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Electron-Transfer Chemistry of the Iron — Molybdenum Cofactor of
Nitrogenase: Delocalized and Localized Reduced States of FeMoco which
Allow Binding of Carbon Monoxide to Iron and Molybdenum
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Abstract: The electron-transfer chemis-
try of the isolated iron-molybdenum
cofactor of nitrogenase (FeMoco) has
been studied by electrochemical and
spectroelectrochemical methods. Two
interconverting forms of the cofactor
arise from a redox-linked ligand isomer-
ism at the terminal iron atom; this is
attributed to rotamerism of an anionic
N-methyl formamide ligand bound at
this site. FeMoco in its EPR-silent
oxidised state is shown to undergo three
successive one-electron transfer steps.
We argue that the first and second redox
processes are associated with electron-
transfer delocalised over the iron-sul-

fur core of the cofactor, whilst the third
irreversible process is localised on mo-
lybdenum. This is strongly reinforced by
spectroelectrochemical studies under
2CO and BCO which reveal two inde-
pendent carbon monoxide binding sites
that are specifically associated with the
second (iron core) and third (molybde-
num) electron-transfer processes and
which give rise to terminal »(2CO)
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bands at 1885 and 1920 cm™! respective-
ly. Moreover, in parallel with earlier
studies on the enzyme system, it is
shown that at low CO concentration,
carbon monoxide binds to the cofactor
in bridging modes, with »(CO) bands at
1835 and 1808 cm™! that are intercon-
verted by single-electron transfer. Impor-
tantly we show that the contentious over-
all 2e difference in the assignment of the
metal oxidation levels in the resting state
of the enzyme-bound cofactor, arising
from analysis of ¥’Fe ENDOR and Méss-
bauer data, can be resolved in the light of
the electron-transfer chemistry of the
isolated cofactor described herein.

Introduction

Integration of substrate binding with electron and proton
transfer at an {Fe;SqMo} cluster confined within a protein is
the essence of a key biological process, nitrogen fixation.[!
The structure of this cluster (the M centre) within the
crystalline resting-state nitrogenase MoFe protein has been
established by Rees and co-workers and is represented in
Figure 1.1 However, the site and mode of binding of
molecular nitrogen to the cluster and the mechanism of its
subsequent reduction to ammonia are unknown. Consequent-
ly, there has been considerable scope for speculation on how
nitrogenase works with diverse mechanisms postulated from
chemical and theoretical studies on model® 4 and in silicoP!
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Figure 1. View of the M centre in the MoFe protein of A. vinelandii
nitrogenase from X-ray crystallographic data of Rees et al. as first reported
in 1992.2

systems. A very recent high-resolution structure of the MoFe
protein of nitrogenase from Azotobacter vinelandii has led to
a revision of the nature of the M centre: it is suggested that an
interstitial N atom (or possibly C or O) is contained within the
central 6Fe3S cavity, octahedrally coordinated by the Fe
atoms. The presence of this light atom clearly disposes of the
peculiar unsaturation of the six “trigonal” iron atoms and is
most likely a structural element cross-linking the atoms of the
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trigonal prism to give a robust structure.ll Key questions such
as the oxidation states of the metal atoms in the cluster and
the net charge it bears in the resting or other states remain
controversial as discussed below. There are as yet really no
synthetic systems that adequately model structure and
function of the enzyme, although the capacity of abiological
mononuclear Mo or W systems to convert dinitrogen to
ammonia under ambient conditions is well established;? 7!
chemical precedent for a carboxylate ligand functioning as a
leaving group to unmask a dinitrogen binding site has been
demonstrated,®! and N—N bond cleavage reactions at dinu-
clear metal sulfur centres described.!

The M centre is ligated at the terminal Fe atom by a
cysteinyl ligand and at the terminal Mo by a histidine ligand
(Figure 1).1 Rupturing this ligation allows extraction into N-
methyl formamide (NMF) of the cofactor, FeMoco, which has
the ability to restore nitrogen-fixing activity to a mutant
protein devoid of the cluster.'’) Comparison between the
EXAFS, EPR and Mossbauer spectroscopy of isolated
FeMoco and that of the native protein, together with
analytical data, indicate that the {Fe;S¢Mo} cluster core is
conserved in the extracted cofactor and that it retains the
chelating homocitrate ligand (Figure 2).[!
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Figure 2. Schematic structure of isolated FeMoco. The interstitial light
atom X is N (or possibly C or O) according to a recent high-resolution
MoFe protein crystallographic analysis.®!

Protocols for obtaining NMF solutions of FeMoco at ca.
1 mm concentration from the MoFe protein of nitrogenase in
sufficient quantity are now well established. This has provided
the opportunity for a wide range of direct chemical, spectro-
scopic, kinetic and electrochemical studies of the cofactor;
these complement studies on the whole enzyme system and
are beginning to provide some insights into how exogenous
ligands, substrates and inhibitors interact with the isolated
cluster.['2-13]

In this paper we describe aspects of the electrochemistry of
FeMoco isolated from wild-type Klebsiella pneumoniae nitro-
genase. Seminal work on the electrochemistry of FeMoco from
Azotobacter vinlandii was described several years ago by
Schultz and co-workers,'®! and we take their studies as our
starting point. As expected from crystallographic data,l"”!
FeMoco isolated from either K. pneumoniae or A. vinlandii
has indistiguishable spectroscopic and electrochemical proper-
ties.

