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ABSTRACT: After activation with NiCl2, the recombinantR subunit of the Ni-containingR2â2 acetyl-CoA
synthase/carbon monoxide dehydrogenase (ACS/CODH) catalyzes the synthesis of acetyl-CoA from CO,
CoA, and a methyl group donated from the corrinoid-iron-sulfur protein (CoFeSP). TheR subunit has
two conformations (open and closed), and contains a novel [Fe4S4]-[Ni p Nid] active site in which the
proximal Nip ion is labile. Prior to Ni activation, recombinant apo-R contain only an Fe4S4 cluster. Ni-
activatedR subunits exhibit catalytic, spectroscopic and heterogeneity properties typical ofR subunits
contained in ACS/CODH. Evidence presented here indicates that apo-R is a monomer whereas Ni-treated
R oligomerizes, forming dimers and higher molecular weight species including tetramers. No oligomer-
ization occurred when apo-R was treated with Cu(II), Zn(II), or Co(II) ions, but oligomerization occurred
when apo-R was treated with Pt(II) and Pd(II) ions. The dimer accepted only 0.5 methyl group/R and
exhibited, upon treatment with CO and under reducing conditions, the NiFeC EPR signal quantifying to
0.4 spin/R. Dimers appear to consist of two types ofR subunits, including one responsible for catalytic
activity and one that provides a structural scaffold. Higher molecular weight species may be similarly
constituted. It is concluded that Ni binding to the A-cluster induces a conformational change in theR
subunit, possibly to the open conformation, that promotes oligomerization. These interrelated events
demonstrate previously unrealized connections between (a) the conformation of theR subunit; (b) the
metal which occupies the proximal/distal sites of the A-cluster; and (c) catalytic activity.

The nickel-containing{acetyl-coenzyme A synthase;
acetyl-coenzyme A decarbonylase/synthase; carbon monox-
ide dehydrogenase} family of enzymes are found in anaero-
bic bacteria and archaea that can grow chemoautotrophically
using CO2 or CO as a carbon source (1). These enzymes
play a major role in the global carbon (CO2/CO) cycle and
they degrade the environmental pollutant TNT (trinitrotolu-
ene). Enzymes from this family are found in the pathogenic
bacteriumClostridium difficile (1, 2). One class of such
enzymes catalyzes both the reversible reduction of CO2 to
CO, reaction [1],

and the synthesis of acetyl-CoA, reaction [2].

CH3-Co3+FeSP and Co1+FeSP in [2] represent methylated
and unmethylated/reduced forms, respectively, of the cor-
rinoid-iron-sulfur protein. This 89 kDaRâ heterodimer serves
as the sole methyl group donor for the reaction.

The most extensively studied enzyme of this class, from
the homoacetogenMoorella thermoacetica, is a 310 kDa
linearRââR tetramer which we shall abbreviateACS/CODH1

(for reviews see refs3-9). The R andâ subunits function
largely independently of each other, withâ subunits cata-
lyzing reaction [1] andR subunits catalyzing reaction [2].
An extensive proteinaceous tunnel allows CO to migrate from
the active-site cluster where it is synthesized in theâ subunit
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1 Abbreviations: ACS, acetyl-coenzyme A synthase; CODH, carbon
monoxide dehydrogenase; ACS/CODH, the bifunctional enzyme from
Moorella thermoacetica; CoFeSP, corrinoid-iron-sulfur protein; CH3-
Co3+FeSP and Co1+FeSP, methylated and reduced forms of CoFeSP,
respectively; Nip, Ni of the A-cluster located proximal to the Fe4S4

cluster; Nid, Ni of the A-cluster located distal to the Fe4S4 cluster; apo-
R, the inactiveR subunit of ACS/CODH, obtained prior to activating
with NiCl2, which contains the Fe4S4 cluster but lacks the Ni ions;
Ared-act, the reductively activated state of the A-cluster obtained upon
incubating the activatedR subunit in a low-potential reductant; Ared-
CO, the form of the A-cluster obtained upon incubating Ared-act in CO;
NiFeC, the EPR signal exhibited by Ared-CO; WT, wild-type; CH3-
THF, methyltetrahydrofolate; EPR, electron paramagnetic resonance.

