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Abstract: The carbon monoxide dehydrogenase (CODH) fRinodospirillum rubrunwas examined at several
potentials. The electron paramagnetic resonance (EPR) spectrum of CODH poised at approxi2@fely

mV exhibits a species (referred to as.) that was previously attributed to [F&]c1™ (S = 1/2) weakly
exchange-coupling with R (S = 1) to yield appareng-values of {,,x = 2.03, 1.88, 1.71). UV visible
absorption spectroscopy showed only one$gecluster to be reduced at295 mV. Based upon our assignment

of S= 1/2 resonances in indigo carmine-poised C531A CODH (see Part 1: Staples, C. R.; Heo, J.; Spangler,
N. J.; Kerby, R. L.; Roberts, G. P.; Ludden, P. W.Am. Chem. Sod¢n press) to a [[COFe*-Ni2r-H]4*

cluster, a careful search for similar resonances in the EPR spectrum of the enzyme state of wild-type CODH
producing Geq; Was undertaken. Coupled putative [(QBet-Ni2"-H~]** signals were observed in low intensity,
which, in conjunction with the other assignments, prompted a reinterpretation of the redox state of the enzyme
producing Geq:. Instead of coupling with Ni~ (S= 1), we propose [F&4]c (S= 1/2) couples with [(CQ)-
Fe™-Ni2-H™]4" (S= 1/2). The putative [FeNi] signals were heterogeneous, but this heterogeneity could be
removed by preincubation with CO prior to subsequent poising. We propose that an unreactive CO molecule
(CQL) is bound to the [FeNi] cluster, possibly modulating the reduction potential and activating the [FeNi]
cluster for catalysis of a substrate CO molecule §C@ither Zri#™ or C*™ was incorporated into purified,
Ni-deficient CODH. The EPR spectra of reduced Zn-CODH and Co-CODH contain resonancegyirrthe
1.73-1.76 region (which we call G424), and an upfield wing (shoulder) negr= 2.09. That these features

are observed without a paramagnetic heterometal present indicates that they are derived solely fra@yjthe [Fe
clusters. These resonances are attributed in fully reduced CODH tesgiimcoupling between [E84]c' (S

= 1/2) and [FeSy]s’" (S= 1/2). When CODH was poised at a calculated potentiat-826 mV, the UV~

visible absorption spectrum indicated that only one of the3kHeclusters was reduced. However, the EPR
spectrum was much different than that observed at-@5 mV. The EPR spectrum of CODH at326 mV
exhibited resonances arising from a slow-relaxing:fzB+ (S= 1/2) cluster ¢,y x = 2.04, 1.93, 1.89) and a

very minor amount of a fast-relaxing [[®]** (S= 1/2) cluster. None of the &; coupling signal was present.

The fast-relaxing cluster is assigned to /&4g'", while the slow-relaxing cluster is assigned to uncoupled

[FesSy]ct. The observation of uncoupled [f]c!t at

slightly lower potentials suggests the reduction of

[(COLFET-NiZ-H7]4" (S= 1/2) to [(CQ )Fe&*-Ni2*-H™]3" (S= 0). Treatment of CODH with its physiological
product (CQ) while poised at-326 mV with 99% reduced phenosafranin results in accumulation of oxidized

dye, the production of CO, and the appearance of a

new speciegwithl.75. This species has relaxation

properties unlike Gq2a Based upon the method of generation and the relaxation properties of the species, the

g = 1.75 feature is assigned to Sa]c™ (S= 1/2) spin-

to as Gedze). Based on the data presented in this and
R. rubrumCODH is proposed.

Introduction

Carbon monoxide dehydrogenase (CODH) catalyzes the two-
electron oxidation of CO to C&with the concurrent production
of protons, according to the following reaction:

CO+ H,0=CO,+2¢e +2H"

This transformation occurs on the enzyme at a location
referred to as the C-site. CODHs from bo@lostridium
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coupling with [F&-Ni2T]4" (S= 1) (and is referred
Part 1, a mechanism for the oxidation of C@kp CO

thermoaceticunandRhodospirillum rubruntontain the C-site,
which has been shown to encompass both anSffeluster
and a nickel species (ref 1 and references thetdfay. the sake
of clarity, the [F@S4] cluster at the C-site will be referred to as
[FesSq]c. In addition to the C-siteR. rubrumcontains another
cluster referred to as the B-site. All research thug¥dras
shown the B-site cluster to have properties consistent with an
all-cysteinyl liganded [F£54] cluster (referred to as [F84]s

(1) Hu, Z.; Spangler, N. J.; Anderson, M. E.; Xia, J.; Ludden, P. W.;
Lindahl, P. A.; Minck, E.J. Am. Chem. S0d.996 118 830-845.

(2) Lindahl, P. A.; Ragsdale, S. W.; Mak, E.J. Biol. Chem.199Q
265 3880-3888.

(3) Lindahl, P. A.; Minck, E.; Ragsdale, S. Wl. Biol. Chem.199Q
265 3873-3879.
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hereafter). TheC. thermoaceticunCODH also contains a site  the Part 1), to determine the origins of thed€oupling signals.
of acetyl-CoA synthase activity, termed the A-site, the properties Based on the data presented in this paper and Part 1, a
of which have been demonstrated to be quite similar to the mechanism for the oxidation of CO to GOy R. rubrumCODH
C-site.2477 is proposed.

Research concerning the exact mechanism of CO oxidation
has thus far been hindered by confusion about the redox stateg=xperimental Procedures
of the metal centers. This confusion has been due in large part e Growth and Protein Purification . Wild-type R. rubrumstrain
to unusual resonances observable by electron paramagneti¢r2 was cultured and CODH was purified as described previdiishy,
resonance (EPR) spectroscopy. Several proposed mechanisménd as described in Part 1 for C531A CODH. Ni-deficient CODH was
have required the inclusion of a redox-active ligand or EPR purified according to previously published methé&g? The purified
silent intermediates to reconcile the postulated metal redox states\i-deficient CODH had a specific activity of 0.5 unit/mg, compared
producing the EPR signals with the necessary flow of electrons to 7000-10000 units/mg for Ni CODH. All buffers used in purifica-
out of the C-site. These have included proposed unobservableion of, and incorporation of C6 and Zr#" into, Ni-deficient CODH
X, S, or Gy species and redox stafed? from nickel-depleted cultures were passed over a metal chelating column

Enigmatic EPR resonances exhibited by CODH are referred of Bio-Rad Chelex-100 cation-exchange resin. All the vials were soaked

_ in 1.0 N HCI for a day, rinsed with metal-free chelexed 100 mM MOPS
t0 @S Geq1@nd Gegz Crea1 has appareng-values ayg = 2.03, buffer, and stored in an anaerobic atmosphere (Vacuum/Atmospheres

1.88, and 1.71 irR. rubrum anO_' has _been_ postulated to arise pyiah glovebox, Model HE-493) containing less than 2 ppm of
from the redox state of the C-site which binds €0The EPR oxygen.

spectrum of Ga1 is variably broadened by boftiFe and®Ni Assays The CO-dehydrogenase activity, metal analyses, and protein
in R. rubrumCODH ! and therefore the system was proposed assays were determined as described in Part 1.
to involve the weak exchange-coupling of?Ni(S = 1) and Sample Manipulations All manipulations were performed in an

[FesSi)** (S= 1/2) to yield a [FgS4]** cluster with a perturbed anaerobic glovebox (Vacuum Atmospheres) under an atmosphere
S = 1/2 staté: After substrate binding, two electrons were ~containing less than 2 ppm:0 _

proposed to enter the C-site, producing(&® The Gegz Signal Preparation of CODH for UV_ —Visible Absqrptlon Spegtroscopy

can be seen in fully (dithionite) reduced Ni-CODH (defined as ©f the Enzyme State Producing Ge. Purified CODH in buffer
CODH with Ni present; either as-purified from Ni-containing containing 2 mM dithionite was passed down a Sephadex G-25 column

di ified i Ni-deficient f " di equilibrated in 10 mM MOPS buffer at pH 7.5 to remove excess
medium, or as-puriied in a Ni-aencient form from meadium  qihionite. For preparation of CODH in oxidized states or partially

devoid of Ni, and subsequently reconstituted with Ni) and in reqyced states, the enzyme was then treated with either an excess of
CODH titrated with CO. Only they principalg-value of Gedz thionin (En = +64 mV versus SHE) or 95% reduced 2-hydroxy-1,4-

in dithionite-treated CODH has been directly observgd~ naphthoquinoneH, = —257 mV versus SHE at pH 8.5; calculatgd
1.75), while theg, and gy values have been simulated to be when 95% reduced —295 mV versus SHE), respectively. 2-Hydroxy-
positioned afy, = 1.97 andgy = 1.87, their positions in CO- 1,4-naphthoquinone was determined to be 95% reduced by monitoring
treated CODH. the absorption and titrating with ultrapure sodium dithionite. The dyes

CO-induced CODHR. rubrumenzyme can be purified in an and salt were subsequently removed from CODH by passage of the
inactive, Ni-deficient formt:13 This Ni-deficient CODH enzyme through a 0.% 10 cm Sephadex G-25 column equilibrated

contains two [FgS] clusters whose relaxation properties, as with 100 mM Tris—HCI buffer. The CODH solution was transferred
. . - prop '’ T toquartz cuvettes which were sealed with rubber serum stoppers before
monitored by EPR, differ as a function of temperature. Ni-

o . . bringing the samples out of the glovebox for BVisible spectral
deficient CODH is able to be fully activated to the levels of measurements. Enzyme pretreated with either dye was subsequently
Ni-CODH by incubation with nickel in a 100% CO atmosphere, titrated wih a 1 mMsodium dithionite solution until the first appearance
suggesting that Ni-deficient CODH has a similar structure to of the characteristic dithionite absorption at 314 nm. The dithionite
that of Ni-CODH, but lacks only the nickél.Metals other than solution was added via gastight syringe through the serum stopper.
nickel can be inserted into Ni-deficient CODH, and after Spectra were also recorded for samples treated with a large excess of
insertion, the enzyme has very low or background activity that dithionite to ensure that all species reducible by dithionite were fully
cannot be increased by incubation with nickel. Thus, once reduced. Where indicated, CO was introduced via ga_st.ight syringe into
inserted, the heterometal is not easily removed. While the Zn- tehnez;nizdvizgciﬁcﬂ);ﬁggpfrzgce'rqgngt fgggtfesm%(g:zrr'g?O?ZZE;T:'a-:]ze
and Co-inserted forms of Nl'deﬁc'_ent CODH (referred to as the spectrum was recorded. Identical samples were prepared for EPR
Zn-CQDH and,CO'CODH' respectively) have been prOdl,Jced analysis. Molar absorption coefficients were obtained as described in
previously, until now they have not been fully characterized pg'1.

by spectroscopic methods. We make use of Zn-CODH and Co-  preparation of CODH for EPR Spectroscopy of the Enzyme
CODH, in conjunction with our knowledge of the presence of State Producing Geg:. Purified wild-typeR. rubrumCODH in 2 mM

a putative [(CQ)Fe—Ni] cluster in Ni-CODH (as described in  dithionite was passed down a Sephadex G-25 column equilibrated in
10 mM MOPS buffer at pH 7.5 to remove excess dithionite. Most
protein concentrations were 10 mg/mL. Both as-isolated CODH and a

(4) Kumar, M.; Lu, W.-P.; Ragsdale, S. VBiochemistry1994 33,

97?3{222\@"7 J.: Kumar, M.: Lu, W.-P.; Ragsdale, S. Biochemistry CO preincubated CODH (20 min) were oxidized individually by a slight

1995 34, 7879-7888. excess of thioninEy, = +56 mV)!® which was subsequently removed
(6) Shin, W.; Lindahl, P. AJ. Am. Chem. Sod992 114, 9718-9719. by passage down a 056 25 cm Sephadex G-25 column equilibrated
(7) Anderson, M. E.; Lindahl, P. ABiochemistryl994 33, 8702-8711. in 10 mM MOPS buffer (pH 7.5 or 8.5). The enzyme was incubated

(8) Seravalli, J.; Kumar, M.; Lu, W.-P.; Ragsdale, S. Blochemistry  ith a large excess of 95% reduced 2-hydroxy-1,4-naphthoquinone (pH

1097 36, 1124111251 ; redu
(9) Anderson, M. E.. Lindahl, P. Biochemistryl996 35, 8371-8380.  ©-2) for 5 min before freezing in the EPR tube.

