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ABSTRACT: The nitrogenase MoFe protein contains the active site metallocluster called FeMo-cofactor
[7Fe-9S-Mo-homocitrate] that exhibits anS ) 3/2 EPR signal in the resting state. No interaction with
FeMo-cofactor is detected when either substrates or inhibitors are incubated with MoFe protein in the
resting state. Rather, the detection of such interactions requires the incubation of the MoFe protein together
with its obligate electron donor, called the Fe protein, and MgATP under turnover conditions. This indicates
that a more reduced state of the MoFe protein is required to accommodate substrate or inhibitor interaction.
In the present work, substitution of an arginine residue (R-96Arg) located next to the active site FeMo-
cofactor in the MoFe protein by leucine, glutamine, alanine, or histidine is found to result in MoFe proteins
that can interact with acetylene or cyanide in the as-isolated, resting state without the need for the Fe
protein, or MgATP. The dithionite-reduced, resting states of theR-96Leu-, R-96Gln-, R-96Ala-, or R-96His-
substituted MoFe proteins show anS) 3/2 EPR signal (g ) 4.26, 3.67, 2.00) similar to that assigned to
FeMo-cofactor in the wild-type MoFe protein. However, in contrast to the wild-type MoFe protein, the
R-96-substituted MoFe proteins all exhibit changes in their EPR spectra upon incubation with acetylene
or cyanide. TheR-96Leu-substituted MoFe protein was representative of the otherR-96-substituted MoFe
proteins examined. The incubation of acetylene with theR-96Leu MoFe protein decreased the intensity of
the normal FeMo-cofactor signal with the appearance of a new EPR signal having inflections atg ) 4.50
and 3.50. Incubation of cyanide with theR-96Leu MoFe protein also decreased the FeMo-cofactor EPR
signal with concomitant appearance of a new EPR signal having an inflection atg ) 4.06. The acetylene-
and cyanide-dependent EPR signals observed for theR-96Leu-substituted MoFe protein were found to
follow Curie law 1/T dependence, consistent with a ground-state transition as observed for FeMo-cofactor.
The microwave power dependence of the EPR signal intensity is shifted to higher power for the acetylene-
and cyanide-dependent signals, consistent with a change in the relaxation properties of the spin system of
FeMo-cofactor. Finally, theR-96Leu-substituted MoFe protein incubated with13C-labeled cyanide displays
a 13C ENDOR signal with an isotropic hyperfine coupling of 0.42 MHz in Q-band Mims pulsed ENDOR
spectra. This indicates the existence of some spin density on the cyanide, and thus suggests that the new
component of the cyanide-dependent EPR signals arise from the direct bonding of cyanide to the FeMo-
cofactor. These data indicate that both acetylene and cyanide are able to interact with FeMo-cofactor
contained within theR-96-substituted MoFe proteins in the resting state. These results support a model
where effective interaction of substrates or inhibitors with FeMo-cofactor occurs as a consequence of
both increased reactivity and accessibility of FeMo-cofactor under turnover conditions. We suggest that,
for the wild-type MoFe protein, theR-96Arg side chain acts as a gatekeeper, moving during turnover in
order to permit accessibility of acetylene or cyanide to a specific [4Fe-4S] face of FeMo-cofactor.

The reduction of dinitrogen to ammonia during biological
nitrogen fixation is catalyzed by the metalloenzyme nitro-
genase [for recent reviews, see (1-3)]. The Mo-dependent
nitrogenase is composed of an Fe protein1 component, which

possesses a single [4Fe-4S] cluster (4) and is the obligate
electron donor to the MoFe protein component (5). TheR2â2

MoFe protein contains two active site FeMo-cofactors [7Fe-
9S-Mo-homocitrate] and two electron-transfer intermediate
P-clusters [8Fe-7S] (6), with one of each metal cluster type
contained in an individualRâ-catalytic unit (7, 8). During
catalysis, the Fe protein delivers one electron at a time (9)
to anRâ unit of the MoFe protein in a process coupled to
the hydrolysis of two MgATP molecules. Each electron is
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initially delivered to a P-cluster and ultimately to the FeMo-
cofactor where substrates are bound and reduced (10).
Following each electron-transfer event, the Fe protein is
believed to dissociate from the MoFe protein, completing
one intercomponent electron-transfer cycle (11). This cycle
is sequentially repeated, resulting in progressively more
reduced states of the MoFe protein (designated as E0, E1,
E2, etc.) until sufficient electrons have accumulated to permit
substrate binding and reduction to occur (12). In addition to
dinitrogen, nitrogenase also reduces protons and a range of
doubly and triply bonded compounds (e.g., acetylene) by
multiples of two electrons (13). A detailed description of
the site and nature of substrate or inhibitor binding to FeMo-
cofactor remains an important but unknown aspect about the
nitrogenase mechanism. The solution of X-ray structures for
MoFe proteins fromAzotobacterVinelandii (8, 14, 15),
Clostridium pasteurianum(16), andKlebsiella pneumoniae
(17) has revealed the FeMo-cofactor structure, which in turn
has led to different models for how substrates might bind
(15, 18-27). A difficulty with characterizing MoFe protein
with substrate or inhibitor bound to FeMo-cofactor is that
binding is only detected under turnover conditions when
MoFe protein, Fe protein, MgATP, and a source of reducing
equivalents are present (28, 29). Spectroscopic characteriza-
tion of nitrogenase quenched during turnover in the presence
of the inhibitor CO (30-35), or the substrates nitrogen (31),
protons (30, 36, 37), acetylene (37-39), and CS2 (40), or
the product ethylene (41) has provided some information
about intermediate states and possible binding sites to FeMo-
cofactor. Likewise, pre-steady-state and steady-state kinetic
studies with nitrogenases during turnover have provided
insights into the nature of the mutual interactions among
various substrates and inhibitors with the active site (2).
Collectively, these observations indicate that accumulation
of electrons within the MoFe protein during turnover results
in changes in the reactivity of FeMo-cofactor toward
substrates or inhibitors, or that changes in the FeMo-cofactor
polypeptide environment occur during turnover in order to
permit substrate or inhibitor access. These possibilities are
not mutually exclusive.

