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ABSTRACT:. A major challenge in understanding the mechanism of nitrogenase, the enzyme responsible
for the biological fixation of N 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 hydrazingN‘HNH>) 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 (egand hydrazine) as well as alkyne (e.qg.,
acetylene) substrates can bind at a common FeS face of the FeMo-cofactor composed of Fe atoms 2, 3,
6, and 7. Substitution of-702 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
0-1957s, a putative proton donor near the active site, is substituted by glutamine in combination with
substitution ofa-70V by alanine, and the resulting doubly substituted MoFe proteida('?/c.-195°")

is turned over with hydrazine as substrate, the FeMo-cofactor can be freeze-trapp@e-ityastate in

high yield (~70%). The presumed hydrazinEeMo-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 usifdgN-labeled hydrazine reveals that the trapped intermediate
incorporates a hydrazine-derived species bound to the FeMo-cofactor; in spectra tgkérnisaspecies

gives a single observedN signal, A(g:)) = 1.5 MHz.

Nitrogenase is the enzyme responsible for the biological 9S-Mo-X-homocitrate cofactor (FeMo-cofactor) that provides
fixation (reduction) of dinitrogen, with the optimal reaction the substrate-binding sitet,(5), where the identity of X

stoichiometry shown in the equation: remains unknown but has been proposed to Be (§—9).
Progress toward understanding how substrates interact with
N, + 8¢ + 16MgATP+ 8H™ — the FeMo-cofactor has been made by freegeench 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
In thg best studied form of nitrogenase, two component j,pinivor CO (L0-13) or various alkynes14—16) or CS
proteins work together to catalyze this reactid®§). The (1) 45 alternative substrates. It was recently shown that
larger component, called the MoFe protéirontains a 7Fe- g petitution of the MoFe protein amino acié70"a by amino
acids having either a smaller side chain (alanine) or larger
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2NH; + H, + 16MgADP+ 16P (1)
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Abbreviations: EPR, electron paramagnetic resonance; ENDOR, ¢ . 70fe-supstituted MoFe protein, which is blocked for
electron-nuclear double resonance; Fe protein, iron protein; MoFe

protein, molybdenurairon protein; FeMo-cofactor, iroamolybdenum the re_dUCtion of all S_Ubstrates tested except protb8s as _
cofactor. been interpreted to indicate that the above alkyne reduction
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intermediate could be relevant to the mechanism ef N containing 20 mM phthalic dicarboxyaldehyde, 3.5 mM
reduction. 2-mercaptoethanol, 5% (v/v) ethanol, and 200 mM potassium
To date, it has not been possib|e to trap wrwuction phosphate, pH 7.3, and allowed to react in the dark for 30
intermediate in a concentration that is amenable to detailedMin. The mixture was injected and separated by HPLC on a
guantitative spectroscopic analyses. As an alternative strat-C-18 guard column resolved isocratically with a 10 mM
egy, we here describe studies aimed at trapping a potentialPhosphate buffer at pH 7.3 containing 50% acetonitrile at a
intermediate in the Nreduction pathway by using hydrazine flow rate of 1.8 mL/min. Detection was by fluorescence
(H.,N—NH,) as a substrate. This approach was selected (dexcitatiodAemissionOf 410 NmM/472 nm) with quantification by
because the six electron/six proton reduction eftt\two comparison to an Nstandard curve generated using /0H
ammonia has been proposed to proceed through metal-bound The rates for H reduction were determined using the assay
semireduced intermediate states electronically equivalent tomixture described above, except that the gas phase consisted
diazene (HN=NH) and hydrazine 42—26). This proposal of argon. Dihydrogen in the headspace of quenched samples
has received support from the detection of hydrazine fol- Was determined by analysis with gas chromatography with
|owing the acid duehching of hitrogenase durir]g‘eduction a molecular sieve 5A column and a TCD detector. Hydrazine
(23) and the detection of trace amounts of hydrazine durihg inhibition of proton reduction was determined in the buffer
the reduction of Nto ammonia by the vanadium-dependent solution described above except that the pH was adjusted to
nitrogenaseZ7, 28). Nitrogenase reduces hydrazine by two 7.0 following the addition of hydrazine.
electrons and two protons to yield two ammor28)( but it The rates of hydrazine reduction were determined from
is a re|ative|y poor substrate. We recenﬂy reported that the ammonia formation using the fluorescent detection
hydrazine is a much better substrate for nitrogenase (lowerediechnique described above. The assay mixture was the same
Km and increaseumax) Whena-7ova| is substituted by alanine as described above except that 50 mM hydrazine was added
(19). In parallel studies to those in which we freeze-trapped and the final pH was adjusted to 7.7. The rates of MgATP
a propargyl alcohol reduction intermediafiet( 15, 19, 20), hydrolysis were determined as previously descrilB2i34).
we now have used a combined biochemiagénetic strategy X-band EPR Sample Preparation and AnalySiamples
to trap a hydrazine-derived adduct bound to the FeMo- under turnover conditions were prepared in a reaction mixture
cofactor and describe the characterization of this species bycontaining a MgATP regeneration system (10 mM ATP, 15

