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Abstract 

An alternative method has been developed for the 
isolation of both the iron molybdenum cofactor of 
nitrogenase (FeMoco), a small molecular weight 
Fe-MO-S cluster which is the putative nitrogen- 
reducing site of the enzyme, and bacterioferritin, 
an iron storage protein similar to other ferritins, but 
containing heme prosthetic groups. Previously the 
isolation of these two species, the characterization 
of which is of significant current interest, has been 
dependent on the purification of the nitrogenase 
enzyme from Azofobacter vinelandii. Our new 
procedure eliminates the use of the anaerobic column 
chromatography necessary to obtain pure nitrogenase 
components, involving instead the heat and RNAase/ 
DNAase treatment of crude extracts of ruptured cells 
followed by sedimentation (150 000 X g for 18 h) 
of both the ‘nitrogenase complex’ and bacteriofer- 
ritin. The redissolved pellet from this centrifugation 
yields the pure crystalline bacterioferritin on addition 
of Mg2+ and cooling, the iron content of the protein 
being higher by this method than in previous reports. 
Likewise, denaturation by acid/base treatment of 
this protein mixture yields a precipitate which can 
be extracted with either IV-methylformamide or 
NJ-dimethylformamide containing dithionite ion 
to yield solutions of FeMoco, as evidenced by UW 
45 reconstitution and EPR spectral criteria. Unfor- 
tunately, preparations of FeMoco obtained by this 
method have a variable, but consistently low, Fe/MO 
ratio and additional visible spectral features, in- 
dicating that they are significantly less pure than 
that those generated from purified nitrogenase. 
The aqueous supernatant from the denaturation 
also yields bacterioferritin, but with a lower iron 
content than that from the direct crystallization 
method. 

commonly-exploited source of a variety of metallo- 
proteins. These entities include an unusual 3-Fe 
ferredoxin [l ] which has been the subject of much 
recent interest, two 2-Fe ferredoxins discovered 
some years ago by Beinert et al. [2], and, perhaps 
most importantly, the nitrogenase enzyme system 
[3,4]. A. vinehdii contains an unusually high 
content of nitrogenase, an enzyme which has been 
shown by intensive study over the past 20 years to 
consist of two component proteins, both of which 
are necessary for activity. One of these components, 
the molybdenum iron protein ([MoFe]) contains, 
in addition to a number of iron-sulfur moieties, a 
biologically-unique iron-molybdenum-sulfur cluster 
which has been implicated [5] as the substrate- 
reducing site of the enzyme. As initially shown by 
Shah and Brill [6], under the proper conditions this 
Fe-MO-S core, designated the iron molybdenum 
cofactor of nitrogenase (FeMoco), can be extracted 
in intact form from the protein into organic solvents 
where it has been the subject of extensive physico- 
chemical characterization [3,4], although its exact 
structure has remained elusive. In addition, Azoto- 
batter vinelandii contains an unusual bacterial ferritin 
(bacterioferritin) which was first isolated in 1973 by 
Bulen and coworkers [7] as a by-product of nitro- 
genase purification, and which more recently has 
come under intensive study in our laboratory [7,8] 
with regard to a comparison of its composition and 
properties [9] with those of the more-common 
mammalian ferritins [lo]. 

Introduction 

Our requirement for relatively large quantities 
of both FeMoco and A. vinelandii bacterioferritin 
to facilitate further chemical and biochemical studies 
of these species has prompted us to develop a modi- 
fied procedure for their isolation. This methodology, 
which excludes the need for the rather time- 
consuming anaerobic column chromatography in- 
volved in the purification of the nitrogenase com- 
ponents, is described herein along with characteriza- 
tion data for the two isolated species. 

Azotobacter vinelandii, a bacterium easily grown 
in large quantities under aerobic conditions, is a 

Experimental 

*Authors to whom correspondence should be addressed. 

