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ABSTRACT: A major challenge in understanding the mechanism of nitrogenase, the enzyme responsible
for the biological fixation of N2 to two ammonias, is to trap a nitrogenous substrate at the enzyme active
site in a state that is amenable to further characterization. In the present work, a strategy is described that
results in the trapping of the substrate hydrazine (H2N-NH2) as an adduct bound to the active site metal
cluster of nitrogenase, and this bound adduct is characterized by EPR and ENDOR spectroscopies. Earlier
work has been interpreted to indicate that nitrogenous (e.g., N2 and hydrazine) as well as alkyne (e.g.,
acetylene) substrates can bind at a common FeS face of the FeMo-cofactor composed of Fe atoms 2, 3,
6, and 7. Substitution ofR-70Val that resides over this FeS face by the smaller amino acid alanine was
also previously shown to improve the affinity and reduction rate for hydrazine. We now show that when
R-195His, a putative proton donor near the active site, is substituted by glutamine in combination with
substitution ofR-70Val by alanine, and the resulting doubly substituted MoFe protein (R-70Ala/R-195Gln)
is turned over with hydrazine as substrate, the FeMo-cofactor can be freeze-trapped in aS ) 1/2 state in
high yield (∼70%). The presumed hydrazine-FeMo-cofactor adduct displays a rhombic EPR signal with
g ) [2.09, 2.01, 1.93]. The optimal pH for the population of this state was found to be 7.4. The EPR
signal showed a Curie law temperature dependence similar to the resting state EPR signal. Mims pulsed
ENDOR spectroscopy at 35 GHz using15N-labeled hydrazine reveals that the trapped intermediate
incorporates a hydrazine-derived species bound to the FeMo-cofactor; in spectra taken atg1 this species
gives a single observed15N signal,A(g1) ) 1.5 MHz.

Nitrogenase is the enzyme responsible for the biological
fixation (reduction) of dinitrogen, with the optimal reaction
stoichiometry shown in the equation:

In the best studied form of nitrogenase, two component
proteins work together to catalyze this reaction (1-3). The
larger component, called the MoFe protein,1 contains a 7Fe-

9S-Mo-X-homocitrate cofactor (FeMo-cofactor) that provides
the substrate-binding site (4, 5), where the identity of X
remains unknown but has been proposed to be N3- (6-9).
Progress toward understanding how substrates interact with
the FeMo-cofactor has been made by freeze-quench experi-
ments using alternative substrates or inhibitors under turnover
conditions. These studies have included the trapping of
turnover intermediates in which the FeMo-cofactor binds the
inhibitor CO (10-13) or various alkynes (14-16) or CS2

(17) as alternative substrates. It was recently shown that
substitution of the MoFe protein amino acidR-70Val by amino
acids having either a smaller side chain (alanine) or larger
side chain (isoleucine) increases or diminishes the size of
substrates that can be accommodated at the active site for
reduction (18, 19). This was interpreted to indicate that the
Fe 2, 3, 6, 7 face approached by theR-70Val residue provides
the substrate-binding site. The capacity to accommodate
alkynes larger than C2H2 at the substrate-binding site made
it possible to freeze-trap an intermediate in the reduction
of the substituted alkyne, propargyl alcohol (HCtCCH2OH)
(14, 15, 18, 20). ENDOR characterization of this species
showed it to be the reduction product, allyl alcohol
(H2CdCHCH2OH), bound as a ferracycle (14) to a single
Fe of that face, proposed to be Fe 6 (20, 21). Analysis of
the R-70Ile-substituted MoFe protein, which is blocked for
the reduction of all substrates tested except protons (19), has
been interpreted to indicate that the above alkyne reduction
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N2 + 8e- + 16MgATP+ 8H+ f

