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We have used EXAFS and NRVS spectroscopies to examine the structural changes in the FeMo-cofactor active
site of the α-70Ala variant of Azotobacter vinelandii nitrogenase on binding and reduction of propargyl alcohol
(PA). The Mo K-edge near-edge and EXAFS spectra are very similar in the presence and absence of PA, sug-
gesting PA does not bind at Mo. By contrast, Fe EXAFS spectra show a clear and reproducible change in the
long Fe-Fe interaction at ~3.7 Å on PA binding with the apparent appearance of a new Fe-Fe interaction at
3.99 Å. An analogous change in the long Mo-Fe 5.1 Å interaction is not seen. The NRVS spectra exclude the
possibility of large-scale structural change of the FeMo-cofactor involving breaking the μ2 Fe-S-Fe bonds of
the Fe6S9X core. The simplest chemically consistent structural change is that the bound form of PA is coordi-
nated at Fe atoms (Fe6 or Fe7) adjacent to the Mo terminus, with a concomitant movement of the Fe away
from the central atom X and along the Fe-X bond by about 0.35 Å. This study comprises the first experimental
evidence of the conformational changes of the FeMo-cofactor active site on binding a substrate or product.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

The mechanism of dinitrogen reduction by MoFe nitrogenase re-
mains a key unsolved problem in biological inorganic chemistry
[1,2]. Nitrogenases are bacterial enzyme systems whose physiological
function is to catalyze the reduction of dinitrogen to ammonia with a
concomitant reduction of 2H+ to H2 and hydrolysis of MgATP [1,2].
Interestingly, they can also similarly reduce a large number of triply
and doubly bonded molecules so that, for example, acetylene is re-
duced to ethylene, CN- to NH3 and CH4, while azide is reduced to
NH3 and N2. The MoFe nitrogenases comprise two separate proteins,
the MoFe protein, which is responsible for substrate binding and re-
duction, and the Fe protein, which is an electron donor for the MoFe
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protein and the site of ATP hydrolysis. The MoFe-protein contains
two types of metalloclusters: the active site FeMo-cofactor, and the
[8Fe-7S] P-cluster, which functions to facilitate electron delivery
from the Fe-protein to the FeMo-cofactor. The Fe-protein contains a
single [4Fe-4S] cluster. During a catalytic cycle this protein associates
and dissociates from the MoFe protein several times, each time deliv-
ering electrons from this cluster to the MoFe-protein in a reaction
that is dependent on the hydrolysis of MgATP.

X-ray crystallography has revealed the FeMo-cofactor to be a unique
[Fe7S9MoX-homocitrate] cluster [3,4], Scheme 1. However, inspection
of this structure does not provide either an obvious location for sub-
strate binding or any obvious insight to the mechanism of substrate re-
duction. The structure can be rationalized into two distinct regions
where binding might occur. The first is the terminal Mo site, which is
coordinated to 3 S, a histidine residue and to R-homocitrate, a bidentate
carboxylate ligand that is essential for N2 reduction activity. The other is
the central trigonal prism Fe6S9X core, where X denotes a C, O or N in-
terstitial atom. Clearly, substrate binding and reduction could occur at
Mo or any of these Fe atoms. Unfortunately, further crystallographic
studies aimed at resolving this question are limited by the inherent dif-
ficulty of preparing the enzyme in pure stable substrate bound states.
Although there has been considerable success in our laboratories in pre-
paring high yields of nitrogenase with substrates or intermediates
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Scheme 1. The structure of the FeMo-cofactor drawn from PDB file 1M1N [3]. Mo – purple; Fe – brown; S – yellow, O – red; N – blue; C – grey; X – green. The Fe atoms are num-
bered in red.
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bound to the FeMo-cofactor [5–8], these states are invariably transient
and hence difficult if not impossible to crystallize. This problem is inher-
ent to the enzyme; in order to bind substrates the enzymeneeds to be in
a reduced state, however, these reduced states tend to auto-oxidize to
the resting state through H2 evolution with concomitant substrate dis-
sociation [1,2].