CO2 + 2H+ + 2e- a CO + H2O [1]

CH3-Co3+FeSP+ CO + CoA a

CH3C(O)-CoA+ Co1+FeSP [2]

11606 Biochemistry2007,46, 11606-11613

10.1021/bi7014663 CCC: $37.00 © 2007 American Chemical Society
Published on Web 09/22/2007



to the active-site in theR subunit, located∼70 Å away,
where CO is a substrate in the synthesis of acetyl-CoA.
Delivery of CO is regulated by the conformation of theR
subunit (see below).

The active-site for reaction [2] is known as theA-cluster.
It consists of an Fe4S4 cubane bridged through a cysteine
sulfur to a dinickel subsite consisting of proximal Nip and
distal Nid (10). Two other cysteine sulfurs bridge Nip and
Nid. Nid is also coordinated by amide nitrogen donors,
affording an N2S2 square-planar geometry. Nip appears to
be the site to which CO and methyl groups bind during
catalysis, while Nid appears to remain in the low-spin 2+
oxidation state in all known redox states of the A-cluster.
The A-cluster is reductively activated for catalysis, forming
the Ared-act state. Although not established, Nip may be
zerovalent in this state (4).

The genes encoding theR andâ subunits of ACS/CODH
have been cloned and overexpressed inEscherichia coli(10).
Once activated with Ni and treated with a low-potential
reductant, recombinant ACS/CODH becomes catalytically
active. The gene encodingR has been similarly cloned and
overexpressed separately, affording the so-calledapo-R
subunit which contains the Fe4S4 cubane portion of the
A-cluster but not the [Nip Nid] subsite. Upon activation with
Ni, isolated reducedR subunits exhibit ACS catalytic activity
(reaction [2]) and the standard EPR and Mo¨ssbauer spec-
troscopic features of the A-cluster. This indicates that the
[Nip Nid] subsite forms upon Ni exposure (12-15).

Substantial evidence indicates that both isolatedR subunits
and ACS/CODH are heterogeneous, with at least two forms
present in solution populations. Historically, the first evidence
for this was the low spin quantification observed for the so-
calledNiFeCEPR signal; this signal is obtained by reducing
the enzyme in the presence of CO, which affords theS )
1/2 state called Ared-CO (16-18). In WT ACS/CODH, the
NiFeC signal quantifies to only 0.1-0.3 spin/Râ. This range
of values suggests that only 10%-30% ofR subunits actually
exhibit this signal. Insight into why this might occur arose
from the discovery that the Nip of the A-cluster is labile and
can be removed by treatment with 1,10-phenanthroline (19).
Phen-treatment abolishes the NiFeC signal and all catalytic
activity. The effect is reversible, such that Ni can be
reinserted into the proximal site. However, only∼0.2 equiv/R
of Ni can be removed and reinserted, reinforcing the idea
that only a portion of A-clusters within a population contain
labile Nip (20). Mössbauer spectroscopy confirmed this by
revealing two forms of theR subunit, with one form
(representing 30%-40% of subunits) containing A-clusters
that can be prepared in either the Ared-CO or Ared-act states
(14, 15) and with the other form unable to achieve those
states. Not coincidentally, only 30%-50% ofR subunits in
a population can accept a methyl group from CH3-Co3+FeSP
(21, 15) and only∼20% of R subunits can bind CoA (22).
The origin of this heterogeneity is unclear, but unactivated
apo-R subunits were also found to be heterogeneous,
suggesting that the effect originatesprior to Ni-activation
(15).

X-ray crystallography reveals that theR subunit of ACS/
CODH can exist in two conformations, referred to asopen
andclosed(10). The R subunit in two of the four reported
structures is in the open conformation with Ni in the proximal
site (10, 23). In the other two reported structures, the subunit

is in the closed conformation, with Zn in the proximal site
of one reported structure and with Cu in that site in the other
structure (24). Darnault et al. speculated that there might be
a correlation between the conformation and the geometrical
preference of the metal in the proximal site, with metal ions
that prefer tetrahedral geometry (e.g., d10 Zn2+ or Cu1+)
enforcing the closed conformation and Ni2+ ions enforcing
the open conformation (10).

