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ABSTRACT. Nitrogenase consists of two metalloproteins (Fe protein and MoFe protein) which are assumed
to associate and dissociate to transfer a single electron to the substrates. This cycle, called the Fe protein
cycle, is driven by MgATP hydrolysis and is repeated until the substrates are completely reduced. The
rate-limiting step of the cycle, and substrate reduction, is suggested to be the dissociation of the Fe protein
MoFe protein complex which is obligatory for the reduction of the Fe protein [Thorneley, R. N. F., and
Lowe, D. J. (1983Biochem. J. 215393-403]. This hypothesis is based on experiments with dithionite

as the reductant. We also tested besides dithionite flavodoxin hydroquinone, a physiological reductant.
Two models could describe the experimental data of the reduction by dithionite. The first model, with
no reduction of Fe protein bound to MoFe protein, predicts a rate of dissociation of the protein complex
of 8.1 s'1. This rate is too high to be the rate-limiting step of the Fe protein cyglg€ 3.0 s1). The

second model, with reduction of the Fe protein in the nitrogenase complex, predicts a rate of dissociation
of the protein complex of 2.373, which in combination with reduction of the nitrogenase complex can
account for the observed turnover rate of the Fe protein cycle. When flavodoxin hydroquinonaVL55

was the reductant, the rate of reduction of oxidized Fe protein in the nitrogenase cokgplex400 s?)

was 100 times faster than the turnover rate of the cycle with flavodoxin as the reductan}. (£Pse-
steady-state electron uptake experiments from flavodoxin hydroquinone indicate that before and after
reduction of the nitrogenase complex relative slow reactions take place, which limits the rate of the Fe
protein cycle. These results are discussed in the context of the kinetic models of the Fe protein cycle of
nitrogenase.

The biological reduction of dinitrogen to ammonia is factor (FeMoco) and the P-cluster. FeMoco is generally
catalyzed by nitrogenase, which consists of two metallopro- considered to be the substrate reduction site. The P-cluster
teins that are both necessary for catalysiy (For the might be involved in electron transfer from the Fe protein
complete reduction of Nto 2NH; and H, (a side product of ~ to FeMoco 2—4). Structural models for FeMoco and the
the nitrogenase reaction), a strong reductant (flavodoxin or P-cluster have been proposed, on the basis of crystallographic
ferredoxin in vivo and sodium dithionite in vitro) and analysis of the MoFe proteirb{-7). The Fe protein is a
MgATP, which is hydrolyzed during catalysis, must be homodimer of 63 kDa, which contains a single [4Fe-4S]
present. In this investigation, the molybdenum-containing cluster and two nucleotide-binding sites. The crystal-
nitrogenase fromAzotobactervinelandii is studied. The lographic structure of thé\. vinelandii Fe protein was
MoFe proteint a heterodimer of 230 kDa, contains two types determined by Georgiadis et aB)( The crystal structure
of metal-sulfur clusters penS-monomer: the FeMo co- and site-directed mutagenesis studies of the Fe protein
revealed that the nucleotide binding region of the Fe protein
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Scheme 1: Fe Protein Cycle (Adapted from Réf2
complex formation

Fe protein,,(MgATP), + MoFe’'protein, %5 Fe protein,.(MgATP),-MoFe’'protein,,

HSO, + 2MgADP 2H,0

nucleotide \ /
electron transfer

exchange
ATP hydrolysis
reduction

SO, + 2MgATP 2P, , 2H"

Fe protein, (MgADP), + MoFe'protein,,, > Fe protein, (MgADP),-MoFe’protein,,,

complex dissociation

@ The MoFe*protein is one of the two independently functioning halves of the MoFe protein. The MoFe* pistigtia MoFe protein reduced
by n electrons.