Results and Discussion

Herein the S =3/2 semireduced and EPR silent one-electron
oxidised states of the extracted cofactor are abbreviated as
FeMoco*™d and FeMoco®, respectively; other accessible
redox states are correspondingly superscripted in the text. In
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the discussion, the corresponding states of FeMoco in the
enzyme (the M centre) are designated M*mird M°* and so
forth. In the text, successive reduction processes of FeMoco®*
are labelled I, II, and III, and electrochemical parameters
such as the formal potential £° and peak current i, associated
with these processes are accordingly superscripted, fop
example, 'E”.

The state of ligation of FeMoco: The protein cysteinyl and
histidine ligands are de-coordinated from FeMoco when it is
extracted from the protein into NMF. The question arises as to
the nature of the exogenous ligands that coordinate to the
terminal iron atom (Fe,,,) and of those that occupy the
capping Mo coordination sites of the isolated cofactor.

The terminal iron site: Earlier IR studies indicate that the N-
deprotonated NMF anion ligates the terminal Fe atom,!®!
whereas sulfur K X-ray absorption edge studies (XANES)
have led to the proposal that Fe,., is ligated by a thiosulfate
ligand.["!

Figure 3 (lower trace) shows the cyclic voltammetric
behaviour of FeMoco® in the potential domain which
encompasses the primary reduction process that gen-
erates the FeMoco*™d system. The system displays two

-1.40 -0.95 -0.35
V versus SCE

Figure 3. Lower trace: Cyclic voltammetry of a solution of FeMoco®™ in
NMF at a vitreous carbon electrode recorded at 50 mVs™! over a potential
range encompassing the primary reduction process, showing two redox-
dependent isomer forms of FeMoco®/mird  Upper trace: Primary and
secondary reductions of FeMoco(SPh)** at 300 mV s~'. The double-headed
arrows represent one-electron currents based on ', ™.

major redox active forms. The scan rate dependence of the
voltammetry confirms that the redox couples are intercon-
verted in dynamic equilibria as observed by Schultz and co-
workers.?”l The difference in potential between the two redox
couples is relatively small (90 mV); this is indicative of
geometric or linkage isomerism rather than gross structural
change. The structural integrity of the {Fe,SqMo} core upon
extraction of the cofactor indicates that the redox isomer-
isation is associated with one or other of the exogenous ligand
sites. The redox isomerism collapses when one equivalent of
thiophenolate anion is added to the system and it is replaced
by a single reversible one-electron process, with E* close to
that of the high-potential isomeric couple.® 2l Cysteine
methyl ester similarly causes the collapse of the redox
isomerism.
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The natural ligation of the Fe,,, in the MoFe protein of
nitrogenase is the thiolate group of a cysteinyl residue, and
EXAFS studies of the isolated cofactor are concordant with
thiolates similarly binding to Fe,,.?!! Clearly the loss of the
redox-linked isomerism on addition of a thiol is directly
related to the nature of the exogenous ligand at Fe,.
Thiolate coordination and substitution of the exogenous
ligand at Fe,,, leading to a single redox active form of the
cofactor is paralleled by the sharpening of the broad EPR
spectrum of FeMoco*™d upon the addition of thiols."' If the
exogenous ligand binds in two different ways to Fe,.,, then
displacement of this ligand by thiolate will directly lead to the
loss of isomerism. It will be shown below that this provides an
explanation for the thiolate effect on the redox chemistry.

Replacing the exogenous ligand at Fe,.,, by thiophenolate
has only a small effect on the redox potential of the primary
FeMocoo/smired couple; it is shifted approximately 30 mV
positive relative to the primary redox potential of the isomer
system. This can be set against observations obtained by Holm
and co-workers on synthetic clusters:?? replacement of a
monodentate neutral ligand by an anionic ligand at the unique
iron centre in site-differentiated Fe,S, clusters that possess a
tripodal thiolate ligand results in a large shift in the redox
potential of the {Fe,S,}**** couple to more negative values.
For example, substituting the neutral ligands imidazole,
4-dimethylpyridine or tri-alkylphosphines by ethanethiolate
shifts E” potentials negative by more than 300 mV.["!
Thus the small positive shift of E° observed upon replacing
the exogenous ligand at Fe,, by an anionic thiolate ligand
is inconsistent with substitution of a neutral donor ligand
(for example, the solvent, NMF) by an anion. Rather,
the shift suggests the substituted exogenous ligand is also
anionic.

The redox-linked isomerism is associated with interconverting
monodentate/bidentate ligation: Given that isomerism occurs
at Fe..,, the question arises as to what type of anionic
exogenous ligand might lead to the observed redox inter-
conversions. Orme-Johnson and co-workers have reported
solution and solid-film FTIR spectra of FeMoco*™d that are
consistent with an N-bound anionic NMeCHO group ligating
the cluster and have suggested that base-treated NMF is
effective in extracting FeMoco from denatured protein,
because the N-deprotonated form of the solvent coordinates
to FeMoco as an anionic ligand (displacing cysteine).['8| We
have shown that certain metal complexes with N-bound
anionic amide ligands display two distinct redox couples with
E° values differing by about 120 mV.?’l This arises because
two rotameric forms exist, one with the amide oxygen atom
deployed towards the metal centre (amide ligand in the cis
conformation) the other with it deployed away (trans amide
conformation).” The significant activation energy for rota-
tion about the N—C amide bond, approximately 20 kJ mol~!,
ensures interconversion of rotamers is relatively slow and thus
allows observation of two redox couples at low temperature.
As would be expected, the couple with the more negative
redox potential has the oxygen atom deployed toward the
metal centre (cis amide configuration), whilst that with the
more positive E° potential adopts the trans amide arrange-
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ment. The equilibrium distribution of the isomers depends
upon the redox state of the complex with reduction favouring
rotation of the donor oxygen atom away from the metal
centre.

