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Abstract: In this study, a genetics-based method is used to truncate acetyl-coenzyme A synthase from
Clostridium thermoaceticum (ACS), an R2â2 tetrameric 310 kDa bifunctional enzyme. ACS catalyzes the
reversible reduction of CO2 to CO and the synthesis of acetyl-CoA from CO (or CO2 in the presence of
low-potential reductants), CoA, and a methyl group bound to a corrinoid-iron sulfur protein (CoFeSP). ACS
contains seven metal-sulfur clusters of four different types called A, B, C, and D. The B, C, and D clusters
are located in the 72 kDa â subunit, while the A-cluster, a Ni-X-Fe4S4 cluster that serves as the active
site for acetyl-CoA synthase activity, is located in the 82 kDa R subunit. The extent to which the essential
properties of the cluster, including catalytic, redox, spectroscopic, and substrate-binding properties, were
retained as ACS was progressively truncated was determined. Acetyl-CoA synthase catalytic activity
remained when the entire â subunit was removed, as long as CO, rather than CO2 and a low-potential
reductant, was used as a substrate. Truncating an ∼30 kDa region from the N-terminus of the R subunit
yielded a 49 kDa protein that lacked catalytic activity but exhibited A-cluster-like spectroscopic, redox, and
CO-binding properties. Further truncation afforded a 23 kDa protein that lacked recognizable A-cluster
properties except for UV-vis spectra typical of [Fe4S4]2+ clusters. Two chimeric proteins were constructed
by fusing the gene encoding a ferredoxin from Chromatium vinosum to genes encoding the 49 and 82 kDa
fragments of the R subunit. The chimeric proteins exhibited EPR signals that were not the simple sum of
the signals from the separate proteins, suggesting magnetic interactions between clusters. This study
highlights the potential for using genetics to simplify the study of complex multicentered metalloenzymes
and to generate new complex metalloenzymes with interesting properties.

A common strategy for analyzing the active sites of metal-
loenzymes is to synthesize coordination complexes that have
structures and/or reactivity properties related to but simpler than
the actual site. Polypeptide ligands are increasingly used in such
endeavors, as the resulting metallopeptides (also called maquettes)
are water-soluble and have proteinaceous secondary spheres that
mimic metalloprotein environments. Moreover, polypeptide
scaffolds are suitable for building complex systems with multiple
metal centers, distorted geometries, as well as regulatory and
cooperative properties. Amino acid sequences used in synthesiz-
ing metallopeptides are generally selected by so-calledrational
designmethods. These methods use computational algorithms
that consider physical/chemical properties of proteins in aqueous
solution, as well as consensus sequences of target metal-binding
regions or of proteins with desirable secondary structures.1-4

DeGrado used such a de novo design approach to construct a
metallopeptide model of the dinuclear Fe-oxo site of ribonucle-
otide reductase.5 Polypeptide helices incorporating hemes and
Zn ions have also been synthesized in this manner.4,6-11

Imperiali and co-workers have constructed sophisticated Zn and
Cu metallopeptides that function as chemosensors.12-15 Gibney
and Dutton utilized the consensus sequence of ferredoxins to
build Fe4S4-cluster-coordinating polypeptides that are redox
active and exhibit characteristic EPR signals.2,3 Holm and
Laplaza used polypeptides as scaffolds to assemble Fe4S4
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clusters in close proximity to Ni centers, with the aim of
modeling the A-cluster of acetyl-coenzyme A synthase (ACS).16

This center has also been modeled by Holm, Riordan, Sellmann,
and Pohl using nonproteinaceous ligands.17-20 Although such
constructs are catalytically inactive and lack the precise
spectroscopic, redox, and substrate-binding characteristics of the
A-cluster, they each represent outstanding progress toward this
difficult modeling goal.