EPR and ENDOR spectroscopies. mM MgCl,, 20 mM phosphocreatine, and 0.2 mg/mL
phosphocreatine kinase) in 200 mM MOPS buffer, pH 7.3,
EXPERIMENTAL PROCEDURES with 50 mM dithionite and 50 mM hydrazine. The MoFe

protein concentration was-75 uM in all samples. The

Materials and Protein PurificationAll reagents were  reaction was initiated by the addition of &M Fe protein.
obtained from Slgma-AIdrlch Chemicals (St Louis, MO) and EPR Samp|es under restihg conditions were prepared as
were used as provided unless otherwise specified. Hydrazinegescribed above, except that Fe protein was not included.
(*“N) was obtained as the dihydrate, while hydrazifl{  All X-band EPR samples were allowed to react at room
|abe|ed) was obtained as the sulfate from Cambridge |SOt0pe&emperature for approximate|y 30 S, followed by freezihg in
(Andover, MA). Azotobactevinelandiistrains DJ995 (wild-  |iquid nitrogen in 4 mm standardized quartz EPR tubes. For
type), DJ1310 ¢70%?), DJ997 @-195°"), and DJ1316  the pH profile, the same solution as described above was
(a-195°"a-70%?) were prepared and grown, and nitrogenase ysed, with the substitution of 50 mM MES, 50 mM TAPS,
proteins were expressed as described previoy. The and 50 mM MOPS as buffer, and the pH was adjusted by
MoFe protein from each strain contained a seven-histidine the addition of HCl or NaOH. X-band EPR spectra were
tag on thea-subunit, allowing purification by a Zn affinity  recorded using a Bruker ESP-300 E spectrometer with an
chromatography protocoB(). All proteins were obtained  ER 4116 dual-mode X-band cavity equipped with an Oxford
at greater than 95% purity as judged by SEFAGE analysis  |nstruments ESR-900 helium flow cryostat. Spectra were
using Coomassie blue staining. Manipulation of proteins was optained at a microwave frequency of 9.65 GHz. Precise
done in septum-sealed serum vials under an argon atmo-alues of the frequency were recorded for each spectrum to
sphere. All transfers of gases and liquids were done usingdetermineg alignment. Initial spectra were obtained at a
gastight syringes. power setting of 2.0 mW, with a modulation amplitude of

Dinitrogen, Proton, and Hydrazine Reduction Assayse 1.26 mT and a temperature of 8 K, and were the sum of
rates for N reduction were determined in 9 mL sealed vials five scans. Subsequent data manipulation was done using
with 1 mL liquid volume using established protocols for 10 IGOR Pro (WaveMetrics, Lake Osewego, OR). The tem-
min at 30°C (31, 32). The assay liquid contained a MgATP  perature dependence (485 K) of the EPR signal intensity
regeneration system (5 mM ATP, 6 mM MgCB0O mM was determined at 100 and 2@@V for the turnover and
phosphocreatine, and 0.2 mg/mL creatine phosphokinase) inresting state signals, respectively, for el 95"/ a-70%2
a MOPS buffer (150 mM, pH 7.0) with 1.2 mg/mL BSA MoFe protein. The microwave power dependence on EPR
and 9 mM dithionite. Solutions were degassed with oxygen- signal intensity was determined at 4.8 K with microwave
free N, and the gas phase contained 1 atm ef MoFe powers from 1QuW to 2 mW.
protein was added (1Q0y) followed by Fe protein (5009) 35 GHz EPR/ENDOR Spectroscopy and Sample Prepara-
to initiate the reaction. The reaction was quenched by the tion. Samples for 35 GHz EPR/ENDOR spectroscopy were
addition of 300uL of 400 mM EDTA. Ammonia was  prepared with 7/*™N]hydrazine as described above for the
quantified by a liquid chromatographifluorescence method  X-band EPR turnover samples, except that the concentrations
(33) with modifications (9). A 10 uL aliquot of postreaction  of MoFe protein and Fe protein were tripled and the samples
solution containing NBElwas added to 1 mL of a solution  were frozen in Q-band EPR tubes. 35 GHz cw EPR spectra
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Table 1: Specific Activities and Electron Fluxes for MoFe Proteins

