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ABSTRACT: Acetyl-CoA synthase (carbon monoxide dehydrogenase) f@ostridium thermoaceticum

was stoichiometrically titrated under G@vith CO and thionin. Resulting EPR titration curves were
simulated assuming different redox descriptions of the enzyme. Samples began slightly reduced, with
~20% of the C-cluster reduced to the.& state. With increasing CO intensities, the intensity @i
increased to a maximum, and then declined as the intensitieg&f Bieq, and Aes—CO increased and
plateaued. Simulations revealed that only a fraction of the A-, B-, and C-centers in the enzyme were
redox-active and that, within the probed potentiat® 2 to—0.45 V), there are probably no other redox
sites in the enzyme. Oxidative processes occurred at higher potentials, but they are catalytically irrelevant.
Additional low-potential redox sites may be present, but this could not be assessed from the titrations.
Best-fit E°c .o, = —0.12+ 0.04 V, 0.1 V less negative than under Ar. Titrated samples accepted from
3.5 to 5.0 equiwts in accordance with the intensity of the sample’'s EPR signals. A similar titration
under Ar revealed a different pattern of reduction. The intensitygfiBcreased first; then & converted

to Gedz and then Aq—CO developed. The sample acceptetiequivb3. The heterogeneity in the enzyme

is summarized as follows. About forty percent afi&an be reduced by one electron and bound with CO,
yielding A.ea—CO. The remaining A cannot be reduced. All & can be reduced, most65%) to theS

= 1/, state and the remainder to tBe= 3/, state. About 40% of & are reduced by one electron ta.&

and then by two more electrons te.& The remaining & clusters are reduced by one electron tdSan

= 3/, form. Possible origins of this heterogeneity are discussed.

Methanogenic archaea and acetogenic bacteria use the CO,+2e +2H" =CO+H,0 1)
Wood/Ljungdahl pathway to grow autotrophically on £0
and H. Acetyl-CoA synthase (ACS),previously called  4ng the synthesis of acetyl-CoA from CO, coenzyme A, and
carbon monoxide dehydrogenase (CODH), is a major enzymea methyl group. IrClostridium thermoaceticunthe methyl
in this pathway 1). It catalyzes two reactions, including the group is transferred onto ACS from a corsilmon—sulfur
reversible reduction of C£to CO (reaction 1) protein (CoFeSP) (reaction 2).

CO+ CoASH+ CH,—Co’"FeSP=
CH,—C(0)—SCoA+ Co'FeSP+ H™ (2)

T This research was supported by the National Institutes of Health
(GM46441) and the Robert A. Welch Foundation (A1170).

* To whom correspondence should be addressed. Telephone: (409) PR
845-0956. E-mail: Lindahl@chemvx.tamu.edu, ACS fromC. thermoaceticuris ana,; tetramer ). Each

* Department of Chemistry. of d.imer hqgses three metal clusters, called@ and
S Departments of Chemistry and of Biochemistry and Biophysics. possibly additional EPR-silent redox centers. The A-cluster,
! Abbreviations: ACS, acetyl-CoA synthase (previously carbon 4 Ni—X —Fe,S, cluster (X is an unknown bridge) located in

monoxide dehydrogenase, abbreviated CODRY,; Geds, Cint, and Geaz L . - )
fully oxidized and one-, two-, and three-electron-reduced states of the th€0-subunit, is the active site for acetyl-CoA synthesis (

C-cluster, respectively; & and A.—CO, oxidized and one-electron- 7). The diamagnetic oxidized A state can be reduced by
reduced and CO-bound states of the A-cluster, respectivglyars an electron and bound by CO, yielding theACO state.

Bres, OXidized and one-electron-reduced states of the B-cluStefies eQ—1 e _ ; ;
thermodynamic reduction potentials for various ox/red redox couples; This S /> state exhibits the so-called NiFeC EPR signal

CoFeSP, corrinoietiron—sulfur protein; COASH or CoA, coenzyme (9= 2009, 2.08, and 2.02).
A; phen, 1,10-phenanthroline; MES, R-norpholino)ethanesulfonic The electron used to reduce the A-cluster typically comes

acid; thionin, 3,7-diaminophenothiazin-5-ium chlorifig;, total enzyme ~  from the oxidation of CO at the C-cluster. The reduction
concentration; PPX model, partial-plus-X model describing the redox . -
sites in ACS; PMX model, partial-minus-X model; TPX model, total- potential and CO binding constant have not been measured

plus-X model; TMX model, total-minus-X model. independently, but the effective potential for thg#£0-Areqs
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CO transition E°a ya,..co) performed under a CQOatmo-
sphere at pH 6.3 is-0.173 V @).2

The B- and C-clusters are located in thesubunit. The
B-cluster is an [F§5,]?"** cluster E%g,8,, = —0.366 V)

Fraser and Lindahl

features 7). Fourth, the number of methyl groups bound per
enzyme (0.5 methyl group pexs) suggests that only Ni-
labile A-clusters can be methylatetl5). Fifth, Mossbauer
results suggest that only about 40% of Clusters reduce

that transfers electrons between the C-cluster and externafo Ceqand eventually to 42 (14). The remaining clusters

redox agents9, 10). TheS= Y/, Bq State exhibits an EPR
signal @ = 2.04, 1.94, and 1.9(g,, = 1.94), while By is
diamagnetic 9, 10).