A related approach, known as “redesign”, alters existing
protein structures by adding/modifying metal centers and/or
regulatory elements. Caradonna et al. used the DEZYMER
algorithm to incorporate an Fe4S4 synthetic cluster within the
protein matrix of thioredoxin.21,22This resulted in a redox-active
high potential iron-sulfur protein (HiPIP). Similar approaches
were used to synthesize a functional rubredoxin23 and a catalytic
Fe-superoxide dismutase (Fe-SOD).24 Lu and co-workers in-
troduced a CuB center into both sperm whale myoglobin and
cytochromec peroxidase, thus successfully engineering heme-
copper oxidases.25,26 Much progress has also been made in
redesigning heme and non-heme iron proteins.27

The difficulties involved in modeling the active sites of
complex metalloenzymes such as the A-cluster of ACS can be
gauged from a description of the natural system. ACS from
Clostridium thermoaceticumis a 310 kDa protein that catalyzes
two reactions, including the reversible reduction of CO2 to CO
and the synthesis of acetyl-CoA from CO, CoA, and a methyl
group transferred from a corrinoid-iron sulfur protein (CoFeSP).28

ACS contains two novel Ni-Fe-S clusters (the A- and
C-clusters) connected by a molecular tunnel through which CO
migrates. The enzyme is anR2â2 tetramer in which the A-cluster
is located in theR subunit and the C-cluster (along with two
types of Fe4S4 clusters) is located inâ.29,30The A-cluster appears
to consist of a Ni complex bridged to an Fe4S4 cluster. The
UV-vis spectrum of the A-cluster exhibits broad absorption
in the 400 nm region, typical of Fe4S4 clusters. The diamagnetic
oxidized cluster (Aox) can be reduced by one electron and bound
with CO, yielding anS ) 1/2 state called Ared-CO. This state
affords a near-axial NiFeC EPR signal withg ) 2.08, 2.07,
and 2.03. A combined EPR/Mo¨ssbauer study concluded that
Aox and Ared-CO correspond to [Fe4S4]2+-X-Ni2+ and
[Fe4S4]2+-X-Ni1+-CO, respectively.31 The intensity of the
NiFeC signal quantifies to only 0.2-0.4 spins/R, the result of

heterogeneous populations of A-clusters. The form of the
A-cluster that exhibits this signal, called Ni-labile, is catalytically
active and has a Ni ion that can be removed by treatment with
1,10-phenanthroline (phen).32-34 The resulting catalytically
inactive phen-treated ACS is reactivated upon incubation with
NiCl2. The other form of the A-cluster (called nonlabile) is
catalytically inactive and contains Ni ions insusceptible to phen
treatment. The exact coordination environment of the Ni is not
known, but it appears to consist of∼2 S and∼2 N donors (from
cysteine and histidine residues), organized in a geometry that
leaves two open cis coordination sites.35,36 These sites are
thought to bind CO and a methyl group during catalysis.28,29A
hypothetical redox-active cystine/cysteine disulfide/dithiol called
the D-site may facilitate methyl group transfer. The Ni2+ ion
may receive an electron pair from this site as the methyl cation
binds.36 CO then binds the resulting methyl-bound Ni, followed
by CO-insertion into the Ni2+-CH3 bond. Finally, CoA attacks
Ni2+-C(O)CH3 yielding the product acetyl-CoA.

Advances in molecular genetics now permit genes that encode
cloned metalloproteins to be manipulated in a highly flexible
manner, and for various purposes. For example, the binding and
catalytic domains of sulfite reductase and methionine synthase
have been investigated by truncation methods.37-39 The â
subunits ofR8â4 sulfite reductase contain a siroheme coupled
to an Fe4S4 cluster. Isolatedâ subunits are catalytically active
in the absence ofR as long as NADPH is replaced with ann )
1 reductant.37 Truncated forms of theR subunit revealed FAD
and FMN binding sites.38 When exogenous cobalamin is
included in assays, a truncated form of methionine synthase
retains the catalytic activity of native enzyme.39 In addition,
the CuA-containing C-terminal domain of subunit II of cyto-
chromec oxidase was generated using genetic truncation, thus
allowing spectroscopic analysis of the dimeric CuA site.40-42

We recently cloned the genes encoding ACS and obtained
active recombinant enzyme by overexpression inEscherichia
coli.43 Intrigued by efforts made to synthesize metallopeptides
and complexes that model the A-cluster, we endeavored to
prepare truncated A-cluster-containing proteins using the mo-
lecular genetic approach. In this paper, we report the preparation
and characterization of three metalloproteins derived from ACS
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ChromatiumVinosumwas fused to these truncation products,
creating new metalloproteins with multiple metal centers and
unanticipated properties.

