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ABSTRACT: Nitrogenase reduces dinitrogen (N,) by six electrons and six protons at an active-site metal-
locluster called FeMo cofactor, to yield two ammonia molecules. Insights into the mechanism of substrate
reduction by nitrogenase have come from recent successes in trapping and characterizing intermediates
generated during the reduction of protons as well as nitrogenous and alkyne substrates by MoFe proteins with
amino acid substitutions. Here, we describe an intermediate generated at a high concentration during
reduction of the natural nitrogenase substrate, N,, by wild-type MoFe protein, providing evidence that it
contains N, bound to the active- 51te FeMo cofactor. When MoFe proteln was frozen at 77 K during steady-
state turnover with N, the S = */, EPR signal (g = [4 3, 3.64, 2.00]) arising from the resting state of FeMo
cofactor was observed to convert to a rhombic, S = '/,, signal (g = [2.08, 1.99, 1.97]). The intensity of the
N,-dependent EPR signal increased with increasing N, partial pressure, reaching a maximum intensity of
approximately 20% of that of the original FeMo cofactor signal at >0.2 atm N,. An almost complete loss of
resting FeMo cofactor signal in this sample implies that the remainder of the enzyme has been reduced to an
EPR-silent intermediate state. The N,-dependent EPR signal intensity also varied with the ratio of Fe protein
to MoFe protein (electron flux through nitrogenase), with the maximum signal intensity observed with a ratio
of 2:1 (1:1 Fe protein:FeMo cofactor) or higher. The pH optimum for the signal was 7.1. The N,-dependent
EPR signal intensity exhibited a linear dependence on the square root of the EPR microwave power in
contrast to the nonlinear response of signal intensity observed for hydrazine-, diazene-, and methyldiazene-
trapped states. "N ENDOR spectroscopic analysis of MoFe protein captured during turnover with '°N,

revealed a >N nuclear spin coupled to the FeMo cofactor with a hyperfine tensor 4 =

0.9, 1.4, 0.45] MHz

establishing that an N,-derived species was trapped on the FeMo cofactor. The observation of a single type of
N-coupled nucleus from the field dependence, along with the absence of an associated exchangeable 'H
ENDOR signal, is consistent with an N, molecule bound end-on to the FeMo cofactor.

Nitrogenase catalyzes the reduction of dinitrogen (N,), yield-
ing two ammonia molecules in a reaction requiring protons,
electrons, and MgATP with an ideal stoichiometry (eq 1) (/—4):

Ny + 8¢~ + 16MgATP + 8H *
— 2NH; + H; + 16MgADP + 16P; (1)

For the Mo-dependent nitrogenase, N, binding and reduction
occur at a complex metal cluster called the FeMo cofactor' ([7Fe-
9S-Mo-homocitrate-X]) bound within the MoFe protein (5—7).
The Fe protein delivers electrons to the MoFe protein in a
reaction requiring the hydrolysis of a minimum of two MgATP
molecules per electron transferred (/). Following each electron
transfer, the oxidized Fe protein dissociates from the MoFe
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protein, with the cycle being repeated until sufficient electrons
have accumulated within the MoFe protein to carry out substrate
reduction (8). In the absence of any other substrate, nitrogenase
catalyzes the reduction of protons, yielding H, (9). When N is
present, electrons flowing through nitrogenase are partitioned
into the reduction of N, and protons, with a minimum of one
H, molecule formed to one N, molecule reduced (10). One of the
significant unknowns about nitrogenase remains a molecular-
level understanding of the substrate reduction mechanism.

Over recent years, some insights into the nitrogenase mechanism
have been gained by combining three experimental strategies: (i) the
substitution of specific amino acids within the MoFe protein,
(i) freeze trapping substituted MoFe proteins during turnover
using different substrates, and (iii) characterization of the resulting
trapped state by paramagnetic resonance methods (2). The sub-
stitution of amino acids within the MoFe protein has been guided by
examination of the X-ray structure of the MoFe protein (7, //—13)
and by genetic studies (/4—16) and has been focused on residues
located near the FeMo cofactor (e.g., o-70"" and a-195'"%).
Substrates that have been trapped on substituted MoFe proteins
include protons, acetylene (HC=CH), hydrazine (H,N—NH,),
diazene (HN=NH), methyldiazene (HN=N-—CH;), propargyl
alcohol (HC=C—-CH,OH), and carbonyl disulfide (CS,) (2).
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For each of these trapped states, a unique EPR-active state of the
FeMo cofactor is observed, allowing characterization of the trapped
complex by EPR and ENDOR spectroscopies. Through the use of
substrate isotopomers, such studies have provided insights into the
nature of several of the bound substrate-derived species (3). For
example, it was deduced that a state trapped during reduction of
propargyl alcohol contained the two-electron reduced allyl alcohol
product whose terminal alkene is bound side-on to a metal ion of the
FeMo cofactor that was assigned as an Fe ion (/7); a similar binding
geometry was deduced for a trapped acetylene reduction intermedi-
ate (18). The state trapped during turnover under Ar can be best
described as two hydrides bound to the FeMo cofactor (19) and
subsequently was shown by a step-annealing relaxation protocol to
be a state of the MoFe protein that has accumulated four electrons
(and presumably protons) relative to resting MoFe protein (20),
denoted E4 by Lowe and Thorneley (2/). The species bound during
reduction of the nitrogenous substrates, hydrazine, diazene, and
methyldiazene, all were shown by a combination of '¥**N and 'H
ENDOR spectroscopy to contain a substrate-derived (—NH,)
moiety bound to the FeMo cofactor (3).

