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ABSTRACT: Rapid-freezing experiments elicited two transient EPR signals, designated 1b and 1c, during
Azotobactewinelandii nitrogenase turnover at 2& and pH 7.4. The first of the signals to form, signal

1b, exhibitedg values of 4.21 and 3.76. Its formation was at the expense of the starting EPR signal
(signal 1a withg values of 4.32, 3.66, and 2.01). The second signal to arise, signal 1c, with a characteristic

g value of 4.69, formed very slowly and was always of low intensity. Both signals occurred independently
of the substrate being reduced. Increased electron flux through the MoFe protein caused these signals to
form more rapidly. Moreover, after a MoFe-protein solution had been pretreated (using conditions of
extremely low electron flux) to set up an equimolar mixture of its resting state and one-electron reduced
state, these signals appeared even more rapidly when this mixture was exposed to an excess of the Fe
protein. We have simulated the kinetics of formation of these EPR features using the published kinetic
model for nitrogenase catalysis [Lowe, D. J., and Thorneley, R. N. F. (1Bi8¢hem. J. 224887—909]

and propose that they arise from reduced states of the MoFe protein and reflect different conformations
of the FeMo cofactor with different protonation states.

The metalloenzyme commonly known as nitrogenase FeS, cluster that bridges the two subuni.(Under in vitro
catalyzes the biological reduction of dinitrogen,(No assay conditions, the reduced Fe protein, which is the only
ammonia (NH). The Mo-based nitrogenase system contains known reductant for the MoFe protein, transfers electrons
two easily separable component proteins, the MoFe protein at the expense of MgATP hydrolysis with usually two
and the Fe protein. The larger (230 kRa)s, MoFe protein molecules of MgATP hydrolyzed for every electron that is
contains two 7Fe-Mo-9S-homocitrate centers, called the transferred 7).

FeMo cofactors, and two 8Fe7S centers, called the P clusters.
The crystal structure reveals that only42s ando-275s
ligate the FeMo cofactor, whereas each P cluster lies at an
oS-subunit interface and is ligated by residues from both
subunits {, 2). The nitrogenase substrate-binding and
-reduction site(s) is generally agreed to be on the FeMo-
cofactor center of the MoFe protei85). The smaller (63
kDa) Fe protein is a&,-homodimer, which contains a single

Both nitrogenase proteins, together with an anaerobic
environment, a suitable reducing source, and MgATP, are
essential for substrate reduction. The mode(s) of interaction
of substrates with the metal centers remains a mystery,
although some progress in understanding the binding of the
inhibitor, CO, has been mad8-11). However, a detailed
scheme that accounts for nitrogenase kinetics has been
described12). This scheme comprises the association of the
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redox level) that is formed reverts to the resting enzyme by to two amino acid residues with an undercoordinated
evolving H; (13). At higher electron flux, His evolved from midsection suggests flexibility and ample opportunity for
the three- and four-electron-reduced MoFe-protein species,structural change during catalysis.