(10) Stephens, P. J.: McKenna, M.-C.: Ensign, S. A.; Bonam, D.; Ludden, _ Incorporation of Co?" and Zn*" into Ni-Deficient CODH

P. W.J. Biol. Chem.1989 264, 16347-16350. (Preparation for EPR Spectroscopy of the Enzyme State Producing

(11) Bonam, D.; McKenna, M. C.; Stephens, P. J.; Ludden, PPKc. Credza). Ni-deficient CODH (5 mg) was bound to a 0.501 cm column
Natl. Acad. Sci. U.S.A1988 85, 31—35.

(12) Ensign, S. A.; Bonam, D.; Ludden, P. \Biochemistry1989 28, (14) Bonam, D.; Murrell, S. A.; Ludden, P. W. Bacteriol.1984 159,
4968-4973. 693-699.

(13) Ensign, S. A.; Campbell, M. J.; Ludden, P. Biochemistry199Q (15) Lu, W. P.; Jablonski, P. E.; Rasche, M.; Ferry, J. G.; Ragsdale, S.

29, 2162-2168. W. J. Biol. Chem.1994 269, 9736-9742.
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of DE-52 anion-exchange resin (Whatman) equilibrated with 100 mM 100

MOPS buffer (pH 7.5) containing 0.20 mM dithionite in a Vacuum 90: s

Atmospheres glovebox containing less than 2 ppmGlumn-bound | ~ Thionin

Ni-deficient CODH was treated with 10 mL of 5.0 mM Ce®F ZnCh 80 - 5] Quinone 4

in 100 MM MOPS, 0.20 mM dithionite, and 0.20 mM methyl viologen 0 1 z

at pH 7.5; the C®&- or Zr?™-containing solution was passed through | % 0

the column at a flow rate of 0.10 mL/mifi Excess CoGland ZnC} ~.E 60 - s . .

was removed by washing with 100 mL of 100 mM MOPS buffer & 1 345 445 545

containing 0.10 mM dithionite, and 0.10 mM EDTA. The protein was § %0 | Thionin (pH = 7.5) Wavelength (nm)

eluted with 400 mM NacCl in 100 mM MOPS buffer containing 1 mM 5 40 /

dithionite, then desalted by passage down a 500 cm Sephadex ] . )

G-25 column with 100 mM MOPS buffer containing 1.0 mM dithionite. 301 Quinone (93% red.; pH =8.5)
Preparation of CODH for UV —Visible Absorption Spectroscopy 20 -

of the Enzyme State Producing Gzs. Purified wild-typeR. rubrum 10 IpTHorcO .~

CODH in 2 mM dithionite was passed down a Sephadex G-25 column JpH=750r8.5

equilibrated in 10 mM MOPS buffer at pH 7.5 to remove excess 0 B e LN e s s

dithionite. The enzyme was then oxidized by a slight excess of thionin 265 . 365 465 565 665 765 865

(Em = +64 mV)® which was subsequently removed by passage down Wavelength (nm)

a 0.5x 25 cm Sephadex G-25 column equilibrated in 10 mM MOPS

buffer (pH 7.5 or 8.5). The eluent (0.014 mM CODH) was sealed with thionin (+128 mV), 95% reduced 2-hydroxy-1,4-naphthoquinone

anaerobically in quartz cuvettes for UWisible spectral studies. To SR Y
the sealed cuvette was added 99% reduced phenosafranin (0.5 mM)at PH 8.5 295 mV), CO, or dithionite. Inset: Difference spectra of

and the spectrum was monitored from 200 to 900 nm. Phenosafranin;[Eioni_n'OXiditZ(adt (g%’gDEa(l:e) antd 95% r_edut:(jza_t(:]_z-ht)/dtrox%-ldtgzg):-
was determined to be 99% reduced by monitoring the absorption and oguinone-treate (lower trace) minus dithionite-treate )

titrating with ultrapure (sodium bicarbonate-free) sodium dithionite.

Figure 1. UV—uvisible absorption spectra of wild-type CODH treated

Sodium bicarbonate was added as indicated and the enzyme was A 207 202 B
incubated for 10 min. Finally, changes in the spectra were monitored. \ Jio7 194
Sodium bicarbonate was preparedl M MOPS buffer (pH 7.5) to ——’AM\/V/\//“J
avoid changing the pH of the final solution when added. Molar _ 45K
absorption coefficients were obtained as described in Part 1. £ 235 295211 o
Preparation of CODH for EPR Spectroscopy To Observe Gazs. Z \/ 20K .
CODH (0.2 mM) used for EPR samples was oxidized by thionin, which <: 203 %’
was subsequently removed by gel filtration. The enzyme was then 189 1L7op | E
poised with phenosafranin (1.0 M, 99% reduced by dithionite) for 5 £ .
min. Where indicated, after poising with phenosafranin, the enzyme
was treated with either 400 mM NaCl, 50% poly(ethyleneglycol) (4000 * * .
MW g, or 10 mM NaHCQ for 10 min to allow for equilibration. :
UV —Visible and EPR Spectroscopy Instrumentation.The equip- W
ment used for spectral measurements is described in Part 1. A
Materials. Materials used are described in Part 1, with the exception T d T y T
of 2-hydroxy-1,4-naphthoquinone (97%), which was obtained from 2500 3000 3500 4000 o6 o1 02 03
Aldrich, sodium bicarbonate (NaHGJ) which was obtained from Field (Gauss) VT (K)
Fisher Scientific, and phenosafranin (80%), which was obtained from Figure 2. X-band EPR temperature study of the= 2 region ofR.
Aldrich. rubrum CODH poised with 95% reduced 2-hydroxy-1,4-naphtho-
quinone. Left panel (A): EPR spectra using microwave frequency
Results 9.23 GHz, microwave power 1.0 mW, modulation amplitude 10
o . G, modulation frequency 100 kHz, and time constant 1 s. Spectra
Characterization of the Enzyme State Producing Gea:. are each the sum of 4 scans,wét4 scan cavity background subtracted.

(a) UV—Visible Spectroscopy of CODH Poised at Different  Right panel (B): Plot of the intensity of thg= 1.71 feature versus
Potentials.To determine the redox states of the /&£ clusters reciprocal temperature.
of CODH at different potentials, the UWisible absorption
spectra were obtained (as shown in Figure 1) for (i) thionin- rubrum CODH poised with 95% reduced 2-hydroxy-1,4-
oxidized, (i) 2-hydroxy-1,4-naphthoquinone-poised, (jii) dithio- naphthoquinone at pH 8.%§ = —257 mV versus SHE at pH
nite-treated, and (iv) CO-reduced CODH. The inset shows the 8.5; calculatedE when 95% reducee —295 mV versus SHE).
spectra of thionin-oxidized (upper trace) and quinone-poised The signal referred to as.G: (simulatedg,yx = 2.03, 1.88,
(lower trace) CODH minus dithionite-reduced CODH. Upon 1.71) is in excellent agreement to those previously reported for
quinone treatment, the absorbance at 4290 decreases by  R. rubrumCODH! (e.g. the spectrum recorded at 15 K in Figure
50% of the decrease that occurs upon dithionite treatment. This,2A), with optimum intensity at 1.0 mW determined to be at
in conjunction with the EPR results presented below, establishes~12 K (Figure 2B), based upon the intensity of the= 1.71
that only one of the two [F4] clusters is reduced at this  resonance. Also observed are numerous resonances at lower field
potential 295 mV). The decrease in absorption from the thang = 2.03 (shown in an expanded form in later figures);
thionin-oxidized form of CODH indicates that this single {E¢ these will be discussed below. At higher temperatures, unusual
cluster is fully reduced at295 mV. resonances a = 2.02 and 1.94 remain observable. The 2.02
(b) EPR Spectroscopy of CODH Poised in the State feature is similar in line shape aggvalues to [FeSs]*T clusters
Producing Creq1. TO correlate the EPR spectroscopic states of which are weakly coupled to anoth&r= 1/2 paramagnét
CODH with the absorption of CODH, EPR spectra were Our working hypothesis is it represents a small fraction of a
obtained for samples poised at the same potentials as described (16) Surerus, K. K.. Chen. M.. Van der Zwaan, W. J. Rusnak, F. M.:

in Figure 1. Figure 2A shows the temperature dependency atyoik, M.: Duin, E. C.; Albracht, S. P. J.: Munck, Biochemistry1994
1.0 mW power of they = 2 region of the EPR spectrum & 33, 4980-4993.