We previously reported that substitution of theR-69Gly

residue by Ser within the MoFe protein fromAzotobacter
Vinelandii affected the reduction of acetylene but not
dinitrogen (42, 43). This finding was interpreted to indicate
that the [4Fe-4S] face of FeMo-cofactor capped by the
adjacent residue,R-70Val, possibly serves as an acetylene
reduction site (lighter colored Fe and S atoms in Figure 1,
panels A and B). In support of this model, it has been found
that substitution of theR-70Val residue by Ala results in an
altered MoFe protein that can effectively reduce short-chain
alkynes, such as propargyl alcohol and propyne, which
otherwise are only very poor substrates for the wild-type
MoFe protein (44). Likewise, certain amino acid substitutions
at theR-195His residue position, which is located near the
same [4Fe-4S] face, also have some affect on substrate and
inhibitor interactions with FeMo-cofactor (45-52). Inspec-
tion of the MoFe protein resting state structure shows that
residues surrounding the FeMo-cofactor are so tightly packed
there does not appear to be sufficient room to accommodate
substrate or inhibitor interaction at this [4Fe-4S] face. Thus,
a model where this [4Fe-4S] face of FeMo-cofactor provides
a substrate interaction site demands the movement of either

or bothR-70Val andR-96Arg to accommodate interaction with
substrates. To test whether such movement of theR-96Arg

side chain might be involved in providing substrate or
inhibitor access to FeMo-cofactor, we asked if altered MoFe
proteins having substitutions at theR-96Arg position are able
to interact with substrates or inhibitors in the resting state.

EXPERIMENTAL PROCEDURES

Protein Isolation and ActiVity Assays.Wild-type Fe protein
and polyhistidine-tagged MoFe proteins were expressed in
A. Vinelandii cells (53) and purified to homogeneity as
previously described (54). The specific activity for C2H2

reduction catalyzed by wild-type nitrogenase was∼2000
nmol of product min-1 (mg of protein)-1. Amino acid
substituted MoFe proteins were isolated fromA. Vinelandii
strains designated DJ1264 (R-96Gln), DJ1328 (R-96Leu),
DJ1336 (R-96His), and DJ1327 (R-96Ala). Methods for strain
construction, large-scale cell growth, protein purification, and
handling were done as reported previously (42, 55, 56). All
protein manipulations were conducted in the absence of
oxygen in septum-sealed serum vials under an argon
atmosphere. All anaerobic liquid and gas transfers were
performed using gastight syringes. Acetylene reduction
assays were performed as previously described (56).

Preparation of MoFe Proteins with Substrates or Inhibi-
tors. MoFe protein samples (20 mg/mL unless stated
otherwise) with acetylene, CO, N2, or propyne were prepared
in 100 mM MOPS buffer, pH 7.0, with 2 mM sodium
dithionite (Na2S2O4) under argon with various partial pres-
sures of the appropriate gas. Samples were allowed to
incubate for 3 min at 25°C after which time a 250µL aliquot
was transferred into septum-sealed 4 mm quartz EPR tubes
and immediately frozen in liquid nitrogen. MoFe protein
samples (20 mg/mL) with cyanide or azide were prepared
in 50 mM Tris buffer, pH 8.0, with 2 mM sodium dithionite
under argon. Samples for the analysis of the effect of pH on
the cyanide-induced signals were prepared in a combination
50 mM Tris and 50 mM MES buffer at pH values of 6.5,
7.5, or 8.5 with 2 mM sodium dithionite and under argon.
Sodium cyanide was added to the indicated concentration
from a 0.1 M stock solution. Proteins were allowed to
incubate for 3 min at 25°C and then frozen in EPR tubes.
Given the equilibrium between HCN and CN- with a pKa

of 9.11 (57), both species are present at the pH values
examined. Hence, we refer to cyanide to indicate the sum
of the concentrations of HCN and CN-. The reversibility of
the acetylene- or cyanide-dependent EPR changes was
evaluated by passage of the appropriately treated MoFe
protein sample through a Sephadex G-25 column equilibrated
with 50 mM Tris buffer, pH 8.0, with 300 mM NaCl and 2
mM dithionite. The protein was transferred immediately to
a septum-sealed EPR tube and frozen in liquid nitrogen.

