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ABSTRACT. Carbon monoxide dehydrogenase (CODH) fr&hodospirillum rubruncatalyzes both the
oxidation of CO and the reduction of GOStudies of the redox dependence of Q®&duction byR.
rubrum CODH show that (1) CODH is unable to catalyze £@duction at potentials greater that300
mV; (2) the maximum activity is observed at potentials less thdB80 mV; and (3) the midpoint potential
(Em) of the transition from minimum to maximum GQ@eduction activity occurs at—339 mV. These
results indicate that the&G; state ofR. rubrumCODH (En = —110 mV; gyyx= 2.03, 1.88, 1.71) is not
competent to reduce GONernst analyses suggest that the reduction of CODH from the<tate to the
COx-reducing form (Gne Qzyx = 2.04, 1.93, 1.89F < ~—300 mV) of the enzyme is a one-electron
process. For the entire redox range, viologens stimulater€uction by CODH more than 50-fold, and
it is proposed that viologens accelerate the redox equilibration of redox buffers aSgldfekiring catalysis.

INTRODUCTION have greatly diminished CO oxidation activities and lack the
spectroscopic signals attributed to the C-cluster. The B-cluster
functions in electron transfer to CooF, the physiological
electron acceptor of CODHLQ), while the function of the
D-cluster is not known. Further, there is not a spectroscopic

Carbon monoxide dehydrogenase (CODIHtpm Rho-
dospirillum rubrumreversibly oxidizes CO to C{according
to the following schemel(-5):

Scheme 1 signature for the D-cluster, although it must be represented
N B in the published UV-vis and M@sbauer spectra.
CO+HO0=CO,+2H" + 2e We have proposed that CODH contains a C-cluster com-
prised of a [FeNi] binuclear subcluster, (9, 11, 12). The
Recently, the general features of tRe rubrum CODH [FeNi] binuclear subcluster is proposed to be bridged to a

structure have become known by X-ray crystallogra)y ( sjow-relaxing (EPR properties) Fe-containing subcluster
The enzyme exists as a homodimer of tbeSgene product.  component that we refer to as keGormerly, Fe$ was

The dimeric enzyme contains two C-clusters, two B-clusters, referred to as [FSi]c) (7, 9, 11, 12). Also proposed to be
and a previously unknown cluster, referred to as the present based upon spectroscopic properties is a typical all-
D-cluster, that bridges the two subunits. The arrangementcysteinyl liganded [F5,] cluster that we termed [RS4]s

of clusters in the enzyme is such that a C-cluster:B-cluster (7 g 11, 12). In addition, a CO ligand (CQ has been de-
pair from opposite subunits are more proximal than the tected, and based upon its presence in Ni-deficient CODH,
C-cluster and the B-cluster from a single subunit. The it is pelieved to be bound to the Fe site of the putative [FeNi]
bridging D-cluster is most proximal to the B-clusters. The ¢yster (3).

C-cluster serves as the active site for catalyZ)s 4nd the The route of intramolecular electron transfer following CO
assignment of the C-cluster in the crystal structure is basedqyiqation has been a matter of speculation for some time.
on its proximity to His265 and Cys531. CODHs with  ynon the basis of spectroscopic data, we have proposed three
substitutions at these sites [e.g., H265V and C533/9)] different redox states of the putative active site [FeNi]
cluster: a fully oxidized state, [(GOFe*™-Ni?"]*"; a one-
TWork described here was supported by Grant DE-FG02-87ER13691 glectron-reduced state, [(QFE-Niz*-H-]4*; and a two-

DOE Basic Energy Sciences program) to P.W.L. and by National : -
I(nstitutes of Healtt?yGrant 5F32pGN§I] 197)16 to C.R.S. Y electron-reduced state, [(IFe"-Ni*-H7*" (11). The

*To whom correspondence should be addressed. Phone: (608) 2627€doX states of the Fe@nd [FeS]g clusters also have been
6859. Fax: (608) 262-3453. E-mail: pludden@cals.wisc.edu. established by UV vis and EPR spectroscopy. kedhder-
elecion paramagHets 165onaEn: micpoin potontals ceblenes  90€S @ reversible one-electront{a+) redox step with a
redox pgtential;gCN, cyanide; IV'IOPSp, SNE)morphoIin’o) propane- mldpomt at—110 mV, and [Fﬁ“]B {J”defgf)es a reversible
sulfonic acid; DTH, sodium dithionite; BSA, bovine serum albumin; one-electron (2/1+) redox step with a midpoint at418
MB, methylene blue; BV, benzyl viologen; MV, methyl viologen; SHE, mV (7, 12). The following redox states of the [FeNi] cluster,

standard hydrogen electrode; IC, indigo carmine; EDTA, ethylenedi- ;
aminetetraacetic acid; Hb, bovine hemoglobin; DE-52, diethylamino- Feg and [FaSs were proposed after analysis of CODH

