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Electron transfer coupled with ATP hydrolysis in nitrogenase
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Nitrogenase, which is not a membrane protein in vivo, performs energy coupling: the
transfer of an electron coupled with ATP hydrolysis from one protein component of nitroge-
nase, Fe protein (Av2), to another its protein component, MoFe protein (Avl), to form the
so-called "super-reduced state” of the active site responsible for the reduction of the substrates,
FeMo cofactor (FeMoco) containing Fe, Mo, S, and homocitrate. The review discusses recent
publications on studying the electron transfer coupled with ATP hydrolysis in nitrogenase and
evaluates a possible value of the redox potential of the super-reduced FeMoco.
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Nitrogenase (EC 1.18.6.1) is the enzyme that cata-
lyzes the reduction of N, to NH; and consists of two
metalloproteids: molybdenum—iron-containing protein
(MoFe protein) and iron-containing protein (Fe pro-
tein), which manifest the enzyme activity only in a
complex. The MoFe protein and Fe protein from Azoto-
bacter vinelandii are briefly named Avl and Av2, respec-
tively (those from Klepsiella pneumoniae are Kpl and
Kp2, etc.)*.

To manifest the enzyme activity, nitrogenase needs
both nitrogenase components, MoFe and Fe proteins,
MgATP, and an electron donor. In addition to nitrogen,
nitrogenase also reduces other compounds with the triple
bond: acetylene, cyanide, and others. Two electrons are
needed for the reduction of acetylene to ethylene or two
protons to dihydrogen, and eight electrons are needed
for the reduction of nitrogen because one hydrogen
molecule is always formed per nitrogen molecule. Only
the reduction of protons to dihydrogen occurs in an
argon atmosphere. At least two ATP molecules are
hydrolyzed per each transferred electron, and they are
bound to the Fe protein as a complex with Mg2*. The
general stoichiometry of nitrogen reduction catalyzed by
nitrogenase can be described by the following schemel:

Ny + 8 HT + 8 e~ + 16 MgATP —»
— > 2 NHg + Hy + 16 MgADP + 16 P;.

* Abbreviations used: Avl and Av2 are molybdenum—iron-
containing and iron-containing components, respectively, of
nitrogenase from Azotobacter vinelandii; E,, is the half-reduction
potential at pH 7.0 vs. hydrogen electrode; P cluster is [SFe—7S]
cluster in Avl; FeMoco is molybdenum-, iron-, and homo-
citrate-containing cofactor in Avl; PN and FeMocoN are P
and FeMoco clusters reduced by dithionite, respectively;
(*FeMoco)!~ is FeMoco in the "super-reduced" (by one
electron) state; DBF is 4°,5’-dibromofluorescein; ATP is
adenosine-5"-triphosphate; ADP is adenosine-5’-diphosphate;
P; is phosphate; NADH is reduced B-nicotinamide adenine
dinucleotide; and K, is the Michaelis—Menten constant.

The composition and structure of Avl and Av2 have
been established in recent years.2>3 The structure of Avl
with a resolution of 2 A provided data on the structure
of Fe—S clusters in Avl.3 More complete data on the
redox potentials of the Fe—S clusters of Av2 and Avl
have been obtained.4—3 Alternative electron do-
nors for nitrogenase have been obtained: photo-
donors eosin—NADH?® and 4’,5’-dibromofluorescein
(DBF)—NADH.!0 The kinetics of the transfer of one
and two electrons in nitrogenase with the photodonor
was studied.!! The ability of the photodonors1®—13 and
the natural electron donor flavodoxinl4 to reduce Av2
bound to Avl was found. The array of these data allows
us to discuss the specific features of electron transfer in
nitrogenase and to distinguish the problems to be solved
for revealing the mechanism of nitrogen reduction.