2NH3 + H2 + 16MgADP+ 16Pi (1)
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intermediate could be relevant to the mechanism of N2

reduction.
To date, it has not been possible to trap an N2 reduction

intermediate in a concentration that is amenable to detailed
quantitative spectroscopic analyses. As an alternative strat-
egy, we here describe studies aimed at trapping a potential
intermediate in the N2 reduction pathway by using hydrazine
(H2N-NH2) as a substrate. This approach was selected
because the six electron/six proton reduction of N2 to two
ammonia has been proposed to proceed through metal-bound
semireduced intermediate states electronically equivalent to
diazene (HNdNH) and hydrazine (22-26). This proposal
has received support from the detection of hydrazine fol-
lowing the acid quenching of nitrogenase during N2 reduction
(23) and the detection of trace amounts of hydrazine during
the reduction of N2 to ammonia by the vanadium-dependent
nitrogenase (27, 28). Nitrogenase reduces hydrazine by two
electrons and two protons to yield two ammonia (29), but it
is a relatively poor substrate. We recently reported that
hydrazine is a much better substrate for nitrogenase (lowered
Km and increasedVmax) whenR-70Val is substituted by alanine
(19). In parallel studies to those in which we freeze-trapped
a propargyl alcohol reduction intermediate (14, 15, 19, 20),
we now have used a combined biochemical-genetic strategy
to trap a hydrazine-derived adduct bound to the FeMo-
cofactor and describe the characterization of this species by
EPR and ENDOR spectroscopies.

EXPERIMENTAL PROCEDURES

Materials and Protein Purification. All reagents were
obtained from Sigma-Aldrich Chemicals (St. Louis, MO) and
were used as provided unless otherwise specified. Hydrazine
(14N) was obtained as the dihydrate, while hydrazine (15N-
labeled) was obtained as the sulfate from Cambridge Isotopes
(Andover, MA).AzotobacterVinelandiistrains DJ995 (wild-
type), DJ1310 (R-70Ala), DJ997 (R-195Gln), and DJ1316
(R-195Gln/R-70Ala) were prepared and grown, and nitrogenase
proteins were expressed as described previously (30). The
MoFe protein from each strain contained a seven-histidine
tag on theR-subunit, allowing purification by a Zn affinity
chromatography protocol (30). All proteins were obtained
at greater than 95% purity as judged by SDS-PAGE analysis
using Coomassie blue staining. Manipulation of proteins was
done in septum-sealed serum vials under an argon atmo-
sphere. All transfers of gases and liquids were done using
gastight syringes.

Dinitrogen, Proton, and Hydrazine Reduction Assays.The
rates for N2 reduction were determined in 9 mL sealed vials
with 1 mL liquid volume using established protocols for 10
min at 30°C (31, 32). The assay liquid contained a MgATP
regeneration system (5 mM ATP, 6 mM MgCl2, 30 mM
phosphocreatine, and 0.2 mg/mL creatine phosphokinase) in
a MOPS buffer (150 mM, pH 7.0) with 1.2 mg/mL BSA
and 9 mM dithionite. Solutions were degassed with oxygen-
free N2, and the gas phase contained 1 atm of N2. MoFe
protein was added (100µg) followed by Fe protein (500µg)
to initiate the reaction. The reaction was quenched by the
addition of 300 µL of 400 mM EDTA. Ammonia was
quantified by a liquid chromatographic-fluorescence method
(33) with modifications (19). A 10 µL aliquot of postreaction
solution containing NH3 was added to 1 mL of a solution

containing 20 mM phthalic dicarboxyaldehyde, 3.5 mM
2-mercaptoethanol, 5% (v/v) ethanol, and 200 mM potassium
phosphate, pH 7.3, and allowed to react in the dark for 30
min. The mixture was injected and separated by HPLC on a
C-18 guard column resolved isocratically with a 10 mM
phosphate buffer at pH 7.3 containing 50% acetonitrile at a
flow rate of 1.8 mL/min. Detection was by fluorescence
(λexcitation/λemissionof 410 nm/472 nm) with quantification by
comparison to an NH3 standard curve generated using NH4Cl.

The rates for H+ reduction were determined using the assay
mixture described above, except that the gas phase consisted
of argon. Dihydrogen in the headspace of quenched samples
was determined by analysis with gas chromatography with
a molecular sieve 5A column and a TCD detector. Hydrazine
inhibition of proton reduction was determined in the buffer
solution described above except that the pH was adjusted to
7.0 following the addition of hydrazine.

The rates of hydrazine reduction were determined from
the ammonia formation using the fluorescent detection
technique described above. The assay mixture was the same
as described above except that 50 mM hydrazine was added
and the final pH was adjusted to 7.7. The rates of MgATP
hydrolysis were determined as previously described (32, 34).