The FeMoco®¥semired jsomer system shows some parallel with
this rotamer redox chemistry. Firstly, the difference in redox
potential for the two FeMoco®¥ssmird jsomers is about 90 mV.
Secondly, the FeMoco*™*d jsomer with the more positive E*
is the more stable of the two forms (Figure 3). Thus one
plausible interpretation of the electrochemical behaviour of
FeMoco is that the exogenous anionic ligand bound at Fe,.,,, is
the amide anion [NMeCHO],["®l with the redox isomerism
arising from interconverting ligand cis—trans forms, as
observed in the amide complexes (Scheme 1).

Set against this interpretation there is some dispute as to the
necessity of using base-treated NMF to extract FeMoco.?*
Other solvents such as DMF can apparently be utilised
provided that alkylammonium salts are present, although
there are no published electrochemical data on FeMoco
extracted in this fashion. Analysis by sulfur K-edge XANES
has led to the suggestion that Fe,, is ligated by [SSO;]*>~. The
thiosulfate ligand is presumed to originate from the decom-
position of dithionite ([O,SSO,]*"), which is used to protect
the cofactor from oxygen damage during its extraction from
the MoFe protein.!'! Thiosulfate can behave as a mono- or
bidentate ligand,’! and, hence, there is the alternate possi-
bility that redox isomerism is associated with interconverting
n'/n* coordination modes of thiosulfate rather than the
suggested amide rotamerism.

Addition of Na,[SSO;] has no effect on the cyclic voltam-
metry of FeMoco in NMF. Either thiosulfate does not displace
an exogenous ligand at Fe.,, or the exogenous ligand is
thiosulfate. To test the propensity for thiosulfate to behave as
a thiol ligand towards Fe atoms in synthetic clusters, we have
examined its behaviour with [Fe,S,Cl,]>~. This cluster reacts
rapidly and quantitatively with PhS- in MeCN to give
[Fe,S4(SPh),])*~, a substitution that can be observed by cyclic
voltammetry by the replacement of the [Fe,S,CL,]***~ couple
by the [Fe,S,(SPh),]>®~ couple which occurs at a more
negative potential. In contrast, addition of an excess of
[NBu,],[SSO;] under the same conditions (vitreous carbon;
MeCN 0.2M, [NBu,][BF,]) leaves the [Fe,S,CLJ>**~ couple
unaffected and no new redox couple appears. Evidently
thiosulfate moiety does not substitute chloride ligands in a
synthetic cluster that possesses a similar Fe coordination
environment to that of Fe,,,. In contrast, Na[MeNCHO] does
react with [Fe,S,Cl,]*~, although this leads to cluster degra-
dation.P!

We have also qualitatively examined the effect of acid and
base on the native FeMoco system. We find that the redox-
linked interconversion is not suppressed on treatment of the
system with KOrBu. As the acid concentration is enhanced,
the potential of the second isomerism process is shifted to
more positive values. This is fully consistent with shifting the
equilibrium constants for the interconversion of the ox and
red isomeric pairs towards the trans,exo C=O form; notably
the redox equilibria of the model rotamer system are
correspondingly sensitive to interactions of the exo carbonyl
with solvent and ions, including protons.!
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Scheme 1. Redox-linked isomerism at the terminal iron-site of FeMoco. The cis —trans isomerism of the N-methyl formamide ligand explains the occurrence
of two redox processes with bidentate coordination disfavoured in the semireduced state.

In summary, redox isomerism at Fe,, is most likely
associated with anionic NMF rather than thiosulfate, protic
or other interactions.”?”!

The molybdenum site: In the enzyme, the molybdenum atom
of FeMoco is bound to the protein through a ligating donor
ligand, histidine.’l This is most likely replaced by a labile
NMF ligand in the extracted cofactor. The coordination of
other ligands to the molybdenum site of FeMoco have been
studied by monitoring the kinetics of PhS~ substitution at
Fe erm of FeMocose™ired 281 Imidazole has only a minor effect on
the kinetics of PhS~ substitution, consistent with replacement
of NMF at the remote Mo site upon imidazole binding.
Support for the binding of imidazole at Mo comes from
comparison of analogous kinetic data for the native cofactor
and that of FeMoco*™rd gbtained from a nifV- mutant in
which citrate rather than homocitrate is bound to Mo.['4 2]

Reduced states of FeMoco: Figure 3 (upper trace) shows the
well-defined cyclic voltammetry of the FeMoco(SPh)ov/semired/red
electron-transfer series in NMF recorded at 300 mVs~!. The
peak current at fixed scan rate for the FeMoco(SPh)ovsemired
couple i, provides an internal one-electron standard for the
apparent number of electrons transfered in other redox steps
of FeMoco (Mypparent)- Thus the ratio Wi /%i, gives "M1,ppuren = 1.1
at 300 mVs~!, consistent with two successive single-electron-
transfer steps. The uncompensated peak-potential separations
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for the two successive reductions are essentially identical
(AE=70mV at 50 mVs~!, 19°C), again concordant with one-
electron steps. As expected, at slower scan-rates M, .o
increases as the timescale allows reoxidation by protons at
50 mVs~, B, e = 1.5; however, this does not affect the
ratio %, /%"= 1.0, because FeMoco(SPh)*™ is regenerat-
ed.