There are a number of mechanistic proposals, supported by densi-
ty functional theory (DFT) calculations [9–12], and these in turn pro-
vide questions that can be experimentally addressed by spectroscopy.
The first most obvious question is: do substrates initially bind at the
Mo centre or at one or more of the Fe sites of the Fe6S9X core? Mech-
anisms focused on substrate binding to either Mo or Fe sites have
both been proposed, as have approaches that involve migration of
substrate-derived moieties between metal atoms during reduction
[5–8]. Another question is whether substrate binding and reduction in-
volves any conformational or structural change of the FeMo-cofactor.
The Mo-based proposals often require dissociation of the homocitrate
carboxylate concomitant with substrate binding [8,13]. The Fe-based
proposals tend to exploit the unique chemical features of the Fe6S9X
core of the cofactor, and conformational distortions and even core-
Scheme 2. The FeMo-cofactor showing (a) structural movements considered in the text, (b) d
atom “X” is omitted for clarity in (b) and (c). The atoms colors are given in Scheme 1.
opening through breaking Fe-S bonds are common features of the sub-
strate bound reduced intermediates predicted by density functional
theory (DFT) calculations [9–12].

X-ray absorption spectroscopy (XAS) combined with 57Fe nuclear
resonance vibrational spectroscopy (NRVS) offers a route to resolve
these questions. Analyses of the extended x-ray fine structure (EXAFS)
region of XAS spectra yield structural information, specifically numbers,
distances and approximate element type of atoms adjacent to a specific
absorbing element [14,15],while thenear-edge region can give informa-
tion about the ligand field. ForMoFe nitrogenase, EXAFS not only has the
potential to directly detect the coordination of bound ligands, but also to
probe changes in FeMo-cofactor conformation from a study of the char-
acteristic long-range ~5.1 Å Mo-Fe (Scheme 2b) and ~3.7 Å Fe-Fe inter-
actions (Scheme 2c) across the cofactor Fe6S9X core. 57Fe NRVS, a
technique that exploits the Mössbauer effect, provides 57Fe-specific vi-
brational spectra that extend from 10 cm-1 to approximately 500 cm-1,
and which are direct measurements of the motion of the resonant 57Fe
nuclei along the direction of the incident x-ray beam [16]. It has been
shown to provide a vibrational fingerprint of the FeMo-cofactor Fe6S9X
core that is potentially sensitive to structure of the cluster [17,18].
istances important for Mo EXAFS and (c) distances important for Fe EXAFS. The interstitial
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Both XAS andNRVS have the enormous advantage of being applicable to
frozen solutions enabling measurement of transient states.

In this paper, we present the first XAS and NRVS study of MoFe ni-
trogenase with a ligand bound to the FeMo-cofactor. Specifically we
study the propargyl alcohol (HC≡CH2OH, PA) bound state of the
α-70Ala variant of Azotobacter vinelandii (Av1) MoFe nitrogenase
(Av1) [19–22]. This complex is formed on turnover with the PA sub-
strate, and has been assigned to an allyl alcohol species coordinated
to the FeMo-cofactor active site [19,20]. The complex has a characteris-
tic S=1/2 electron paramagnetic resonance (EPR) signal which allows
it to be readily quantified. For this work, samples were generated by
turning a mixture of α-70Ala MoFe protein and Fe protein with ATP
and sodiumdithionite in the presence of PA (α-70Ala:PA) or the absence
of PA (α-70Ala:turnover) and freezing rapidly. Control samples of the
resting, dithionite reduced enzyme were also prepared (α-70Ala:rest-
ing). For α-70Ala:PA, EPR experiments were used to confirm the pres-
ence of high yields of the complex.

2. Experimental

2.1. Protein Purification and Sample Preparation

Azotobacter vinelandii α-70Ala MoFe protein was prepared according
to published procedures. For α-70Ala:resting, the dithionite reduced en-
zyme was flash frozen in custom Lucite cuvettes. The turnover samples
were made with a 1:0.75 ratio between the α-70Ala MoFe protein
(500 μM) and Fe protein in 75 mM MOPS, pH 7.0, 7.5 mM MgCl2,
1 mg/mL creatine kinase, 5 mM ATP, 35 mM phosphocreatine, 30 mM
sodium dithionite and when required, 15 mM propargyl alcohol. The
MoFe protein was preincubated in the reaction mixture and turnover
was initiated with the addition of the Fe protein. The reaction-
initiated samples were quickly (~ 20 – 30 seconds) transferred into
Lucite cuvettes and flash frozen. All manipulation was under strictly
anaerobic conditions within crimp sealed vials that were repeatedly
evacuated and back-filled with Ar and all solution transfers were
with gas-tight syringes.

In order to assess the yield of α-70Ala:PA we prepared EPR samples
using the same solutions and quantitated the characteristic S=1/2
signal. It was not possible to prepare the control EPR samples simul-
taneously with the EXAFS or NRVS samples because of the short reac-
tion time before freezing. These EPR experiments reliably generated
around 0.7 spins per Mo. As a separate control, we recovered EXAFS
and NRVS samples after measurement, ground them under liquid ni-
trogen and packed the powder into EPR tubes. These experiments
also yielded the intense α-70Ala:PA EPR signals with intensities con-
sistent with our EPR control measurements.