X-band EPR Sample Preparation and Analysis. Samples
under turnover conditions were prepared in a reaction mixture
containing a MgATP regeneration system (10 mM ATP, 15
mM MgCl2, 20 mM phosphocreatine, and 0.2 mg/mL
phosphocreatine kinase) in 200 mM MOPS buffer, pH 7.3,
with 50 mM dithionite and 50 mM hydrazine. The MoFe
protein concentration was∼75 µM in all samples. The
reaction was initiated by the addition of 50µM Fe protein.
EPR samples under resting conditions were prepared as
described above, except that Fe protein was not included.
All X-band EPR samples were allowed to react at room
temperature for approximately 30 s, followed by freezing in
liquid nitrogen in 4 mm standardized quartz EPR tubes. For
the pH profile, the same solution as described above was
used, with the substitution of 50 mM MES, 50 mM TAPS,
and 50 mM MOPS as buffer, and the pH was adjusted by
the addition of HCl or NaOH. X-band EPR spectra were
recorded using a Bruker ESP-300 E spectrometer with an
ER 4116 dual-mode X-band cavity equipped with an Oxford
Instruments ESR-900 helium flow cryostat. Spectra were
obtained at a microwave frequency of 9.65 GHz. Precise
values of the frequency were recorded for each spectrum to
determineg alignment. Initial spectra were obtained at a
power setting of 2.0 mW, with a modulation amplitude of
1.26 mT and a temperature of 8 K, and were the sum of
five scans. Subsequent data manipulation was done using
IGOR Pro (WaveMetrics, Lake Osewego, OR). The tem-
perature dependence (4.8-15 K) of the EPR signal intensity
was determined at 100 and 200µW for the turnover and
resting state signals, respectively, for theR-195Gln/R-70Ala

MoFe protein. The microwave power dependence on EPR
signal intensity was determined at 4.8 K with microwave
powers from 10µW to 2 mW.

35 GHz EPR/ENDOR Spectroscopy and Sample Prepara-
tion. Samples for 35 GHz EPR/ENDOR spectroscopy were
prepared with [14/15N]hydrazine as described above for the
X-band EPR turnover samples, except that the concentrations
of MoFe protein and Fe protein were tripled and the samples
were frozen in Q-band EPR tubes. 35 GHz cw EPR spectra
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(not shown) were recorded on a modified Varian E-110
spectrometer equipped with a helium immersion dewar at 2
K under “rapid passage” condition using 100 kHz field
modulation (35). Q-band Mims three-pulse ENDOR spectra,
pulse sequencetmw-τ-tmw-T(rf)-tmw-τ-echo (36), were
obtained at 2 K on alocally constructed spectrometer (37).
To first order, the ENDOR spectrum of a15N coupled to an
S ) 1/2 spin center (single orientation) is a doublet with
frequencies given byν( ) |νN ( A/2|, where νN is the
nuclear Larmor frequency andA is the orientation-dependent
hyperfine coupling constant of the coupled nucleus.

RESULTS
Hydrazine as a Substrate and Inhibitor of Proton Reduc-

tion. During nitrogenase catalysis, total electron flux (elec-
trons flowing through nitrogenase to all substrates) is
relatively constant and independent of the substrate(s)
present. Namely, available reducing equivalents are distrib-
uted between proton reduction and reduction of other
substrates, depending upon the substrate being used. In the
absence of any other substrate, all electron flux is directed
toward proton reduction. Thus, the effectiveness for a
particular substrate to interact with the active site can be
evaluated by its capacity to inhibit proton reduction. Under
the conditions used here, when hydrazine is used as substrate
under saturating conditions for the wild-type MoFe protein,
only ∼10% of electron flux is diverted to hydrazine reduction
with the balance going to proton reduction (Table 1) and
with retention of maximal electron flux through nitrogenase
(Table 2). Thus, hydrazine is a relatively poor substrate for
the normal wild-type nitrogenase. It has previously been
shown that the capacity for hydrazine to access the active
site can be improved by substitution of theR-70Val residue
by R-70Ala with a consequent 8-fold decrease inKm and a
doubling inVmax. This feature is also confirmed in Table 1
where it is shown that a higher percentage of electron flux
is diverted to hydrazine reduction (34%) for theR-70Ala-
substituted MoFe protein when compared to the wild-type
MoFe protein (∼10%). Maximal electron flux through
nitrogenase is not altered when hydrazine is presented to the
R-70Ala MoFe protein (Table 2). On the basis of these and
related experiments involving the effect of substitution by
either alanine or isoleucine at theR-70Val position on the
reduction of N2, acetylene, or hydrazine, it was proposed
that all of these substrates bind and are reduced at the Fe-S
face within the FeMo-cofactor that is approached by the
R-70Val side chain (19).