The effect of pH on the resting state EPR spectrum of the
R-96Leu MoFe protein was also investigated for samples
prepared in the above combination buffer at pH values of
6.5, 7.5, or 8.5 with 2 mM sodium dithionite and under argon.

EPR Spectroscopy.X-band EPR spectroscopy was per-
formed using a Bruker ESP-300E spectrometer equipped with
an ER 4116 DM dual-mode X-band cavity and an Oxford
Instruments ESR-900 helium flow cryostat. In all cases,
calibrated 4 mm quartz EPR tubes (Wilmad, Buena, NJ) were
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FIGURE 1: FeMo-cofactor protein environment. (Panel A) Stereoview of FeMo-cofactor (including homocitrate on the right) and the ligands
R-275Cys andR-442His. The positions ofR-96Arg, R-70Val, andR-195His are also shown. The four Fe atoms on the side of FeMo-cofactor
facing R-96Arg are shown in lighter green and the four S atoms in lighter yellow. (Panel B) FeMo-cofactor with the four S and four Fe
atoms on the side facingR-96Arg shown in lighter colors and labeled as Fe2, Fe3, Fe6, and Fe7 and S2A, S2B, S3B, and S5 as previously
designated (8). (Panel C) The P-cluster (top right), theRC trace of peptides (blue ribbons) between the P-cluster andR-70Val andR-96Arg,
and FeMo-cofactor (without homocitrate) are shown. The figures were generated from the MoFe protein coordinates (8) using the Swiss-
PDB Viewer program (78). Atom colors are carbon in gray, nitrogen in blue, molybdenum in pink, sulfur in yellow, and iron in green.
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used. Independently recorded background spectra of the
cavity were aligned with and subtracted from experimental
spectra. EPR spectra were recorded at a modulation fre-
quency of 100 kHz and a modulation amplitude of 1.26 mT
(12.6 G) with a sweep rate of 10 mT s-1. Spectra were
recorded at microwave frequencies of approximately 9.64
GHz, with the precise microwave frequencies recorded for
individual spectra to ensure exact g-alignment. Operating
temperature and other EPR parameters are specified in the
figure legends for individual samples. Subsequent manipula-
tions of spectral data (including the generation of all graphical
representations) were accomplished using the program Igor
Pro (WaveMetrics, Lake Oswego, OR). Simulations were
done using software written by Dr. Mike Hendrich (Carnegie
Mellon University) and combine singled-valued decomposi-
tion with least-squares fitting to match a sum of simulations
to the spectrum. Relative amounts of each species were
determined for anS ) 3/2 system where intrinsicg values,
gx ) gy * gz (both approximately equal to 2.00), andE/D
were allowed to vary independently. Integration of the EPR
signals was relative to the integrated area for theS ) 3/2
signal of the resting wild-type MoFe protein.

Q-band EPR spectra were recorded on a modified Varian
E-110 ENDOR capable cw spectrometer, at 2 K in dispersion
mode, using 100 kHz field modulation under “rapid passage”
conditions. The spectra represent the absorption line shape,
not its derivative (58, 59).

Temperature and Power Dependence of EPR Signals.The
nonsaturating microwave power at 5 K was established for
all EPR signals using plots of EPR signal intensity versus
the square root of the microwave power. The optimum
nonsaturating microwave powers for acetylene- and cyanide-
treated samples were 0.32 and 2.01 mW, respectively.
X-band EPR spectra were recorded for each sample at the
optimal nonsaturating microwave power at different tem-
peratures. The relative peak height for each EPR signal was
plotted against the temperature, and the data were fit to the
Curie law 1/T dependence described by eq 1:

whereSis the EPR signal intensity,k is an arbitrary constant,
T is the temperature in degrees kelvin, andx is a correction
factor. For the cyanide- and acetylene-treated MoFe protein
samples,k varied from 5.0 to 6.9 andx from -0.06 to-0.52.
Curie law strictly holds for isolated spin systems, usually
S ) 1/2. WhenS > 1/2, low-lying excited states become
populated with increasing temperatures, which decreases the
population of the lowest spin level at a greater rate than that
predicted by Curie law. However, in the present case, the
excellent agreement of the data with Curie law and the
complete absence of new signals in the EPR spectra at higher
temperatures due to non-Curie-law-dependent transitions
constitute evidence not only that the signals are due to
ground-state transitions but also that there are no low-lying
excited states within the temperature range examined in these
experiments. For the microwave power dependence of the
EPR signals, spectra (the sum of 10 scans) were acquired at
5 K and at microwave powers from 0.1 to 20.1 mW. The
microwave power was taken as that recorded from the bridge.
The actual power at the sample may be different from that
reported, and thus will depend on the spectrometer. The

relative intensity of the EPR signals was adjusted to a
common value for the purposes of the graph shown in Figure
8. Data were fit to a single exponential. Such fits have no
theoretical significance, but rather are used to track the data.

