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Several small molecules and ions, notably carbon monoxide, cyanide, cyanate, and hydrogen
sulfide, are potent inhibitors of Ni-containing carbon monoxide dehydrogenases (Ni-CODH) that
catalyze very rapid, efficient redox interconversions of CO, and CO. Protein film
electrochemistry, which probes the dependence of steady-state catalytic rate over a wide potential
range, reveals how these inhibitors target particular oxidation levels of Ni-CODH relating to
intermediates (Cox, Cred1, and Cyeqz) that have been established for the active site. The following
properties are thus established: (1) CO suppresses CO» reduction (CO is a product inhibitor), but
its binding affinity decreases as the potential becomes more negative. (2) Cyanide totally inhibits
CO oxidation, but its effect on CO5 reduction is limited to a narrow potential region (between —0.5
and —0.6 V), below which CO5 reduction activity is restored. (3) Cyanate is a strong inhibitor of
CO,, reduction but inhibits CO oxidation only within a narrow potential range just above the CO,/
CO thermodynamic potential—EPR spectra confirm that cyanate binds selectively to Crego. (4)
Hydrogen sulfide (H,S/HS™) inhibits CO oxidation but not CO5, reduction—the complex on/off
characteristics are consistent with it binding at the same oxidation level as Cyy and forming a
modified version of this inactive state rather than reacting directly with C,.q1. The results provide
a new perspective on the properties of different catalytic intermediates of Ni-CODH—uniting and
clarifying many previous investigations.
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INTRODUCTION

In biology, the rapid and direct redox interconversion of CO and CO, (1), a reaction of
enormous technological importance,

CO+H50 «— CO9+2HT+2e~ (1)

is catalyzed by metalloenzymes called carbon monoxide dehydrogenases (CODHSs).1:2 The
enzymes found in anaerobic organisms contain Ni and are referred to as Ni-CODHs.
Important examples are provided by the thermophilic bacterium Carboxydothermus
hydrogenoformans (Ch), which can grow chemolithoautotrophically on CO as sole carbon
and energy source?3 and expresses five Ni-CODHs. In the Wood-Ljungdahl pathway for
CO», fixation used by methanogenic and acetogenic bacteria, a Ni-CODH is complexed with
acetyl-CoA synthase (ACS), where it provides, internally, the CO necessary for generating
acetyl-CoA.# Using conventional kinetic assays, turnover frequencies as high as 30 000 s™1
at pH 8, 70 °C have been reported® for CO oxidation by two of these enzymes, CODH Icp,
and CODH llgp, both of which are monofunctional (i.e., they catalyze only the CO/CO,
interconversion) and have similar spectroscopic properties.

Structural features of Ni-CODHs of relevance to this paper are summarized in Figure 1.
Crystal structures of the monofunctional CODHs from Rhodospirillum rubrum (Rr)8 and C.
hydrogenoformans’ show that the enzymes are homodimeric. Each subunit contains a buried
active site known as the C-cluster which features a [Ni3Fe-4S] cubane-like center with a
fourth, “dangling” Fe-atom linked to the [3Fe-4S] fragment via one sulfido ligand.
(“Dangling” emphasizes the part-external position of this Fe relative to the main cluster, and
we use it in preference to the less-informative terms “ferrous center I1” or “unique Fe”.)
There has been controversy over whether a fifth sulfido ligand, bridging the dangling Fe and
the Ni, is present in active enzyme.l Electron transfers between the C-cluster and the protein
surface are mediated by two [4Fe-4S] clusters: the B-cluster, which has a typical EPR
signature of a [4Fe-4S]" cluster(gay < 2), and the surface-exposed D-cluster that is
coordinated equally by both subunits. It is thought that electrons are transferred from
ferredoxin to the D-cluster and pass through the B-cluster to the C-cluster, which catalyzes
the reduction of CO, to CO.

This basic model for CO,/CO interconversion has emerged from crystallography, various
kinetic and spectroscopic techniques, and theoretical calculations. A particularly significant
result was reported by Jeoung and Dobbek,” who, by incubating crystals of CODH Il with
NaHCO3 under reducing conditions (-0.6 V), revealed an “intermediate” state in which CO,
is bound through the C-atom to the Ni (at 1.96 A) to complete the square-planar
coordination geometry that is quite typical of Ni(ll). One of the O-atoms of the bound CO,
is coordinated to the dangling Fe at a distance of 2.05 A (Figure 1a). This result supported a
working mechanistic hypothesis based on simple chemical principles—that the role of the
dangling Fe is to abstract (as hydroxide) an O-atom from CO,, via a proton-coupled two-
electron reaction, leaving CO bound to Ni: conversely, the reverse reaction involves
nucleophilic attack by the Fe-bound hydroxide on the Ni-bound carbonyl C-atom.