The C-cluster is the active site for CO/gf@dox catalysis
(11—13). It also consists of a Ni ion linked to an /= cluster

are reduced by one electron to &r= ¥, state called .
This reduction corresponds to the process$é" + e~ =
[FesSqJ**. Sixth, only about 70% of B-clusters can be reduced
to the Beg S = Y-, state, affording th@,, = 1.94 signal 9,

10). The remaining Rq [FesSy]*" clusters are tentatively

(14). The C-cluster is stable in (at least) three redox states, thought to have ar$ of %, because the enzyme exhibits

called Gy, Creq1, and Geqz One-electron reduction of the
diamagnetic G state E°c yc.,, = —0.22 V under an Ar
atmosphere) yields 1, anS = Y/, EPR-active § = 2.01,
1.80, and 1.64g., = 1.82) state. Further reduction of the
enzyme E°c./c., = —0.345 V) yields Geqn anotherS =
1/, EPR-active § = 1.97, 1.87, and 1.75),, = 1.86) state.
Anderson and Lindahl1@, 13) proposed that G2 is two
electrons more reduced thap& though this is not certain.

EPR featuresqd) between 4 and 61¢).

The origin of this heterogeneity is not understood. Obvious
possibilities, such as impurities, damage during protein
purification, and errors in protein, spin, and/or metal analyses,
have been considered and discountdd).( Lacking a
coherent explanation of this phenomenon, we decided to
ascertain whether the low-intensity EPR signals arise because
only a fraction of the redox centers in the enzyme are reduced

They also proposed a fourth redox state of the C-cluster, to the observed EPR-active states, or because of a physical
called G, thought to be one electron more reduced than effect attenuating EPR intensit2@. We also wanted to

Creq1 @and one electron more oxidized thapd(13).

Additional EPR-silent redox centers have been suggested

determine whether ACS contains other redox centers besides

A—C. Our approach was to titrate oxidized ACS with the

Barondeau and Lindahl proposed that ACS contains a low- Féductant CO, monitor samples by EPR, and simulate the

potential cystine-cysteine redox site called DL§). This

resulting titration curves assuming various models that

hypothetical species is thought to serve as a surrogateexma_‘in the heterogeneity. This r_nethod can detect spectro-
electron-transfer agent to maintain the Ni of the A-cluster Scopically unobservable redox sites, and has been success-

in the 2+ state at each step of catalysi’p .., Was
estimated to be about0.53 V under Ar, but the value has
not been determined for samples under,C&nhderson and
Lindahl (13) proposed am = 1 redox-active species X to

fully applied to the NiFe hydrogenase frodesulfaibrio
gigas (21, 22).

In this paper, we report the results and analysis of our
titrations. We conclude that the intensities of ACS EPR

serve as another electron-transfer agent similar to thesignals are low because the enzyme suffers from the redox
B-cluster. They stressed that X could be either another redoxand spin-state heterogeneity previously proposed, and that

site in the enzyme or one of the known clusters-@) in
another ACS molecule. Seravalli et al6f supported and

expanded the idea that X is another redox site in ACS, and

concluded that their redox titrations of ACS provided
evidence for it. Maupin-Furlow and Ferni?) proposed a
second A-cluster in the subunit of ACS frdvtethanosarcina
thermophiliathat would correspond to the-subunit of the
ACS from C. thermoaceticum

within the potential region reliably probed by these titrations,
there are no additional EPR-silent species in the enzyme.

EXPERIMENTAL PROCEDURES

Isolation of ACS. C. thermoaceticucells were grown,
and three batches of ACS were purified as described
previously (L9). Purification, preparation of samples, and
titrations were performed in an Ar atmosphere glovebox

One of the most peculiar properties of ACS is that only (Vacuum/Atmospheres, HE-453) containind. ppm G as

about 36-50% of its o5 dimeric units appear to be

detected continuously by a calibrated Teledyne model 310

catalytically active. The evidence for this is substantial but analyzer. All buffers were degassed on a Schlenk line
not definitive. First, all EPR signals described above quantify {,onsferred into the glovebox, and exposed to the glovebox

to substantially less than 1 spirfl (the signals from Aq—
CO, Beg, Crear, and Gegotypically quantify to about 0.2, 0.7,
0.3, and 0.3 spinls, respectively) 9, 10). This suggests that

atmosphere overnight to remove residual Research grade
CO and CQ were Q-scrubbed (Oxisorb, MG Scientific)
prior to use. Batches-13 had CO oxidation activities of

only a fraction of clusters are redox-active. Second, the labile 340 240 and 320 units/mg, and E@cetyl-CoA exchange

Ni of the A-cluster can be selectively removed by 1,10-
phenanthroline (phen), eliminating the €@cetyl-CoA
exchange activity3, 4). However, phen treatment removes
only ~0.3 Nilos (18), suggesting that only a fraction of
A-clusters are catalytically active. Third, only about 40% of
CO-reducedx-subunits exhibit magnetic Msbauer features
due to the Ay—CO state; the remainder yield diamagnetic

activities of 0.21, 0.18, and 0.26 units/mg, respectivel; (
24). All batches were>90% pure as determined by visual
inspection of SDSpolyacrylamide electrophoretic gels.
Protein concentrations were determined by the Biuret method
(29).

Titrations with CO.Three CO titrations (33) of ACS
under a CQ atmosphere (CO/C were performed, using
batches *3, respectively. Modified EPR cuvettes with

2 The atmosphere and pH are relevant because the presence of COquartz mixing chips and intentionally punctured rubber septa

shifts the redox potential and CO binding properties of the enzyme
Unless mentioned otherwise, all potentials quoted here were

(8).
obtained for ACS under C{at pH 6.3, and are relative to the normal
hydrogen electrode.