There is a large separation of AE” =630 mV between the
redox potentials for the FeMoco(SPh)o¥semired couple (Fig-
ure 3, process I) and FeMoco(SPh)smireded couple (Figure 3,
process IT). Large values of AE are indicative of strong
electronic interactions between redox orbitals as observed in
synthetic cubane clusters.’”! The first and second FeMoco
redox processes are consistent with successive addition of
electrons to a delocalised cluster assembly (Scheme 2).

A hitherto unobserved third reduction, processIII, is
unmasked by thiophenolate modification of the cofactor,
Figure 3. For the native cofactor, processes Il and III are
unresolved and at slow scan rates ™"n,,,.... becomes large as
FeMoco engages in electrocatalysis of proton reduction to
dihydrogen.'? Thiophenolate coordination evidently shifts
the redox potential of process I to a more positive value,
thereby uncoupling the electrocatalysis (Figure 3). The value
of ™n, e 38 1.1 at 50mVs™' and approximately 0.7 at
300 mVs~L. The fact that reduction process III occurs at a
potential less than 150 mV negative of process II shows that
the redox orbital involved is insulated from the effect of

0947-6539/03/0901-0079 $ 20.00+.50/0 — 79



FULL PAPER

C. J. Pickett, S. P. Best et al.

(n+3)-

E/V

Ep =-1.33V e

PROCESSIII [—

Mo localised reduction

Hoffman and co-workers
have assigned the oxidation
states of the cofactor metal
atoms in the semireduced (§=
3/2) form of the MoFe protein
as {5Fe!l.(Fe"—Fe!' pair).Mo'}
on the basis of EPR and EN-
DOR studies of CO-modified
forms.*!l This analysis is sup-
ported by a recent DFT study
by Lovell et al.’? If this assign-
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generating the FeMoco(SPh)r¢
form of the cofactor would
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correspond to accessing an all-
ferrous state with the further
irreversible one-electron reduc-
tion generating a localised Mo
level. However, Miinck et al.[*3!
assign the formal oxidation
states of Mmired gg {4Fe!l 3Fe!ll -
Mo'V} and this differs by two
electrons from the earlier as-
signment.P!! In addition, these
workers have also suggested
that the generation of a Mo
centre occurs during enzyme
turnover on the basis of *'Fe
Mossbauer/rapid freeze data.

AEY = 630mV

SEMIRED
EY=-055V el -e . PROCESSI [
n-

(0%

Scheme 2. Accessing reduced states of FeMoco. Processes I and II are separated by a large "AE indicative of
strongly interacting redox orbitals and are therefore associated with reduction of the iron core; the corresponding
separation "UAFE is relatively small consistent with process III being a localised Mo-centred reduction.

charge addition at the FeMoco(SPh)smiredred Jevel, This is also
consistent with the irreversibility of process III leaving the
ratios ™ /M4 and %,°/%; ¢ unperturbed. We therefore
attribute III to a redox orbital localised on molybdenum
(Scheme 2).

Imidazole is expected to coordinate to FeMoco in the same
fashion as histidine in nitrogenase, that is, at the Mo site, and
kinetic evidence for this has been discussed.?® 2! Whereas the
addition of one equivalent of thiophenolate has a dramatic
effect on the electrochemistry of the native cofactor, stoi-
chiometric concentrations of imidazole have no discernible
effect on the overall cyclic voltammetry. At higher concen-
trations of the ligand (25 equivalents) the isomerism process
at the FeMoco®/smired Jevel remains unaffected showing that
imidazole does not bind at Fe,,,, at these oxidation levels to a
measurable extent (Figure 4). However the subsequent re-
duction steps II and III are better resolved although both
remain irreversible.
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They argue that the small dif-
ference of 0.02 mms~! for the
isomer shift values, 6,yerqe, be-
tween the semireduced
(Msemired) and an (integer spin)
reduced state (M™?) indicates
that an electron has been added
to molybdenum on accessing
the M™d (turnover) state. In
contrast, radiolytic reduction
of the MoFe protein in a syn-
chrotron X-ray beam also gen-
erates an integer spin, reduced state which Miinck et al.
designate as M'; however, in this case, reduction is thought to
involve Fe rather than Mo.[!

1l
-1.400 V

Figure 4. Cyclic voltammetry of FeMoco™ at 50 mVs™' (—); after
addition of 75 molar equivalents of imidazole (eees).
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The reductive electrochemistry of FeMoco(SPh)** is con-
sistent with two successive electron transfers delocalised over
the core iron-sulfur framework and a further localised
reduction on the Mo centre. The relatively small difference
in reduction potentials for accessing the FeMoco(SPh)*¢ and
FeMoco(SPh)™¢*!e Jevels may have resonance with the
observations on the protein by Miinck et al.3] that both iron
and molybdenum based reductions are accessible.

The assignment of core iron and molybdenum localised
reductions for the cofactor is further reinforced by the
observation that processes II and III lead to the “independ-
ent” binding of carbon monoxide at two distinct types of
redox site, as described below. The vexing question of
oxidation states with the two-electron difference between
assignments for Msmired ag interpreted by the groups of
Hoffman,P!l and Miinck,3 is addressed below in the light of
the CO interactions with FeMoco.

Interaction of FeMoco with carbon monoxide: Dinitrogen,
the natural substrate of nitrogenase is a m-acid ligand and can
bind in a terminal fashion by o donation to the metal and back
donation from metal d orbitals into N, z* antibonding
orbitals. We have examined the electrochemical/spectroelec-
trochemical response of FeMoco under argon and dinitrogen,
but have been unable to detect any differences in behaviour of
the systems at dinitrogen pressures up to 20 atm. This
contrasts sharply with the considerable modification of the
redox behaviour of FeMoco that is observed in the presence
of carbon monoxide,®! which has similar, but stronger, o-
donor/m-acceptor properties to that of terminally bound
dinitrogen as now discussed.