substrate’s
protor? N2 (1 atmy hydrazine (50 mM)

nmol of H, nmol of H, nmol of NH; nmol of H, nmol of NH;

min~tmg min~tmg min~t mg min~t mg! min~* mg!
a-70"/q-195"s 2190+ 90 (4380) 690Gt 60 (1380) 590t 15 (1770) 148G+ 90 (2960) 320t 15 (320)
a-70M%/q-1951s 20404+ 30 (4080) 1440t 40 (2880) 360t 20 (1080) 117Qt 20 (2340) 121G+ 10 (1210)
o-70"-195°! 1900+ 30 (3800) 106Gt 50 (2120) 5+ 1 (15) 320+ 10 (640) 30+ 10 (30)
a-70M%/q-1953n 1330+ 40 (2660) 1310t 40 (2620) &+ 3 (20) 200+ 10 (400) 704+ 20 (70)

a All assays were performed at 3C 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 nmolnoiine mg~. ® Proton and nitrogen reduction assays were performed
at pH 7.0.¢ Hydrazine reduction assays were performed at pH 7.7.

(not shown) were recorded on a modified Varian E-110 Tapje 2: Hydrazine Inhibits Electron Flux and Uncouples MgATP
spectrometer equipped with a helium immersion dewar at 2 Hydrolysis from Electron Flux

K under “rapid passage” condition using 100 kHz field inhibition of total

modulation 85). Q-band Mims three-pulse ENDOR spectra, electron flux by hydrazie  MgATP/electrof
pulse sequencg—7—tmw—T(rf) —tmw—7—€Ccho B6), were
obtained &2 K on alocally constructed spectrometed.

% electron flux remaining  proton hydrazine

To first order, the ENDOR spectrum of:a8N coupled to an g:;gﬂgjg;i 1%% %‘é g%

S = Y, spin center (single orientation) is a doublet with  -70valjq-1955h 23 30 30

frequencies given by, = |vy £ A/2|, wherevy is the a-70M3/o-195°!n 24 2.8 31

nuclear Larmor frequency arfdis the orientation-dependent aAll assays were performed at pH 7.8 and D for 10 min at a

hyperfine coupling constant of the coupled nucleus. MoFe protein to Fe protein ratio of 1:20 and are reported as the
percentage of electron flux remaining when hydrazine is added (electron

RESULTS flux to both proton and hydrazine reduction) when compared to the

Hydrazine as a Substrate and Inhibitor of Proton Reduc- total electron flux under argon (total electron flux going to proton

. - . - reduction). The hydrazine concentration was 50 mM in all cases where
tion. During nitrogenase catalysis, total electron flux (elec- hydrazine was addedl The ratio of nmol of MgATP hydrolyzed/nmol

trons_ flowing through ni_trOgenase to all substrates) is of electrons passing through nitrogenase to all substrates is shown for
relatively constant and independent of the substrate(s)reaction with argon (protons as substrates) and with hydrazine (protons

present. Namely, available reducing equivalents are distrib-and hydrazine as substrates).
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). Thu_s' hydraz_ine is a relatively poor S,UbStrate for Ficure 1: The FeMo-cofactor. A view of the FeMo-cofactor
the normal wild-type nitrogenase. It has previously been nhighlighting the FeS face proposed to constitute the substrate-
shown that the capacity for hydrazine to access the activebinding site (Fe atoms 2, 3, 6, and 7) is shown along with the
site can be improved by substitution of the70"@ residue ~ homocitrate and protein ligands from the MoFe proteir2(’5-°