Experimental Section

Materials. Restriction enzymesAflIII, BglII, HindIII, NcoI, NdeI,
andXhoI were purchased from New England Biolabs. T4 DNA ligase
and isopropylthio-â-D-galactosidase (IPTG) were from Promega.Pfu
Turbopolymerase andE. coli strain XL1-Blue were from Stratagene.
Vector pQE-60, Ni-nitrilotriacetic acid (Ni-NTA) agarose, QiaPrep Spin
Miniprep Kit, and QIAquick PCR Purification Kit were from Qiagen,
while vector pET23b was from Novagen. The following oligonucleotide
pimer pairs, labeled P1-P8, were synthesized by the Gene Technologies
Laboratory (GTL) in the Department of Biology at Texas A&M
University: P1 (5′-GGCGGACATGTCTGATTTTGATAAAATC-3′,
5′-GGCGGAGATCTCATAATGGGATCCATGG-3′); P2 (5′-GGCG-
GCTCGAGGGATCCACGCGGAACCA GAGATCTCATAATGGG-
3′, 5′-GGCGGCATATGATCAAGCTCACCAA G-3′); P3 (5′-GGCG-
GCATATGGAAGGAGTCCTCGAACGG-3′, 5′-GGCGGCTCGA-
GGGATCCACGCGGAACCAGCTCCGGC AGGATGGC-3′); P4 (5′-
GGCGGCCATGGCCCTGATGATTACCG-3′, 5′-GGCGGAGATCT-
GCCTTCGCCGGTGATGCG-3′); P5 (5′-GGCGGCTCGAGGGATC-
CACGCGGAACCAGAGATC TCATA-3′, 5′-GGCGGAAGCTTAC-
TGATTTTGATAAAATCT TCG-3′); P6 (5′-GGCGGCATATGGC-
CCTGATGATTACCG-3′, 5′-GGCGGAAGCTTGCCTTCGCCGGT-
GATGCG-3′); P7 (5′-GGCGGACATGTCCCTGATGATTACCG-3′,
5′-GGCGGAGATCTCATAATGGGATCCATGG-3′); and P8 (5′-
GGCGGAAGCTTATCAAGCTCACCAAGATC-3′, 5′-GGCGGCTC-
GAGGGATCCACGCGGAACCAGAGATCTCATA-3′).

Subcloning of acsB1, acsB2, and acsB3. Gene fragmentsacsB1
(encoding AcsB residues 1-729),acsB2(encoding residues 311-729),
and acsB3 (encoding residues 400-607)44 were amplified from
pTM0243 using Pfu Turbo polymerase, dNTPs (Invitrogen), a ther-
mocycler (MJ Research Minicycler), and P1, P2, and P3, respectively.
PCR products (2.2, 1.3, and 0.6 kb) were purified with the QIAquick
PCR Purification Kit.acsB1was digested withAflIII and BglII and
subsequently ligated with T4 DNA ligase to linearized pQE-60 that
had been digested withNcoI and BglII. acsB2and acsB3were both
digested withNdeI and XhoI and then ligated to linearized pET23b
that had been similarly digested. Ligation mixtures were transformed
into XL1-Blue cells. Plasmids pLHK05, pLHK07, and pLHK10 were
isolated from ampicillin-resistant cells. Residues W419, R424, I556,
T566, and Q574 of pLHK10 were changed to M419, D424, D556,
E566, and E574, respectively, using a QuikChange Site-Directed
Mutagenesis Kit (Stratagene), yieldingacsB3′ in pEH05.

Subcloning of fdx. fdx was similarly amplified from pCVFD1045

using primers P4 under conditions described above. The resulting 0.3
kb PCR product was purified with the QIAquick PCR Purification Kit
and subsequently digested withNcoI and BglII. The digested PCR
product was ligated with similarly digested pQE-60 and transformed
into E. coli XL-1 Blue cells. Vector pQF1 was isolated from ampicillin-
resistant cells.

Subcloning offdx-acsB1′. acsB1′ (encoding AcsB residues 2-729)
was amplified from pTM02 using primers P5 andfdx from vector
pCVFD10 using primers P6, resulting in PCR products of 2.2 and 0.3
kb, respectively, in lengths which were purified. PCR product ofacsB1′
and vector pET23b were digested withHindIII and XhoI and subse-
quently ligated together. The ligation mixture was transformed intoE.
coli XL-1 Blue cells, and pETB1 was isolated from ampicillin-resistant
cells. pETB1 and PCR product offdx were digested withNdeI and
HindIII, ligated together, and transformed into XL-1 Blue cells. Vector
pETR81 containing a fusion of both thefdx and theacsB1′ genes was

isolated from ampicillin-resistant cells. pETR1 was then used as a
template to amplify the gene-fusion with primers P7. The PCR product
of 1.6 kb was digested withAflIII and BglII and ligated to linearized
pQE-60 (digested withNcoI andBglII). The resulting ligation mixture
was transformed into XL-1 Blue cells, and vector pAF81 was isolated
from cells resistant to ampicillin.