The redox transformations have been studied by EPR-monitored titrations.® The inactive
oxidized state Cqy is EPR-silent: as studied with the CODH/ACS complex from Moorélla
thermoacetica (Mt), Coy is reduced by one electron to the active state known as Crgq1, Which
exhibits a characteristic EPR signal with g,, ~ 1.82 (g = 2.01, 1.81, 1.65). The reduction
potential for this reaction is approximately =220 mV in CODH/ACSy;® and 110 mV in
CODHpg.? In CODH/ACSy;, the Cyeqz State rapidly reacts with CO (the rate constant at 5

J Am Chem Soc. Author manuscript; available in PMC 2014 January 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 3

°C is 400 s71, equating to approximately 1.7 x 104 s71 at the physiological growth
temperature of 55 °C)10 to give CO, (which is released) and Cyeqo, Which exhibits an EPR
signal with g,y ~ 1.86 (g =1.97, 1.87, 1.75). The reduction potential for the two-electron
interconversion between Cygq1 and Ceq2 in CODH/ACS)y; is approximately —520 mV for
CODHy® and —540 mV for the CODH/ACS from Methanosarcina thermophilall at pH 7,
which is very close to the formal reduction potential for the CO,/CO couple.1? The half-
cycle regeneration of Creq1 O Creq2 by long-range electron transfers requires at least
transient participation of an EPR-silent intermediate state Cj,.13 The electron distribution in
the C-cluster in these different oxidation levels is still unresolved. Based on the large °/Fe-
and minimal 82Ni-hyperfine values, most of the unpaired spin density is clearly localized on
Fe in both the Ceq1 and Cyeqy States.14 The similar EPR spectra for the C-cluster (g < 2)
further suggest that a [3Fe-4S]~ fragment is present in both Creq1 and C,eqp; therefore, the
two-electron transition might involve Ni(11,0) or participation of a Ni(Il) hydride,1> the latter
possibility also accounting for the instability of Cjy;.

Several small molecules such as cyanide (CN™), cyanate (NCO™), and sulfide (introduced as
H,S or HS™) are known to be inhibitors of CODH.16-21 Although reactions of these
inhibitors with CODH isozymes have been investigated by kinetic methods, spectroscopy,
and crystallography, it is still unclear how they selectively target discrete species in the
catalytic cycle (e.g., Coxs Cred1, Creqg2)- Cyanide, an electronic and structural mimic of CO, is
a slow-binding competitive inhibitor of CO oxidation,18:20.22.23 and this is consistent with
the observation that its binding affects the EPR spectrum of Cyeq1 but not Cyeqo.22 It thus
follows that NCO™, which structurally and electronically resembles CO», should bind
preferentially to Cyeqo. The EPR experiments carried out on the CODH/ACSy; complex
from Moorella thermoacetica are not easily interpreted in this context, because they showed
that NCO™ binding causes major changes to the EPR spectrum (g, > 2) under conditions
that favor Cyeq1.18 Less intuitive is any prediction of the state(s) that an exogenous sulfido
species should target, and there remains some controversy. An additional S-atom is found in
certain crystal structures of Ni-CODHs as a bridging ligand between the Ni-atom and the
dangling Fe-atom,17:18 yet reported effects of exogenous sulfide vary between it being an
inhibitor!® and an activator.17-18

Protein film electrochemistry (PFE) refers to a suite of techniques that address enzyme
molecules directly attached to an electrode surface, allowing catalytic activity to be recorded
(as current) as a continuous function of electrode potential and/or time.24 The rates and
strengths of binding of an inhibitor are thus addressable as a precise function of potential
during steady-state catalysis, and this allows the particular redox level of the enzyme that is
being targeted to be identified. Importantly, information on enzyme activity is easily
obtained at potentials well below those commonly accessed by chemical mediators and
titrants, which is essential when studying an enzyme able to catalyze CO, reduction, which
requires potentials more negative than —0.5 V. The fact that the enzyme is immobilized also
allows inhibitors to be added and then removed, a procedure that is impractical in solution
kinetics. Many enzymes, including CODH, behave as reversible electrocatalysts and are
inspirational for energy technologies such as solar fuel conversion.12:25-27

Here we describe the use of PFE to establish and analyze the strong potential dependence of
the inhibition of enzymatic CO oxidation and CO, reduction by cyanide, cyanate, and
sulfide. The experiments focus mainly on one technique, cyclic voltammetry, which
provides immediate qualitative information in both time and potential dimensions. The
results, obtained for CODH Iy, from Carboxydother mus hydrogenoformans, reveal very
clearly how each inhibitor targets different states of the enzyme and show how rapidly they
bind or leave the active site as the redox level is changed. Selective binding of cyanate to
Credz is confirmed by EPR spectroscopy. The findings provide a wide, continuous potential
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landscape for structural and spectroscopic research carried out over three decades, and they
explain and unify important aspects of this class of enzyme.

