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The iron-molybdenum cofactor (FeMo-co) of bacterial nitrogenase is a heterometallic cluster
of composition MoFe7S 9 that is attached to the apoprotein by a coordinative Mo-N bond to
the imidazole group of hisa 442, and by a Fe-S bond to cysa.215. The molybdenum atom of
FeMo-co in the enzyme in addition is coordinated to one molecule of homocitrate (he), which
is required for maximal N 2 reducing activity. The molybdenum atom in the enzyme-bound
FeMo-co thus is hexacoordinated and cannot react with substrates unless free coordination
sites are made available. It is proposed that the reactions of the substrates o f nitrogenase
occur at a molybdenum active site consisting of a mononuclear molybdenum homocitrate
complex attached to hisaAA2 of the apoprotein that in the functional enzyme is generated
from FeMo-co by a reversible, redox-linked dissociation of the Fe7S9-c;y5' cluster. Studies with
catalytic model systems consisting of complexes of molybdenum with imidazole and hydroxocarboxylate ligands support this proposal and provide a rationale for the specific activating
effect of homocitrate in nitrogenase.

Introduction
In previous papers of this Series, the reductions of
the substrates of the molybdenum-dependent bac
terial nitrogenases were shown to be characteristic
of reactions catalyzed by mononuclear molybde
num complexes [1,2]. The binding and reduction of
the substrates of nitrogenase thus were proposed to
occur at a molybdenum active site, with enzymic
iron-sulfur cluster components acting as electron
transfer catalysts [3]. The molybdenum ion at the
active site, furthermore, was suggested to be at
tached to either a cysteine-S-residue (cys) or a histi
dine imidazole group (his) of the apoprotein [4] and
located in a locally acidic environment [5]. The Xray crystallographic analyses of the MoFe-proteins
from Azotobacter vinelandii [6] and from Clostrid
ium pasteurianum [7] have since established that
the molybdenum ion of the FeMo cofactor consists
of a heterometallic cluster of composition MoFe7 S9
which is attached to the imidazole group of hisaAAl
by a Mo-N bond, and to cysa275 by an Fe-S bond
of the apoprotein. The cofactor furthermore was
found to contain homocitric acid coordinated to the

molybdenum atom in a bidentate fashion. Due to
the additional presence of three coordinative MoS bonds to the Fe7S9 moiety, the molybdenum ion
is hexacoordinated and is as such unavailable for
interactions with any substrate. Accordingly, in vir
tually all subsequent structure-based proposals of
nitrogenase action, the iron atoms of the MoFe7S9
cluster were considered to be the primary centers
of catalytic activity [8 - 14], and only a few authors
[15] cautioned that, despite its hexacoordination,
molybdenum could still be the site of N 2 binding
and reduction.
Molybdenum was also assumed to be the site
of substrate binding and reduction in more recent
papers [16]. In these, the problem of the hexaco
ordinated molybdenum was addressed by assuming
that the Mo-O bond to the homocitrate carboxy
late group is cleaved under turning-over conditions.
Since the FeMo cofactor is reduced and structurally
altered in the actively turning over nitrogenase [17],
we proposed [18] that the FeMo cofactor is acti
vated in functional nitrogenase holoenzyme by a re
versible redox-linked cleavage, separating the Fe/Scluster from the Mo-homocitrate complex. The re-
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Fig. 1. Structural representation of the proposed reversible
redox-linked cleavage of the FeMo-cofactor in functional
nitrogenase holoenzyme.

action may be formulated according to eq. (1),
his-(hc)MoFejSg-cys + ne~

(1)

—►his-( hc)Mored + [Fe7S9-cy5]

wherein his-(hc)Mored denotes the substrate-reduc
ing molybdenum site in its active reduced (Mo+4)
form. Eq. (1) is written in a truncated form and does
not include the solvent, cofactors and enzyme pro
teins required for the reaction to occur. As to the
number (n) of electrons required in reaction eq. (1),
n is 1, assuming the Mo ion in FeMo-co to be in the
+5 oxidation state. A structural representation of re
action eq. (1) is shown in Fig. 1. The assumed cleav
age resembles previously described [19] redoxmediated reactions of related heterometallic partialcubane iron-sulfur clusters. It could occur spon
taneously, although it is likely to be assisted by
conformational changes of the apoprotein. Reaction
eq. (1) is supported by quantum-mechanical calcu
lations, which indicate that in reduced derivatives of
the MoFe-cofactor, the Mo-S bonds are weakened,