Electrochemistry of FeMoco®* under carbon monoxide: The
primary reduction, process I, of the cofactor in its native or
thiophenolate modified form is unaffected by CO. This is
concordant with spectroscopic observations on the whole
enzyme system, thus FTIR and EPR data show that CO does
not bind to the resting state M*™rd Jevel of the native
protein.[L 34

The key effect is observed on accessing the more reduced
states: processes II and III become well resolved under CO at
one atmosphere with i, substantially enhanced. Importantly,
new product oxidation peaks are clearly evident, that is,
processes IV and V in Figure 5a,b. Reversing the scan at
— 1.4 V gives rise to these peaks; holding at — 1.4 V for several
seconds prior to scan reversal leads to their build up and to a
decrease of i, (Figure 5a,d). Peaks IVand Vare not observed
on reversal at —1.25 V unless the potential is first held for
several seconds (Figure 5d,e). This observation is consistent
with oxidation of CO-bound intermediates by protons until
the concentration of HT is sufficiently depleted in the
diffusion layer to allow detection of product species. Bulk
electrolysis and FTIR spectroscopy experiments, which are
discussed below support this interpretation.

One equivalent of thiophenol collapses the redox isomer-
ism process to a single reversible one-electron response, as
observed under dinitrogen, but otherwise has little effect on
the voltammetry of FeMoco under CO (Figure 5b). Clearly,
Fe.., is not involved in binding carbon monoxide. The
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Figure 5. Cyclic voltammetry of FeMoco®™ after saturation of the NMF
solution with CO at 1 atm, a) 50 mV's™!; b) as for a) but after addition of
1 molar equivalent of thiophenol; c) as for a) but after addition of 75 molar
equivalents of imidazole; d)200 mVs~' after holding the electrode at
—140V (—) or —125V (eess); e)at 200 mVs~! with a switching
potential at — 1.25 V. Scan f) was recorded at higher CO pressure, 19 atm at
50 mVs.

thiophenolate-modified form provides for a comparison of
the peak currents of steps I and II; from this it is evident that
the latter approaches a two-electron-process under carbon
monoxide (Figure 5b). At higher concentrations of thiophe-
nol, catalysis of proton reduction competes with CO binding,
processes II and III merge and the product peaks I'Vand Vare
suppressed (data not shown).

The effect of increasing the carbon monoxide concentration
on the redox chemistry was probed by cyclic voltammetry
under CO at about 19 atm. There is a dramatic enhancement
of process III with a shift in ™E to a more positive potential,
consistent with fast following chemistry at high CO concen-
tration (Figure 5f). The value of ™7,,,en (50 mVs™") increas-
es from 1.0 at 1 atm to 2.2 at 19 atm. Evidently at least four
electrons can be transferred overall to FeMoco®™id at a
moderate pressure of CO. The product peaks, processes IV
and V, are suppressed, the significance of which becomes
apparent below.

Imidazole at high concentration only marginally perturbs
the cyclic voltammetry under CO. Small negative shifts in the
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oxidation potentials of process III and V and a slight positive
shift in process II are observed (Figure 5c¢).

Controlled potential electrolysis on the thiophenolate
modified cofactor was performed at —1.28 V under CO at
1 atm. The current decays in a four-phase fashion to about
40% of its initial value after the passage of approximately
4 Fmol~! of FeMoco™ and thereafter only slowly with
increasing charge passed (Figure 6). In the initial phase a

0.12 1
0.10
0.084

0.06 1

current/ mA

0.04 1

0.02

F / mol

Figure 6. Controlled potential electrolysis of FeMoco®* at vitreous carbon
cathode held at —1.28 V versus SCE. The plot shows the cell current
(constant stirring rate) versus the total charge passed.

the current rapidly decays towards a one-electron process
consistent with bulk formation of FeMoco*mid. This is
followed by a slower reduction phaseb, which probably
involves both proton turnover and CO binding at the
FeMoco™ level until the acidity falls sufficiently for buildup
of the three-electron-reduced carbonyl product, phase c,
compare with Figure 5d,e. Slow reoxidation of the latter by
protons would account for the observed plateau current in the
final phase d. In support of this we find that interruption of
the electrolysis after the passage of 4.5 Fmol~!, and examina-
tion by voltammetry, reveals the formation of the product
associated with process V (Figure 7). However, the voltam-
metric product peak is not persistent and is lost after several
seconds with reformation of FeMocosemired,

In summary, these electrochemical results clearly show that
carbon monoxide interacts with the cofactor on accessing

Product peak V

!'JT
Electrolysis at —1.28 V

Figure 7. Cyclic voltammetry of the catholyte after reduction of FeMoco®
showing formation of carbonyl species which gives rise to oxidation
process V. The solid line shows the response before electrolysis, the broken
line the response recorded immediately after passage of 4.5 F; the product
peak V disappears after several seconds.

8 —— © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

FeMoco™ and further reduced levels. Thus the initial
interaction of CO with FeMoco™¢ leads to a second electron
transfer that is reversible and occurs at a potential E” =
—1.05V (processIV), which is close to that of the
FeMoco*miredred couple. At high CO concentration the en-
hanced current associated with process III is indicative of a
further interaction with CO and also corresponds to the
transfer of an additional electron (Figure 5d). Again it would
appear that we are looking at electron-transfer chemistry
associated with two essentially independent types of site, one
associated with core iron atoms and the other associated with
molybdenum, as we have observed in the absence of CO
(compare with Scheme 2). Binding of CO at both types of site
promotes further electron transfer, as is generally character-
istic of reductive chemistry of transition metals under CO.
Thus up to four electrons can be formally transferred to
FeMoco*™d under moderate pressures of CO.