Subcloning of fdx-acsB2′. acsB2′ (encoding AcsB residues 312-
729) was amplified from pTM02 using primers P8.fdx was similarly
amplified from vector pCVFD10 using primers P6. Resulting PCR
products of 1.3 and 0.3 kb, respectively, were purified. Vector pET23b
and the PCR product ofacsB2′ were digested withHindIII and XhoI
and subsequently ligated together. The ligation mixture was transformed
into E. coli XL-1 Blue cells, and pETC1 was isolated from ampicillin-
resistant cells. pETC1 and the PCR product offdx were digested with
NdeI and HindIII, ligated together, and transformed into XL-1 Blue
cells. Vector pETR51 containing a fusion of both thefdxand theacsB2′
genes was isolated from ampicillin-resistant cells. pETR51 was
subsequently used as a template to amplify the gene-fusion with primers
P7. The 1.6 kb PCR product was digested withAflIII and BglII and
ligated to linearized pQE-60 (digested withNcoI and BglII). The
resulting ligation mixture was transformed into XL-1 Blue cells, and
vector pAF51 was isolated from ampicillin-resistant cells.

Expression of acsB1, acsB2, acsB3, fdx, fdx-acsB1′, and fdx-
acsB2′. acsB1, fdx, fdx-acsB1′, and fdx-acsB2′ were expressed inE.
coli strain JM109 (Stratagene), whileacsB2andacsB3′ were expressed
in BL21(DE3) (Pharmacia). JM109 (pLHK05), JM109 (pAF51), JM109
(pAF81), and BL21(DE3) (pLHK07) cells were grown in 25 L of
Begg’s media at 37°C under anaerobic conditions, induced with 0.1
mM IPTG and 0.5 mM NiCl2,43 harvested anaerobically, and frozen in
liquid N2. JM109 (pQF1) was similarly grown and harvested under
anaerobic conditions but induced with 0.1 mM IPTG. BL21(DE3)
(pEH05) cells were grown in 25 L of Luria Bertani (LB) broth at 37
°C under aerobic conditions, cooled to 15°C prior to induction with
both IPTG and NiCl2, harvested aerobically, and frozen.

Purifications and Characterizations of Ferredoxin and of Trun-
cated and Chimeric Proteins.Expression offdx, acsB1, acsB2, acsB3′,
fdx-acsB1′, andfdx-acsB2′ yielded Fd,R82, R49, R23, R82-Fd, andR49-
Fd, respectively. These proteins were fused to His-tags, allowing
anaerobic purification with Ni-NTA43 and DEAE columns with a 0.1-
0.4 M NaCl gradient in Tris-Cl buffer, pH 8.0. Protein purities,
concentrations, Ni and Fe contents, and UV-vis and EPR spectra were
determined as described,43 except that the samples of the ferredoxin
and chimeric proteins were acquired using a Bruker EMX EPR
spectrometer. Using anaerobic procedures, we oxidized samples by
adding thionin until Abs600, because of oxidized thionin, increased.
Samples were reduced by adding sodium dithionite until Abs420 ceased
declining. Samples were activated by passage through a column of
Sephadex G-25 (1 cm× 17 cm) equilibrated in 50 mM MOPS pH
7.5, oxidized with 1 equiv/mol of thionin, and incubated 4 h in 5equiv/
mol of NiCl2 under Ar at room temperature. Activated samples analyzed
by EPR were freed of thionin and NiCl2 by Sephadex G-25 chroma-
tography prior to addition of dithionite and 1 atm of CO.

Acetyl-CoA Synthase Assay.Assays were performed as de-
scribed,46,47except that CH3-THF and coenzyme A stock solutions were
36 and 34 mM, respectively, CO (MG Industries, Research Grade) was
used in place of CO2, theR subunit (final concentration, 2.0µM) was
used in place of ACS, and 50µL (rather than 20µL) aliquots were
withdrawn for HPLC analysis.