between two different protein conformations, which deter- acid is part of the putative protein chain that connects the
mines whether the protein triggers a biochemical process.nucleotide-binding site to the MoFe protein-docking surface
The transition state of the nucleoside triphosphate hydrolysisof the Fe protein. In the nitrogenase complex formed
reaction of myosin and of the heterotrimeric G proteins could between the D39N Fe protein and the MoFe protein, a
be stabilized by the combination of the nucleoside diphos- MgATP-dependent electron transfer takes place, which is
phate and aluminum fluoride. The two-component protein not followed by further redox reactions. Since this protein
complex of nitrogenaselB, 14) and the two-component protein complex does not dissociate, it is suggested that
nucleotide-switch protein Has p21 and its GTPase-activat- electron transfer within the nitrogenase complex normally
ing protein (GAP) bind only aluminum fluoride when the induces conformational changes, which increase the affinity
nucleoside diphosphate and both component proteins areof the Fe protein for the MoFe protein. The D39N Fe protein
present {5). Later, it was shown that the structures of the lacks the ability to change the nitrogenase complex from this
ADP-AIF, -stabilized nitrogenase compledg) and the conformation to the MgADP-bound conformation which is
RasGDP-AIF,-GAP complex 17) also resemble that of necessary for dissociation of the nitrogenase com#éx (
the transition state of the nucleotide hydrolysis reaction of Besides this recently obtained structural information about
the nucleotide-switch proteind@—12). the different protein-protein complexes, kinetic studies have
Similar to the case for the nucleotide-switch proteins, also provided insight into the different reactions of the
conformational changes of the nitrogenase protein complexMgATP hydrolysis-driven electron transfer reactions. Hage-
have been proposed as the basis of the ATP hydrolysis-drivenman and Burris Z2) first proposed that the redox cycle of
unidirectional electron transfer from the Fe protein to nitrogenase is a single electron transfer event and that the
FeMoco at the MoFe proteiri(9). Up to now, three stable  nitrogenase complex must dissociate after the transfer of each
homologous Fe proteinMoFe protein complexes have been electron from the Fe protein to the MoFe protein, implying
identified and (partly) characterized. The structure of the that for substrate reduction several cycles of association and
ADP-AlF,-stabilized nitrogenase complex resembles an dissociation of the nitrogenase proteins are necessary.
intermediate of the on-enzyme MgATP hydrolysis reaction Thorneley and Lowe23—25) further developed the kinetic
(16). By using altered Fe proteins, nondissociating nitro- description of nitrogenase. They proposed a model (based
genase complexes could be prepared. The deletion of Leuon kinetic data foKlebsiella pneumoniagitrogenase, with
at position 127 of the Fe protein (L12J generates an Fe  sodium dithionite as the reductant) which comprises two
protein that resembles the Fe protein in the MgATP-bound cycles of electron transfer called the Fe protein cycle and
state (8). The L127A Fe protein binds very tightly to the  the MoFe protein cycle. In the Fe protein cycle (Scheme
MoFe protein and slowly transfers one electron to the MoFe 1), after formation of the nitrogenase complex, one electron
protein without MgATP 19). The midpoint potentials of is transferred from the reduced Fe protein to the MoFe
the L127A Fe protein [4Fe-4S}'" cluster and of the two-  protein with concomitant hydrolysis of MgATP. Subse-
electron-oxidized couple of the P-cluste? () of the MoFe guently, the nitrogenase complex dissociates into the separate
protein in the proteirrprotein complex are lowered. This nitrogenase proteins, which is the rate-limiting step of the
indicates that the complex represents a conformation which nitrogenase reaction when all reactants are at saturating levels
induces electron transfer to FeMoc20). Another stable (23). After dissociation of the complex, the electron donor
protein—protein complex could be made between the D39N reduces the Fe protein and MgADP is rapidly replaced by
Fe protein and the MoFe protein. In the D39N Fe protein, MgATP (26). The MoFe protein cycle describes the stepwise
aspartate 39 was changed into an asparagine. This amin@eduction of the MoFe protein by succeeding Fe protein
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cycles, up to a maximal reduction level of eight electrons,
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Stopped-Flow ExperimentsThe stopped-flow experi-

necessary to complete the reduction of dinitrogen to ammoniaments were performed with a Hi-TECH SF-51 stopped-flow

and hydrogend4, 25, 27).
In the original scheme of the Fe protein cycle, electron

spectrophotometer, equipped with an anaerobic kit and a data
acquisition and analysis system. All experiments were

transfer and MgATP hydrolysis are represented by one performed at 20.& 0.1°C, under argon. The mixing ratio

reaction, but it is obvious that during the course of MgATP

was 1:1. In the calculation of the absorbance changes, a

hydrolysis several events will take place that trigger or cause dead reaction time of 1.5 ms was taken into account, which

conformational changes in the proteiprotein complex.
Kinetic data have become available for different events in
this part of the Fe protein cycle; the MgATP conformation

was determined from the rate of the reduction of dichloro-
phenolindophenol by ascorbate, under appropriate conditions.
The electron transfer from Av2 to Avl in the presence of

of the nitrogenase complex allows electron transfer from the flavodoxin was assessed by monitoring the absorbance

Fe protein to the MoFe proteil g, 28), and the on-enzyme
hydrolysis of MgATP, detected as a delay reaction, is
followed by a conformational chang@9) and H™ and R
release 28, 30). Another conformational change might be
necessary for dissociation of the nitrogenase comgéx (
The aim of this work is to describe kinetically the last part
of the Fe protein cycle, the re-reduction of the Fe protein.

changes at 418 nm instead of at 430 nm. The wavelength
of 418 nm was chosen, since flavodoxin (fdtFldsq) has

an isosbestic point at this wavelength. The extent of electron
uptake by nitrogenase during turnover was measured by
monitoring the oxidation of flavodoxin hydroquinone to
semiquinone at 580 nm using a value for the molecular
absorbance coefficiertgy of 5.7 mM cm™ (33).

To that end, several reactions of the Fe protein cycle were Determination of the Rate of Reduction of Oxidize@ A
studied. These reactions include the proposed rate-limiting The standard buffer used in the stopped-flow experiments,
step of the Fe protein cycle, dissociation of the nitrogenase designed to determine the rate of reduction of &y2

complex, and the reduction of the oxidized Fe protein with
MgADP bound. Two reductants were tested: sodium
dithionite and flavodoxin hydroquinone. With flavodoxin,

it is possible to monitor spectroscopically the pre-steady-

contained 1 mM ADP, 10 mM MgG| 50 mM NacCl, and

50 mM Tes/NaOH (final pH of 7.4). The ionic strength of
this solution was equal to that of 109 mM NaCl. When
sodium dithionite was present at concentrations above 5 mM,

state and steady-state uptake of electrons by nitrogenasethe concentration of NaCl in the dithionite-containing syringe

Evidence will be presented that flavodoxin hydroquinone is

of the stopped-flow apparatus was lowered to keep the ionic

able to reduce the nitrogenase protein complex after thestrength constant.

MgATP-induced electron transfer and before dissociation of

The rate of dissociation of the nitrogenase complex,-Avl

the nitrogenase complex. These results will be discussed inAv2,,(MgADP),, was determined as described for nitroge-

the context of models of the Fe protein cycle of nitrogenase.