Studies completed to date have relied on MoFe proteins
having amino acid substitutions and using nonphysiological
substrates (2, 3). To directly address the N, reduction mechan-
ism, it would be desirable to trap the wild-type MoFe protein
during turnover with the physiological substrate N, in a state that
would be amenable to characterization by spectroscopic meth-
ods. Earlier, we reported preliminary evidence that an inter-
mediate could be trapped during N, reduction in the wild-type
MokFe protein (22). Here, we report conditions for optimization
of a N,-trapped state in the wild-type MoFe protein and present a
characterization of this trapped state by EPR and '°N and '°H
ENDOR spectroscopic methods.

MATERIALS AND METHODS

Materials and Protein Purification. All reagents were
obtained from Sigma-Aldrich (St. Louis, MO) and were used
as provided unless specified otherwise. '*N-labeled dinitrogen
was obtained from Cambridge Isotope Laboratories. Nitrogen-
ase MoFe protein was purified from Azotobacter vinelandii strain
DJ995 and Fe protein from strain DJ884 as previously de-
scribed (23). The MoFe protein, expressed with a seven-histidine
tag near the C-terminus of the a-subunit, was purified by a metal
affinity chromatography protocol (23). Proteins were greater
than 95% pure as judged by SDS—-PAGE with Coomassie blue
staining. Protein concentrations were determined by the Biuret
method with bovine serum albumin as the standard. All manip-
ulation of proteins was done in septum-sealed serum vials under
an argon atmosphere, and gas and liquid transfers were con-
ducted with gastight syringes.

Substrate Reduction. The rates for substrate reduction were
determined in 9 mL sealed vials with a liquid volume of 1 mL as
described previously (24), with a total assay time of 10 min at
30 °C. The assay mixture contained a MgATP regeneration
system (5 mM ATP, 6 mM MgCl,, 30 mM phosphocreatine,
0.2 mg/mL creatine phosphokinase, and 1.2 mg/mL bovine
serum albumin) in a 200 mM MOPS buffer (pH 7.1) with
9 mM sodium dithionite. Dioxygen was removed from all
solutions by evacuation and refilling with argon. MoFe protein
was added (100 ug) followed by Fe protein (500 ug) to initiate the
reaction. Reactions were quenched by the addition of 300 uL of a
400 mM EDTA solution. For experiments with less than 1 atm of
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Ny, the N, was added as an overpressure to an argon-filled assay
vial followed by venting the vial to atmospheric pressure. The N,
in each vial was quantified by analysis of an aliquot of the gas
phase by gas chromatography. For experiments at 1 atm of N,,
the vial was evacuated and refilled with N, from the manifold,
followed by venting to 1 atm. When the Fe protein to MoFe
protein ratio was varied, the amount of MoFe protein was
maintained at 100 ug while the amount of Fe protein was varied
between 12.5 ug and 250 ug.

H, was quantified from the headspace of quenched vials by gas
chromatography with a molecular sieve SA column and a TCD
detector. Ammonia was quantified by the fluorescence method
described previously (24), with a standard curve prepared using
NH,CI.

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
MgCly, 20 mM phosphocreatine, 0.3 mg/mL phosphocreatine
kinase, and 2.6 mg/mL bovine serum albumin) in 150 mM MOPS
buffer (pH 7.1 unless stated otherwise) with 50 mM sodium
dithionite. The MoFe protein concentration was ~50 M in all
samples, and the reaction was initiated by the addition of 50 uM
Fe protein. The reaction was allowed to proceed for 15 s at room
temperature in 4 mm calibrated quartz EPR tubes (Wilmad,
Buena, NJ) followed by emersion in a hexane/liquid N, slurry.
Resting-state samples were prepared as described above, except
that Fe protein was not included.

For the pH profile, the same solution as described above was
used, except that the buffer consisted of 50 mM MES, 50 mM
TAPS, and 50 mM MOPS, with the pH adjusted by the addition
of HCI or NaOH. When the ratio of Fe protein to MoFe protein
was varied, the concentration of MoFe protein was maintained at
50 uM while the concentration of Fe protein ranged between
25 and 200 uM. When the partial pressure of N, was varied, N,
gas was added to the argon-filled assay vial as an overpressure
and then the vial was vented to 1 atm. For the 1 atm N, sample,
the sample vial and EPR tube were both evacuated and filled with
N, gas.

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 recorded at microwave frequencies near
9.65 GHz; precise values of the frequency were recorded for each
spectrum. The microwave power dependence on EPR signal
intensity was determined at 4.7 K with microwave powers from
5uW to 1 mW. The temperature dependence (4.7 to 12 K) of the
EPR signal intensity was determined with the microwave power
maintained at 50 W, a nonsaturating value at the lowest
temperature.