ethyl celluloseK, Michaelis constant/ma, maximum activity; ACS, poised at the given pOtent?a!S3 (a) at potentiE) & —60 _
acetyl-CoA synthase. mV, all clusters are fully oxidized and EPR unobservable in
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perpendicular mode (i.e., [(GIFe™-Ni2t]**, FeS?", and
[FesS4e?"); (b) at a calculateE = —295 mV, one-electron-
reduced [FeNi] and FeSlusters, and oxidized [F8]g were
proposed to be present: [(CYFe™-Ni2*-H™]*" was sug-
gested to couple with Fe5 to produce the EPR signal,
Creds “Ozyx = 2.03, 1.88, 1.71; (c) at a calculatBEd= —326
mV, a two-electron-reduced [FeNi] cluster, one-electron
reduced Fe§ and oxidized [Fg§54]s were proposed to be
present: “uncoupled state (Q” of FeS:" as [(CQ)Fe**-
Ni?*-H"]3" is S = 0; (d) an addition of physiological
substrate C@(as a form of NaHCE) to the uncoupled state,
a fully oxidized [FeNi] cluster and one-electron reducedd-eS
were proposed to be present: [(QBe€T-Ni2t]*" was
suggested to couple with F€'S to produce the EPR signal,
Creazg and (e) ate = —500 mV, [FaS,]s was proposed to
be reduced in addition to a fully reduced [FeNi] cluster and
FeS: [FesSys't was suggested to couple with RéSto
produce the fast-relaxing EPR signaledza (11).

The experimental results presented here provide evi-
dence that (i) CODH in the ( state can reduce G@vhile
CODH in the Geg: State cannot, and (ii) CODH in the,G
state is one electron more reduced than CODH in the C
state.

MATERIALS AND METHODS

All preparations were performed in an anaerobic glovebox
(Vacuum Atmospheres Dri-Lab glovebox model HE-493; O
< 2 ppm) unless otherwise noted. All columns were
preequilibrated with an appropriate buffer prior to use.

Preparation of Redox-Dyes and Other Solutiofihe
buffers used for pH 7.5 and pH 8.5 were 100 mM MOPS
(3-(N-morpholino) propanesulfonic acid, USB) and 100 mM
TrisHCI (Tris (Hydroxymethyl) Aminomethane, Fisher),
respectively. Thionin ' = +64 mV versus SHE, Ald-
rich), methylene blue (MBE;' = +11 mV versus SHE,
Allied Chemical), indigo carminel; = —125 mV versus
SHE, Sigma), 2-hydroxy-1,4-naphthoquinofi /(= —145
mV versus SHE, Aldrich), phenosafraniy{ = —252 mV
versus SHE, Aldrich), neutral red{’ = —325 mV versus
SHE, Sigma), benzyl viologen (BVE;' = —350 mV
versus SHE, Sigma), methyl viologen (M¥;' = —457
mV versus SHE, Aldrich), and sodium dithionite (DTH,
E;, = ~—500 mV versus SHE, Fluka) were prepared in
either MOPS or Tris-HCI buffer. NaHC{O(Fisher) was
preparedn 1 M of either MOPS or TrisHCI buffer to avoid
a pH shift.

Cell Growth Wild-type R. rubrum Strain UR2 was
cultured as described previously, 4, 15).

Purification of CODH CODH was purified by a modi-
fication of our published protocol. This protocol involved
addition of glycerol (5%) before heat treatment to protect
the heat-labile FelQ).

Preparation of CODH Sampled-or the oxidation of
CODH, as-isolated CODH (in MOPS buffer containing 2
mM DTH) was loaded onto a DE-52 column (0.5 cenl
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CO, Reduction Assay<O; reduction to CO by CODH
was monitored by the spectrophotometric absorbance
change observed upon the binding of CO product to re-
duced bovine hemoglobin (Hb; i.e., a shift of the Soret
band from 433 to 419 nm)3}. The apparent initial rate of
CGO;, reduction in the presence or absence of Hb has been
shown to be the sam@)( indicating that the initial rate of
the measured COreduction (within 1 min) in the pres-
ence of Hb will not be skewed. Therefore, the irre-
versible formation of a carbonyl-hemoglobin (Hb-CO)
complex during C@reduction does not disturb the kinetic
parameters of the described experiments on the given time
scale.

The CQ reduction assay mixture (4 mL) contained 0.1
mM redox dye, 0.2 mg/mL Hb, and 0.9% NacCl in either
100 mM MOPS or 100 mM TrisHCI buffer. Anaerobic assay
mixtures were prepared in cuvettes in the Vacuum Atmo-
spheres glovebox and cuvettes were serum-stoppered before
removal from the glovebox. Desired redox states of the assay
mixture were obtained by adding concentrated DTH while
monitoring changes in the extinction coefficiers) @t the
appropriate wavelengtii ., of the employed redox media-
tor in the assay mixture. Spectra were recorded on a
Shimadzu model 1605 dual beam spectrophotometer. Since
an excess of redox dye (0.1 mM final concentration) was
employed for each experiment, the predetermined redox
states of the assay mixtures were assumed to be maintained
during the assay periods @ min). 2-Hydroxy-1,4-naph-
thoquinone fmax = 449 nm (oxidized)¢ = 1.5 mM cn1?]
was employed to poise the assay mixtures at a potential of
—295 mV (pH 8.5); phenosafraniifax = 518 nm (oxi-
dized),e = 25.7 mM cn1!] was used to maintain a solution
potential of—326 mV (pH 7.5). To conduct CQreduction
assays in the redox range 0 #6530 mV with a fixed pH
7.5, the following redox dyes were employed: (a) indigo
carmine fmax = 610 nm (oxidized)e = 19.9 mM cn1l],

