, = 0.83 atm antPco = 0.17 atm. Circles, 4.3 mg/  sample. EPR conditions were as in the Figure 1 legend.

mL CODH in 50 mM Tris-Cl, pH 8.0 (final pH= 6.3), undetPco,

= 1 atm andPco = 1.6 x 10-3atm. The equation $/Pmy = Pru/ and that in the absence of CO the reductants typically

[(1 + Pmw/P12)]°%8 (49) was fitted to the data. Fits were better i
whenB, the inhomogeneity parameter, was set equal to 1. Dashed,(_:‘mployt_:‘d are not sufficiently powerful to reduce,A

dotted, and solid lines are best-fit curves uddwg 1 andP;, values When CO is the reductant, the u_ncertainty !n how best to
of 9.2 mW (down-triangles), 8.2 mW (up-triangles), and 0.22 mw treat the absence of.4 can be avoided by fitting the data
(circles), respectively. to eq 2. K for eq 2 is related t&co andE%, by the relation

shown in eq 16.
in its absence. By signal intensities were divided by the
square root of the microwave power, normalized to 1.0, and  In Ky = 2 In[K¢o] + [2F/RTI(E’, — E’corcq(PH))
plotted vs. the log of the power in Figure 7. Such plots for
the samples prepared under Ar at pH 8 and 6.3 indicate that (16)
the altered relaxation/saturation properties of thg @uster
were due to the presence of g@ot to differences in pH.

We examined the effect of Gbn the CO/acetyl-CoA
exchange activity of the enzyme. The exchange assay wa:
performed using 20% CO in either an Ar or g&imosphere
(both buffered at pH 6.3). The sample in Ar exhibited an
activity of 0.55 units/mg, while that in Chad only 0.02
units/mg activity. Two other samples were completely
inhibited in CQ as well. We also determined that ¢@id
not inhibit the ability of 1,10-phenanthroline to remove the
labile from the A-cluster.

Development of the NiFeC Signal in the Presence of
Acetyl-CoA. Reduced CODH treated with 0.1 equiy of
acetyl-CoA exhibited a low-intensity NiFeC signal (Figure
8B). The intensity of this signal was 4% of that exhibited
by a matching sample treated with 1 atm of CO (Figure 8A).

Another sample treated with an excess of acetyl-CoA (3 will Vi L : : :
: . e . : . yield poorer-fitting simulations. Thus, we ignored
equivief) did not exhibit a NiFeC signal (Figure 8C). combinations ofE®%, and Kco on the extreme where sub-

ANALYSIS stantial Aeq was formed, namely whe@g > 1.5Qp. On
the other extreme (wheBE% is very negative andco is

The A-Cluster The A.+CO state is obtained from 4 very large), no such problem exists because essentially no
by a reductionand a CO binding step, as shown in eqs 3 Arqis formed. Thus, in principle, the magnitude o
and 5. Consequently, the£&CO titration curves were can increase without limit for a fixeli,; becauseE®s can
simulated assuming these reactions and the input parameteralways be adjusted to more and more negative values.
E% andKco. One problem with employing eqs 3 and 5 is However, at some poifco becomes unrealistically large
that the Aeq State, which ought to have an half-integer (andE° unrealistically negative), and simulations past that
electronic spin and be EPR-active, has not been observedpoint can be excluded. We have chosen kag for the
The reason for this is unclear. One possibility is that CO- binding of CO to reduced myoglobifK¢o ~ 23000 atm?;
binding raises the reduction potential for thg/Aeq couple Kg¢ = 44 nM) (33) as this limit.

This equation reveals why uniqu€’s and Kco values
cannot be obtained; namely, because a change in one can
be counterbalanced by a change in the other to yield the same
SKtm. Nevertheless, fitting A+CO titration curves using eqs
3 and 5 is fundamentally different from fitting them with eq
2.