Azotobacter vinelandii OP was grown and har- 
vested as previously described by Bulen and LeComte 
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[l I]. For our procedures, no difference was noted 
between fresh cells and those which had been stored 
for up to 4 months at -80 “C. The total iron and 
molybdenum contents of FeMoco and the iron and 
phosphate content of bacterioferritin were deter- 
mined by literature methods [ 11, 121. For FeMoco 
preparations from ‘redissolved pellet’ (vide in@) 
the actual MO associated with FeMoco was estimated 
from the electronic spectra of thiomolybdates elicited 
by oxidative decomposition using the previously 
described method [13]. EPR measurements at 
liquid helium temperatures [14], the preparation of 
tetraethylammonium dithionite ([NEt,]s [S,O,]) 
[15] and the purification of N-methylformamide 
(NMF) and NJ-dimethylformamide (DMF) for 
FeMoco extraction [ lSa] were carried out as pre- 
viously described. Uv-Vis spectra were recorded on 
a Cary 118C spectrophotometer. Anaerobic chroma- 
tography on both DEAE and Sephachryl and nitro- 
genase activity determinations were carried out by 
the literature [12] methods, as was the growth of 
the UW 45 mutant of A. vinelandii [ 121. FeMoco 
solutions were assayed by the published method 
[6] for their effectiveness at reconstituting the 
ability of UW 45 crude extracts to catalyze the 
reduction of acetylene by sodium dithionite. Pure 
[MoFe], [Fe], and FeMoco used in control experi- 
ments and assays were prepared by the method of 
Burgess et al. [ 121. 

Sedimentation of A. vinelandii Bacterioferritin 
and Nitrogenase 

Whole cells of A. vinelundii (600 g wet weight) 
were suspended in pH 8 tris buffer (600 ml) and 
ruptured by passage (2 times) through the modified 
Manton-Gaulin Homogenizer described by Bulen and 
LeComte [ll]. The ruptured cell suspension was 
quickly placed in a 3-necked flask and deoxygenated 
on a Schlenk manifold by repeated vacuum/argon 
cycles. DNAase (10 pg/ml) and RNAase (10 pg/ml) 
(both reagents from Sigma) were added and the 
mixture stirred for lo-15 min at ambient temper- 
ature. The vessel was then placed in a 85 “C water 
bath and the temperature of the cell suspension 
raised to 56 “C at which time it was removed from 
the water bath and stirred for 5 min. While maintain- 
ing anaerobic conditions, the resulting mixture was 
centrifuged at 150 000 X g for 1 h, the pellet from 
this treatment discarded, and the supernatant further 
centrifuged at 150000 X g for 18 h. This treatment 
resulted in the formation of three well-defined 
fractions: (1) a dark brown supernatant which was 
readily decanted and discarded; (2) a viscous, 
pinkish-red layer which could be removed by longer- 
term inversion of the tubes followed by gentle 
washing with pH 7.4 tris buffer; this fraction was 
also discarded; (3) a dark brown pellet which was 
resuspended under anaerobic conditions in 75-80 

ml of pH 7.4 tris buffer for use in further steps. 
This solution, designated the ‘redissolved pellet’ 
in subsequent sections, can either be used immediate- 
ly or can be frozen and stored at -80 “C for up to 
1 month with no discernable changes. 

Isolation of Bacteriferritin 
A 2.0 M solution of MgC12 in water was added to 

the redissolved pellet to a final concentration of 
0.02 M, and the mixture kept at 5 “C for 24 h during 
which time red crystals of bacterioferritin formed. 
The initial solid material, which was separated by 
decanting after low speed centrifugation, was then 
recrystallized 3 times by dissolution in pH 7.2 tes 
buffer, addition of Mg*+ as before, and cooling. 

Isolation of FeMoco 
The procedure is essentially that of Shah and 

Brill [6] as modified by Burgess et al. [ 123, except 
that the starting material for the previous work was 
[MoFe] which had been purified by DEAE chromato- 
graphy and crystallization. Portions of the redissolved 
pellet (1 .O ml) were placed in 12 ml centrifuge tubes 
and diluted to 6.0 ml with water containing 1.0 
mM NazSz04 and citric acid (1.0 ml of 0.10 M) 
was added. After 3 min, the solution was treated 
with Na2HP04 (1 .O ml of 0.20 M) resulting in the 
formation of a precipitate and a light orange super- 
natant. The separated supernatant yielded bacterio- 
ferritin on treatment with Mg”, but the iron content 
of the protein was significantly less than that for 
samples produced by direct crystallization from the 
resuspended pellet as described above. 