—50 through—156 mV; (b) 2-hydroxy-1,4-naphthoquinone,
—160 through—210 mV; (c) phenosafranin; 210 through
—300 mV; (d) neutral redAmax = 521 nm (oxidized)e =
16.8 mM cn1?], —300 through—500 mV; and (e) DTH,
—500 mV. While the main absorption peak of each dye is
remote from the Soret peak (419 nm) of Hb-CO, there is
still significant absorption of the dyes in the 419 nm region.
Combining all dyes in one assay solution accumulatively
overwhelms the absorption at Soret peak (419 nm). There-
fore, a single redox dye was used for the appropriate po-
tential range. At all pHs (pH 7.5 and 8.5) and potentials (0
to —530 mV) assayed, Hb (Sigm&,, = +102 mV) was
fully reduced. The one-electron mediators MB.{x =
664 nm (oxidized)¢ = 59.9 mM cn1?], MV [ Amax = 601

nm (reduced)¢ = 9.7 mM cm?] or BV [Amax = 599 nm
(reduced),e = 9.3 mM cn1?] had no effect on the for-
mation of Hb-CO. CQ reduction activities are expressed
as umol CO-formed min! mg™? protein (specific activ-
ity) (3).

cm, Whatman), and excess thionin was applied. Thionin was For experiments presented in Table 1, the assay mixture

removed by washing with excess MOPS buffer. Oxidized
CODH was eluted with MOPS buffer containing 0.2 M NaCl

for CO, reduction assays at estimated redox potentials
(Eq) = —295 mV contained 15«M CODH, 0.1 mM

and was immediately passed through a Sephadex G-25 (0.95% reduced 2-hydroxy-1,4-naphthoquinotg € —295

cm x 15 cm, Pharmacia) gel filtration column to remove
the NacCl.

mV), 0.2 mg/mL Hb, and 0.9% NacCl in either 100 mM
TrisHCI or 100 mM MOPS buffer. COreductions were
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Table 1: Quantification of the Apparent GReduction Rate at Various Redox States of CODH

reduced clusteb&o) one-electron mediator
E# (mV) —CQO, +CO, MB¢ Bvd MVe specific activity
+64 0 0 - - - 0
(pH 7.5) + - - ND¢
— + — ND
- - + 0
—120 ND ND — — — 0
(pH 7.5) + - - ND
- + — ND
- - + 0
—295 49 49 - — - (8.5x 1075 + (2.3 x 1079)
(pH 8.5) 48 49 + - - (9.4 x 1075 + (8.8 x 107°)
48 49 - + — (9.9x 1075 + (6.3 x 1079)
49 49 - - + (9.4 x 1075 + (1.6 x 107°)
—295 50 49 - — — (4.2x 1075 + (8.9x 1079)
(pH 7.5) 49 49 + - - (8.5x 1075 + (2.4 x 107°)
48 48 - + - (6.0 x 1075) & (7.9 x 107°)
49 49 - - + (5.2x 1075 + (4.4 x 10°°)
—326 51 50 - - — (1.6x10Y £ (3.2x 1079
(pH 7.5) 50 50 + - - (2.0x 10 £ (8.2x 1072
49 49 - + - (1.2+6.7)x 1073
49 48 - - + (1.0£2.2)x 102
—500 100 103 - - - (2.3x107Y) £ (7.8x 107?)
(pH 7.5) 100 102 + - - (8.0x 10+ (3.1x 102
100 101 - + - 9.4+ 4.6)x 108
99 99 - - + (1.1x 104 £ (3.3x 1079)

a Estimated redox potential® Percent reduced UV-observable metal clusters in the absence of NaHCO,) and in the presence of NaHGO

(10 mM, +CQ;). The estimation of the percentage of reduced-metal clusters monitored at 420 nm was described in the Materials and Methods.

¢ MB, methylene blued BV, benzyl viologen® MV, methyl viologen.” Apparent CQ reduction activities are expresseduasol CO-formed min*
mg* protein).9 Not determined. C@reduction was assayed by monitoring the conversion rate of hemoglobin (Hb) to carboxyhemoglobin (Hb-
CO) in the presence of CODH and NaH&@ source of Cg) as described in the Materials and Methods.

initiated by adding NaHC®to a final concentration of 50  lution was standardized against carbonic anhydrase prior to
mM to the assay mixture, and GQ@eduction rates were use.

monitored by the change in UV-absorption spectra of the UV—Vis Absorption SpectraAs-isolated CODH was
Soret peak at 419 nm due to accumulation of Hb-CO for 1 loaded onto a DE-52 column (0.5 cm 1 cm). Excess
min. All of the CG; reduction rates (slopes) were linear for thionin was passed over the bound protein, then washed off
1 min with R> > 0.9998. Notice that high concentrations of by passage of several column volumes of either 100 mM
CODH (150u4M) and NaHCQ (50 mM) were required to ~ MOPS or 100 mM TrisHCI buffer. The protein was eluted
observe CQ® reduction at this redox potential. Therefore, with 200 mM NaCl in either 100 mM of MOPS or TrisHCI
CODH was added to these assay mixtures before poisingbuffer. To poise the samples at the desired potentials, an
the assay mixture to the desired redox potential. Further- excess of one of the indicated redox dyes (0.5 mL of 5 mM),
more, titration of the assay mixture containing CODH with [either 99% reduced 2-hydroxy-1,4-naphthoquinone (for
a commercial DTH which contained a significant amount —295 mV, pH 8.5 mV), or 86% reduced phenosafranin (for
of NaCO; did not affect the quantification of the GO  —295 mV, pH 7.5), or 95% reduced phenosafranin {f826
reduction rate because an excess amount of both NgHCO mV, pH 7.5)] was added to each thionin-oxidized CODH
and CODH were required for the GQeduction in this sample (0.2 mL of 0.2 mM). Redox mediators were removed