_700a i _ anda-4427s). Also shown are amino acid residues near this active
by a-70% with a consequent 8-fold decreaseln and a site face ¢-702, a-96*9, anda-195%). The figure was made using

dOUbl'ng_'anaX' This featl'!re is also confirmed in Table 1 ¢ programs Viewer Pro (Accelrys Inc., San Diego, CA) and POV-
where it is shown that a higher percentage of electron flux Ray (Persistence of Vision, Williamstown, Australia) using the PDB
is diverted to hydrazine reduction (34%) for tbe70"2- file IM1N with Fe shown in green, sulfur in yellow, molybdenum
substituted MoFe protein when compared to the wild-type in purple, carbon in gray, oxygen in red, and nitrogen in blue.
MoFe protein £10%). Maximal electron flux through
nitrogenase is not altered when hydrazine is presented to thebinding face of the FeMo-cofactor (Figure 1), decreases the
o-70Ma MoFe protein (Table 2). On the basis of these and capacity for N reduction by>95% @2, 38, 39),while having
related experiments involving the effect of substitution by little effect on the rates of acetylene or proton reduction.
either alanine or isoleucine at the70'® position on the Although not a good substrate for thel95°"-substituted
reduction of N, acetylene, or hydrazine, it was proposed MoFe protein, N suppresses proton reduction activity and
that all of these substrates bind and are reduced at the Fe-Sotal electron flux through nitrogenasé?j. Thus, N retains
face within the FeMo-cofactor that is approached by the the capacity to bind at the active site of tlel95°"-
o-70v? side chain 19). substituted MoFe protein even though it cannot be effectively
Previous work has shown that substitution by glutamine reduced, indicating the possibility that tae1957s residue
of thea-1957 residue, located near the proposed substrate-is an obligate proton donor duringMeduction but not for
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2.09 Ficure 3: Inhibition of proton reduction activity by hydrazine in
4.43 357 \ MoFe proteins. The percentage of maximal évolution activity
/ : 2.01 is plotted against the concentration of hydrazine added at the

initiation of the reaction for the wild-typex¢70Va/a-1957s) (A),
o-70Ma (©), a-195°N (v), anda-70M?/0-195°" (O) MoFe proteins.
Assay conditions are specified in the Experimental Procedures.
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—

T

MoFe proteins is comparable to the wild-type amd 02
NP TP TP TN PO _1;9:? MoFe protein levels, indicating that hydrazine specifically
5045 40 35 3.0 25 20 b_locks _the reductlon 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/
FiIGURE 2. EPR spectra of nitrogenase during turnover in the e~ ratio (ratio of nanomoles of MgATP hydrolyzed per

presence of hydrazine. X-band EPR spectra are shown for theminute per milligram to nanomoles of dransferred per
resting state (blue traces) and the turnover state in the presence of_.

g value

50 mM hydrazine (red traces) for the wild-type-{0"2/a-1951s), minute per milligram) when hydrazine i§ added to the
a-70%, q-1953 ando-704%/a-195%" MoFe proteins. The values a-195°" and a-70"%/a-195°" MoFe proteins (Table 2).
are noted for the resting and turnover states obtA?/o-195°" These results are the same as observed for the effect of N
MoFe protein. The MoFe protein concentration wasuR&in all on electron flux for then-195°"-substituted MoFe protein

cases, and turnover and EPR parameters are described in th

Experimental Procedures §32) except that hydrazine more effectively suppresses proton