There is certainly a relationship between the metal ion
occupying the proximal A-cluster site and catalytic activity.
Cu ions can replace Ni in the proximal site of resting WT
ACS/CODH, and this abolishes catalysis (25). Zn ions can
also replace Nip, but catalytic activity is abolished only when
ACS/CODH is engaged in catalysis (26). Since Nip is
surface-exposed in the open conformation and buried in the
closed conformation, Zn may replace Ni only when theR
subunit is in the open conformation. This result also suggests
that R alternates between open and closed conformations
during catalysis but is in the closed conformation in resting
enzyme.

There is seemingly sufficient and noncontroversial evi-
dence establishing that the isolatedR subunit is a monomer.
This was shown in a previous analytical ultracentrifugation
study reported from this laboratory (27) and by a subsequent
X-ray diffraction crystal structure of a homologous isolated
subunit from Carboxydothermus hydrogenoformans(23).
This structure was a monomer in the open conformation,
with Ni in the proximal site. This structure contributes to
the view that Ni in this site enforces the open conformation.

We now report evidence that the Ni-bound catalytically
active form of the isolatedR subunit from Moorella
thermoaceticais in a heterogeneous oligomeric state that
includes dimers and tetramers. Oligomerization occurs
exclusively when either Ni, Pt, or Pd is added to apo-R, and
it probably reflects a conformational change that occurs only
when these metals bind to the proximal site of the A-cluster.
This provides additional evidence for a causal connection
between the nature of the proximal metal and the resulting
conformation of theR subunit. Further characterization of
the dimer indicates that it is heterogeneous, with one subunit
playing the catalytic role and the other serving as a structural
scaffold. This provides additional insight into the heteroge-
neous nature of the enzyme.

EXPERIMENTAL PROCEDURES

Preparation of Proteins. M. thermoaceticacells and
recombinantE. coli strain JM109 containing plasmid pL-
HK05 were grown and harvested as described (10, 12) except
that NiCl2 wasnot added to the growing cells as was done
previously. CoFeSP and methyl transferase were purified as
described (29) from theM. thermoaceticacrude extract in
an Ar-atmosphere glovebox containing<1 ppm of O2.
SonicatedE. coli cell extracts containing recombinant apo-R
subunits were passed through an Ni-NTA column as
described (10). Fractions off the NTA column were concen-
trated and loaded onto a Superdex-200 gel filtration column
(Amersham) equilibrated with 50 mM sodium phosphates,
pH 8.0. With a flow rate of 1 mL/min,R-containing fractions
eluted between 50 and 80 min; these were collected and
concentrated by ultrafiltration (Amicon). Protein concentra-
tions were determined as described (11). Resulting recom-
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binant apo-R was >90% pure, as quantified by imaging
Coomassie-Blue- (Bio-Rad) stained SDS-PAGE gels (Alpha
Innotech Imager 2000). Portions were thawed as needed,
subjected to a 1× 20 cm column of Sephadex G25
equilibrated in buffer A (50 mM Tris pH 8.0), divided into
aliquots, and either used immediately or refrozen in liquid
N2. Ti3+citrate was prepared from TiCl3 (Aldrich) and
standardized by titration against K3[Fe(CN)6] (29). Co1+FeSP
was methylated using CH3-THF (Sigma) as described (30).

Pre-steady-state kinetic experiments were performed at 25
°C with an SF-61 DX2 double-mixing stopped-flow instru-
ment (Hi-Tech Limited, U.K.) installed in an Ar-atmosphere
glovebox (MJ Braun, Inc.) containing<1 ppm of O2.
Reactions were monitored in PM mode at 390 nm.

Treatment of Apo-R with NiCl2. The apo-R subunit was
concentrated to>20 mg/mL in sodium phosphates pH 8.0,
and then treated with 5.0 equiv/R of NiCl2. In other
experiments, CuCl2, ZnSO4, CoCl2, (NH3)2[PdCl4], and K2-
[PtCl4] (Sigma/Acros) were also used. After 4 h, the solution
was passed through a Hi-load 16/60 Superdex 200 gel
filtration column equilibrated in 50 mM sodium phosphates
pH 8.0 at a flow rate of 1.0 mL/min. The system was
calibrated using gel filtration molecular weight markers
(MW-GT-1000, Sigma) and by plotting molecular masses
vs elution times, as described (28).