redox levels B and E, respectively. It is believed that the Because numerous redox states, most of which would be
reduced MoFe protein must dissociate from the Fe protein inaccessible to crystallography, are likely produced during
before it can bind substrates and release produb# (  turnover, many questions about the structure cannot be
Although these various reduced MoFe-protein species haveaddressed by X-ray crystallography alone. In this investiga-
been invoked during turnover, most of these transients havetion, we used rapid-mixing/rapid-freezing techniques and
been characterized only by the kinetics of product formation. EPR spectroscopy to explore (i) any changes in the electronic
Spectroscopy has played an important role in elucidating structure of the MoFe protein that occur during the pre-
the structure and properties of the nitrogenase metal clusterssteady-state phases of nitrogenase turnover and (i) indica-
The EPR spectrum of the restingo(EEvel) MoFe proteinis  tions of changes in either the conformation or protonation
rhombic in shape witly values of approximately 4.3, 3.7, of the FeMo cofactor itself.
and 2.0. This signal originates from the FeMo cofactors and
is interpreted as arising from a8 = +%, ground-state EXPERIMENTAL PROCEDURES
Kramers doublet of a spi® = %, system {5—-17). EPR o ) )
and Massbauer studies have shown that, when dithionite is _ C€ll Growth and Purification of Nitrogenase Proteins
used as the reducing source in vitro, the Fe protein transfersCells of Azotobactewinelandii strain DJ527 were grown in
one electron at a time to the MoFe protein, and ultimately @ 24 L fermenter at 30C in a modified liquid Burk medium
to the substrate, during catalyskS¢-20). During this event, ~ (34). The nitrogenase Fe protein and MoFe protein were
the EPR spectra of both the Fe protein and the MoFe proteinPurified from these cells as described previous)(and
become bleached as the proteins become oxidized anoconcentr.ated using an Am_|con pressure dialysis apparatus.
reduced, respectively. Multiple variations of Be= 3, signal  All protein solutions contained 25 mM HEPES (pH 7.5),
have been observed for the MoFe protein friebsiella 100 MM NaCl, 10 mM Mg, and 2 mM sodium dithionite.
pneumoniag21). A signal, designated as la withvalues ~ SPS~PAGE (12% polyacrylamide containing 1.35% cross-
of 4.32, 3.63, and 2.01, occurs at neutral pH in the resting linker with 4% stacking gel) gels stained with Coomassie
MoFe protein. Another signal, signal Ib, has lower rhom- Blue conﬂr_med that the _punﬁed proteins were homogeneous
bicity, with g values of 4.27, 3.73, and 2.02, and is observed (36). Protein concentratlo_ns were dgtermmed by the method
at higher pH. A third signal, signal Ic, with even higher Of Lowry et al. @7). Using inductively coupled plasma
rhombicity andg values of 4.67, 3.37 and 2.0, is only atomic emission spectroscopy with a Perkln-!EImer Plasma
observed during turnover. In addition, EPR signals that are 400 spectrometer (Norwalk, CT), metal analysis showed that
associated with the MoFe protein in the presence of either the MoFe protein contained 18 0.1 mol of Mo/mol with
CO (11, 22) or GH, and GH, (21) have been described. @n Fe:Mq atomic rat|_o_ of 15.:1...Pur|f|ed Fe and MoFe proteins
Furthermore, several altered MoFe proteins, containing had maximum specific activities of 2000 and 2600 nmol of
specific substitutions in the FeMo-cofactor environment, also Hz min~* (mg of protein)*, respectively, at 30C.
display additional EPR features in their resting stag8; ( Nitrogenase Actity AssaysAssays were carried out under
24). These last signals have been suggested to represent eith@n argon atmosphere in 9.25 mL reaction vials fitted with
trapped turnover intermediates or FeMo cofactors bound in butyl rubber septa held by aluminum crimp-seal caps. Assays
different conformations. contained 1 mg of total protein, 1@mol of creatine
The solution and continuing refinement of the MoFe- Phosphate, 2amol of HEPES buffer (pH 7.4), 2mol of
protein crystal structure has produced a reasonable undersodium dithionite, 2.5xmol of ATP, 5umol of MgCl,, and
standing of the distribution and likely function of the metal 25 units of creatine phosphokinase in a final volume of 1
clusters in the resting state, (25—28). Knowledge of the =~ ML. Assays were conducted either at 268 with the
crystal structure of the resting state of this protein is important Component protein ratios used in the rapid-freeze experiments
for designing experiments to probe the nitrogenase mecha-or at 30 °C with an optimal amount of the purified
nism, but it does not describe the form(s) of the enzyme complementary protein. The specific activities obtained at
present during catalysis. Many metalloproteins undergo 23 °C were required to simulate, using the LowEhorneley
substantial structural changes either during redox or on ligandscheme 12), the proportions of the different redox states of
binding. The crystal structure of the MoFe protein in a tight the MoFe protein present during catalysis. Reactions were
complex with the Fe protein has been determined, using initiated by the addition of Fe protein and were terminated
either MgADPAIF, or the L1272 Fe protein to simulate by injection of 0.25 mL of 0.5 M EDTA-Na(pH 7.5). K
the ATP-bound, but nonhydrolyzable, form of the Fe protein production was quantified by gas chromatography using a
(29-32). However, these structures indicate that only molecular sieve 5A column (Supelco, Bellefonte, PA) and a
relatively minor structural changes occur within the environ- thermal conductivity detector (Shimadzu, Tokyo, Japan).
ment of the MoFe-protein metal clusters on complex forma- Calibration was performed with a standard 1% iH N
tion. Unfortunately, due to procedures inherent in obtaining (Scott Specialty Gases, Plumsteadville, PA).
crystals, the redox state(s) of the clusters within the crystal- Rapid-Freeze Sample Preparation for EPRRe apparatus
lized proteins is unknown. Extended X-ray absorption fine used in this study is essentially that described by Gutteridge
structure (EXAFS) data also show that the overall interatomic et al. 38) with full anaerobic precautions as described by
distances within the FeMo cofactor change very little on Bray et al. 89). An electronically controlled stepping motor
reduction to the one-electron-reduced st&38).(Even so, expels a preset volume of solution from each reaction syringe
the fact that the FeMo cofactor is only constrained by ligation at a predetermined rate. The solutions travel through a mixing
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chamber and down a length of thick-walled nylon capillary 421 376
tubing of variable length ending in a needle jet. The length 469  4.32 3.66
of this capillary tubing determines the time the reaction is | I Il