ENDOR Spectroscopy.MoFe protein samples (100 mg/
mL) with [13C]cyanide for ENDOR analysis were prepared
in 50 mM Tris buffer, pH 8.0, using13C-labeled NaCN
(Cambridge Isotopes, Andover, MA). Q-band Mims three-
pulse ENDOR spectra (60, 61), pulse sequence,tmw-tau-tmw-
T(rf)-tmw-tau-echo, were obtained at 2 K on alocally designed
spectrometer (62). The spectrum for a13C with a hyperfine
coupling, A, is a doublet centered at the13C Larmor
frequency and split byA. The intensity for a particular
hyperfine coupling,A, is suppressed, creating a so-called
‘Mims suppression hole’, whenA and tau satisfy the
relation: Atau) n (0, 1, 2, ...). The bandwidth of the radio
frequency (RF) is broadened to 100 kHz to increase the
signal-to-noise ratio (63). Spectra for a particular field within
the EPR envelope of a frozen solution are associated with a
well-defined subset of orientations, and simulations of a ‘2-
D’ set of such spectra can yield full hyperfine tensors, as
discussed (64, 65).

RESULTS

Acetylene Interactions. Substitution of theR-96Arg residue
by Ala, Leu, His, or Gln did not significantly change the
line shape or intensity of the resting stateS ) 3/2 FeMo-
cofactor EPR signal (g ) 4.26, 3.67, 2.00) from that recorded
for the wild-type MoFe protein (Figure 2 and Supporting
Information). Minor EPR inflections were observed in some
of the substituted MoFe proteins, but none of these consti-
tuted a significant species. TheR-96Leu MoFe protein was
representative of the otherR-96-substituted MoFe proteins.
An earlier EPR investigation of the resting state of anR-96Gln

MoFe protein (49) revealed a similar spectrum. The lack of
significant perturbations of the EPR signal for theR-96-
substituted MoFe proteins suggests little or no changes in
the electronic properties of FeMo-cofactor as a consequence

S) k/T + x (1)

FIGURE 2: EPR spectra ofR-96Leu MoFe protein under nonturnover
conditions with acetylene. TheR-96Leu MoFe protein was prepared
under a gas phase of either 1.0 atm of argon (top trace) or 1.0 atm
of acetylene (bottom trace). The X-band EPR spectra were recorded
at a temperature of 5 K, and a microwave power of 2.0 mW. Each
trace represents the sum of 5 scans.
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of these substitutions. Earlier studies on the resting state of
the wild-type MoFe protein found that changes in pH altered
theS) 3/2 spin system of FeMo-cofactor (66, 67). Addition
of acetylene was found to perturb this pH effect, suggesting
that acetylene could bind to the resting state of the MoFe
protein. However, EPR (28, 66) and EXAFS (29) studies
found no evidence for direct binding of the acetylene or other
substrates to FeMo-cofactor. In the present study, it is found
that addition of acetylene to a resting state sample of the
R-96Leu-substituted MoFe protein results in the appearance
of strong EPR inflections withg values at 4.50, 3.50, and
<2.00 (Figure 2). Similar results were obtained with other
R-96-substituted MoFe proteins, with slight differences ing
values and line shape (Supporting Information). Changing
the pH over the range from 6.5 to 8.5 for restingR-96Leu

MoFe protein did not mimic the acetylene-induced EPR
inflections. Addition of the substrates dinitrogen or azide or
the product ethylene also did not result in any detectable
changes in the EPR spectrum (not shown). The acetylene-
dependent changes in the EPR spectrum of theR-96Leu MoFe
protein were reversible as evidenced by a return to the
original resting state EPR spectrum after removal of acetylene
from the sample. The inclusion of CO or N2 during
incubation with acetylene did not prevent the appearance of
the acetylene-dependent signal. Figure 3 shows the acetylene
concentration dependence on the changes in the EPR
spectrum. Increasing acetylene concentration results in a
decrease in the intensity of the FeMo-cofactor signal (g
values of 4.24 and 3.67 are shown) to a finite intensity
approximately half the full intensity with a concomitant
increase in the intensity of the newg ) 4.50 inflection. The
changes in the EPR spectrum saturate at 0.7 atm of acetylene,
with half-saturation at approximately 0.2 atm of acetylene.
This contrasts with aKm for acetylene reduction during
turnover of approximately 0.006 atm. It is noted that the
g ) 4.24 inflection arising from FeMo-cofactor changesg
value with increasing acetylene partial pressure. Simulation
of the R-96Leu MoFe protein EPR spectrum at saturating