potential range. by passing the samples down a Sephadex G-25 column (0.5
For the measurement of G@eduction at low potentials cm x 5 cm, Pharmacia), and eluents were transferred
(Eq = —326 mV), the assay mixture (10 mM NaHG®.2 immediately to serum-stoppered quartz cuvettes. Spectra for

mg/mL Hb, and 0.9% NaCl in 100 mM MOPS) was poised UV-observable metal clusters at different redox states were
with either 0.1 mM 99% reduced phenosafranin or 2 mM measured at 420 nm within 1 min. After recording the
DTH. For these assays, G@duction was initiated by the  spectrum of a sample at the desired redox potential, both
addition of 0.154M CODH to the assay cuvette (note: NaHCQ; (10 mM final concentration) and one-electron
10000-fold lower amount of CODH, and 5-fold less NaHCO mediator (either MB, BV, or MV; 5«tM final concentration)
were used in assays at lower potential). The effect of one-were introduced anaerobically and the spectrum was im-
electron mediators (MB, BV, and MV) was tested by adding mediately recorded. The UWis absorption spectra obtained
each mediator (5:tM final concentration) to the assay using this method have a certain degree of inherent error,
system prior to initiating the reaction. All GOeduction but can be generally used to assess the amount of oxidized/
activity measurements were repeated 10 times to obtainreduced clusters present if the spectra are recorded within 1
quantitative data. min.

Protein AssaysThe CODH samples were determined to For Table 1, the fraction of reduced-metal clusters at
be greater than 95% pure by SBBAGE analysis. CODH  different redox states was estimated by comparison of these
concentrations were determined colorimetrically using bovine spectra to those of samples treated with HG®ee DTH
serum albumin (BSA, Sigma) as a standat@)( BSA so- (defined as 100% reduced) and samples oxidized with thionin
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(defined as fully oxidized, i.e., 0% reduced). The extinction
coefficients of thionin-oxidized and DTH-reduced CODH
samples were 33.5 and 17.9 mMcm™%, respectively, in
agreement with previous results, (L4).

Nernst Analyses of CQReduction Actiity. The CODH-
dependent rate of COreduction was determined as a
function of redox potential. The resulting data plot was fitted

to a Boltzmann sigmoidal curve and modeled as a redox-

dependent reaction using the Nernst equation (eq 1).
RT, [CODHY
nF " [CODH]

This model assumes that active (CO®HHand inactive
(CODH) forms of CODH correspond to different redox

Ey=En— (1)

Biochemistry, Vol. 40, No. 25, 20017607

the UV—vis spectrum of CODH is virtually unchanged
(Table 1). This finding is consistent with previously reported
data {7, 12).

To further analyze the redox dependence of the catalytic
activity of CODH while minimizing the effect of reduced
[FesSq]s, the apparent COreduction rates at pH 7.5 within
a narrow redox range—-200 to —340 mV) were measured
guantitatively (Figure 1A, trace ). Figure 1A trace | shows
that the transition of inactive to active CODH for €O
reduction is am = ~1 process with aft, of ~—339 mV.

Because the redox event of each cluster is a one-electron
process with midpoint potential&{) of Fe& (En = —110
mV) and [FeSy]s (Em = —418 mV) (7, 12), the proportion
of reduced clusters can be calculated. The estimated fractions
of reduced FeSusing eq 2 are 99.92% &, = —295 mV

states of the enzyme. The calculated solution potential is and 99.98% aEq = —326 mV, indicating that the proportion

given as an established redox potenti&)( The rate of CQ

of reduced Fe§is essentially unchanged by lowering the

reduction by CODH can be expressed as a fraction of active Eq from —295 to —326 mV. Similarly, the increase in the

CODH for CQ reduction §,) as shown in eq 2.
Fraction of CQ reduction activity= y, =
[CODH?|
[CODH] + [CODH?

)

percentage of reduced [[]s upon a decrease in potential
from —295 to—326 mV is minor. At—295 mV, 0.85% of
[FesSy]s is calculated to be reduced and-e826 mV, 2.77%

of [Fe;Sy]s is calculated to be reduced. Even after compen-
sating for the possible effect of reduced &8s, an
approximately 600-fold increase in the g@duction rate

Rearrangement of eq 1 and combination with eq 2 yields eqis still observed upon lowering the potential fron295 to

3.

. 1
- 1 + @ "F(En— EJRT

Ya 3)

Data were plotted ag, versuskgy, and the theoretical curves

—326 mV.

Lowering the redox potential from-326 to —500 mV
further increases the GQ@eduction rate by 1.51-fold while
the calculated fold-increase of reduced f&§s is 35-fold
(3% atEy = —326 mV, and 96% aEq = —500 mV) (Table
1). There is no significant effect of G@10 mM NaHCQ)

were fitted to eq 3 using the GraphPad Prism version 3.00 on the UV-vis spectrum of CODH at the catalytic redox

(GraphPad Software Incorporated). The valuesifandE,,
were determined by fitting curves to eq 3.
Data Analysesin this study, the values and the corre-

potentials,Eqy < —326 mV (Table 1) at a time of less than
1 min. Therefore, the increased g@duction rate (which
was measured at a time of 1 min as described in the Materials

sponding standard errors presented were calculated from thesnd Methods and Figure 1) does not correspond to the

best fit of the data normalized to the protein concentrations.