In the former case, different combinationsEi andKco
(all yielding the sameKy) will yield different proportions
of enzyme in the fAqgform throughout the simulated titration,
while in the latter case Ayis undefined and always absent.
Since Aeq has not been observed, combination€E®f and
Kco values yielding substantial proportions ofefAwere
excluded. High concentrations ofeAarise for combinations
in which Kco is relatively small and=%, is relatively large
(i.e., when reducing & is presumed to be thermodynami-
cally “easy” and binding A4 “hard”), and such combinations
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Table 1: Best-Fit Parameters for the.£ACO Titration Curves

atm pH  Kco, E%]min  [Kco; E%]max  Elnirec EMiirec
CO, 6.3 6400;—0.39 23000-0.42 —-0.17 —0.38
Ar 6.3 430;—0.49 23000-0.59 —0.35 —0.50
Ar 8.0 460;—0.59 23000-0.69 —0.44 —0.60
Arb 8.0 510;—0.58 23000—-0.68 —0.44 —0.60

aSimulated titration curves were fitted to the data as described in
Experimental Procedures, using eq 2. Resulting bekisfivalues were
converted toE%rec by the relationshipRT In Kyt = NF(Eirec —
Eoco/cQ(pH)) Whel’eEoco/cQ(G.:g) = —0.487V anchco/cQ(B.O) —0.587
V. Curves generated using egs 3 and 5 were fitted to the data as well,
affording [Kco; E%] pairs, each of which satisfy eq 19 when best-fit
Kot @and appropriat&®coco,(pH) values are employed. Maximuriddo;
E%] values were obtained by fixindkco at 23000 atm' and
determining the matching’. Minimum values were those at higher
potential and weaker binding which generated a fit for whigh ~
1.5Qyr. In a 2-dimensional graph in whickco andE% are the axes,
any point on the line segments connecting min and max values
represents a&co; E%] pair yielding an acceptable fit to the daB\irec
values are the potentials at half-maximal NiFeC intensiti€ata from
Shin and Lindahl 16).

Using these criteria, the best-fit values for fitting theA
CO titration curves are given in Table 1. The two titration
curves performed under Ar yielded relatively simild,
values (-8 x 10* atm1) with no clear pH effect, while the
value obtained for the titration under G x 10% atm?)
was almost a million times greater. Best-fiE%; Kcolar
pairs (averaging results for both titrations) ranged from
[—0.54 V; 450 atm?] to [—0.64 V; 23000 atm']. These
Kco values correspond 6y = 44—3000 nM. Best-fit E0;
Kcolco, pairs ranged from-$0.39 V; 6400 atm?] to [—0.42
V; 23000 atm!]. TheseKco values correspond g = 44—
300 nM. Thus, exposing the enzyme to £@isesEC%, by
0.12-0.25 V and possibly increasé&o by as much as a
factor of 60.

Before A<+-CO was realized to result from both reducing
and binding CO to 4, Lindahl et al. ) attempted to

determined the redox potential associated with the develop-

ment of this state by fitting a NiFeC titration curve using
the Nernst equation and assuming the spurious half-cell
reaction shown in eq 17.
A, t+le =A CO a7)
For samples poised electrochemically in a;@@nosphere
at pH 6.3, they obtaineB™\jrec = —0.41+ 0.04 V. Our
data can be analyzed similarly, yieldir'njrec = —0.38
V. Comparable values for the other two titrations are given
in Table 1 (yielding an averag&Mnirec = —0.55 V).
However, such titrations must be analyzed using the correct
half-cell reaction shown in eq 18.
A, t+1le +CO=A_CO (18)
The reduction potential for this couplE%rec, contains
contributions ofE% andKco,
E'Nirec = E°A + [RTF]IN Keo (19)
E%irec = —0.17 V for our data obtained under 1 atm £0

other values are given in Table 1. Employing eq 17 in
analyzing NiFeC titration curves is equivalent to assuming

Russell and Lindahl

a particular (and fortuitously quite reasonable) valua<es
(namelyKqy ~ 0.3 uM for the CQ titration; 2 uM for Ar,
pH 8)8

Gorst and Ragsdalel) found that the NiFeC signal
developed when CODH was electrochemically reduced in
the presence of a molar excess of acetyl-CoA. They found
that the NiFeC signal intensity increased as potentials were
lowered, to about 10% of that obtained under 1 atm of CO.
They fitted the resulting titration curve using the Nernst
equation and calculate€Myirec = —0.541 V. We found that
reduced CODH incubated in a substoichiometric amount of
acetyl-CoA exhibited the NiFeC signal, but samples incu-
bated in a molar excess of acetyl-CoA did not. We explain
this by assuming that acetyl-CoA reacted quantitatively with
reduced CODH to form the EPR-silent methyl-bound state
(34), and that the freed CO reacted with the remaining
nonmethylated CODH molecules, affording the observed
low-intensity NiFeC signal. With a molar excess of acetyl-
CoA, all CODH molecules appear to have been methylated
and to be EPR-silent. We have more difficulty explaining
the results of Gorst and Ragsdalé) and are uncertain of
the redox process to which their midpoint potentiat-@f.541
V corresponds.