METHODS

Isolation and purification of CODH Iy, from Carboxydother mus hydrogenoformans were
carried out as previously described.28 All chemicals were of analytical or equivalent grade.
The gases, carbon monoxide, carbon dioxide, and argon, were purchased from BOC.
Potassium cyanide and potassium thiocyanate were obtained from Fluka, and sodium sulfide
and potassium cyanate were purchased from Sigma-Aldrich. All electrochemical
experiments were undertaken in a glovebox (Vacuum Atmospheres, O, <5 ppm). An all-
glass electrochemical cell was used for all experiments. The cell was fitted with inlet and
outlet (vented to flue) for gases, a port for injection of solutions, a Luggin side arm that
housed the saturated calomel electrode (SCE) reference, a Pt counter electrode, and a
housing into which the electrode rotator fitted snuggly and formed a gastight seal. The
pyrolytic graphite “edge” (PGE) electrode (diameter 2 mm) was constructed as described
previously.12 Before each electrochemical experiment, the PGE electrode was polished
using 5 #m sandpaper and sonicated to remove debris. Approximately 2 L of enzyme
solution (16 mg/mL) was discharged from a pipet onto the PGE surface. To improve the
stability of the enzyme film on the electrode, polymyxin (Duchefa Biochemie) was added to
the coating solution in a 3:1 ratio over enzyme. Instability (we refer to this as film loss) was
usually only a problem when conducting experiments over several hours at 25 °C.

All potentials are quoted versus the standard hydrogen electrode (SHE) using the scaling
correction E(SHE) = E(SCE) + 241 mV at 25 °C. Voltammetry and chronoamperometry
were performed with an Autolab PGSTAT10 or PGSTAT20 electrochemical analyzer. The
rotation rate (w) of the electrode was usually set at 3500 rpm, above which the current was
always independent of . Unless otherwise stated, experiments were carried out using 0.2 M
MES buffer (pH 7.0) as buffer-electrolyte at 25 °C, the high concentration of MES being
necessary to minimize changes in pH due to reaction with CO,. Gas mixtures were
introduced into the cell headspace without bubbling—the electrode rotation was sufficient to
facilitate equilibrium between headspace and solution. The gas flow rate and the
composition of gas entering the cell headspace were controlled by mass flow controllers
(Sierra).

EPR spectra were recorded using a Bruker ESP300e (with EMS upgrade) spectrometer
equipped with an ER 041 X microwave bridge, a B-E 25 magnet, an ER 083 C power
source, a 4119HS cavity, and an Oxford Instruments cryostat. As-isolated samples of CODH
Ich were buffer-exchanged into 50 mM Tris-HCI, pH 7.6, just before treatments with
oxidants or reductants. The Cq1 State of the enzyme was generated by titrating the protein
with benzyl viologen. The C,qo State was generated by purging with CO for 5 min and then
adding dithionite to a final concentration of 4 mM, or by simply treating with dithionite
alone.

RESULTS

Carbon Monoxide as a Product Inhibitor

Cyclic voltammograms to probe product inhibition by CO during the reduction of 40% CO,
are displayed in Figure 2. The enzyme is adsorbed on the rough PGE surface in such a way
that electronic contact is made between the electrode and the active site via the Fe-S clusters
that extend to the protein surface. In a cyclic voltammogram the electrode potential is varied
in a cyclic manner back and forth between two limits. The potential variation induces a flow
of current that depends on the equilibrium potential set by the Nernst equation (i.e., the
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standard potential adjusted by the logarithmic activities protons and oxidized/reduced forms)
and by the corresponding rates of catalytic electron transfer in each direction. Catalytic
reduction of CO, appears as a negative current that begins at electrode potentials more
negative than —0.5 V, whereas oxidation appears as a positive current that begins above -0.5
V. The current is directly related to steady-state enzyme activity. Absolute activity is usually
difficult to calculate because it requires knowledge of the electroactive coverage of the
enzyme, which is usually too low to measure reliably, but the voltammetry gives excellent
information on the relative rates of catalysis in either direction. As the potential is varied,
inhibitors may become bound or released, thereby altering the current in particular regions
of the voltammogram. The Kinetics of inhibitor binding and release can be studied by
carrying out experiments at different scan rates, or by introducing an inhibitor at a certain
fixed potential and monitoring the current as a function of time. The reason for performing
cyclic voltammetry as opposed to simply using single linear sweeps of potential is that
processes that are not at steady state become visible; importantly, interconversions that are
slow compared to the potential scan rate appear as hysteresis, in contrast to the strict overlay
in either direction that would occur if all processes conform to steady-state kinetics.

In Figure 2, cyclic voltammetry was conducted between limiting potentials of —=760 and
-160 mV, at different levels of CO, using Ar to maintain the total gas balance. As the CO
concentration in the headspace is increased the current due to electrocatalytic CO, reduction
decreases. The attenuation of current is due to product inhibition: as expected for rapid on/
off processes, the voltammograms conform to a steady-state condition throughout the cycle
with no hysteresis. In addition to the decrease in CO5 reduction current as CO is added, the
average potential at which the scans in either direction cross the zero current line becomes
more negative. These two observations are connected in an important way because the
decrease in zero-current potential—a thermodynamic effect—shows that the driving force
has decreased, and this could alone explain the lower CO, reduction activity. However, even
after taking this factor into consideration by adjusting the horizontal position of the
voltammogram, the rate of CO, reduction is clearly retarded if CO is present.