RESULTS AND DISCUSSION

CO;, Reduction Rateersus the Solution Potential'able
1 and Figure 1A show the rates of @@duction at various

increased fraction of reduced [fSz]s. Furthermore, Nernst
analysis of the C@reduction rates over the entire redox
range (0 to—530 mV) shows that thés, for the CQ
reduction rate is~—327 mV for ann = ~1 process (Figure
1A, trace Il). As confirmation of theE, of this redox-

conditions of redox, pH, and electron donor. As seen in Table dependent activation process, the C&luction rates of three

1 and Figure 1A, CODH is inactive with respect to £0
reduction when the enzyme is fully oxidized¢t§4 mV) or
at the midpoint of the gy state 110 mV) (7, 12). The
most important result of this set of experiments is that the
enzyme goes from being essentially inactive to being fully
active for CQ reduction as the redox potential of the assay
mixture is lowered to—400 mV (Figure 1).
Redox-Dependent GQReduction Rates and a BWis
Unobserable Redox kEent aer the Potential Range-200
to —340 mV At —295 mV, a trace of C@reduction activity
is observed at both pH 8.5 and pH 7.5 (Table 1). At this
potential, the G4 EPR signal is fully developed (i.e., FeS
is reduced but [F&4]g is oxidized, as described previously)
(11). Upon lowering the redox potential t6326 mV, the
rate of CQ reduction by CODH increases approximately
2000-fold. Note that both 1000-fold more enzyme and a
5-fold higher NaHC@ concentration are included in the
assays at-295 mV compared to the assays-&326 mV. In
contrast to the drastic increase in £@eduction rate
caused by lowering the potential from295 to—326 mV,

additionalbatchesof CODH were measured over the redox
range of 0 to—530 mV (Figure 1A, inset). The Nernst values
(Ex andn) for the redox-dependent activation process 0£CO
reduction from these three additional batches of CODH are
identical within 95% confidence limits with average values
of En, = —329+ 6 mV and ofn= 1.1+ 0.2. The average
Nernst values are consistent with tlg, and n values
presented in Figure 1A, trace Il. The result of Nernst values
for the redox-dependent activation process of, @fuction
does not correspond to th&, of [Fe;Syls, —418 mV (7,

12).

The data and analyses indicate thatyfzs need not be
reduced for the catalysis of GOeduction, and that the
increase of C@reduction activity cannot be attributed to
the increase in reduced Re8nd [FQSy]s. Therefore, it is
possible to propose that the apparent,@&luction rate is
dependent on the redox state of the putative active site, the
[FeNi] cluster (L1). Because C®reduction requires two
electrons, it is reasonable to propose that a two-electron
reduced state of the active site ([(QB&"-Ni?"-H™]3") is
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Ficure 1: Nernst analyses of the G@eduction rate of CODH at various redox states. (A) Assays in the absence of one-electron mediator

(O). The assay mixture contained 0.1 mM redox dye, 0.2 mg/mL Hb, 10 mM NaH&w@ 0.9% NacCl in MOPS buffer (pH 7.5). GO

reduction was initiated by adding thionin-oxidized CODH (@M final concentration) to the assay mixture, and {Q€duction rates were

monitored for 1 min as described in the Materials and Methods. The assay solutions were adjusted to the desired redox potential by titrations

with DTH while monitoring extinction coefficient of each individual dye as described under the Materials and Methods. The maximum

activity (Vmay for CO; reduction in this assay was (2:31071) + (4.2 x 10-2) umol of CO-formed min' mg of proteirr. The measured

CO; reduction activities at different redox potentials were converted to fractions of active engymssifig eq 2 Ymax of DTH-treated

sample was set to equal 1). The theoretical curves (l) in the redox raR@é to —340 mV (solid line) and (ll) in the redox range 0O to

—530 mV (dashed line) were plotted using eq 3, with the flexible Nernst parantgfexadn. The best fits for the number of electrons

involved in the transitionr) were (1) 1.1+ 0.01 withE,, = —3394+ 0.0 mV (R? = 1.0000) and (Il) 0.9+ 0.14 withE,, = —327+ 0.3

mV (R? = 0.9998). (Inset) Nernst analyses of the £@duction rate of three additionbhtchesof CODH over the potential range 0 to

—530 mV. Experimental conditions and procedures are the same as for the main Figiga.lfar CO, reduction of the three batches

of CODH are (2.1x 107%) & (9.1 x 107?) [batch 1 )]; (1.9 x 107 £ (3.6 x 107?) [batch 2 €)]; and (2.2x 1071) + (1.5 x 107?)

[batch 3 @)] umol of CO-formed min' mg of protein. The Nernst analyses for each data set were performed as described above. Results

of best fits for the data from the three batches of CODHEye= —336+ 0.7 mV withn = 1.0 £ 0.13 R = 0.9999) for batch 1E,,

= —328+2.2mVwithn=1.14+ 0.16 R = 0.9999) for batch 2; anfi,, = —337+ 0.5 mV withn = 1.0+ 0.09 | = 0.9999) for batch

3. These determined Nernst values were tested using the Studstatistic and ANOVA (analysis of variance) tests, and produced confidence

levels of 95% 23). The statistically pooled values of the Nernst values with mean standard deviatidig &re-329 + 6.4 mV, withn