MATERIALS AND METHODS

Cell Growth, Isolation, and Preparation of Nitrogenase.
A. vinelandii ATCC strain 478 was grown, and the separate

nase fromK. pneumoniae(23). The simulations were
performed with KINSIM @5 and FITSIM @6). The
programs were obtained from the KINSIM site at
128.252.135.4. The simulated data points were fit to the
experimental data by nonlinear regression. The quality of
the fit between the simulated data and the experimental data

nitrogenase proteins were isolated as described by Mensinkcurves is reflected in thB? value (a value of 1 indicates a

et al. 31). The molar concentrations of th& vinelandii
MoFe protein (Avl) and Fe protein (Av2) were determined

from their molecular masses of 230 and 63 kDa, respectively.

perfect fit) and the mean square error (MSE), which is the
sum of the squared differences between the experimental and
calculated data points, divided by the amount of variables

The activities of the nitrogenase components were determinedused in the simulation, and should be close to 0.

from their specific acetylene reduction activit$2j. The
specific activities of the Avl and Av2 preparations used in

Determination of the Rate of Turper. The rate of
nitrogenase turnover at 2€ was obtained from the rate of

the experiments were at least 8 mol of ethylene producedH, formation. The reaction mixture contained 0,09 Av1,

s ! (mol of protein)? and 2 mol of ethylene produced?s
(mol of protein)?, respectively. Avl contained 18 0.2
mol of Mo/mol of Avl; the Fe content of Av2 was 3F%
0.2 mol of Fe/mol of Av2.

Dithionite-free Avl was prepared by running the protein
over a Biogel P-6DG column (Bio-Rad, 1 crm8 cm), which
was equilibrated with argon-saturated 10 mM Mg@hd
100 mM NacCl in 50 mM Tes/NaOH (pH 7.4). Dye-oxidized
Av2 was prepared with phenazine methosulfate (PMS),
following a published procedur&l). Flavodoxin Il from
A. vinelandii was isolated as described earli@B)

Chemicals. ADP and ATP (special quality) were obtained
from Boehringer; PMS was obtained from Sigma, and
sodium dithionite was from Merck and contained 20%
sodium sulfite. The concentration of 3Owas calculated
from the concentration of dithionite using the dissociation
constant of the reaction,G,2~ <> 2SQy~ of 1.4 x 10°M
(34).

11.0uM Av2, and an ATP-regenerating system as described
by Braaksma et al3@). We used 20 mM sodium dithionite

or 50 uM flavodoxin and 5 mM sodium dithionite as the
reductant. Higher flavodoxin concentrations did not stimu-
late the nitrogenase activity. From the rate efgfoduction,

the turnover rate of the Fe protein cycle was calculated
assuming the transfer of one electron per cycle. The ionic
strength of the assay mixture was equal to that of a solution
of 95 mM NacCl. Note that the ionic strength of the standard
buffer used to determine kinetic constants of individual
reactions of the Fe protein cycle is nearly the same as the
ionic strength of the assay mixture used to determine the
nitrogenase activity. This excludes possible effects of the
ionic strength on the measured rates and rate constants.

RESULTS

Since the kinetic formulation of the Fe protein cyc?(
24), partial reactions of the ATP hydrolysis reaction have
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been characterized. These are the pre-steady-state proton 30
(28) and phosphate releas80f and a blue shift of the A
absorbance of the F€5 clusters of oxidized nitrogenasz9).
All three reactions show a lag of about 20 ms, and then a
burst lasting 100 ms followed by an approach to a steady
state. The observed kinetics are consistent with a rapid
electron transfer reaction (100'for Azotobacteat 20°C),
a delay reaction (777%), and a blue shift of the absorbance
of the Fe-S clusters and proton release reaction (1% s 0 L T T
(28, 29). The blue shift or proton and/or phosphate release 0.0 0.5 1.0 1.5 2.0
reactions are not associated with the dissociation of the
nitrogenase complex, which is supposed to be the rate-
limiting step of the Fe protein cycle2B). The rate of [S,0.2] (mM)
dissociation can be determined by measuring the rate of the : 5 10 15 20
reduction of oxidized Fe protein with MgADP bound, in the 8 | I | |
presence of the MoFe protein. It is assumed that when the B
Fe protein is bound to the MoFe protein, the [4Fe-4S] cluster I
of the Fe protein cannot be reduced; therefore, the nitrogenase 6|
complex must dissociate first. To be able to perform a
kinetic analysis of the data curves of the reduction of the
nitrogenase complex, the kinetics of the reduction of the free
Fe protein in the presence of MQADP must be determined. =~
Reduction of OxidizedR with MgADP Bound by Sodium
Dithionite. Av2.x was equilibrated with excess MgADP
before mixing with dithionite and MgADP. It was verified
that the level of binding of MgQADP to Awg was saturating. 0 ot : . : :
The results from a typical experiment are shown in Figure
1A (trace 1). The rate of reduction of AyMgADP), by (SO, T (uM)
dithionite was monitored as a function of the concentration Fcure1: Kinetics of the reduction of Ayg(MgADP), by sodium
of dithionite (0.2-20 mM). The results are shown in Figure dithionite. (A) Determination of the rate of dissociation of the Av1l
1B. The amplitude of the single-exponential absorbance AV2i(MJADP), complex in standard buffer. For trace 1, syringe

