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Abstract

Electrochemical examination of the iron—molyb-
denum cofactor (FeMoco) extracted from the MoFe
protein of Azotobacter vinelandii nitrogenase reveals
that this important biological cluster exists in a
variety of chemical forms whose numbers, propor-
tions and properties depend on oxidation state,
N-methylformamide solvent acidity and presence of
thiophenolate ion. The distribution of oxidized (ox)
species, determined from voltammetric responses, and
of semi-reduced (s-r) species, determined from EPR
spectra, show that FeMoco exists as a 2:1 proportion
of populations in its ox state in alkaline NMF and in
its ox and s-r states in acidic NMF. A single form of
FeMoco(s-r) is found in alkaline NMF. Addition of
thiophenol converts all populations of FeMoco into
single PhS™-coordinated ox and s-r species under all
conditions; these forms exhibit quasi-reversible
[FeMoco(ox)-SPh] + e~ = [FeMoco(s-r)-SPh] electro-
chemistry. The variety of cofactor species observed
is attributed to various states of ligation, protonation
or structural arrangement of the metal cluster. The
greater distribution of forms observed in the absence
versus presence of thiophenol, in acidic versus
alkaline solvent and in the oxidized versus semi-
reduced oxidation state suggests that FeMoco
exhibits greater structural or compositional hetero-
geneity under the former of each of these conditions.

Introduction

Iron—molybdenum cofactor (FeMoco) is the Fe,
Mo and S-containing cluster that can be extruded
from the MoFe protein of nitrogenase and which is
now recognized as the site at which dinitrogen is
reduced to ammonia by biological systems [1,2]. An
important function of FeMoco is to transfer elec-
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trons to the substrate. Thus, to complement ongoing
investigations [3—13] of the cofactor’s structural,
spectroscopic and reactivity properties following
extrusion from its protein matrix, we have initiated
[13—16] electrochemical studies of isolated FeMoco
to provide a better understanding of its role in the
mechanism of nitrogen fixation.

The basic aspects of FeMoco electrochemistry in
N-methylformamide (NMF) are summarized in eqns.
(1) and (2). Our previous investigations established
this sequence of electron transfer behavior and
provided the following additional information regard-
ing the oxidized (ox), semi-reduced (s-r) and fully
reduced (red) states of cofactor. (i) Although stored
in the presence of excess sodium dithionite to
stabilize the semi-reduced oxidation state, and
prevent attack by extraneous O,, FeMoco(s-r) under-
goes ‘spontaneous oxidation’ with time to its
oxidized level [15]. (ii) From this state FeMoco is
reduced by two sequential electron transfers at —0.3
and —1.0 V versus NHE. The first reduction (eqn.
(1)) converts EPR-silent FeMoco(ox) to FeMoco(s-r),
which is the state responsible for the biologically
unique S = 3/2 EPR signal of nitrogenase. Equation
(2) produces the fully reduced form of cofactor,
which may correspond to the substrate-reducing level
of the enzyme [14,15]. (iii) FeMoco exists in
multiple forms in both its (ox) and (s-r) oxidation
states. The number and kind of these forms are
functions of the acid content of the solvent (NMF)
[13, 14]. (iv) Controlled potential coulometry and
chemical redox titrations verify that the electron
stoichiometry of eqn. (1) is one, even when multiple
forms of FeMoco(ox) and FeMoco(s-r) are present
[16].

FeMoco(ox) + e~ == FeMoco(s-1) €))
($=0) (§=3/2)

FeMoco(s-r) + ne” == FeMoco(red) )
($=3/2)
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This manuscript presents the results of a detailed
electrochemical characterization of the (ox)/(s-r)
couple of FeMoco obtained from Azotobacter
vinelandii nitrogenase. More extensive examination
of this redox system was prompted by two con-
siderations. First, we are planning to carry out X-ray
absorption spectroscopic experiments under electro-
chemically controlled conditions to determine if
changes in structure accompany reduction/oxidation
of FeMoco. Accurate and complete electrochemical
information is needed to conduct these experiments
successfully, particularly in the presence of multiple
forms. Second, our initial investigations revealed
anomalous behavior (small peak current magnitudes
and non-diffusional wave shapes) associated with
electrochemical reduction of FeMoco(ox). We wished
to learn if these observations could be modeled by
the presence of multiple forms of cofactor using
standard electrochemical theory. The ability to do so
would verify that electrochemistry provides valid
information on cofactor properties and can be used
with confidence in further investigations of this
material.

