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Introduction

The small molecules cyanide and carbon monoxide play a
significant role as essential ligands at the active site of the
iron-only and nickel–iron hydrogenases; the hydrogen-me-
tabolising metallo–sulfur enzymes found widespread
amongst the Archaea and other microrganisms.[1,2] Nitroge-
nase, the enzyme system that reduces dinitrogen to ammo-
nia, also catalyses hydrogen production from protons, and
this occurs at the iron–molybdenum cluster of the enzyme
(FeMoco).[3–5] Intriguingly, under certain conditions, this
metallo–sulfur cluster also coordinates carbon monoxide
and cyanide.[3,6] Alone, cyanide suppresses proton and sub-
strate reduction, but in the co-presence of carbon monoxide
the production of dihydrogen is restored.[7]

Interactions of cyanide, carbon monoxide and other small
molecules with nitrogenase may “simply” reflect the extra-
ordinary reactivity of sites on the FeMoco cluster, which
must bind, activate and reduce the rather inert molecule, di-
nitrogen. However, it has been argued, on the basis of phy-
logenetic evidence, that the modern nitrogen-fixing appara-
tus may have evolved from ancient cyanide-metabolising or
detoxifying iron–sulfur systems, with the nitrogen-reducing

activity “bolted on” later by means of molybdenum incorpo-
ration in response to the depletion of fixed nitrogen in the
biosphere.[8] Thus, interactions of the FeMoco cluster in the
enzyme with cyanide, carbon monoxide, ethyne and so forth
at the iron–sulfur core may reflect “relic chemistry”, where-
as their interactions at Mo may reflect the intrinsic high re-
activity of a dinitrogen binding and activating site. Some
support for such dual chemistry at FeMoco, centred either
at Mo or the Fe cluster core, comes from our recent spec-
troelectrochemical work with FeMoco isolated from the pro-
tein.[6,9] Two independent interactions with CO are ob-
served, and we have associated these with reduction at es-
sentially insulated Mo and Fe core redox sites.[6] Evidence
for cyanide binding at Mo and/or Fe sites of the isolated co-
factor has been obtained by others in a range of kinetic,[10]

NMR,[11] EPR,[12,13] and Extended X-ray Absorption Fine
Structure (EXAFS)[12] studies.

In this paper we report: (1) The first electrochemical and
infra-red data for cyanide bound to FeMoco; (2) that cya-
nide stabilises a hitherto unrecognised, low-spin, EPR-
active, superoxidised form of the isolated cofactor and
(3) the first evidence that carbon monoxide and cyanide
bind synergically to the oxidised and semireduced states of
the isolated cofactor—states that are unreactive to carbon
monoxide alone.[9]

Results and Discussion

The FeMo cofactor was extracted, purified and concentrated
from the iron–molybdenum nitrogenase protein of Klebsiella
pneumoniae into N-methylformamide (NMF) containing di-
thionite, phosphate buffer and approximately 2% water (see
Experimental Section). Upon isolation, the cofactor is in the
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EPR-active (S= 3=2), semireduced form, FeMocosemired.[14] In
contrast, under an inert atmosphere, dithionite is slowly con-
sumed and the cofactor is (reversibly) oxidised to the EPR-
silent FeMocoox form, as described by Schultz and co-work-
ers.[15] This oxidised form or its thiophenolate derivative,
which has PhS� ligated to the terminal Fe atom, provides
the starting point for the studies described herein (Figure 1).

The addition of cyanide to solutions of either the native,
oxidised cofactor FeMocoox, or its thiophenolate-modified
form FeMoco(SPh)ox in NMF, results in dramatic changes in
their voltammograms. Figure 2a shows the change in the
cyclic voltammetry of FeMoco(SPh)ox with increasing cya-
nide concentration. The primary reduction couple FeMo-
co(SPh)ox/semired (process I) at E8’=�0.55 V is suppressed
and two new processes appear with E8’=�0.91 V (pro-
cess R) and E8’=�0.45 V (process O).[16] At fast scan
rates, both processes are reversible and the FeMoco-
(SPh)ox/semired/red couples (processes I and II) are nearly fully

suppressed, leaving a well-defined, three-membered elec-
tron-transfer series (Figure 2b). At slower scan rates, pro-
cess R is only partially reversible (Figure 2, inset), and this
is associated with the partial recovery of processes I and II
of FeMoco(SPh). This shows that slow dissociation of cya-
nide (t1=2 �10 s) occurs at reduced redox levels of the cofac-
tor, and that the binding of cyanide to FeMoco(SPh)ox is
tighter than to FeMoco(SPh)semired.