acetylene concentration indicates that the acetylene-depend-
ent signal constitutes approximately 40% of the totalS )
3/2 EPR signal, with the remainder coming from the FeMo-
cofactor signal detected in the absence of acetylene. Integra-
tion of the acetylene-dependent EPR signals combined with
the remaining FeMo-cofactor signal represents>90% of the
total spin determined for the FeMo-cofactor signal in the
wild-type MoFe protein. These results suggest that acetylene
addition to theR-96-substituted MoFe proteins result in the
conversion of the FeMo-cofactor to a state exhibiting
different electronic properties and different EPRg values.
The temperature dependence of the EPR signal intensities
is shown in Figure 4. The signal intensity of the FeMo-
cofactor signal for theR-96Leu MoFe protein (g ) 4.24 is
shown) decreases with increasing temperatures from 4 to 20
K, consistent with the behavior of the signal observed for
FeMo-cofactor in wild-type MoFe protein. In both cases, the
decrease in intensity closely follows Curie law 1/T depen-
dence, indicating a ground-state transition. The acetylene-
dependent EPR inflections observed in theR-96Leu MoFe
protein (g ) 4.50 and 3.50 are shown) exhibit similar
temperature dependence. This similarity indicates that the
acetylene-dependent signal arises from a modified FeMo-
cofactor species, maintaining the ground-state transition.

Cyanide Interactions. We also tested for CO and cyanide
interaction with the resting state of theR-96Leu MoFe protein.
CO is not a substrate but is a powerful noncompetitive
inhibitor of all nitrogenase substrates except protons (13).
Analysis of the effect of cyanide is more complicated because
it is both a nitrogenase substrate (HCN) and an inhibitor
(CN-) (57). Addition of CO to the resting state of theR-96Leu

MoFe protein resulted in no detectable changes in the EPR
spectrum. In contrast, addition of cyanide to theR-96Leu

MoFe protein changed the EPR spectrum, with the appear-
ance of a new inflection atg ) 4.06 and minor inflections

FIGURE 3: Effect of acetylene concentration on the EPR spectrum
of R-96Leu MoFe protein under nonturnover conditions. TheR-96Leu

MoFe protein was incubated under a gas phase containing the
indicated partial pressures of acetylene with argon added to a total
pressure of 1 atm. The X-band EPR spectra were recorded at a
temperature of 5 K, and a microwave power of 2.0 mW, and
represent the sum of 5 scans. The inset shows the relationship
between the EPR signal peak height for theg ) 4.24 (O) andg )
4.50 (b) inflections versus the acetylene partial pressure (pC2H2).

FIGURE 4: Temperature dependence of the EPR spectrum of the
R-96Leu MoFe protein under nonturnover conditions with acetylene.
The R-96Leu MoFe protein was prepared under a gas phase
containing 1 atm of acetylene, and EPR spectra were acquired at
the indicated temperatures with a microwave power of 0.32 mW.
Each spectrum is the sum of 5 scans. The inset shows the
relationship between EPR signal peak height for theg ) 4.50 (O),
4.24 (0), and 3.50 (4) inflections as a function of temperature.
The data are fit to Curie law 1/T dependence as described under
Experimental Procedures.

13820 Biochemistry, Vol. 40, No. 46, 2001 Benton et al.



at g ) 4.37 andg < 2.00 (Figure 5). This change in the
EPR spectrum was reversed upon removal of cyanide from
the sample. Increasing cyanide concentration resulted in a
decrease in the FeMo-cofactor signal intensity (g ) 4.26 and
3.65 shown) with a concomitant increase in the intensity of
the cyanide-dependentg ) 4.06 and 4.37 signals (Figure
6). The changes in EPR signal intensity were found to
saturate between 20 and 50 mM cyanide concentration, so
50 mM cyanide was used for saturating conditions. Simula-
tion of theR-96Leu MoFe protein EPR spectrum for saturating
cyanide concentration indicates that the cyanide-dependent
inflections constitute>50% of the totalS) 3/2 EPR signal
present, with the remainder coming from the normal FeMo-
cofactor signal. Integration of the cyanide-dependent EPR
signals combined with the remaining FeMo-cofactor signal
represents>90% of the total spin determined for the FeMo-
cofactor signal in the wild-type MoFe protein. The correlation
in the changes of these signal intensities upon addition of
cyanide suggests conversion of FeMo-cofactor to a new

species. The temperature dependence of the EPR signal
intensities is shown in Figure 7. The cyanide-dependent EPR
signal is observed to decrease in intensity upon increasing
the temperature from 4 to 20 K, as is observed for FeMo-
cofactor signals in wild-type MoFe protein. The temperature
dependence follows Curie law 1/T dependence, suggesting
a ground-state transition. No significant pH dependence was
recognized for the EPR signal elicited by cyanide addition.