Spin integration of the EPR signal intensity for the N,-
dependent state was accomplished by comparison to a 50 uM
copper EDTA standard, taking into account the correction for g
value differences. Samples were compared at the same power,
modulation amplitude, temperature, and number of scans.
Integrations were done using IGOR Pro (WaveMetrics, Lake
Oswego, OR).

ENDOR Sample Preparation and Analysis. ENDOR
samples were prepared as described above, except that the final
MokFe protein concentration was ~150 uM and the samples were
frozen in Q-band tubes. CW and pulsed 35 GHz ENDOR spectra
were recorded at 2 K on spectrometers described previously. In
these experiments, the ENDOR pattern for a single orientation of
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FiGure 1: X-Band EPR spectra of nitrogenase. (A) X-Band EPR spectrum for the resting state of the MoFe protein (Resting) and of the MoFe
protein trapped by being frozen to 77 K during turnover under 1 atm of N, (N, turnover). (B) g ~ 2 region of the N, turnover-trapped state. The
concentration of MoFe protein is 50 #M. Turnover conditions are described in Materials and Methods and include 50 uM Fe protein. The EPR
microwave power was 1.0 mW, the temperature 4.8 K, and the modulation frequency 1.26 mT. Each trace is the sum of five scans.

anl ="'/, nucleus ("H, "°N) exhibits a v(+) doublet that is split by
the hyperfine coupling, 4, and centered at the nuclear Larmor
frequency. The Mims pulse ENDOR sequence, [7/2—t—m/2—T-
(rf)—m/2—detect], was implemented with random hopping of the
radiofrequency over the frequency range for a spectrum, a
procedure that improves intensity and signal shape. This se-
quence has the property that its ENDOR intensities follow the
relationship I(A) ~ 1 — cos(2wAt). As a result, the signals vanish
(“blind spots”) at At = n (n = 0, 1,...) and show maximum
intensities at 4t = n + 1/2. The full hyperfine tensor for an
interacting nucleus is determined by analysis of a two-dimen-
sional (2D) field-frequency pattern comprised of numerous
spectra collected across the EPR envelope, as described pre-
viously (25).

RESULTS

Trapping an Intermediate during Reduction of N, by
Wild-Type MoFe Protein. The resting state of the FeMo
cofactor in the MoFe protein occurs at S = */, and exhibits a
characteristic low-temperature (2—8 K) EPR spectrum (g =
[4.30, 3.64, 2.0]) (Figure 1). When the MoFe protein is trapped by
rapid freezing at 77 K during turnover under argon (in the
presence of Fe protein, MgATP, a MgATP regeneration system,
and dithionite), the resting-state FeMo cofactor § = */, EPR
signal diminishes in intensity. This feature has been interpreted to
result from reduction of the resting state of the FeMo cofactor
(called the M state) to one or more EPR-silent states (26). We
now report that the MoFe protein can be trapped during turn-
over of the substrate N, in an EPR-active state of the FeMo
cofactor having a novel S = '/, rhombic EPR signal where g =
[2.08,1.99, 1.97] (Figure 1). As described below, the intensity of
this new EPR signal is dependent on the pH of the reaction
solution, the concentration of N,, the electron flux through
nitrogenase, and the time and method of freeze trapping.

As shown in Figure 2, the intensity of the N>-dependent EPR
signal progressively increases as the pH of the solution increases
from 6.0 to 7.1, reaching an optimum at pH 7.1, and then
gradually decreases as the pH of the solution increases from 7.1 to
8.4; pH values outside of 6.0 and 8.4 were not examined as the
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FIGURE 2: Dependence of EPR signal intensity on pH. Shown are the
relative intensities of the EPR signals for the turnover-trapped states
with N, (@), diazene (<), hydrazine (2), and methyldiazene (O) as
substrates. The EPR microwave power was 1.0 mW and the tem-
perature 5.2 K. All other conditions are noted in Materials and
Methods.

MoFe protein is not stable under these conditions. Earlier,
conditions were established for trapping a MoFe protein having
both 0-70Y* substituted with alanine and a-195"" substituted
with glutamine using the nitrogenous substrates hydrazine,
diazene, or methyldiazene. The S = '/, EPR signals of the
trapped states are similar in line shape (22) but exhibit different
g values compared to the N,-dependent EPR signal reported here.
Figure 2 shows that the pH dependence of the intensity of the
N,-dependent EPR signal is different from the pH dependences of
the other trapped substrates. The hydrazine-trapped state showed
the most similarity to the N,-dependent EPR signal, although it
has a much narrower optimum around pH 7.6, while the diazene-
trapped state stands out as having a curve that is shifted farthest
to low pH and that increases to low pH without reaching a
maximum. The differences in pH dependences for each of these
EPR signals point to differences among the trapped states.
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F1GURE 3: Dependence of EPR signal intensity on the partial pres-
sure of N,. EPR spectra (g ~ 2 region) are shown of the MoFe protein
trapped during turnover under different partial pressures of
N,, including 0 (red), 0.05 (green), 0.1 (magenta), 0.2 (blue), and
1 atm (black). The inset shows the relative intensity of the g = 1.99
EPR signal as a function of the partial pressure of N,. The EPR
microwave power was 1.0 mW and the temperature 4.9 K. Other
conditions are described in Materials and Methods.