reduction and electron flux for the doubly substitute@0*?/
acetylene reduction. Subsequent experiments showed that a-195°" MoFe protein than doesMor the singly substituted
different nitrogen-containing substrate, azide, can also bind a-195°" MoFe protein 82). The concentration dependence
to the active site of thei-195°"-substituted MoFe protein  of hydrazine inhibition of proton reduction activity at pH
but, like N;, cannot be effectively reduced, indicating that 7.0 for the MoFe proteins examined here is shown in Figure
o-195"s could be a proton donor that is specific for nitrogen- 3, further illustrating hydrazine suppression of proton reduc-
containing substrateg(). tion activity in the a-195°" and a-704%/a-195°" MoFe
Given that hydrazine is an effective substrate for the proteins. In aggregate, these data show that the doubly
a-70%-substituted protein, and the observed effect of the substitutedx-70%3/a-195°" MoFe protein retains a capacity
0-195°" substitution on nitrogen-containing substrates, it was to bind hydrazine even though hydrazine cannot be ef-
of interest to determine if a doubly substituted702/ fectively reduced, thereby inhibiting all substrate reduction
0-195°" MoFe protein could be used to trap hydrazine at activity and total electron flux. In contrast to the situation
the active site in a highly populated state. This was a with hydrazine, the doubly substituted70?/a-195°" MoFe
particularly attractive possibility because preliminary studies protein is apparently unable to effectively bind or reduce
indicated that a new minor EPR-active species could be N, because it is an extremely poor substrate and does not
detected when the-195°"-substituted MoFe protein was inhibit proton reduction (Table 1).
freeze-quenched under turnover conditions when hydrazine EPR of a Hydrazine-Trapped Stat€he above results
is used as substrate (Figure 2). Table 1 shows that the doublyindicate that hydrazine binds to the active site of th&270
substitutedx-70"¥/a-195°" MoFe protein has a much lower  a-195°" doubly substituted MoFe protein, thereby preventing
specific activity for hydrazine reduction when compared to reduction of other substrates. Because of this situation it was
the singly substitutedx-70"® MoFe protein. The doubly  of interest to determine if the hydrazine-derived species
substituteda-707?%/a-195°"" MoFe protein also exhibits a  bound to the FeMo-cofactor under turnover conditions could
relatively modest 50%) decrease in proton reduction be observed by EPR spectroscopy.
activity when compared to the singly substituteer0a The resting states of the wild-type;195°", o-70%2, and
MoFe protein (Table 1). The key observation is that a-70%%/a-195°" MoFe proteins all exhibit the characteristic
hydrazine is a poor substrate for both el 95°" and the S =3/, EPR spectrum (witly values near 4.43, 3.57, 1.99)
doubly substituted:-704?/a-195°" MoFe proteins, yetitis  that can be assigned to the active site FeMo-cofactor (Figure
able to effectively suppress both proton reduction (Table 1) 2). When the wild-type MoFe protein is trapped by freezing
and electron flux through nitrogenase (Table 2). Importantly, during the reduction of protons or hydrazine, the EPR signal
the rate of MgATP hydrolysis catalyzed by these substituted from the FeMo-cofactor diminishes greatly in intensity, but
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Ficure 4: pH effect on the intensity of the hydrazine-dependent 02 , 4 . 4 o4,
EPR signal. The pH dependence on the intensity ofgtke 2.09 006 0.09 012 0.15 018 0.21
inflection for theo-70%2/a-195°" MoFe protein hydrazine trapped [Temperature (K)]"

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.

FicurRe 5: Temperature dependence of EPR signals. The relative
intensity of theg = 2.09 inflection of the hydrazine-dependent
turnover EPR signal for the-70%2/q-195%" MoFe protein at pH

7.3 is plotted against the inverse of the temperature of the EPR
no new signals appear (Figure 2). This has been explainedmeasurement). The relative intensity of thg = 4.43 inflection

as accumulation of an EPR-silent FeMo-cofactor redox state. of the resting state EPR signal for the70%*/o-195°" MoFe protein
Similar behavior is observed for the- 7072 MoFe protein at pH 7.3 is also plotted against the inverse of the temperature of

. . . the EPR measuremenh). The microwave power was 100NV
when trapped during the reduction of hydrazine and for the for the turnover state arX1d 2Q0N for the repsting state, and all