The precipitate that formed after citrate/phos- 
phate denaturation of the redissolved pellet was 
washed once with DMF (2.5 ml) which had been 
treated with aqueous Na2S204 (30 ~1 of 0.1 M) and 
then was treated either with NMF (2.5 ml) con- 
taining 1.0 mM Na2S204 and 2.0 mM Na2HP04 
or DMF (2.5 ml) containing 2.0 M [NEt412[S204]. 
The greenish-brown supernatant layers from these 
extractions were pooled and evaporated under 
vacuum to the desired concentration (usually about 
0.1 mM in MO). Samples for EPR and UW 45 re- 
constitution analysis were frozen and stored at 77 K 
after addition of excess dithionite. 

Results and Discussion 

For a number of years, the isolation of nitrogenase 
from the bacterium Azotobacter vinelandii in our 
laboratory [12] and in others [17-191 has involved: 
(1) treatment of the ruptured cells with DNA- and 
RNAase (to break up nucleic acids) followed by a 
heat step (to precipitate easily-denatured proteins); 
(2) the use of anaerobic anion exchange chromato- 
graphy on DEAE to separate the enzyme into its 
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component proteins as well as remove other 
proteinaceous material, nucleotides, etc.; (3) the 
further purification of each individual component, 
the molybdenum iron protein ([MoFe]) by crystal- 
lization and the iron protein ([Fe]) by additional 
gel chromatography on Sephachryl or Ultragel. 
[MoFe] has in turn been the source of the iron 
molybdenum cofactor of nitrogenase (FeMoco) 
[6], a low molecular weight Fe-MO-S cluster which 
can be extracted into organic solvents [6, 14, 161 
from the acid/base denatured protein and which, 
when bound to the native protein, represents the site 
of substrate reduction [5]. Our studies of FeMoco, 
designed to understand the composition and struc- 
ture of this cluster, have thus ultimately been de- 
pendent on a supply of pure [MoFe], a restriction 
we have attempted to overcome by eliminating the 
most time-consuming parts of the protein isolation 
procedure, i.e., the anaerobic DEAE chromatography, 
and thus obtain FeMoco from bacterial material 
which has undergone minimal purification. To 
realize this goal, we exploited the fact that the 
hitrogenase complex’ of Bulen and LeComte 
[l l] can be sedimented to a tractable pellet by 
prolonged high speed centrifugation of A. vinelandii 
crude extracts. A valuable offshoot of this project 
has been the finding that the bacterial ferritin first 
discovered by Bulen and coworkers in 1973 [7] 
and later characterized more extensively in this 
laboratory [S, 91 is cosedimented with the nitrogen- 
ase complex under these conditions. We find that 
the ferritin can be more readily obtained from this 
material than via its standard methods [7] of isola- 
tion as a byproduct either from ‘nitrogenase com- 
plex’ purification by protamine sulfate precipitation 
or from nitrogenase component separation on DEAE. 

The preparation of extracts of whole cells of A. 
vinelandii was identical to that of Burgess et al. 1121, 
i.e., treatment of ruptured cells with enzymes to 
fragment nucleic acids and with heat to remove 
additional proteins. These steps take less than 8 h 
and allow the centrifugation (ca. 18 h at 150 000 X g) 
of the remaining solution to be started on the first 
day. While these parameters have not been investi- 
gated in detail, we speculate that neither the exact 
centrifugation speed nor the length of the spin is 
critical. Our choice of 18 h was a matter of overnight 
convenience, and the speed was the maximum allow- 
able with the required rotor. Bulen and LeComte 
reported [l l] that the ‘nitrogenase complex’ could 
be sedimented, albeit in the presence of 0.02 M Mg*+ 
which might encourage aggregation, in 2 h at 205 000 
X g. Our treatment results in the formation of a well- 
defined dark brown pellet which is distinct from the 
other phases: (1) a dark brown easily-decanted super- 
natant and (2) a viscous red fraction which sediments 
next to the pellet but can be readily separated by 
tube inversion and gentle washing with buffer. 