Similar changes to the voltammetry were observed when
cyanide was added to the native NMF-isolated cofactor, Fe-
Mocoox (data not shown).[6]

We have observed a process associated with the reduction
of FeMoco(SPh)red, which we have previously argued is Mo-
centred reduction, corresponding to process III in Figure 2
(inset, solid line).[6] Addition of CN� has no effect on the
potential of this reduction process (Figure 2 inset, dashed
line). This would suggest that either cyanide does not bind
to Mo or that it replaces an anionic ligand from the Mo
atom with negligible effect on the electronic distribution.
We discuss this further below.

Anionic ligands, such as cyanide, which are strong s

donors stabilise metals in a higher oxidation state, that is,
they shift E8 in a negative direction. This would suggest that
process R is more likely to be associated with the oxidised/
semireduced levels of the cofactor and that process O ac-
cesses a new, superoxidised level, FeMoco(CN)superox. This
assignment of the redox levels involved in the two processes
is confirmed by EPR spectroscopy. The semireduced level
of FeMoco is associated with a well-defined S= 3=2 EPR
signal (Figure 3a), whereas the oxidised level is EPR
silent.[15] Figure 3b shows the EPR spectrum recorded after
addition of excess [Et4N]CN to a solution of FeMocoox. Oxi-
dation of this solution by bulk electrolysis at �0.35 V at a
platinum electrode results in an S= 1=2 species with a well-

defined, rhombic EPR signal
(Figure 3c; gx=2.268, gy=1.972
and gz=1.868 obtained from
simulation of the spectrum),
consistent with a low-spin elec-
tron configuration. Both higher
oxidation levels and strong-field
ligands will favour low-spin
states. Iron–sulfur systems with
multiple FeII centres (as in the
[4Fe�4S]3+ cluster of oxidised
high-potential iron–sulfur pro-
teins (HiPIPs), such as that
from Allochromatium vino-
sum), also show an S= 1=2 spin
system.[17] The absence of 95

Mo
hyperfine lines in the spectrum
is concordant with unpaired
spin density residing on the
iron core. Thus, process O
can be assigned to a FeMoco-
(CN)superox/ox couple, in which
FeMoco(CN)superox is at an oxi-
dation level 2e higher than
FeMocosemired.

Figure 1. Structure of FeMoco, adapted from reference [5] (Fe, S, N, O, C
and Mo atoms are represented as green, yellow, blue, red, grey and
purple spheres, respectively).

Figure 2. Cyclic voltammograms (current vs potential) for an NMF solution of FeMoco(SPh)ox recorded at
a) 50 mVs�1 during titration with cyanide: 0, 5, 10, 15 and 20 molar equivalents of [Et4N]CN (arrows indicate
the direction of current change with increasing cyanide); and b) 400 mVs�1 after addition of 28 molar equiva-
lents of [Et4N]CN. Processes I and II are associated with FeMoco(SPh), whereas processes O and R are associ-
ated with the cyanide-modified cofactor. Inset, recorded at 50 mVs�1 over a slightly wider potential range with
no cyanide (solid line) and after addition of 28 molar equivalents of [Et4N]CN (dashed line). At the com-
mencement potential for these voltammograms FeMoco(SPh) is present at the oxidised level, while the cya-
nide-ligated cofactor is predominantly at the superoxidised level.
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We find that electrogenerated FeMoco(CN)superox is capa-
ble of restoring ethyne reduction activity to an NifB�

mutant nitrogenase FeMo protein lacking the FeMoco
centre,[18] to a level 80�5% of that observed on reconstitu-
tion with FeMocosemired. Importantly, this shows that forming

the cyanide-ligated superoxidised level does not destroy the
core structure of the native cofactor, consistent with the re-
versibility of the redox processes and cyanide-binding
chemistry.