Lineweaver—Burk plots using chronoamperometric data were used to obtain the apparent K;
value for CO at two different electrode potentials, -560 and —=760 mV, at pH 7 (an
experiment at =760 mV is shown in Supporting Information, Figure S1). Data are shown in
Table S1. A 7-fold higher inhibition constant is obtained at the more negative potential (K| =
337 vs 46 M), showing clearly that CO has a much lower affinity for the more reduced
state of the active site.

Cyanide—An Inhibitor of CO Oxidation

Cyanide is a well-studied inhibitor of CODH.18:20.23.28-30 According to EPR

studies, 18202131 an EPR signal with g,y = 1.72 (g = 1.87, 1.78, 1.55) is observed when CN~
is added to the Cyqq; State of the CODH/ACS)y;. Figure 3a, b shows catalytic cyclic
voltammograms obtained before and after injection of KCN to a final concentration of 1
mM into the electrochemical cell under 100% CO,. The cycles were initiated at —0.74 V,
and the scan rate was 1 mV/s—chosen to reveal hysteresis, reversibility, and changes in
these features as the CN™ concentration drops due to HCN evaporation. Panel (a) shows the
effect of injecting CN™ at the beginning of the second cycle (also at —0.74 V): the current
due to CO5, reduction does not immediately drop to zero, but does so over the course of
several seconds as the potential is scanned in the positive direction. Toward the end of the
second cycle, the current increases sharply below -0.6 V, showing that the inhibitor is
released rapidly as the enzyme adopts a more reduced steady-state level in the catalytic
cycle. Upon commencing the third cycle, inactivation occurs at a slower rate, attributable to
evaporation of HCN (pK, = 9.21) from the cell solution; accordingly, this hysteresis was
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especially evident from a separate experiment (Supporting Information, Figure S2) in which
CN™ was injected to give a final concentration of just 0.1 mM. Panel (b) shows a similar
experiment except that CN™ was injected during the latter part of the first cycle, as the
potential passes down through —0.6 V. Especially evident now is the slow rate at which CN~
inhibits the enzyme (over the 50 s taken to reach —0.65 V) before it dissociates as the
potential continues on to —0.74 V. The second cycle continues as expected from panel (a).
Further experiments confirmed that CO oxidation activity is totally abolished, regardless of
the presence or absence of CO, (Supporting Information, Figure S3).

To establish the stoichiometry and cooperativity of the redox transition between oxidized
CN~ binding and reduced CN-free states, we studied the cyclic voltammetry in the presence
of CN™ under conditions designed to minimize hysteresis, i.e., at very slow scan rate (0.4
mV/s) and a high concentration of CN™ (10 mM). By plotting log{fractional inhibition}
against electrode potential, we obtained an n value between 1.3 and 1.6 in several
experiments, where n represents the degree of cooperativity for a reaction involving more
than one electron. An example is given in Figure 3c. In the context of these experiments,
“cooperativity” means the degree to which a one-electron redox transformation results in
spontaneous transfer of the second electron: a fully cooperative reaction would show n =
2.0, meaning that the one-electron intermediate is highly unstable. The significance of an n
value between 1.3 and 1.6 is that a one-electron intermediate (in this case Cint) is unstable.
In unbiased terms this means that the release of CN™ occurs predominantly from a state that
is two electrons more reduced than the state to which it binds tightly. This estimation was
not trivial. First, the large differences in the rates at which CN™ inhibits and is released, and
the strong potential dependence of these rates, make it difficult to attain a reversible
situation; therefore, a very low scan rate was required. Second, the reactivation potential for
CN™-inhibited CODH starts below ~ —620 mV, which limits the range over which a
sigmoidal current trace can be defined because the slope due to proton reduction from water
at the PGE electrode becomes significant at ~ -1 V. Third, CN~ is largely present as HCN,
which evaporates from the electrochemical cell at pH 7.0. This evaporation could be
minimized by halting the gas flow (CO,) during the experiment.

Cyanate—An Inhibitor of CO, Reduction and Marginal Inhibitor of CO Oxidation

As for cyanide, we studied cyanate inhibition by cyclic voltammetry, through which both
CO», reduction and CO oxidation are observed in the same experiment, making it possible to
deconvolute the effect of inhibitors in both states. As evident from Figure 4a, the current due
to CO, reduction decreases to almost zero when potassium cyanate is injected to a final
concentration of 6.67 mM at —0.76 V during the sweep to more positive potential. On the
return cycle there is a narrow window, just above —0.6 V, where CO5 reduction is observed
before full inhibition is re-established. The dissociation constant of NCO™ was estimated to
be about 1.9 mM for CO, reduction at =760 mV (Supporting Information, Figure S4).
Figure 4b shows the effect of NCO™ on CO oxidation: there is a narrow region of potential
where CO oxidation appears inhibited, but above —0.4 V the effect on CO oxidation is
almost insignificant (the decrease in limiting current at high potential is attributable to slow
film loss). The catalytic voltammogram recorded in the presence of 6.7 mM NCO~
resembles that recorded for CO only, except that the sigmoidal wave is shifted by about 50
mV in the positive direction. The clear conclusion from these experiments is that cyanate is
a potent inhibitor of CO, reduction and inhibits CO oxidation only within a narrow window
just above the thermodynamic potential for the CO,/CO couple.