Metal Analysis and X-band EPR.Protein samples were
digested in 1 M HNO3 (Fisher, Trace Metal Grade) overnight
and then analyzed on a Perkin-Elmer Graphite Furnace
AAnalyst 700 spectrometer. X-band EPR spectra were
recorded at 10 K on a Bruker EMX spectrometer using a
Hewlett-Packard 5352B microwave frequency counter, the
ER4102 ST cavity, and the Oxford Instruments ESR 900
Cryostat.

Analytical Ultracentrifugation.Sedimentation velocity data
were collected on a Beckmann XL-I analytical ultracentrifuge
at the Center for Analytical Ultracentrifugation of Macro-
molecular Assemblies at the University of Texas Health
Science Center at San Antonio. The samples were spun at
40,000 rpm and 20°C using the An-60 Ti rotor and Epon-
charcoal filled 2-channel centerpieces. Concentration profiles
were measured using UV absorbance at 280 nm. The sample
was dissolved in 50 mM Tris (pH 8.0) buffer and the cells
were assembled under anaerobic conditions. The initial
protein concentrations for activatedR were 2.5, 4.8, and 8.3
µM. Diffusion-corrected sedimentation coefficient profiles
were determined with the enhanced van Holde-Weischet
method (31) as implemented in the UltraScan data analysis
software (32, 33). Molecular weight and shape distributions
were determined with the 2-dimensional spectrum analysis
(34) and the genetic algorithm analysis (35). Confidence
intervals were determined with the Monte Carlo analysis (36).
The partial specific volume of subunitR was estimated based
on protein sequence as implemented in UltraScan and found
to be 0.740 ccm/g. Hydrodynamic corrections for buffer
density and viscosity were made with UltraScan.

RESULTS

We passed a solution of the recombinant apo-R subunit
through a calibrated size-exclusion column. The volume
required for apo-R to pass through the column (∼75 mL,
Figure 1A) corresponded to a molecular mass of∼80 kDa,

indicating, as expected, that the apo-R subunit is a monomer
in solution. A small portion of the sample eluted at∼68
mL, corresponding to a molecular mass of a dimer (see
below). Another sample of apo-R was first activated with
Ni and then passed through the column. In this case, the
Ni-activatedR subunit eluted as a broad peak centered at
∼65 mL (Figure 1B), which corresponds to a molecular mass
of ∼168 kDa (again corresponding to a dimer). Although
unresolved, the broadness of the peak of Figure 1B suggested
that a fraction of the sample was a monomer, and that another
fraction was a higher molecular mass species. The latter
species eluted at∼57 mL, which corresponds most closely
to a tetramer. These experiments show thatNi-actiVation
induces the oligomerization ofR, with dimeric and tetrameric
forms dominating.

Fractions corresponding to the broad peak of Figure 1B
were combined, concentrated, and passed a second time
through the column. In this case, the population ofR subunits
eluted mostly as a mixture of monomers and dimers, with a
smaller proportion of the tetrameric species (Figure 1C). This
suggests that a portion of the oligomers of Figure 1B
dissociated into monomers during passage through the size
exclusion column, perhaps due to the dissociation of Ni from
the enzyme into the elution buffer. Mass action effects
resulting from dilution when running through the column
may also have contributed to dissociation, which could

FIGURE 1: Gel filtration chromatography of theR subunit of acetyl-
CoA synthase: A, apo-R; B, apo-R after incubation with NiCl2; C,
sample from B after concentration and repassage through the
column. Thick lines through the data (circles) are composite
simulations consisting of the sum of three Gaussian lines (individu-
ally shown as thin lines). Best-fit linewidths were determined by
fitting the data in C; these linewidths were then fixed while fitting
the relative areas under the peaks in A and B. Resolution times
were allowed to float slightly for each dataset. The relative
percentile areas for the{monomer, dimer, and tetramer} for the
simulation in A, B, and C were{88, 12, 0}, {15, 38, 47}, and{48,
49, 3}, respectively. Flow was 1 mL/min such that mL and min
units can be interchanged.
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indicate that this process is reversible. In addition, the extent
of oligomerization was reduced when low concentrations (<5
mg/mL) of apo-R were used in Ni-activation.