Results

Biosynthesis and Characterization of Truncated Metal-
loproteins. Our initial goal was to correlate the extent to which
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native ACS could be truncated while maintaining characteristic
properties of the A-cluster. Previous studies had shown that the
R subunit is stable when isolated fromâ, and so the gene
encoding just the 82 kDaR subunit was cloned and overex-
pressed inE. coli. The resulting protein will be referred to as
R82. All six conserved cysteines and three conserved histidine
residues of theR subunit fromC. thermoaceticumare located
within a ∼50 kDa region of this subunit. Also, the remaining
∼30 kDa region, located at the N-terminus of theC. thermoace-
ticumsubunit, is absent in homologous subunits from some other
ACS enzymes.48 These facts suggested that the latter region
could be deleted genetically without destroying the A-cluster.
The resulting recombinant protein will be calledR49. Finally,
additional regions on either side of the conserved sequences
were deleted, resulting in a truncated protein (R23) that contained
eight of the nine conserved Cys/His residues (a conserved His
residue was sacrificed to allow for more extensive truncation).
These modifications are illustrated in Figure 1.

Polyacrylamide gel electrophoresis revealed thatR82 andR49

were >95% pure, whileR23 was∼80% pure (Figure 2). The
R23 protein was less soluble than the others and was generated
in lesser amounts. Yield and solubility were improved by
replacing five nonconserved hydrophobic amino acids with
hydrophilic residues and by growing cells aerobically at low
temperatures.R82 contained about four Fe’s and 0.2 Ni’s per
mol (relative uncertainties of metal analyses are estimated at
(25%).

When oxidized with thionin,R82 exhibited an electronic
absorption spectrum (Figure 3A) consisting of a broad shoulder

in the 400 nm region, indicative of [Fe4S4]2+ clusters. Spectral
intensity declined whenR82 was treated with dithionite, indicat-
ing that some or all of the clusters in solution were reduced to
the [Fe4S4]1+ state. These properties are similar to those of
isolatedR subunit obtained by physically separating it from
native ACS using SDS and electrophoresis.34 When treated with
CO and dithionite,R82 was EPR-silent at 130 K. However, after
incubation with NiCl2, CO/dithionite-treated protein exhibited
a signal (Figure 4A) withg-values and spin intensity (0.2 spin/
mol) typical of the Ared-CO state of the A-cluster in native
ACS.33 This indicates that the cluster housed in activatedR82

can also exist in the Ared-CO state. The absence of the NiFeC
signal in unactivated samples suggests that the analytically
detected Ni ions are associated with nonlabile A-clusters.
Surprisingly,R82 catalyzed the synthesis of acetyl-CoA using
CH3-Co3+FeSP methylated form of the corrinoid-iron-sulfur
protein, Coenzyme A, and CO as substrates (Figure 5). The
rate maximized at 0.3µmol/min mg at 80µM CO, about 10-
fold slower than native ACS under similar conditions.47 A
detailed comparison of the catalytic properties ofR82 and native
ACS is underway.

R49 contained about four Fe’s and 0.5 Ni’s per mol and
exhibited electronic absorption spectra in the oxidized and
reduced states similar to those ofR82 (Figure 3B). Ni-activated
R49 that was reduced with dithionite and exposed to CO
exhibited a signal (Figure 4B) withg-values similar to that of
the so-called “pseudo-NiFeC” signal fromR subunits that had
been isolated using the SDS/electrophoresis method.49,50 The

(48) Lindahl, P. A.; Chang, B.Origins Life EVol. Biosphere2001, 31, 403-
434.

(49) Xia, J.; Lindahl, P. A.Biochemistry1995, 34, 6037-6042.
(50) Xia, J.; Lindahl, P. A.J. Am. Chem. Soc. 1996, 118, 483-484.

Figure 1. Summary of genetic truncations and fusions described in this
study. NativeR2â2 ACS (top left) was truncated progressively toR82, R49,
andR23. Ferredoxin fromChromatiumVinosumwas fused toR82 andR49

(bottom left and right figures, respectively).

Figure 2. SDS-PAGE gel (12%) of (A) standard marker, (B) recombinant
ACS, (C) R82, (D) R49, (E) R23.

Figure 3. Electronic absorption spectra of (A)R82, (B) R49, (C) R23 (solid
line, oxidized with thionin; dotted line, reduced with dithionite). Intensity
in the 550 nm region of spectra from oxidized samples is due to thionin.
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intensity of this signal quantified to 0.05 spin/mol. The sample
exhibited no acetyl-CoA synthase activity. These spectroscopic
properties imply that the A-cluster derivative present inR49 can
be reduced and bound with CO similar to that inR82 and native
ACS. However, this ability must not be sufficient for catalytic
activity.