11048 J. Am. Chem. Soc., Vol. 121, No. 48, 1999 Heo et al.

CODH these resonances have been postulated to arise from a

20 [(COL)FET-Ni2t-H 14" (S= 1/2) species (CO= nonsubstrate
211 CO ligand to the [FeNi] cluster). A decrease in absorbance of
220\ CODH at 420 nm upon 2-hydroxy-1,4-naphthoquinone treat-

ment which is only 50% of the decrease in absorbance when
treated with dithionite indicates that only one jB4 cluster is
reduced. Because the [Bg]g?"** couple occurs aEy, = —
415 mV versus SHEL” we propose that only [R&]c is
reduced at-295 mV. However, there are at least two species
in the EPR spectrum upon 2-hydroxy-1,4-naphthoquinone
treatment, one of which resembles thge = 2.16 species in
C531A CODH. Theyave = 2.16 species is produced in C531A
CODH, without a concurrent decrease in absorbance, by
treatment with 95% reduced indigo carmine. Thusgtre2.03
species in wild-type CODH is probably also produced without
| | — a concurrent decrease in absorbance. The similar properties of
2600 2800 3000 3200 theg > 2.03 features in 2-hydroxy-1,4-naphthoquinone poised
Field (Gauss) wild-type CODH compel us to assign the majority of them to
Figure 3. X-band EPR temperature study of the= 2.03 resonances the [(CO_)Fé*-lef-H ]*" speciesdave= 2.16) seen in C531A
in theg = 2 region ofR. rubrumCODH poised as in Figures 1 and 2. CODH. The _aSS|gnment Of_ thg > 2.03 resonances to the
EPR conditions: microwave frequeney9.23 GHz, microwave power  [(COL)FE-Ni#*-H7]*" species @ave = 2.16) seen in C531A

=5
2400

= 1.0 mW, modulation amplitude 10 G, modulation frequency: CODH instigated a reassessment of the interpretation of enzyme
100 kHz, time constant 1 s. Spectra are each the sum of 12 scans, State producing feg1in R. rubrumCODH. The following section
with a 12 scan cavity background subtracted. will describe a proposal that,Gs is the result of the coupling

of [FesSylctt (S= 1/2) with [(CQ)Fe¥-Ni2t-H™]*" (S= 1/2),

[FesSsc!t species (arising from degraded jBglc) that is rather than Nit (S= 1) as was previously believed.
coupled to thegae = 2.16 resonance described below. In (d) The Enzyme State of CODH Producing Geg: Is the
addition to theg = 2.02 feature, theae = 2.16 signal, the Result of the Coupling of [(COL)Fe3*-Ni2+-H~]4* (S = 1/2)
Crea1 Signal, and a derivative @ = 1.94 are present in low  with [Fe;Sy]ctt (S = 1/2). In Part 1 it was proposed that the
intensity at 55 K. Also present isgg= 2.07 resonance (shown  g,,.= 2.16 signal in C531A CODH arises from a [(C)Be**-
more clearly in Figure 3), but whether this is the princigle Ni2*-H-]4* species that is produced upon reduction of the
value of theg = 1.94 derivative is not clear at this time. At 12 oxidized enzyme. Thaae = 2.16 signal is not present in
K, power-saturation begins to become apparent above 4.0 mW thionin-oxidized wild-type CODH, but can be observed-295
as determined by the intensity of tige= 1.71 resonance (not  mV in low spin quantity. Thus, similarly to C531A CODH, a
shown). These observations are important in tha#:& often putative [(CQ)Fe**-Ni2+]4*/[(COL)Fe¥*-Ni2t-H~]4* transition
reported for samples at 10 K, with powers ranging from 40 to can occur in wild-type CODH. Future sections will demonstrate
80 mW, i.e., saturating conditions. The total spin-integration that theg,yx = 2.03, 1.88, 1.71 signal shifts toga,x = 2.04,
of the entireg = 2 region fromg = 2.40 to 1.60 equates to 1,93, 1.89 signal upon a change in potential fro@95 to—326
0.20+ 0.03 spins/molecule. However, signals arising from more mv, while thees,o of the UV—visible spectrum is unchanged.
than one species are present in the- 2 region of the EPR At the lower potential, the spin quantitation of the= 2 region
spectrum when CODH is poised with naphthoquinone. The dataincreases to 0.6% 0.05 spins/molecule from 0.28 0.03 spins/
presented below will be interpreted as evidence that the othermolecule aE = —295 mV. The total spin intensity of dithionite-
signal does not arise from a [f®)] cluster and does not  reduced CODH (WT, Co-CODH, or Zn-CODH) is1.50 +
contribute intensity to theszo of the UV—visible spectrum. 0.10 spins/molecule. The lack of changeeif indicates that

(c) Evidence for EPR Signals Attributable to a [FeNi] at both—295 and—326 mV only one [Fg54] is reduced and
Cluster in Wild-type CODH. The region of the EPR spectrum  that it is fully reduced. However, thg,yx = 2.04, 1.93, 1.89
containing resonances from the species not attributed to asignal is typical of a magnetically isolate®l= 1/2 [FeSs*+
[FesS4]** cluster is described in this section. Figure 3 shows a system. Thus, the reduction must have occurred at another non-
temperature study at 1.0 mW of the narrow range of the EPR [Fe,S,] site. The reduction must also have resulted in a
spectrum containing the resonancesggat 2.03 observed in  diamagnetic non-[F&s] site to allow for an unperturbed
the same sample shown in Figure 2. Several features with [Fe,S;]ctt (S= 1/2) signal. These data indicate that the [FeNi]
slightly differing relaxation properties can be observed in this site in wild-type CODH exhibits two redox couples. If an EPR
region. The intensity of most features is maximum at around unobservable§= 1) Ni2* species couples with [E8]c* (S

15K, as are the features that compriseyCMost features have = 1/2) to produce @q1, then a one electron reduction would
a qualitative optimal power for observation of undistorted signals result in an EPR observable Ni (S = 1/2) state that would
similar to the features typically referred to agdz(not shown). also couple to [F&y]ct™. This is not compatible with the

At powers above 5.0 mW, the features in the: 2.03 region  observation that the reduction of a non-J6¢ species causes
are severely distorted and broadened. With the exception of thea decoupling of [F&5]ct". A two electron reduction of Ni

g = 2.49 and 2.07 features, tigevalues and line shapes of the  to Ni2*—H~ (S= 0) is possible, but would allow for neither
majority species in theg > 2.03 region of 2-hydroxy-1,4-  the observation of the paramagnetige = 2.16 signal (albeit
naphthoquinone-poised wild-type CODH and the. = 2.16 in small spin quantity) nor the existence of two redox couples
signal in C531A CODH are very similar. The qualitative power with two EPR unobservable states $Nis also paramagnetic).
saturation behavior and temperature dependency of the signaRagsdale and co-workers reported that fdethanosarcina
intensity (Figure 3, and refer to Part 1) of the resonances in ™ (17) spangler, N. J.; Lindahl, P. A.; Bandarian, V.; Ludden, P.JW.
wild-type and C531A CODH'’s are also similar. In C531A Biol. Chem.1996 271, 7973-7977.
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thermophilaCODH, a one-electron transition occurredeat
—440 mV producingg-values indicative of a magnetically
isolated [FgSscl™ cubane. Another one-electron transition
occurred aE = —544 mV. While theE,, = —440 mV transition
was attributed to the reduction of [f&]g at the time, it is
possible that theE,, = —440 mV transition represents the
uncoupling of [FeS4]c!™ and theE,, = —544 mV transition is
actually the reduction of [R&4]g.18 Similarly, Hagen and co-

20377

1.88
1.71

CO-pretreated

workers reported the appearance of a single magnetically As-isolated

isolatedS= 1/2 [FeS,]** cluster at a potential 0f 322 mV in

Methanothrix soehngenODH, whereas only g1 was present

at—280 mV.1° These values are nearly identical with what we

observe for the potentials of the non-jBg reduction proposed — T T

to uncouple [FgS4]c from the [FeNi] species. Based upon the 2450 2950 3450 3950 4450

data and these reports, we propose the most reasonable Field (Gauss)

interpretation is that feq1 arises from the coupling of thguye Figure 4. Effect of CO preincubation on thg = 2 region of the
= 2.16 [(CQ)Fe*™-Ni2t-H™]** signal with theg,yx = 2.04, X-band EPR spectrum @®. rubrumCODH poised at-295 mV as in
1.93, 1.89 [Fg54]ctt signal. The Discussion section will address Figure 1. The two spectra were taken at 12 K (the temperature of
Creq1 in greater detail. maximum "Geq1' intensity) with and without CO preincubation. EPR

conditions: microwave frequency 9.23 GHz, microwave power
1.0 mW, modulation amplitudes 10 G, modulation frequency 100
kHz, time constant= 1 s.

(e) Evidence for Heterogeneity of the [FeNi] Signal of G4
that can be Cured with CO Pretreatment (Evidence Sup-
porting the Assignment of CQ.). Although the majority of
theg > 2.03 region is arising from thgy,. = 2.16 signal, there
are some features in thg> 2.03 region of the spectrum of '% |
CODH poised with naphthoquinone which are not seen in H
C531A CODH poised with indigo carmine. The presence of As-isolated minus
these signals indicates that the species producing the signal in§ | CO-pretreated
theg > 2.03 region is not homogeneous. For instance, a feature £
atg = 2.49 (see Figure 3) is seen in wild-type CODH. This <
resonance occurs at a much higlievalue than any [FeNi] &
resonance observed in hydrogenases, and is not observed in;:: 2.49
indigo carmine-poised C531A CODH. Some of the resonances k|
(e.g. the 2.32 feature versus the 2.30 and 2.25 features, seeg
Figure 3) exhibit optimum intensities at slightly different &
temperatures (and powers, not shown). The possibility of
heterogeneity is supported by our observation that CO pretreat-
ment of CODH and subsequent removal of unbound CO by ettt b
gel-filtration chromatography resulted in CODH with-300% 2300 2500 2700 2900 3100
increaseg (i)nitial CO-o(;(i(Lation activity relhative;] to CODH tf]la';] Field (Gauss)
was not pretreated. 'S WE propose that the ma.JO”ty of the Figure 5. Effect of CO preincubation on thg > 2.03 region of the
g > 2.03 .features of .V\./”d'type CODH Whgn poised with X-%and EPR spectrum <§{p. rubrumCODH poi?éd with dyegas in Figure
naphthoquinone are arising from the [(Q€eNi] cluster that ;1 jigdie trace is the enzyme as-isolated, and then poised with dye as
produces theae = 2.16 signal in C531A CODH, itis possible  in Figure 1. Bottom trace is the enzyme as-isolated, then incubated
that the species giving rise to tige> 2.03 features undergoes  with CO for 20 min before poising with dye after quickly removing
the same handling-dependent, inactivating dissociation of boundexcess CO by pumping and flushing 3The top trace is the difference
CO. observed with C531A CODH. We were interested in spectrum of the middle trace minus the bottom trace. Temperature
knowing whether any spectroscopic differences would be 12K.EPR conditions: microwave frequeney9.23 GHz, microwave
apparent in thg > 2.03 region between wild-type CODH either ~Power= 1.0 mW, modulation amplitude 10 G, modulation frequency
pretreated with CO or not, and subsequently poised with — 100 kHz, time constant 1 s.
naphthoquinone. The results presented in the following sections
indicate that differences do exist. spins/molecule, identical within error to quinone-poised as-

Figure 4 presents the wide range scan of the coupled [fCO isolated CODH. Several pieces of information can be obtained
Fe3t-Ni2t-H ]4t-[FeSictt system at 12 K, and Figure 5 from the appearance of the spectral features of 2-hydroxy-1,4-
focuses on the [(COFe**-Ni2*-H-]** (and other) resonances naphthoquinone-poised wild-type CODH with and without CO
at 12 K, both with and without CO pretreatment before poising Pretreatment. First, the increase in initial activity observed after
with naphthoquinone. It is clearly evident from Figure 4 that CO pretreatment is probably involved with the decreased
Cred1(gx = 1.71) remains after CO pretreatment; however, Figure Percentage of “unready” forms of the [FeNi] cluster, and not
5 shows that they > 2.03 region of the spectrum is much With a change in [F£54]c. We propose this because only the
simpler, suggesting a removal of [FeNi] cluster heterogeneity. line shape of the region of the EPR spectrum containing the
Quantification of the spin-intensity of CO-pretreated naphtho- Putative [FeNi] cluster resonances changes upon CO pretreat-

quinone-poised CODH sample yielded a value of (t20.03 ment. Second, the resonancegat 2.49 disappears upon CO

: pretreatment, indicating it may be arising from an “unready”