Experimental

Materials and Methods

MoFe protein of A. vinelandii nitrogenase was
isolated and purified and FeMoco released into NMF
by previously published methods [11b,17]. All
FeMoco samples were concentrated by vacuum
evaporation and stored anaerobically at —80 °C until
used [15]. Mo and Fe contents were determined
spectrophotometrically using toluene-3,4-dithiol and
o-phenanthroline, respectively; samples had an
average of 6.15+0.11 Fe atoms per Mo [11b, 18].
The activity of FeMoco solutions was assayed by
reconstituting the acetylene-reducing ability of
FeMoco-deficient protein in crude extracts of the
DJ35 mutant of A. vinelandii {19]. Assays conducted
before and after manipulations of FeMoco showed no
loss of activity and were within the range of 192 + 64
nmol acetylene reduced (min)™' (ng atom Mo)™,
N-Methylformamide (Aldrich) was vacuum distilled
immediately prior to use in electrochemical experi-
ments. Solvent that was pretreated by stirring over
barium oxide for 18 h before distillation is referred
to as ‘alkaline’; solvent distilled without such pre-
treatment is ‘acidic’. Acidic solvent was also produced
by adding p-toluenesulfonic acid (HPTS) to BaO-
distilled NMF. ‘Alkaline’ and ‘acidic’ NMF gave pH
readings of 10—11 and 6-8, respectively, after
dilution into 9 parts of water. p-Toluenesulfonic acid
(Eastman Kodak), thiophenol (Aldrich) and tetra-n-
butylammonium hexafluorophosphate (TBAPFg;
Southwestern Analytical Chemicals) were used as
received. Ferrocene (Aldrich) was sublimed. [BusN];-

[Mo(S,C,(CN),)4] was prepared by the literature
method [20]. NaSPh was prepared by neutraliza-
tion of thiophenol with sodium metal.

Electrochemistry

Electrochemical experiments were conducted
under an argon or helium atmosphere in a Vacuum
Atmospheres glove box. Construction of the electro-
chemical cells used in these experiments is described
elsewhere [15,16,21]. A microcell containing a
0.071 cm? glassy carbon (GC) working electrode
was used to examine small volumes (40—-70 ul) of
undiluted FeMoco solutions. A larger cell of ¢. 2 ml
capacity containing a large surface area reticulated
vitreous carbon (RVC) working electrode was used
to examine diluted solutions of FeMoco and to carry
out bulk electrolysis experiments. In the RVC cell,
experiments were conducted by adding aliquots of
FeMoco to 1 ml of NMF containing 0.1 M TBAPF
sufficient to give final Mo concentrations of 0.05 to
0.5 mM. Potentials were measured against an aqueous
Ag/AgCl (3 M NaCl) reference electrode and con-
verted to the normal hydrogen electrode (NHE) scale
using either the ferrocene/ferricenium or [Mo(S;C,-
(CN),)41377* redox couples as described previously
[15,16]. Electrochemical experiments were con-
ducted with a CV-27 potentiostat (Bioanalytical
Systems) which was connected to the cells by
shielded cable passed through an air-tight seal in the
glove box.

Digital simulations were carried out with programs
based on those described by Feldberg [22]. The
programs were executed on an Everex 1800 micro-
computer using Microsoft Fortran 4.1. We thank
Professor W. E. Geiger for copies of these programs.