2.2. X-ray Absorption Spectroscopy

Mo and Fe K-edge x-ray absorption data were measured at Stan-
ford Synchrotron Radiation Lightsource beamline 9–3, using a Si 220
double-crystal monochromator. Fluorescent x-rays were measured
using a 30-element Ge fluorescence detector (Canberra Industries),
fitted with Soller slits and a Zr (for Mo) or Mn (for Fe) filter to mini-
mize the relative contribution of scattered radiation. An Oxford In-
struments CF1208 liquid helium cooled sample cryostat was used to
maintain the sample temperature at 9 K. The x-ray energy was cali-
brated using the first major inflection point of a standard Mo or Fe
foil set as 20003.9 eV or 7111.3 eV respectively. This was measured
at the same time as the sample spectrum using two ion chambers po-
sitioned downstream of the cryostat. In order to minimize the effect
of x-ray photoreduction, the sample was moved after each scan so
that the beam irradiated a different spot on the sample for each
scan – typically a total of 3 – 4 spots were available for each sample
and 5 – 11 scans were collected requiring reuse of each spot. For
both Mo and Fe, the K-edge structure and position were monitored
to ensure that no photochemistry occurred.

2.3. EXAFS data analysis

EXAFS data were analyzed using the EXAFSPAK suite of programs
[23]. Curve fitting used the EXAFSPAK program OPT, with single-
scattering phase and amplitude functions calculated using FEFF 7.0 [15].

Our approach was to fit the α-70Ala:resting data first and use this
fit to obtain a set of Debye-Waller factors which were then be fixed
for the remaining data analysis. The number (N) of each interaction
was fixed to the expected value from crystallography, with the excep-
tion of the short ~2.7 Å Fe-Fe interaction for which the number from
P-cluster contribution was set to zero. This was because these interac-
tions in the P-cluster have been reported to phase-cancel [24], and
consistent with this we found increasing the Fe-Fe number (N) to 3
gave unreasonable Debye-Waller factors. Approximate distances (R)
and Debye-Waller factors (mean square deviations – σ2) were en-
tered for each interaction. R, σ2 and ΔE0 were then allowed to float
and the structure was optimized for a good fit. One problem for the
Fe EXAFS analysis, is that the Fe-Mo interaction at~2.7 Å tends to in-
versely correlate with the short Fe-Fe at~2.6 Å, so the Fe-Mo σ2 was
fixed to the value derived from Mo EXAFS and not allowed to float.
Once the Debye-Waller terms had been determined, these were
fixed, and for each of the three states, including α-70Ala:resting, N,
R and ΔE0 were allowed to float for the final fits presented here.

We note that some the expected values for the number (N) of the Fe
EXAFS interaction are higher for α-70Ala:resting compared to α-70Ala:
turnover and α-70Ala:PA as the latter two samples contain a 1:0.75
ratio of the [4Fe-4S] cluster containing Fe protein whereas the
α-70Ala:resting samples do not. For example, the expected numbers for
the Fe-Mo and long 3.7 Å Fe-Fe interactions are 0.2 and 0.8 respectively
for α-70Ala:resting and 0.182 and 0.727 when Fe protein is present.

2.4. NRVS Measurements

Samples for 57Fe NRVS employed 57Fe enriched MoFe protein.
NRVS data were recorded using published procedures [16] at beam-
line BL09XU, SPring-8, Japan [25] and at beamline ID-3 at the Advanced
Photon Source, Argonne, USA. Typical flux was ~3 x 109 in a 1.1 meV
bandwidth (1 meV≡8.0655 cm-1). During NRVS measurements, the
samples were maintained at~20 K using a liquid He cryostat. Exact
temperatures for individual spectra were calculated using the ratio
of anti-Stokes to Stokes intensity according to: S(−E)=S(E)exp
(−E/kT). Spectra were recorded between −20 meV and 80 meV in
0.25 meV steps. Nuclear fluorescence and Fe K fluorescence (from in-
ternal conversion) were recorded using an APD array [26]. Each scan
typically took about 40 min, and all scans were added and normal-
ized to the intensity of the incident beam.