As the partial pressure of N, is increased, the intensity of the
N»-dependent EPR signal progressively increases, reaching a
maximum value at a N, partial pressure of 0.2 atm; it then
remains constant up to 1 atm of N, (Figure 3). The K, for
N, reduction is around 0.1 atm (27, 28). Thus, the dependence of
the N,-dependent EPR signal on the N, concentration matches
well with the dependence of the substrate reduction rate on
N, concentration.

Under turnover conditions in the absence of N,, a low-
intensity EPR signal (g; = 2.14) is observed that corresponds
to the signal assigned to the E,4 state (29). This inflection shifts to
g = 2.12 as the N, partial pressure is increased, suggesting that
N, interacts with the FeMo cofactor of this state.

The rate of electron flow (electron flux) through nitrogenase
can be controlled by the ratio of Fe protein to MoFe protein, with
the highest flux at the highest ratios (30). Low electron flux (fewer
than four Fe protein molecules per MoFe protein) is expected to
result in population of the lower reduced states of the MoFe
protein, termed the E; and E, states in the Thorneley and Lowe
kinetic scheme (27). At higher flux (ratios of > 4:1), more reduced
states of the MoFe protein are populated (E; and E,). The
intensity of the N,-dependent EPR signal was found to vary with
the electron flux through nitrogenase, with a lower signal
intensity at the lowest flux, as expected for N, binding at E;
and E,. Increasing electron flux resulted in an increase in the EPR
signal intensity to an apparent plateau at a protein ratio of 4:1
(Figure 4). The intensity of the N,-dependent EPR signal did not
increase at higher electron flux. However, the signal becomes
more difficult to observe at higher concentrations of Fe protein
because it is masked by the S = '/, EPR signal of the [4Fe-4S]"
state of the Fe protein, which is centered around g = 2.

It was important to establish that nitrogenase effectively
reduces N, to ammonia over the electron flux range that yields
the N,-dependent EPR signal. Figure 5 shows the dependence of
the specific activity for N, reduction on the ratio of Fe protein to
MoFe protein. This specific activity continues to increase
through the maximum ratio of 10:1, whereas the intensity of
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F1GURE 4: Dependence of EPR signal intensity on the electron flux
through nitrogenase. EPR spectra (g ~ 2 region) are shown for
nitrogenase trapped during turnover of N, with different ratios of Fe
protein to MoFe protein, including 0.5:1 (red), 1:1 (blue), 2:1
(magenta), 3:1 (green), and 4:1 (black). The inset shows the relative
intensity of the g = 1.99 EPR signal as a function of the Fe protein:
MokFe protein ratio. The EPR microwave power was 1.0 mW and the
temperature 5.2 K. Other conditions are described in Materials and
Methods.

the N»-derived EPR intermediate plateaus at ~3—4:1 (Figure 4).
At an Fe protein:MoFe protein ratio of 1:1, the rate of N,
reduction still is approximately 180 nmol of NH; min~" (mg of
MoFe protein) ', or 30% of the maximal rate. This result
demonstrates that dinitrogen is reduced at significant rates
even when nitrogenase is turning over under conditions tradi-
tionally termed low flux (<4:1 ratio), and that the N,-dependent
EPR state trapped here thus represents a state that is actively
reducing N,.

In the absence of any other substrate, all of the electron flux
through nitrogenase under Ar reduces protons to H, (/). The
specific activity for this H, formation also increases with increas-
ing electron flux through nitrogenase up to a maximum proton
reduction rate at a ratio Fe protein:MoFe protein of 10:1, closely
following the flux dependence for both N, reduction and the
formation of the N»-dependent EPR signal (Figure 5). In the
presence of a saturating level of N, (1 atm), the electron flux
through nitrogenase is divided between N, reduction and proton
reduction, with at least 25% of the total flux going to proton
reduction (10). It was of interest to establish the rate of H,
formation as a function of the electron flux in the presence of N,
(Figure 5). This rate is decreased by the presence of N, but also
increases as a function of flux up to the 10:1 Fe protein:MoFe
protein ratio. Importantly, the distribution of electrons flowing
through nitrogenase between N, and proton reduction remains
roughly constant at ~25% over the flux range used here to trap
the N»-dependent EPR signal.

The intensity of the N»-dependent EPR signal also varied with
the interval between initiation of the reaction and freeze trapping
at 77 K, and with the rate of freezing. The maximum EPR signal
intensity was observed when the turnover sample was frozen
~15 s after initiation of the reaction. When samples were trapped
either by being frozen after reaction for only a few seconds or
after reaction for several minutes, the resting-state FeMo cofac-
tor EPR signal dominated. Optimizing the rate of freezing
also maximized the intensity of the N,-dependent EPR signal.
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FIGURE 5: Electron flux control of nitrogenase. (A) Specific activity
for ammonia formation (nanomoles of NH3 formed per minute per
milligram of MoFe protein) under 1 atm of N, as a function of the Fe
protein:MoFe protein ratio. (B) Specific activity for H, formation
(nanomoles of H, formed per minute per milligram of MoFe protein)
under 1 atm of argon (O) or 1 atm of N, (A) as a function of the
Fe protein:MoFe protein ratio. Assay conditions are described in
Materials and Methods.