Shin and Lindahl 16) measured the development of the
NiFeC signal in a stoichiometric CO titration of dithionite-
reduced CODH, and simulated the resulting titration curve
by iteratively solving CO-binding and reduction reactions
using a procedure similar to that used here. They estimated

6 The overall spurious redox reaction is @A CO == 2A+CO +
CO,, with half-cell couplesE = E%orco,(pH) — [RT2F] In[Pco/Pco,]
andE = EMirec — [RT/F] IN{[AecCO]/[Aox]} . E™nirec is the potential
where the NiFeC signal reaches half-maximal intensity (i.e., wheg [A
CO] = [Au), and [Pcql12is the partial pressure of CO at that potential.
For the 1 atm C@data, Pcoli2 = 3.1 x 1074 atm. Equating two of
the previous equations yield&™\irec = E’coico(6.3) — [RT/2F]
In[Pco]12 = —0.38 V. Repeating this with the correct redox reaction
(2A0x + 3CO= 2A+CO + CO,) and the correct half-cell reaction
describing the development of the NiFeC signal, nantel E%irec
— [RTF] In{[AaeCO]/([Aox]Pco)} vields the relationship (at half-
maximal NiFeC intensitylENirec = E°corco(pPH) — [RTI2F] In{[Pco] 12/
[Pcolizt — [RTF] In[Pco]12. Rewriting this in terms oEMirec Yields
EONiFec = EMNiFec — [RT/F] ||'1[Pco]1/2 =-0.17 V. Substituting eq 19
and generalizing to any pH yield®s + [RTF] In Kco = E™nirec —
[RT/F] |n[Pco]1/2. EMNiFec = EOA when Keo = 1/[Pco];|_/2. Thus, the
midpoint potential of the NiFeC titration curve equél% assuming a
particularKco, namely 1/Pco]1/2.

7 Our results and the mechanism proposed by Barondeau and Lindahl
(34) both suggest that the NiFeC signal should not have been observed
in their experiment. The extraneous signals and severe baseline drift
evident in the spectrum illustrating their titration (see solid line, Figure
4, ref 15) warrant concern that the signal assumed to be the NiFeC
signal is not. However, if it is the NiFeC signal, it is reasonable to
assume that a fraction of CODH reacted with acetyl-CoA to generate
free CO, which bound (and possibly indirectly reduced) A-clusters in
unreacted molecules. The results of our titration (Figure 2A) indicate
thatPco ~ 5 x 107 atm would yield a NiFeC signal with an intensity
~10% of maximal. Such a partial pressure could have been achieved,
assumig a 5 mLgas-phase volume for their titrator and that/3 of
the 140 nmol of CODH present in solution reacted with acetyl-CoA to
liberate CO. However, the variation of NiFeC signal intensity observed
with changes in potential (yielding what appears to be a NiFeC titration
curve) appears not to reflect a potential-dependent chanBesirike
the curve shown in Figure 2A, since this curve does not plateau until
Pco ~ 0.01 atm. There was not enough CODH present in their
experiment to produced partial pressures this high. The observed
titration curve probably reflects another redox couple with a midpoint
potential of —541 mV. Likely possibilities include the §@Dreq, Aox/

Area, Or CO/CO couples, but further studies are required to settle this
issue.
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Ficure 9: Reanalysis of the titration of Shin and Lindalil6).
Triangles, normalized NiFeC signal intensities vs initial pCO values.
Circles, same data vs the calculated final pCO values. (Final pCO
values differ from initial values because some CO was consumed
during reaction with CODH.) Solid line, simulation assuming eqs
3 and 5 withE% = —0.65 V andKco = 8600 atnt.
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thatE? 0.54 mV andK¢o ~ 6—14 atn*,2 correspond-
ing to one possible solution witky,s ~ 4000 atm?. This

value ofKy is substantially smaller than obtained here. To
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Qric values are given in Table 3. For the titration in £0
the data fit nearly 2 times better to the model assuming the
intermediate, with E001N(6.3)]coz ~ [EOCN2(6.3)]COZ. In
contrast, the titrations in Ar fit better to the Direct-Conversion
model (not proceeding throughi,. E°%:1ApH) was pH-
dependent, decreasing by 0.06 V/pHE’d1A7.0)]co, was
—0.39 V while [E%1A7.0)]as was—0.51 V (averaged values).
Thus, the presence of a GG@tmosphere increased the
reduction potential for the grto-Ceq2 COnversion by 0.12
V. Lindahl et al. 6) previously measured=Pc1A7.0)lco, to
be —0.40 V and E%:1A7.0)]ar to be—0.52 V (adjusting to
pH = 7.0), similar to the values determined here.