- : +his i1 contained 6(iM Av2,, and syringe 2 contained 20 mM p&O,.
decrease was independent of the concentration of dlthlonlteFOlr trace 2, syringe 1 contained 60 Av1 and 60uM Av2y, and

used. The millimolar absorption coefficient for the reduction gyringe 2 contained 432Vl Av2,eqand 20 mM NaS,0,. For trace
of Av2,(MgADP), at 430 nm was 3.53 0.02 mM*cm™, 3, syringe 1 contained 60M Avl and 60uM Av2,, and syringe
while that of Av2, was 4.504+ 0.06 mM* cm™t. Binding 2 contained 20 mM N#5,0;. (B) The observed rate constakidg
of MgADP lowers the redox potential of Av2 from375 to of the reduction of Avg(MgADP), depends on [S@ ]. Syringe
—473 mV (2. A possible explanation for the lower iocoma'”ed 5QM Av2,,, and syringe 2 contained b0, (0
S - . . mM).
extinction coefficient could be partial reduction. We there-
fore measured the potential of the redox buffer used with s~ for the reduction of Ac&(MgADP), from the vanadium
methyl viologen as an indicator as described by Deistung nitrogenase and the molybdenum nitrogenase, respectively,
and Thorneley 7). The potential ba 5 mM NaS,04 reported by Bergstra et al. 88). In contrast to the Fe
solution at pH 7.4 (4 mM £4°, 1 mM HSG, and 1.7 protein fromK. pneumoniag26), we and Bergstim et al.
uM SOy7) in standard buffer was-530 mV, which was (38) observed foAzotobactea deviation from the linearity
similar to the potential calculated according to the method between the observed rate constant and the concentration of
of Mayhew @4). Thus, according to the Nernst equation, SOy~. Bergstion et al. 88) attributed this deviation from
90% of Av2(MgADP}) will be reduced. This accounts for linearity to inhibition of the reduction at high ionic strengths.
an eg3o of 4.10 mM cm™t, while a value of 3.53 mWt We can exclude this possibility since we kept the ionic
cm 1 was found experimentally. This value was used in the strength constant. Thus&2~ might inhibit the binding
calculations. A similar observation was made by Ashby and of SO~ to Av2.,(MgADP), specifically.
Thorneley 26) for the molecular absorbance coefficient for Determination of the Rate of Dissociation of the Nitro-
the reduction of Kp&(MgADP),. This value was 80% of = genase Complex.The rate of dissociation of Ayz
the molecular absorbance coefficient for the reduction of (MgADP), from Avl was determined as described for the
Kp2ox. nitrogenase ofK. pneumoniae(23). Avl, Av2,, and
Figure 1B shows that the observed rate constant of the MgADP were mixed with 20 mM dithionite, MgADP, and
reduction of Av2(MgADP), increased with the concentra- variable concentrations of Awg (0—432 uM). In this Fe
tion of dithionite (S@~). The second-order rate constant protein cycle model, the AvAv2,(MgADP), complex must
for the reduction of Avg(MgADP), by SGQ~, calculated dissociate (eq 1) before AyZMgADP), can be reduced (eq
from the initial linear dependence kf,son [SQ° ], is 3 x 2). Av2.{MgADP), increases the rate of reduction of Ay2
10° M~ s71 (valid only at low dithionite concentrations). (MgADP), by binding to Avl (eq 3) and thus suppressing
This value is similar to the value reported for the reduction the association of Avl and AydMgADP), (eq 1). At
of Kp2,x(MgADP), (23, 26) and is close to the values fér increasing concentrations of Ayg the absorbance decrease
of 3.2+ 0.2) x 1 M~tstand (4.74 0.5) x 1 M1 curves are increasingly determined by the rate of the

Av2,,(MgADP), (uM)

time (s)

obs (5.1)
»
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Table 1: Rate Constants Obtained from the Simulation of the Reduction of the Oxidized Fe Protein(MgMOP$ Protein Complex by
Sodium Dithionite at 20C

Av1-Av2.,(MgADP), AV1-Av2(MgADP), Av1-Av2,,(MgADP),
rate of dissociation and dissociation constants quality of fit
k(s Ka (uM) k(s™ Kqg (uM) rate of reductiork (s™%) R? MSEP
simulation 1 8.1+ 0.2 20.8+ 2.1 98+ 82 3.3+3.1 - 0.9979 0.331
simulation 2 2.3:0.04 0.8£0.2 95+ 67 12+1.1 1.78+ 0.01 0.9993 0.117

2 The rate of dissociation and reduction and the dissociation constants were determined with 10 mM sodium ditM&fites the mean square
error (the sum of the squared differences between the experimental and the calculated data points, divided by the amount of variables used in the
simulation).