allowed to proceed before quenching takes place. All reaction 4%
tubes are cleaned and then flushed withoifore each shot.

The needle jet is situated immediately above a quartz EPR ~ __________ NN
tube (3.0 mm inside diameter) that is attached to a small T

glass funnel via a piece of removable rubber tubing. The

EPR tube and funnel are seated in an isopentane bath cooled MW
to —140°C with liquid nitrogen. The isopentane contained //"\\ R

within the funnel is flushed with Ngas immediately before =~ —========-

sample preparation to remove any dissolved oxygen. After

freezing, the protein reaction mix is packed tightly into the W

bottom of the EPR tube with a PTFE-tipped packing rod.

The EPR tube is then detached from the funnel and stored

in liquid N, ready for EPR analysis. The experimental series !\

was performed three times with duplicate samples prepared \_omTTTTTT

for each time point. EPR spectra were recorded on the day

of preparation. Unless otherwise stated, one of the reaction

syringes contained MoFe protein and Fe protein at the desired

molar ratio and the second contained 18 mM ATP and 20 0 ms

mM sodium dithionite. All solutions contained 25 mM /

HEPES buffer (pH 7.4) and 10 mM Mgg£land were /

saturated with N F !
Preparation of Low-Electron-Flux Rapid-Freeze EPR

SamplesLow electron-flux turnover conditions, i.e., an Av1.:

Av2 molar ratio of 100:1, were used to determine a time L ! L L L I

course for the decrease in amplitude of the resting EPR signal 120 140 160 180 200 220

(signal 1a) of the MoFe protein as described previouss) ( Field/mT

in the presence of an initial concentration of 18 MM ATP, £ o 1: Time course for the production of the new EPR signals

in addition to 18 mM creatine phosphate and &§mL using a 3:1 Fe protein:MoFe protein molar ratio. Three distinct EPR-

creatine phosphokinase, under. Kfter having determined  active species, which give rise to EPR signals 1a, 1b, and 1c, can

the time needed (about 20 min) to create a sample Containingbe identified during nitrogenase turnover. The charactegstalues

: for signal 1a are 4.32, 3.66, and 2.0; for signal 1b, they are 4.21
0, - - - m
about 50% of the one-electron-reduced MoFe-protein for and 3.76; and for signal 1c, it is 4.69. Their features closg to