In order to more fully understand how CO interacts with
reduced states of FeMoco we have investigated the FTIR
spectroelectrochemistry of the system. This provides addi-
tional evidence that strongly supports reductive generation of
two electronically distinct types of binding site associated with
processes II and III. Importantly, it is shown that a bridging
CO intermediate is formed at low CO conctration (Schemes 3
and 4).

FTIR thin-layer spectroelectrochemistry of FeMoco® under
carbon monoxide: At low CO concentrations, FTIR spec-
troelectrochemistry encompassing reduction process II at
about —1.2'V shows the generation of a CO-bound inter-
mediate with »(CO) at 1808 cm~! (Figure 8a). This low-
wavenumber, low-intensity absorption is attributed to the
generation of a CO-bridged intermediatel’! on accessing
FeMoco™ under CO limiting conditions (Scheme 3). Reox-
idation at a potential more positive than that of process IV
leads to the formation of an intermediate with v(CO) at
1835 cm~! (Figure 8a, Scheme 3). Importantly, it is possible to
identify experimental conditions that confirm that the
1835 cm™! band is generated as an intermediate following
reduction of FeMoco*md on the way to formation of the
1808 cm~! band. Thus under lower CO concentrations and at
short reduction time, a species with »(CO) close to 1835 cm™!
is detected as an intermediate preceding the formation of the
1808 cm™! species (Figure 8c), consistent with the initial
binding of CO to FeMoco™ (Scheme 3). Thus we can
associate process I'V in the voltammetry under CO at 1 atm.
with the one-electron redox interconversion of the bridged
species and the irreversible process V with a further one-
electron oxidation regenerating FeMoco®mired,

The difference Av(CO) of about 30 cm™' between the
carbonyl bands of the one-electron redox-pair is evidently
small. It has a parallel in the small values for Av(CO) of
approximately 20 cm~! observed for both terminal and bridg-
ing v(CO) upon successive one-electron addition to high-
nuclearity platinum carbonyl clusters, as described by Dahl,
Weaver et al.®®l in the context of the Stark effect.

At higher CO concentrations (7 atm CO) the 1808 cm™!
band is suppressed and intense absorptions are observed at
1920 cm~! and 1885 cm™!. This parallels the enhancement of
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Scheme 3. Formation of bridged CO intermediates. Reduction of FeMoco that encompasses process I at low CO concentration leads to the formation of
bridged CO intermediates, which are related by single-electron transfer.
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Scheme 4. The formation of Ispecies with terminal CO ligands. At high CO concentration, reduction that encompasses process I leads to the
growth of a terminal CO band; reduction that encompasses process III leads to an additional band, which is vibrationally independent of that at the
lower energy.
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Figure 8. IR differential absorption spectra recorded during reduction and
reoxidation of FeMoco®* under a carbon monoxide atmosphere at 4 atm
prior to equilibration of the gas in the NMF cofactor solution. In a), the
single scans shown are recorded at 1.2 s time intervals from 0 to 46 seconds
following application of potential steps from —0.35V (red) to —12V
(blue) back to —0.35 V (red). Curves fitted to the »(CO) bands in spectra
recorded following the reduction step (green) and the reoxidation step
(yellow) are superimposed on the original data. The band profiles from
spectra recorded at about 10 s following the reduction and at 2.4 s following
the reoxidation are expanded in b) to highlight the shift in wavenumber
that accompanies reoxidation. The spectra in c) are averaged over
100 scans recorded at lower CO concentration (shorter equilibration time)
at 12 s and at 24 s following a potential step from —0.35to —1.2 V.

process III in the voltammetry and the suppression of
processes IV and V (Figure 5f). The broad band at
1885 cm™' grows in first at —1.2 V (process II) and can be
attributed to replacement of the CO bridge by terminal CO
ligands (Figure 9a). At a potential of — 1.4 V (process III) the
1920 cm™! band grows in more rapidly, (Figure 9c). It is
important to emphasise that the relative intensity of the bands
change with time and potential with the higher energy band
generated more rapidly at the more negative reduction
potential. Furthermore, there is no significant transmission
of electronic influence between the two types of centre: the
growth of the 1920 cm~! band does not perturb the position of
the 1885 cm™! band. This reinforces the interpretation that
chemistry associated with process II ({6FeS7}-based) is essen-
tially insulated from that involving process III (Mo-based).
The results strongly support two independent types of CO
binding site: one that is accessed under moderate CO
pressures by reduction of the delocalised Fe core at the more
positive potential giving rise to the 1885 cm~! band, and one
that is localised at the Mo centre and leads to the growth of
the higher energy 1920 cm~! band at the more negative
potential (Scheme 4).

Thin-layer FTIR spectroelectrochemistry of FeMoco
under isotopically labelled 3CO unambiguously confirms
that bands observed under >CO (natural abundance) arise
from carbon monoxide bound to reduced states of FeMoco.
The bridging ?CO band observed at 1808 cm™! is shifted to
1778 cm™! (caled 1768 cm~!) and the terminal bands at
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Figure 9. IR differential absorption spectra recorded following reduction
of FeMoco™ under a carbon monoxide atmosphere at 7 atm after
equilibration of the gas in the NMF solution. Each spectrum is the average
of 10scans recorded over a period of 13s: a) following reduction of
FeMoco at —1.2 V; b) reduction at —1.4 V under *CO; c¢) at 60s after
switching the electrode potential to i) —1.0 Vii) —1.2 V and iii) — 1.4 V.