The percentage of theR subunit population in the three
oligomeric forms was quantified by fitting the observed peaks
with a compilation of three Gaussian functions, one repre-
senting each form. The peaks in Figure 1A fit best by
assuming that 88% of theR subunit population was present
as the monomer and 12% as the dimer. A small amount of
the endogenous Ni ions present in cell extracts and/or
purification buffers probably associated with apo-R during
its isolation to give rise to the dimer. The presence of this
small dimeric fraction is consistent with the residual amounts
of methyl group transfer activity and EPR spin intensity (see
below). The unresolved peak of Figure 1B fit best by
assuming 15% monomer, 38% dimer, and 47% tetramer. The
peaks of Figure 1C fit best to a model consisting of 48%
monomer, 49% dimer, and 3% tetramer. This behavior
suggests the following reactions:

where the stoichiometry with regard to Ni should not be
viewed as specified. Other oligomeric species may also be
present. The tetramer is considered to be a dimer of theR2

dimer.
Sedimentation velocity experiments were performed to

further characterize the oligomerization properties ofR in
its apo form and upon adding Ni to apo-R. The diffusion-
corrected sedimentation coefficient distributions derived from
the metalated and apo forms ofR are shown in Figure 2.
Further analysis of the velocity data by genetic algorithm/
Monte Carlo analysis suggests that the oligomers are as large
as tetramers, consistent with our gel-filtration results. The
genetic algorithm-Monte Carlo results, with 95% confidence
intervals, indicate the presence of numerous oligomeric
species present in the apo-R + Ni sample, including species
with molecular weights consistent with monomers, dimers,
trimers, and tetramers. The presence of trimers was unex-

pected and difficult to interpret in terms of the pairwise
assembly mechanism implied above. Relative proportions of
oligomers observed in the apo-R + Ni velocity experiments
tended to be variable between repeat experiments, although
an increase in oligomerization compared to the nickel-free
sample was always observed. Thus, we cannot currently
define the oligomeric distribution of Ni-treatedR subunits
unambiguously. The observed distribution appears to be
sensitive to the Ni and protein concentration, and perhaps
to other unidentified variables that are currently describable
only as batch-to-batch variations.

Fractions containing the monomer and dimer were col-
lected separately and characterized individually by EPR. We
will refer to the monomer form obtained upon dissociation
of the dimer asdimer-dissociatedmonomers in contrast to
apo-R monomers, allowing for the possibility that these two
types of monomers are not identical. When reduced with
Ti(III) citrate and exposed to CO, the dimer exhibited the
NiFeC EPR signal (Figure 3A), with a spin quantification
of 0.4 ( 0.1 spin/R. This might not sound exceptional, but
it represents the highest spin concentration ever reported for
R from our laboratory. In contrast, similarly treated dimer-
dissociated monomers exhibited the NiFeC signal at sub-
stantially reduced intensity (0.03 spin/R, Figure 3C). Apo-R
exhibited a minor NiFeC signal, with an integrated intensity
of 0.03 spin/R (Figure 3B). A similarly prepared57Fe-
enriched dimer sample was examined by Mo¨ssbauer spec-
troscopy. The fraction of A-clusters which exhibited magnetic
hyperfine interactions (indicating the Ared-CO state) cor-
responded to∼40% of the iron in the sample (personal
communication, Eckard Mu¨nck, Carnegie Mellon Univer-
sity). The details of this study will be published elsewhere.

The Ni and Fe content of apo-R, dimer-dissociated
monomers, and dimers was determined. The numbers of (Ni:
Fe) ions perR in these forms were{0.3:3.8}, {0.7:3.5}, and

FIGURE 2: Sedimentation velocity results of apo-R (black) and
apo-R after Ni has been added (gray). Shown are integral distribu-
tions plots of the van Holde-Weischet analysis. While the apo-
form appears to be primarily homogeneous with a sedimentation
coefficient consistent with a monomer, the increased sedimentation
coefficient distributions obtained upon addition of nickel indicate
the presence of higher oligomeric forms.