Previous work has shown that substitution by glutamine
of theR-195His residue, located near the proposed substrate-

binding face of the FeMo-cofactor (Figure 1), decreases the
capacity for N2 reduction by>95% (32, 38, 39),while having
little effect on the rates of acetylene or proton reduction.
Although not a good substrate for theR-195Gln-substituted
MoFe protein, N2 suppresses proton reduction activity and
total electron flux through nitrogenase (32). Thus, N2 retains
the capacity to bind at the active site of theR-195Gln-
substituted MoFe protein even though it cannot be effectively
reduced, indicating the possibility that theR-195His residue
is an obligate proton donor during N2 reduction but not for

Table 1: Specific Activities and Electron Fluxes for MoFe Proteins

substratesa

protonb N2 (1 atm)b hydrazine (50 mM)c

nmol of H2

min-1 mg-1
nmol of H2

min-1 mg-1
nmol of NH3

min-1 mg-1
nmol of H2

min-1 mg-1
nmol of NH3

min-1 mg-1

R-70Val/R-195His 2190( 90 (4380) 690( 60 (1380) 590( 15 (1770) 1480( 90 (2960) 320( 15 (320)
R-70Ala/R-195His 2040( 30 (4080) 1440( 40 (2880) 360( 20 (1080) 1170( 20 (2340) 1210( 10 (1210)
R-70Val/R-195Gln 1900( 30 (3800) 1060( 50 (2120) 5( 1 (15) 320( 10 (640) 30( 10 (30)
R-70Ala/R-195Gln 1330( 40 (2660) 1310( 40 (2620) 8( 3 (20) 200( 10 (400) 70( 20 (70)
a All assays were performed at 30°C for 10 min at a MoFe protein to Fe protein ratio of 1:20 and are expressed per mg of MoFe protein.

Electron flux going to the noted product is shown in parentheses as nmol of e- min-1 mg-1. b Proton and nitrogen reduction assays were performed
at pH 7.0.c Hydrazine reduction assays were performed at pH 7.7.

Table 2: Hydrazine Inhibits Electron Flux and Uncouples MgATP
Hydrolysis from Electron Flux

inhibition of total
electron flux by hydrazinea MgATP/electronb

% electron flux remaining proton hydrazine

R-70Val/R-195His 98 2.4 2.2
R-70Ala/R-195His 100 2.5 2.2
R-70Val/R-195Gln 23 3.0 30
R-70Ala/R-195Gln 24 2.8 31

a All assays were performed at pH 7.8 and 30°C for 10 min at a
MoFe protein to Fe protein ratio of 1:20 and are reported as the
percentage of electron flux remaining when hydrazine is added (electron
flux to both proton and hydrazine reduction) when compared to the
total electron flux under argon (total electron flux going to proton
reduction). The hydrazine concentration was 50 mM in all cases where
hydrazine was added.b The ratio of nmol of MgATP hydrolyzed/nmol
of electrons passing through nitrogenase to all substrates is shown for
reaction with argon (protons as substrates) and with hydrazine (protons
and hydrazine as substrates).

FIGURE 1: The FeMo-cofactor. A view of the FeMo-cofactor
highlighting the FeS face proposed to constitute the substrate-
binding site (Fe atoms 2, 3, 6, and 7) is shown along with the
homocitrate and protein ligands from the MoFe protein (R-275Cys

andR-442His). Also shown are amino acid residues near this active
site face (R-70Val, R-96Arg, andR-195His). The figure was made using
the programs Viewer Pro (Accelrys Inc., San Diego, CA) and POV-
Ray (Persistence of Vision, Williamstown, Australia) using the PDB
file 1M1N with Fe shown in green, sulfur in yellow, molybdenum
in purple, carbon in gray, oxygen in red, and nitrogen in blue.
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acetylene reduction. Subsequent experiments showed that a
different nitrogen-containing substrate, azide, can also bind
to the active site of theR-195Gln-substituted MoFe protein
but, like N2, cannot be effectively reduced, indicating that
R-195His could be a proton donor that is specific for nitrogen-
containing substrates (40).