dissociation of the AviAv2,,(MgADP), complex (comp- of eq 3. Surprisingly, although the dissociation of the
aretraces 2 and 3 of Figure 1A). nitrogenase complex is supposed to be the rate-limiting step
of the Fe protein cycle23), the calculated rate constant for
Av1-Av2_ (MgADP), < Avl + Av2_(MgADP), (1) the dissociation of the nitrogenase complex frAmotobacter
(8.1 s'%) was significantly higher than the observed maximum
Av2,,(MgADP), + SO,” + H,0 < rate of turnover of the Fe protein cycle [34# 0.4 mol of
Av2,.{MgADP), + HSO,” + HY (2) electrons st (mol of Mo)™1]. In addition, the simulation
e 2 predicts a dissociation constant of the A2, (MgADP),
Av2 . (MgADP), + Avl < Avl-Av2. (MgADP), (3) complex (21uM) which is 10-fold higher than the corre-
sponding dissociation constant reported for the nitrogenase
The obtained progression curves, as shown in Figure 1A, proteins fromK. pneumoniag1.5 uM; 23). These differ-
could be approximated by a single-exponential decay. Theences are considered too large, and therefore, a second model
estimated pseudo-first-order rate constants of redudtigd (  Was examined.
of 30 uM Av2,(MgADP), by 10 mM sodium dithionite in In the second simulation, an extra reaction was added, the
the presence of 30M Av1 (60 uM Av2 binding sites) varied ~ reduction of AvZy in the Avl:-Av2,(MgADP), complex
from 1.8+ 0.2 s in the absence of Ayg(MgADP),, via (Table 1, simulation 2). With this addition, the simulation
Kops = 2.4 £ 0.15 [25uM AV2,ed MGADP)], kops = 2.7 + yielded akgis of 2.3+ 0.04 st for the rate of dissociation of
0.19 [50uM Av2{(MgADP),], and ks = 3.0 £ 0.17 [80 the Avl-Av2,,(MgADP), complex and a dissociation con-
UM AV2,.(MgADP),], to 3.1+ 0.2 st in the presence of  stant of 0.84 0.2 uM. The corresponding values for the
216 uM Av2.s The values are the average of two Av1-Av2,.{MgADP), complex were &g of 95 £ 67 s*
independent experiments. Our data are comparable with data@nd aKq of 1.2+ 1.1uM. The simulation yielded &s of
in the literature, taking into account the fact that our data 1.78=+ 0.01 s for the pseudo-first-order rate of reduction
were obtained at 20C while others have measured at 23 of Av2,(MgADP), in the Av1-Av2,(MgADP), complex
°C. Thorneley and Lowe2@) reported that the pseudo-first- (Table 1). The addition of the extra variable did increase
order rate constant of reduction increased from Iirs the quality of the fit, but more importantly, the dissociation
the absence of Kp(MgADP), to 3.0 s in the presence  constant of the AviAv2,,(MgADP), complex is now in the
of 117 uM Kp2.{MgADP),. Lanzilotta et al. {9, 21) same range as the constant for the corresponding nitrogenase
reported values of 6 and 7 sfor the pseudo-first-order  complex fromK. pneumoniage
reduction of 20uM Av2,(MgADP), in the presence of 20 Reduction of A2,(MgADP), by Flavodoxin Hydro-
uM Avl, 100 uM Av2.{MgADP),, and 10 mM sodium quinone The rate of reduction of Ayw(MgADP), by FId
dithionite. was monitored by the absorbance increase at 580 nm,
The model used to simulate the stopped-flow curves to associated with the oxidation of gl The results from a
estimate the rate of dissociation of the nitrogenase complextypical experiment are shown in Figure 2A [trace Ay2
comprised the reactions in egs-3. In the simulations, a  (MgADP),]. The rate of reduction of Av(MgADP), by
kobsOf 6.7 st was used for the reduction of AxyMgADP), Fldug was so fastky,s= 1018 s'1) that only the last 15% of
by dithionite; this value was obtained from Figure 1B (10 the total absorbance change could be detected. To be certain
mM N&S,04 and 3.3uM SO,"7). The rate constant of the  about the extent of oxidation, the absorbance at 580 nm of
dissociation of the AviAv2,,(MgADP), complex was taken  the proteins before mixing or without reaction must be known
from the simulation that gave the best fit to the data curves exactly. This information is very difficult to obtain with
as described above and as shown in Figure 1A. The resultseactive proteins such as nitrogenase an@d-ldVe solved
of the simulations are summarized in Table 1. this problem by incubating flavodoxin450M) in a redox
In the first simulation, no reduction of AydMgADP), buffer (5 mM dithionite). When the oxidation of kg by
in the complex was allowed. For the dissociation of the Avl nitrogenase 30 uM Av2,,) is fast and the reduction of
AV2,,(MgADP), complex, akgis of 8.1+ 0.2 st and aKqg Fldso to Flduo by the redox buffer is slow, the oxidation
of 20.8 &+ 2.1 uM were obtained. For the AVAV2 .+ and reduction reactions of flavodoxin can be separated
(MgADP), complex, a dissociation ratgs of 98 4+ 82 s* kinetically. This means that after a rapid oxidation by
and aKq of 3.3+ 3.1u4M were obtained. The large errorin  nitrogenase, the redox buffer (5 mM dithionite) will reduce
the values of the rate constant of the dissociation an&ghe flavodoxin (~30«M) back to its original redox state. These
of the Avl:-Av2.{MgADP), complex indicates that the required properties are achieved with dithionite. As shown
simulation is not sensitive to the value of the rate constants earlier, 30,2~ dissociates in 2S£0". SO*~ and the oxidant,
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0.04
A
F Av2,(MgADP), Av1+Av2,,(MgADP),
0.03 - v N
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<3 0.02 |
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time (ms)
0.19
Av1+Av2,,(MgADP), B
e
0147 Av2,(MgADP),
(=
<"u"> 0.09
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-0.01 L
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time (s)
Ficure 2: Absorbance changesdsg) associated with the oxidation
and/or reduction of flavodoxin hydroquinone/semiquinone. (A) The
absorbance changeAsgg) associated with the oxidation Flg by
Av2,(MgADPY),, in the absence and in the presence of Avl. Syringe
1 contained 6QtM Av2,, for trace Av24(MgADP),, 60 uM Avl
and 60uM Av2,, for trace AvHAv2,,(MgADP),, and 60uM Av1l
for trace Avl. For trace buffer, syringe 1 contained no nitrogenase
proteins. Syringe 2 contained 34&1 Fldng, 132uM Fldsg, and 5
mM N&S;0,4. Both syringes contained 1 mM ADP in standard
buffer. (B) The absorbance changeisgf) associated with the
reduction of Fldg by dithionite. Conditions were like those
described for panel A.