FIGURE 3: Electron paramagnetic resonance of the dimeric form
of R (A), apo-R (B), and the dimer-dissociated monomeric form
of R (C). Samples were treated with 1 atm of CO and 2 mM
dithionite. EPR conditions: temperature, 10 K; microwave power,
20 mW; microwave frequency, 9.48 GHz; modulation amplitude,
11.8 G; sweep time, 328 s; time constant, 20 ms.

2R y\z
Ni

R2

2R2 h (R2)2
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{1.9:4.8}, respectively. These results suggest that apo-R is
not identical to dimer-dissociated monomers, in that the latter
species contains more Ni. Since the proximal Nip ion is labile
while Nid is not (19, 20), it is reasonable to assume that the
loss of Nip is responsible for the dissociation of the dimer
and that Nid remains in dimer-dissociated monomers.

To assess whether dimer-dissociated monomers reas-
sembled into dimers under highly concentrated conditions,
we concentrated such monomers and passed them again
through the column. In this case, the subunits eluted as
monomers. We conclude that dimers dissociate as they pass
through the column essentially because Ni dissociates during
this passage, not because theR concentration declines below
a threshold value required for significant oligomerization.

The ability of the various oligomeric forms ofR to accept
a methyl group from CH3-Co3+FeSP was investigated. Both
apo-R and dimer-dissociated monomers displayed little
activity (Figure 4C and 4D) while the dimer exhibited strong
methyl group transfer activity (Figure 4A). The tetrameric
form also exhibited methyl group transfer activity at a level
comparable to the dimer (data not shown).

Interestingly, the dimer accepted only∼0.5 methyl group
per R subunit. When dimer-dissociated monomers were
incubated in Ni, the resulting material accepted methyl

groups to an extent consistent with the dimer forming (Figure
4B). This reinforces the view that dimerization is Ni-
dependent and that dimers, but not monomers, can accept a
methyl group from CH3-Co3+FeSP.

We wondered why the dimer could accept only∼0.5
methyl group/R, and considered the possibility that the
amount of methyl group transferred might depend sensitively
on the concentration of theR subunit. Accordingly, at some
sufficiently low concentration of theR subunit, we hypoth-
esized that the dimer would dissociate, forming monomers
that could not accept a methyl group. Perhaps the concentra-
tion of R used in the methyl group transfer experiments
happened to afford in solution∼50% dimer-dissociated
monomers and∼50% dimers (with percentages given in
terms of molecular species rather than subunits). If so, the
amount of methyl group transferred should increase at higher
R concentrations and decrease at lowerR concentrations.
However, as shown in Figure 4, lower panel, E-I, the
amount of methyl group transferred perR subunit was
essentially constant at∼0.5 methyl group perR betweenR
concentrations of 1.5-20 µM. We conclude that the expla-
nation just described as to why theR dimer accepts only
∼0.5 methyl group perR is incorrect. Rather, these results
suggest that in the presence of 5 equiv/R of NiCl2, oligomeric
species are fully formed at concentrations as low as 1.5µM.
These results also suggest thatonly one subunit of the dimer
(and two of the subunits of the tetramer) is inherently able
to accept a methyl group. The EPR and Mo¨ssbauer results
mentioned above reinforce this conclusion.

Finally, we investigated whether oligomerization is specif-
ically Ni-dependent. We did this by adding Cu2+, Zn2+, Co2+,
Pd2+, and Pt2+ ions to separate solutions of the apo-R
monomer. The addition of Cu2+, Zn2+, and Co2+ ions had
no influence on the oligomeric state ofR; i.e., the monomeric
form was uniformly observed (Figure 5B, 5C, and 5D).
However, addition of Pd2+ and Pt2+ resulted in a population
of oligomeric states (Figure 5E and 5F) including substantial