while the Fe-S bonds are compressed [20]. The re
duction of the nitrogenase substrates thus could be
assumed to occur at the mononuclear molybdenum
active site, his-{hc)Mored, which would be converted
into its oxidized form, his-(hc)Moox, in the pro
cess. In the actively turning-over enzyme, FeMo-co
could be regenerated through reaction with the re
duced FevSg-cys cluster. In the reduction of some
substrates, repeated association-dissociation events
of the Mo-site with the Fe/S cluster molecules could
occur to allow the transfer of the required additional
electrons to the substrates. As is true for all substrate
reactions of nitrogenase, electrons and protons are
transferred to the substrate, which requires the ac
tive site to be in a hydrophilic environment. A key
test of this mechanistic proposal would now be to
show that molybdenum complexes of homocitrate
catalyze the reduction of nitrogenase substrates in
the absence of Fe/S cluster compounds. Accord
ingly, we investigated the reduction of C2 H 2 , of pro
tons, and of N 2 with molybdenum complexes form
ing spontaneously in solutions of sodium molyb
date with homocitrate and substituted imidazoles
with NaBFU as the reducing agent. Reaction solu
tions typically consisted of equimolar mixtures of
Na2 MoC>4 (1), homocitrate (2), and N-methylimid
azole, nmi (3). The latter was chosen to simulate
the monodentate attachment of the Mo-homocitrate
moiety to the imidazole group of hisaAA2 of the
apoprotein. In addition, we investigated the effects
of replacing he in these systems with other hydroxycarboxylic acids. Complexes of oxomolybdate(VI)
of most of the acids studied have previously been
characterized in solution and/or were isolated in
form of their alkali metal salts [21]. Moreover, the
crystal structure of a citratomolybdate(VI) com
plex of composition Na4K2[(Mo02)20(cit)2]-5H20
has been determined, revealing citrate to be tridentate [22], Where possible, observed relative rates of
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Reaction time [minutes]

Fig. 2. Time-yield plot of the formation of C 2H4 (•) and
C 2H 6 (o) in the reduction of C 2H 2 in the Mo0 4 ~Vnmi/hc
system. For experimental conditions see legend of Ta
ble 1.

substrate reduction with the model catalysts were
compared with those observed with MoFe protein
in vitro. On the basis of these results, a rationale for
the homocitrate requirement of nitrogenase will be
presented.

Results
C2 H 2 Reduction. The catalytic reduction of C2 H2
is initiated without an induction period upon the ad
dition of NaBH 4 to solutions containing equimolar
amounts of MoO,*-2 , nmi and he, yielding mainly
C2 H4 and small amounts of C 2 H6 (Fig. 2). The for
mation of C 2 H4 , but not of C 2 H 6 , is significantly
stimulated by ATP and inhibited by N 2 (Table 1).
Table 1 shows that he is required for catalytic activ
ity, nmi to keep the system homogeneous under the
reaction conditions. The system reduces C 2 H 2 un
til the NaBFU is consumed with no apparent loss of
catalytic activity and at approximately five times the
rate of the previously investigated Mo 0 4 ~ 2 /c)tf sys
tem [18]. Under the experimental conditions cho
sen, turnover numbers (in moles of C2 H 2 reduced
per mole of Mo per min) approached 0.15 in the ab
sence, 0.30 in the presence of ATP. These turnover
numbers correspond to 0 . 1 - 0 .2 % of the enzymatic
rate, but do not represent the maximally attain
able values. The composition of the catalytically
active complex(es) in the Mo 0 4 ~ 2/nmi/hc system
was determined by applying the “Catalytic Contin
uous Variation”(CCV)-method [1,3]. The results in
Fig. 3 are consistent with the reduction of C 2 H2 to

Mol-% Mo I Mol-% Homocitrate

Fig. 3. Catalytic Continuous Variation (CCV-) Plot for the
system Mo0 4 -2 , nmi, he with C 2H 2 as the substrate and
NaBH4 as the reducing agent. The Mo 0 4 _2:nmi ratio was
fixed at 1:1, the hc:MoC>4 _2 ratio was varied). Yields of
C 2H4 and C 2H 6 were determined after 1 h of reaction at
25 °C.