All three sets of Gg1 and Geg titration curves fit better
to simulations that assumed an ovenmalE= 4 process, as
specified in eqs 1213, than to those assuming= 2. Best-
fit values are given in Table 3. The curve from the titration
performed under CEfit better to the Intermediate model,
reactions 12 and 13, while those from the titrations performed
under Ar fit better to the Direct Conversion model. The 67%
increase in the sum of the & and Geq. intensities as
potentials are lowered suggests that about a third of the EPR-
active C-clusters were in thej{Cstate at the lowesPco
(highest potential) measured.

determine whether this discrepancy originated from the dataDISCUSSION

or their analysis, we simulated their data (Figure 9) and
obtained the best-fit parameters listed in Table 1. The
similarity to the parameters obtained for our titrations
suggests that the previous analysis underestimagedor
the value ofE% employed, but that their data is consistent
with ours®

The B-Cluster By titration curves were analyzed using
reaction 6 and the Nernst equation. Bes&fi(8.0) values
are given in Table 2. These potentials appeared pH-
dependent, decreasing by0.06 V/pH unit. Adjusting the
values obtained for the titration performed under Ar to pH
7 yields [E%(7.0)]ar = —0.47 V. Lindahl et al. §) reported
an adjusted B°%(7.0)]sr = —0.43 V, within error of that
obtained here. Our best-fiEfs(7.0)]co, value equals-0.41
V, ~ 0.06 V more positive than ouEfg(7.0)]a

Surprisingly, these titration curves generally fit better using
Nernst equations witihh = 2 (a two-electron process) than
with n = 1, even though Rgis most certainly one electron
more reduced thang For the titration under C©and the
Ar titration at pH 6.3, the best-fit simulation to eq 7 fit the
data better by a factor of 2. The Ar titration at pH 8 (with

Reduction Potentials for CODH Redox Couple#\
number of redox titrations of CODH have been reported,
but an additional study was required because deficiencies in
the earlier studies created a confusing and uncertain founda-
tion upon which to base future investigations. Specifically,
the Asx— AreCO reaction had been misanalyzed as a simple
one-electron reduction, and even after the reaction was
realized to involve both a reduction and a binding step, the
inability to extract uniqueE®s and Kco values from the
NiFeC titration curve was not appreciated. A £i@duced
shift in the redox potential associated with the development
of the Geq2 State was noted6}, but this effect was not
satisfactorily characterized, as the titration was not performed
under equilibrium conditions. Finally, no titrations using the
substrates CO and G@s redox agents had been reported.
Since the enzyme operates in vivo in a &@mosphere, the
redox properties under such circumstances may be especially
relevant to catalysis.

The values obtained foE%(pH) and E°:;ApH) for
titrations performed in Ar and C{atmospheres are within

more severe scatter) fit as well to simulations assuming eithererror of those obtained previously. This consistency provides

n =1 orn = 2. Similarly, the A.-CO titration curve
obtained under Cgfit nearly 3 times better to an = 2
reduction (eq 4) than to am= 1 reduction (eq 3). There
was no significant difference in the corresponding fits of the
Areq-CO titration curves obtained under Ar.

The C-Cluster Whether CO reduces&; directly to Gegz

evidence that these values are essentially correct and
relatively free of systematic errors caused by different
experimental setups. Our analysis reveals that unique values
for E% and Ko cannot be obtained from NiFeC titration
curves; rather only a range of acceptable pairs of values can
be determined. Our reanalysis of previous studies generally

as in eq 8, or whether the reduction proceeds through a cme_.provides a consistent view of the redox processes occurring

electron intermediate state callegiCas in egs 9 and 10, is
not known, and so the (£ and Geg. titration curves were
fitted to equations modeling both processes. Bedf%it-
(pH), E%1n(pH), andE%nx(pH) values and their associated

8P. A. Lindahl and W. Shin retract their previous analysis and
estimate ofKco (16) which appear to have employed some spurious
assumptions, but reaffirm the soundness of their data.

in CODH.