SO, are in redox equilibrium with nitrogenase and
flavodoxins B7—39). At5 mM dithionite, the concentration
of the actual reductant, SO, is only 1.9u4M, and with ak

of 3.2 x 10* M~* s7%, the reduction of Fleh will be slow
(kobs= 0.06 s1). This rate can be stimulated about 5 times
by free Fe protein39). Thus, by following the absorbance
at 580 nm in a stopped-flow experiment of a flavodoxin/
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Ficure 3: Effect of incubation of the nitrogenase proteins with
MgADP on the rate of electron transfer between the nitrogenase
proteins. The rate of electron transfer was monitored by the
absorbance increase at 430 nm. Syringe 1 containgdV2Av1

and 135uM Av2; syringe 2 contained 20 mM ATP and 20 mM
MgCl,. Both syringes contained the standard buffer with 5 mM
sodium dithionite without ADP: trace 1, no ADP in the reaction
mixture; trace 2, 1 mM ADP added to the ATP solution; and trace
3, nitrogenase proteins incubated with 1 mM ADP (before mixing
with ATP).

Figure 2A, 156uM Fldng reduced 3QtM Av2 o, (MgADP),

in the presence of 3@M Avl (60 uM Av2 binding sites)
with a kops Of 460 st [trace AvH-Av2,(MgADP),]. The
reaction was so fast that already 80% of the £(MgADP),
was reduced within the mixing time of the stopped-flow
apparatus. From the re-reduction of &jdoy the redox
buffer, it can be calculated that 31u# Fldno was oxidized

in this experiment.

Nucleotide ExchangeThe rate of the nucleotide exchange
reaction on the reduced nitrogenase complex [AVR e+
(MgADP),] was investigated by measuring the effect of an
incubation of the reduced nitrogenase proteins with MgADP
prior to mixing with MgATP. MgATP brings on electron
transfer from the Fe protein to the MoFe protein. Trace 2
of Figure 3 shows that 0.5 mM MgADP did not affect the
absorbance changes that accompany the electron transfer.
MgADP and MgATP were present in the same syringe.
When the nitrogenase proteins were incubated with MgADP
before mixing with MgATP however (trace 3), the electron
transfer started after a short lag phases(ms) and the
observed rate of electron transfer was lowered from 100 to
55 s Thorneley and Cornish-Bowded®) performed a
similar type of experiment. When Kp2 saturated with

dithionite solution at longer reaction times, one can observe MgADP was mixed with Kpl and MgATP, a slower rate of

the re-reduction of rapidly oxidized Rlg. The absorbance
traces of the re-reduction of Hg after oxidation by

nitrogenase are shown in Figure 2B. From the extent of re-

reduction [trace Av&(MgADP),], it is clear that about 30
uM Fldug has been oxidized by AydMgADP), within the
mixing time of the stopped-flow experiment.

The reduction of Avg(MgADP); in the presence of Avl
by flavodoxin was also measured [trace AWAV2.-
(MgADP),]. Since the rate of reduction of free Ay2
(MgADP), by 156uM Fldug (kops > 1000 s?) is much faster
than the expected rate of association of AIAgADP), with
Av1l, reduction of Av2,(MgADP), bound to Avl by Fldg
must be limited by the rate of dissociation of the AK¥2-
(MgADP), complex. This will be the case if reduction in

electron transfer was found (130 vs 67)scompared with
the experiment where MgADP and MgATP were separated
from nitrogenase. It is not clear from the presented curves
if a lag phase was present. In addition, no simulation of the
obtained curve was reported. Our curve with the lag phase
(trace 3,kops = 55 s1) could be simulated with a rate of
nucleotide exchange of 70 sof the reduced Fe protein
bound to the MoFe protein followed by a rate of electron
transfer of 100 s. The simulated nucleotide exchange rate
is still considerably higher than the turnover rate of the Fe
protein cycle. Thus, it is clear that the rate of nucleotide
exchange of the reduced nitrogenase proteins does not limit
the rate of the Fe protein cycle.

Electron Uptake by Nitrogenase during Tutres. More

the nitrogenase complex is not possible. As can be seen inevidence that Flgh is capable of reducing the AvAv2.,-
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FicURe 5: Simulation of the pre-steady-state oxidation ofifgltb

FicURe 4: Absorbance changes associated with the electron transferFldsq by nitrogenase. The solid trace shows the data of Figure 4.
and the oxidation of flavodoxin hydroguinone by nitrogenase during The dotted traces show simulations of the Fe protein cycle with
turnover. The rate of electron transfer was monitored by the various assumptions: 1, reduction after the rate-limiting step; 2,

absorbance increase at 418 nm. The rate of oxidation @fFids reduction before the rate-limiting step; and 3, reduction before and
measured by the absorbance increase at 580 :nifmoles of after rate-determining steps.

electrons per ssecond per mole of Mo) is the rate of the oxidation . . . o

of Fldyo to Fldse Syringe 1 contained 16M Avl and 96xM steady state was simulated with different kinetic models for

Av2, 370uM Fldyo, 150uM Fldsg and 1 mM NaS,0,. Syringe the Fe protein cycle (see Figure 5). The basic model consists
2 contained 10 mM ATP and 10 mM Mg£lBoth syringes  of complex formation, electron transfer, on-enzyme MgATP
contained the standard buffer without ADP. hydrolysis (delay reaction), and*HP) release. How the