C2 H4 by a mononuclear species containing Mo, he
and nmi at the molar ratio of 1:1:1. The reduction of
C2 H2 to C2 H6 is catalyzed by a binuclear Mo com
plex, as was observed in other Mo-based catalytic
systems [1, 3, 23].
It may be seen from the results in Table 1 that
the molybdenum complexes of homocitrate exhib
ited the highest catalytic activity. The replacement
of nmi by other heterocyclic nitrogen bases had
comparatively minor effects on catalytic activity
and selectivity. However, whereas the systems with
imidazole-type ligands remained homogeneous, the
system with weakly coordinating pyridine became
heterogeneous during catalysis. The system became
heterogeneous in the absence of added heterocyclic
bases, but remained catalytically active. Conversely,
the omission of homocitrate resulted in a homoge
neous system devoid of catalytic activity. Substitut
ing other hydroxycarboxylic acids for homocitrate
lowered catalytic activity, the observed sequence of
declining activity with respect to C2 H4 formation
was homocitrate > tartrate > citrate > glycolate >
lactate > isocitrate > malate.
Catalytic selectivity as defined by the C2 H4 /C 2 H 6
ratio declined in the sequence homocitrate > citrate
> glycolate > lactate > tartrate > malate > isoc
itrate. All systems remained homogeneous during
C2 H2 reduction, except those with lactate, glyco
late and malate, which became heterogeneous after
about 20 min of reaction. Specifically, the molybde-
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No. System

C 2H4/C 2H6
tmin Yields of
Remarksb
ratio
C 2H4 and C 2H 6
absolute [^mol]

1

5
10
16
20
60
90
10
5
5
5
20
20
20
20
20
20
20
20
20
20
20
20
60
60
60

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

M 0 O4' 2, + nmi, he, 1:1:1

1, + ATP
M 0 O4 " 2
3, + nmi, 1:1
3, + he, 1:1
3, + nmi, 1:1
6, + citric acid, 1:1
6, + D,L-malic acid, 1:1
6, + D,L-isocitric acid
6, + tartaric acid
6, + glycolic
6, + lactic acid
5, + benzimidazole 1:1
5, + pyrazine, 1:1
5, + pyridine, 1:1
5, + imidazole, 1:1
5, + 5-OH-quinols.c
1 A r(l atm.)d
1 N2 (1 atm.)d
1 N2 (2 atm.)d

100-

Homocitric

Citric

9.3/3.9
17.0/7.5
28.1/11.2
33.0/13.0
57.1/22.0
66.4/24.5
32.0/5.7
0.23/0.42
0.09/0.016
7.8/2.1
0.99/0.18
11.2/5.4
5.9/2.6
8.0/7.0
20.5/23.4
10.6/8.3
9.6/8.0
32.7/13.9
19.5/13.2
15.5/7.3
12.0/5.4
11.1/9.9
18.2/5.1 (nmols)
13.2/3.2 ( - " - )
11.2/4.2 ( - " - )

J

C2H4, enzymatic

^

C2H4, nonenzymatic

Malic

Isocitric

Acids added

Fig. 4. Relative rates of C2H2 reduction to C2H4 observed
in the Mo0 4 ~2/nmi/hc system and with the MoFe-protein
activated in vitro in the presence of homocitric, citric,
malic and isocitric acid, and in the absence of acid. Ex
perimental conditions for the model experiment as given
in the legend of Table 1, in vitro enzymatic relative rates
for the MoFe-protein calculated from published [24] data.

num complex of citrate reduced C 2 H2 to C2 H4 with
only 30% efficiency and increased C 2 H6 production
by about 2 0 %, compared to the corresponding com