CO binds to some Ni tetrazamacrocyclic complexes with
association constantéco as high as 10atnmr? (Kq ~ 10
uM) (35). Carbon monoxide inhibit®esulfaibrio gigas
hydrogenase by binding to the active site Ni wikh= 35
UM (Ko ~ 30 atnrt) (36), and it binds to the oxidized iron-
sulfur H-cluster ofClostridium pasteurianung37) with K;
= 1.1uM (Kco ~ 900 atm?). Thus, the range of possible
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Table 2: Best-Fit Parameters for theBritration Curves
atm E%(pH)n=1 E% (7.0)n=1 E%(pH)n=2 E%(7.0)n=2 Qui(n = 1)/IQue(n = 2)
CO, —0.36 (pH=6.3) —-0.41 —0.37 (pH=6.3) —-0.41 2.0
Ar —0.42 (pH=6.3) —0.46 —0.46 (pH=6.3) —-0.50 2.0
Ar —0.53 (pH=8.0) —0.47 —0.54 (pH= 8.0) —0.48 1.1
Table 3: Best-Fit Parameters for the2C.eq. Titration Curves
E% = E%c1,=
E%in = E%ne E%(7.0) Qu(DC, Qu(DC, Qi (IN, Qrie(IN,
atm n=2and4 n=2and4 n = 2)/Qus N = 4)/Qus n = 2)/Qus N = 4)/Qus
CO, —0.35 (pH=6.3) -0.39 1.7 1.3 1.2 1.7
Ar —0.47 (pH=6.3) —-0.51 1.8 1.7 2.9 1.4
Ar —0.58 (pH= 8.0) —-0.52 1.6 1.0 2.4 1.1

a Qi values for two models, one assuming Direct Conversion betwegna@d Geq. (called DC in the table) and the other assuming conversion
through the G intermediate (called IN in the table) were compared. For each modedlues of 2 and 4 were evaluated for each of the three
titrations listed in the rows of the tabl€s: values for each simulation were normalizedQg, the Qs resulting from the best-fit simulation. The
resulting fourQxi/Qyr ratios for each titration are listed in their respective rows. The simulation yielding the best-fit for each titration is indicated

by the Qri/Qur value 1.0 (indicated in bold).

Kco values for binding to the A-clusteiK§ ranging from
~3 uM in Ar and 0.3uM in CO, to 44 nM in either

[on' Box' Cred]] +3CO= [A red'CO' a'ed! Cred?] + 2COZ

atmosphere) suggests that CO binds to the A-cluster as Redox cooperativity has been observed and analyzed in a

tightly, or more tightly, than it does to these related Ni and
Fe centers. We favor the small&co values (weaker
binding) because they are nearer to kg values for these
other systems, and the correspondify values ¢ —0.5

V) are closer toE%oico(pH) andE° values for the other

number of multiple-redox-centered proteins, one of the most
studied being the tetra-heme-containing cytochrag{89—

41). Beef heart cytochrome oxidase appears to exhibit
negative redox cooperativity, in that reducing one heme in
the enzyme lowers the redox potential of the other heme by

clusters in CODH. Thus, although we cannot strictly exclude 0.135V @2). The di-heme-containing cytochrorsgfrom
stronger binding, we suspect that CO binds to the A-cluster Pseudomonas stutzesiso exhibits negative cooperativity,

with Kq ~ 107® M in Ar and about an order-of-magnitude
tighter in CQ.

Redox Cooperatity. Cooperativity arises when one event
affects subsequent similar even88). Thus, redox coop-

with AE® ~ 0.040 V @3). The cooperativity in the latter
protein was assumed to arise from electrostatic interactions
between the two hemes, while that in the former was
presumed to arise from a more complex mechanism (since

erativity arises when the redox status of one site alters thethe interacting hemes were known to be far apart).

reduction potential of another. Positive cooperativity arises  NiFe hydrogenases contain a NiFe active site (stable in
when one center is reduced more easily once the other centefour sequential redox states called Ni-AB, Ni-SlI, Ni-C, and
is reduced, negative cooperativity arises when one center isNi-R), two [F&S,)2"1* clusters, and one [E84]**° cluster.
thermodynamically more difficult to reduce when the other Coremans et al.4d) found that in the absence of redox
center is reduced, and noncooperativity arises when the redoxnediators, titration curves of the Ni-C/Ni-R transition,
status of one site has no effect on the reduction potential of generated by reducing the enzyme with the substratéitH
the other. Titration curves of positively cooperating centers to n = 2 or n = 4 Nernst equations (depending on whether
exhibit effectiven values higher than those appropriate for the quantified signal intensity was normalized to total Ni
the individual centers, while curves of negatively cooperating concentration or to EPR-active Ni) even though that transition

centers exhibit effectiva values less than those appropriate
for the individual centers.