W (\]]-S?A\IITTLIL(\;\I{{(;%; Js%tg%gzklifd 5;3?33262' M.. Ferry, J. G.. Ragsdale, S. form of the [FeNi] cluster and probably is arising from a form
'(1'9) Jetten, M. S.: Pierik, A. J.: Hagen, W. Bur. J. Biochem1991 of the [FeNi] cluster where a bound Cas dissociated. A

202 1291-1297. possible origin of the 2.49 resonance is in a coupled form of a

its)

220 2.16

As-isolated

CO-pretreated
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[FEZT-Ni*]3F or [FE¢+-NidT-H~]** cluster (these redox states
are two of the proposed origins of so-called\ signals in
[NiFe] hydrogenases)f,Ni—C has been shown to couple to the
proximal [FeS] cluster inD. gigashydrogenasél??It is also
possible that it is arising from a [F&Ni®*]5" species. Third,

the [FeNi] cluster resonances that remain after CO pretreatment

and that probably represent C®ound forms of the [FeNi]
cluster are quite broad and featureless, indicating coupling with
the proximal [FgSsc'" cluster. This broadening can be
somewhat alleviated at slightly higher temperatures (data not
shown), but not to a great extent because the [(EE™-Ni?*-
H-]*" and the [FgSsjc'™ cluster resonances have similar
relaxation properties. Fourth, the deconvoluted spectrum, [(as-
isolated) minus (CO-pretreated)], contains resonances which
resemble a composite of several species observabl€.in
vinosumhydrogenase anl. voltae F4og-nonreducing hydro-
genases under different conditions of CO treatment in the light
and darke®

Characterization of the Enzyme State Producing Gegza
(Characterization of Cobalt- and Zinc-Containing CODH).
(a) Activities and Metal Content of Co- and Zn—CODH.
Similar to previous reports, cobalt-CODH (Co-CODH) had a
specific activity of 2.5+ 0.6 units/mg, and could not be
activated further by nickel addition in the presence of 0.2 mM
methyl viologen and 0.2 mM dithionit€. Zn-CODH had no
detectable activity, and was not activated by addition of nickel
in the presence of methyl viologen (0.10 mM) and dithionite
(0.20 mM). The previously reported iron contents of Ni-
deficient, Ni-, Zn-, and Co-CODH were identical at 8.5 iron
atoms/molecule of CODF£ Consistent with our other metal
analysis results using the protein assay methods described i
the Experimental Procedures section, we find £9.3 Fe
atoms/monomer. The amount of nickel was below the detection
levels of the ICP-MS instrument<(0.04 ppm).

(b) EPR Spectroscopic Studies of Heterometal-Inserted
Ni-Deficient CODH. The spectroscopic characteristics of Zn-
CODH and Co-CODH were compared to those of Ni-CODH
to determine if similar signals were present in the different
forms. Figure 6A shows the X-band EPR spectrum of Ni-
deficient CODH at the temperatures indicated, and Figure 6B
shows a narrow range spectrum at high resolution of the region
typically containing the resonance attributed tg4&{gx = 1.75).
Two [FesSy)** clusters can be deconvoluted by their differing
relaxation properties as a function of temperature (Figure’6A).
The faster-relaxing cluster observable only below 30 K is typical
of all-cysteinyl liganded clusters and is assigned toqfe!".

The exacg-values of [FgS4]s are difficult to determine due to
the coupling described below. The slower-relaxing clusigy(

= 2.04, 1.93, 1.89) that is observable to 50 K and is well
resolved at 35 K is atypical of [8] clusters with all-cysteinyl
ligation and is attributed to [R&]c'". At 35 K, nearly all of

the observable EPR resonances arise fromyJfe™. In
agreement with previous repotfst3there is a complete absence
of theg = 1.75 feature of Gq2in Ni-deficient CODH (Figure
6B). However, the EPR spectrum at 4.7 K does not appear to

(20) Schneider, K.; Erkens, A.; Mer, A. Naturwissenschafteh996
83, 78-81.

(21) Dole, F.; Medina, M.; More, C.; Cammack, R.; Bertrand, P.;
Guigliarelli, B. Biochemistry1996 35, 16399-16406.

(22) Guigliarelli, B.; More, C.; Fournel, A.; Asso, M.; Hatchikian, E.
C.; Williams, R.; Cammack, R.; Bertrand, Biochemistryl995 34, 4781~
4790.

(23) Duin, E. C. Exploring the Active Site of NickeHydrogenases,
Ph.D. Thesis, Universiteit van Amsterdam and Free University of Amster-
dam: Amsterdam, 1996.

(24) Bonam, D.; Ludden, P. W. Biol. Chem1987, 262, 2980-2987.
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Ni-deficient CODH
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Figure 6. Comparison of thg = 2 region of the X-band EPR spectra

2800

rbf dithionite-treatedR. rubrumCODH forms. (A) Ni-deficient CODH

(80uM) treated with 1 mM sodium dithionite and allowed to equilibrate
for 5 min. Temperatures- 4.7, 10, 20,and 35 K. (B) 4-scan average
of theg = 1.75 region of part A at 4.7 K. (C) Zn-constituted Ni-deficient
CODH (100 uM) treated with sodium dithionite as in part A.
Temperatures are the same as in part A. (D) 4-scan average @&the
1.75 region of part B at 4.7 K.(E) Co-constituted Ni-deficient CODH
(80 uM) treated with sodium dithionite as ipart A. Temperatures
10, 20, and 40 K. (F) 4-scan average of the: 1.75 region of part E
at 4.7 K. (G) Ni-CODH treated with sodium dithionite as in part A.
Temperatures= 4.7, 10, and 35 K.(H) 4-scan average of the: 1.75
region of part G at 4.7 K. EPR conditions: microwave frequercy
9.23, microwave power 1.0 mW, modulation amplitude= 10 G,
modulation frequency= 100 kHz, time constart 1 s.

be the simple sum of two isolated, noninteracting,,fzg+
clusters. A small upfield wing is present neg+= 2.09, and the
region between the inflection @t = 1.93 and the end of the
apparent absorbance neg+ 1.85 is somewhat distorted. These
two features are maximized in fully reduced Ni-CODH (Figure
6G) at 4.7 K. However, in fully reduced (with excess dithionite)
Ni-CODH, while the overall line shape of thg = 2 region
remains similar, ag = 1.755 feature is also clearly visible
(Figure 6H).

The upfield wing is reminiscent of what is observed in the
EPR spectrum of dithionite-reduc€lostridium pasteurianum
8Fe ferredoxin, which contains two weakly coupled f&¢"

(S = 1/2) clusters with a centercenter distance of 12 &
Therefore, it is plausible that the resonancg at 1.75 is the
result of slightly stronger coupling between [Bgc!t (S =

1/2) and [FeSyg'™ (S = 1/2) which is induced only in the
presence of a heterometal (normally Ni) in the active site. We
hypothesized that the local conformation of the active site might

(25) Cammack, R.; Patil, D. S.; Fernandez, V.Bilochem. Soc. Trans.
1985 13, 572-578.
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Figure 7. (A) UV —visible absorption spectra &. rubrumCODH. Spectra were obtained for the enzyme in thionin-oxidized state, dithionite-
treated state, and poised with 99% reduced phenosafratd86 mV). The enzyme concentration was AMl, while the concentration of 99%
reduced phenosafranin was 58M. Inset: UV-—visible absorption spectra of thionin-oxidized and 99% reduced phenosafranin-poised CODH
minus dithionite-treated CODH. (B) UVisible absorption spectra &. rubrumCODH poised with 99% reduced phenosafranin and subsequently
titrated with a 2 M NaHCG; solution to final NaHCQ concentrations of 1, 2, 3, 4, and 5 mM, and allowed to equilibrate for 10 min each. The
starting solution was identical with that shown in part A as the phenosafranin trace. Inset: Subtractioragibl absorption spectra of the
NaHCG:; titrations from the UV~ visible absorption spectra of the starting enzyme solution poised with 99% reduced phenosafranin. For consistency,
molar extinction coefficients are reported using enzyme concentration, rather than dye concentration.

be slightly different with and without heterometal present such and 1.73 features have their origin in the same coupling
that, in Ni-deficient CODH, the two clusters are never quite phenomenon and are both present whenever that particular
spatially close enough to produce the stronger coupling observedcoupling occurs. This shoulder is sometimes observed in Ni-
in fully reduced Ni-CODH. To assess this possibility, the redox- CODH, but the exact conditions for its reproducible production

inert transition metal Z# was incorporated into the vacant
heterometal site of Ni-deficient CODH. Dithionite-treated
samples of Zn-CODH show a resonancg at 1.76, at a similar
position to that observed in the fully reduced Ni-CODgl=
1.755, compare Figure 6H and Figure 6D). However, this
resonance is of weaker intensity and slightly differgnalue
than that seen in Ni-CODH. The spectrum of the entire region
aroundg = 2 appears intermediate in line shape between Ni-
deficient CODH and Ni-CODH, suggesting the &g environ-
ment in Zn-CODH lies between those two “extremes”?Co
was also incorporated into Ni-deficient CODH and the spectrum
of this form of CODH is shown in Figure 6E. The overall
spectrum of dithionite-treated Co-CODH appears to be inter-

have not been established. In contrast to Zn- and Co-CODH,
theg = 1.755 feature in Ni-CODH has an intensity that varies
from sample to sample. In addition, tlge= 1.755 feature in
dithionite-treated Ni-CODH samples varies from being equal
in intensity at 4.5 and 10 K to being greatest in intensity at 10
K, and the position of thg-value varies within the rangg =
1.75t0 1.76 (Figure 6H shows 1.755). Those samples that have
a g-value closer tog = 1.76 have a lower temperature of
maximum intensity, and are weaker in intensity in general (data
not shown). We propose that this variability is a result of redox
state heterogeneity of the [FeNi] cluster. Possible reasons for
this redox state heterogeneity will be presented in the Discussion
section.

mediate in line shape between the spectra of dithionite-reduced  Characterization of the Enzyme State Producing Gegze.

Zn-CODH and Ni-CODH. Thg = 1.76 feature is also observed
with greater intensity in Co-incorporated CODH than in Zn-
CODH (Figure 6F). The two [R&4]*" clusters in Zn- and Co-
incorporated CODH exhibit very similar relaxation properties
to Ni-CODH and Ni-deficient CODH, as seen by temperature
studies of the EPR spectrum. The= 1.76 resonances have an
observable maximum intensity at 4.7 K for both Zn-CODH and
Co-CODH (not shown). As discussed in greater detail later,
these results suggest that at least a portion ofgtlke 1.755
resonance observed in dithionite-reduced Ni-CODH may arise
from the spin-spin coupling of [FeSi]ct (S = 1/2) with
[FesSels™™ (S= 1/2).