EPR Power Dependence.The microwave power depen-
dence of EPR signals reflects the relaxation properties of
the paramagnetic center. Figure 8 shows the Beinert-Orme-
Johnson plot (68) of the dependence of the EPR signal
intensities upon microwave power at 5 K for FeMo-cofactor
signals from theR-96Leu MoFe protein. The FeMo-cofactor
EPR signals for wild-type (not shown) andR-96Leu MoFe
proteins saturate at approximately the same microwave power
under these conditions, suggesting similar relaxation proper-
ties and a lack of perturbation by the amino acid substitution
near FeMo-cofactor. The acetylene-dependent and cyanide-
dependent EPR signals, in contrast, are observed to require
slightly higher microwave power for saturation, indicating
at least a partial inhibition of a relaxation process for these
states.

13C-ENDOR. The addition of cyanide to wild-type MoFe
protein alone does not cause an observable change in its EPR
spectrum (29), but [13C]cyanide-incubated wild-type protein
does exhibit a minor unresolved ENDOR signal at the13C
Larmor frequency that is not present for MoFe protein treated
with natural-abundance cyanide (Figure 9). The latter
observation suggests a weak, nonspecific interaction of
cyanide with FeMo-cofactor in the resting state MoFe
protein. No ENDOR response was observed when the wild-
type MoFe protein was treated with [13C]acetylene.

The appearance of new EPR signals upon the addition of
cyanide or acetylene to theR-96Leu-substituted MoFe protein
could result from conformational changes caused by interac-

FIGURE 5: EPR spectra ofR-96Leu MoFe protein under nonturnover
conditions with cyanide. TheR-96Leu MoFe protein was prepared
under a gas phase of 1.0 atm of argon with no additions (top trace)
or with the addition of 50 mM sodium cyanide (bottom trace). The
X-band EPR spectra were recorded at a temperature of 5 K and a
microwave power of 2.0 mW, and represent the sum of 5 scans.

FIGURE 6: Effect of cyanide concentration on the EPR spectrum
of R-96Leu MoFe protein under nonturnover conditions. TheR-96Leu

MoFe protein was prepared with the indicated sodium cyanide
concentrations. The X-band EPR spectra were recorded at a
temperature of 5 K and a microwave power of 2.0 mW, and
represent the sum of 5 scans. The inset shows the relationship
between the EPR signal peak height for theg ) 4.26 (O) andg )
4.06 (b) inflections versus the cyanide concentration.

FIGURE 7: Temperature dependence of the EPR spectrum of the
R-96Leu MoFe protein when incubated in the presence of cyanide.
The R-96Leu MoFe protein was prepared with 50 mM sodium
cyanide as described under Experimental Procedures. X-band EPR
spectra were acquired at the indicated temperatures with a
microwave power of 2.0 mW, and represent the sum of 5 scans.
The inset shows the relationship between EPR signal peak height
for the g ) 4.06 (O) and 4.37 (b) signals as a function of
temperature. The data are fit to the equation for Curie law 1/T
dependence as described under Experimental Procedures.
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tions with distant locations, or from direct binding to the
FeMo-cofactor. In an attempt to distinguish between these
possibilities, the nature of the interaction of [13C]cyanide-
and [13C]acetylene-treated samples was tested with pulsed
ENDOR spectroscopy. We were unable to detect an ENDOR
response with [13C]-acetylene. However, it is not possible
to draw any firm conclusion from this negative result because

we were not able to consistently prepare samples with protein
concentrations much greater than 100 mg/mL. In contrast, a
clear ENDOR response was observed upon addition of [13C]-
cyanide to theR-96Leu-substituted MoFe protein. Figure 9
shows a well-resolved13C doublet centered at the13C Larmor
frequency that is not observed with natural-abundance
cyanide. Figure 10 shows the 2D plot of13C ENDOR spectra
taken across the EPR envelope (fromg ) 2.40 to 4.06) of
[13C]cyanide-incubatedR-96Leu MoFe protein (solid line).
The spectra include simulations based on an axial13C
hyperfine coupling tensor in the true-spin,S ) 3/2 repre-
sentation, that is coaxial with theg-tensor frame; it can be
decomposed into an isotropic coupling ofaiso ) 0.42 MHz
and an axial traceless part with a coupling parameter ofT )
0.07 MHz.