2.5. Normal Mode Calculations

Normal mode calculations were conducted with a Urey-Bradley
force field using a modification of the program ‘Vibratz’ [27]. Calcula-
tions used the previously published force constants and structural
model for FeMo-cofactor [17] except that the symmetry was reduced
to C1 from C3v to allow modifications at a single site. These calculations
are detailed in the supplementary information. For comparisonwith ex-
perimental spectra, each calculated mode wasmultiplied by a Gaussian
lineshape with 7 cm-1 full width at half maximum amplitude.

3. Results

Figs. 1 and 2 compare the XAS near-edge and EXAFS data from
α-70Ala:PA with α-70Ala:turnover and α-70Ala:resting. Fig. 1 presents
the Mo K-edge spectra, with the upper panel comprising the Mo near-



Fig. 1.Mo K-edge x-ray absorption spectroscopy ofα-70Ala:PA comparedwith α-70Ala:turnover andα-70Ala:resting. (a) near-edge spectra, (b) near-edge 2nd derivative spectra,
(c) EXAFS spectra and (d) EXAFS Fourier transform spectra phase corrected for Mo-S. In each panel: upper spectrum -α-70Ala:resting; center spectrum -α-70Ala:turnover; lower
spectrum - α-70Ala:PA. In (c) and (d) broken line - data; solid line – fit.
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edge spectra and second derivatives while the lower panel comprises
the Mo EXAFS spectra and Fourier transforms superimposed by curve
fitting results. Fig. 2 similarly compares the Fe K-edge near-edge
spectra and the Fe EXAFS with analysis. Fig. 3 compares the NRVS
spectra of α-70Ala:PA with the published wild-type spectrum and
some simulated spectra. The EXAFS fitting parameters are presented
in Table 1, while complete EXAFS fitting parameters together with de-
tails for the NRVS simulations are presented in the supplementary
information.

We note that the EPR control experiments indicate that the
α-70Ala:PA EXAFS and NRVS samples contained at least 0.7 of the
bound PA form per FeMo-cofactor. It is important to realize this rep-
resents a minimum yield of bound complex. This is because the EPR
spectra obtained from α-70Ala:PA typically did not contain intense
signals corresponding to unbound active site, which allows the possi-
bility that the remaining 0.3 FeMo-cofactor could also comprise
bound PA but in an EPR silent state.

We first consider the Mo near-edge XAS data and the Mo EXAFS
and whether there is any suggestion of PA binding at Mo (Fig. 1 and
Table 1). The near-edge spectra from α-70Ala:resting, α-70Ala:turn-
over and α-70Ala:PA (Fig. 1a,b) are virtually superimposable. As
near-edge structure predominately arises from transitions to states
that are sensitive to the Mo oxidation state, ligand field and geometry,
this suggests the Mo oxidation state and ligand field is similar in all
three cases. Similarly, analyses of Mo EXAFS of these two states
(Fig. 1c,d and Table 1) do not show substantial differences in the
shells of the coordinating ligands. The EXAFS data are of high quality,
showing very good signal to noise, enabling measurement up to
k=18 Å-1. Curve fitting analyses reveal the expected Mo-S and
Mo-Fe interactions at 2.37 Å and 2.69 Å respectively, as well as the
long Mo-Fe interaction at 5.10 Å (Scheme 2b). The shorter Mo-O
and Mo-N ligands, fitted as 3 Mo-O interactions, are also apparent, al-
though these are weaker compared to theMo-S and shorter Mo-Fe in-
teraction comprising just over 13% of the total EXAFS. Nevertheless,
any binding of PA should introduce Mo-C interactions that would
modulate the Mo-O fit. As Table 1 indicates, there is very little change
in this interaction between the resting enzyme, the enzyme under
turnover and the enzyme with bound PA. Hence, taken together, the
Mo EXAFS and near-edge data do not suggest binding of PA at the
Mo site.

There are some minor changes in the Mo EXAFS of each state that
involve the Mo-Fe interactions. For the short 2.7 Å Mo-Fe interaction
there is a small (10%) reduction in intensity of the α-70Ala:turnover
compared to the other two states. Of particular interest, however, is



Fig. 2. FeK-edge x-ray absorption spectroscopy ofα-70Ala:PA comparedwithα-70Ala:turnover andα-70Ala:resting. (a) near-edge spectra, (b) near-edge 2nd derivative spectra, (c) EXAFS
spectra and (d) EXAFS Fourier transform spectra phase corrected for Fe-S. In each panel: upper spectrum -α-70Ala:resting; center spectrum -α-70Ala:turnover; lower spectrum -α-70Ala:
PA. In (c) and (d) broken line - data; solid line - fit. (i) and (ii) in (d) are different fits for α-70Ala:PA as described in the text.