Fast freezing (<1 s) was achieved by initiating the turnover
sample directly in the EPR tube and freezing the tube by plunging
the tube into a slurry of solid and liquid hexanes frozen with
liquid nitrogen, rather than liquid nitrogen alone.

When the MoFe protein was trapped under optimal conditions
of pH, flux, N, partial pressure, and freeze time, the EPR signal
intensity corresponded to ~20% of the resting-state FeMo
cofactor EPR signal as determined by signal integration with
comparison to a CuEDTA spin standard. The remainder of the
FeMo cofactor had been converted to EPR-silent states that must
be reduced by an odd number of electrons relative to the resting
(MY) state.

EPR Relaxation. The intensity of the N,-dependent EPR
signal at a low microwave power (50 ©W) was found to increase
linearly with the inverse of the temperature as expected for an
energetically isolated S = '/, state (Figure S1 of the Supporting
Information). Similar behavior is seen for the hydrazine-, diazene-,
and methyldiazene-trapped states (24, 3/). However, spin relaxa-
tion at 4.7 K differs in the several S = '/, states of the FeMo
cofactor. The N, EPR signal intensity depended linearly on the
square root of the microwave power, indicating that the onset of
saturation is not reached even at the highest applied power,
following the same behavior seen for the S = */, resting-state

Barney et al.
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FiGURE 6: Dependence of trapped-state EPR signal intensity on the
square root of the microwave power. Shown are the relative inten-
sities of the EPR signals for the resting state (A) or the turnover-
trapped states with hydrazine (O), diazene (V), methyldiazene (A), or
N, (®) as the substrate plotted vs the square root of the microwave
power. Conditions are described in Materials and Methods.

FeMo cofactor (Figure 6). In contrast, a nonlinear response is
seen for the hydrazine-, diazene-, and methyldiazene-trapped
S =/, states (24, 31), which reflects the onset of saturation and
longer electron spin—lattice relaxation time.

PN and "H ENDOR. In our preliminary report on the
N,-dependent EPR signal, >N, was trapped during turnover and
analysis by "N ENDOR confirmed a "*N spin was coupled to the
FeMo cofactor (22). This established that the novel N,-depen-
dent EPR signal was not the result of a perturbation of the
electronic properties of the FeMo cofactor as a result of N,
binding elsewhere on the protein, but rather binding of N, or a
reduction product to the FeMo cofactor. This study showed no
evidence of the resolved 'H signals expected for a —NH, moiety
bound to the FeMo cofactor, in contrast to intermediates trap-
ped during turnover of hydrazine, methyldiazene, or diazene. To
more fully characterize the N,-derived species bound to the
FeMo cofactor, Q-band 'H CW ENDOR spectra were collec-
ted from the intermediate prepared in a H,O/D,0 solution and
"N-pulsed Mims ENDOR spectra were collected from the
intermediate produced in H,O with 15N, as the reactant.

A 2D field-frequency pattern of Q-band Mims pulsed °N
ENDOR spectra was collected from the '°N,-derived intermedi-
ate at multiple fields across the EPR envelope; Figure 7 shows
selected spectra from this pattern. Each spectrum shows two
branches centered at the '’N Larmor frequency and derived from
the N, substrate, as shown by comparison between spectra of
intermediates prepared by turnover using either "N, or '“N,.
The branches are separated by a >N hyperfine coupling (4) of
~1 MHz, roughly half those of the hydrazine, methyldiazene,
and diazene intermediates (24, 31, 32). "¥">N spectra collected
over a wider frequency range (not shown) revealed no additional
signals from a substrate-derived '°N with larger couplings.

Although the intermediate shows a '°N signal from a '"N,-
derived species bound to the FeMo cofactor, the EPR spectrum
of this sample also contains a contribution from the residual
resting FeMo cofactor, and previous ENDOR/ESEEM studies
showed that, in this state, nitrogen atoms of 0-359""¢ (N1) and
0-356/357°" (N2) of MoFe protein give sharp '“N ENDOR
signals (a5, = 1.05 and 0.5 MHz, respectively) near the
SN Larmor frequency in spectra collected at fields close to
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FIGURE 7: Field dependence of >N Mims ENDOR for the '°N,-
derived intermediate in wild-type MoFe protein. Conditions: micro-
wave frequency, 34.84 GHz; Mims sequence, 7/2 = 50 ns, 7 = 500 ns;
RF 40 us; repetition time, 10 ms; ~1000—3000 transients/point;
temperature, 2 K. Spectral baselines were corrected by simple sub-
tractionif needed. Simulation (red) parameters: g = [2.08,1.99, 1.97];
hyperfine tensor A = [0.9, 1.4, 0.45] MHz, Euler anglesa. = 45°, 5 =
55°,and y = 0° with respect to the g frame.