The Avl protein is a heterotetramer of two types of
subunits o3, with a total molecular weight of ~250 kDa.
Nitrogenase contains three types of metal—sulfur clus-
ters. The first stage of the enzymatic reaction is the
transfer of an electron from the external electron donor
(dithionite or photodonor in vitro, flavodoxin or ferre-
doxin 1 in vivo) to Av2, which is a homodimer of two
subunits with a total molecular weight of ~64 kDa.2
Then the transfer of an electron from Av2 to Avl
occurs, which is coupled with ATP hydrolysis. Avl
contains two P clusters with the [§Fe—7S] composition
and two [Mo—7Fe—9S—homocitrate] clusters, the so-
called FeMo cofactors (FeMoco), which are the region
of substrate activation and reduction.3

Av2 contains one [4Fe—4S] cluster symmetrically
incorporated between two subunits. In the presence of
an excess of dithionite, the [4Fe—4S] cluster exists in the
oxidation state 1+. The ESR spectrum reveals a mixture
of spin states S = 1/2 and S = 3/2. The half-reduction
potential E,, for the [4Fe—4S]?t === [4Fe—4S]|!*
transition in Av2 equals —0.29 V.4 Flavodoxin from
Azotobacter vinelandii has the E_, potential equal to
—0.515 V for the reversible transition between the semi-
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quinone and hydroquinone forms of flavodoxin!® and
can reversibly reduce the [4Fe—4S]!* cluster Av2 by
one electron to the [4Fe—4S]0 state in which all iron
ions exist in the ferro form. The E,, potential for the
[4Fe—4S]!T == [4Fe—48S]Y transition in Av2 is equal
to —0.46 V.4

In the presence of dithionite, the MoFe protein
gives only one ESR signal (S = 3/2) characteristic of
FeMoco reduced by one electron (FeMocoN). The
FeMocoN === FeMoco,, transition to occur requires
the potential E,, —0.042 V.5 In the process coupled with
ATP hydrolysis, Av2 transfers at least one electron to
FeMocoN to form the so-called "super-reduced"
FeMoco%: (*FeMoco)!~. The ESR signal (S = 3/2)
disappears. According to experimental data, E,, for the
FeMocoN === (*FeMoco)!™ transition in Avl is
—0.6 to —1 V.16

Unlike FeMoco, the P cluster is diamagnetic in the
presence of dithionite. According to data in Ref. 7, this
state corresponds to the cluster of ferro-iron PN, which
can reversibly be oxidized to the paramagnetic states
P!*, P2* and P3*. The E,, potentials for the transitions
PN —= p2+f PN —= pl+ PI+t —= P2+ zpd
P2t =—= P3* are equal to —0.307, —0.309, —0.309,
and +0.09 V, respectively.8 The ESR spectrum of the
P2+ cluster exhibits the signal characteristic of S = 3.
The ESR spectrum of the P!* cluster contains the
signals of the spin states S = 5/2 and S = 1/2. Published
data favor the participation of the P cluster in the
electron transfer inside Avl. The P clusters are oxidized
when nitrogenase reduces N,.17 The authors!® con-
cluded that the intramolecular electron transfer in ni-
trogenase is not an elementary reaction but includes at
least two steps: the transfer of an electron from Av2 to
the unidentified region in Av1 (it is assumed that to the
P cluster) followed by the reduction of FeMoco. This
conclusion was based on the observation that, in the
presence of NaCl, during the transfer of an electron
from Av2 to Avl, changes in the absorption of Avl
occur yet before the transfer of an electron to FeMoco.18

An electron is transferred in nitrogenase to consider-
able distances.!® In this process, the conformation
changes, which occur during the Fe protein binding
with MgATP or MgADP and were detected by various
methods,4 can play a substantial role. According to
X-ray structural analysis data, the MgATP-binding re-
gions exist in Av2 at a distance of approximately 15 A
from the [4Fe—4S] cluster and from the region of
binding with Avl.

The crystal structures of the Av2 complex and Avl
stabilized by the nitrogenase inhibitor, aluminum fluo-
ride (AlF47) in a combination with ADP, have re-
cently?? been determined. This complex differs from a
native complex by two Av2 molecules (unlike one mol-
ecule as in the native complex) per Avl molecule. In
this complex, the P cluster is localized at equal dis-
tances of 14 A from the [4Fe—4S] cluster in Av2 and
from FeMoco. The most substantial structural changes

during complex formation occurred in Av2. The
[4Fe—4S] cluster shifted by approximately 4 A toward
the protein surface in Av2. The conformational changes
(the turn of each monomer of Av2 by 13 A towards the
surface of the subunits) occurred, and the nitrogenase
complex became more compact, i.e., gained the "closed"
conformation. Such changes in a complex can facilitate
the electron transfer.20

It has been known long ago that when MgATP or
MgADP is bound to Av2 its redox potential changes
from —0.29 to —0.43 V and the protein undergoes
conformational changes.4 The Av2 protein has two re-
gions of MgATP binding (one per each identical sub-
unit) in the oxidized and reduced states. It has been
shown?! that region of MgATP binding in Av2 contains
the sequence of amino acids homological to those de-
scribed for other ATPases.