o-195°" ando-70"?/oi-195°" MoFe protein variants during  other parameters were as described in the Experimental Procedures.
reduction of protons or N However, when thex-195°'-
substituted MoFe protein is freeze-quenched during reduction
of hydrazine, a minor nev® = /, EPR signal is observed
(g=12.09, 2.01, 1.93]). The doubly substituted MoFe protein
(0-70M3/a-195°) 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 tlee70"%/0-195>" 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 tk&95°"- and
o-70M%/q-195°"-substituted MoFe proteins are freeze-
quenched during hydrazine reduction is consistent with the
kinetic results suggesting that this signal originates from F_'GURIE53t Mic_:ovx_/avelptctJWderfdep;ﬁndencte of EtP't? Sigfnaw!S%&WS EPR
hydrazine or a reduction intermediate species that is trgppedz%g;,AnM%nFsé %résteﬁl%ti.s |(<)gr(: jﬁfg)sér;gansdafoer the hy%lrazine
on the FeMo-cofactor. As shown in Figure 4, the maximal ymover state for thew-7089/0-195 MoFe protein at 4.8 K
conversion to the intermediate is achieved near pH 7.4, with (inflection atg = 2.09) (O) against the square root of the microwave
higher and lower pH values resulting in a lower intensity power in uW. All other parameters are as specified in the
for the EPR signal. As shown in Figure 5, the EPR signals Experimental Procedures.
of the intermediate and the resting state FeMo-cofactor of
the a-704?/0-195°" protein both show a Curie law temper- @ hydrazine-derived species bound to the FeMo-cofactor,
ature dependence, as expected for signals associated witfpulsed ENDOR experiments on freeze-quenched samples
ground states that are well isolated in energy from excited prepared with**N- or **N-labeled NH4 were performed.
states. Similar temperature dependence is observed for thdrigure 7 presents spectra taken at the single-crystal-like field
EPR signal of the resting state FeMo-cofactor in the wild- value,g:. For the sample prepared wittN;H,, the spectrum
type MoFe protein. The dependence of the EPR signal contains a singlé°N doublet split by the hyperfine coupling,
intensities on microwave power shows that the hydrazine A(g1) = 1.5 MHz, and centered at theN Larmor frequency.
adductS = Y/, EPR signal in theo-70%8/0-195°" MoFe As this signal is absent in the spectrum of a sample prepared
protein saturates at a much lower power than doesSthe  with *N,H,, the result confirms that the intermediate indeed
3, resting-state FeMo-cofactor signal (Figure 6). The resting is derived from hydrazine and is bound to the FeMo-cofactor.

Relative Intensity

(0] AP TP RPN RPN AP PR PR PR P
0 5 10 15 20 25 30 35 40

[Power (uW)]'"2

states of theo-70"¥/a-195°" and the wild-type MoFe A spectrum taken at a single-crystal-like field value
proteins show nearly identical microwave power dependen- represents a single orientation of the paramagnetic center
cies. relative to the magnetic field, and as such the number of

ENDOR of a Hydrazine-Trapped Stafeo determine if hyperfine-split 1N doublets exhibited by the spectrum
the turnover intermediate trapped during hydrazine reductionimmediately corresponds to the numbetygfesof N bound
by thea-195°" anda-70M/a-195°" proteins indeed contains  to the cofactor. Thus, the singléN doublet of Figure 7
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| Freeze-quenching of thex-195°"a-70%2 MoFe protein
“N,H, under turnover conditions with hydrazine as substrate results
in a high population{70%) of a trapped intermediate with
an S = %, EPR signal (Figure 2). This spectrum is similar
to those exhibited by intermediates that form when the

“N,H, 2~2.08 inhibitor CO (11—13) or the substrates G$17), propargyl
WMWWW\”W alcohol (4), and acetylenel@) are freeze-trapped under
turnover conditions. The overall line shape of the hydrazine-

induced EPR spectrum reported here is similar to the EPR

v-v(*N) MHz line shapes originating from these other bound species,
) although each shows a unique segofalues. Likewise, all

FicURe 7: Q-band'*N Mims ENDOR. ENDOR ag (~2.08) of of theseS = Y/, states show more rapid microwave power

the a-704%/a-195°" MoFe protein turnover intermediate trapped . . 3 .

during reduction ofSNoH, and “4N,H,. Conditions: microwave  Saturation when compared with tige= 7/, resting state of

frequency, 34.856 GHz; microwave pulse width, 52 ns: 352 the FeMo-cofactor. These observations suggest that the

ns; rf pulse width, 60 ms; repetition rate, 70 Hz; temperature, 2 K. oxidation state of the FeMo-cofactor might be the same in

all of these instances.

suggests that the hydrazine-derived species bound to the of yelevance to the mechanism of nitrogenous substrate

FeMo-cofactor may have a sindlgpeof N associated with  reqyction by nitrogenase, both hydrazine andréduction

it. When one scales the hyperfine coupling for that associated, 5tes gre significantly decreased for thd 955" anda-70%e/

with a single electron in a 2s orbital, thHéN coupling 0-195%" MoFe proteins. This is consistent witi-195"

displayed by the intermediate is compar_able to that of the providing protons for the reduction of both of these