An additional shoulder resonancegat 1.73 is observed in
both Zn-CODH and Co-CODH. As both of these forms of the
enzyme have negligible activity and undetectable Ni levels, it
is highly unlikely that they = 1.73 shoulder arises from residual
Ni-CODH. Additionally, the relaxation behavior of tlge= 1.73
resonance parallels that of thge = 1.76 resonance, with
maximum observable intensity at 4.7 K. Figure 2 showed that
the maximum intensity of eq1is at 12 K at 1.0 mW power
(not 4 K). Therefore, thg = 1.73 shoulder may represent a
population of enzyme in a slightly different conformation than

(a) UV—Visible Spectroscopy of CODH Poised at Different
Potentials. Wild-type CODH was poised with 99% reduced
phenosafranin at pH 7.5 (Figure 7). The YVisible absorption
spectrum shows thafizo= 33.99 mM cm1 for thionin-treated
CODH, €420= 18.36 mM 1 cm™1 for dithionite-treated CODH,
andegzo= 25.33 mMt cm~* for phenosafranin-poised CODH.
Ninety-nine percent reduced phenosafrarity & —267 mV
versus SHE at pH 7.5; calculatéd= —326 mV) was added to

a final concentration of 0.5 mM, while the enzyme was of a
final concentration of 0.014 mM. Ninety-nine percent reduced
phenosafranin has negligible absorption in the region of 420
nm. Therefore, as the CODH concentration was very low, the
donation of electrons to CODH resulted in a negligible increase
in absorption in the dye. However, the molar extinction
coefficient for CODH at 420 nm decreased by 46% upon
treatment with dithionite, but only 26% upon treatment with
phenosafranin (55% of that with dithionite). This indicates that
only one of the [Fg54] clusters of CODH was fully reduced
upon addition of 99% reduced phenosafranin. Similarly, CODH
poised with 95% reduced 2-hydroxy-1,4-naphthoquinone at pH
8.5 (Ecalc = —295 mV) showed a decrease in #go that was
50% of the decrease observed when treated with dithionite and

that producing the 1.76 feature. It is also possible that the 1.76 nearly identical with what is observed with phenosafranin.
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Figure 8. X-band EPR spectra &. rubrumCODH poised with 99%
reduced phenosafranin. CODH was diluted with buffer or PEG solution
to a final concentration of 100M in all samples. CODH poised with
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a small spin-quantity of a radical species (e.g., phenosafranin
radical). One plausible explanation is that it is a very small
fraction of [F&Sy]c'™ (a breakdown product of [E84]c) similar

to that observed in 2-hydroxy-1,4-naphthoquinone-treated CODH
at 55 K (see Figure 2) (the same batch of enzyme was used in
both analyses). The signal amplitude seems impressive due to
the nearly isotropic nature of resonances arising frorgJg&"
clusters. Consistent with this proposal is the absence of the signal
in dithionite-treated samples, suggesting a reduction to the
[FesSi)c? (S= 2) redox state. Additionally, a very small amount

of another fast-relaxing species is present which causes a
distortion of theg = 1.93-1.85 region at low temperatures.
This probably arises from a very small spin quantity of
[FesSy]gl™ present at this potential. The amount of JE8gl"

must be very small because the YVisible absorption spectra
indicate that only one [R&] cluster is reduced upon treatment
with phenosafranin and at 20 K the amplitude of the EPR
spectrum of [FgS4]c!t is nearly the same as at 5.0 K, unlike
when [FeSy]g is reduced. The small upfield wing negr=

2.09 that is most prominent in samples at 5.0 K is proposed to
arise from that small fraction of CODH that has jBgg!"
present in addition to [R&]c'". The wing is proposed to arise
from the spir-spin coupling of [FgSscl™ with [FeySylglt
described in the previous section. An extremely small amount
of the paramagnetic [FeNi] species described earlier is also

99% reduced phenosafranin contains 100 mM phenosafranin. SpectraPf€sent in the g 2.10 region (data not shown), and will be
were recorded at 5.0, 10, 20, and 35 K. Where added, PEG was to 5ofurther discussed below. Therefore, we propose that pheno-

vol % and NaCl was added to a final concentration of 400 mM. The

safranin-treated CODH has the following paramagnetic species

EPR spectra of PEG-treated and NaCl-treated CODH are identical, andpresent in theg = 2 region, in decreasing order of relative

the spectrum presented was taken at 5.0 K. Nakl®&s added to a
final concentration of 10 mM, and allowed to equilibrate for 10 min.
Temperatures are 5.0, 10, 20, and 35 K. EPR conditions: microwave
frequency= 9.23 GHz, microwave power 1.0 mW, modulation
amplitude= 10 G, modulation frequency 100 kHz, time constant

1s.

Therefore, the redox states of the {64 clusters, which absorb
in the 420 nm region, do not change significantly upon a change
in potential from approximately-295 to—326 mV. However,
the EPR spectra of CODH poised at these two potentials are
dramatically different. Therefore, a non-jfSg] species must
be reduced upon a shift from295 to—326 mV. As described
above, a paramagnetic [FeNi] clust&=t 1/2) with a probable
redox state of [(CQFe*™-Ni2"-H~]4" is present in 2-hydroxy-
1,4-naphthoquinone-poised CODH. We propose that the shift
in redox potential from—295 to —326 mV causes a [(CQ-
Fett-Ni2t-H-]4T/[(COL)Fe&"-Ni2"-H~]3* transition. This as-
signment is consistent with the lack of an observed change in
€420 associated with the redox event.

(b) EPR Spectroscopy of CODH Poised with 99% Re-
duced Phenosafranin without and with NaHCQ; (Prepara-
tion of the Enzyme State Producing Geq2s). The EPR spectra
of phenosafranin-treated CODH at 5.0, 10, 20, and 35 K are
shown in Figure 8. Only the same slow-relaxing cluster observed
in dithionite-treated CODH (Ni- and Ni-deficient) and assigned
to [FesSylc!t is observed. The lack of perturbation of the
[FesSact signals §,yx = 2.04, 1.93, 1.89) from those of typical
[FesSy** clusters (i.e. Gq1is not observed) suggests that the
majority of the [FeNi] cluster has been reduced to a diamagnetic
oxidation state (proposed to be [(OBe*"-Ni2"-H~]3"), result-
ing in a magnetically isolated [E&]c!" cluster spin in the major
fraction of enzyme sample. The spin intensity of the= 2
region quantifies to 0.65 0.05 spins/molecule. An additional
resonance ag = 2.01 is also evident. The intensity of this
resonance is maximal at 5.0 K, indicating that it is not due to

abundance: [F&i]clt >>> [FeNi]”t = [Fe;Sylsl™ >
[FesSictt. However, we propose that the large majority of the
CODH molecules have the following arrangement of clusters:

[Fe,S]ct (S= 1/2), [(CQ)FE -Ni*"-H]** (5= 0), and
[Fe,Sls”" (S=0)

The same phenosafranin-poised sample described in the UV
visible absorption experiment described above (Figure 7A) was
then sequentially titrated with a NaHGGolution to final
concentrations of 1, 2, 3, 4, and 5 mM NaHE®igure 7B).

This treatment resulted in the [GJ2dependent partial oxidation

of the reduced phenosafranin (as indicated by an increase in
absorbance at 530 nm), while the control without CODH added
did not (not shown). The U¥visible absorption spectra of the
CODH solution titrated with the described NaHE&ncentra-
tions minus the starting point of the CODH solution poised with
99% reduced phenosafranin (Figure 7B, inset) is nearly identical
with the spectrum of oxidized phenosafranin (not shown),
indicating that the [F£54] cluster redox states do not change.
In particular, thesa2 (Which is due to absorbance by the |54
clusters) is almost completely unchanged. However, the EPR
spectrum is dramatically altered & 1 mMsample of CODH
poised with 99% reduced phenosafranin and subsequently
treated with 10 mM NaHC@(Figure 8, top trace), with a new
feature appearing @ = 1.75. A salt effect is not the cause of
this change, as the EPR spectrum is unaltered by the addition
to the bicarbonate-untreated CODH sample of solid NaCl to a
final concentration of 400 mM (Figure 8, middle trace).
Additionally, a crowding effe@f was eliminated, as PEG to 50
vol % does not alter the EPR spectrum either (Figure 8, middle
trace).

The g = 1.75 resonance was examined as a function of
temperature. Thg = 1.76 resonance discussed in the previous

(26) Fulton, A. B.Cell 1982 30, 345-347.
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section arises from coupling of [F&]g'" and [FeSs]c'™, and
thus follows the temperature dependence of g, being
of maximum observable intensity at 4.7 K at 1 mW microwave
power. Theg = 1.75 resonance discussed in this section,
however, has a maximum intensity at 20 K and is greatly
saturated at 4.7 K (also at 1 mW power). The relaxation

J. Am. Chem. Soc., Vol. 121, No. 48, 19958

(versus the decrease when the enzyme is treated with dithionite).
A 47% reduction ok4y0should yield more paramagnetic [Sg]
clusters than were detected by d&bauer. We propose this
discrepancy can be resolved as follows: Because a small amount
of the gave = 2.16 signal can be observed a295 mV, we
have attempted to simuldfdhe Geq: State as the result of simple

properties and the method of generation of the two speciesdipolar coupling between thgy.= 2.16 signal and the [F&4]c

indicate that theg = 1.75 resonance does not arise from the
spin-coupling of the same two species that producegtive
1.76 resonance in Zn- and Co-CODH.

Discussion

The primary proposals made based upon spectroscopic studie

of R. rubrumCODH are as follows: feq1 is the result of the
spin—spin coupling of twdS= 1/2 signals proposed to be arising
from [(CO)Fe™-Ni2™-H-]** and [FaSic't cluster redox
states; spectroscopic featuresgat= 1.75-1.76, previously
attributed to a state of CODH referred to agdg arise from
two distinct redox states of the enzymeyadea is the result of
the spin-spin coupling of twaS = 1/2 signals proposed to be
arising from [FeSy]c!* and [FaSy]s'" cluster redox states; and
Credazs is the result of the spiaspin coupling of ar§= 1 and
an S = 1/2 signal proposed to be arising from [(OBe**-
Ni2*]4 and [FeSs]c'™ cluster redox states, respectively.
Cred1- The Results section presented arguments that; C
arises from the coupling of [(CQFe*T-Ni2t-H]*" (S= 1/2,
Oave = 2.16) with [FeS4] " (S= 1/2,9,yx = 2.04, 1.93, 1.89).
Naphthoquinone-poised CODH was shown to exhibit perturbed
signals from both of these species, but in low overall spin
guantity. As discussed in Part 1, we belieRerubrumCODH
to be comprised of 9 Fe atoms arranged as followss3ie,
[FesSy]c, and [FeNi]. Hu et al. reported that R rubrumCODH
poised at-300 mV, 70% of all iron has diamagnetic charaéter.
At this potential, the B cluster is [E84]%", S= 0, and thus
accounts for 44% of the total iron content. This leaves {70
44) = 26% of the total Fe content arising from C-site clusters
(the [FaS4]c and [FeNi] sites) with diamagnetic character. The
remaining 30% of the total Fe arises from C-site clusters with
paramagnetic character, of which a significant portion of
[FesSq]c is in an S = 3/2 ground state (when magnetically

cluster with g,yx = 2.04, 1.93, 1.88 (data not shown).
Preliminary results indicated that a very strong coupling was
needed to achievg-values similar to the fgg1 signals (2.03,
1.88, 1.71). The dipolar coupling needed to produce the observed
g-values for Geq; was greater than that for which a simple
dipolar model is reasonabléd = 0.15 cnt?, which requires a
Yistance between the two spins of less than 3 A. To have a
meaningful physical model, it would be necessary to introduce
significant exchange coupling into the EPR simulation. If this
is the case, then a possible explanation for the diamagnetic
component is immediately presented, namely a strong enough
antiferromagnetic exchange between the 8vwo 1/2 sites (the
[FeNi] site with gave = 2.16 and [FgSs]c!t with anS = 1/2
component withg,yx = 2.04, 1.93, 1.89) may yield a resultant
Sot = |1/2 — 1/2] = 0 ground state. No well-define8 = 3/2
component of [Fe4S4]C is observed in significant quantity in
CODH poised at-300 mV, yet is present in the reduced state
of the enzyme. This suggests an interaction betweerSthe

3/2 component of [F£54]c with the S= 1/2 gave = 2.16 signal.