= 1.1+ 0.28. (B) Assays in the presence of one-electron mediatorb€inal concentration). The assay method and assay solution were

identical to that of the assay without one-electron mediator except the assay solution contained either methylene blue (MB) or benzyl

viologen (BV). The CQ reduction activity in the presence of MBI) was converted to the fraction of active enzyme, afdx was

estimated as (3.% 1071) 4 (4.0 x 1072 umol CO-formed min! mg* protein. The theoretical curve (I, solid line) was generated as

described for Figure 1A. The estimated values@indE,, using eq 3 were 1.1 0.33 and—348 4+ 1.8 mV (R2 = 0.9995). Assays in the

presence of BV ). BV was added to the assay mixture as described above. ThegdQction activity was converted to the fraction of

active enzymey, gv) as described previously. Thé.xwas estimated as (94 5.5) x 101 umol CO-formed min® mg*. The theoretical

curve (Il, dashed line) was generated as described above and estimated valwesl&, using eq 3 were 1.4 0.16 and—347 4+ 4.9

mV (R? = 0.9995).

required for the C@reduction. Furthermore, the observation the assay mixture has a dramatic stimulatory effect on the

that no CQ reduction occurs at the, G, state [the assigned rate of CQ reduction by CODH at a redox potential 68326

spin state of [[CQ)Fe*™-Ni?*-H™]** (one-electron reduced mV and lower (Table 1)3). As seen in Table 1, the addition

state) with Fe&'*] suggests that no electrons flow from of 50 uM methyl viologen (MV) or benzyl viologen (BV)

reduced FeSto [(COL)Fe*-Ni2"-H"]** to form [(CQ )Fe**- to the assays results in up to a 52-fold increase in the rate of

Ni2*-H~]3t. This analysis is consistent with our previously CO, reduction.

published spectroscopic studies, which show that the potential The stimulatory effect of viologens on G@duction rate

of the [(CQ)Fe&"-Ni?"-H]*"/[(CO.)Fe™-Ni?*-H"]3" couple can be interpreted as follows: (i) viologens may facilitate

is significantly lower than that of Fe3™'" (11). It is also the rate at which [F£,]g't reaches redox equilibrium with

possible that an unknown redox event occurs in the potentialthe surrounding redox buffer and/or (ii) viologens may alter

range—295 to—326 mV, and it may cause a ligand shift or the equilibrium of [FgS,g'" with the surrounding redox

induce a different ligand coordination of the metal clusters. buffer during CQ reduction attq = —326 mV. The second

In addition, the rate of the CoA/acetyl-CoA exchange from possibility (that the equilibrium of [F&,]s't with the redox

Clostridium thermoaceticuf@ODH is also slow at potentials  buffer is changed by an addition of viologendgt= —326

higher than—400 mV (17). By lowering the potential below  mV) is invalid, because there is no effect of viologens on

—400 mV, Lu and Ragsdale observed the exchange ratethe fraction of reduced metal clusters (in the absence of

increases~2000-fold and concluded that the highest ex- substrate) as monitored by UV-absorption spectroscopy

change rate of CoAl/acetyl-CoA occurs for fully activated (Table 1). Furthermore, if the rate of G@duction in the

CODNH at the lower potentiall(?). presence of excess DTH simply corresponds to the fraction
Effect of One-Electron Mediators on the Rate of O of reduced [F§5]g, the rate could not be changed by addition

Reduction The viologens are one-electron accepting redox of viologens, because [F®&]s must be fully reduced in the

mediators, in contrast to two-electron dyes used to set thepresence of excess DTH. Ensign observed that the rate of

redox potential of the assays. The addition of viologens in CO, reduction is enhanced by increasing the amount of BV
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and MV even in the presence of a large excess of D3}H ( BV at Eq4 calculated using a midpoint potential 6850 mV
This result supports the first hypothesis and, therefore, for BV (Engyv). A correction for the effect of the reduced
suggests that the viologens reduce the time required toBV on the fraction of active enzyme in the presence of BV
establish [[FgS4]s)/[redox buffer] equilibrium during C@ could be expressed by eq 5

reduction. This analysis suggests that the time required to

reach redox equilibrium of [[R&4]g]/[redox buffer] in the Ray

presence of viologens is much faster than in the absence of R, = RV correct= Crow (5)
viologens. For this reason, the actual rate-limiting step for Vev

CO;, reduction in the absence of viologens could be the time whereR, represents the active enzyme for S@duction in

required to establish [[8]s/[redox buffer] equilibrium. the presence of viologenR® equals the maximum activity

Similar effects of viologens have been observed for several . . ) X
hydrogenasesLg, 19). in the absence of viologengeorectiS the corrected fraction

Another one-electron mediator, methylene blue (MB), has ©f the active enzymeRey represents the observed rate of