Given that hydrazine is an effective substrate for the
R-70Ala-substituted protein, and the observed effect of the
R-195Gln substitution on nitrogen-containing substrates, it was
of interest to determine if a doubly substitutedR-70Ala/
R-195Gln MoFe protein could be used to trap hydrazine at
the active site in a highly populated state. This was a
particularly attractive possibility because preliminary studies
indicated that a new minor EPR-active species could be
detected when theR-195Gln-substituted MoFe protein was
freeze-quenched under turnover conditions when hydrazine
is used as substrate (Figure 2). Table 1 shows that the doubly
substitutedR-70Ala/R-195Gln MoFe protein has a much lower
specific activity for hydrazine reduction when compared to
the singly substitutedR-70Ala MoFe protein. The doubly
substitutedR-70Ala/R-195Gln MoFe protein also exhibits a
relatively modest (∼50%) decrease in proton reduction
activity when compared to the singly substitutedR-70Ala

MoFe protein (Table 1). The key observation is that
hydrazine is a poor substrate for both theR-195Gln and the
doubly substitutedR-70Ala/R-195Gln MoFe proteins, yet it is
able to effectively suppress both proton reduction (Table 1)
and electron flux through nitrogenase (Table 2). Importantly,
the rate of MgATP hydrolysis catalyzed by these substituted

MoFe proteins is comparable to the wild-type andR-70Ala

MoFe protein levels, indicating that hydrazine specifically
blocks the reduction of protons by occupancy of the active
site while having no effect on the MgATP hydrolysis rates.
This is apparent from the∼15-fold increase in the MgATP/
e- ratio (ratio of nanomoles of MgATP hydrolyzed per
minute per milligram to nanomoles of e- transferred per
minute per milligram) when hydrazine is added to the
R-195Gln and R-70Ala/R-195Gln MoFe proteins (Table 2).
These results are the same as observed for the effect of N2

on electron flux for theR-195Gln-substituted MoFe protein
(32) except that hydrazine more effectively suppresses proton
reduction and electron flux for the doubly substitutedR-70Ala/
R-195Gln MoFe protein than does N2 for the singly substituted
R-195Gln MoFe protein (32). The concentration dependence
of hydrazine inhibition of proton reduction activity at pH
7.0 for the MoFe proteins examined here is shown in Figure
3, further illustrating hydrazine suppression of proton reduc-
tion activity in the R-195Gln and R-70Ala/R-195Gln MoFe
proteins. In aggregate, these data show that the doubly
substitutedR-70Ala/R-195Gln MoFe protein retains a capacity
to bind hydrazine even though hydrazine cannot be ef-
fectively reduced, thereby inhibiting all substrate reduction
activity and total electron flux. In contrast to the situation
with hydrazine, the doubly substitutedR-70Ala/R-195Gln MoFe
protein is apparently unable to effectively bind or reduce
N2 because it is an extremely poor substrate and does not
inhibit proton reduction (Table 1).

EPR of a Hydrazine-Trapped State.The above results
indicate that hydrazine binds to the active site of the 70Ala/
R-195Gln doubly substituted MoFe protein, thereby preventing
reduction of other substrates. Because of this situation it was
of interest to determine if the hydrazine-derived species
bound to the FeMo-cofactor under turnover conditions could
be observed by EPR spectroscopy.

The resting states of the wild-type,R-195Gln, R-70Ala, and
R-70Ala/R-195Gln MoFe proteins all exhibit the characteristic
S ) 3/2 EPR spectrum (withg values near 4.43, 3.57, 1.99)
that can be assigned to the active site FeMo-cofactor (Figure
2). When the wild-type MoFe protein is trapped by freezing
during the reduction of protons or hydrazine, the EPR signal
from the FeMo-cofactor diminishes greatly in intensity, but

FIGURE 2: EPR spectra of nitrogenase during turnover in the
presence of hydrazine. X-band EPR spectra are shown for the
resting state (blue traces) and the turnover state in the presence of
50 mM hydrazine (red traces) for the wild-type (R-70Val/R-195His),
R-70Ala, R-195Gln, andR-70Ala/R-195Gln MoFe proteins. Theg values
are noted for the resting and turnover states of theR-70Ala/R-195Gln

MoFe protein. The MoFe protein concentration was 75µM in all
cases, and turnover and EPR parameters are described in the
Experimental Procedures.