It is unclear what the spectroscopic result would be of an
exchange coupling between these two sites. For antiferromag-
netic coupling,Set = |3/2 — 1/2| = 1, which would likely be
EPR-unobservable. However, weaker exchange coupling of the
S = 3/2 component with thgave = 2.16 signal might produce
anomalous resonances in tige= 4—6 region of the EPR
spectrum, such as are often observed for the enzyme state
producing Gegs.

The exact coupling scheme producing the EPR-obsengable
~ 2 fraction of cluster states at295 mV is not certain. It is
possible that several discrete interactions ranging from dipolar
coupling to strong exchange coupling occur in CODH. A
population exhibiting mainly dipolar coupling interaction with
weaker exchange coupling interaction may account for the

isolated, as observable in the fully reduced enzyme). From our Observation in low spin intensity of the broadergag: = 2.16
experience with multiple samples, the line shape of the EPR Signal and theg,yx = 2.03. 1.88, 1.71 signal. Several reports
signal reported by Hu et al. indicates the presence of a smallhave indicated that the production ofe: from Cox is a one-

amount of magnetically isolate@ & 1/2) [FeSjc™ (indicating
some of the iron from the putative [FeNi] cluster is diamagnetic).
The low spin quantity of thg = 2 region of Geg1 was proposed

electron process. However, these reports only followed the
intensity of the apparem, or gy features of the 2.03, 1.88, 1.71
signal versus baseline, or the peak-to-trough intensity of the

to be due to a combination of the diamagnetic component and apparentg, feature. The forementioned earlier work in our

an S = 3/2 state of the C site clusters.

Despite the proposed reasons for the low spin intensity of
the Geq1 features, the UVvisible data in our present study
indicate that at-300 mV all [FaSy]c is in the [F@S,]' state
(whetherS= 3/2 or 1/2), so that-56% of the total Fe content

laboratory’ followed only the change ity of the UV—visible
absorption spectrum, which is derived entirely from the;fze
clusters (and not the proposed [FeNi] cluster). It is possible that
the 2.03, 1.88, 1.71 features arise only from the,fzehalf of
the coupled system. We are planning redox titrations of the entire

should be paramagnetic, rather than the 30% determined byd = 2 region (including theg > 2.03 resonances) to directly

Mossbauer. The EPR spectrum of the"ddbauer sample
reported by Hu et al. was nearly identical with that shown in
Figure 4C of Spangler et &l.We propose the EPR spectrum
of Figure 4C was comprised of largelyg signals, but also a
small fraction of magnetically isolated [F#&]c". As Figure 4

of Spangler et al. showeéd,the CODH sample exhibiting this
particular EPR spectrum had a 47% decreasenfrom the
thionin-oxidized state versus the decreaseejsy when the
enzyme was treated with excess dithionite. This value of 47%
is consistent with our present data (this work) that show CODH
exhibits a 50% decrease #1.9 at both—295 and—326 mV

test the hypothesis that the 4 transition is actually a two-
electron process. Nevertheless, a fit to a one-electron process
would suggest against the possibility that the= 2.03, 1.88,

1.71 features arise from &= 1 state (e.gSot = |3/2 — 1/2

| = 1; as described above), the production of which would
require two electrons.

Upon a decrease in potential from295 to —326 mV, we
propose one species of this exchange coupled dimeric system
(i.e. the [FeNi] cluster) is reduced. The reduced species is
proposed to bes = 0. The reduction of one species of the
exchange coupled dimeric system to a diamagnetic state is
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proposed to result in the observation of a magnetically isolated [(COL)Fe"-Ni2F-H=]*" (S = 1/2, gave = 2.16) cluster. Based
S = 1/2 form of the other species (namely |Bgc). Such a upon Figures 3 and 5, the following hypothesis is offered. These
reduction can reasonably explain the increase in spin quantitationpossible [F&™-Nil™]3" or [Fe™-Ni®"-H~]** forms of the [FeNi]
from 0.20 to 0.65 spins/mol without a concurrent decrease in cluster also couple with [R&]c'" to yield a similar line shape
€420 0bserved when the potential is reduced. Dithionite-reduced for the coupled [F£54]c1™ component of 4. However, it is
Ni-deficient CODH (1.58+ 0.10), Zn-CODH (1.40+ 0.10), only these “unready” forms of the [FeNi] cluster (which lack
and Co-CODH (1.2A4 0.10) (WT forms) all exhibit~1.50 COL and have unpaired spin-density on the Ni atom) that
spins/mol in they ~ 2 region (preparation dependent). Assuming produce®Ni broadening. Therefore, sample-dependent amounts
that~1 spin/monomer arises from [F&]s'", the value~0.50 of “unready” [FeNi] cluster result in sample-dependé&htii
+ 0.10 spins/mol thus accounts for tBe= 1/2 component of  broadening values. The determination of the exact nature and
[FesSylctt at both—530 (dithionite-reduced) anet326 mV reduction potentials of both the catalytically “ready” and
(phenosafranin-treated). “unready” (but activatable) forms of the [FeNi] cluster will be
Finally, in our simulations, we did not test the possibility a focus of future research.

that in cerf[ain states (e.g. .the?g;.state), perhaps as a rgsult of Credza. EPR spectroscopic studies of Zn- and Co-CODH have
conformational changes, tiirgrinsic g-values of [FgSs]c might revealed that the spirspin coupling of [FeSycl* (S = 1/2)

be shifted from those in the magnetically isolated state (i.e. away \yith [FesSils™ (S = 1/2) produces a resonance@t= 1.76
from 2.0_4, 1.93, 1.89). Recent wo_rl_< wﬂyrocqccus_funosqs that we term Ggoa We find that a spectroscopic feature
ferredoxin has shown that the position of the liganding serinate resempling the Gq2 (g = 1.755) seen in dithionite-treateRl

in [Fe:Sq)(Cysk(Ser) clusters (i.e. at the Fel, Fe2, Fe3, or Fe4 rrym Ni-CODH is observed with maximal intensity in Zn-
position) significantly affects they-values of the [Fg5]*" CODH and Co-CODH when both [F&] clusters are reduced,
cluster, suggesting that subtle changes in electron distribution + ig positioned ag = 1.76. The maximal observed intensity
within the cube lead to large changes in the obsegrealues?’ of Creqza in ZNn- and Co-CODH does not parallel that 06
Given the possibility t_hat thg-valu:_es of [FeSulc™" could be (gx = 1.71), which has a maximum intensity at 12 K, as shown
altered by a change in local environment, the parameter set; Figure 2. It also does not parallel that of.&s (Figure 8,

would become too large for meaningful simulations. top trace), which has a maximum intensity at 20 K (see Figure

Our .analysis ofR. rubrum CODH. poised in. th,e state 8, expansion of top trace). It does, however, parallel the intensity
producing the (g reveals that the assigned [FeNi] signals are of the fast-relaxing [F£54]g!™ cluster that has maximal observed

heterogeneous in as-lsolat_ed CODH _(|.e. not CO'pre'[reatec_j)'intensity at 4.7 K. This signal was perplexing, because it at first
The observed heterogeneity is consistent with heterogeneltyseemed to be the same agdas (it is in a similar position). It

reported for the Ni environment in the C-cluster ©f ther- is onl : "
X . e . y because of the unique ability Bf rubrumCODH to be
moaceticunCODH 28 This heterogeneity iC. thermoaceticum isolated in a Ni-deficienc'z form that this signal could be

was at the time not understood; however, it can be explained . ; ; .

S ’ : understood. Replacing the Ni of the [FeNi] cluster with Zn
by the data ShOW’? |+n F'9”fe.5 4 and 5RarubrumCODH, Fhe should result in a diamagneti& & 0) and EPR unobservable
fraction of [FeN|P_ that is proposed to be catalytlcz_ally [Fezn] cluster if the iron remains in a low spin ferrous
5unirsea(zsjrrr1](lgllato|fs acgzggre% fgjhpéﬁérsatgzziié?iﬁaFr:gtuhr: configuration. We propose that the iron atom does remain in

)is p y ; . Y -24? ot the low spin ferrous configuration in the majority of Zn-CODH,
proposed catalytically “ready” [(COFE™-Ni=*-H"]*" forms, as we observe no other signals in the EPR spectrum of

and may ha_ve a dlffere_nt electron distribution W'th'.n the .[F'.EN'] dithionite-treated Zn-CODH in the low field region that would
cluster. While we are in the process of addressing this issue.

with dye-mediated EPR-monitored redox titrations, it is probable gnhdésvag)e "f [:;:szsrﬁegis g)o lesth;?hvﬁlflzgfr;?fl;it':;éd?g; ot
that the [(CQ)Fe*™-Ni2t-H~]*" resonance in C531A CODH )

- - : : .. properties of [Fg54]c or [FesSy]s. Therefore, because the:6a
reequilibrates with buffer according to the following equation: feature is observed in dithionite-treated Zn-CODH without the

presence of a paramagnetic center other thagSfg+ and
[FesSilctt, Creqza has its origin in the coupling of the two

o L . [FesSq]** cluster spins. Consistent with this assignment is the
The system to t_he _r|ght in the 3b°‘{e equation Is not pf’lr"j“nz’lgnet'cappearance in reduced Zn-CODH, Co-CODH, and Ni-CODH
when poised with indigo carmine in C531A, suggesting a lower

) . of an upfield win ~ 2.09) and distortions of the region
reduction potential for the cluster (see Part 1) based upon thebetweerl?the inflegtign a= 1)93 and the end of the appgrent
electron-withdrawing nature of CO. :

Taken together, the results presented here support theabsorbance nea = 1.85. T_hese characteristi_cs are similar to
interpretation that ’a nonsubstrate but activating CO (referred those observed i6. pasteurianungFe ferredoxirf? where two
. . L [FesSy]*+ (S = 1/2) clusters also couple. It seems likely that
to as CQ) binds to the [FeNi] cluster in wild-type CODH, when both [FeSdc and [FaSds are reduced in Ni-CODH
similar to the binding proposed for C531A CODH. However, c 9=uls :

as Figures 35 show, when reduced the catalytically “unready” Credza ill als_o pe present. o
forms of the [FeNi] cluster also couple to [Sa]ct*. The Because dithionite-treated Zn-CODH and Co-CODH exhibit

presence of sample-dependent amounts of “unready” forms of EPR spectra which are nearly identical (see Figure 6), Co-
[FeNi] cluster may help to explain the variability in the CODH must contain a [FeCo] cluster which is diamagnetic so

broadening of Gq1 by 6INi. This broadening has ranged from  that the coupling scheme producingzais consistent between
less than 2 Gto 9 G10 The “unready” forms (CQ-dissociated) ~ the two forms. With a [FeCo] cluster it cannot be assumed that
of the [FeNi] cluster, when reduced, might produce a2fre  the Fe atom remains low spin ferrous £ 0) but, depending
NilTt]3* or [F&#*-Ni3*-H-]4+ (S = 1/2) cluster, rather than a  UPon the conditions and redox state, may be present as a low
spin ferric § = 1/2) atom as it is in the [FeNi] cluster state
Adgr;)sB{Aer(\e/\t/or\]I’VPB.ic?éi’\grl:l?setlr’i%(gé %&;Ei;oggfﬂiéégs R.; Johnson, M. K.; producing thegae = 2.16 signal. In Co-CODH, if the iron atom
(28) Shin, W.; Anderson, M. E.; Lindahl, P. A. Am. Chem. S0d993 is low spin ferrous, the cobalt atom must necessarily be