(MgADP), complex without a preceding dissociation of the F€ protein cycle proceeds after these reactions is not clear.
complex was obtained from pre-steady-state kinetic studiesFor the sake of simplicity, we used in the simulation one
of Flduo oxidation. The nitrogenase proteins and flavodoxin SIOW reaction (5's') to obtain the experimentally determined
were in redox equilibrium with sodium dithionite-¢6 mM) rate of the cycle. This reaction can be a conformational
in one syringe of the stopped-flow apparatus. In different change in the nitrogenase complex, or d|ssomat|o.n of the
experiments, the Av1 concentration was varied between 10Nitrogenase complex. If we assume that the reduction takes
and 16uM, the Av2 concentration was always in a 6-fold place afte_r the slow step (_5’5), the simulations do not follow
excess, and the FId concentration was varied between g6ihe experimental data (Figure 5, trace 1). If we assume that
and 520uM. After mixing with MgATP, catalysis starts reduction takes plac_e afte_r 8nd/or H release and before.
with reduced proteins. At 418 nm, an isosbestic point of the slow step, the simulation produced curve 2. To obtain
Flduo/Fldso, the absorbance changes of nitrogenase are reasongble S|mqlat|on of the data curve, two slow steps
observed and the absorbance increase at 580 nm register@Ust be included in the model (curve 3). One step (15.7
the formation of Fldo from Flduo. Nitrogenase will react s!) occurs immediately after the; Rind/or H release
mainly with Fldo since the concentration of SO is very reaction, anq then the_ redu_ctlon reaction which is followed
low (<1.54M). The results from a typical experiment are DY @ reversible reaction with Bowara of 10.5 s and a
shown in Figure 4. The electron transfer from Av2 to Avl KbackwardOf 16.1 M™ts™%. This reversible reaction might be

is observed immediately after mixing of the nitrogenase the dissociation of the reduced nitrogenase complex.
proteins with MgATP (increase in the absorbance at 418 nm).

This reaction is complete within 50 ms. After a lag of about DISCUSSION

20 ms, the oxidation of Flg, started (observed as an increase It is proposed in the literature that the rate-limiting step
of the absorbance at 580 nm), leading to a fast oxidation of the Fe protein cycle (Scheme 1), and thus of nitrogenase
phase. The rate of formation of Elglwas calculated from  catalysis, is the dissociation of the nitrogenase complex.
the tangent to the absorbance changes at 580 nm. In thidissociation is thought to be obligatory for the reduction of
phase, the absorbance at 418 nm decreases which indicatethe Fe protein and for the subsequent exchange of MgATP
reduction and a blue shift of the F& cluster absorbance for MgADP (22, 23, 26). We determined the rate of

of nitrogenaseZ9). A slower phase and the steady state dissociation of the AviAv2.(MgADP), complex according
follow the phase with the maximal rate of uptake of electrons to the method described in the literatu®3), The data were
from FIdHQ. After 300 ms, 1 mol of Flg, per mole of Mo analyzed with two models. The model with no reduction in
was oxidized. The maximal rate of electron uptake was 4.9 the complex requires a dissociation constant of the -Avl
mol of electrons 5! (mol of Mo)™! in the pre-steady state  Av2,(MgADP), complex with a magnitude higher than that
and 3.6 mol of electrons™$ (mol of Mo)™? in the steady of the dissociation constant of the corresponding nitrogenase
state. In this experiment, the protein ratio of [Av2]/[Avl] complex from K. pneumoniagKy = 20.8 and 1.5uM,
equals 6, which explains the slightly lower steady-state rate respectively) 23). An alternative model (Table 1, simulation
as compared to the value of 4.0 mol of electron’s(mol of 2) includes reduction of Avg in the Av1l:Av2,(MgADP),
Mo) 1, obtained with a [Av2]/[Av]] ratio of 20 at low MoFe  complex, besides the reduction of Ay@IgADP), after the
protein concentrations. To gain insight into the timing of dissociation of the complex. If this is allowed, the dissocia-
the reduction taking place within the nitrogenase complex tion constant of the AvIAv2,(MgADP), complex has
after electron transfer, the formation of Eddin the pre- values with the same magnitude as the corresponding value
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Scheme 2: Extended Fe Protein Cyclefofvinelandii Nitrogenase

< [Av2°x(MgATP)2Av1'(n+1)]ATP>

electror/;ansfer ATP g hydrolysis
[AV2,,(MGATP) AV ] ..o C [Av2, (MgADP.Pi) AV ]\

i 2P + H*
complex formation i

AV, + <[Av2°x(MgADP)2Av1 “wenlare >

Av2, (MgATP),

2MgADP

nucleotide| exchange complex| relaxation

Av2 _ (MgADP) .
A Av1d' 2 C [Av2 (MgADP),Av1 (M)]ADPD

2MgATP

(n+1)

complex \dissociation reduction Fld,q

C [Av2 ,(MgADP),Av1 '(n+1)]ADP

Fldgq

aAvl* is one of the two independently functioning halves of Avl. Ayli$ Avl* reduced byn electrons. [AV2(MgATP)AVL*] resing
[AV2(MgATP),AV1*] atp, Or [AV2(MgADP),AV1*] spp is the nitrogenase complex in a resting-state, MgATP-bound, or MgADP-bound conformation,
respectively. For details and rate constants, see the text.