1920 cm™! and 1885 cm~' are shifted to 1880 cm~! (calcd
1878 cm™') and 1843 cm™' (calcd 1843 cm™'), as shown in
Figure 9b.

Consistent with the cyclic voltammetry, the »(CO) bands
were unperturbed by generation of the thiophenolate form of
the cofactor by addition of one equivalent of thiophenol.
However, the binding of CO to the core Fe sites is inhibited by
using excess PhSH as a weak proton source. In the presence of
the thiol at 100mmMm concentration the band at 1920 cm™!
rapidly develops, but that at 1885 cm~' is suppressed (Fig-
ure 10a). If the potential is held for a prolonged period at
— 1.4V then the proton concentration in the thin-layer cell is
depleted and the 1885 cm™' band increases in intensity
(Figure 10a). This again emphasises the independence of the
two types of site. The reason for suppression of the iron-based
carbonyl band by protons must lie with a competition with CO
for the reduced iron core site(s) and reoxidation of the
reduced carbonyl species by protons (Scheme 4).

Figure 10b shows that the band that we associate with CO
binding to molybdenum (CO binding to Fe suppressed by
thiophenol) at 1920 cm~! is split into two bands at 1930 and
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Figure 10. IR differential absorption spectra recorded under the same conditions as Figure 9; a) reduction of
FeMoco at —1.4 V under a carbon monoxide atmosphere in the presence of a large excess of HSPh (> 100 mm)
over a period of i) 0—80 s and ii) 80 - 160 s following the potential step; conditions as for a), but after addition of a
large excess of imidazole (ca. 50mm), 0—160 s following reduction. The inset in b) shows a fit to the trace recorded
at about 200 s following reduction (performed by using Grams-based routines implemented within BioRad

WinlR software).

1910 cm~! in the presence of imidazole at high concentration
(50mm). This may be explained by displacement of NMF at
the Mo site by imidazole, for which two binding modes are
possible: the electron donating ability of this ligand and hence
the position of ¥(CO) bands will depend on whether or not the
— CH,CH,COO~ arm of homocitrate forms hydrogen bonds
with the imidazole NH group.”!

Hoffman and co-workers have proposed, on the basis of
EPR and ENDOR studies, that under turnover conditions the
M centre of nitrogenase initially binds CO in a bridging mode
between two iron atoms.P'] At higher carbon monoxide
concentrations they propose that an additional CO binds to
the M centre with a rearrangement to give a single terminal
carbonyl ligand on two adjacent iron atoms. These results on
the enzyme closely parallel those we have observed for the
isolated cofactor when accessing the FeMoco™? level. Hoff-
man et al. suggest that the M centre in either the bridging or
terminal CO-ligated states is at the same oxidation level as
Meemired Their argument for this is that CO bound to the M
centre in terminal or bridging modes can be pumped off and
this restores the spectroscopically well-defined EPR signal of
Mpeemired 311 Aoainst this, however, is the observation that
carbon monoxide will not directly bind to the resting state
Meemired Jevel. Our observations on FeMoco unequivocally
show that the primary CO interaction with the cofactor
requires accessing the FeMoco™ level. That Msemired jg
produced on removal of CO may be no more than a
consequence of reoxidation of a more reduced level of the
M centre by protons, which has a parallel with the instability
of species detected under CO during bulk reduction of the
isolated cofactor.

Taking the studies on isolated FeMoco and those on the M
centre in the enzyme by Hoffmann, Miinck and their co-
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1900 18|50 prised nominally of the metal
atoms in the redox states
{4Fe'l.3Fe™ Mo'V}, as indicated
in Schemes 2-4. Here we note
that a synthetic trigonal-bipyr-
amidal mononuclear Fe—mono-
carbonyl complex possessing a
{Fe3SN} core has an v(CO)
band at 1885cm~! and that
higher oxidation state Mo
and Mo™ - carbonyls are not
intrinsically unstable.?” 38

We have shown that the bridging carbonyl species detected
at 1808 and 1835 cm™! are related by a single-electron transfer.
Oxidation of the terminally bound CO species can also lead to
higher frequency »(CO) modes. For example oxidation that
encompasses process V leads to depletion of the 1885 cm™!
band and the growth of a new band at 1960 cm~'. Stopped-
flow FTIR studies of the binding of carbon monoxide to Mo —
nitrogenase under turnover conditions have been reported.t
Atlow CO concentrations a band at 1904 cm~! is observed; at
higher CO concentrations bands appear at 1958, 1936, 1906
and 1880 cm~!. These bands broadly fall into the frequency
range of our observations on FeMoco and are undoubtedly
associated with terminal CO.

Conclusion

Here we summarise the main conclusions from this study.

1) Redox-linked isomerism is associated with the terminal
(capping) iron site, and this probably involves monoden-
tate/bidentate interconversion of N-methylformamide
bound as an anion at Fe,,. Replacing this anion with
PhS~ or other monodentate thiols switches off the isomer-
ism (Scheme 1).

2) FeMoco(SPh)** undergoes two successive one-electron
reduction processes the first of which is fully reversible at
moderate scan rates, the second of which is reversible at
fast scan rates. The magnitude of AE of 630 mV separating
"E,and ™ME, of processes I and Il is indicative of successive
electron transfer to the delocalised {6FeS7} sub-cluster
system.

3) A hitherto unrecognised further reduction process III is
resolved by thiophenolate coordination at Fe,,. This
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irreversible electron transfer occurs at a potential close to
that of "E, indicative of a process localised at the Mo
centre.