Binding of cyanate to CODH I was studied further by EPR spectroscopy, and relevant
results are shown in Figure 5. The spectrum of a sample oxidized with benzyl viologen,
which results in the state Ceqq Characterized by g =2.01, 1.89, and 1.73, is essentially
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unchanged in the presence of 1 mM potassium cyanate, and the shape is further unchanged
even in the presence of 20 mM cyanate (Figure 5A-C). Using these EPR spectral
parameters, i.e., 40 mW at 12 K, the “g = 1.94-type” signals of the B-cluster and the Cygqo
signals are unsaturated and the C,gq1 features are slightly saturated (Supporting Information,
Figure S5, left panel); however, the morphology of the C,eq1 Spectrum is unchanged relative
to a spectrum run at lower powers. These conditions are ideal for studying the benzyl
viologen-oxidized sample because the slowly relaxing radical signal, which overlaps with
the low-field absorption feature of Cyeq1, is strongly suppressed (Supporting Information,
Figure S5, right panel). When the power is reduced to below 1 mW or the temperature is
increased to above 25 K, the strongly saturated signal of the benzyl viologen radical begins
to be observed. This narrow S-shaped radical signal becomes predominant at low powers
and high temperatures (above 25 K); however, at these temperatures, the spectral features
from the fast-relaxing C-cluster are very broad. The g-values for C,qq; are slightly different
from those of the CODHSs from Rhodospirillum rubrum (CODHRg,) (2.03, 1.88, 1.71) and the
CODH/ACS from Moorella thermoacetica (CODH/ACS)y) (2.01, 1.81, 1.65)8 and
Methanosarcina thermophila (2.02, 1.88, 1.71).11 The CO-treated CODH I, (Figure 5D)
exhibits an EPR spectrum that reflects mainly reduction of the B-cluster to form the Byeqg
state, having g = 2.04, 1.93, and 1.89, with the C-cluster largely persisting in the C,q; State.
It is surprising that CO treatment alone does not convert CODH Iy, predominantly to the
Credo State, as is observed for the CODH/ACS32 and CODHRg,.33 However, addition of
either 1 mM (Figure 5E) or 20 mM (not shown) cyanate results in almost quantitative
conversion of Cgqq to the Ceqp State, as shown by the increase in EPR signals with g = 1.96
and 1.77 and loss of the signals from Cgq1. Similarly, when cyanate was added to the
dithionite-reduced form of CODH Iy, exhibiting the spectra due to Byeq and a mixture of
Cred1 and Cyeqo States (Figure 5F), the intensity of the C,eqp Signals increased (Figure 5G).
These results demonstrate that cyanate selectively enhances the EPR spectrum of the Cieq2
state of CODH Iy, confirming the PFE results.