(4) were prepared. ACS was concentrated (30 000 MW
Centricon concentrator) and passed down a 1.5xcrh5
cm Sephadex G-25 column equilibrated in 50 mM MES (pH
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6.3). The eluent (17.5 mg/mL of ACS for titration 2) was where Ry (N being A, B, C, or X) values indicate the
diluted to 4.0 mg/mL with elution buffer, incubated ina €O  proportion of redox site N presumed to be redox-active. For
filled vial for 45 min, and then used to completely fill the each simulation point, [jl values are the equilibrium
EPR cuvettes (leaving no gas phase). Had a gas phase beetoncentrations of center N in a given state J (J being ox,
present, added CO would have partitioned into it, complicat- red, or red-CO) divided b¥;o:.
ing calculations. Cuvettes were injected with increasing  Equilibrium constants for reactions-8 were calculated
volumes of either CO-saturated buffer at 26 [970 uM from the equationKeq = expF/RT)AE®, where AE® =
CO (26)] or 1.00 mM thionin [standardized against potassium (E°oxrea — E°coycal: E°coycois the thermodynamic reduction
ferricyanide as described previoushygf]. Cuvette solutions  potential for the CQCO couple,—0.487 V at pH 6.3%4).
were mixed by repeated inversion for 1 min, incubated for E°wreq = —0.173 V for Ay/Ares—CO in reaction 3 §),
an additional 1 min, and then frozen by rapid immersion in —0.366 V for B,/Byeqin reaction 4 8), —0.345 V for Geqs/
liquid N-cooled isopentane. ACS was titrated similarly with  Ci: and Gn/Creq2 in reactions 6 and 7, respectivel§) (and
CO under an Ar atmosphere (CO/Ar) except that the enzyme unknown for G,/Creq1 in reaction 5 and ¥/Xeq in reaction
(26 uM, batch 3) was incubated under Ar prior to filling 8. E°owreqValues were determined using partial pressures for
EPR cuvettes and the concentration of the thionin solution CO and CQ. Pco andPco, are the partial pressures of CO
was 0.86 mM. and CQ, respectivelyPco, was fixed at 1 atm for all points.
Ana|ysis_EPR Spectra were recorded as described previ- The CO concentration for each Sample was known from the
ously @). Spectra consisted of some combination of the amount of CO-saturated buffer injected, but i values
NiFeC andg., = 1.94, 1.82, and 1.86 signals. Individual Uused in solving the equilibrium expressions had to be
signals were simulated using the XPOW progr&w30). calculated using Henry’s Law since there was no gas phase.
Simulated signals were double-integrated and quantified Values ofRy were model-dependent, and are specified in
using a 1.00 mM Cu perchlorate standagd)( Resulting Table 1 and the Supporting Information. Equilibrium expres-
spin concentrations (normalized per AG8) were plotted sions for reactions-38 were determined at each simulation
versus the number of equivalents of CO added (also Pointusing the following iterative procedure. Reaction 3 was
normalized pen3). Such plots will be called the &—CO, allowed to equilibrate, using the initiBo for that simulation
Breg, Crear, and Gegy titration curves. After EPR analysis, Point. The amount of CO remaining was used as the initial
concentrations of Ni and Fe were determined by electro- Pressure to solve reaction 4. The equilibritiy obtained
thermal ionization atomic absorption spectrometry (Perkin- from reaction 4 was used as the initldo for reaction 5,
Elmer model 2380). Prior to analysis, samples were digestedetc. until the equilibriumPco for reaction 8 was obtained.
overnight at 80°C in 6 M trace-metal grade nitric acid. This cycle was repeated a sufficient number of times
Samples from titrations 1 and 3 were also subjected to (determined experimentally to be 30) for all reactions to be
quantitative amino acid analysis, using the methods of Moore simultaneously at equilibrium. The fact that this condition
and Stein 82) for titration 1 and those of Godel et aB3) was achieved was determined by verifying that all equilib-
for titration 3. The enzyme concentratior&,f) used in the rium constants calculated using the final concentrations and
analyses were the average of the Biuret, amino acid analysispressures equaled the values generated from the supplied
the Ni concentration divided by 2, and the Fe concentration E oxrred Values.
divided by 12. For titration 1, the respective values (in  Equilibrium concentrations were related to spin concentra-
micromolar) were 28, 28, 27, and 26, yielding &g of 27 tions (spins peo,3) of the NiFeC andy., = 1.94, 1.82, and
uM. For titration 3, the respective values were 26, 20, 31, 1.86 EPR signals (designatéirec, l1.04 l162 and lyge
and 23, yielding arko; of 25uM. For titration 2, the Biuret, ~ respectively) through egqs-9.2.
Ni, and Fe values were 26, 26, and 24, respectively, yielding

anE of 25uM. We estimate an overall relative uncertainty Inirec = SaRal[A es= CONE ©)]

in Etot of +15%. | — B._1/ 10
Simulations.Each simulated titration curve consisted of 194~ SRe[Bredl B (10)

100 individual “simulation points” evenly spaced at intervals 1182 = SRc[Creqd/ Eo (11)

spanning the range (in either equivalents pet or in .

atmospheres) of the experimental titrations. At each point, l1.66= SRelCread/ Eror (12)

the specified amount of CO was presumed to reduce the A-, ) ) )
B-, and C-clusters and an unidentified EPR-silent 2 where Sy (N being A, B, or C) is the proportion of the

redox site (called X) according to expressionss3at fixed designated redox-active cluster that contributes to the as-
pH. sociated EPR signal intensity.