2.38
2.26
2.50
2.54
2.59
2.71
5.61
0.55
5.63
3.71
5.50
2.08
0.86
0.78
1.14
1.28
1.20
2.35
1.48
2.12
2.22
1.12
3.56
4.13
2.66

hom
II
II
ll
ll
II
het
hom
het
ll
hom
het
hom
ll
het
ll
hom
II
slightly het
hom
ll
ll
ll
ll
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Table 1. Yields of C 2H4 and
C 2H 6 from C 2H 2 in various sys
tems under different experimen
tal conditions3.
3 The experiments were per
formed in reaction bottles of
38 ml capacity with rubber seals
into which measured amounts
of pH 9.6 borate buffered solu
tions (0.1 M) of e. g. Na2MoC>4,
nmi and he were added, at mo
lar ratios indicated. Reaction so
lutions contained 14.2 //mol of
M 0 O4 " 2 and the other additives
at the molar ratios indicated in
pH 9.6 borate buffer (0.05 M) in
a total volume of 2 ml. [C2H 2]
at t = 0, 223 /immol (5 ccm
gaseous C 2H2 at 1 atm.). The
concentration of NaBR* at t = 0
was 7 mmol.
b hom = solutions remain homo
geneous; het = solutions become
heterogeneous.
c 5-OH-quinols. is 5-hydroxyquinoline sulfonate.
d p C 2H 2 (initial), 0.01 atm.

plex of homocitrate. Replacement of homocitrate by
tartrate produced an active system, but more than
doubled C2 H6 production relative to homocitrate.
Where possible, observed [24] enzymatic relative
rates of C2 H 2 reduction with FeMo-co modified by
different acids were compared with those observed
in the model system. The results are given graphi
cally in Fig. 4.
Hydrogen evolution. The H2 evolution from
NaBFL* is known [1] to be accelerated by Mocomplexes and was also found to be accelerated
in the Mo 0 4 _2/nmi/hc system. The replacement of
he by other acids affected the H 2 evolution, the ob
served sequence of declining H 2 evolution after 40
min of reaction was he > tartrate > isocitrate > cit
rate > malate > lactate (glycolate was not measured).
Fig. 5 compares the relative rates of H2 evolution in
the Mo 0 4 -2/nmi/hc system when he is replaced by
other carboxylic acids with the rates of H 2 evolu
tion observed with the FeMo protein modified by the
same carboxylic acids [22]. Table 2 also reveals that
the H 2 evolution from solutions of MoC>4 ~2, nmi,
and he after the addition of NaBH4 is stimulated by
N 2 in the gas phase, an effect which in studies was
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Table 2. H2 Evolution under various experimental condi
tions a.
No. System

Ar (N2) 0
5
11
16
22
40
60
Ar
40
Mo04~2, nmi, 1:1
II
2, + he, 1:1
40
II
2, + citric acid, 1:1
40
II
40
2, + tartaric acid, 1:1
II
2, + malic acid, 1:1
40
II
2, + D,L-isocitric
40
acid, 1:1
II
2, + lactic acid, 1:1
40

1 M0O4 2, nmi,
he, 1:1:1

Homocitric

Citric

Malic

Isocitric

none

Acids added

Fig. 5. Relative hydrogen producing activity in the
M o04~2/nmi/hc system and with the MoFe-protein ac
tivated in vitro in the presence and absence of acids. Ex
perimental conditions as given in the legend of Table 2,
relative H2 producing activity for the MoFe-protein in
vitro, as calculated from data published in [24],

shown to be due to the intermediate formation of
diazene, N 2 H 2 , and its subsequent base-catalyzed
decomposition into N 2 and H 2 [25 - 27].
Nitrogen reduction. The reduction of N 2 in the
Mo 0 4 ~ 2/nmi/hc system was demonstrated in exper
iments with 30N 2 -enriched N 2 as the substrate with
NaBH 4 as the reducing agent in pH 9.6 buffered
solutions. No attempt was made to optimize the
reaction conditions to maximize the yields of N 2
reduction products. Table 3 shows that N 2 H4 and

2
3
4
5
6
7
8

Gas tmin H2 evolved, ccm,
phase
20 °C, 760 Torr
0.0
5.2
11.5
14.5
17.5
23.0
25.0
5.0
23.0
17.5
20.5
10.5
19.0

(0.0)
(5.5)
(13.4)
(17.0)
(19.2)
(23.5)
(25.0)

7.0

a Reaction solutions contained 14.2 /imol of M0O4 2
and the other additives at the molar ratios indicated in
pH 9.6 borate buffer (0.05 F) in a total volume of 2 ml.
The experiments were conducted in reaction bottles of
38 ml capacity with rubber seals into which gas-pressure
relieve syringes of 50 ml capacity were inserted. The
initial gaseous volume was 36 ml, volume increments
were measured at time points indicated after injection of
0.5 ml of a freshly prepared, 1.45 M solution of NaBH4,
corresponding to a [NaBH*] at t = 0 of 7 mmol.