FIGURE 4: Stopped-flow of methyl transfer from methyl corrinoid-
iron-sulfur protein (CH3-Co3+FeSP, 10µM in all reactions) to the
recombinantR subunit. Upper panel: A, dimer (10µM); B, dimer-
dissociated monomers (10µM), obtained as eluted FPLC fractions
of the dimers in A, after overnight incubation in 100µM NiCl2; C,
apo-R (10 µM); D, dimer-dissociated monomer (10µM). Lower
panel: E, F, G, H, and I, dimers with concentrations of 20, 10, 5,
2.5, and 1.5µM, respectively. All protein concentrations are in terms
of monomericR subunits after mixing. Reactions were monitored
at 390 nm, and the buffer was 50 mM TrisHCl, pH 8.0. Ti3+-citrate
(1 mM) was present in all of these experiments.

FIGURE 5: Size-exclusion chromatography of metal-ion-treatedR
subunits (16 mg/mL): A, NiCl2; B, CuCl2; C, ZnSO4; D, CoCl2;
E, (NH3)2[PdCl4]; F, K2[PtCl4].
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amounts of dimers and higher oligomeric forms, perhaps as
large as hexamers. Pt-induced dimer-containing fractions
were found to be incapable of accepting a methyl group from
CH3-Co3+FeSP. This experiment suggests that the ability of
form oligomers is specific to group 10 divalent metal ions
(Ni, Pd, Pt) whereas the ability of such oligomers to exhibit
catalytic activity is specific for Ni. One appealing scenario
is that the preference for square-planar geometry associated
with group 10 metals induces a conformational change inR
that favors oligomerization, but that only the presence of Ni
in the A-cluster allows catalytic activity.

DISCUSSION

This study originated serendipitously when we discovered
that theR subunit of ACS/CODH did not migrate by gel
filtration as a single monomeric species, as we had expected.
Further examination of this phenomenon revealed that
oligomerization was Ni-dependent and was correlated to the
development of catalytic activity. There can be little doubt
that the added Ni binds to a particular site on theR subunit.
Since there are only two sites onR known to bind Ni (the
distal and proximal sites of the A-cluster), we limit our
consideration to these. There is abundant evidence that Ni
ions bound to the proximal site are labile and that those
bound at the distal site are not. Thus, we conclude that
oligomerization is induced when a Ni2+ ion binds to the
proximal site of the A-cluster.

Absent a crystal structure, it is difficult to determine how
the binding of Ni to the proximal site might induce
oligomerization, but it again seems likely that Ni-binding
induces a conformational change in the subunit. As men-
tioned in the introductory comments, a structural correlation
between the nature of the metal occupying the proximal site
and the conformation ofR has already been noted. The two
structures ofR reported with Ni in the proximal site are both
in the open conformation, while the two structures reported
with Cu or Zn in the proximal site are in the closed
conformation (10, 23, 24). Darnault et al. hypothesized that
metal ions which favor tetrahedral geometry (Zn2+ or Cu1+)
enforce the closed conformation (10).

Since the Nip site in the open conformation involves three
endogenous cysteinates in a planar environment about the
Ni, we propose thatmetal ions in oxidation states which
prefer planar geometry (e.g., Ni2+) enforce the open con-
formation and that it is this conformational change which
promotes oligomerization. This proposal is supported by the
oligomerization caused by the addition of Pd2+ and Pt2+ ions

to solutions of apo-R. Pd2+ and Pt2+ are both d8 transition
metal ions that have a strong preference for square-planar
geometry. Readers should be aware that we have not shown
directly that either Pd or Pt binds at the proximal A-cluster
site.

Another important issue is whether Ni-dependent oligo-
merization and/or conformational change is/are functionally
relevant. Since we cannot obtain monomers with a full
complement of Ni in the A-cluster, we cannot know whether
oligomerization is aninherentrequirement for activity, or a
simple consequence of some other property which is inher-
ently required for activity (e.g., the presence of Ni in the
A-cluster or the open conformation). Given that multiple
oligomeric states form and thatR is “designed” to be
associated with theâ subunit as anRââR tetramer (with no
R:R interactions) we find it unlikely that oligomerization is
directly functionally relevant. Thus, we view oligomerization
simply as areporterof the conformational change promoted
by Ni-binding.