(E) and about 50% of the resting formdEwe used the 4 4re marked. The simulated spectra for signals 1a and 1b are shown
same conditions to generate a similar sample in a rapid-freezeas dashed lines directly below each experimental spectrum.
syringe. Immediately after mixing, an initial control sample,
which contained E only, was collected by shooting the contributions of they, components [signaj,(a) atg = 4.32
protein mixture against buffer in the second syringe. After and signalg:(b) atg = 4.21] in the EPR spectrum for each
20 min, the protein mixture was again shot against buffer to of the species present. Representative simulations are shown
demonstrate that only about 50% Emained. The second in Figure 1. Deconvolution and subsequent concentration
syringe was then emptied and refilled with Fe-protein determinations were more easily performed using dhe
solution alone under Nat a concentration such that the component rather than thg, component (atg ~ 3.7).
resulting mixture, after shooting against thg/lg MoFe- Spectral simulations were performed for b8tk 3/, species,
protein solution, would be at a 3:1 Fe protein:MoFe molar 1a and 1b, with each simulation integrating to an intensity
ratio. The experimental sample was collected after mixing of 100% of signal 1a in the buffer-alone sample, i.e., at zero
for 178 ms. time. The signal heights from each of the simulated 1a and
EPR Spectroscopy-Band frequency EPR spectra were 1b species at boty = 4.32 and 4.21 were then measured as
recorded on a Bruker ESP300 spectrometer operated inHia Hip+, Hiav, andHay, respectively. If a particular spectrum
perpendicular mode and equipped with an ESR 900 continu-had experimental heights &f at g = 4.32 andh, atg =
ous flow helium cryostat (Oxford Instruments). The magnetic 4.21, then the contribution€, andCy, for plotting in Figure
field and the microwave frequency were determined with a 2 were obtained by solving the simultaneous equations
NMR gaussmeter and a microwave counter. Spectra were
recorded at 10+ 0.2 K with a microwave power of 100 h, = CH,,+ CH,,-andh,= CH,,. + CH,,
mW and a 100 kHz field modulation of 2 mT. To estimate
the uncertainty in the EPR signal intensity introduced by From repeat determinations on the same spectrum, simulation
differences in rapid-freeze packing and running-temperatureerrors are estimated to bh&10%. Time courses for the
fluctuations, replicate samples, in identical tubes and undervarious species were produced by computer simulations using
constant He flow conditions, gave EPR signals with intensi- the Lowe-Thorneley schemel@) and the rate constants
ties within £10% of each other. therein except for those rate constants that were modified
Data Analysis and Simulationd’he overlapping EPR  as described below. All EPR data have been corrected to a
signals were deconvoluted by computer simulating the MoFe-protein concentration of 82Vl and are expressed as

———
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Ficure 2: Time course for the development of thecomponent of signal 1aj(a) @)] and signal 1bd(b) (a)], during turnover at a 3:1

Fe protein:MoFe protein molar ratio with simulations. The bars represent the estitha@8d uncertainty in the intensities of the EPR
signals. The simulations are based on the LeWwhorneley scheme, as described in the text, for the appearance and/or disappearance of the
following redox states of the MoFe proteiny Elashed line), Eand the E—Fe protein(ox) complex before dissociation (bold dashed line),

E; (solid line), and k& (bold solid line).

a percentage of the starting intensity of the resting MoFe- Deconvolution of the overlapping EPR signalsgat as

protein EPR signal. described in Experimental Procedures, allowed us to plot the
time course for the development of each species as shown
RESULTS AND DISCUSSION in Figure 2. Similar, but more scattered, plots were obtained