Fig. 3. NRVS results. (a) NRVS spectrum of α-70Ala:PA (solid line) compared with resting wild-type AvI (broken line). (b) Calculated NRVS spectra showing the possible effect of
opening the Fe6S9X core simulated by deleting S2b (solid line) compared with that calculated for unmodified FeMo-cofactor (broken line). The calculations do not include the
P-cluster. The shaded region is discussed in the text.
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Table 1
EXAFS fitting parametersa.

α-70Ala:
resting

α-70Ala:
turnover

α-70Ala:PA

Nb R (Å)b N R (Å) N R (Å) σ2 (Å2)c

Mo-S 2.95 2.372 2.97 2.375 2.91 2.373 0.00212
Mo-Fe 3.00 2.694 2.73 2.690 2.97 2.697 0.00303
Mo-Fe 3.03 5.101 2.47 5.096 2.51 5.108 0.00560
Mo-O 3.13 2.190 2.85 2.191 2.88 2.195 0.00307
Fe-S 3.66 2.295 3.76 2.300 3.57 2.287 0.00563
Fe-Fe 1.65 2.615 1.57 2.617 1.44 2.618 0.00371
Fe-Fe 0.38 2.846 0.51 2.840 0.35 2.827 0.00371
Fe-Mo 0.20 2.687 0.18 2.664 0.18 2.686 0.00303
Fe-Fe (long) (i) 0.82 3.705 0.75 3.705 0.63 3.700 0.00300
Fe-Fe (long) (ii) 0.59 3.701 0.00300
Fe-Fe (long) (ii) 0.22 3.985 0.00300

a Complete fitting parameters are in the supplementary information. Fixed values
are in italics.

b N=number of backscattering atoms. R=distance.
c σ2 = Debye-Waller factor or mean-square deviation in distance. These were

constrained to the same values for all samples.
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the long Mo-Fe interaction at 5.10 Å. This arises from the 3 Fe atoms
on the distal side of the Fe6S9X core of the FeMo-cofactor from the
Mo terminus (Scheme 2b) and it should be sensitive to conformation-
al deformations of the Fe6S9X core. We note that fitted distance of this
interaction is essentially the same in all three states. However, the in-
tensity of this feature in both the α-70Ala:turnover and α-70Ala:PA
states is reduced by~16% compared to α-70Ala:resting. Interestingly,
comparing α-70Ala:turnover and α-70Ala:PA shows there is no addi-
tional difference in this interaction caused by the bound PA product.

The reduction in intensity of the 5.1 Å Mo-Fe interaction on turn-
over is most easily rationalized in terms of a conformational deforma-
tion of the cluster that results in small, unresolved changes in the long
Mo-Fe distances. Similarly, the lack of any further difference in this
interaction between α-70Ala:turnover and α-70Ala:PA suggests that
any conformational change caused by the bound PA product does
not significantly alter the long Mo-Fe interaction. Clearly, any large
atom movement that produces a substantial change in one of the
Mo-Fe distances would cause the Fourier transform of this interaction
to be split into two peaks. However, if the change in the Mo-Fe dis-
tance is less than the EXAFS resolution of π/2Δk, here 0.09 Å, then
the two distances cannot be resolved by curve fitting and instead
the heterogeneity in distance adds to the static component of the
Debye-Waller factor, which in turn results in a single average distance
with an increased Debye-Waller factor. However, our analytical ap-
proach for this work, detailed in the experimental section, uses the
same, fixed, Debye-Waller factors to fit each of the α-70Ala:resting,
α-70Ala:turnover and α-70Ala:PA states and only distance, number
and ΔE0 are allowed to float. Since increasing the Debye-Waller factor
reduces the intensity of the observed EXAFS, it tends to inversely cor-
relate with the number of interactions present, which in turn means
that any unresolved increase in heterogeneity of the 5.1 Å Mo-Fe inter-
action will result in a single observed interaction but with a smaller
fitted number. This is observed in the curve fits presented here from
the α-70Ala:resting and the two turnover samples. We note that the
most likely explanation for this difference is that under turnover a mix-
ture of FeMo-cofactor oxidation states is present and that these exhibit
slightly different geometries. This is consistentwith knownbiochemistry
of the nitrogenase enzyme complex [1], the almost negligible changes
in the 5.10 Å average fitted distances (b 0.015 Å) aswell as the observa-
tion that the Fe EXAFS does not show a corresponding increase in het-
erogeneity in the 3.7 Å Fe-Fe interaction (see below). We also note
that the near identity of the 5.1 ÅMo-Fe interaction in theα-70Ala:turn-
over and α-70Ala:PA states strongly indicates that there is no further
significant geometric change at these distal Fe sites in the bound form
of PA.
Wenow consider the Fe near-edgeXAS data and the Fe EXAFS (Fig. 2
and Table 1). The Fe near-edge spectra of all three states are visually
similar (Fig. 2a), with only subtle differences around the pre-edge fea-
ture at 7112 eV apparent in the second derivative spectra (Fig. 2b).
This lack of significant change between these spectrawas not unexpect-
ed as unlikeMo,with its single unique site, there are 15different Fe sites
in each MoFe enzyme. The change in overall Fe oxidation state in MoFe
nitrogenase under the turnover conditions here is expected to average
approximately only one electron reduction amongst the 15 Fe, making
any shift in the K-edge correspondingly small. Similarly, any changes
resulting from PA product coordination to Fe will probably be similarly
diluted, as the PA product is unlikely to coordinate more than two Fe
sites. Finally, any differences betweenα-70Ala:resting and the two turn-
over states and can be ascribed to the presence of the [4Fe-4S] cluster
containing Fe protein in the latter two samples.