Simulated EPR intensity titration curves were compared
2R.[A 1+ 3R.[COl==2R.[A _—COl+ R.[CO 3 to the experimental curves as described below. All points
! W[CO] AlA e I RICO] (3) shown in the figures were included in this process. The
2R;[B,,] + R5[CO] == 2R;[B ] + Rs[CO,] (4) resulting quality-of-fit paramete®y; is essentially the average
N normalized length between each data point and the nearest
2R[Co] + RCO] == 2R [C e + RICO,  (5) simulation point; thus, small&; values correspond to better

- fits. To minimize Qst, E°c ycer aNd E°x yx,.q Were freely
2RelCreail + Re[COI = 2Re[Cind +R[CO - (6) adjusted, and, S5, &, Ra, Re, Re, and Ry values were
2R[Ci] + RJ[CO] = 2R [C,¢d + RICO,] (7) allowed to vary within 15% of their model-requiring values

given in Tables 25. E°A Ay E°BoiBrey ECogyCry aNd
R[Xod + RCO] == Ry[Xed + RICO,]  (8) E°c./c., Were fixed at the experimentally determined values
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given above. Within these constraint®;; values were
normalized to the best (lowesQys; obtained (calleyyi).
Models EmployedThe partial-plus-X (or PPX) model

Fraser and Lindahl

The total-plus-X (or TPX) model is identical to the PPX
model except that it assumes that all clusters in the enzyme
are redox-active (thus, no redox heterogeneity in the enzyme)

assumes the redox chemistry attributed to the A-, B-, and whether they exhibit EPR signals (i.&, = Rs = Rc = Rx

C-clusters in the introductory section and the presence of = 1.0, andSy = la, S = lg, and< = I¢). The TPX model
another (generic) redox site X. The word “partial” indicates predicts that fully oxidized ACS would accept 9 equaig/
the assumption of redox heterogeneity. If the PPX model in the CO/CQ titration. The total-minus-X (or TMX) model

were correct, the number of electron equivalents @gr

accepted by fully oxidized ACS would depend on the EPR

spin intensities. As an example, assufgc, l1.04 11.s2 and
l186 values of 0.20, 0.75, and 0.4 spuf, respectively.
According to a recent Mesbauer studyan I nirec Of 0.2 spin/
o would indicate 0.3 redox-active&—CO centerd3 (Ra
= 0.3 andS, = 0.7) (7). Each cluster in the 4 state requires
3 equivbs for reduction to A.g—CO, yielding a subtotal of
0.9 equivhy3 involved in reducing the A-cluster. All B-
clusters are assumed to be redox-actiRe € 1.0) and
require 1 electron for reduction (subtotal of 1.0 eqojy/

involved in reducing the B-cluster). About 75% of B-clusters

are assumed to reduce to tBe= Y/, B,q State, yielding the
Oav = 1.94 signal with a maximal intensity ¢4 0f 0.75 spin/
of (thus,Ss = 0.75), while 25% reduce to the= 3/; Breq
state, yielding EPR featureg)(between 4 and 6. About 40%
of C-clusters are assumed to reduce frogat€ Geqz (a three-
electron process, with dg of 0.4 spinf3 and an of 1.0),
and the remainder are reduced by one electron to thg,C
state. This yields a subtotal of 30.4)+ 0.6 (=1.8) equiv/

is identical to the TPX model except that it excludes the X
site; it predicts that fully oxidized ACS would accept 7 equiv/
of.

The entire experiment and analysis employs 22 parameters,
including (a) the protein concentration; (b) the initial CO
concentration at each point; (c) the €Encentration; (d)
the pH; (e) the observed spin intensities for the NiFeC and
Oav = 1.94, 1.82, and 1.86 signals; (f) the redox potentials
for the Abx/Ared_COy Box/Breda Cox/credL Credllcinta Cint/CredZ,
and X/ Xreq COUples; (g) the proportion of each center that
is redox-active Ra, Rs, Re, andRx); (h) the proportion of
each redox-active center that exhibits an EPR sigial%,
and&); and (i) the number of equivalents pef by which
the enzyme is reduced at the start of the titration {BQ
This last parameter is required because the samples were
not fully oxidized at the start of the titrations (see below for
more details).

RESULTS
Three independent reductant-free samples of ACS were

a3 used to reduce both forms of the C-cluster. We do not titrated under a C@atmosphere using stoichiometric amounts

know the redox potential of the,&ZCs—3/> couple, but assume

of the reductant CO and the oxidant thionin, as described in

that of the B,/Beq couple (both reductions correspond to Experimental Procedures. The extent of reaction was moni-

the one-electron reduction of an [Sg]?" cube). For

tored by EPR. Resulting spectra were simulated, and the

simplicity, we count the proportion of C-clusters that reduce intensities of each contributing signal were quantified and

to the G—3, State along with the B-clusters, affording Bi
of 1.0 + 0.6 (=1.6) redox-active clustersf and anS; of
0.75/1.6 €0.47). That leaves aRc of 0.4 and ar&: of 1.0,

plotted as titration curves. These curves were simulated using
parameters defined by particular models.
Selected 10 K spectra from one titration (Titration 2) are

where these values refer only to those C-clusters that can beshown in Figure 1. The most oxidized sample (Figure 1A)

reduced to the feq1 and Geg States. In the PPX model, the
proportion of site X Rx) is variable. In general, the PPX
model predicts that the number of equivalents pegt
accepted by fully oxidized ACS equals

EQqot (equivh3) = 3R,[A o] + 1Rp[Bio] + 3R[Cio] +
11 = RIIC;od + 2Ry [X ] (13)

exhibited only theg,, = 1.82 signal (from the (e State).