115, 5522-5526. diamagnetic. However, if the iron atom is low spin ferric, the

[(CO)FE"-Ni*"-H1*" = [FeNi-H ]™ + CO, o
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cobalt atom should have one unpaired electron such that

antiferromagnetic coupling of the tw®= 1/2 spins can result
in a diamagnetic [FeCo] cluster. Therefore, if the iron atom is

J. Am. Chem. Soc., Vol. 121, No. 48, 1995

Credz2s. The spin-spin coupling of [FgSs]c!t (S= 1/2) with
[(COL)FET-Ni2™]*" (S = 1) is proposed to produce dgzs
Poising ofR. rubrumCODH with 99% reduced phenosafranin

low spin ferrous, the cobalt atom must necessarily be low spin at pH 7.5 En = —267 mV versus SHE at pH 7.5; calculatgd

Co*t (S=0), and if the iron atom is low spin ferric, the cobalt
atom must necessarily be low spindS = 1/2). These two
conditions need not be exclusionary (i.e., an equilibrium might

—326 mV) results in the disappearance of thgi{zoupling
resonances. [R&]c (S= 1/2) is thus not spin-coupled to a
paramagnetic [FeNi] cluster as we propose it is in 95%-reduced

exist). The above requirements may have implications for the 2-hydroxy-1,4 -naphthoquinone-poiségh(= —257 mV versus

coordination geometry of the Co atom within Co-CODH, and
in turn may imply a coordination geometry for Ni within Ni-
CODH. These implications will be more thoroughly discussed
in a future publication that will include other redox states of
Co-CODH.

The interpretation of thegg = 1.755 feature in dithionite-
treated Ni-CODH is more difficult than it is for Zn-CODH. In
a previous reportthe spectroscopic feature referred to agdC
in dithionite-treated Ni-CODH could only be simulated as the
Ox value @ = 1.75) of a species withg, = 1.97 andg, = 1.87.
However, theg, andgy resonances were never directly observed,
a problem that was attributed to the interference offgel"

SHE at pH 8.5; calculate® = —295 mV) CODH. At—326

mV [FesSyclt is still present as a slow-relaxing species
observable to greater than 35 K (Figure 8). This indicates that
the [FeNi] cluster has been reduced, presumably to the [JCO
Fe#t-Ni2t-H™]3" (S= 0) oxidation state. For the most part, the
system can be described as{&&c!", [(COL)Fe™-NiZt-H]3T,

and [FeSy]s2+. With this as the starting point, G@n the form

of NaHCG; was added to the system. It is known that the
reaction of CO to C@follows the equation:

CO+ H,0=CO,+ 2e +2H"

As this is a reversible process, it is quite reasonable that the

in the same region of the spectrum. As described in the Resultssystem can be forced to the left by addition of a large excess of

section, thegy = 1.755 resonance in dithionite-treated Ni-CODH
does not have exactly the same relaxation propertieg-yatue)
as it does in Zn- and Co-CODH. It also has variability in position

product when the enzyme is in the appropriate starting redox
states. We propose that this is exactly what has been ac-
complished by poising the system with 99% reduced pheno-

and intensity. We propose that dithionite-reduced Ni-CODH has safranin and adding GQn the form of sodium bicarbonate.
a mixture of coupling schemes which both give rise to a feature The [FeNi] cluster, initially in the [(CQF&"-Ni2™-H"]3* (S

nearg = 1.75. As described above, the first coupling scheme
produces Gg2a The second producesdge In Ni-CODH the

= 0) oxidation state, reduces G@ CO, with the concurrent
production of water and oxidation of the [FeNi] cluster to the

redox state of the proposed [FeNi] cluster has dramatic effects[(COL)F€#"-Ni2*]4* (S = 1) oxidation state. Turnover is

upon the EPR spectrum.dgzs (0x = 1.75), which is proposed
to arise from the coupling of [(CQFe*"-Ni2*]*T (S= 1) with
[FesSict™ (S= 1/2), has a maximum intensity at 20 K and is
more intense than thg = 1.76 resonance. When the [FeNi]
cluster is in the presumed [(GIFF€2™-Ni2*]4" redox state (fully
oxidized,S= 1), but both [FgS,] clusters are reduced, tlge~
1.75 region should be a composite of the f&gs’"/[FesSscl™
coupling (Geg2a, g = 1.76) and the [(CQF&T-Ni2t]4t/
[FesSict™ coupling (Gedzs 9 = 1.75). We propose that in Ni-
CODH a mixture of [(CQ)F&?™-Ni?"-H~]3* (S= 0) and [Fé*-
Ni2+]4+ (S= 1) always exists when the enzyme is treated with
CO, even when CO is in very large excess. The CQ/CO
equilibrium has been reported previou8lgnd is described in
relation to an [(CQ)Fe*™-Ni2"|**/[(COL)Fe*-Ni2t-H~]3* equi-
librium in the next section. The combination ofe&s (with a
maximum intensity at 20 K, a greater intensity in general, and
in variable amounts) with Ga2a (With @ maximum observed

intensity at 4.7 K, and a lesser intensity in general) produces

the variability in the maximum intensity, exagtvalue, and
relaxation properties as a function of temperature ofghe

accomplished by direct re-reduction of [FeNi] cluster with
reduced phenosafranin (a 2 donor), which is in large excess,
resulting in the accumulation of oxidized phenosafranin in the
UV —visible absorption spectrum. Production of CO from the
above system has been confirmed by monitoring changes in
the position and intensity of the Soret band of hemoglobin which
are characteristic of CO binding (data not showh)t is
important to note that the redox states of f&gs and [FaSs]c
did not change during this experiment, thus the [FeNi] cluster
alone is able to catalyze the two-electron reduction 0£.CO
There are only a limited number of redox states from which
Credzs could arise. An EPR observable [FeNi] species can be
ruled out based upon the position of thevalue @ = much
less than 2, whereas typical paramagnetic Ni and low spin ferric
iron signals are positioned gt> 2), and the fact that we have
already observed the paramagnefic{ 1/2) [FeNi] cluster as
described in Part 1 of this series. |Bgc!™ coupled to
[FesS4ls™ (Credza Se€ previous discussion section) can likewise
be ruled out because of the differing temperature of maximum
intensity and method of generation. Coupling involving,Szk*
with any form of the [FeNi] cluster can probably be ruled out

1.75-1.76 feature in Ni-CODH when treated with a large excess | 5qaq Upon the differing relaxation properties of thiggand

of CO. This same combination causes variability when CODH

[FesSql™ and the fact that the U'visible absorption spectrum

is treated with dithionite because dithionite often contains 15% jngicates that only one [R8] is reduced. [FeNI} (S= 1/2)

sodium bicarbonate (a source of §OTo minimize the
possibility of a CQ/CO equilibrium, ultrapure sodium dithionite

coupled to [FgSy]ct™ is more difficult to eliminate, because
we do observe a very small amount of a [FENI[S = 1/2)

was used for our experiments. However, even with this ultrapure species still present in the phenosafranin-treated CODH. There-

dithionite, theg = 1.755 feature still does not have identical
relaxation properties, line shape, agdialues in Ni-CODH
when compared to thg = 1.76 feature of Zn- or Co-CODH.

fore, it is possible that C&addition in the presence of reduced
phenosafranin produces a form ofe&zlike coupling with
slightly different properties, perhaps involving a conformational

It is possible that a similar equilibrium of oxidized and reduced change. However, because two electrons are required fer CO
species may occur with dithionite breakdown products such thatreduction to CO, and a two-electron donating dye is used (and
100% reduction of [(CQFe**-Ni2*]4* to [(COL)Fe*-Ni2*- oxidized), this does not seem likely. Additionally, the minority
H~13* may not be possible, but the equilibrium does lie far to [FeNi]"" species observed in CODH poised with 99% reduced
the side of [(CQ)F&#™-Ni2"-H™]3+. phenosafranin (not shown) are identical to the [F&Ngpecies
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which were identified as probable “unready” forms in our studies
of Creqz. That is to say, CO preincubated CODH (which was
subsequently oxidized by thionin and had thionin removed by
chromatography) poised with 99% reduced 2-hydroxy-1,4-
naphthoquinoneninusas-isolated (not preincubated with CO)
CODH under the same conditions results in a spectrum in the
g > 2.03 region that is nearly identical with the [FeNikpecies
observed in 99% reduced phenosafranin-treated CODH (with
the exception of the 2.49 species). CO preincubation results in
a 30% increase in initial activity of CODH, suggesting that those
[FeNi]"" species which disappear upon CO preincubation are
“unready” forms. The spectroscopic features of phenosafranin-
poised CODH indicate that the putative “unready” forms of the
[FeNi] cluster probably have lower reduction potentials than
the “ready” forms. EPR-monitored dye-mediated redox titrations
are planned to address this issue. Finally, CO is produced from
the described system, eliminating the possibility that,G©O
simply binding to CODH to produce thg = 1.75 feature.
Elimination of the above possibilities means that only [(FO
Fe#t-Ni2t]4* (S= 1) coupling with [Fe@Ss]ct™ (S= 1/2) and
resulting in the perturbation of th& & 1/2) [FeSs !t signal
remains. The exact nature of this coupling is unknown, but given
the proposed coupling scheme foreds antiferromagnetic
exchange coupling to producg; = |1 — 1/2 = 1/2 is a
possibility. This proposed coupling scheme is very similar to
that proposed previously as an explanation fa£i.e., the
weak exchange coupling of /i (S= 1) with [FeSy]c (S=
1/2)1

Assignments of the Gy States Are Consistent with
Reported Spectroscopy of CODH.Spectroscopic data pre-
sented in the literature of CODH poised in states producigg C
and GegzSUpport the assignments given above. Eleetiurclear
double resonance (ENDOR) results are consistent with our

Heo et al.
COL (ligand)
[Fe2*-NiZ*|** [Fe,S4lc? [(CODFe-Ni2*)**  [FeySqlc?*
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+¢" acceptors COs + H,0
@ @ (substrate)
CO, + H*
Creaz

[(CODF2*NiZ*1* nnaan [FeqSalc! [(CODFeX*-Ni2*-H']>*  [FeyS4lc?*
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®
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[(CO;_)Fe”‘NiZ*-H']‘“ [FC4S4]C2+ @ [(COI)F€3+-Ni2+-H']4"5vva [FG4S4]C]+

[FeaSqls'™  Cred2a

g
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Figure 9. A proposed mechanism for CODH, showing relevant EPR
species. The wavy line indicates spispin interaction. EPR signals
are represented by bold italic font. The term “weak” indicates a weak
spin—spin interaction. COstands for a nonsubstrate CO ligand to the
[FeNi] cluster. CQ stands for a substrate CO molecule.