DISCUSSION

The results presented here show that theR-96Leu-, R-96His,
R-96Ala, andR-96Gln-substituted MoFe proteins are able to
bind acetylene or cyanide in the resting state. Simulations
of the cyanide- and acetylene-induced EPR signals indicate
that they arise from theS ) 3/2 system of FeMo-cofactor.
Furthermore, the temperature dependence of the intensities
for the cyanide- and acetylene-induced signals is similar to
that observed for FeMo-cofactor. All of the signals follow
Curie law 1/T dependence, suggesting that they are from
ground-state transitions. This feature is important because
several oxidation states of the P-cluster are EPR-active, with
each state exhibiting excited-state temperature dependence
(69-71). Thus, the observation of a ground-state transition
for the cyanide- and acetylene-dependent EPR signals

FIGURE 8: Microwave power dependencies of the EPR signals for
the wild-type andR-96Leu MoFe proteins. EPR signal intensities
were determined for theg ) 4.26 inflection of theR-96Leu MoFe
protein (b), the g ) 4.06 inflection of theR-96Leu MoFe protein
with 50 mM cyanide (O), and theg ) 4.50 inflection of theR-96Leu

MoFe protein under 1.0 atm of acetylene (0) at a constant
temperature of 5 K, and at various microwave powers ranging from
0.1 to 25.3 mW. The natural logarithm of the normalized signal
intensities divided by the square root of the microwave power is
plotted against the natural logarithm of the microwave power. The
data are fit to a single exponential.

FIGURE 9: Q-band Mims13C-pulsed-ENDOR spectra of MoFe
proteins with cyanide. TheR-96Leu MoFe or wild-type (WT) MoFe
proteins were incubated with Na12CN or Na13CN as detailed under
Experimental Procedures. The pulsed ENDOR conditions were:
T ) 2 K; microwave frequency,νMW ) 34.86 GHz; MW pulse
lengths tmw) 52 ns,τ ) 600 ns, RF pulse length) 60 µs, and
repetition rate) 20 Hz. Each spectrum consists of 256 points, with
each point an average of 6000 transients forR-96Leu MoFe protein
samples and of 1000 transients for wild-type MoFe protein samples.
The arrows point to the Mim’s ‘suppression holes’.

FIGURE 10: Q-band Mims13C-pulsed-ENDOR spectra ofR-96Leu

MoFe protein with 13C-labeled cyanide across the entire EPR
envelope. The pulsed ENDOR conditions were the same as in
Figure 9. Theoretical simulations (dashed lines) were done as
described under Experimental Procedures. The arrows point to the
Mim’s holes.
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indicates they arise from FeMo-cofactor rather than from
the P-clusters. The shift to higher microwave power satura-
tion for the cyanide- and acetylene-dependent EPR signals
is indicative of some inhibition of a relaxation event (68),
which is consistent with the binding of cyanide or acetylene.

Changes in the EPR signals forR-96-substituted MoFe
proteins elicited by addition of cyanide or acetylene can be
explained in two different ways. One possibility is that
acetylene or cyanide binds to the protein near, but not directly
to, the FeMo-cofactor, and thereby changes the electronic
properties of the FeMo-cofactor indirectly. Alternatively,
acetylene or cyanide could bind directly to the FeMo-
cofactor. Although we were unable to resolve this question
with respect to acetylene binding,13C ENDOR spectroscopy
was used to distinguish between these possibilities in the
case of cyanide binding. The observation of a13C doublet
for the [13C]cyanide-treatedR-96Leu MoFe protein with a
derived isotropic coupling of 0.42 MHz supports the exist-
ence of some electron spin density on the cyanide, which in
turn requires that cyanide bind directly to the FeMo-cofactor.
The coupling constant of 0.42 MHz is comparable to13C
hyperfine couplings (0.5-5 MHz) observed from13CO (33,
34), 13CS2 (40), and [13C]acetylene (38) binding to FeMo-
cofactor in MoFe protein trapped during catalytic turnover.
These values are very different from the coupling constants
observed for13CO or [13C]cyanide bound to the active sites
of other metalloenzymes (e.g.,>20 MHz). From13C ENDOR
studies with13CO and isotopically labeled MoFe protein, it
was concluded that CO binds to one or more Fe atoms in
FeMo-cofactor (33). The similar 13C-ENDOR hyperfine
coupling observed here for [13C]cyanide binding to the
R-96Leu MoFe protein strongly suggests that cyanide is
binding to one or more Fe atom(s) of FeMo-cofactor as well.
Additional evidence that cyanide is bound directly to FeMo-
cofactor when added to the resting state of theR-96Leu MoFe
protein is that the new EPR spectrum is strikingly similar to
that recognized when cyanide is added to the isolated FeMo-
cofactor (72). From those studies with isolated FeMo-
cofactor, it was suggested that cyanide had at least two
binding sites. The results presented in the present work do
not specifically address the number of cyanide molecules
bound, but could be explained by the binding of just one
cyanide. The possible differences in cyanide binding to
FeMo-cofactor extracted into organic solvent compared to
FeMo-cofactor bound within the MoFe protein could be
accounted for by the protein environment blocking a cyanide
binding site.