As CO was added and samples were incrementally reduced,
this signal increased, and then declined asghe= 1.86
(from Cedg), 1.94 (from Beg), and NiFeC (from Aq—CO)
signals arose and eventually plateaued. Intensities aj.the

= 1.82 and 1.86 signals were obtained from the 20 mwW
spectra (Figure 1, upper set of spectra). NiFeC gnd=

1.94 signal intensities were quantified from the 0.05 mW

The five terms in eq 13 indicate the number of equivalents spectra (Figure 1, lower set of spectra), since they saturated
per a3 accepted by the A, B, and C (those that reduce to at 20 mw. For each titration, with increasing amounts of

the Geqr and Gegy States), C (those that reduce to the 43

CO, the intensity of the g1 State increased to a maximum,

state), and X redox sites, respectively. In the example and then declined as the intensity of.{ increased and

presented above, if site X accepted 0.6 egiv(Rx = 0.3),

EQu: would equal (3x 0.3 x 1)+ (1 x 1.0x 1) + (3 x

04x 1)+ (1x0.6x1)+(2x 0.3x 1), or4.3equivdf.
The partial-minus-X (or PMX) model is identical to the

PPX model except that it excludes the X site. Given the

maximum EPR signal intensities and the PMX model;JeQ
can be obtained from eq 14.

EQtot (EQUinXﬂ) = 3|NiFeC[Atot]/SA +
1 9dBrod/Ss 1 3[(11.62F 1189/2][Coall/ S +
11— (g2t 1189/2[Ciol/ & (14)

In this example, EQ: = (3 x 0.2)/0.7+ (1 x 0.75)/0.75+
(3 x 0.4)/1+ (1 x 0.6)/1, or 3.7 equivd}.

eventually plateaued. The most distinctive points of these
curves are the initial increase in the.g& intensity, the
“hump” in the Geqz intensity, and the Geqz:Creq2 “Crossover
point”. Each titration began at a slightly different oxidation
state, and so for ease of viewing (Figures4), titrations
were aligned at the &1 C req2 Crossover points (where all
three samples share a common oxidation state).

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

“Spontaneous” Oxidation of Fully Reduced ACHtra-
tions were complicated by spontaneous reactions apparently
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Ficure 2: C-Cluster curves for titrations 1 (A), 2 (B), and 3 (C):
(M) Ceq1and @) Creqz Solid lines are the best fits using the PPX
model. For clarity, curves A and B have been shifted vertically by
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text and Table 1.

thionin oxidatively damages the metal clusters in ACS,
releasing sulfide ions that reduce other enzyme molecules
(35). This problem was less easily resolved. Milder oxidants
could not be used because they would not oxidize the enzyme

L fully, and excess thionin irreversibly inactivates the enzyme
co

at a rate that becomes (at thionin amounts of greater than

C ; . .

‘ ‘ o2, , ‘ ‘ ~1 equivbf) comparable to that at which catalytically
3000 3200 3400 3600 3800 4000 4200 functional oxidation processes occ35). As a result, fully
Gauss active and fully oxidized ACS (i.e., devoid of the.t EPR

Ficure 1: Selected EPR spectra of CO/gflration 2 collected  Signal) could not be obtained.
at microwave powers of 20 (top panel) and 0.05 mW (bottom  Cieq; and Gegy Titration Curves.The Geq1 curves for the

panel). Samples were treated with the following amounts (equiva- three titrations are shown in Figure 2. For titrations 1 and 2,

lents peroS) of either CO or thionin: (A) 0.375, thionin; (B) 0.0; Py ; ;
(C) 0.75, CO: (D) 1.25, CO: (E) 1.5, CO: (F) 2.0, CO: (G) 4.0, the most oxidized regions (where 8.0 equivh of

CO: and (H) 6.0, CO. Data points were subsequently readjusted tothionin was added) are not presented. In those regions, the
the ideal starting point of the titration as described in Experimental intensity of Geq: declined far slower with added thionin than
Procedures. EPR conditions were as follows: microwave frequency, expected if the only oxidation process occurring wagiC
9.42 GH_z; temperature, 10 K; modulation a_mplitude, 11.8 G_; and — Co.. We took this as evidence for the inactivation
emqouc?\tljﬁggtns)f;?gu:qnfé, tc}%cl)e(l:(tt'cfr.l é:q%ivz?grl]\{g-lents (and: thionin oxi_dation processes described above, and e_xcll_Jded these
points. This problem was not as apparent for titration 3, and
catalyzed by ACS. Fully reduced enzyme spontaneously so all points were included.
oxidizes apparently because of a slow hydrogenase activity Thus, the most oxidized samples included in the titration
(35, 36). At equilibrium, the enzyme is in a stable partially curves were not fully oxidized at the start point of the
reduced state. Despite this, we wanted to generate completeitrations; all of the A- and B-clusters were oxidized, but a
titration curves (from fully oxidized to fully reduced). fraction of the C-clusters were in theef state (with the
Because of its stability, the partially reduced state (most remainder in the & state). It was important for our analysis
conveniently obtained by removing all reductants chromato- to determine the point at which the titrations would have
graphically) was chosen as the titration start point. To begun had those inactivation oxidation processes been absent
generate the complete titration, some aliquots had to be(the “ideal” start point). The ideal start point was estimated
oxidized while others were reduced, and all were subse- by simulating the shape of the reliable portion of thesC
quently frozen before they equilibrated back to the partially hump region (assuming just the,C—~ Cieq1 redox process)
reduced state. This approach effectively achieved equilibriumand “constructing” the most oxidized portion of the.{&
conditions for catalytically functional redox processes oc- titration curve. This resulted in the curve that would have
curring in the reductive part of the titrations. It was effective been present had the inactivation oxidation processes been
because the rates of reduction of catalytically functional absent. The experimental titration curves were then shifted
redox sites are fast relative to the hydrogenase acti2idy ( by a variable amount designated i@ minimize Q.. EQnit
36). is defined as the number of equivalents pgrbetween the
Spontaneous Reduction of Fully Oxidized AGSIly first reliable experimental data point and the ideal start point
oxidized ACS (oxidized with excess thionin) spontaneously of the titrations. This procedure was also performed on
reduces to a partially reduced state, apparently because exceggration 3, even though no data points had been excluded.
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CO (equivalents added/ap) L L L L L L I