Results

Results in Alkaline NMF

The open circles in Fig. 1(2) describe a background-
corrected cyclic voltammogram recorded at a sweep
rate of 40 mV s for reduction of FeMoco(ox)
(0.138 mM in Mo) at an RVC electrode in BaO-
distilled (‘alkaline’) NMF containing 0.1 M TBAPF,.
Under these conditions, FeMoco(ox) reduction
exhibits a formal potential of £ = —0.36 V versus
NHE and has many characteristics of a diffusion-
controlled electrode reaction. The cathodic peak
current is proportional to the square root of sweep
rate (for » = 10 to 100 mV s!) and to FeMoco con-
centration (for C=0.1 to 0.5 mM). The separation
between cathodic and anodic peak potentials is 145
mV. This relatively large value results in part from
the uncompensated iR drop incurred by use of a large
surface area working electrode, but because the
magnitude of AF,, is significantly greater than the
value exhibited by a Kkinetically facile one-electron



uA

CURRENT,

(a) E, V vs. NHE

CURRENT, zA

(b) E, V vs. NHE

Fig. 1. Comparison of experimental and digitally simulated
cyclic voltammograms for reduction of FeMoco(ox) in
alkaline NMF containing 0.1 M TBAPF¢ at RVC electrode.
(a) Experimental points for reduction of 0.138 mM FeMoco-
(ox) at v=40 mV s~ ! (open circles); digitally simulated
reduction of a single component with E°' = -0.355 V,
ks n/DY?=0.533 5712 a=0.50 (broken line); digitally
simulated reduction of a three-component mixture consisting
of a 60:20:20 distribution of species with the following char-
acteristics: 60%, E* = —0.355 V, kg ,/DV2=0.667 5172,
«=0.50; 20%, E°' =-0.400 V, ks" h'/D”2 =0.200 V2,
a=0.50; 20%, E°' =—0.480 V, ks p/DV2=0.0367 5712,
a=0.50 (solid line). (b) Experimental points for reduction
of 0.132 mM FeMoco(ox) plus 1.19 mM thiophenolate ion
at v =40 mV s~ (open circles); digitally simulated reduction
of a single component with E°' = —0.362 V, kg, n/DY? =
0.827 s12, o= 0.50 (solid line). Heights of digitally simu-
lated curves are normalized to experimental peak currents in
all cases.

transfer under the same experimental conditions (e.g.
AE, =80 mV for Mo[S;C,(CN),]4’" reduction at
v =40 mV s '), we conclude that a degree of charge
transfer irreversibility is associated with FeMoco(ox)
reduction at the RVC electrode.

Close inspection of the experimental trace in
Fig. 1(a) reveals several abnormalities associated with
the voltammetric reduction of FeMoco(ox). (i) The
cathodic peak current of 35 pA is significantly
smaller than the value expected for a one-electron
transfer under these experimental conditions, (ii) The
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anodic-to-cathodic peak current ratio (evaluated by
use of the semi-empirical formula of Nicholson [23])
is greater than unity (ip,/ipe = 1.23). (iii) Current at
potentials more negative than the cathodic peak does
not decrease as rapidly as expected for a diffusion-
controlled electrode reaction. Points (ii) and (iii) are
illustrated by comparison of the experimental curve
with a digitally simulated cyclic voltammogram of a
single component (broken line) whose electro-
chemical parameters (E°'=—0.355 V, kg n/D'? =
0.533 52 @ =0.50) have been adjusted to give the
same peak potentials as the experimental trace.

The realization (vide infra and refs. 13 and 14)
that FeMoco(ox) samples in ‘acidic’ NMF exhibit, at
more negative potentials, additional voltammetric
reduction peaks, which correspond to approximately
one-third the FeMoco content of the solution, sug-
gests that a similar distribution might exist in the
‘alkaline’ solvent also. If the species responsible for
these peaks were to undergo electrochemical reduc-
tion more sluggishly under alkaline conditions, they
could contribute to the diminished cathodic peak
current and flattened wave shape without appearing
as distinct maxima. To model this behavior, we
carried out digital simulation of a mixture of three
forms of FeMoco(ox) consisting of 60% material
having the same electrochemical parameters that
defined the broken line in Fig. 1(a) and 20% each of
two additional forms having standard electrode
potentials of —0.400 and —0.480 V and electro-
chemical rate parameters of kg /D2 =0.200 and
0.0367 s7'/2, respectively. The solid line in Fig. 1(a)
shows the agreement between this simulation and the
experimental trace. The additional species adequately
account for the slow decrease in current following
the cathodic peak and the additional anodic current
on the positive sweep of the cyclic voltammogram.
While we do not place great reliance on the quanti-
tative nature of the parameters obtained from this
fit, the simulation shows that the anomalous charac-
teristics of FeMoco(ox) reduction in alkaline NMF
can be accounted for by a fraction of material that
is sluggishly reduced at more negative potentials.