R-96Arg as Gatekeeper. Our original reason for testing if
substrates or inhibitors can interact withR-96-substituted
MoFe proteins in the resting state was based on analysis of
an altered protein havingR-69Ser substituted at theR-69Gly

position. This substitution results in an altered MoFe protein
having a dramatically increasedKm for acetylene reduction
with very little or no effect on proton or dinitrogen reduction
(42, 43). From those studies, we proposed that the [4Fe-4S]
face of FeMo-cofactor that is capped byR-70Val provides a
site for acetylene interaction (Figure 1, panels A and B).
Inspection of the crystal structure of the resting state MoFe
protein shows that all three [4Fe-4S] faces of FeMo-cofactor
are so tightly packed with amino acid side chains there
appears to be no room to accommodate substrate interaction.
Thus, if substrates do interact with the [4Fe-4S] face

approached byR-70Val and R-96Arg, then either or both of
their side chains would have to move under turnover to
permit substrate interaction. The addition of acetylene or
cyanide to the wild-type orR-70Ala-substituted MoFe proteins
has no effect on the resting stateS) 3/2 EPR spectrum. In
contrast, as shown here, altered MoFe proteins havingR-96Arg

substituted with leucine, glutamine, alanine, or histidine are
able to interact with acetylene or cyanide. In contrast,
substitution ofR-96Arg with lysine does not allow changes
in the EPR spectrum when acetylene or cyanide is added.
The longer side chain of lysine would be expected to act
like arginine, blocking access to FeMo-cofactor. These results
are consistent with a model where theR-96Arg side chain in
the wild-type protein acts as a gatekeeper, repositioning
during turnover to expose a substrate or inhibitor interaction
site.

While the results presented here are consistent withR-96Arg

functioning as a gatekeeper, it seems unlikely for two reasons
that this side chain is the only feature involved in controlling
substrate or inhibitor interaction with FeMo-cofactor. First,
the concentration of cyanide or acetylene necessary to elicit
a significant perturbation in theS ) 3/2 EPR spectrum for
the altered proteins in the resting state is much greater than
required for detecting substrate reduction under turnover
conditions. This situation could be an indication that
repositioning of other amino acid side chains, in addition to
R-96Arg, also occurs during turnover to facilitate effective
substrate interaction. Such protein conformational changes
could open channels for substrate movement from the protein
surface to FeMo-cofactor (73). Second, the addition of
dinitrogen, azide, CO, or ethylene to samples ofR-96-
substituted MoFe protein has no effect on the resting state
S ) 3/2 EPR spectra of the variously substituted MoFe
proteins. It is difficult to imagine that, based only on steric
considerations, substitutions at this position would permit
FeMo-cofactor interaction with acetylene or cyanide but not
with CO, azide, or dinitrogen. A reasonable explanation is
that both the reactivity and accessibility of FeMo-cofactor
toward substrates and inhibitors increase as the MoFe protein
becomes more reduced. Thus, although dinitrogen, azide, and
CO could have access to the active site ofR-96-substituted
MoFe proteins, FeMo-cofactor might not be sufficiently
reactive in the resting state to permit detectable interaction.
This explanation is consistent with suggestions from model
compound studies that reduction could change bonding
interactions to or within FeMo-cofactor, rendering Fe atoms
more reactive (74). This idea is particularly attractive in the
case of dinitrogen binding because extensive kinetic analyses
have shown that its binding to the MoFe protein requires a
more reduced state of the enzyme than does either acetylene
or cyanide (43, 57, 75, 76). This possibility is also supported
by the observation that cyanide interaction can be detected
with isolated FeMo-cofactor (29, 72, 77) in the dithionite-
reduced state.

It is possible that acetylene and cyanide interaction
detected for theR-96-substituted MoFe proteins is not
relevant to catalysis but instead reflects the opening of a
fortuitous binding site. We do not favor this interpretation
because theR-70Ala-substituted MoFe protein is able to
effectively reduce propyne, indicating that substrates are able
to bind and be reducednear the [4Fe-4S] face of FeMo-
cofactor approached by this residue (44). Also, theR-96Leu-
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substituted MoFe protein has a significant change in proton
addition stereospecificity for acetylene reduction, as well as
a decreasedKm for acetylene reduction (56), supporting the
view that acetylene binding and reduction also occur at this
same [4Fe-4S] face.

It is noteworthy that the [4Fe-4S] face of FeMo-cofactor
that is capped byR-70 andR-96 is in the best position for
communication with the P-cluster. This face is the closest
of the three [4Fe-4S] faces to the P-cluster, which is believed
to be the intermediate site for electron delivery to the FeMo-
cofactor. Moreover, bothR-70Val and R-96Arg are ideally
positioned for sensing conformational changes in the P-
cluster because they are connected through short helices to
the P-cluster ligandsR-62Cys andR-88Cys, respectively (Figure
1C). Also, because the P-cluster itself is known to undergo
redox-dependent rearrangement (6), it is possible that such
changes are communicated to the FeMo-cofactor through
movement of either or bothR-70Val andR-96Arg.

In conclusion, demonstration that cyanide and acetylene
can bind to the resting state of theR-96-substituted MoFe
protein now provides an opportunity to study ligand binding
to FeMo-cofactor contained within the MoFe protein. In
particular, solving the X-ray structure of the MoFe protein
with cyanide or acetylene bound would provide insight into
how substrates interact with the nitrogenase active site.
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