FIGURE 3: Inhibition of proton reduction activity by hydrazine in
MoFe proteins. The percentage of maximal H2 evolution activity
is plotted against the concentration of hydrazine added at the
initiation of the reaction for the wild-type (R-70Val/R-195His) (4),
R-70Ala (]), R-195Gln (3), andR-70Ala/R-195Gln (O) MoFe proteins.
Assay conditions are specified in the Experimental Procedures.

Trapped Nitrogenous Intermediate Biochemistry, Vol. 44, No. 22, 20058033



no new signals appear (Figure 2). This has been explained
as accumulation of an EPR-silent FeMo-cofactor redox state.
Similar behavior is observed for theR-70Ala MoFe protein
when trapped during the reduction of hydrazine and for the
R-195Gln andR-70Ala/R-195Gln MoFe protein variants during
reduction of protons or N2. However, when theR-195Gln-
substituted MoFe protein is freeze-quenched during reduction
of hydrazine, a minor newS ) 1/2 EPR signal is observed
(g ) [2.09, 2.01, 1.93]). The doubly substituted MoFe protein
(R-70Ala/R-195Gln) shows an even more complete conversion
to this new EPR active state when trapped during hydrazine
reduction (Figure 2). Spin integration of the hydrazine-
dependent EPR signal for theR-70Ala/R-195Gln MoFe protein
shows approximately 70% conversion of the FeMo-cofactor
signal to the new EPR signal. Other minor EPR signals that
are observed in the turnover spectrum can be assigned to
residual reduced Fe protein.

Appearance of a new EPR signal when theR-195Gln- and
R-70Ala/R-195Gln-substituted MoFe proteins are freeze-
quenched during hydrazine reduction is consistent with the
kinetic results suggesting that this signal originates from
hydrazine or a reduction intermediate species that is trapped
on the FeMo-cofactor. As shown in Figure 4, the maximal
conversion to the intermediate is achieved near pH 7.4, with
higher and lower pH values resulting in a lower intensity
for the EPR signal. As shown in Figure 5, the EPR signals
of the intermediate and the resting state FeMo-cofactor of
theR-70Ala/R-195Gln protein both show a Curie law temper-
ature dependence, as expected for signals associated with
ground states that are well isolated in energy from excited
states. Similar temperature dependence is observed for the
EPR signal of the resting state FeMo-cofactor in the wild-
type MoFe protein. The dependence of the EPR signal
intensities on microwave power shows that the hydrazine
adductS ) 1/2 EPR signal in theR-70Ala/R-195Gln MoFe
protein saturates at a much lower power than does theS )
3/2 resting-state FeMo-cofactor signal (Figure 6). The resting
states of theR-70Ala/R-195Gln and the wild-type MoFe
proteins show nearly identical microwave power dependen-
cies.

ENDOR of a Hydrazine-Trapped State.To determine if
the turnover intermediate trapped during hydrazine reduction
by theR-195Gln andR-70Ala/R-195Gln proteins indeed contains

a hydrazine-derived species bound to the FeMo-cofactor,
pulsed ENDOR experiments on freeze-quenched samples
prepared with14N- or 15N-labeled N2H4 were performed.
Figure 7 presents spectra taken at the single-crystal-like field
value,g1. For the sample prepared with15N2H4, the spectrum
contains a single15N doublet split by the hyperfine coupling,
A(g1) ) 1.5 MHz, and centered at the15N Larmor frequency.
As this signal is absent in the spectrum of a sample prepared
with 14N2H4, the result confirms that the intermediate indeed
is derived from hydrazine and is bound to the FeMo-cofactor.

A spectrum taken at a single-crystal-like field value
represents a single orientation of the paramagnetic center
relative to the magnetic field, and as such the number of
hyperfine-split 15N doublets exhibited by the spectrum
immediately corresponds to the number oftypesof 15N bound
to the cofactor. Thus, the single15N doublet of Figure 7

FIGURE 4: pH effect on the intensity of the hydrazine-dependent
EPR signal. The pH dependence on the intensity of theg ) 2.09
inflection for theR-70Ala/R-195Gln MoFe protein hydrazine trapped
EPR is shown for the pH range from 6.0 to 8.4. All spectra were
recorded at 10 K and 2 mW with other conditions as specified in
the Experimental Procedures.