Part 1 in this series provides evidence for hyperfine splitting of
the gave = 2.16 signal, possibly by af“N nucleus. Our
assignments predict that both the.&gand Geqzs States (not
the Geqoa State) may have a strongly coupl&tN nucleus due
to the paramagnetic states of the [FeNi] clus&+(1/2 and 1,

assignments even though reported measurements were pefrespectively).

formed on primarily [Fg§S4] resonances. The & state ofC.
thermoaceticun€CODH was shown to have a strongly coupled
exchangeable proton, termed.¥ We propose that the (G
state of R. rubrum CODH arises from the coupling of the
putative [(CQ)Fe Ni2 -H™]*4" cluster §= 1/2) with [FeSy]ct"

(S= 1/2). Therefore, the strongly coupled proton observed in
ENDOR may arise from the hydride atom on the [FeNi] cluster.
The literature reports that in thedg; state this strongly coupled
proton is lost. This is also consistent with our assignments, as
in the Geg2a State the [FeNi] cluster is diamagnetic, and in the
Creq2s State there is no bound hydrogen atom at the [FeNi]
cluster. Whereas direct coordination of a hydrogen species to
the paramagnetic atom of the putative [FeNi] cluster should be
expected to produce hyperfine coupling of several hundred
megahertz, théma(*Hs) was determined to be 16 MHz for the
Creq1 State ofC. thermoaceticun€CODH. Only a 16-20 MHz
hyperfine interaction was observed between the Glispecies

of D. gigashydrogenase and its exchangeable protons, prompt-
ing the authors to suggest that the H species is bound to Ni
ligands or the Fe atom of the [FeNi] clustérTherefore, by
analogy, as Fe is proposed to be the paramagnetic atom of th
[FeNi] cluster of CODH in the g1 State, it is consistent that
the putative hydride be bound to the Ni. However, the true
hyperfine interaction at the [FeNi] cluster might prove to be
much greater than 16 MHz once ENDOR experiments are
performed on primarily [FeNip-values (e.g. th@awe = 2.16
signal) rather than [R&,] g-values. The same ENDOR sty
revealed the presence of strongly coupléd resonances in
both the Geq; and Geg States ofC. thermoaceticunCODH.

(29) DeRose, V. J.; Telser, J.; Anderson, M. E.; Lindahl, P. A.; Hoffman,
B. M. J. Am. Chem. S0d.998 120 8767-87776.

Ni-edge X-ray absorption spectroscopy (XAS) and extended
X-ray absorption fine structure (EXAFS) suggest that the Ni
redox state does not change significantlyRnrubrumCODH
in going from oxidized to reduced enzyr#feNi was suggested
to remain in the Ni™ oxidation state. These observations are
consistent with our assignment that the Fe atom of the putative
[(COL)FeNi] cluster is redox active, and the other electron sink
is a hydrogen (hydride) atom bound to the Ni atom. Interestingly,
the Ni-edge XAS of the SI, C, and R forms of the [FeNi] cluster
of hydrogenases also suggested that the redox changes respon-
sible for these states did not involve significant changes in
electron density at the Ni atof,although it is obvious that
redox changes are occurring at the [FeNi] cluster site.

Mechanism of CO Oxidation Incorporating the Proposed
Enzyme States Producing the Gq4 Signals.Based upon the
above assignments of the EPR signals observed in CODH, a
mechanism is proposed for a single turnover of CODH as shown
in Figure 9, with the corresponding EPR signals indicated and
the steps numbered. In the starting (oxidized) state, CODH is

é)roposed to be present in both “unready” and “ready” states,

depending upon handling. As discussed above, the “unready”
state can be transformed into the “ready” state (shown in Figure
9 as step 1) by preincubation with CO. This transformation is

proposed to involve the binding of a nonsubstrate, but activating,

(30) Tan, G. O.; Ensign, S. A.; Ciurli, S.; Scott, M. J.; Hedman, B.;
Holm, R. H.; Ludden, P. W.; Korszun, Z. R.; Stephens, P. J.; Hodgson, K.
O. Proc. Natl. Acad. Sci. U.S.A992 89, 4427-4431.

(31) Gu, Z.; Dong, J.; Allan, C. B.; Choudhury, S. B.; Franco, R.; Moura,
J. J. G.; Moura, |.; LeGall, J.; Przybyla, A. E.; Roseboom, W.; Albracht, S.
P. J.; Axley, M. J.; Scott, R. A.; Maroney, M. J. Am. Chem. S0d.996
118 11155-11165.
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CO molecule (CQ) to the [FeNi] cluster described in Part 1.
The “ready” and “unready” states are isoelectronic. In step 2,
COs (substrate) binds to the [(GIFe2™-Ni2"]** cluster and is
transformed to C@in a process of unknown specific mecha-
nism, but possibly in a process similar to a water-gas shift
reaction®2 The [(CQ)Fe*™-Ni2"]*" cluster receives the reducing
equivalents to yield a [(CQFe-Ni2t-H™]3" (S = 0) redox
state. In step 3, one electron is transferred ta$e from the

Fe of the binuclear cluster, producing the coupling of the
resultant [(CQ)Fe*™-Ni2t-H7]*" (S= 1/2) and [FeSy]c'™ (S

= 1/2) species to yield 1. [FesSq]g remains oxidized. In step

4, we propose [F£S4c transfers one electron to [F®]s,
resulting in a system comprised of [(CPe*"-Ni2t-H7]4*,
[FesSy]c2+, and [FeSys!". During step 4, [F£sc must
physically uncouple from the [(CQFeNi] cluster to allow for

a drop in reduction potential of [G84]c such that transfer of
electrons from [Fg54]c to [FesSq]s is possible. Experiments to

J. Am. Chem. Soc., Vol. 121, No. 48, 1995/

reduced, resulting in [R&4]s!", [F&4Ss]ctt, and predominantly
[(COLFeT-Ni2™-H™]3". [FeySyls'™ and [FaSic!t couple,
producing Gegza [(COL)FEH-Ni2™-H~]3" is diamagnetic, and
cannot spin-couple, allowing&2ato be observed in a sample-
dependent manner. In cases of a very large excess of CO in the
absence of electron acceptors, the above equilibrium is pushed
toward [(CQ)Fe*-Ni2"-H~]2", and the EPR spectrum is almost
identical with dithionite-treated CODH.

The mechanism in Figure 9 is by no means complete. As
mentioned above, issues which remain to be addressed include
the possibility of ligation or structural changes to allow for
reduction of [FeS4]g%" by [FesSsct™ and subsequent rereduc-
tion of [F&Sic?t by [(COL)Fe™-Ni2F-H*]3*. This would
almost unquestionably mean uncoupling&g:1* from [(COL)-
Fe™-Ni2"-H™]4* and lowering the reduction potential of the
[FesSs] 21+ couple, but will probably also involve changing
the redox potential of the [FeNi] cluster and perhaps ligation

address the possible physical uncoupling are in progress. EPRof the [FeNi] cluster and [F&4]c. Additionally, we favor the

spectral data suggest that the spin-interaction of [(EE'-
Ni2t-H-]* (S= 1/2) with [F&S]s!" (S= 1/2) is much weaker
than that with [FgSs]c'™ (S= 1/2), but may occur (see Part 1).
In step 5, the second electron is transferred from the [{€O
Fe™-Ni2-H-]** cluster to [FgSyc?". The [(CQ)Fe™-Ni2H]4*/
[(COL)Fe-Ni2t-H]*" “couple” must therefore be near the
potential of the [FgS4c?** couple such that the electron
transfer is possible. Thus, step 5 may involve the physical re-
coupling of the [(CQ)FeNi] cluster with [FgS4]c, or ligation

or conformational changes in the [(€BeNi] or [FeSic

existence of a ligand bridge from the [FeNi] cluster tof&gc.
Histidine is a possible component of the bridge based upon
ENDOR studies ofC. thermoaceticun€CODH 2° and spectral
and biochemical properties of tHe. rubrumH265V CODH
variant3® but the bridging residue(s) remain unknown. The
A-site (or A-cluster) NiFeS clusters of ACS/CODH enzymes
have similarities to the C-site of CODH. Furthermore, the
sequences of the and subunits which contain the A- and
C-sites, respectively, have regions of similarity. It seems
reasonable to suggest that the A-site might also contain a [FeNi]

clusters such that the above condition is met. It is also possiblecluster. This would explain the observation of a diamagnetic

that a proton must be lost from the [FeNi] cluster prior to
electron transfer. The resulting system is described as [({CO
FE-Ni2H4t (S = 1), [FeSi)ctt (S= 1/2), [FaSis!t (S=
1/2). The coupled signal most easily observable by EPR in this
redox state is feq2s (gx = 1.75), which is proposed to arise
from the coupling of [[CQ)F€"-Ni2"]** (S= 1) with [F&;Sy]c
(S= 1/2), perturbing the line shape of [[R]c'". [F&sSs]ct
(S=1/2) and [FeS4]s'" (S= 1/2) also couple to producedaa,
but this signal is swamped by:dg>s The presence of external
electron acceptors in the system in step 6 allows for turnover
and encompasses several different electron-transfer events.
This proposed mechanism elucidates why CO-titrated CODH

in the absence of electron acceptors appears different from

dithionite-treated CODH in many reports. In the former case,
when CO is not in very large excess, the enzyme turns over
one time, and then remains in the following equilibrium:

CO; + H,O + [(CO )FE-Ni*"1*" + [Fe,S,] .Mt +
[Fe,Sls" " = CO, + 2H" + [(CO )Fe*-Ni# -H ¥ +
[Fe,S) cl+ + [FeS)] B1+

[(COL)Fe™-Ni2™]** will couple with [Fe&Ss]c™ to yield Gegzs
Credzs has a similar line shape to the [Szlc component of
Creq1, @and the intensity of thg = 1.75 feature is greater than it

is in Creg2a caused by coupling of [R84]ct and [FeSysl™.
Thus, as discussed earlier, the presence @f26precludes
observation of Gq2a A different situation is present in
dithionite-treated samples of CODH. Here, all species are

(32) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistnbth
ed.; John Wiley & Sons: New York, 1988.

[FesS4)2" cluster in the Masbauer spectrum, while a paramag-
netic NiFeC signal is observed by EPR spectroscojifie
proposed mechanism in this manuscript is based on analyses
of the R. rubrum enzyme at equilibrium at defined redox
potentials. Among the studies remaining to be done are detailed
kinetic analyses of this enzyme such as those performed by
Seravalli et al. with theC. thermoaceticun€CODH 8
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(34) The program DDPOWJE was used (available from Dr. Joshua
Telser) which solves by matrix diagonalization (EISPACK subroutines) the
spin Hamiltonian for a system of two coupled electronic spins, including
single ion electronic parametei3,(g matrices) and isotropic exchange and
dipolar coupling. The eigenvalues provide the transition energies and the
eigenvectors the transition probabilities. Tdmatrix of one spin (here the
[FesSq]c cluster) is the frame of reference and the relative orientation of
the second spin (here the [FeNi] site) can be varied with respect to this
frame using Euler angles. Such a variation in orientation was successfully
used by Guigliarelli et al., and was also explored Hére.