Figure 1 shows typical EPR spectra obtained at a 3:1 FeUSind theg; feature. The lines in Figure 2 are computer
protein:MoFe protein molar ratio at various times after Simulations generated with the Low&horneley scheme
initiating turnover. Also shown are the spectra obtained from USIng contributions from various species as described in the
the simulations described above. At time zero, visualized €9€nd of Figure 2 and as discussed below.
by shooting the mixture of proteins against buffer not ~ Unfortunately, we do not have a complete set of rate
containing ATP, the MoFe protein fro. vinelandii at this constants for theé\. vinelandii nitrogenase; therefore, the
pH is present as a single species as indicated by the singlé2Ssumptions and rate constants that were used were those
EPR spectrum (signal 1a) with the following characteristic of Lowe and Thorneleyl(?) for K. pneumoniaitrogenase
g values: gi(a) = 4.32, g,(a) = 3.66, andgs(a) = 2.01. with the foII_owmg exceptions. First, th'e rate of dlssc_>C|at|on
Seventy-nine milliseconds after the solution of both proteins Of F€& protein(oxidized)-MgADP from its complex with the
had been mixed with MgATP and dithionite to initiate MOFe protein was increased from 6.4 to 11.2 ® reflect
catalysis, the only change evident is a significan60%)  the higher maximum specific activity of th&. vinelandii
bleaching of this starting MoFe-protein signal as an electron Proteins under these conditions. Second, the rate of the
is accepted from the Fe protein. After mixing for 262 ms, a corresponding reverse reaction was increased fromx4.4
new EPR signal (signal 1b) can be observed with the 10°to 10x 10° rron"1 s L Third, the rate of Hrelease from
following uniqueg values: gi(b) = 4.21 andg(b) = 3.76. the MoFe protein in the Ered_ox state was decreased fr_om
The magnitude of this new signal continues to increase with 250 to 50 s*. Fourth, the various rate constants associated
time at the expense of the original signal. After mixing for With N2 binding were adjusted to improve the fit of the curves
470 ms, an additional signal (signal 1c) is clearly visible to the data.
with agy(c) of 4.69; however, no accompanyiggc) feature We then used the simulated curves as indicators of which
could be distinguished. No new features were observed inenzyme species most likely corresponds to the observed EPR
the g = 2 region of any of the spectra at any time after signals. Both the quality of the data that can be obtained
mixing. Similar data were obtained usifg pneumoniae using rapid-freeze EPR spectroscopy and the lack of a full
nitrogenase proteins unden, Klata not shown). rate-constant data set limit the precision of our correlations.

Neither changing the substrate present tgH.Cnor We estimate that the combination of uncertainties in rapid-
preparing samples in the absence of Bo that the only ~ freeze packing, EPR running temperature, and the decon-
substrate present was protons, had any significant effect onvolution/simulation process results in an overall uncertainty
the formation of thes& = 3/, signals (data not shown). Thus, ©0f +20% in each of the data points as recorded in Figure 2.
the same forms of the MoFe protein are produced no matterEven so, we feel that useful conclusions can be drawn from
whether the enzyme is accepting two or three electrons (forthe simulations by comparing various hypotheses.

H* and GH, reduction) or six electrons (for A\reduction) Effect of Electron Flux on EPR Signal belopmentThe
during the process of substrate reduction. Apparently, the electron flux through the MoFe protein was varied by
most-reduced states of the MoFe protein contribute little (or changing the Fe protein:MoFe protein molar ratio. The
nothing) to the observed EPR spectrum. resulting changes in the EPR spectrum of the MoFe protein
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Table 1: Intensity of Selected EPR Spectral Components as a
Function of Electron Flux

Fe protein:MoFe protein

molar ratio time (ms) (@ (b  gu(c)
5:1 178 1 30 6 51 x0.80
350 2 45 10
11 262 92 4 0
778 89 5 0
2000 54 5 0
1:3 262 102 5 0
778 83 8 0 «1.0
2000 96 3 0 31 ’
@Intensity of EPR spectral componergga), g:1(b), andgi(c) of
signals 1a, 1b, and 1c, respectively, expressed as a percentage of the | | | | | _
intensity of thegi(a) component in the MoFe-protein sample mixed 120 140 160 180 200 220
with buffer alone. Field/mT