. . . . . 1 2 3 4 5 6 7 8
Ficure 3: B-Cluster titration curves. Details as described in the

. CO (equivalents added/af)
legend of Figure 2. o ) ) )
Ficure 4. A-Cluster titration curves. Details as described in the

Despite complexities, uncertainties resulting from this !egend of Figure 2.
procedure were not large. The first reliable data points in . .
the Gea: titration curves were located on the oxidative decline t€aued at 3.54.5 equivi3. As observed in numerous
of the Geg: hump region (to the right of the left dotted vertical Previous studies, the NlFe_C signal intensities varied sub-
line in Figure 2), and so the curvature of that region could Stantially for the three titrations3(9, 13, 15).
be used to extrapolate to the abscissa (at 0 epn/ Simulation of Titration Cuses. Titration curves were
Moreover, the Gq; Spin intensities of the first reliable points ~ simulated using four model descriptions of the redox
were no greater than 0.2 spigff, and so only 0.2 equiw/3 properties in ACS. The simulation procedures and the PPX,
(assuming the partial models) or 0.5 equi§assuming the ~ PMX, TPX, and TMX models are described fully in
total models) of oxidizing equivalents would be required to EXperimental Procedures. Numerous parameters were re-
abolish that signal. Thus, the uncertainty in this procedure quired for these simulations, but many were known from
corresponded to less than10% of the total number of previous studies and were not varied. Others (defined by the
titrated equivalents. It did, however, add uncertainty to the model that was employed) were allowed to vary slightly.
determination of°c_c.,, and the presence of high-potential The most remarkable aspect of this study is that, despite these
EPR-silent redox sites (see below). severe restrictions, the simulations to the partial models

The average of the best-fit values #fc,c,.,, (—0.12 V) (PPX and PMX) fit the data extremely welBest-fit
should be reliable within 40 mV. This value, along with Parameters are given in Table 1, and simulations are shown
E°c.../c. determines the shape of the&ghump. Given that in Figures 2-4 (solid _Iines). l_\leither total model (TPX and
there was no inactivation oxidation occurring in the bulk of TMX) fit the data satisfactorily (see Tables A and B of the
this hump region, the fit to it should be fairly accurate. An  Supporting Information), yieldin®@y: values 1.6-5.8 times
E°c./c., Of —0.22 V has been reported for samples under Quit- This result indicates that the total models are incorrect.
Ar (9), suggesting a C@dependent shift of 0.1 V. This is According to eq 14 and the values in Table 1, the best-fit
in line with the effects of C@on other redox processes in total number of reducing equivalents p&f accepted by
the enzyme. the samples was 3.5 for titration 1 (PMX model), 3.7 for

The Gegz titration curves were quite reproducible for the titration 2 (PPX model), and 5.0 for titration 3 (PPX model).
three titrations, while the G titration curves, and in Titration 3 accepted more equivalents than titrations 1 and

particular the intensity of the £ humps, varied signifi- 2 primarily becausénirec Was substantially higher in titration
cantly. In titration 1, the maximum intensity of this feature 3, and this increasela. Titration 2 accepted more equiva-
was only 50% of the maximal intensity of the.g state, lents than titration 1 primarily because thg = 1.82 signal
while in the other two titrations, the,§&: and Geqz maximal intensity was disproportionately low in titration 1.

intensities essentially matched. We have observed similar Titrations of ACS with CO under an Ar Atmosphek&€S
variations in previous studies, but typically, thedcand titrations with CO performed under Ar are more complicated

Creqz maximal intensities have been quite simil@r 9, 13). to analyze, since the Nernst equation cannot be reliably

Thus, we regard the attenuated intensity of thg:Curve employed. The problem is that the concentration of, GO

of titration 1 as anomalous. very low in these titrations and can only be estimat&d (
Bres and Aeq—CO Titration Cures. The Beg titration Nevertheless, the differences in the pattern of signal develop-

curves, shown in Figure 3, were quite reproducible. In each ment are edifying, and so we present selected EPR spectra
case, essentially all ACS molecules of the most oxidized of a CO/Ar titration in Figure 5. The corresponding titration
samples contained B The Beq State began to develop at curves are shown in Figure 6. The sample devoid of CO
~1 equivbyp; its intensity increased monotonically to 4.5 was partially reduced with 0.05 spi# for Beq and 0.14
equivibs, and plateaued thereafter. spini for Ceq1. The intensity of the By State increased
The A.—CO titration curves are shown in Figure 4. All rapidly (with a slope of 0.4 spin/equiv) and was fully
ACS molecules in the most oxidized samples containgd A developed by 1 equiwfs. The Geqr:Cred2 CONVersion began
The A.s—CO state began to develop between 1.5 and 1.8 at 0.5 equiw, had a crossover point at 1.2 equig, and
equivhs; its intensity increased monotonically, and pla- was complete at2.5 equivfi3. The Aeq—CO state began
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Table 1: Theoretical and Best-Fit Parameters Using the PPX and PMX Models
titration 1 (PPX) titration 1 (PMX) titration 2 (PPX) titration 2 (PMX) titration 3 (PPX) titration 3 (PMX)