Solutions ofR23 contained Fe and Ni quantifying to about
two Fe’s and two Ni’s per mol. Absorption spectra of thionin-
treated and dithionite-treatedR23 were similar (Figure 3C).
Relative to spectra ofR82 and R49, the shape of the 400 nm
shoulder in the spectra ofR23 was narrower and more resolved.
As such, the spectra were more like those of oxidized ferre-
doxins with [Fe4S4]2+ clusters,51 while spectra ofR82 andR49

resembled that from the{Ni:Fe4S4}-containing metallopeptide
of Holm and Laplaza.16 Ni-activated and dithionite/CO-treated
R23 was EPR-silent (Figure 4C), and the protein did not catalyze
the synthesis of acetyl-CoA. Overall, these results suggest that
R23 contains redox-inactive [Fe4S4]2+ clusters with about half
occupancy. The unusually high Ni content detected analytically
may reflect adventitiously bound Ni ions, possibly leached from
the Ni affinity column used in purification. There is no evidence

that these ions were associated with the cluster. In any event,
the cluster inR23 is less like the A-cluster than are those inR82

andR49.
Biosynthesis and Characterization of Chimeric Metallo-

proteins. The genetics-based method used here to truncate
metalloproteins can also be used to construct new proteins with
multiple metal centers. In principle, this could be accomplished
by fusing two or more gene fragments, each of which encode
a metallocenter “module”. The second aim of this study was to
assess the feasibility of this. We chose to fuse the gene encoding
the ferredoxin fromC. Vinosumto those ofR82 andR49. This
10 kDa electron-transfer protein contains two [Fe4S4]2+/1+

clusters. Its gene has been cloned and overexpressed inE. coli,45

making it ideal for these studies.
Chimeric proteinsR82-Fd and R49-Fd were prepared as

described above. They were∼95% pure, including a second
band that migrated slightly faster than the major bands (Sup-
porting Information). The origin of these bands is uncertain,
though they may reflect instability of the recombinant proteins.

Dithionite-reduced recombinant Fd exhibited an EPR signal
indistinguishable from that previously published (Figure 6A).52

However, the corresponding spectrum ofR49-Fd (Figure 6B)
exhibited a substantially different signal, with rhombic symmetry
and g ) 2.134, 2.062, and 1.989 (gav ) 2.06). Upon Ni-
activation and exposure to CO,R49-Fd exhibited a complex
spectrum consisting of thegav ) 2.06 signal and a near-axial
signal characteristic of the pNiFeC signal (Figure 6C). The
intensity of the former signal was reduced relative to that of
Figure 6B. An equivalent solution ofR49 mixed with isolated
Fd exhibited signals that were the simple sum of each protein
(spectrum not shown), indicating that the novel spectral features
observed with the chimera resulted from fusing the two proteins.
Dithionite-reduced recombinantR82-Fd also exhibited thegav

(51) Holm, R. H.Acc. Chem. Res.1997, 30, 427-434.
(52) Kyritsis, P.; Kümmerle, R.; Huber, J. G.; Gaillard, J.; Guigliarelli, B.;

Popescu, C.; Mu¨nck, E.; Moulis, J.-C.Biochemistry1999, 38, 6335-6345.

Figure 4. 130 K X-band EPR spectra of activated (A)R82 (7.6 mg/mL);
(B) R49 (3.9 mg/mL); and (C)R23 (4.4 mg/mL). Conditions: microwave
power, 80 mW; microwave frequency, 9.42 GHz; modulation frequency,
100 kHz; modulation amplitude, 11.8 G; sweep time, 164 s; time constant,
328 ms.

Figure 5. Plot of acetyl-CoA (µM) produced by activatedR82 vs time in
the presence of (b) 40 µM and (2) 80 µM CO.