We have argued previously that processes I and II are as-
sociated with electron transfer to the delocalised iron–sulfur
core of FeMoco to generate the semireduced and reduced
states, respectively, whereas process III is centred on the Mo
atom, and accesses a superreduced level of the cluster.[6] The
dramatic shift in the redox potential of the oxidised/semire-
duced couple on cyanation to more negative potentials
(DE=360 mV) is consistent with the binding of a s-donating
anionic ligand to the delocalised iron core of FeMocoox. This
increases the electron density on the core, thereby raising
the energy of the lowest unoccupied molecular orbital
(LUMO). This same charge effect is also responsible for al-
lowing access to the new superoxidised/oxidised couple.

Notably, the difference in potential between the superoxi-
dised/oxidised and oxidised/semireduced couples of the cya-
nide-modified form of the cofactor is 460 mV, a magnitude
consistent with significant delocalisation over the cluster
core.[6,19] Thus, cyanide can be viewed as perturbing the
redox manifold of the iron–sulfur core, as illustrated by
Scheme 1. The semireduced/reduced couple is apparently
shifted outside the accessible potential range on cyanide
binding.

Figure 4a shows thin film IR differential absorption spec-
tra recorded for a solution of native FeMocoox in the pres-
ence of excess [Et4N]CN, following a potential step from

Figure 3. EPR spectra recorded at 10 K, 100 mW, for NMF solutions of
FeMoco: a) FeMocosemired prepared by chemical reduction of FeMocoox

with sodium dithionite; b) FeMocoox after addition of an excess of
[Et4N]CN; and c) after oxidative electrolysis of the solution in b) at
�0.35 V, showing that cyanide binding allows access to a new, EPR
active, S= 1=2 FeMoco(CN)superox level.

Scheme 1. Redox potentials for the levels of FeMoco(SPh) and the shift in these levels on binding cyanide and co-binding CO. The position of CO/CN li-
gands on particular central Fe atoms is arbitrary.
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�0.6 to �0.3 V. A single depletion band at 2053 cm�1 and a
single growth band at 2095 cm�1 are observed. Ligation of
free cyanide (n(CN)=2070 cm�1, NMF) results in a marked
increase in intensity of the n(CN) stretch, with the wave-
number highly sensitive to the oxidation state of the metal
centre (generally 2200 to 2000 cm�1).[20] Thus, the depletion
and growth features are attributed to the conversion of the
parent cyano species FeMoco(CN)ox to FeMoco(CN)superox.
Consistent with the cyclic voltammetry, the spectroscopic
changes are fully reversible on re-reduction (data not
shown). The shift in n(CN) to higher wavenumber following
oxidation is concordant with strengthening of the CN bond,
resulting from enhanced s donation to the metal from the li-
gand 5s molecular orbitals (weakly antibonding with respect
to the CN bond) and diminished involvement of the li-
gand 2pp* molecular orbital in p back-bonding with the
metal.[20]

The magnitude of the band shift (Dn(CN)=42 cm�1) be-
tween the two redox states relative to that of the mononu-
clear ferri-/ferrocyanide couple (Dn(CN)=37 cm�1, H2O),[21]

clearly indicates that the cyanide ligand is bound to a metal
site on the cofactor that is strongly coupled to the redox
change. Since the analysis of the electrochemistry and EPR

spectra discussed earlier indicates that the electron transfer
associated with the FeMoco(CN)superox/ox redox couple is de-
localised over the iron core, we conclude that it is cyanide
bound to iron site(s) that is responsible for the 2095 (super-
oxidised) and 2053 cm�1 (oxidised) bands. It is most likely
that CN� ligates central iron sites, since processesO and R
are observed following addition of CN� in the voltammetry
of both FeMoco and FeMoco(SPh), and EPR titration data
reported by Richards et al. have demonstrated that CN�

does not appear to compete with SPh� for binding at
Feterm.

[13] We have argued that the molybdenum atom is es-
sentially electronically insulated from the core iron–sulfur
assembly,[6] and consequently we would not necessarily
expect to detect a different spectral response at the super-
oxidised, oxidised and semireduced levels associated with
cyanide bound to Mo.