Inhibitor of CO Oxidation That Binds to an Oxidized Inactive State of CODH

Some crystal structures of CODHs have revealed a sulfide ion bridged between the Ni-atom
and the dangling Fe-atom, and there has been some controversy as to whether this structural
feature is physiologically relevant.”17-19:34 Experiments to examine the inhibition of CODH
by sulfide are shown in Figure 6. No inhibition of catalytic CO, reduction was observed
(Figure 6a), even when a relatively high concentration of buffered sodium sulfide (to a final
value of 2 mM) was injected (the loss in current during a cycle is due to natural film
instability). This result correlates strongly with the observation that no EPR signal changes
are observed when sulfide is added to a sample in the Ceq state.18:19 In contrast, sulfide
inhibits CO oxidation in a complex manner, as shown in Figure 6b. Without addition of
sulfide, cyclic voltammograms at low scan rates show slow inactivation as the potential is
taken above 0 V, with a partial reactivation observed between —50 and —100 mV on the
return scan. The reactivation potential corresponds to values expected for the Coy/Creq1
couple based on several studies of CODH from different species. When 1 mM sodium
sulfide (final concentration) is injected at —400 mV (at which potential the CO
electrocatalytic oxidation current is small due to the low driving force, but still very
evident), there is no immediate drop in current or even the slightest change of shape of the
cyclic voltammogram as the potential is increased over the next 0.3 V. This result is
consistent with the report from Svetlitchnyi et al.,1® who concluded that sulfide does not
inhibit CO oxidation by methyl viologen. Feng and Lindahl, by contrast, found that sulfide
partially inhibited CO oxidation activity (limiting values being 30% and 60% for CODH;
and CODHEgy, respectively) when using methyl viologen as electron acceptor.
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However, a very different and more detailed picture emerges when the potential scan is
continued in a positive direction, as the current levels off and decreases rapidly above —50
mV. The enzyme remains inactive during much of the return scan to negative potential and
then reactivates at potentials below —0.25 V in a sharp transition (which remains sharp when
the scan rate is increased to 10 mV/s). Experiments in which the sulfide solution is injected
at more positive potentials (Figure 6¢, d) show that inhibition occurs immediately, and the
degree of inhibition increases as the potential increases, being complete at potentials above 0
V. The potential at which CODH is rapidly inactivated in the presence of sulfide coincides
closely with the potential (ca. =50 to =100 mV) at which the enzyme inactivates (albeit very
slowly) in the absence of sulfide. Chronoamperometric experiments showed that the reaction
with sulfide is much faster than the reaction with CN™ at +0.16 V (Supporting Information,
Figure S6). Our results therefore show that sulfide does not bind directly (or at least rapidly)
to a catalytic state of CODHcp, (allowing CO oxidation to occur unaffected over a wide
potential range, up to approximately —0.1 V and well above that attainable with oxidized
methyl viologen) but enters instead via a more oxidized state, which it stabilizes. Release of
the inhibiting sulfide species does not occur until a more reducing potential is applied. This
potential (ca. —0.25 V) is more negative than that observed for the normal activation process
(-50 to —100 mV) assigned to the reductive one-electron transformation from Cgyy t0 Cyeqs.
Continuing the scan down to =560 mV and then scanning back to the region of CO
oxidation reveals that only a small amount of further recovery has occurred under highly
reducing conditions (compare the currents at —400 mV). The general decrease in catalytic
activity that is observed compared to experiments performed without sulfide suggests that
sulfide also causes less reversible changes to the enzyme.

DISCUSSION

Several small molecules and ions, carbon monoxide, cyanide, cyanate, and hydrosulfide
(sulfide), act as inhibitors of Ni-CODH in a redox-dependent manner, as summarized in
Figure 7. In this scheme, red shading indicates the potential region over which the enzyme is
inhibited, gray indicates no binding, and green indicates that binding leads to turnover. The
dashed arrows indicate reactions that are slow compared to those indicated by full arrows.
As a guide, the reduction potentials for CO,/CO as well as values expected on the basis of
various EPR titrations for the Cqy/Ceq1/Cregz interconversions are also indicated. The results
of PFE studies suggest a model for how these inhibitors intercept the catalytic cycle at
different stages, as shown in Scheme 1. We assume that all inhibitors target the active site:
X-ray crystallography of the enzymes from R. rubrum,® C. hydrogenoformans,” and M.
thermoacetica3®36 shows that the active site consists of a distorted [Ni—3Fe—4S] cubane
coordinated to a unique dangling Fe site (also called ferrous component Il (FCII)).
Structures of the C. hydrogenoformans’ and M. thermoacetica3’ enzymes demonstrate
binding of the substrate water molecule to the dangling iron, consistent with spectroscopic
studies indicating that water binds to Fe.38 The structure of the CO,-bound C.
hydrogenoformans enzyme reveals the carbon bound to Ni and one of the O-atoms bound to
the dangling iron.”

Our electrochemical results demonstrate that CO inhibits CO» reduction by binding as a
product inhibitor to the C,qq; State of CODH. Product inhibition is further quantified by
chronoamperometry, which shows that K; for CO increases as the potential becomes more
negative. This binding stabilizes the product complex as C;eq1-CO, impeding return to the
active Ceqp State for CO, reduction. In a structure of the CODH from Methanosarcina
barkeri (Mb), CO was proposed to bind to Ni with a bent conformation, adjacent to the
water—Fe complex.3® Multiple infrared bands at 2078, 2044, 1970, 1959, and 1901 cm™1
were attributed to multiple CO molecules or heterogeneous modes of binding to the C-
cluster.40
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The electrochemical studies are entirely consistent with previous conclusions that CN™
targets the Ceqy State,18:20:22.23 and they show further that it is released at very negative
potential (the n-value shows that release occurs from a state that is two electrons more
reduced, which must be Ceq2), enabling CO5 reduction to occur. The results further
highlight the unusually slow rate at which CN™ binds, which results in severe hysteresis of
the catalytic cyclic voltammetry. All Ni-containing CODHs are subject to potent inhibition
by cyanide.18:20-23.41.42 Binding of cyanide results in conversion of the EPR spectrum of
Cred1 to a similar spectrum with g = 1.87, 1.78, and 1.55.22 There is significant kinetic and
structural evidence that CN™ binds to the Ni center of the C-cluster, although some
spectroscopic studies suggest that CN™~ binds to the dangling Fe.33:38 Support for a Ni-CN
complex include early studies of the R. rubrumenzyme, which showed that the Ni-deficient
enzyme does not bind CN~.2042 Similarly, crystallographic studies of the C-cluster in the M.
thermoacetica CODH/ACS); indicate that CN™ binds to Ni in a bent conformation
reminiscent of the Ni-CO complex (above), again with an adjacent water remaining bound
to the dangling Fe.3” A conserved isoleucine residue, which is present in both the M. barkeri
and M. thermoacetica structures, appears to promote this bent configuration, sterically
preventing formation of the expected linear Ni-CO and Ni-CN complexes. On the other
hand, a linear Ni-CN complex has been observed in the crystal structure of cyanide-bound
CODH Iy, from C. hydrogenoformans.*3 These two (linear and bent) modes of cyanide
binding are consistent with steady-state kinetic studies which demonstrate that CN™ acts as a
slow inhibitor,20 thus suggesting that cyanide forms a rapid, reversible complex that
undergoes a slow rearrangement to form a tight-binding complex.28:43