NH 3 increase with increasing pressure of N 2 and in
the presence of ATP and that homocitrate as the acid
component produced the highest yields of reduced
nitrogen products. The relative N 2 reducing activity
as a function of the hydroxycarboxylic acids stud
ied declined in the sequence he > citrate > isocitrate
> malate, similarly to the sequence of relative N 2
reducing activity observed [24] with FeMo-protein
in vitro (see Fig. 6 ).

Discussion

Homocitric

Citric

Malic

Isocitric

none

Acids added

Fig. 6. Relative nitrogen reducing activity in the
Mo0 4 _ 2/nmi/hc system and the MoFe-protein activated
in vitro in the presence and absence of acids. Experimen
tal conditions as given in the legend of Table 3, relative
N2 reducing activity for the MoFe-protein in vitro as cal
culated from data published in [24].

The present study demonstrates that complexes
of molybdenum with the same or similar ligands
as present in the FeMo-cofactor of nitrogenase cat
alyze the reduction of C 2 H 2 , of protons and of N 2
in homogeneous solution in the absence of Fe/S
cluster complexes. Catalytic activity was the high
est with homocitrate as the ligand; the replacement
of homocitrate by the anions of other hydroxycar
boxylic acids lowered the catalytic activity in a
manner closely resembling the observed [2 2 ] en
zymatic rates. Of particular interest in this con-
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Table 3. N 2 Reduction under various experimental condi
tions a.
No. System
components
1
2
3
4
5
6
7
8

Molar pN2 Yields /^equivb
ratios init., atm. N 2H 2 n h 3

1:1:1
M o0 4~2, nmi, he
1
1
1
1
1 + ATP
M0O4-2, nmi, citrate 1:1:1
ll
M0O4"2, nmi,
isocitrate
9 M o0 4~2, nmi, malate ll
1:1
10 M0O4 , nmi

0 (Ar) 0.00
0.15 0.36
0.30 0.77
0.60 1.80
1.00 3.25
II
7.45
II
0.081
“ " " 0.016
ll
ll

0.00

0.31
0.62
1.55
1.75
2.40
0.04
0.02c

0.015 0.02°
0.010c 0 .01c

a The experiments were performed in reaction bottles of
38 ml capacity with rubber seals into which measured
amounts of pH 9.6 borate buffered solutions (0.1 M) of
e.g. Na2MoC>4, nmi and he were added, at molar ra
tios indicated. Reaction solutions contained 14.2 ^xmol
of M 0 O4 2 and the other additives at the molar ratios
indicated in pH 9.6 borate buffer (0.05 F) in a total vol
ume of 2 ml. The concentration of N aBH 4 at t = 0 was
7 mmol. Experiments were performed with 20% 30N 2 en
riched N 2 as the substrate at the initial pressures indicated,
yields were measured after 20 min of reaction at 20 °C.
b N 2H 2 denotes the yields of reduced nitrogen products
that could either be N 2H 2 or N 2H 4 , as calculated from ob
served mass peaks of 30N 2 after hypobromite oxidation.
c Probably background.