Ficure 3: Effect of changing electron flux on the time course for

itored duri talvsi Table 1). At | development of EPR signals 1b and 1c. The spectra that are shown
were monitored during catalysis (see Table 1). OW' \vere recorded 350 ms after mixing, in the presence of excess

electron flux, generated by a 1:3 Fe protein:MoFe protein sodjum dithionite, a solution of MgATP with a solution containing
molar ratio, an extremely small decrease in the intensity of the Fe protein and MoFe protein in a molar ratio of either 3:1
the resting-state EPR signal 1a [monitored as component(bottom) or 5:1 (top).
g:1(a) of signal 1a] occurred and only a very weak signal 1b by assuming that signals 1a and 1b were given by various
[measured as componegiib)] was detected at times up to combinations of intermediates in the Low&horneley
2 s. When the electron flux was increased, by using a 1:1 scheme and then simulating time courses for their appearance
Fe protein:MoFe protein molar ratio, about half of the signal (see below).
la intensity was bleached after 2 s, but no compensatory Formation of EPR Signals from the One-Electron-Reduced
increase occurred in the intensity of signal 1b. Signal 1c, as MoFe Protein In a second test of the above hypothesis, we
monitored by componerd;(c), was not detected up to 2 s reasoned that, if the MoFe protein was prepared in a more-
after mixing under either set of conditions. Under even higher reduced state before initiating turnover with Fe protein,
electron-flux conditions, at a 5:1 Fe protein:MoFe protein signals 1b and 1c should appear more rapidly. Attainment
molar ratio, effectively all signal 1a intensity was bleached of the one-electron-reduced {Hevel of the MoFe protein
178 ms after mixing. However, neither signal 1b nor signal can be achieved by using experimental conditions that result
1c had yet reached its maximum intensity, although both in a slow rate of catalytic turnover, namely, with a 1:100 Fe
signals were present. By 350 ms after mixing, both signals protein:MoFe protein molar ratio. This protocol results in a
1b and 1c had attained their maximum intensity. MoFe-protein solution containing equal proportions of the
In many experiments, the intensity lost from signal la E;and E forms of the MoFe protein. As expectetd, the
cannot be accounted for by the combined intensities of only change observed in the EPR spectrum of the MoFe
signals 1b and 1c. This situation is most obvious either after protein prereduced under these conditions was-&0%
long mixing times or with high electron flux. The data in bleaching of the features of signal la. Thigklg protein
Table 1 show that, under low-electron-flux conditions, newly mixture was then shot against a sufficient excess of Fe
appearing signal 1b may account for all of the decreasing protein to give the desired final component:protein ratio.
intensity of signal 1a. However, even at a 1:1 Fe protein: Figure 4 compares EPR spectra obtained by mixing the MoFe
MoFe protein molar ratio, signal 1a has lost 46% of its protein either in the Eresting state or as a 1:1 mixture of
intensity afte 2 s of mixing with no compensating increase the B and g redox states with a 3-fold molar excess of the
in the intensities of signal 1b and signal 1c. Such observationsFe protein, followed by freeze quenching 178 ms after
indicate that EPR-silent species of the MoFe protein are alsomixing. As shown in Figure 2, when we started with the
being produced. One likely candidate is the MoFe protein MoFe protein in the E resting state, the only change
at the & redox level. It would be formed afterzthas been observed in the EPR spectrum after 178 ms was-60%
evolved from the MoFe protein at the; Eedox level and decrease in the amplitude gf(a). However, when andiE;
may accumulate under either the longer-time or higher- mixture of the MoFe protein reacted with the Fe protein
electron-flux conditions. Other candidates, particularly under under identical conditions, we observe equal proportions of
N, could include the most-reduced states of the MoFe the la and 1b signals after 178 ms. The intensity of each
protein (at the Eredox level and beyond). signal was~33% of the initial intensity of the 1la signal.
Figure 3 shows EPR spectra taken at both a 3:1 and a 5:1Clearly, signal 1a decreased faster and signal 1b appeared
Fe protein:MoFe protein molar ratio after mixing for 350 earlier as a result of this prereduction of the MoFe protein.
ms. These results are consistent with those in Table 1. TheThese observations suggest that the decrease in the intensity
increased electron flux under the latter conditions clearly of signal 1a is a prerequisite for the formation of signal 1b.
resulted in a more rapid and complete conversion of signal This elimination of the early part of the time course, when
la into a mixture of signal 1b and signal 1c. This general starting with a more-reduced MoFe protein, is again con-
trend of signal Ib appearing first, followed by signal 1c, under sistent with signal 1b arising from a MoFe-protein species
conditions where the MoFe protein is likely to become more more reduced than the form which gives rise to signal 1a.
reduced, suggests that these signals could arise from more- For the reaction starting with theofE; mixture, little
reduced forms of the MoFe protein. We tested this hypothesischange in both the relative and absolute proportions of signals
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This correlation between the time courses for the appear-
ance of both signal 1b and the Eedox species raises the
guestion of how three electrons can be accommodated within