These decantable fractions were discarded and 
their - make-up was not investigated further. The 
pellet was redissolved in pH 7.4 tris buffer and 
this solution used as the source of FeMoco and 
bacterioferritin. 

While the total composition of the pellet from 
the above centrifugation was not investigated in 
detail, the presence of nitrogenase was confirmed 
by activity and EPR spectral studies. By itself, the 
redissolved pellet had the capability of reducing 110 
nmol CzHz/min/mg protein, an activity which was 
increased to 340 units by addition of excess [Fe] 
which had been prepared in a separate procedure 
[ 121. These nitrogenase activities are much lower 
than those reported [12, 17-191 for the recombined 
purified component proteins, i.e., ca. 2500 units 
based on [MoFe], but they are similar in magnitude 
to those for the ‘nitrogenase complex’ (in the absence 
of added [Fe]) prepared [ 111 by Bulen and LeComte 
(90 units) [1 l] and later studied in more detail by 
Watt et al. [20] (250-320 units). Like the ‘nitrog- 
enase complex’ of Bulen and LeComte [ 111 and a 
similar entity studied some years later by Veeger 
et al. [21], our redissolved pellet elutes as a single 
active colored band from a gel column. In a separate 
control experiment with purified proteins, the gel 
column separates a mixture of purified [MoFe] 
and [Fe] demonstrating that they are indeed strongly 
bound together in the complex. One of the 2-Fe 
proteins of Beinert and coworkers [2] was also 
previously implicated [20-221 as a key component 
in the ‘nitrogenase complex’, and indeed we find 
that chromatography of our redissolved pellet on 
DEAE results in the elution of a band which has 
a visible spectrum qualitatively consistent with that 
of this ferredoxin. This anion exchange chromato- 
graphy also results in the separation of [MoFe] and 
[Fe], additional evidence that the nitrogenase com- 
ponents are present in the pellet of the prolonged 
centrifugation. This biochemical evidence thus is 
consistent with the facile sedimentation of basically 
the same nitrogenase complex which has previously 
[ll, 201 been isolated by sequential protamine 
sulfate precipitation of A. vinelandii extracts. How- 
ever, its purity would appear to be lower than that 
of samples obtained after this latter procedure was 
optimized [20], and no attempts were made to 
quantitiate the relative or absolute amounts of 
[MoFe], [Fe], and other metalloproteins. Addition 
of Mg’+ to the redissolved pellet yields crystals of 
bacterioferritin (vide infra for characterization data), 
confirming the presence of this protein in the sedi- 
mented fraction. Additional species in the pellet, 
the presence of which was indicated by additional 
bands in the aforementioned DEAE chromatography 
of this fraction, were not identified. 

The composition of the redissolved pellet can also 
be probed by an examination of the EPR spectros- 
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copy of that solution at 10 K. In the presence of 
excess dithionite ion, [MoFe] is known [3] to 
exhibit an S = :-type EPR spectrum with g values 
at 2.01, 3.76, and 4.29, while both [Fe] [3] and the 
aforementioned ferredoxin [2] give rise to reso- 
nances in the g = 2 region, the former from a [Fe,- 
&]+ chromophore and the latter from a [Fe&]+ 
unit. Indeed, as shown in Fig. la, the spectrum of 
the redissolved pellet contains resonances at g = 3.8 
and 4.3 conclusively demonstrating the presence of 
[MoFe], along with a pattern in the g = 2 region 
which can be rationalized as due to the superposition 
of the spectra of [MoFe] , [Fe], and other EPR-active 
Fe-S proteins [2]. As well as confirming that the 
redissolved pellet contains nitrogenase, this EPR 
probe may provide a useful short cut to the spectros- 
copic characterization of nitrogenases from other 
less-studied organisms, if the enzyme can be con- 
centrated by centrifugation as for A. vinelandii. 