a much higher potential and is ineffective in stimulating,co C©2 reduction obtained in the presence of BV, and the
reduction. The estimated Nernst value for the,@@luction ~ constantC equals 51 since BV enhances the rate of,CO
rate in the presence of MB is = ~1 with Ey, of ~—348 reduction at_:t|V|ty by 51-fold (Table ;). After transfor.mmg
mV (Figure 1B, trace I). The values are similar to the Nernst the data using eq 5, Nernst analysis of the.C&luction
value fitted to the apparent G@duction rate in the absence 'at€ in the presence of BV reveals that the number of
of a one-electron mediator (Figure 1A, trace I1), suggesting electronsilnvolved in the transition from inactive to active
that MB does not stimulate GQreduction of CODH. In  €nzyme is~1 (n = 0.9 + 0.09). Furthermore, after
combination with the previous study that MB is not a suitable transformation the value d&, obtained from the analysis
electron acceptor for CO oxidatiom)( we conclude that MB ~ ©f Veorrect IS nearly identical to the result obtained in the
does not interact with [R&]s effectively in both CQ absenpe of the one'-ele.x':tron garn%)( Thg above inter-
reduction and CO oxidation. Reasons for the ineffectiveness Pretation for the variability of is substantiated by Nernst
of MB for either accepting or donating electrons are unclear analysis of CODH in the presence of MV. This analysis
at this time. However, data indicates that not all one-electron Shows that the number of electrons leading to the dramatic
mediators facilitate the redox equilibrium of [[f=]s]/[redox increase in C@reduction rate in the presence of MV-sl
buffer]. Therefore, we conclude that the enhancement of the (0.7 &= 0.04, data not shown). Using the above equations
CO; reduction rate of CODH by MV and BV could be With Enuy = —457 mV, the values foE, andn for CODH
viologen-specific but not one-electron-specific. These ob- activation are close to those obtained using only the two-
servations are important because in further studies the stim-electron dyes. As the rate of G@duction using MV was
ulatory effects of viologens on activity as a function of po- also increased 52-fold, the apparent values ahdEy, for
tential will need to be considered in any calculations per- the data obtained in the presence of viologens (BV and MV)
formed using CODHsS/ACSs from other organisms. Ad- are likely affected by BV and MV. Therefore, the corrected
ditionally, while previous studies from our laboratory recog- Nernst values support the hypothesis that the transition of
nized the stimulatory effect of viologens, a careful examina- inactive to active CODH for the COreduction is am =
tion of the redox dependence of this stimulation was not ~1 transition withEn, of ~—339 mV.
performed. Further, as the following section will describe, = EPR-Monitored-Redox Titration in the Presence of,CO
analyses of CODH activity with viologens provides confir-  An EPR-monitored-redox titration in the presence of ,CO
mation of the one-electron activation process, withEan  was attempted. In the presence of £the redox potentials
for CO, reduction activity near-339 mV. of the redox mixture (CODH with several redox buffers)
Nernst Analyses of the Effects of Viologens on the Redox-were unstable &, < —310 mV; after lowering the potential
Dependent COReduction RateThe effect of viologens over  of the reaction mixtures by adding concentrated DTH, the
a wide range of redox potentials cannot be analyzed simply potential reverted to the original potential 6310 mV
because the redox events of viologens also occur in a redoxyithin 1 min. This result indicates that at potentials lower
range similar to that for the onset of G&duction activity. than —310 mV, CQ reduction occurs, and therefore, the
Furthermore, Nernst values for G@duction activity inthe  reaction mixtures were not redox-equilibrated (at least 0.15
presence of BV and MV are slightly different; in the presence mm of CODH is required to obtain reasonable EPR data).
of BV, n = 1.7+ 0.16 (Figure 1B) and in the presence of Eyen when excess redox mediators were applied, CODH in
MV, n = 1.5+ 0.07 (data not shown). If the activation of 3 solution of potential less than—310 mV increased the
the CQ reduction rate corresponds to the amount o_f reduced redox potential in the presence of €rherefore, it was
BV, the Nernst values of the GQreduction rate in the  not possible to perform a redox titration in the presence of
presence of BV must be compensated by the fraction of the co, (j.e., equilibrium conditions are unobtainable).
available reduced BV. The fraction of the reduced BV

follows the Nernst equation as shown in eq 4.
CONCLUSIONS

[BV red] enF(Em'BV - Ed)/RT
VBV BV JTIBVo] 14 @ Enev— EORT Redox Eent That Corresponds to the G®Reduction
1 Activity. (i) CODH is not competent for the reduction of €O
1 + @ "FEmev — EJRT (4) at redox potentials greater than—300 mV, and therefore

the corresponding redox states,@nd Geq; Of CODH are
In this equationygy represents the fraction of the reduced notinvolved in the catalysis of GO(ii) The inactive CODH
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(a) Fully oxidized states (E > -60 mV)

[(COL)F€2+-Ni2+]4+ C02 +2H*

[FesSslg?t  FeSc2

l H+2e~

(b) Cpreqy State (E =-295 mV)

CO, + H*
[(COp)Fe3*-NiZ+-H-]** :

(1e ~ reduced)

FESC1+
(le ~ reduced)

l -

(¢) Cypc state (E <-326 mV)

[Fe4Sqlp?*

[(COp)Fe?*-NiZ*+-H™]3+
(2e ~ reduced)

CO, + H*

N A

Heo et al.

CO + H,0

CO+ H2O

(d) Creqap State (E <—326 mV)

[(COL)F€2+-N12+] 4+
(fully oxidized)

CO + Hzo

[Fe4s4]B2+/1+ FCSC1+
(le ~ reduced)

FeSci+
[Fe4S4]BZ+/1+
(1e ~ reduced)

N S

2xe”

T

Reduced one-electron mediator

Ficure 2: Proposed model for the mechanism of g@duction.

is converted to the catalytically active CODH by lowering
the E4 below —300 mV. This potential corresponds directly
to the observed shift in the EPR spectrum fropy30 Cync
reported previouslyl(l). (iii) The activation process involves