x0.77 the MoFe protein and still produce an EPR-active species.
E,+E, The simulation based on the Low@&horneley scheme
indicates only that three electrons have been accepted; it
cannot identify their location. However, all three electrons
%10 are unlikely to reside on the FeMo cofactor because this
E, situation should produce an even-electron, EPR-silent spe-
cies. In any event, signal 1b so closely resembles signal 1a
that it almost certainly arises from the FeMo cofactor,
suggesting that two of the electrons are associated with the
| | | | | | FeMo cofactor whereas the third electron resides either at a
120 140 160_. 180 200 220 location or in a spin state that is not easily EPR-detectable.
ield/mT . . . o
The fate of this third electron, along with a definitive

Ficure 4: Effect of preincubation of the MoFe protein with the assignment of the source of the new EPR signal, will be the
Fe protein at a 100:1 molar ratio on the rate of appearance of EPR . : S !
subject of future investigations.

signals 1b and 1c. Preincubation produces an approximately 1:1 : e ) ) . .
mixture of the i and | redox states of the MoFe protein and, It is more difficult to estimate which species contributes
after mixing with a 3-fold excess of Fe protein, results in a more to signal 1c, because this signal appeared even more slowly

rapid appearance of signals 1b and 1c (top spectrum) than whenthan signal 1b and was always weaker under the conditions
E)Or'si;l;ecj alone (bottom spectrum). Data were collected after mixing 41 \e have used. Nevertheless, if our proposal that signal
ms. L. . . .
1b, under these turnover conditions, is elicited from a MoFe

la and 1b was observed 350 ms after mixing, when the protein that is more reduced than that responsible for signal
intensity of each signal was30% of the original intensity ~ 1a, then signal 1¢c must arise from a MoFe protein in an even
of signal 1a. This observation suggests that the system maymore-reduced redox state than 1b.
have reached equilibrium by 178 ms. We have considered other models to explain the observed

Simulated Time CourseSome time course simulations changes from signal 1a to signal 1b and then to signal 1c.
are shown as lines in Figure 2. As expected, taking free MoFeIn the initially most attractive alternative, all three signals
protein in the  state, plus all the species in equilibrium were supposed to arise from the MoFe protein at jtseHox
with it, i.e., B bound to reduced, oxidized, or inactive Fe level (plus all complexed species in equilibrium with &
protein, gives a reasonable fit to both the disappearance andlescribed above). This model assigned signal 1a to the MoFe
the approach to the steady-state concentration of signal 1aprotein in its resting (B state, signal 1b to the MoFe protein
It is interesting to note that a better simulation is obtained that had just released;Hom the k redox level, and signal
by also including the species with the oxidized Fe protein 1c to the MoFe protein that had releaseg frtbm state(s)
bound to the MoFe protein at the, Eedox level. This more reduced than.Elt was also assumed that signals 1b
protein—protein complex forms after the second electron and 1c slowly relax to signal 1a. We used an extensive set
transfer, but before the subsequent dissociation to give theof possible rate constants and were able to reproduce roughly
free MoFe protein at the Fedox level. the shapes of the curves in Figure 2, but not as well as with