The P cluster exhibited the properties that can play a
substantial role in its functioning.3 Considerable dis-
tinctions in the PN and P,, structures were revealed. In
each of these states, the P cluster is the [8Fe—7S]
cluster. In the oxidized state it can be presented as a
single cluster consisting of two [4Fe—S] and [4Fe—3S]
clusters connected by the bridging S(1) sulfur. The
P cluster undergoes the redox-dependent structural re-
arrangement, which can be coupled with the transfer of
an electron or a proton to FeMoco. The interconversion
between the oxidation states of the P cluster was ob-
served and included the migration of two Fe atoms and
replacement of their coordination with the protein by
the coordination with the central sulfur atom S(1). The
oxidation of the P cluster is accompanied by the coordi-
nation of Ser188(B) and the amide nitrogen of Cys88(c)
with the Fe atoms of the P cluster. Since both these
ligands are protonated in the free state and can be
deprotonated in the bound state, the authors3 assumed
that during the two-electron oxidation of the P cluster
two protons can be liberated and the replacement of the
ligands in the P cluster can result in the coupled transfer
of electrons and protons from the P cluster to FeMoco.
This assumptions are favored by the data,8 which show
that the electron transfer and oxidation of P!* to P2*
are also accompanied by the coupled proton transfer at
physiological pH values.

The helix sequence of amino acids binding the ligand
of the P cluster of Cys62(o) with Val70(a) in the region
of FeMoco has been revealed.22 It is assumed that this
helix is the potential way for the transfer of an electron
directly from the P cluster to FeMoco. The reduction
center of the FeMoco substrates is a cluster of the new
type containing both Mo and Fe. In this cluster each
Fe—S—Fe group binds two 4Fe—3S and 1Mo—3Fe—3S
subclusters as bridges and forms two 4Fe—4S faces. The
Val70(a) residue is localized at a short distance from
one of these faces.22

It has been considered up to recent time that the Fe
protein is the one-electron donor for the MoFe protein.
The results of studying the kinetics of the transfer of an
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Note. The smaller sphere is Av2, and that of a larger size is Avl in the oxidized (/), reduced (2), and super-reduced (3) states.
ki =44-10mol ' Ls™!, k| =645s7!, k) =200s7!, k3 =4.4-10mol~! Ls7!, k3 =6.4s"! and ks = 3.0+ 105 mol~! L s71.

electron from the Fe protein to the MoFe protein with
the artificial electron donor, dithionite,23 are presented
in Scheme 1.

The rate-limiting stage is the dissociation of nitroge-
nase to components after the intramolecular transfer of
an electron from Av2 to Avl (k_3 = 6.4 s~ ! at 23 °C). The
electron donor is the SO, "~ radical anion formed upon
the dissociation of dithionite S,0,42~ 2 SO, ™
(K = 1.5:107% mol L~!; the dissociation rate constant
is equal to 1.7 s71). It has been established that dithionite
cannot reduce the Fe protein when it is in a complex
with the MoFe protein. In this case, dissociation deter-
mines the rate of the nitrogenase reaction and, more-
over, it is necessary for the Fe protein to be reduced
again after the electron transfer. Since the dissociation
of nitrogenase "disguises" the stages of the nitrogenase
reaction, a certain mechanism of reactions occurred
during nitrogen reduction was not established. As we
mentioned previously,24 in our opinion, dissociation in
the presence of dithionite is, in fact, an artifact. The
data are available that when the concentration of
dithionite is higher than 2 - 1073 mol L~! nitrogenase is
dissociated to the components.25 Therefore, K, for
dithionite in the reaction considered is equal to
9-1073 mol L7126 This concentration of dithionite is
necessary for the dissociation of nitrogenase. It is known
that NaCl in the concentration higher than 0.09 mol L™!
results in the forced dissociation nitrogenase to the
components.2’ Dithionite, probably, has the same effect.