FIGURE 5: Temperature dependence of EPR signals. The relative
intensity of theg ) 2.09 inflection of the hydrazine-dependent
turnover EPR signal for theR-70Ala/R-195Gln MoFe protein at pH
7.3 is plotted against the inverse of the temperature of the EPR
measurement (O). The relative intensity of theg ) 4.43 inflection
of the resting state EPR signal for theR-70Ala/R-195Gln MoFe protein
at pH 7.3 is also plotted against the inverse of the temperature of
the EPR measurement (4). The microwave power was 100µW
for the turnover state and 200µW for the resting state, and all
other parameters were as described in the Experimental Procedures.

FIGURE 6: Microwave power dependence of EPR signals. The EPR
signal intensity is plotted for the resting state of theR-70Ala/
R-195Gln MoFe protein at 4.8 K (g ) 4.43) (4) and for the hydrazine
turnover state for theR-70Ala/R-195Gln MoFe protein at 4.8 K
(inflection atg ) 2.09) (O) against the square root of the microwave
power in µW. All other parameters are as specified in the
Experimental Procedures.
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suggests that the hydrazine-derived species bound to the
FeMo-cofactor may have a singletypeof 15N associated with
it. When one scales the hyperfine coupling for that associated
with a single electron in a 2s orbital, the15N coupling
displayed by the intermediate is comparable to that of the
C2 carbon of the previously characterized allyl alcohol
species that is bound to the FeMo-cofactor (14) as a
metallacycle intermediate when propargyl alcohol is used
as a substrate for theR-70Ala-substituted MoFe protein. Work
in progress shows that the15N signal can be detected at fields
across the EPR envelope. A full set of such spectra should
provide information about both the number of types and
the structure of the15N species associated with FeMo-
cofactor.

DISCUSSION

To observe a nitrogenase reaction intermediate by EPR
spectroscopy requires that such species actually exhibit an
EPR spectrum and, if so, that it be trapped in high occupancy
under turnover conditions. These requirements were recently
met for the nonphysiological substrate propargyl alcohol (14,
20), where hydrogen bonding between the reduction inter-
mediate and the imidazole group ofR-195His was shown to
stabilize the bound allyl alcohol product trapped by freezing
in a highly populated state that could be detected by EPR.
Nevertheless, the relevance of the species trapped when
propargyl alcohol is used as a substrate to intermediates that
form during N2 reduction is not clear. Consequently, the goal
of the present work was to develop a strategy for the trapping
of a nitrogen-containing species that is also amenable to
spectroscopic analyses. Previous work had already estab-
lished that substitution of the MoFeR-195His by glutamine
results in an altered MoFe protein that retains an ability to
bind N2 even though N2 is not efficiently reduced (32).
Although a highly populated state of a bound species might
actually exist when N2 is used as substrate for theR-195Gln-
substituted MoFe protein, such a state is not detected by EPR
under freeze-quench conditions. However, when theR-195His-
substituted protein was freeze-quenched under turnover
conditions with hydrazine as the substrate, a new minor
species could be detected by EPR (Figure 2). Because
hydrazine is only a poor substrate for the wild-type enzyme
and because substitution of theR-70Val residue by alanine
improves the capacity for hydrazine reduction, we con-
structed the doubly substitutedR-195Gln/R-70Ala MoFe pro-
tein.

Freeze-quenching of theR-195Gln/R-70Ala MoFe protein
under turnover conditions with hydrazine as substrate results
in a high population (∼70%) of a trapped intermediate with
an S ) 1/2 EPR signal (Figure 2). This spectrum is similar
to those exhibited by intermediates that form when the
inhibitor CO (11-13) or the substrates CS2 (17), propargyl
alcohol (14), and acetylene (16) are freeze-trapped under
turnover conditions. The overall line shape of the hydrazine-
induced EPR spectrum reported here is similar to the EPR
line shapes originating from these other bound species,
although each shows a unique set ofg values. Likewise, all
of theseS ) 1/2 states show more rapid microwave power
saturation when compared with theS ) 3/2 resting state of
the FeMo-cofactor. These observations suggest that the
oxidation state of the FeMo-cofactor might be the same in
all of these instances.