S 0.65 (0.70% 0.65 (0.70) 0.66 (0.70) 0.70 (0.70) 0.81 (0.70) 0.78 (0.70)
S 0.46 (0.41) 0.46 (0.41) 0.46 (0.41) 0.44 (0.41) 0.31(0.31) 0.30 (0.31)
S 1.15 (1.00) 1.15 (1.00) 1.15 (1.00) 1.00 (1.00) 1.00 (1.00) 1.00 (1.00)
Ra 0.35 (0.30) 0.33 (0.30) 0.26 (0.30) 0.27 (0.30) 0.55 (0.60) 0.55 (0.60)
Re 1.50 (1.60) 1.40 (1.60) 1.50 (1.60) 1.60 (1.60) 1.60 (1.60) 1.80 (1.60)
Re 0.36 (0.40) 0.38 (0.40) 0.34 (0.40) 0.40 (0.40) 0.35 (0.40) 0.40 (0.40)
Rx 0.25 (0.30) - 0.26 (0.30) - 0.44 (0.5) -

EQu 0.10 0.20 0.25 0.20 0.20 0.20

E°Cy /oy —0.100 —0.100 -0.15 -0.15 -0.20 -0.20

S -0.20 -~ -0.15 - -0.20 -

Qb 1.08 1.00 1.00 1.13 1.00 1.16

aTheoretical values are shown in parentheS8&ar all models E°,a..co = —0.173 V,E°sy,,e = —0.366 V, andE°c,.ycy = E°Cin/Crenz =
Eocredfcredz = _0345 V

0.39 .
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0.1

ﬁ
Intensity (Spin/ap)
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0.2 hd

0.0

Intensity {Spinfuf3)
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0.1

0.0

8 7

3 4
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Ficure 6: Titration curves for CO/Ar: (A) Aq—CO (NiFeC EPR
signal intensity vs the number of equivalents pgrof CO), (B)
. L L L . . . Bred (Qav = 1.94 signal), and (C) 1 [0ay = 1.82 @)] and Geq>
3000 3200 3400 3600 3800 4000 4200 [gay = 1.86 (a)] titration curves. Solid lines were constructed by
visual inspection of the data.

Magnetic Field (gauss)
FiIGURE 5. Selected EPR spectra from the titration of ACS with
CO under Ar. EPR conditions as described in the legend of Figure the G /Ceq1 COUple is active, i.e., the oxidative side of the
(lE.;)TgesaEréc;ulntos c()ng:(l)é’jwl?llfe)df’ﬂi8 e;#évalt)?rg%@érwere ) 0.0 Creq1 hump. This was the most difficult region to analyze
- " - o e because another oxidative process occurred there. Even if
to develop at 1.5 equiwfs and was complete at4 equiv/  the fitting procedure was prompted Wiy, .., values

ap. N ) ) _ substantially more negative th&fic,,c,,, the iterative nature
Is an Additional EPR-Silent Redox Site X Present in ACS? o the program eventually shifted the former value toward

An |mporta?t ISSESF\:S yl\/hetthe(rj thes:;a t!trzZtlgrés _T_lﬁppt?rt ttr;? the latter. For titrations 1 and 2, data beyond the last reliable
presence ot an -Stient redox site in - 'he best point in Figures 24 were excluded, while for titration 3,

simulation to titration 1 (PMD) assumed no X site in ACS, all data that were collected were included. In retrospect, some
while those to titrations 2 and 3 assumed 0.5 and 0.9 equiv/ ™~~~ o : Pect,
oxidative inactivation probably accounted for the broad

of for X, respectively. Thus, these data are unable to v o ) S
rigorously support or exclude the existence of X. However, decline in the oxidative side of the hump in titration 3, and
closer inspection of the data reveals that the be&fi x ., this was attributed to site X. Thus, the site X used to improve
for both titrations essentially match&c, .., (—0.15 and  the fit in titrations 2 and 3 is almost certainly not the
—0.20 V for titrations 2 and 3, respectively). Thus, the fitting functional redox site X or D proposed previousy3( 15—
program “used” X to fit the region of the titrations where 17).
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DISCUSSION

Heterogeneity of ACSThe excellent fits of the partial
models to the titration data, using very few free-floating