New recent data change substantially the concept of
the electron transfer in nitrogenase. The found property
of dithionite as an electron donor for nitrogenase differs
it from the natural donor flavodoxin. Unlike dithionite,
flavodoxin can transfer one more electron to Av2 re-
duced by one electron.4 Therefore, it is assumed that,
under natural conditions, two electrons can transfer
from Av2 to Avl, and the mechanism of electron trans-
fer can differs from that in the case of dithionite.4 In

fact, unlike dithionite, flavodoxin reduces both Av2
bound to Avl and free Av2 in a solution. The apparent
rate constants of these reactions are 400 s~ and
>1000 s~!, respectively.14

It is likely that photodonors act as flavodoxin. In the
case of the photodonors, eosin or DBF, in the presence
of NADH, the reducing agent for nitrogenase is the
photodonor radical anion with E,, for the transition
photodonor === photodonor radical anion equal to
—0.58 V.28 The close E,, values of flavodoxin and the
photodonor indicate that these donors can reduce Av2
to Av22~ by the successive transfer of two electrons. The
stages of the transfer of the first and second electrons in
nitrogenase were detected by kinetic laser spectroscopy
using the DBF—NADH photodonor in the presence of
nitrogen!! (Scheme 2).

Two electrons are transferred from Av2 to Avl suc-
cessively one after another without the limiting stage
between these reactions as in the case of dithionite
(Fig. 1).11 It has been established?® that, in the case of
the photochemical eosin—NADH system and dithionite

E /N
- 2 ATP

—0.6— N\ _0.6

—0.4F

—0.2
I “2(ADP + P)

I T
Fld Fe-protein (P)N (FeMoco)N (*FeMoco)!™

Fig. 1. Energy profile of the transfer of one electron in nitroge-
nase coupled with the hydrolysis of two MgATP molecules.
FId is flavodoxin.
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Scheme 2

2 MgADP j Tka
2 MgATP

S0® SO

H*, C,H,

Note. The smaller sphere is Av2 in the oxidized (/) and reduced by one (2) or by two electrons (3) states. The larger sphere is Avl
in the reduced (4) and "super-reduced" (5) states. Sort arrows show the reduction state of Avl when the substrate is bound to it.
Constants ky = 200 s™!, k; = 158 s71, ky = 54 571, and k3 = 18 s L.

concentrations not higher than 4-107% mol L~!, the
Avl - Av2 (1 : 1) nitrogenase complex functions. The
slow process (0.1 s7! < k < 2.0-102 s7! at 20 °C) of
nitrogenase dissociation to the Avl and Av2 compo-
nents was not observed. It has been found that the
reduction of Av2 in a complex with Avl has the same
efficiency as that in the free state in a solution10—13: the
rate constant of a second order for the reduction of Av2
in the nitrogenase composition (in a complex with Av1l)
with the eosin—NADH photodonor is equal to 1.12 - 107
mol~! L s7!, and that with the DBF—NADH photodonor
is 1.2+ 108 mol™! L s,

The main specific feature should be taken into ac-
count when considering results of studies of the kinetics
of electron transfer in nitrogenase: the latter is an
enzyme that performs energy coupling in which "one
chemical transformation with a decrease in the free
energy can provide the occurrence of another chemical
transformation accompanied by an increase in the free
energy." 30 Despite various biological systems of energy
transformation (the system of oxidative phosphoryla-
tion, the actin—myosin complex, nitrogenase) have dif-
ferent structures and perform different biological func-
tions, the main regularities of ATP hydrolysis in
H*-ATPase, myosin, and nitrogenase are similar.3! These
ATPases hydrolyze ATP at the phosphoanhydride O—P,
bond. They catalyze direct and intermediate [!80] ex-
change (see further). In a medium containing !30-labeled
P; or water, the isotope exchange of oxygen occurs,
which can be reduced to the enrichment (in the case of
labeled water and nonlabeled P;) or depletion (in the
case of labeled P; nonlabeled water) of P; in the 180
isotope. For standard hydrolysis, only one oxygen atom
in the molecule of eliminating P; is replaced by !80.
During the hydrolysis of ATP by ATPases, !80
(2—4 180 atoms) is additionally inserted into the elimi-