It seems more likely that Ni2+ binding at the proximal
A-cluster site enforces the open conformation of theR
subunit and that this is relevant to the catalytic mechanism
of the enzyme. Moreover, the apparent correlation between
theplanar geometrical preferenceof Ni2+ ions with the open
conformation ofR suggests a mechanism by which the
conformation ofR could be altered during catalysis, namely,
by the geometrical preferences associated with the oxidation
state of Nip. However, further studies will be required to
examine this proposal further.

Functional R Dimers Are Heterogeneous.Our results
indicate that the dimeric form ofR is heterogeneous and
contain two types of subunits, to be referred to ascatalytic
andstructuralsubunits, where A-clusters in catalytic subunits
can accept a methyl group while those in structural subunits
cannot. Moreover, the A-cluster in catalytic subunits can be
reduced and bound with CO to afford the Ared-CO state and
exhibit the NiFeC EPR signal while that in structural subunits
cannot access this redox state. The tetrameric form of alpha
can be similarly constituted (as a dimer of heterogeneous
dimers), whereas the putative trimeric form could not be
understood in this way.

We recently found that populations of apo-R subunits
(monomers) were heterogeneous according to Mo¨ssbauer
spectroscopy, with∼30% in the active form and 70% in the
inactive form (15). Equivalent spectra were observed for Ni-
activatedR subunits, which now are shown to be mixtures
of monomeric, dimeric, (perhaps trimeric), and tetrameric

FIGURE 6: Amino acid alignment of the N-terminal domain of theR subunit with a region of theâ subunit. TheR sequence begins at
Asp005 and ends at Lys120. Theâ sequence begins at Asp552 and ends at Lys669.
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forms. These results suggested that the heterogeneity of the
R subunits arisesbeforeNi-activation and oligomerization.
Assuming this, there should be an ample supply of both
active and inactive subunits ready to oligomerize once Ni
has been added. Additional studies will be required to clarify
the range of observed variability as well as the source of
that variability. In principle, it would seem that nascentR
subunits dissociating from a ribosomemustbe homogeneous,
suggesting that the observed heterogeneity is introduced after
translation but before Ni-activation. This is an intriguing issue
that will require further study.

The ability of R to dimerize can be rationalized in terms
of the ability of R to interact with theâ subunit of ACS/
CODH. Doukov et al. (24) reported that the N-terminal
domain of theR subunit has a similar Rossmann fold to the
domain in theâ subunit to which theR subunit interacts,
and they suggested that the two domains might be related
by a gene duplication event. Although the percent identity
in the interacting region is low (Figure 6), it contributes to
the noted relatedness of the two tertiary structures. Given
the results presented here, it also suggests that the structural
R subunit of the dimer may serve as surrogate for the
interactingâ subunit domain of native ACS/CODH.

Comparison to PreVious Results.We were surprised to
discover that the catalytically active form ofR is a dimer
and other oligomers, rather than a monomer, because
previous reports had indicated thatR was a monomer.
However, theR subunits used by Xia et al. (27) in their
analytical ultracentrifugation experiments wereinactiVe,
which is consistent with our current results. The only caveat
here is that the inactivity observed in those previous samples
likely arose for reasons besides the lack of Ni, since no
activity developed even after adding Ni ions.

More difficult to reconcile is the monomeric X-ray crystal
structure obtained for the homologous subunit fromCar-
boxydothermus hydrogenoformans(23). Their results reveal
a catalytically active monomer in the open conformation with
both Nip and Nid present in the A-cluster. One possibility
that would reconcile their results with those reported here is
that, unlike theR subunit from M. thermoacetica, the
corresponding monomer fromC. hydrogenoformansmay not
have the appropriate subunit:subunit contacts in the open
conformation to promote oligomerization even though the
subunit undergoes the same Ni-dependent (and mechanisti-
cally important) conformational change. Curiously, the
reported NiFeC spin intensity for their samples corresponded
to 0.14 spin/R, a value which implies a similar type and
degree of heterogeneity as that observed in our samples, yet
there is no structural evidence of heterogeneity. Further
studies will be required to settle these and other issues which
are critical to understanding the catalytic mechanism of this
unusual and intriguing enzyme.
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