Figure 1(b) illustrates the cyclic voltammetric
behavior of the solution in Fig. 1(a) after addition of
1.19 mmol per liter of NaSPh. Addition of excess
thiophenolate ion has three effects on the experi-
mental response (open circles). (i) The peak current
of the principal FeMoco(ox) reduction wave increases
from 35 to 48 pA. (ii) The current following the
cathodic peak decreases more rapidly with increasing
negative potential. (iii) The anodic-to-cathodic peak
current ratio becomes unity (ipa/ipe = 1.02). The
solid line in Fig. 1(b) demonstrates that the experi-
mental trace can now be simulated by diffusion
controlled reduction of a single species with electro-
chemical parameters of E®' = —0.362 V, kyp/DV? =
0.827 s and a = 0.50.
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In previous work [11a], we determined from the
narrowing of the S = 3/2 EPR signal of semi-reduced
cofactor during titration with thiophenol, that this
reagent (when added either as PhSH or PhS™) forms
a 1:1 complex with FeMoco(s-r). Figure 1(b) is
evidence that thiophenolate ion binds to the oxidized
form of cofactor also and, in so doing, converts the
mixture of species present into a single form. The
FeMoco(ox) reduction potential remains independent
of PhS™ concentration when thiophenolate ion is
in excess of FeMoco and its concentration is varied.
Therefore, we conclude that, in both oxidation states,
cofactor is bound to a single PhS™ ligand and that its
ox to s reduction under these conditions can be
assigned to electrode reaction (3).

FeMoco(o0x)-SPh + e~ == FeMoco(s-r)-SPh 3)

Binding of thiophenol to ox and s-r cofactor has also
been demonstrated by F NMR of p-CF,C¢H,S™
treated FeMoco [24].

Results in Acidic NMF

Figure 2(a) illustrates the cyclic voltammetric
response of an oxidized cofactor sample that has not
been diluted into NMF following isolation. We find
that the acidity of the solvent in these undiluted
samples is always higher than that of NMF that has
been freshly distilled from barium oxide*. Figure 2a
shows that two distinct cathodic peaks (C' and C")
are observed at potentials ¢. 150 and 300 mV more
negative than the principal FeMoco(ox) reduction
wave (A). Peaks C' and C” appear to correspond to
the minor components of oxidized cofactor solution
(Fig. 1(a)) whose reduction becomes more evident in
acidic solvent. In addition, the £°' of the principal
FeMoco(ox) reduction wave is shifted to —0.31 V by
the change to acid conditions. Similar results are
obtained if FeMoco(ox) is diluted into undistilled
NMF (which we find to be acidic) or into BaO-
distilled NMF subsequently made acidic by addition
of HPTS. Figure 2(b) illustrates the result of the
latter experiment in which case only a single addi-
tional reduction peak is observed at more negative
potentials.

Figure 2(c) shows the result of adding a seven-
fold molar excess of PhSH to FeMoco(ox) in acidic
NMF. This addition results in disappearance of the
additional waves at more negative potentials and an
increase in current of the principal reduction wave
from 5.0 to 8.9 uA. The formal reduction potential

*The reason for the difference in acidity has not been
established. Impurities introduced by various steps in the
FeMoco isolation procedure or chemical reactions during its
storage could account for the acidic character of undiluted
samples. BaO-catalyzed decomposition of solvent could
account for the basic character of NMF distilled from this
reagent.

a) A C c’
Q
=
Q
£
a
o
o}
|
1 i 1 1 i
b)
-
z
[
[ 0
3
)
I L 1 1 L
c)
o}
L
0
Q
c
©
1 ! I { I