Fortunately the Fe EXAFS data are very informative (Fig. 2c-d).
Again, the spectra are of high quality, with good signal to noise
throughout the kb17 Å-1 range of the measured data. Curve fitting
analysis reveals that the Fe EXAFS is dominated by the expected
short range Fe-S and Fe-Fe interactions (Scheme 2c). These are fitted
for the α-70Ala:resting spectrum at 2.30 Å and 2.62 Å respectively.
We note that fitting these components is complicated by the presence
of the P-cluster and Fe protein in the sample as both of these can con-
tribute similar Fe-S and Fe-Fe interactions. For the fits in Fig. 2 a Fe-Fe
contribution from the P-cluster has not been included as it has been
reported that this tends to be small due to phase-cancellation effects
[24], resulting in a low number of fitted Fe-Fe interactions per Fe
(Table 1) as these are averaged over all the Fe in the sample. Interest-
ingly, the fits are significantly improved by including a small Fe-Fe
contribution at ~2.84 Å and we note that the origin of this component
is unclear as it could arise from either the P-cluster or the FeMo-co ac-
tive site. The Fe-Mo interaction at 2.69 Å tends to inversely correlate
with the short Fe-Fe interaction, so its intensity is fixed at the expected
values of 0.2 forα-70Ala:resting and 0.182 for the turnover samples. The
final component of the each of the Fe EXAFS spectra is the long Fe-Fe in-
teraction which occurs at 3.71 Å in α-70Ala:resting. This interaction is
characteristic of the Fe6S9X core of the FeMo-cofactor [18], and it arises
from the diagonal across the square faces of the trigonal prism
(Scheme 2c).

A comparison of the Fe EXAFS from each of the three sample states
(α-70Ala:resting, α-70Ala:turnover, α-70Ala:PA) shows clear and re-
producible differences in the long 3.7 Å Fe-Fe interaction for the PA
bound form. For the short Fe-S and Fe-Fe interactions there are only
limited differences between the three states, with distances in partic-
ular being very comparable. Similarly, the reduction in number (N) of
the long 3.7 Å Fe-Fe interaction between α-70Ala:resting and α-70Ala:
turnover is from 0.82 to 0.75 per Fe, almost exactly the 0.8 to 0.73
expected from the diluting effect of the added Fe protein. However,
the addition of PA causes the intensity of this feature to further re-
duce together with a significant change in the shape of its Fourier
transform. This is reflected in the curve-fitting analysis. For both
α-70Ala:resting and α-70Ala:turnover, this interaction fits well to sin-
gle bands at 3.71 Å, while for the α-70Ala:PA spectrum, constraining
the analysis to a similar interaction produces a relatively poor fit
with reduced intensity, as illustrated as fit (i) in Table 1 and Fig. 2d.
It is important to note that the Debye-Waller factors for the
α-70Ala:PA fit were fixed to the fitted values from the α-70Ala:resting
analysis, so any structural changes are reflected in the number and
distance of each type of interaction only. Finally, we investigated
the impact of introducing an additional long-range Fe-Fe component
into the fit for the PA spectrum. This part of the analysis requires two
important caveats. First, care must be taken when fitting these rela-
tively weak long-range interactions as this region also includes nor-
mally unresolved Fe-S interactions. Second, introducing additional
components nearly always improves the fit quality and when introduc-
ing weak features care must be made not to overinterpret the results.