nating P;. The 180-exchange reaction that occurs at the
intermediate stage of ATP hydrolysis was named "inter-
mediate 80 exchange." ATPases also catalyze the "di-
rect 180 exchange" or "exchange with the medium,"
which occurs with free P; or after its elimination from
ATP or with P; added to the medium in the absence of
ATP (see review3!l). The stage of the hydrolytic cleavage
of ATP is reversible. As a rule, the stage determining the
rate of MgATP hydrolysis is the stage of MgADP libera-
tion to the medium. These ATPases have at least two
regions of MgATP binding, between which the coopera-
tive interaction appears. The polarity of the environ-
ment of the catalytic center changes at the "coupling
stage" (see below): the hydrophilic-hydrophobic transi-
tion is observed due to the change in the local confor-
mation. The ATPases considered have similar sets of
functional groups in the active site, etc. The authors of
the mentioned review cite the works in studying the
interaction of MgATP and MgADP with nitrogenase.
The most completely studied3? sequence of stages of
ATP hydrolysis by myosin (E) is presented in Scheme 3.
In all cases of the successive complicated enzymatic
reaction of ATP hydrolysis (Scheme 3), the storage of
energy as a strained protein conformation occurs at
stages 1—3. The maximum changes in the standard free
energies AF° occur at the stage of the addition of ATP
to myosin (—51.8 kJ mol™!), and the minimum changes
occur at stage 3 (—5.4 to —11.7 kJ mol™!). Thus, the
stage of the O—P bond cleavage is reversible. The
elimination of the products (ADP, P;) requires energy
expenditure (+21.3 kJ mol~!).33 The rate-limiting stage
is the isolation of the ATP hydrolysis products into the
medium: sometimes P; but, in most cases, as in myosin
in the presence of actin, this is the reaction of the two-
stage elimination of MgADP (Scheme 3, stages 6 and 7).
The conformation of the MgADP-containing enzyme is
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Scheme 3
ATP H,0
E L-k;;‘ E-ATP% E*-ATP % E**-ADP-P,
ADP
8 4.
E-ADP -k;‘e— E* - ADP === E*-ADP-P,
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1

Note. The conformationally changed states of myosin are marked
by asterisk. Equilibrium constants: K; = 4.5 103 mol™! L,
Ky>2-10% K3=9.0, Ks=7.3-103 mol L™!, K, =3.5-1073,
K; =2.7-107% mol L. K,;; = 7.5-10° mol L™!. Rate con-
stants of direct reactions (s™1): ky = 400, k3 = 160, ks = 0.06
(in the presence of actin, 20), kg = 1.4.

slowly transformed into the conformation correspond-
ing to the initial enzyme followed by the stage of the
fast liberation of MgADP to the medium (stage 7).
Energy transformation in myosin is based on the revolu-
tion of conformational changes accompanying ATP bind-
ing and cleavage.3? This process occurs at the so-called
"coupling” stage 4 (Scheme 3). In the systems of energy
transformation in a complex with MgATP and MgADP,
the active site is shielded from the medium, and the
ATP hydrolysis, which occurs at several stages, is coupled
with reactions at stage 4 (they are not shown in
Scheme 3) to which the coupling is directed: electron
transfer in nitrogenase, mechanical work in actomyosin,
etc. In nitrogenase this fruitful "work" of the ATP
functioning should be the formation of (*FeMoco)!™.
This can be one or several elementary steps at which
FeMoco in Avl is prepared for the accepting of an
electron from Av2. Above we presented the data that the
reduction of Av2 is accompanied by substantial confor-
mational rearrangements,2 and the redox potential of
Av2 changes when Av2 binds with MgATP or MgADP.3
Perhaps, processes associated with protonation,34-35 due
to which the acceptor properties of FeMoco can en-
hance, occur. In these processes, MgADP should re-
main "bound" on the enzyme for the time necessary for
the formation of (*FeMoco)!~. Indeed, it is known36
that the rate of MgADP elimination from the nitroge-
nase molecule even at the stage of transfer of the first
electron is low: the first MgADP molecule separates
from nitrogenase with k. < 0.2 s7!, and the second
molecule does with k. > 0.6 s™L. It is known from data
on various ATPases that the rate of MgADP elimination
can increase in the presence of MgATP.31 It is most
likely that, in the presence of MgATP, the rate constant
of the separation of MgADP from nitrogenase becomes
equal to the rate-limiting stage. After (*FeMoco)!™ was
formed, the conformation of nitrogenase have to be-
come the same as in the initial state.