Reduction of FeMoco(CN)ox (potential step from �0.6 V
to �1.1 V) results in a single n(CN) depletion band at
2053 cm�1 (Figure 4b). Since reduction generally leads to an
increase in intensity of n(CN), the absence of a well-defined
growth band at lower wavenumber confirms that cyanide is
lost from FeMocosemired in the time frame of the spectroelec-
trochemical data collection (about 100 s). This is fully con-
sistent with the partial reversibility of the voltammetric re-
sponse at process R (Figure 2, inset). Unambiguously, raising
the electron density on the cluster core labilises cyanide.

Each single sharp n(CN) band associated with the super-
oxidised and oxidised redox levels of FeMoco(CN) is well
fitted by a single Gaussian/Lorentzian curve (Figure 4). This
is consistent with a single cyanide bound to the iron core at
each redox level. Moreover, if two cyanide ligands were
bound to electronically similar iron sites, it would be antici-
pated that the labilisation of cyanide upon reduction to the
semireduced level would proceed in two separate steps, and
this would be apparent both in the spectroscopy and the vol-
tammetry.

On the basis of recent ligand displacement kinetic studies,
supported by DFT calculations, Henderson and co-workers
have concluded that the Mo atom is the site of strongest cy-
anide binding to the dithionite-reduced cofactor (FeMocosemi-

red).[10] This is consistent with labilisation of the ligand at iron
core sites of the cofactor at this redox level. Detailed analy-
sis of EXAFS data has also provided evidence for the mo-
lybdenum as a site of CN� binding on the dithionite-reduced
cofactor.[12] We do not exclude cyanide also binding to the
molybdenum; however, the localised redox chemistry of this
centre involves the reduced and superreduced levels, which
we have not accessed in spectroelectrochemical mea-
surements. No change in the potential of the Mo-localised
FeMocored/superred couple (process III) was observed on addi-
tion of cyanide (Figure 2, inset); thus if CN� does interact
with Mo under these conditions, it results in no perceptible
change in the electron density at the Mo centre, perhaps be-
cause another anionic donor ligand, such as a carboxylate
arm of homocitrate or a deprotonated solvent molecule, is
displaced on CN� binding. Conradson et al. attributed a loss
of the 19F NMR signal associated with dithionite-reduced
FeMoco(p-CF3C6H4S), following addition of approximately
5 molar equivalents of CN� , to a broadening of the 19F reso-

Figure 4. Differential FTIR absorption spectra recorded for a solution of
FeMoco in the presence of excess cyanide following a) oxidation at ap-
proximately �0.3 V and b) reduction at about �1.1 V. The background
trace for both spectra shown was recorded with the electrode held at an
initial potential of approximately �0.6 V. Spectra were calculated from
an average of 100 scans recorded over about 100 seconds following appli-
cation of the final potential. Raw data (pale grey line), fitted peaks (dark
grey line), baseline (dotted line) and the resulting fitted trace (black line)
are overlaid.
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nance resulting from an increase in the electronic relaxation
time upon CN� ligation.[11] Given that labilisation of CN� on
accessing FeMocosemired is clear from our electrochemical
and spectroelectrochemical data, it is likely that Conradson
et al. detected an effect from CN� bound at Mo. However,
it is also possible that the electron-withdrawing nature of
the fluorinated thiolate ligand at the terminal Fe site is suffi-
cient to stabilise CN� on the iron–sulfur core of the dithio-
nite-reduced cofactor.

We have shown in earlier work that carbon monoxide
binds to FeMoco and FeMoco(PhS) only on accessing the
reduced and superreduced levels, and herein that cyanide
binds to the cofactor at the superoxidised and oxidised
levels, but only weakly to the Fe core at the semireduced
level. Evidence for the cooperative binding of cyanide and
carbon monoxide at the oxidised and semireduced levels of
the cofactor is now presented.

The voltammetric response obtained when a solution of
FeMoco saturated with carbon monoxide at 1 bar is titrated
with cyanide is shown in Figure 5. The FeMocoox/semired

couple (process I) is unaffected by carbon monoxide

alone;[6,22] however, as cyanide is introduced, process I is re-
placed by a new, reversible couple at more negative poten-
tial (process P, �0.71 V). The semireduced/reduced couple
(process II), well resolved in the presence of carbon monox-
ide,[6] is steadily lost as the concentration of cyanide is in-
creased (Figure 5). The reoxidation process indicated by a
grey arrow in Figure 5 is associated with CO alone bound to
the cofactor,[6] and is also lost as the concentration of CN� is
increased.