g3 =2.00 (33). Because of this feature, care was taken to collect
background spectra from the intermediate generated by turnover
using '*N,. These spectra revealed "N signals from the resting
enzyme in the vicinity of v ("°N), but these background
resonances were found to affect the "N ENDOR spectra only
as a slight broadening over the low-field portion of the 2D pattern
(g>2.02; see Figure S2 of the Supporting Information). Sub-
traction of these background '*N signals did not influence the
!N ENDOR line shape significantly but noticeably worsened the
signal:noise ratio of the spectra. As a result, the spectra shown in
Figure 7 are without correction for background, though its
influence was taken into account in their simulation. The 2D
SN ENDOR pattern is best simulated with a hyperfine tensor,
A(®N) =09, 1.4,0.45] MHz (Figure 7), that is dominated by its
isotropic component, indicating that it arises from through-bond
spin delocalization to nitrogen: A(*°N) = g0 14+T = 0.911+[0, +
0.45, —0.45] MHz.

X-Band ESEEM measurements to determine the '*N quadru-
pole coupling constant for the substrate-derived trapped species
were attempted by a comparison of the modulations for the "N
and N intermediates (we know the '*N hyperfine tensor
through simple scaling of the '°N tensor). Although such studies
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“N, g=1.98 (~g,)

-1 0 1
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FIGURE 8: 7 dependence of ENDOR spectra collected at g3 for
the '°N, intermediate in wild-type MoFe protein. The triangles
represent the Mims blind spots. Conditions: microwave frequency,
34.828 GHz; Mims sequence, 7r/2 = 50 ns; RF 40 us; repetition time,
10 ms; 1000—2000 transients/point; temperature, 2 K.

are hampered by the low intensity of the EPR signal and by low
"N modulation depths, analysis of ESEEM spectra collected at
g = 2.07 (not shown) yields estimates of the quadrupole splitting
parameter and rhombicity: e’9Q = 2 MHz; 5 <0.3.

As no "N signals derived from N, are seen with a larger
hyperfine coupling, the possibility of an additional "*N signal
with smaller couplings was tested by collecting spectra at each of
the principal g values as the duration between the first and second
microwave pulses of the Mims sequence was progressively
lengthened to 7 = 700—800 ns. This approach progressively
enhances the sensitivity to smaller and smaller couplings, as
described in Materials and Methods, and as illustrated in a
previous °C study of the intermediate formed during reduction
of propargyl alcohol (17, 34). Figure 8 presents a representative
set of such "N spectra collected at gs; this field was chosen
because it represents a single-crystal-like orientation and is not
distorted by a contribution from background "N intensity from
the resting state of MoFe protein. Even at the maximum interval
of = 800 ns there is no sign of the emergence of a doublet with a
smaller A("°N). Typically, such negative evidence is taken to
imply a hyperfine coupling for a possibly undetected °N: of 4 <
0.1 MHz.

'2H spectra were collected across the EPR envelope of the
intermediate in H,O and D,O buffers and confirm the initial
observations (Figure 9). At each field, the 'H spectra display a
rather broad, “matrix” peak centered at the proton Larmor
frequency, without resolved features. Little of this intensity is
associated with exchangeable protons, and the shape of this peak
is not changed by solvent exchange. The “H ENDOR spectra
show that the exchangeable protons likewise have a matrixlike
character. This behavior sharply contrasts with that of the
intermediates trapped during turnover with hydrazine, methyl-
diazene, and diazene, all of which exhibit 'H spectra reso-
Ived as a doublet signal from an exchangeable proton(s)
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0
v-v('H), MHz

0
v-v(*H), MHz

FiGure 9: Field degendence of CW 'H ENDOR. Shown are the 'H
CW ENDOR and “H Mims ENDOR spectra for wild-type MoFe
protein trapped during turnover with N, in H,O (black) and D,O
(red and blue) buffers. Conditions for CW ENDOR: microwave
frequency, 35.096 GHz (H,O) and 35.083 GHz (D,0); modulation
amplitude, 2 G; time constant, 32 ms; RF sweep speed, | MHz/s;
bandwidth of RF broadened to 100 kHz; temperature, 2 K. Condi-
tions for the Mims sequence: microwave frequency, 34.834 GHz;
/2 = 50 ns, T = 500 ns; RF 40 us; repetition time, 20 ms; 100—200
transients/point; temperature, 2 K.

[A(g1) ~ 8—9 MHz], superimposed on the matrix ENDOR peak,
and assigned to an [~NH,] fragment. Given that the "¥'>N
couplings of the N intermediate are roughly half of those for
intermediates trapped with reduced forms of N,, if such a
fragment existed for the N, intermediate, its 'H signal might lie
within the '"H matrix pattern. However, we would expect the
corresponding *H signal to be better resolved because the matrix
’H signal would not contain contributions from the majority,
nonexchangeable protons, yet no such signal is observed. Thus,
the measurements support the view that the N»-derived species
bound to the FeMo cofactor is not bound by a [-NH,] fragment.