It has been established in 1995 that P; is liberated
after the intramolecular electron transfer during ATP
hydrolysis by nitrogenase.3? In this connection, the fact

of energy coupling in nitrogenase was called into ques-
tion.37 However, the reactions considered must occur
actually in this sequence if we take into account that in
the systems of energy coupling, to which nitrogenase
belongs, the ATP hydrolysis products, ADP and P;, are
liberated to the solution after the "coupling”" stage 4
(Scheme 3) at which, in the case of nitrogenase, the
intramolecular electron transfer should occur.

The energy profile of the transfer of one electron in
nitrogenase is presented in Fig. 1. It is seen that the
electron transition occurs against the redox potential
due to the use of the energy of ATP hydrolysis, as
discussed above, to form the "super-reduced” FeMoco:
(*FeMoco)!~. The E,, values are presented for the
process of the one-clectron reduction of Av2 (in a
complex with MgATP) and the P and FeMoco clusters
in Avl with dithionite. The (*FeMoco)!™ potential can
be estimated. Taking into account that two ATP mol-
ecules are hydrolyzed per each transferred electron and
AF° of the hydrolysis of one ATP molecule is
—30.5 kJ mol™! at 25 °C (pH 7.0), we can estimate
that for the transfer of one electron E,, for the
FeMocoN === (*FeMoco)!~ transition in Avl can
reach —0.67 V (—0.042 V + (—0.63 V)). In biological
systems of energy transformation, the efficiency of ATP
hydrolysis can reach 85%.31 Assume that in nitrogenase
the efficiency of ATP hydrolysis is not lower than 85%,
then for the transition indicated E,, is ca.—0.6 V. If after
the transfer of the first electron from Av2 to Avl the
electron is not further transferred to the substrate,!! the
subsequent transfer of the second electron in the process
coupled with the hydrolysis of two MgATP molecules
gives the "super-reduced" state of FeMoco: (*FeMoco)2™.
The transfer of the second electron is not shown
in Fig. 1. Published data on the E, value for
the (*FeMoco)!™ === (*FeMoco)?~ transition are
lacking. According to the calculation as that for
(*FeMoco)!~, we can obtain E,, =~ —1 V for the latter
transition.

The estimation of Ej, for the one-electron redox
transition of FeMoco described in this work (—0.6 V) is
likely correct. This conclusion is confirmed by pub-
lished data.38 In the case of Av2 specially changed by
site-specific mutagenesis (deletion by Leul27 : L127A),
E,, for the [4Fe—4S]?* === [4Fe—4S]'* transition
in the Avl complex with Av2 becomes equal to
—0.62 V.38 One electron can be transferred from Av2 to
Av1l without MgATP but with a lower rate than in the
presence of MgATP. The second electron is not trans-
ferred without MgATP. In this case, the electron trans-
fer cannot occur against the redox potential. Therefore,
E, for the FeMocoN === (*FeMoco)!~ transition
cannot be lower than —0.6 V.

As follows from the presented material, despite con-
siderable progress in studying the structure and redox
properties of nitrogenase clusters, substantial problems
remain in understanding of the mechanism of nitroge-
nase functioning. The main question: how does the
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accumulation of eight electrons occur for nitrogen re-
duction on FeMoco and what is the role of the P
clusters in this process? It is unclear whether PN can
accept electron(s) or not. Whether the capability of the
P cluster of having 3 oxidation states (P!*, P2+, P3*)
allows the accumulation of electrons on it for subse-
quent nitrogen reduction? Why only one P2t === P!+
transition is pH-dependent8? Since the natural donor
flavodoxin transfers two electrons to Av2, does this
imply that electrons are transferred from Av2 to Avl in
pairs or successively one after another, as it has been
shown when the photodonor was used!1?

The authors thank A. E. Shilov for helpful dis-
cussion.
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