Figure 6. 10 K X-band EPR spectra of (A) dithionite-reduced Fd (1.4
mg/mL), (B) dithionite-reducedR49-Fd (16 mg/mL), (C) dithionite-reduced/
CO-treated activatedR49-Fd (8.0 mg/mL), (D) dithionite-reducedR82-Fd
(27 mg/mL), (E) dithionite-reduced/CO-treated activatedR82-Fd (22 mg/
mL). Conditions: microwave power, 0.05 mW; microwave frequency, 9.61
GHz; modulation frequency, 100 kHz; modulation amplitude, 11.8 G; sweep
time, 164 s; time constant, 328 ms.
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) 2.06 signal (Figure 6D). Ni-activated dithionite-reduced/CO-
treatedR82-Fd exhibited the NiFeC signal, analogous to the
spectrum of Ni-activated/dithionite-reduced/CO-treatedR49-Fd,
but only a hint of thegav ) 2.06 signal (Figure 6E). We do not
understand all aspects of these spectra, but it is clear that the
magnetic properties of the metal centers in the chimeras are
not simply the sums of those from the individual components,
suggesting magnetic interactions of some sort.

Discussion

Metalloenzymes that contain multiple metal sites are generally
difficult to study, in that spectroscopic features from those
centers tend to overlap. Moreover, catalytic, substrate-binding,
and redox properties tend to be more complex and difficult to
interpret than for mono-metal-centered enzymes. One advantage
of genetically truncating complex metalloenzymes into metal-
locenter “modules”, as we have done here, is that such modules
are simpler and easier to study. The truncated proteins generated
in this study should be useful for disentangling the catalytic
mechanism of the native enzyme, as well as its spectroscopic,
redox, and CO-binding properties. A second advantage to
genetic truncation methods is that gene fragments encoding
different metallocenter modules can be fused to generate new
chimeric metalloproteins.Thus, gene truncation methods can
be used to decompose/simplify complex naturally occurring
metalloenzymes as well as to generate new and potentially
interesting complex metalloenzymes. The broad objective of this
study was to illustrate these advantages using acetyl-CoA
synthase as the complex system, the A-cluster as the metallo-
center module, and the ferredoxin fromC. Vinosumas the second
module to be combined with the first to generate new metal-
loproteins. This study also highlights a disadvantage of genetic
truncation, that it is not a rational design approach, at least in
our hands; the complexities of tertiary and quaternary protein
structures are overwhelming.

Our study also has specific implications for the mechanism
of acetyl-CoA synthase. The ability of the isolatedR subunit to
catalyze the synthesis of acetyl-CoA, using CO as a substrate,
demonstrates that theâ subunit is not required for this activity
under this condition. Rather, theâ subunit appears responsible
for CO2/CO redox catalysis and for delivering CO to the
A-cluster during the catalytic synthesis of acetyl-CoA. Conse-
quently, the recently proposed mechanism in which an electron
is shuttled between the A-cluster and the C-cluster during each
catalytic cycle53 does not appear correct in this respect.

Our results also eliminate the possibility that the heterogeneity
described above arises from the quaternary organization of the
native tetramer or from an association with theâ subunit. The
low spin intensity of the NiFeC signal ofR82 indicates that
populations of isolatedR subunits are heterogeneous in the same
manner and to the same degree as native ACS. Heterogeneity
must be somehow intrinsic to a population ofR subunits,
independent of the host organism expression system.

It is not clear whyR82 was catalytically active, while theR49

protein was inactive. In one sense, the 30 kDa region that
differentiates the two proteins must be responsible for this
difference. However, such a region is not required for catalysis
in other ACSs, suggesting that it may not be directly involved
in the catalytic mechanism but may simply stabilize the subunit
in the required conformation. Deletion of this region may have
perturbed the A-cluster or the region surrounding it (as
evidenced by the pseudo-NiFeC signal ofR49 spectra), and this
may have destroyed the activity. The perturbation that yielded
the pNiFeC signal in a previous study had been attributed to
the loss of theâ subunit,50 but our results suggest that the
perturbation arose from damage incurred during isolation. Also,
the presence of a pNiFeC-like signal does not unambiguously
indicate inactivity. ACS fromMethanosarcina thermophila
exhibits an EPR signal resembling the pNiFeC signal ofC.
thermoaceticumACS, but this enzyme catalyzes the cleavage
of acetyl-CoA.54

The magnetic/electronic and catalytic properties of the
chimeric proteins need to be investigated further, and our
inclusion of them illustrates the potential utility of genetically
fusing metallocenter modules. Combining modules in combi-
natorial fashion might generate large numbers of potentially
useful metalloproteins and enzymes. Such an approach is
complementary to “rational design” or “redesign” methods of
generating new metalloproteins. We hope that future employ-
ment of all these approaches will yield a synergy out of which
novel metalloenzymes with interesting and useful catalytic
properties can be generated at increasing rates.
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