Infrared spectroelectrochemical data, obtained for a CO-
saturated solution of FeMoco in the presence of excess cya-
nide, exhibit growth and depletion features in both the
n(CN) and n(CO) regions when the electrode potential is
stepped over a range spanning process P, �0.5 to �0.9 V,
(Figure 6a). Assignment of the spectral features has been

confirmed by 13CO labelling (Figure 6b). The data confirm
that both cyanide and carbon monoxide are bound to the
cofactor at the oxidised and semireduced levels. In the

n(CO) region, a single depletion band is observed at
1957 cm�1 and a single growth band at 1937 cm�1 (Fig-
ure 6a); these are attributed to CO bound at the oxidised
and semireduced levels, respectively. Reoxidation leads to a
full reversal of the spectral changes, confirming that the
system is reversible.[23] These results are in stark contrast to
those obtained for reduction of FeMocoox to the semire-
duced level in the presence of CO alone; under these condi-
tions, no n(CO) features are observed.[6] The wavenumber
of the n(CO) band for the semireduced cofactor in the pres-
ence of CO and CN� (1937 cm�1) is substantially higher
than that observed for CO alone bound at the iron core of
the cofactor at the reduced level in the absence of cyanide,
which occurs at 1880 cm�1.[6]

The magnitude of the n(CO) wavenumber shift with the
one-electron redox change (oxidised/semireduced, 20 cm�1)
is small compared with that typically observed for one-elec-
tron redox chemistry of carbonyl groups at a mononuclear
centre, but consistent with charge delocalisation across a
polymetallic assembly.[24]

Figure 5. Cyclic voltammograms recorded at 50 mVs�1 for an NMF solu-
tion of FeMoco saturated with carbon monoxide at 1 bar during titration
with [Et4N]CN (0 to 8 molar equivalents). Vertical arrows indicate the di-
rection of change of the current response with increasing cyanide concen-
tration; the grey arrow highlights a process associated with CO alone
bound to the cofactor, as discussed in reference [6].

Figure 6. Differential absorption FTIR spectra (thin black line) in the
n(CN) and n(CO) regions for a solution of FeMoco reacted with a large
excess of cyanide under a carbon monoxide atmosphere at 2.7 bar, fol-
lowing reduction at �0.9 V from an initial potential of �0.5 V: a) natural
abundance CN� and CO; b) natural abundance CN� with 13CO. Fitted
peaks (dotted) give rise to the fitted spectrum (heavy black line).
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As expected, the n(12CO) bands are shifted on isotopic
13CO substitution by 44 cm�1 (Figure 6b). Although less in-
tense and less well defined, it is apparent that the n(CN)
bands are also shifted (by about 20 cm�1) upon 13CO substi-
tution. This indicates strong coupling between the CO and
CN stretching modes and is consistent with co-binding of
CO and CN� at the oxidised and semireduced levels. The
mixing of the CO and CN stretching coordinates is extreme-
ly small for Fe(CN)(CO) compounds that have near-orthog-
onal alignment of the CO and CN groups, as in the H clus-
ter of the Fe-only hydrogenase and model systems.[25,26] We
conclude, therefore, that the strong coupling observed on
FeMoco must arise from CO and CN� groups co-aligned on
the Fe6S9N core, and are not bound to a single Fe or Mo
atom.

For spectra recorded under either natural abundance CO
or 13CO, the n(CN) band profiles can most simply be fitted
to a single depletion band and two growth bands (Figure 6).
At the semireduced level, the n(CN) bands can be explained
by two cyanide ligands vibrationally coupled to a single CO
ligand. Although only a single n(CN) depletion band is ob-
served at the oxidised level, a second band may be masked
by growth bands. Alternatively, structural rearrangement or
charge localisation may render two cyanide ligands inequi-
valent at the semireduced level.