from K. pneumoniagKy = 0.8 and 1.5uM, respectively). nitrogenase complex, but the data presented in Figures 2 and
We also fitted the two used models to the data published by 4 clearly show that Flgh indeed can reduce the nitrogenase
Thorneley and Lowe23). From the computer best fits, we complex. One can argue that Rigstimulates dissociation
obtained about the same values that have been published andf the nitrogenase complex, after which fddapidly reduces
observed that FITSIM made the rate constant for reduction the free Fe protein. We think that this explanation is
of Kp2« in the complex zero. This means that the reduction unlikely. If this explanation would be true, flavodoxin would
of Kp2« in the complex is not necessary to fit the data of stimulate the Fe protein cycle significantly compared with
Klebsiella nitrogenase. Reduction of th&zotobacterFe dithionite. The reason is that after the very fast flavodoxin-
protein in the nitrogenase complex has been suggested earlieinduced dissociation and reduction, the nucleotide exchange
Hageman and Burris4() compared several models of on the reduced Fe protein (70'5is the last reaction before
possible functional nitrogenase complexes with the obtainedthe next round of the Fe protein cycle. According to the
steady-state kinetics. Their major conclusions were that themodels of the Fe protein cycle, this would bypass the rate-
catalytic complex is a transient one and that dithionite is a limiting step and thus stimulate the rate of the Fe protein
relatively poor reductant fokzotobactenitrogenase whereas  cycle, which is not observed. Using flavodoxin instead of
flavodoxin is much better. Since they used steady-state sodium dithionite stimulates the rate of the Fe protein cycle
kinetics, it was not possible to determine individual rate only from 3 to 4 s.
constants of the different proposed reactions such as reduc- We think that our data show that dissociation of the
tion of the free Fe protein and the Fe protein bound to the nitrogenase complex is not necessary for reduction by
MoFe protein and dissociation of the nitrogenase complex. flavodoxin, but on the other hand, we cannot exclude the
Druzhinin et al. 42) demonstrated directly that the photo- possibility that dissociation of the reduced nitrogenase
chemical electron donor eosin-NADH reduced Av2 in the proteins is still an essential reaction of the Fe protein cycle.
complex as efficiently as free Av2. Lanzilotta and Seefeldt The data curve of Figure 3 (trace 3) could be fitted with a
(20) showed that flavodoxin can reduce the [4Fe-4S] cluster nucleotide exchange rate of 70'dollowed by an electron
of the L127A Fe protein bound to the MoFe protein whereas transfer reaction of 1007&. It is possible that the rate of
dithionite cannot. By comparing dithionite with flavodoxin, this exchange reaction is determined by the rate of dissocia-
one has to realize that at 5 mM dithionite the actual tion of the reduced complex followed by a rapid nucleotide
concentration of the reductant, 8Q is only 2.4uM, while exchange. Another explanation might be that it represents
flavodoxin is normally used at concentrations of about 100 a nucleotide exchange on the reduced complex. As discussed
uM. 1t is possible that this concentration effect seems to before, the simulation of the dissociation reactions is not
make flavodoxin a more powerful reductant compared with sensitive to the rate of dissociation of the reduced complex.
dithionite. Therefore, it is not possible with our data to exclude a rate
The simulations of the dithionite reduction data might of dissociation of the reduced nitrogenase complex of 70
suggest that dithionite can reduce the Fe protein in thes®. But also, nucleotide exchange on the nitrogenase
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complex cannot be excluded. Lanzilotta et &1)(have is consistent with a model which comprises a rapid binding
shown that nucleotide exchange is possible on a stableof MgATP to the nitrogenase complex, a change of the
nitrogenase complex. They showed that the nondissociableconformation of the nitrogenas®IgATP complex allowing
D39N Fe protein-MoFe protein complex has a significant electron transfer (10078, and a delay reaction (on-enzyme
steady-state ATPase activity. If the nucleotide exchange hydrolysis of MgATP k = 77 s'1) followed by a change of
reaction occurs on the reduced nitrogenase complex, thethe conformation of the nitrogenase complex (monitored by
proposed obligatory association and dissociation of the H* release and a blue shift of the absorbance at 430 nm,
nitrogenase proteins during catalysis are not necessary withkops= 14 s). A similar kinetic scheme was used by Lowe
flavodoxin as the reductant. The absence of an obligatory et al. 9) to explain the pre-steady-state release byK.
dissociation reaction nicely explains why nitrogenase in intact pneumoniaenitrogenase. As shown in this paper, fdd
Azotobactercells andRhizobiumbacteroids is not inhibited  rapidly reduces the AvAv2,(MgADP), complex. The time
despite the fact that the concentration of nitrogenase is incourse of the Flgy oxidation during turnover (see Figures
the range of 46400 uM (43, 44). 4 and 5) is consistent with a model where reduction of the
We include the flavodoxin kinetics in an updated version Av1:Av2,(MgADP), complex takes place after the*H
of the Fe protein cycle scheme (Scheme 2). It is known release reaction (149 and a hypothetical reaction (15.7
from other ATPases that the hydrolysis of MgATP consists s %), here depicted as a complex relaxation reaction from
of four distinct steps: the binding of MgATP to the protein, the ATP- to the ADP-bound conformation, and before a
the on-enzyme hydrolysis of MgATP, the release p&fd reversible slow step which could be the dissociation of the
H*, and the release of MgGADP. As proposed previously by reduced nitrogenase compleikg{ = 10.5 s, kass = 16.1
us 8), the binding of MgATP to the reduced nitrogenase M~! s1). Due to the large standard deviation in the
complex induces a conformational change of the nitrogenasecalculated rate of the simulations of the dithionite reduction
complex that causes electron transfer from the Fe protein todata, we cannot exclude these values for the calculation of
the MoFe protein. Others suggest that binding of MgATP the rate of dissociation and association of the reduced proteins
to the Fe protein is necessary for priming the Fe protein for with MgADP bound. Further research, for instance, kinetic
the proper docking to the MoFe protein which is followed studies with altered proteins that are blocked in a specific
by electron transferl( 3, 45). We doubt if there is kinetic ~ conformation which is necessary to proceed through the Fe
evidence for this “priming” hypothesis. Stopped-flow ex- protein cycle, will help to unravel the reactions that close
periments by Thorneley46) show that the order of mixing  the Fe protein cycle.
does not affect the pre-steady-state electron transfer reaction.
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