4) Reduction under carbon monoxide that encompasses
process I at low CO concentration gives a bridging CO
intermediate (v(CO)=1808 cm'), which reversibly oxi-
dises in a one-electron step to give a bridging species with
»(CO)=1835cm~'. At higher CO concentrations the
bridging carbonyl species is converted to a product with
terminally bound CO groups with v(CO)=1885cm
Given that process II is based on the {6FeS7} framework,
CO interactions on accessing the FeMoco™¢ level are most
likely, therefore, to involve binding to Fe. This is in parallel
with the observations of Hoffmann that bridging and
terminal binding of CO occurs between or at two
neighbouring core Fe atoms during turnover of the
enzyme.

5) Reduction under carbon monoxide that encompasses
process III leads to the independent growth of a terminal
CO band at »(CO)=1920 cm~' without measurable per-
turbation of the lower wavenumber band at v(CO)=
1885 cm!. This shows that there is no vibrational coupling
between the two types of CO binding centre and,
importantly, there is no significant transmission of elec-
tronic influence between the two types of centre. This
reinforces the interpretation that chemistry associated
with process I ({6FeS7}-based) is essentially insulated
from that involving process III (Mo-based).

6) Taking these studies on isolated FeMoco and those on the
M centre in the enzyme by Hoffmann, Miinck and their
respective co-workers together, we suggest that the differ-
ing interpretation of redox states of M*mrd can be
rationalised by CO binding to iron atoms of the cofactor
centre at a level two-electrons reduced from the semi-
reduced level, with Msmrd comprised nominally of the
metal atoms in the redox states {4Fe''.3Fe".Mo'"}. It must
be noted that no account is taken of an interstitial light
atom in assigning this formalism. However, the interpre-
tation of the isomer shifts obtained from Mossbauer
measurementsP is more straightforward if the central
six iron atoms have distorted tetrahedral, rather than
trigonal, coordination. Thus the revision of the structure
strengthens the {4Fe'.3Fe . Mo!V} oxidation state assign-
ment of M*mi*d and, hence, the conclusion that the high-
and low-concentration CO forms are two-electron-re-
duced beyond Msemired,

Experimental Section

FeMoco preparation and assay: The nitrogenase MoFe protein was isolated
from wild-type K. pneumoniae M5al, and FeMoco was extracted into NMF
containing water (ca. 2%), phosphate buffer and sodium dithionite, by
using minor modifications of the methods described previously,?” and
concentrated in vacuo to about 1mMm (based on Mo determination,
Southern Analytical, Brighton, UK). The integrity of isolated FeMoco
was confirmed by C,H, reduction activity in an enzyme reconstitution assay
(activity >275 unitsmol~' atom Mo), by EPR spectroscopy (Bruker ER
200 D-SRC, 4 K) and by cyclic voltammetry.
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Materials: Imidazole and thiophenol (Aldrich) were used without further
purification. NMF (Fluka) was distilled from anhydrous sodium carbonate
and stored under N,. Carbon monoxide and BCO (99.2 atom % '*CO) were
supplied by BOC (UK) and Trace Sciences International, Ontario
(Canada), respectively.

Electrochemistry: Electrochemical measurements were performed by
using a potentiostat Type DT 2101 and waveform generator PPRI (Hi-
Tek Instruments, UK) and carried out in a glove box maintained at <1 ppm
O, (Alvic Scientific Containment Systems, UK). The cell consisted of a
small open vial fitted with a vitreous carbon working electrode (area
0.070 cm?), a platinum wire auxiliary electrode and a saturated calomel
reference electrode (SCE). The minimum working volume of the cell was
175 pL. The vitreous carbon electrode was polished with a 0.015 pm
alumina slurry in ethanol prior to use.

High-pressure (19 atm) cyclic voltammetric measurements were made in a
three-electrode cell contained within a Parr Instrument stainless steel
bomb modified with electrical breakthroughs. All manipulations including
filling the cell, assembly of the bomb, pressurisation and running of
voltammograms were performed in the inert atmosphere glove box.

FTIR spectroelectrochemistry: The IR spectroelectrochemical cell was
based on the standard absorption/reflection methodology, in which the
interrogating radiation passes through the thin film of solution trapped
between a transmitting window (CaF,) and a highly polished working
electrode.*”) The cell body was constructed so as to permit the application
of moderate gas pressures (7 atm) to the solution under examination.
Typically the thickness of the film of solution trapped between the vitreous
carbon working electrode and the CaF, window was approximately 10—
20 um. Whereas vitreous carbon has about 50% of the reflectivity of
platinum, the lower reflectivity of the former material is more than
compensated for by its superior electrochemical properties, particularly its
wider negative potential window. Platinum foil auxiliary and silver wire
pseudoreference electrodes were contained within the sample space where
a minimum volume of 50 pL was required to establish electrical contact
between the three electrodes. Only a very small fraction of the bulk
solution (ca. 0.1 pL) was subject to electrolysis at the working electrode in
any one experiment allowing multiple experiments to be performed by
exchanging the solution in the film. The FeMoco solution was transferred
into the cell in a glove box and the cell transferred to the FTIR
spectrometer (BioRad FTS60 and FTS 175C), where it was attached to
the gas transfer lines. Equilibration of the gas and NMF phases in the cell
without agitation took about 20 minutes. This allowed the qualitative effect
of low concentrations of CO on the spectroelectrochemistry to be
measured in the pre-equilibration period without compromising the
integrity of cell by working at lower pressures.
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