Fraser and Lindahl

Seravalli et al. 16) reported stoichiometric reductive
titrations of ACS with dithionite and CO, monitored with
EPR and UV~vis. Their samples began partially reduced,
with Creq1 and Beq EPR signals each quantifying to about

parameters, provide strong evidence that ACS is heteroge-0.2 spinf3. According to the PMX model, these samples

neous as previously proposed ¢, 9, 10, 14, 15, 18, 19)
and described in the introductory section. The origin of this
heterogeneity remains unknown, though (a) harves@ing
thermoaceticanaerobically, (b) purifying ACS under strict
anaerobic conditions, (c) purifying ACS rapidly in the
presence of DTT, and (d) purifying ACS without excessive
prolonged dilution all seem to yield somewhat higher
activities and spin intensitiesl). However, even when
purified under these conditions, the greatest NiFeC gnd
= 1.82 or 1.86 signal intensities correspond@.5 and~0.4
spinkb,s, respectively (i.e., similar to titration 3). Heterogene-
ity may ultimately arise from events occurring during the

would have been about 0.4 equiy# reduced. With dithionite

as the reductant, the titration was complete after adeifig
equivio3, and the resulting sample exhibited 0.6 s@fhBieq

and 0.25 spinlf Creq1. According to our titrations, only-1
equivios should have been required for that titration. They
proposed that ACS contains another redox site called X that
was responsible for consuming the extra reducing equiva-
lents. However, Shin et al.3p) noticed that dithionite-
reduced ACS spontaneously oxidizes over time, and for this
reason, they froze their samples relatively quickly after
reduction. In contrast, Seravalli et al. incubated their samples
for ~1 h before freezing1(6). Thus, another possibility for

growth of the bacteria. Similar heterogeneity seems to afflict why their titration required twice the number of reducing
a number of other proteins besides ACS, including methaneequivalents predicted by our model is that their samples

monooxygenases, 38), ribonucleotide reductas8g), and
stearoyl-acyl carrier protein-9 desaturase4().

EPR-Silent Redox Site®ur data and analysis indicate that

there are no additional EPR-silent redox sites titrating in the

region between 0.3 and 6 equi. If such a site is assumed,

“spontaneously” oxidized during the lengthy incubation. The
lack of conversion from g1 t0 Ceq in their samples is
consistent with this explanatio®,(13).

Seravalli et al. 16) also titrated ACS with CO under an
Ar atmosphere. In this case, the reduction process was

the fitting process “shifts” the potential so that the assumed qualitatively identical to what we observed o(B— Breq
site undergoes redox in the most oxidative portion of the followed by Gea1 = Creaz @and Ax — Area—CO). However,

titrations (from 0 to 0.3 equiwl). In fact, the “site” fitted
by our models is probably due to oxidative inactivation that

the number of equivalents pef; required for these changes
was substantially greater than that predicted by our model.

occurs upon adding thionin. There may also be EPR-silent Their sample (which we estimate to be @6 equivif
species (e.g., the D site) that titrate beyond the end point offeduced relative to the fully oxidized ideal state) required

our titration (where all of the EPR signals cease changing),

but these would be undetectdsf. for such a species would
likely be less than-0.45 V. Under an Ar atmosphere, the
reduction potential of the D site is abot0.54 V. In the
presence of Cg@ this potential may be less negative, but
given the function of the D site (to render the’?Nbf A a
potent nucleophile), its potential under €€hould remain

more than 4 equiw of CO before the A-cluster started to
be reduced. According to our results, only 2.2 equfvis
required before the A-cluster starts to reduce, a difference
of ~2 equivbp. Their titrations appear to have been
performed with a gas phase present, into which some of the
CO that was added would have equilibrated (we performed
our titration in cuvettes devoid of a gas phase). If Seravalli

quite negative, beyond the range of the titrations that are et al. (L6) did not correct for this partitioning (and they make

presented.

Comparison to Pregious Titrations Lindahl et al. @) first
titrated ACS, using the method of controlled potential
coulometry. In the potential region betwee®.1 and—0.6
V, 5.4 equivb of electrons was accepted by the thionin-

oxidized enzyme under an Ar atmosphere. These electron

reduced By to Breqg and Gy to Ceqr @and converted gy to
Cred2 The partial model predicts that oxidized ACS would
require ~1 equivb less in Ar than in CQ (since the

no mention of doing so), additional reducing equivalents
would have been required to achieve the same level of
reduction achieved in our gas-phase-free titrations. In this
case, their data would not provide evidence for another redox

Mechanistic ImplicationsAlthough our data discount the

spossibility of an additional redox site in ACS (in the redox

region reliably probed by our titrations), the need for such a
site remains. When reductant-free ACS (in thg.{CBox]
state) is reduced by CO, the resulting. e Bd State is

A-cluster would not be reduced). Thus, the samples used by34- 10re reduced than the starting sta Since CO is a

Lindahl et al. ©) accepted about 2 equiy$ more than that

two-electron reductant, another= 1 redox site (X) seems

predicted by the PPX model (assuming standard Spin, pe required. When ACS in the G: Bod state is reduced

intensities). At the time of the previous study, the deleterious by CO
effects of thionin were not known, and we suspect that ’

it first converts to the [Gu2 Boy State, and then
slowly to the [Gegz Bred State @1). If Ceqo Slowly reduces

oxidative inactivation products consumed the extra reducing Box — Breg the resulting state would have the C-cluster

equivalents.
Shin et al. 85) performed both oxidative and reductive

poised in the hypothetical,&state which should not be able
to be reduced by CO. An= 1 redox site X seems to require

stoichiometric titrations, using CO as a reductant and thionin rapid oxidation of G back to Geg1 S0 that Gegz could rapidly

as an oxidant, monitoring the reaction by bVis spectros-
copy. They found that ACS contained ;&-sensitive” redox
sites that could accept or donatd equivb and were most
likely involved in catalysis. Their results are compatible with
those obtained here.

react with another CO and afford the observeg {Bred
state. This predicament can be resolved by assuming that X
is another molecule. Under in vitro conditions using pure
ACS, X would be another ACS molecule in the & Boy]
state. Under in vivo conditions, X might be another protein
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functionally associated with ACS.

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

SUPPORTING INFORMATION AVAILABLE

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