Based on our electrochemical studies, cyanate (NCO™), an analogue of CO,, binds at the
Creq level and is released as the potential is raised to favor Crqq at steady state. As with
CN7, the binding of NCO™ is slow, on the time scale of several seconds for millimolar
concentrations. Cyanate may bind in a bridging mode similar to that of CO,, with carbon
bound to Ni and one of the oxygens bound to Fe.” The EPR results fully support the
stabilization of Ceqy provided by cyanate binding (which results in an enhancement of the
spectrum); equally, the lack of changes in spectral shape provide indirect evidence that the
NCO™ ligand binds to the Ni site (which harbors little spin density) within the NiFeS core
instead of the [3Fe-4S]~ core where most of the spin density is housed. Equally, compared to
CN~, NCO™ is a much weaker donor and less likely to exert an indirect electronic effect on
the [3Fe-4S] core.

The binding of sulfide to CODH has been a source of much controversy, and studies have
indicated that sulfide can act as either an inhibitorl® or an activator.17:18 Initial structures of
the C. hydrogenoformans CODH included a sulfide bridge between Ni and the dangling Fe
in the C-cluster,17:18 which is not observed in the enzymes from R. rubrumand M.
thermoacetica. Subsequent studies of the C. hydrogenoformans enzyme indicated that the
sulfide is absent in catalytically competent enzyme species and that its replacement leads to
enzyme activation. Our experiments now show that sulfide does not bind (at least rapidly)
until a potential above =50 mV is applied, meaning that (at least) one electron must first be
removed from the C-cluster. This potential is close to values reported for the Cgy/Creq1
redox couple, which is associated with reactivation of oxidatively inactivated CODH, and
corresponds also to the small reactivation peak always observed in the absence of sulfide
when the electrode potential has been taken to a high value. However, the product formed in
the presence of sulfide does not reactivate until a more reducing potential of —-0.25 V is
applied. Addition of sodium sulfide to the enzyme that had been held at a high potential for
a long period (to produce a larger amount of Cgy) still showed reactivation at —0.1 V,
demonstrating that sulfide does not react, at least rapidly, with C,y itself. Therefore, sulfide
(as HS™) rapidly intercepts a state that is also oxidized above C,qq1 before the stable form(s)
of Cox is established. The explanation for past confusion about sulfide ligation is therefore
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(at least for CODHcy,) that two forms of Cyy can coexist, one with an O-atom bridge and the
other (Cg in Scheme 1) with a S-atom bridge, the latter state appearing more stable because
it requires a more negative potential to release the sulfide ligand. Although we cannot rule
out sulfide binding to a more reduced state, it is important to note that if the reactivation
process instead corresponded to the reductive removal of sulfide from Cygq1 (reports vary
from it being a zero or partial inhibitor of CO oxidation by the weak oxidant, methyl
viologenl7-19) it would not be possible to account for the potential of reactivation that is so
clearly observed. Sulfide binding that is specific to C,eq; must stabilize that state relative to
Creq2 and thus lower the reduction potential for the Cyeq1/Creq2 COUple; i.e., a much more
negative value would be expected for reactivation, as is observed with CN™. The stark
contrast to the behavior with respect to the Cqq1 inhibitor CN™, observed so clearly using
PFE, shows that sulfide acts instead by targeting and stabilizing a higher oxidation level than
Creq1- In a previous study of CODH by PFE, we consistently noted two reactivation peaks at
high potential,12 although the relative sizes of each varied from one sample to another. This
observation could now be explained if that enzyme sample contained a certain fraction of
the sulfide-inactivated oxidized form. Interestingly, the structure (Figure 1d) showing a
bridging S-atom was prepared by reduction under CO, perhaps reflecting how difficult it is
to control the oxidation states of centers during sample preparation for crystallography.