Scheme 3. The FeMo-cofactor showing the proposed structure of the PA bound form
consistent with the EXAFS and NRVS analysis. The atoms colors are given in Scheme 1.
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Nevertheless, we found that for the PA spectrum, this fit is significantly
improved by including an additional smaller Fe-Fe interaction at 3.99 Å;
shown as fit (ii) in Table 1 and Fig. 2d.

The most straightforward interpretation of this observation is that
PA is binding to a Fe site on FeMo-cofactor, with a concomitant distor-
tion of the Fe6S9X core, which in turn modifies some of the long Fe-Fe
interactions. The Mo EXAFS data are relevant here as it is clear from
Scheme 2b that the short 2.7 Å Mo-Fe and long 5.1 Å Mo-Fe should
also be sensitive to conformational distortions of the Fe6S9X core. It is
interesting to note that, on comparing α-70Ala:turnover and α-70Ala:
PA, the short Mo-Fe shows a slight (9%) increase in number on binding
PA while the long Mo-Fe interaction is essentially unchanged. We also
note that the curve fitting analysis does not provide any direct indica-
tion of the presence of any Fe-C interactions from PA bound to a Fe
site. This is not unexpected. Fe-C interactions are inherently weak and
the presence of additional Fe from the P-cluster and Fe protein Fe4S4
cluster will further dilute any Fe-C interaction so that the expected
number value (N) for side-on bound PA complex is only 0.13. Hence,
in this case they most likely are overwhelmed by the more intense
2.30 Å Fe-S and 2.61 Å Fe-Fe interactions.

The simplest chemically consistent structural change that ac-
counts for these data is that PA binds to one of the Fe atoms (Fe5,
Fe6, Fe7) adjacent to the Mo terminus, with a concomitant movement
of the Fe away from the central atom X and along the Fe-X bond. This
movement is expected to modify the long 3.7 Å Fe-Fe interaction, but
not the long 5.1 Å Mo-Fe distances. We exclude the analogous bind-
ing at a Fe adjacent to the Fe terminus (Fe2, Fe3, Fe4), as, although
this would be expected to cause the same modification of the long
Fe-Fe, it should also similarly affect the long Mo-Fe, and this is not ob-
served. Any more substantial modification of the cluster, such as
breaking Fe-S bonds within the Fe6S9X core would also most likely
significantly modify the long Mo-Fe interaction. If the 3.99 Å Fe-Fe in-
teraction observed in fit (ii) in fact represents the moved Fe atom, this
would represent a lengthening of Fe-X by about 0.35 Å. In this case,
the apparent increase in the total number for the long Fe-Fe can be ra-
tionalized in terms of a reduction in the static Debye-Waller factor for
both components. The expected sensitivity of EXAFS measurements
to conformational changes in the FeMo-cofactor is detailed in the
supplementary information.

Further insight into the nature of the conformational change on PA
binding is provided by NRVSmeasurements.We note that these spectra
again contain contributions from both the FeMo-cofactor and the P-
cluster. Fig. 3a compares the 57Fe NRVS spectrum of α-70Ala:PA with
that previously published for resting wild-type MoFe nitrogenase [17].
While there are intensity differences in some of the bands, both spectra
are very similar, with the most noticeable differences being a small
general reduction in intensity between 140 – 200 cm-1 as well as
some details throughout the spectrum. We note, as with Fe EXAFS,
we are unlikely to directly observe any Fe-C coordination from a
bound ligand with the current data. This is for two reasons. First,
these modes will likely affect only one Fe, so the other Fe in the sample
will dilute their intensity. Second, Fe-C modes are in general inherently
weaker than the Fe-S modes that dominate the NRVS spectrum of
MoFe nitrogenase. NRVS intensity in a given vibrational mode is directly
related to the magnitude of the overall Fe motion in that mode, hence
heavier ligands, like S, will normally givemore intenseNRVS than lighter
coordinating atoms, such as C.