C2 c_arbon of_ the previously characterized allyl alcohol ¢ pstrates. Given the location af195%s (Figure 1) over

species that is bound to the FeMo-cofactdd)(as a  the FeS face composed of Fe atoms 2, 3, 6, and 7, this

metallacycle intermediate when propargyl alcohol is used provides further support for the proposal thap Bnd

as a substrate for the-70M2-substituted MoFe protein. Work hydrazine bind to the Fe-S face of the FeMo-cofactor

in progress shows that tAeN signal can be detected at fields approached byo-70"2 and a-195%. Further, given the
across the EPR envelope. A full set of such spectra should§istance ofa-195" and o-70"2 away from the Mo, it is
provide information about both the number of types and jfficylt to imagine how Mo could participate directly in
the structure of the>N species associated with FeMo-  pinging either N or hydrazine. The observation that both
cofactor. N and hydrazine bind to the FeMo-cofactor in tel 955"
MoFe proteins, yet only hydrazine binding yields a new EPR
DISCUSSION active state, is consistent with the idea that the MoFe protein
To observe a nitrogenase reaction intermediate by EPRneeds to accumulate different numbers of electrons/protons
spectroscopy requires that such species actually exhibit anin order to bind different substrates. For example, kinetic
EPR spectrum and, if so, that it be trapped in high occupancy studies indicate that the MoFe protein must accept three
under turnover conditions. These requirements were recentlyelectrons before Ncan bind 41). Assuming that all three
met for the nonphysiological substrate propargyl alcohd] (  electrons go to the FeMo-cofactor (some or all could reside
20), where hydrogen bonding between the reduction inter- on the P-cluster), then the electron count would become even
mediate and the imidazole group @f195"s was shown to  after the addition of three electrons, and it is expected that
stabilize the bound allyl alcohol product trapped by freezing the FeMo-cofactor would be in an EPR-silent state when
in a highly populated state that could be detected by EPR. N; is able to bind. This is consistent with the absence of an
Nevertheless, the relevance of the species trapped wherEPR signal under conditions wherg N clearly binding, as
propargyl alcohol is used as a substrate to intermediates thatvident from the inhibition of all substrate reduction includ-
form during N reduction is not clear. Consequently, the goal ing proton reduction in thex-195°" MoFe proteins. As
of the present work was to develop a strategy for the trapping hydrazine reduction requires two electrons and two protons,
of a nitrogen-containing species that is also amenable tocompared to six electrons and six protons fof, M is
spectroscopic analyses. Previous work had already estabreasonable to assume that hydrazine binds to a state of the
lished that substitution of the MoFe-195"s by glutamine MoFe protein with fewer accumulated electrons (as does
results in an altered MoFe protein that retains an ability to acetylene). Kinetic studies suggest that acetylene binds to a
bind N, even though M is not efficiently reduced32). two-electron reduced state of the MoFe protein relative to
Although a highly populated state of a bound species might the resting state, whereas binds to a three- or four-electron
actually exist when Blis used as substrate for thel95>- reduced state of the MoFe proteihlf. Assuming the two
substituted MoFe protein, such a state is not detected by EPRelectrons reside in the FeMo-cofactor, then it is reasonable
under freeze-quench conditions. However, when il 95s- that the state that binds hydrazine could have an FeMo-
substituted protein was freeze-quenched under turnovercofactor that is two electrons reduced relative to the resting
conditions with hydrazine as the substrate, a new minor state, and therefore it would be expected to be EPR active.
species could be detected by EPR (Figure 2). BecauseThis could explain why a hydrazine-bound state is observed
hydrazine is only a poor substrate for the wild-type enzyme in the a-195°" MoFe proteins, whereas thexound state
and because substitution of the70'® residue by alanine is EPR silent. The fact that different substrates access the
improves the capacity for hydrazine reduction, we con- active site at different redox states is also manifested in the
structed the doubly substituted195°"/a-702 MoFe pro- nonreciprocity in their mutual inhibition parameters. It should
tein. be pointed out, however, that the formal valency state of

-
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the FeMo-cofactor would depend on the number of electrons
formally transferred to the substrate.

The observation of &N ENDOR signal associated with
the S = %, intermediate prepared wittN,H, establishes
that the intermediate indeed contains a hydrazine-derived
species bound to the FeMo-cofactor. The appearance of a
single!®N doublet (Figure 7) at thg; single-crystal-like field
also suggests that the hydrazine-derived species bound to
the FeMo-cofactor might have a single type® associated
with it, indicating either symmetrical binding of an-NN
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- 16

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 18.

hydrazine reduction would generate states that correspond
to the late stages in the,Neduction pathway. The initial
stages of N 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 ofeduction.
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