DISCUSSION

Trapping the N, State. Freeze trapping nitrogenase during
turnover with the physiological substrate N, has revealed an EPR
active state (S = '/,) whose intensity is found to be strongly
dependent on several parameters. The need to fully optimize
these parameters to yield a reasonably populated species can
explain why it has not been reported in earlier studies. Among the
critical parameters is the electron flux of nitrogenase. The typical
turnover conditions for nitrogenase utilize a high electron flux,
with a high ratio of Fe protein to MoFe protein (>10:1 Fe
protein:MoFe protein). The problem with such conditions for the
observation of this intermediate is that an excess of reduced Fe
protein is present. The reduced Fe protein [4Fe-4S]" cluster is an
S ="'/, state with an EPR signal in the g = 2.0 region. The
presence of this Fe protein EPR signal obscures the S = '/, signal
inthe g = 2.0 region of the No-trapped state. At low electron flux
(<1:1 Fe protein:MoFe protein), the N, trapped-state EPR
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signal is found to have a low intensity, making it difficult to
detect. Thus, an optimal electron flux for maximal N,-trapped
state observation by EPR is found for Fe protein:MoFe protein
ratios between 1:1 and 4:1. From kinetic studies, it is proposed
that N, binds to more reduced states of the MoFe protein (called
the E; and E, states in the Thorneley and Lowe model) (21).
Thus, for N, to bind to the MoFe protein, a sufficiently high
electron flux through nitrogenase must be achieved to populate
the E; and E states while not allowing build up of the obscuring
Fe protein in its reduced state.

It was important to establish that N, is being effectively
reduced to ammonia at the electron fluxes found here to optimize
the No-trapped state. A lack of N, reduction to ammonia at these
fluxes might indicate that the bound state is a dead-end species
rather than a state along the reaction pathway. We find that at the
electron flux ratios utilized here (1:1 to 4:1 Fe protein:MoFe
protein) that nitrogenase does retain significant reduction rates of
N,, from 30 to 80% of the maximum rate observed at the highest
electron flux. This result establishes that N, is actually reduced to
ammonia under these flux conditions. Further, an analysis of the
H, evolution rate reveals that the partitioning of electrons
between reduction of N, and protons remains roughly constant
over the electron fluxes employed, indicating there are no major
perturbations in the electron allocation mechanism.

Two additional parameters were found to strongly influence
the intensity of the Np-trapped state: the time of freezing after
initiation of the reaction and the rate of freezing. When turnover
samples were frozen quickly after initiation of turnover condi-
tions (~2 s), the intensity of the N, trapped-state EPR signal was
very low. When the sample was frozen 10 s after initiation of
turnover, the signal was maximized, whereas if the sample was
trapped significantly more than 10 s after initiation of turnover
(>2 min), the signal intensity was much lower. From the time
dependence observed thus far, it is evident that a steady-state
turnover condition must be achieved to maximize the N,-derived
state. Given an approximate turnover number for nitrogenase
under these conditions of 1 s~', the enzyme should have achieved
steady-state turnover conditions at the freezing time of 10 s.
At longer times, some component of the turnover reaction can
become limiting (e.g., ATP or dithionite), which would resultin a
lower concentration of the N,-trapped state.

How fast the sample was frozen was also found to strongly
influence the intensity of the N»-derived EPR signal. When the
turnover samples were frozen by immersion of EPR tubes into
liquid nitrogen over 10—15 s (slow freezing to prevent tubes from
cracking), the intensity of the N,-derived EPR signal was found
to be very low or undetectable (data not shown). The N,-derived
EPR signal was observed when the sample was frozen more
quickly, by rapid immersion into a slurry of hexanes and liquid
nitrogen. EPR tubes can be plunged into such a slurry without
cracking, and this procedure results in the rapid (<1 s) freezing of
the sample. Such rapid freezing proved to be critical to maximiz-
ing the signal intensity of the N»-derived state.

The dependence of the EPR signal intensity on the concentra-
tion (partial pressure) of N, mirrored the concentration depen-
dence on the rate of N, reduction to ammonia. This observation
further suggests that the EPR-active N,-derived state is trapped
along the normal N, reduction pathway. If it were not part of the
pathway, a different dependence on the N, concentration for the
trapped state and the N, reduction might be expected.

Comparison to Other Species Trapped on Nitrogenase.
The reduction of N, by nitrogenase is expected to occur by the
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stepwise addition of electrons and protons to an N, that remains
bound to one or more metals (M) of the FeMo cofactor. If the
substrate is alternately hydrogenated at the two nitrogens of N,
rather than progressively at the “distal” nitrogen (3), two of the
intermediates would be species at the level of reduction of a
metal-bound diazene and metal-bound hydrazine (eq 2).

N,—M — HN=NH-M(diazene)
— H,N—NH,—M(hydrazine) = 2NH; + M (2)

On the basis of these expected intermediates and with the goal of
trapping different states along the N, reduction pathway, we
previously focused on hydrazine- and diazene (or methyldiazene)-
derived states bound to the FeMo cofactor (24, 31, 32). To trap each
of these nitrogenous compounds bound to the FeMo cofactor in an
EPR active state, it was necessary to substitute a single amino acid
near the FeMo cofactor (a-70"") to the smaller side chain amino
acid Ala to allow the compounds to become effective substrates (28).
Further, it was found that to trap each at reasonable concentrations,
it was necessary to substitute o-195" with Gln, which is thought to
disrupt the flow of protons to the active site for nitrogenous
substrate reduction (35). In these doubly substituted MoFe proteins,
it was possible to freeze trap EPR-active intermediates during
turnover of each of the three nitrogenous substrates (diazene,
hydrazine, and methylhydrazine). Each is an S = '/, spin state
with an EPR signal in the g ~ 2 region. Although all of these
trapped states have spreads in their g values similar to that of the
No-trapped state, each intermediate has a unique set of g values.