We have noted previously that electrocatalytic proton re-
duction by isolated FeMoco at the oxidised/semireduced
level in the presence of the acid pentafluorothiophenolate is
suppressed by cyanide.[4] Our electrochemical data, obtained
with isolated FeMoco, also allow us to explain data obtained
with the functioning enzyme. Cyanide inhibits total electron
flux through the enzyme. If the potential of FeMoco in the
enzyme observed upon isolation is lowered on binding cya-
nide, then the transfer of electrons to FeMoco from the P
clusters would be less effective and electron flux would be
diminished as observed. Furthermore, the effect of carbon
monoxide in reversing the cyanide-induced lowering of the
isolated FeMoco redox potential, is also paralleled in
enzyme studies where the cyanide inhibition of electron flux
is countered by low levels of carbon monoxide. Our studies
with the isolated FeMoco show co-binding of carbon mon-
oxide and cyanide, and so it is not necessary to suggest that
cyanide and carbon monoxide compete for the same site in
the enzyme, although this cannot be ruled out.

Summary

A combination of electrochemical, EPR and FTIR spectro-
electrochemical data on the isolated nitrogenase cofactor
has demonstrated that cyanide can coordinate to central
iron sites of oxidised FeMoco, dramatically increasing the
electron density on the iron–sulfur core such that the oxi-
dised/semireduced couple is shifted to a significantly more
negative potential and a new S= 1=2, superoxidised level be-
comes accessible. Cyanide is labile at the semireduced level
of the cofactor. Co-binding of CO and CN� at isolated
FeMoco has been demonstrated for the first time and
FTIR 13C isotopic labelling indicates vibrational coupling of

CO and CN� ligands. This tends to exclude cis binding of
CO and CN� at a single metal site(Mo or Fe), but is consis-
tent with co-aligned CO and CN� at iron on the rigid central
Fe6S9N core of the cofactor, at both the oxidised and semire-
duced levels. The shift in the oxidised/semireduced couple in
a positive direction on CO/CN� binding, with respect to
CN� binding alone, could account for the CO relief of cya-
nide inhibition of proton reduction by nitrogenase. Growth
of a strain of Klebsiella oxytoca on cyanide under N-limiting
conditions has recently been described and has been attrib-
uted to the nitrogenase in this organism reducing CN� to
ammonia and methane.[27] This perhaps intimates a vestigial
archaic chemistry of the modern, evolved cofactor.

Experimental

The FeMoco cluster was extracted from the nitrogenase FeMo protein of
wild-type Klebsiella pneumoniae, strain M5a1, into NMF containing
water (approximately 2%), phosphate buffer and sodium dithionite,
using minor modifications of the methods described previously.[28] The co-
factor was concentrated in vacuo to between 0.6 and 1mm (based on Mo
determination, Southern Analytical, Brighton, UK). The integrity of the
isolated FeMoco was confirmed by acetylene reduction activity in an
enzyme reconstitution assay (activity >275 unitsmol�1 atom Mo), by
EPR spectroscopy and by cyclic voltammetry. The FeMocoox state was
obtained by storing the fresh, concentrated extract under dinitrogen for
24–48 h, as described by Schultz and co-workers.[15]

The EPR measurements were performed at 10 K, 100 mW using a Bru-
ker ER 200 D-SRC instrument.

Electrochemical measurements were performed in a glove box main-
tained at <1 ppm O2 (Alvic Scientific Containment Systems, UK), using
a potentiostat-type DT 2101 and waveform generator PPRI (Hi-Tek In-
struments, UK). The electrochemical cell consisted of an open glass vial,
incorporating a vitreous carbon working electrode (area 0.070 cm2), a
platinum auxiliary electrode and a saturated calomel reference electrode
(SCE). The vitreous carbon electrode was polished with a 0.015 mm alu-
mina slurry in ethanol prior to use.

The FTIR spectroelectrochemical measurements were performed using a
BioRad FTS 175C instrument. The absorption/reflection spectroelectro-
chemical cell incorporating a vitreous carbon working electrode has been
described previously.[29] Fitting of peaks to mixed Gaussian/Lorentzian
functions was performed using Grams-based routines implemented
within WinIR (BioRad) software. Spectra were baseline corrected prior
to fitting.

Carbon monoxide and 13CO (99.2 atom% 13CO) were obtained from
BOC (UK) and Trace Sciences International (Ontario, Canada), respec-
tively, and tetraethylammonium cyanide was purchased from Aldrich.
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