CONCLUSION

In summary, these PFE experiments represent the first investigations of reversible inhibitor
binding to a CODH over a wide and continuous range of potential. The results
unambiguously reveal the extent of inhibition and rates of binding or release of different
inhibitors as the electrode potential is varied; the electrode potential in turn controls the
prevailing redox state of the enzyme during steady-state catalysis. Cyanide, which is known
to bind to Ceq1, Ceases to be an inhibitor of CO, reduction at very negative potentials.
Cyanate is established as a selective inhibitor of CO5 reduction with only a marginal effect
on CO oxidation; it therefore binds selectively to Ceq2, as expected for a molecule that is
isoelectronic with CO,. Sulfide, which behaves entirely differently to CN™ and does not
inhibit CO oxidation under a modest driving force, is established to bind only under more
oxidizing conditions. Sulfide thus stabilizes an inactive oxidized state that may be analogous
to Cox but with a bound sulfide ligand, its binding and release being poorly reversible. The
information thus obtained offers an invaluable guide for interpreting and understanding the
complex and diverse observations made through spectroscopic and structural investigations.
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Figure 1.

Different structures of the active sites of CODH Il obtained by X-ray diffraction: (a) —600
mV with CO», (b) =320 mV, (c) =320 mV with cyanide, and (d) CO-reduced CODH. Two
positions are found for the dangling Fe-atom in the crystal structure, labeled Feq, and Feqp,
respectively. The PDB codes are shown in each case.
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Figure 2.

Inhibition of CODH Iy by CO. Different partial pressures of CO were introduced into the
electrochemical cell to measure product inhibition. As the CO concentration increases, the
electrocatalytic current for CO, reduction decreases. The inset enlarges the region in which
CO,, reduction occurs. Experimental conditions: 25 °C, 0.2 M MES buffer (pH 7.0), rotation
rate 3500 rpm, scan rate 10 mV/s.
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Figure 3.

Cyclic voltammograms showing the potential and time dependence of inhibition of CODH
Ich by cyanide. Experimental conditions: 25 °C, 0.2 M MES buffer (pH 7.0), scan rate 1
mV/s. (a) After a complete cycle, KCN was injected into the electrochemical cell at —0.74 V
to give a final concentration of 1 mM. Subsequent scans reveal the release of CN™ as the
potential is taken below —0.6 V, and rebinding of CN™ on the return oxidative scan. (b)
Same as (a) except that CN™ is injected (also to a final concentration of 1 mM) at -0.6 V,
i.e., near the end of the first cycle while the potential becomes more negative. This
experiment clearly shows CN™ binding and then dissociating from the enzyme as the
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potential goes below —0.65 V. (¢) Result of fitting the Nernst equation from the red trace of
(a): a value of n=1.3 is obtained.
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Figure4.

Inhibition of CODH I by cyanate. Potassium cyanate was injected (final concentration in
the solution is 6.67 mM) into the electrochemical cell under a gas atmosphere of 100% CO,
(Figure 3a) and 50% CO, 50% CO, (Figure 3b). Experimental conditions: 25 °C, 0.2 M
MES buffer (pH 7.0), rotation rate 3500 rpm, scan rate 1 mV/s.
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Figureb5.

EPR spectra of CODH Iy, (A) oxidized with benzyl viologen; (B) oxidized with benzyl
viologen and in the presence of 1 mM potassium cyanate; (C) oxidized with benzyl viologen
and in the presence of 20 mM potassium cyanate; (D) reduced with CO; (E) upon CO
reduction, in the presence of 1 mM potassium cyanate; (F) reduced with dithionite; (G)
reduced with dithionite and then in the presence of 20 mM potassium cyanate. EPR
conditions: modulation amplitude 10 G for all spectra and (temperature, microwave power,
frequency) (A) 12 K, 41.2 mW, 9.38 GHz; (B) 12 K, 41.18 mW, 9.38 GHz; (C) 12 K, 41.2
mW, 9.383 GHz; (D) 10 K, 41.22 mW, 9.382 GHz; (E) 12 K, 41.21 mW, 9.379 GHz; (F) 12
K, 41.21 mW, 9.38 GHz; (G) 11 K, 41.21 mW, 9.381 GHz.
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Potential control of CODH Iy, inhibition by sulfide: 1 mM NayS or 2 mM NayS (final
concentration) was injected at different potentials. The asterisk refers to the reactivation
potential. Experimental conditions: 25 °C, 0.2 M MES buffer (pH 7.0), rotation rate 3500

rpm, scan rate 1 mV/s.
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Figure7.
Potential dependence of binding of inhibitors to CODH I¢cp. Red shading refers to the

potential region over which the enzyme is inhibited, gray indicates no binding, and green
indicates that binding leads to turnover. The dashed arrows indicate reactions that are slow
compared to those indicated by full arrows. The reduction potentials indicated at the top of
the chart are guiding estimates based on values reported in the literature for Cyeq1/Creqo®t!
(close to the CO,/CO potential at pH 7) and our own observation from the voltammetry in
the case of Cyx/Creqs-
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Scheme 1. Summary of the Interceptions of the Catalytic Cycle of CODH |y, by Small-Molecule
Inhibitors?

8The potentials =250 and =50 mV are the values observed for reactivation of enzyme with
and without sulfide. The potential =520 mV is the standard potential for the CO,/CO half-
cell reaction at pH 7.0.
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