It is virtually certain that the A- and B-clusters of CODH
are reduced by one electron, yet thei/&LO and Begtitration
curves, at least for the titration performed in £@x better
to simulations assuming am= 2 process. Likewise, the
reduction of Geg1t0 Ceq2iS most probably an = 2 process,
yet these titration curves fit better to= 4 Nernst equations.
These results indicate positive redox cooperativity in CODH,
at least in the presence of @Qand possibly under Ar.
Moreover, the coalescing &%, E%(7.0), andE®:147.0) to
within 20 mV of each other<0.39 to—0.41,—-0.41, and
—0.39 V, respectively), when CQOs added to the enzyme,
is remarkable. It means that, in the presence o,CGO

is a one-electron process (Ni-C is=S'/, while Ni-R is an
even spin system). In contrast, in the presence of mediators,
such curves fit to am = 1 process. This unusually high
value is analogous to that observed for CODH, and it
suggests positive redox cooperativity in NiFe hydrogenases.
The Effect of C@ Our study shows that the presence of
CO;, substantially alters the redox properties of the enzyme,
specifically by increasing®a, E%1ApH), Kco, possiblyE%-
(pH), and by stabilizing the i state. We also demonstrated
that CQ alters the relaxation/saturation properties ofdghe
= 1.94 signal, and that, at least in the presence of, @@re
is positive redox cooperativity. These changes may be
related to other CQ effects observed previously. The
presence of C&has been found to shift thgg, = 1.82 signal

three metal clusters in CODH undergo redox at essentially (10), accelerate the dissociation of the inhibitor CiMom
the same potential. These results suggest that in the presencihe C-cluster in the presence of dithioni®®,(and increase

of CO,, CODH is reduced (in accordance with a midpoint
potential of—0.40 V) by CO according to the following
= 4 process

the rate at which dithionite convertse to Ceqz. Carbon
dioxide also allows dithionite to reduce the A-cluster and to
“cure” batches of CODH that had been unable to convert to
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the GegzState 0, 10. Taken together, these results suggest 10.
that CQ binds to a site on the enzyme, and that this binding
alters the environment, electron-transfer thermodynamics and 1L
kinetics, and ligand-binding properties of all the clusters in ;5
CODH. It would appear that C{binding causes a major
realignment of all three clusters and both subunits in CODH. 13.
We suspect that the GDinding site effecting these changes

is in the f-subunit, since some Gffects (involving the
dissociation of CN) are also known for the CODH from

Rhodospirillum rubrum(45). This enzyme is a monomer
with substantial genetic and spectroscopic homology to the 16,

f-subunit of the CODH fronC. thermoaceticum Carbon

dioxide may interact at its substrate-binding site, presumed 17.

to be the Ni center of the C-cluste®)( or it may bind an
“effector” site.

Given that acetyl-CoA is synthesized in-vivo in the
presence of CO (the bacteria are grown under a €0
atmosphere), one of the most fascinating results reported here 20.
is that CQ inhibits the CO/acetyl-CoA exchange activity of
the enzyme. Both reactions presumably occur at the A-
Carbon 22
dioxide is not a substrate for the A-cluster and 1,10-
phenanthroline can remove the labile Ni of the A-cluster in

cluster and utilize the same mechanistic steps.

the presence of CQsuggesting that COdoes not block
access to the site. Our result that &@engthens the binding
of CO to the A-cluster suggests that €i@hibits exchange

of bound CO. Together with other results presented here, it

seems quite likely that C&binding significantly alters the

enzyme’s mechanism of catalysis. The central importance
of CO, in the physiology of acetogens adds to the potential

importance of this C@induced alteration.

The results presented here clarify the fundamental redox
properties of the enzyme, and highlight the heretofore

unnoticed importance of GO They also provide direction

for designing further experiments aimed at elucidating more
details of the enzyme’s unique bioorganometallic catalytic

mechanism.
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