Proposed Mechanism of G®Reduction Upon the basis
of the above analyses and previous EPR studi&s?Q, 21),
a model for the mechanism of G@duction can be proposed
(Figure 2). In this model, fully oxidized CODH (a) and

a one-electron reduction. From these analyses we concludeCODH at the Geg; State (b) are unable to reduce £10 CO

that the conversion of g1 to Cync is due to a reduction of

a one-electron-reduced [FeNi] cluster to a two-electron-

reduced [FeNi] cluster:
[(COFE-Ni%H-HT* ==~ [(CO FE-NiZ-H >

Effect of Reduced [R&]s and Viologens on the Rate of
CO, Reduction Actiity. (i) [FesSs)s does not need to be fully
reduced for CQ@reduction to occur. However, the presence
of reduced [FgS,s does stimulate activity slightly. (ii)
Viologens facilitate the rate of GQeduction. The analyses

because the putative [FeNi] cluster is not sufficiently reduced
and electron flow from Fe$" to the one-electron-reduced
[FeNi] cluster does not occur. At the, state of CODH
(c), the 2e-reduced [FeNi] subcluster catalyzes the reduction
of CO, to CO and electrons are then passed via,;$fe
and Feg to the active site [FeNi] cluster (however, [Sgls

is only partially reduced). Therefore, G@eduction only
occurs effectively when the putative [FeNi] subcluster is fully
reduced ([(CQ)F&™-Ni?"-H™]3"; i.e., the G state). The
observation of the (ey2s signal (defined as the state giving
rise to the EPR signal witlh = 1.75) from the uncoupled

of data suggest that viologens promote a rapid redox state requires Cftreatment as shown previousl§1( 20,

equilibrium of [[FeSg]/[redox buffer] which causes an
increase in the C&reduction rate. Therefore, the actual rate-
limiting step for the C@reduction in the absence of violo-
gens could be the time required to establish anfpie]/
[redox buffer] equilibrium.

21). The production of the 25 State (d) only occurs after
CO, reduction by CODH in the g state (c). CO is produced
in this process; therefore the. s state is likely two
electrons more oxidized than thecstate. Note that the
Cunc state of CODH fromC. thermoaceticunwas also
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observed by Fraser et al., although they interpreted the results 10. Ensign, S. A, and Ludden, P. W. (1991)Biol. Chem. 266
differently (22). When C. thermoaceticumCODH was
reduced with titanium citrate (Ti-citrate) in the absence of
CO,, the G state was present. Addition of G@ the Ti-
citrate-reduced CODH sample producedqés (22).

ACKNOWLEDGMENT

We thank Dr. Gary P. Roberts and Dr. Robert L. Kerby
for discussions.

REFERENCES

1. Bonam, D., Murrell, S. A., and Ludden, P. W. (198%)
Bacteriol. 159 693—699.

2. Bonam, D., and Ludden, P. W. (1987) Biol. Chem. 262
2980-2987.

3. Ensign, S. A. (1995Biochemistry 345372-5381.

4. Lindahl, P. A., Munck, E., and Ragsdale, S. W. (1990Biol.
Chem. 2653873-3879.

5. Ragsdale, S. W., Clark, J. E., Ljungdahl, L. G., Lundie, L. L.,
and Drake, H. L. (1983). Biol. Chem. 2582364—2369.

6. Drennan, C. L., Spangler, N. J., Ludden, P. W., and Rees, D.
C. (1998)FASEB J 12695.

7. Hu, Z., Spangler, N. J., Anderson, M. E., Xia, J., Ludden, P.
W., Lindahl, P. A., and Maock, E. (1996)J. Am. Chem. Soc.
118 830-845.

8. Spangler, N. J., Meyers, M. R., Gierke, K. L., Kerby, R. L.,

9.

Roberts, G. P., and Ludden, P. W. (1998Biol. Chem. 273
4059-4064.

Staples, C. R., Heo, J., Spangler, N. J., Kerby, R. L., Roberts,
G. P., and Ludden, P. W. (1999) Am. Chem. Soc. 121
11034-11044.

11.
12.
13.
14.
15.

16.

17.
18.
19.

20.
21.
22.

23.

18395-18403.

Heo, J., Staples, C. R., Telser, J., and Ludden, P. W. (1999)
J. Am. Chem. Soc. 1211045-11057.

Spangler, N. J., Lindahl, P. A., Bandarian, V., and Ludden,
P. W. (1996)J. Biol. Chem. 2717973-7977.

Heo, J., Staples, C. R., Halbleib, C. M., and Ludden, P. W.
(2000) Biochemistry 397956-7963.

Ensign, S. A., Bonam, D., and Ludden, P. W. (1989)
Biochemistry 284968-4973.

Bonam, D., Lehman, L., Roberts, G. P., and Ludden, P. W.
(1989)J. Bacteriol. 171 3102-3107.

Smith, P. K., Krohn, R. |., Hermanson, G. T., Mallia, A. K.,
Gartner, F. H., Provenzano, M. D., Fujimoto, E. K., Goeke,
N. M., Olson, B. J., and Klenk, D. C. (1983nal. Biochem.
150, 76—-85.

Lu, W.-P., and Ragsdale, S. W. (1991)Biol. Chem. 266
3554-3564.

McTavish, H., Sayavedra-Soto, L. A., and Arp, D. J. (1996)
Biochim. Biophys. Acta 129483-190.

Pershad, H. R., Duff, J. L. C., Heering, H. A., Albracht, S. P.
J., and Armstrong, F. A. (1999%iochemistry 38 8992-
8999.

Anderson, M. E., and Lindahl, P. A. (199Bipochemistry 35
8371-8380.

Russell, W. K., and Lindahl, P. A. (1998)jochemistry 37
10016-10026.

Fraser, D. M., and Lindahl, P. A. (1998jochemistry 38
15706-15711.

Zar, J. H. (1984Biostatistical Analysis2nd. ed., Prentice Hall,
New Jersey.

BI1002554K