0 -02 -04 -06 -08
E, V vs. NHE

Fig. 2. (a) Cyclic voltammetric reduction of 2.84 mM
FeMoco(ox) in undiluted, acidic NMF at GC electrode,
v=40 mV s7L, Peaks A, C' and C” correspond to similarly
labelled plots of peak potential vs. sweep rate in Fig. 4.
§=2 pgA. (b) Cyclic voltammetric reduction of 0.142 mM
FeMoco(ox) in 0.1 M TBAPF¢/NMF at an RVC electrode
after addition of 0.99 mmol 1"t of HPTS. » =40 mV s~}
§=5 pA. (c) Cyclic voltammetric reduction of sample in
Fig. 2a after addition of 21 mmol 17! of PhSH. v =40 mV
s7L 8 =2 uA.

(—0.36 V) is the same as that observed in alkaline
NMF and is independent of excess thiophenol con-
centration. Thus, addition of excess PhSH to
FeMoco(ox) in acid NMF appears to generate the
same FeMoco(ox)-SPh species that is formed in
alkaline NMF and whose electrochemical reduction
is described by eqn. (3).

Figure 3 contains plots of peak current versus the
square root of sweep rate for the first reduction wave
of an undiluted 2.84 mM FeMoco(ox) sample alone
and after addition of a seven-fold molar excess of
PhSH. Both plots display the expected linear response
of peak current upon v!/? although the plot for
FeMoco(ox) reduction in the absence of PhSH
exhibits a negative deviation above 0.1 V s™'. The
slopes in the absence and presence of thiophenol are
26 and 44 pA s''? V Y2 respectively. The ratio
between these slopes (0.6) is approximately the same
as the ratio between peak currents (0.7) for reduction
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Fig. 3. Plots of peak current vs. square root of sweep rate for
reduction of 2.84 mM FeMoco(ox) in undiluted acidic NMF
at GC electrode; alone (®) and in the presence (&) of 0.021
M PhSH. Currents in the presence of PhSH are corrected for
dilution.

of an alkaline FeMoco(ox) sample in the absence and
presence of PhS™ (Fig. 1). Assuming that thiophenol
converts all forms of FeMoco(ox) into a single elec-
trochemically active FeMoco(ox)-SPh species under
both conditions, this result indicates that the fraction
of material associated with the principal FeMoco(ox)
reduction wave is ¢. 2/3 in both acid and alkaline
NMF. The remaining one-third of FeMoco(ox)
appears to be accounted for by one or more species
that undergo reduction sluggishly at potentials
slightly more negative than the principal reduction
wave. These species cannot be in rapid equilibrium
with the major fraction of FeMoco(ox), because as
illustrated by the behavior in acidic NMF, diffusion-
limited i, versus v'/? response for the first reduction
wave is maintained down to a sweep rate of 0.001
V s7* (Fig. 3).

Plots of peak potential versus sweep rate in Fig. 4
further illustrate the distribution of subspecies within
the minor fraction of FeMoco(ox) in acidic NMF.
Plot A represents the peak potential for reduction
of the single major form that is observed at all sweep
rates. Plots C' and C" represent peak potentials for
the reduction of two minor forms of FeMoco(ox)
in acidic NMF that were identified in Fig. 2(a). The
peaks for these processes vanish at sweep rates below
0.01 V 57! and are replaced by a single peak (C) at
slightly more positive potentials. The £, versus log v
response of this species does not coincide with that
of C', C" or A. Thus, we conclude that the minor
fraction of acidic FeMoco(ox) consists of at least
three identifiable subspecies (C, C' and C") two of
which (C' and C") condense into a third form (C) as
sweep rate is decreased, and all of which react inde-
pendently of the single major form (A) at the elec-
trode surface. A similar distribution of subspecies
may exist within the minor fraction of FeMoco(ox)
in alkaline NMF, but this point is difficult to establish
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Fig. 4. Plots of cathodic (®) and anodic (O) peak potentials
as a function of sweep rate from cyclic voltammetry of
FeMoco(ox) in undiluted, acidic NMF. Letters refer to the
major (A) and minor (C, C', C") forms of FeMoco(ox) in
acid NMF. Numbers are the slope of AEp/A log v in mV for
the corresponding linear segment.

because of its sluggish electrochemical response.
However, satisfactory simulation of experimental
alkaline voltammograms can be achieved only by
including the reduction of at least two minor com-
ponents at potentials more negative than the prin-
cipal reduction wave (Fig. 1(b)). These alkaline
subspecies are designated D’ and D" to preserve
correspondence with the subspecies C' and C” in
acidic NMF. Electrochemical response in alkaline
NMF is too poorly defined to determine if D' and
D" coalesce into a separate single form (D) at slow
sweep rates.