In order to better understand the significance of this result we
adapted the existing empirical normal mode analysis for the
FeMo-cofactor [17] to a C1 coordinate frame and explored the impact
of structural changes of the cluster on theNRVS spectrum. The key result
is presented in Fig. 3b.Moving individual Fe atoms by distances less than
0.5 Å caused relatively minor changes in the spectrum (not shown). The
most significant changewas caused by opening the Fe6S9X core, simulat-
ed by deleting the bridging S2b atom (Scheme 2a), which substantially
reduces the intensity of the bands between 180 – 220 cm-1 while
increasing intensity between 140 – 170 cm-1 (shaded area on Fig. 2b).
This is not unexpected, as the bands between 180 – 220 cm-1 are
assigned to breathing vibrations of the Fe6S9X core [17]; a motion
which depends on the presence of the interstitial atom X and the integ-
rity of the core. Opening the core apparently eliminates these modes,
and the cluster behaves more like a pair of FeS cubanes, which have
breathing modes at around 145 cm-1 [28]. Hence we conclude that
there has not been a substantial change in the structure of the FeMo-
cofactor involving breaking the μ2 Fe-S-Fe bonds of the Fe6S9X core as
has been suggested possible from DFT calculations [9–12] and that the
structure of the Fe6S9X core remains essentially intact.

4. Discussion and Conclusions

This XAS and NRVS study comprises the first experimental evidence
of the conformational changes of the FeMo-cofactor active site onbinding
a substrate or product. The primary conclusion is that the bound form of
PA formed under turnover induces only a small change in the cofactor.
The EXAFS data are consistent with the movement of a single core Fe
along the Fe-X bond and away from the interstitial X. It allows us to local-
ize this change to a Fe adjacent to the Mo terminus. Both the EXAFS and
NRVS data argue against any substantial change in the cluster structure,
such as opening the Fe6S9X core through breaking Fe-S bonds. This
study also provides evidence binding is not at the Mo site. Finally, while
any estimate must be treated with care as it depends on fitting weak
components in a complex spectrum, it allows us to estimate of the mag-
nitude of the Fe atom movement to be about 0.35 Å.

We thus conclude that the PA binding site is Fe6 or Fe7 as illustrat-
ed in Scheme 3. The reasonable assumption that the Fe movement is a
consequence of a bound PA ligand limits binding to one of Fe5, Fe6 or
Fe7. We can exclude the Fe5 site as recent experiments have empha-
sized the importance of the Fe2-3-6-7 face to substrate binding
[20–22,29–31]. This conclusion is consistent with an electron nuclear
double resonance (ENDOR) and DFT analysis, which has assigned the
complex to a side-on bound η2-alkene or metallocyclopropane allyl
alcohol bound at Fe6 and stabilized by hydrogen bonding of the alcohol
group with the α-195His residue [19,20].

A secondary conclusion from this study concerns our methodology.
Thiswork demonstrates that EXAFS andNRVS are highly complementa-
ry techniques for studying Fe sites and in particular Fe containingmetal
clusters in biological systems. For MoFe nitrogenase, EXAFS is a sensi-
tive tool for monitoring conformational changes in the FeMo-cofactor
and providing structural details of those changes, while NRVS provides
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the necessary check of overall cluster integrity. Although, in this case,
the large number of additional Fe atoms in the samples prevented the
bound PA from being directly observed, both techniques have the capa-
bility of detecting and confirming the presence of bound ligands; EXAFS
through direct measurement of the metal-ligand distance and NRVS
through measurement of the associated stretching and bending vibra-
tional modes. Finally, both techniques require very similar sample con-
centrations and preparation, although it is important to remember that
NRVS requires 57Fe enrichment. Indeed, with careful experimental de-
sign, the same sample could be used for bothNRVS andXAS experiments.

Finally, the fact that we do not observe a major change in the
FeMo-cofactor in the PA bound form also deserves some comment.
We note that DFT models that predict opening the Fe6S9X core calcu-
late reduced forms of the cofactor. By corollary, our observation that
this change is absent implies that the cofactor is not in a significantly
reduced state. Since α-70Ala:PA has an S=1/2 EPR signal, the cluster
must be either in its resting state or reduced by a multiple of 2 elec-
trons. We therefore suggest that the PA bound complex studied here is
a product bound state with the cofactor at the same overall oxidation
state as the resting enzyme. This conclusion is consistent with the rela-
tively long lifetime of this state. We also note that other stable
substrate-bound intermediates either may well have the FeMo-cofactor
in amore reduced state, such as theα-70Alaα-195Gln hydrazine complex
[32], ormay involvemultiply bound ligands, such as thewild-type Hi-CO
complex [31,33]. These may well induce a more significant change in
cluster conformation. A combined XAS and NRVS study of these species
will undoubtedly be of great interest.

Note added in proof

During publication of this article two papers were published sug-
gested that the interstitial atom X is in fact carbon.
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Full EXAFS fitting parameters; details of the sensitivity of EXAFS
distances to Fe-X movements in FeMo-cofactor; NRVS simulation pa-
rameters. Supplementary materials related to this article can be found
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