As part of an assessment of the similarities and differences
between the N,-trapped state and the hydrazine- and diazene-
trapped states, the pH dependence on the intensity of the
trapped-state EPR spectrum was determined for each substrate
(Figure 2). The Nj-trapped state shows a different pH depen-
dence when compared to that observed for the hydrazine-,
diazene-, and methyldiazene-trapped states. Further, the micro-
wave power dependence of the EPR signal intensities for each
trapped state is different (Figure 6). It was found that the signal
intensity of the resting-state FeMo cofactor and that of the N»-
trapped state both show a linear dependence of signal intensity on
the square root of the microwave power, indicating that these
signals do not saturate at 10 K under the highest available
microwave power. In contrast, at 10 K the hydrazine, diazene,
and methyldiazene signals all show saturation, indicating that
they have longer electron-spin relaxation times.

N>-Trapped State. The observation that the N-trapped
state exhibits a >N ENDOR signal whose hyperfine tensor is
dominated by its isotropic term establishes that a Nj-derived
species is covalently bound to the S = '/, FeMo cofactor of this
intermediate. Analogous signals were observed with the inter-
mediates trapped during turnover with hydrazine, methyldia-
zene, and diazene. The absence of a resolved '?H signal from
exchangeable proton(s) contrasts with the intermediates trapped
with these other substrates, each of which exhibits both a >N
ENDOR signal from substrate and a signal from an exchange-
able proton(s) with A(g;) ~ 8—9 MHz (24, 31, 32). As the
simultaneous observation of the "H and °N signals suggests the
presence of a substrate-derived [-NH,] moiety bound directly to
the FeMo cofactor, the absence of a 'H signal from the N,-
trapped state suggests that this intermediate is at a distinct and
earlier stage of reduction.

To consider the implications of the magnitude of @, in
discriminating among potential binding geometries and identifying
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the binding metal ion(s), it is noted that '°N bound to an exchange-
coupled metal cluster has a hyperfine coupling scaled by an
unknown spin-projection coefficient (K’) associated with the
FeMo cofactor metal ion to which it binds: @iy, = Kai' (36),
where g, is the coupling associated with >N bound to ion 7 in the
absence of exchange coupling. By analogy to characteristics of
carboxylate-bridged diiron centers, nitrogenous ligands to high-
spin Fe(Il) (S = 2)/Fe(Ill) (S = °/,) ions might be expected to
have intrinsic isotropic hyperfine coupling constants () in the
range of ~4—8 MHz (37). The same is true for low-spin Fe(III)
(S = '/,); while nothing is yet known about Mo(III), the value is
expected to be no lower. On the basis of these considerations, there
appear to be only two plausible interpretations of the small
measured . of ~1 MHz for the FeMo cofactor-bound [-'"N]:
(i) it binds to a paramagnetic metal ion(s) [Fe(II), Fe(I), or
Mo(IlI)] whose spin-projection coefficient is extremely small
(K'<'/s), or (ii) it binds to an essentially diamagnetic metal ion(s)
[Fe(II) < Mo(IV)] that acquires a small spin density through bond
polarization.

The absence of an ENDOR "N signal from the second '°N
suggests an end-on binding mode. In such a case, one would
expect a;o(distal)/a;o(proximal) to be no lower than ~1/10,
which could make the ENDOR signal from the distal "°N
undetectable, given the small coupling to the proximal '°N found
here. Further, the provisional finding of small quadrupole-tensor
rhombicity for the bound [-'*N] is supportive of this idea.
Although a bridging mode is not ruled out at this time, the
requirement of such a small coupling for the second "N would
dictate that it could only be bound to an effectively diamagnetic
metal ion. Thus, the results presented here are consistent with the
bound species being N, bound end-on to a metal (M) of the
FeMo cofactor (M—N=N). Model studies should help us to
understand the types of hyperfine and quadrupole couplings to
be expected for such a structure (e.g., the ratio between couplings
to bound and remote N), as well as for other candidates such as
M—-N=NH, M=N-NH,, and M=N (3) and thus should help
confirm the structure of this intermediate.

Summary. In summary, parameters have been optimized for
trapping a species derived from N, bound to the active-site FeMo
cofactor in the wild-type MoFe protein. Characterization of this
bound state confirms the presence of a single type of N atom derived
from N, bound to the FeMo cofactor, consistent with an N, bound
end-on to one or more metal ions. Further, evidence is presented that
supports the absence of an H atom added to the N atom bound to the
FeMo cofactor, favoring minimal reduction of the bound N, species.

SUPPORTING INFORMATION AVAILABLE

Additional figures illustrating the temperature dependence of
the N»-derived EPR signal and a check for '*’N Mims ENDOR
field dependence of the '"N,-derived intermediate. This material
is available free of charge via the Internet at http://pubs.acs.org.
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