Formal Potentials and Identification of Species

Table 1 lists the forms of cofactor identified in
this work and formal potentials measured for these
species under different experimental conditions.
The letters A and B represent the major oxidized
forms of cofactor in acidic and alkaline media,
respectively; the letters C and D represent the minor
oxidized forms under the same conditions. Distribu-
tion of the minor forms into subspecies is indicated
by primed or unprimed symbols. In the semi-reduced
oxidation state, R, N and W forms of FeMoco have
been identified by EPR spectroscopy [13]. Relation-
ships between these forms and the various forms of
oxidized FeMoco also are included in the Table.

Discussion

Evidence for discrete acidity-dependent fractions
of oxidized cofactor came initially from EPR spec-
troscopic experiments which revealed differences in
S =3/2 signals following reduction to FeMoco(sr)
[13]. Now our electrochemical experiments also
indicate that FeMoco(ox) exists in discrete fractions
in acid and alkaline media and that these fractions
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TABLE 1. Distribution of species and formal electrode potentials for the FeMoco(ox)/FeMoco(s-r) couple under various solution

conditions
Conditions Oxidized cofactor Semi-reduced cofactor E°'a
Alkaline NMF P B —0.36 £ 0.024
D R not observed
D’ —0.40¢
DH "‘0.48e
+PhS™ FeMoco(0x)-SPh FeMoco(s)-SPh —0.35 £ 0.01f
Acidic NMF ¢ A N -0.31 t0.01 8
C -~0.34h
(o4 } w -0.39
c” -0.44
+ PhSH FeMoco(ox)-SPh FeMoco(s-r)-SPh ~0.37+0.01%

8In V vs. NHE; determined as the average of cathodic and anodic peak potentials from cyclic voltammetric reduction of FeMoco-

(ox)at 0.04 Vs !,
dStandard deviation of 28 measurements.
2Standard deviation of 10 measurements.

have different compositions and/or properties.
Evidence for differences in compositions or proper-
ties consists of the shift in formal potential of the
major reduction wave (A and B) upon solvent acidifi-
cation and changes in reduction potential and
apparent heterogeneous electron transfer rates for
the minor oxidized forms (C and D). Interestingly,
the factors responsible for generating the different
S = 3/2 signals of FeMoco(s-r) are not reflected in the
electrochemistry of this material. Only a single anodic
peak at —0.24 V versus NHE is observed for FeMoco-
(s-1) oxidation in both alkaline and acidic NMF*.
Thus, we find no electrochemical evidence for differ-
entiation of the R, N and W forms of semi-reduced
cofactor, although these species exhibit distinct
S = 3/2 EPR signals.

Scheme 1 summarizes relationships between the
oxidized and semi-reduced forms of FeMoco and the
manner in which we believe conversions among these
species are accomplished by changes in redox-state,
solvent acidity and the presence of thiophenol or
thiophenolate ion. Electrochemical evidence indicates
that the B:D and A:C populations of oxidized co-
factor exist in approximate 2:1 proportion in alkaline
and acidic media, respectively. In acid solution, the
A(ox) plus C(ox) population is reduced to corre-
sponding proportions of semi-reduced N(s-r) and
W(sr), whose unique identities and approximate
concentrations are established on the basis of their
§=3/2 EPR signals [13]. In alkaline solution, the
2:1 distribution of B(ox) plus D(ox) is reduced to a
single species, R(s-r), which constitutes the entire

*Small secondary peaks, such as that shown at ¢. —0.5 V
on the return sweep in Fig. 2(b), are seen in conjunction with
FeMoco(s-r) oxidation only when a large molar excess of
HPTS is present.