Insight into the nature of the principal species contributing the more-reduced protein model discussed above. However,
to signal 1b may be gained by analyzing the time coursesit was impossible to reproduce their amplitudes to within a
for the appearance of species in equilibrium with free MoFe factor of 2 of the data (not shown). We, therefore, consider
protein at either the £or the & redox level as shown in  this model an inadequate description of the experimental
Figure 2. The simulations show that the $pecies appear system and reject it.
too early in the time course. At 178 ms, very little of signal  Implications of the Origins of the Signalk.is generally
1b is present in the experimental data, whereas in theassumed that th8 = 3/, EPR signals elicited from nitroge-
simulations, the Especies have already risen to about 40% nase MoFe proteins during the catalytic cycle arise from
of their equilibrium concentration by this time. We have protein molecules at thegEedox level, i.e., in the resting
explored the inclusion and exclusion of many other species state in equilibrium with dithionite. We have presented
in this simulated curve and cannot obtain better fits to the evidence above that this assumption may not necessarily be
data when the Especies are included. This result suggests true and that the more-reduced states of the MoFe protein
to us that signal 1b is not a property of the two-electron- may also contribute to th& = 3/, signals, which may be
reduced MoFe protein. characterized by different conformations of the FeMo co-

An examination of the simulated curve for the appearance factor within the MoFe protein. Signal 1b, the signal with
of the MoFe protein at the &Fedox level (plus all related  lower rhombicity that we prefer to attribute to MoFe proteins
species) gives a closer fit to the experimental data for signal at the & redox level, is equivalent to that reported by Smith
1b. The curve and the data are always close to each othergt al. (17) for theK. pneumoniad/oFe protein at high pH.
however, the simulation appears to lead the data up to 300Under this condition, the altered EPR signal, which likely
ms and lag it after this time. These discrepancies could bereflects a corresponding change in conformation, is presum-
due either to inadequacies in the scheme, perhaps related tably due to the loss of a proton(s). It is tempting to speculate
small differences in rate constants associated with the more-that, when signal 1b originates from the MoFe protein at
reduced states of the MoFe protein, or to the additional the E redox level, it also indicates the loss of a proton(s),
reactions that must occur under these conditions. which may have been incorporated into the reduced substrate,
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such as either bound or freg.HMoreover, whatever change ~ 16. Minck, E., Rhodes, H., Orme-Johnson, W. H., Davis, L. C.,
produces the considerable increase in rhombicity associated ~ Brill, W. J., and Shah, V. K. (1975Biochim. Biophys. Acta

. . - . . . 400 32—53.
with signal 1c, it may also be associated with formation of 17. Smith. B. E., Lowe, D. J., and Bray, R. C. (19E3jchem. J,

product. . . o 135 331-341.
The observations described in this paper also address an 18. Orme-Johnson, W. H., Hamilton, W. D., Ljones, T., Tso, M.

ongoing concern about the relationships among some of the Y. W., Burris, R. H., Shah, V. K., and Brill, W. J. (1972)
intermediates in the LoweThorneley scheme. In particular, Proc. Natl. Acad. Sci. U.S.A. 68142-3145.
the results provide insight into whether there is any difference 19- Smith, B. E., Lowe, D. J., and Bray, R. C. (19B2ychem. J.

. 130 641-643.
between the MoFe protein at thg tfedox level and the form 20. Smith, B. E., and Lang, G. (197®iochem. J. 137169

of the MoFe protein which results immediately after two 180.
electrons have relocated to substrate (to fonfrdm what 21. Lowe, D. J., Eady, R. R., and Thorneley, R. N. F. (1978)
was the & redox level. This relocation of electrons would Biochem. J. 173277-290.

return the MoFe protein to theoBevel. The results of our ~ 22. Burris, R. H., and Orme-Johnson, W. H. (1976pmceedings

: . of the First International Symposium on Nitrogen Fixation
work suggest that the difference in these two forms of the (Newton, W. E., and Nyman, C. J., Eds.) Vol. 1, pp 208

MoFe protein is presumably one of protonation state. In turn, 233, Washington State University Press, Pullman, WA.
these different protonation states, of either the FeMo cofactor 23. Shen, J., Dean, D. R., and Newton, W. E. (1®idchemistry
or its immediate environment, could result in different 36, 4884-4894. _
conformations of the FeMo cofactor. 24. Fisher, K., Hare, N. D., and Newton, W. E. (1997) in
Biological Nitrogen Fixation for the ZXCentury (Elmerich,
C., Kondorosi, A., and Newton, W. E., Eds.) pp-235,
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