text is the effect of replacing homocitric by citric
acid: why should such a small structural difference
so profoundly lower catalytic activity? From the
available X-ray crystallographic evidence [6 ,7 ,2 2 ],
structures 4 and 5 may be deduced for the homo
citrate- and citrate coordinated catalytic molybde
num species in their active reduced Mo(IV) forms
as depicted.
If it is assumed that homocitrate in 4 remains
bidentate during catalysis, its Mo ion would have
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three coordination sites available for interactions
with substrates and inhibitors, while in 5, assum
ing that citrate remains tridentate, only two coor
dination sites would be available. The loss of one
coordination site should adversely affect substrate
access in 5 as compared to 4, render the molybde
num ion more difficult to reduce and thus diminish
its catalytic activity. In the citrate-modified MoFe
protein, the loss of the coordination site furthermore
could explain the observed inhibition of the proton
reducing activity by CO.
Whereas the replacement of homocitrate by cit
rate lowers the in vitro C 2 H2 reducing activity of
MoFe protein only to 47%, N 2 reducing activity is
lowered to 7%. In the model system, the correspond
ing C 2 H2 and N 2 reducing activities are lowered to
34 and 2.5%, respectively (see Tables 1 and 3). We
attribute this to the fact that C2 H2 is directly re
duced to C2 H4, a stable end-product, while N 2 is
initially reduced to the short-lived, unstable N 2 H 2
which either disproportionates into N 2 and N 2 H4 or
decomposes into N 2 and H 2 , as was shown in studies
with several protic N 2 reducing systems [25 - 28].
To favor its disproportionation over its decompo
sition, N 2 H2 must be generated at high stationary
concentrations. Accordingly, any diminution of the
electron transfer efficiency in a given ^-reducing
system will greatly diminish the yields of N 2 H4
and ultimately those of NH 3 . Homocitrate, for rea
sons outlined above, evidently maximizes electron
transfer efficiency without blocking molybdenum
coordination sites required for the interactions with
the substrates.
Experimental Section

Reagents and chemicals. Sodium molybdate,
Na2MoC>4 • 2 H 2O was analytical grade (Baker Ana
lyzed Reagent) and was used without further purifica
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tion. Sodium borohydride, from Alfa Ventron, was an
alytical grade. Borate buffer (0.1 M, pH 9.6) was pre
pared from ultrapure H 3BO 3 and NaOH, also obtained
from Alfa Ventron. Acetylene (Matheson) was washed
with concentrated H 2SO4 ; argon (99.995%) and nitro
gen (99.999%), both from National Cylinder Gas, were
used straight from the tank. All organic compounds were
commercially available and used as received; the stock
solutions of N-methyl imidazole and of the organic acids
were always freshly prepared.
Standard gas chromatographic technique. Hydrocar
bons were measured by GLC using a Varian 1440 Aero
graph laboratory gas chromatograph equipped with a 6 ft
phenylisocyanate-Porasil C, 80 - 100 mesh column, us
ing FID detection. The identity of the individual gases
was confirmed by measurements of the retention times at
several operating temperatures, by co-injection and massspectrometry.
Standard acetylene reduction technique. The experi
ments were performed in reaction bottles of 38 ml capac
ity with rubber seals (from Pierce Chemical Co., Rock
ford, 111.) into which measured amounts of pH 9.6, borate
buffered solutions (0.1 M) of e.g. Na 2MoC>4, N-methyl
imidazole and homocitric acids were added at the molar
ratios indicated in the legends to Tables 1 -3 . The bottles

were flushed with argon gas (or, where indicated, with
nitrogen gas) at 1 atm, and 5 cnr of C 2H 2 at 1 atm was
injected by means of a syringe. At t = 0, 0.5 ml of a
freshly prepared 1.45 M solution of NaBH 4 was injected.
For hydrogen yield measurements, gas-pressure relieve
syringes of 50 ml capacity were inserted into the rubber
serum seals to reduce the inside pressure to 1 atm, at
which the gas samples were withdrawn for hydrocarbon
analysis by GLC.
Hydrogen yield measurements. The yields of hydrogen
were determined by inserting calibrated gas-pressure re
lieve syringes into the rubber serum seals of the 38 ml
reaction flasks, the volume increments were recorded at
the time points indicated in Table 2.
Nitrogen reduction experiments. The experiments were
performed as described for acetylene except that the bot
tles were filled with N 2 enriched with 20 % 30N 2 either
at 1 atm or the partial pressures indicated. Prior to hypobromite oxidation, residual substrate nitrogen was re
moved by bubbling a stream of argon through the reac
tion solutions. Sample workup was performed using the
method of Robinson and Moorehead [29], which does not
require the use of a high vacuum apparatus. The yields
of 29N 2 were corrected for natural abundance as usual,
assuming the percentage to be 0.74.
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