bRecorded in 0.1 M TBAPF¢/NMF at RVC electrode.
®From digital simulation in Fig. 1.
hRecorded at 0.004 Vs~ 1,

CRecorded at GC electrode in undiluted NMF.
fAverage deviation of 2 measurements.
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Scheme 1. Oxidized subspecies identified by primed or
unprimed symbols are not included; it is assumed that these
are reduced as a single population to the corresponding
semi-reduced form.

population of FeMoco(s-r). Addition of PhSH to
acidic NMF or of PhS™ to alkaline NMF consolidates
the entire distribution of FeMoco forms present
under any set of conditions into single species in
both the (ox) and (s-r) oxidation states. These are
identified as 1:1 complexes of FeMoco with PhS™
which undergo quasi-reversible one-electron transfer
as described by eqn. (3).

Comments on the Existence of Multiple Forms of
FeMoco

While we would like to correlate interconversion
of the various forms of FeMoco with events of
definite molecular stoichiometry, this is not possible
because, despite extensive investigations of the topic
the composition and structure of iron—molybdenum
cofactor are not completely known. However, elec-
trochemical and EPR spectroscopic results suggest
that oxidation state, solvent acidity and the presence



of ligating thiophenolate ion guide the distribution
of cofactor species.

Detection under all conditions of a single species,
which accounts for 100% of the FeMoco content and
undergoes quasi-reversible ox to s-r electron transfer,
suggests that the thiophenolated form of FeMoco
possesses the greatest structural and compositional
integrity. Conversely, the greater number of forms
observed in the absence versus the presence of thio-
phenol, in acidic versus alkaline solvent and in the
oxidized versus semi-reduced oxidation state indicates
that cofactor exhibits greater structural and com-
positional heterogeneity under the former of each
of these conditions. We believe it likely that the
various cofactor forms generated by these conditions
represent different states of ligation, protonation or
structural arrangement of the metal cluster unit. For
example, the ability of alkaline versus acidic NMF to
extract cofactor from the MoFe protein of A.
vinelandii nitrogenase has led to the suggestion [11b]
that N-methylformamidate ion may be a cofactor
ligand. The greater number of species observed in
acid NMF then would be consistent with the reduced
ability of the solvent to function as a ligand under
these conditions. Likewise, the ability of thiophenol
to consolidate multiple forms of FeMoco into a
single species also can be attributed to ligation.

Electrochemical response indicates that structural
or compositional differences exist between the ox
and s-r states of FeMoco. The strongest evidence of
this fact is the smaller number of species observed
in the semi-reduced oxidation state. However, the
apparent irreversibility of the ox to sr electrode
reaction suggests that changes in structure may
accompany this electrochemical process. Figure 4
shows that the peak potentials for FeMoco(ox)
reduction shift in the negative direction with increas-
ing sweep rate. This behavior is indicative of either an
irreversible charge transfer reaction or a reversible
charge transfer followed by an irreversible chemical
reaction [25]. Conversely, a single sweep-rate inde-
pendent peak potential is observed for FeMoco(s-r)
oxidation (Fig. 4), which indicates facile electron
transfer and minimal structural reorganization in the
oxidizing direction. Electrochemical results therefore
indicate a much greater structural integrity for
FeMoco in its semi-reduced oxidation state.

A final point to consider is the reproducible 2:1
distribution of populations observed for FeMoco(ox)
in alkaline and acid NMF and for FeMoco(s-r) in acid
NMF. This distribution may reflect particular favored
states of structural organization adopted by the
Fe—Mo—S cluster upon its release from the protein
environment. If such structural or compositional
changes (or others induced by changes in acidity or
oxidation state) occur upon extraction from the
protein, they have only minor effects on the redox
and EPR spectroscopic properties of the Fe—Mo--S
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center and do not diminish the biological activity
of cofactor when reconstituted in the protein. How-
ever, their influence on the ability of the extracted
metal cluster to catalyze substrate reduction reactions
has yet to be demonstrated.

Further information on the structure and com-
position of the various forms of FeMoco will require
X-ray absorption and other spectroscopic experi-
ments to be carried out under electrochemical
control. Such experiments are underway.
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