Of relevance to the mechanism of nitrogenous substrate
reduction by nitrogenase, both hydrazine and N2 reduction
rates are significantly decreased for theR-195Gln andR-70Ala/
R-195Gln MoFe proteins. This is consistent withR-195His

providing protons for the reduction of both of these
substrates. Given the location ofR-195His (Figure 1) over
the FeS face composed of Fe atoms 2, 3, 6, and 7, this
provides further support for the proposal that N2 and
hydrazine bind to the Fe-S face of the FeMo-cofactor
approached byR-70Val and R-195His. Further, given the
distance ofR-195His and R-70Val away from the Mo, it is
difficult to imagine how Mo could participate directly in
binding either N2 or hydrazine. The observation that both
N2 and hydrazine bind to the FeMo-cofactor in theR-195Gln

MoFe proteins, yet only hydrazine binding yields a new EPR
active state, is consistent with the idea that the MoFe protein
needs to accumulate different numbers of electrons/protons
in order to bind different substrates. For example, kinetic
studies indicate that the MoFe protein must accept three
electrons before N2 can bind (41). Assuming that all three
electrons go to the FeMo-cofactor (some or all could reside
on the P-cluster), then the electron count would become even
after the addition of three electrons, and it is expected that
the FeMo-cofactor would be in an EPR-silent state when
N2 is able to bind. This is consistent with the absence of an
EPR signal under conditions where N2 is clearly binding, as
evident from the inhibition of all substrate reduction includ-
ing proton reduction in theR-195Gln MoFe proteins. As
hydrazine reduction requires two electrons and two protons,
compared to six electrons and six protons for N2, it is
reasonable to assume that hydrazine binds to a state of the
MoFe protein with fewer accumulated electrons (as does
acetylene). Kinetic studies suggest that acetylene binds to a
two-electron reduced state of the MoFe protein relative to
the resting state, whereas N2 binds to a three- or four-electron
reduced state of the MoFe protein (41). Assuming the two
electrons reside in the FeMo-cofactor, then it is reasonable
that the state that binds hydrazine could have an FeMo-
cofactor that is two electrons reduced relative to the resting
state, and therefore it would be expected to be EPR active.
This could explain why a hydrazine-bound state is observed
in the R-195Gln MoFe proteins, whereas the N2-bound state
is EPR silent. The fact that different substrates access the
active site at different redox states is also manifested in the
nonreciprocity in their mutual inhibition parameters. It should
be pointed out, however, that the formal valency state of

FIGURE 7: Q-band15N Mims ENDOR. ENDOR atg1 (∼2.08) of
the R-70Ala/R-195Gln MoFe protein turnover intermediate trapped
during reduction of15N2H4 and 14N2H4. Conditions: microwave
frequency, 34.856 GHz; microwave pulse width, 52 ns;τ ) 352
ns; rf pulse width, 60 ms; repetition rate, 70 Hz; temperature, 2 K.
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the FeMo-cofactor would depend on the number of electrons
formally transferred to the substrate.

The observation of a15N ENDOR signal associated with
the S ) 1/2 intermediate prepared with15N2H4 establishes
that the intermediate indeed contains a hydrazine-derived
species bound to the FeMo-cofactor. The appearance of a
single15N doublet (Figure 7) at theg1 single-crystal-like field
also suggests that the hydrazine-derived species bound to
the FeMo-cofactor might have a single type of15N associated
with it, indicating either symmetrical binding of an N-N
species or binding of a hydrazine cleavage product. Detailed
ENDOR studies will be required to test this possibility and
to fully characterize the nature and bonding of the hydrazine-
derived species.

The present studies have presented a strategy for trapping
an intermediate during hydrazine reduction as a hydrazine-
derived species bound to the nitrogenase active site FeMo-
cofactor. Characterization of this bound intermediate should
provide more details about the mechanism of reduction of
this nitrogenous substrate. It is reasonable to expect that
hydrazine reduction would generate states that correspond
to the late stages in the N2 reduction pathway. The initial
stages of N2 reduction will involve different intermediates
and may involve different binding sites. Thus, an important
research objective remains to trap and characterize interme-
diates generated during the actual process of N2 reduction.
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