Denaturation (by slight variation of the technique 
of Shah and Brill [6]) of the redissolved pellet 
yields a precipitate which can be extracted with 
either NMF [6, 161 or DMF [14] to yield solutions 
which show the characteristic [3] EPR spectrum 
of FeMoco (g values at 4.5, 3.6, 2.0; Fig. lb) and 
are capable of reconstituting the inactive nitrogenase 
of the UW 45 mutant of Azotobacter vinelandii 
(vide infia for numerical activities). These are the 
two most commonly-employed criteria for FeMoco 
and conclusively show that this moiety can be ob- 
tained in two working days with whole cells of A. 
uinelandii as the starting material, whereas isolation 
of [MoFe] for use as precursor to FeMoco requires 
one to two additional days of anaerobic chromato- 
graphy and involves techniques which are more sus- 
ceptible to experimental error and more equipment- 
intensive than the simple high-speed centrifugation 
described herein. 

However, as shown in Table I, the iron to molyb- 
denum ratios of FeMoco solutions obtained in this 
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Fig. 1. EPR spectra of (a) ‘redissolved pellet’ in pH Tris 7.4 
buffer at 15 K; (b) FeMoco in NMF from ‘redissolved pellet’ 

at 4 K; (c) apobacterioferritin in pH 7.5 TES buffer at 15 

K. The microwave power for all spectra was 3.7 mW and 

the microwave frequency was 9.15 gHz. 

way are consistently much lower (Fe/MO = ca. 2) 
than those found for FeMoco from purified [MoFe], 
i.e. Fe/MO = 6-8 [3,4]. This result suggests that 
another form of molybdenum is carried along 
through the abbreviated purification procedure and 
is extracted from the denatured pellet into NMF or 
DMF. The amount of MO which is actually part of 
FeMoco in these preparations can be estimated from 
a comparison of their visible spectra with that of 

TABLE I. Molybdenum, Iron, and FeMoco Composition and UW 45 Reconstitution Activity of several NMF and DMF Extracts 
of Denatured Redissolved Pellet 

Sample IMol (mM) [Fe1 (mM) Fe/MO [ FeMoco] (mM)a UW 45 Activitya 

1 NMF 1.333 2.540 1.9 0.179b 6.5 
2 NMF 1.133 2.360 2.1 0. 165b 80 
3 NMF 2.293 1.846 0.8 0.183b 25 
4 NMF 1.160 3.460 3.0 0.17e 113e 
5 NMF 0.603 2.247 3.7 0.086c 157e 
6 DMF 0.240 0.377 1.6 0.034e 197c 
7 DMF 0.132 0.430 3.2 0.019e 192’ 

aUnits are nmol CzH2 reduced per nmol FeMoco per min. bDetermined from the solution absorbance at 800 nm and the molar 
absorptivity of FeMoco at that wavelength of 1900 cm-’ M-l. ‘These solutions were active in UW 45 reconstitution studies 
but their visible spectra were not recorded. FeMoco contents were estimated as l/7 of the total MO based on the average differ- 
ence in these values in samples where both (MO] totd and [ FeMoco] (from its absorbance at 800 nm) were known. Specific activ- 
ities are based on this estimated [FeMoco]. 
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Fig. 2. Visible spectra of FeMoco in NMF: (a) from redis- 
solved pellet, [MO] = 1.13 mM, [FeMoco] = 0.179 mM; (b) 
from purified [MoFe], [MO] = [FeMoco] = 0 127 r&f. 

FeMoco prepared from purified [MoFe]. Figure 2 
shows that the spectrum of FeMoco contains a 
shoulder at 625 nm, but, unfortunately, FeMoco 
solutions obtained from denaturation of the redis- 
solved pellet contain varying amounts of impurities 
which show some absorbance at this wavelength 
(Fig. 2). We therefore used the absorbance at 800 
nm (where impurities are less likely to absorb), in 
conjunction with the experimentally-determined? 
molar absorptivity for FeMoco at this wavelength 
(1900 cm-’ M-l) to determine the actual [FeMoco] 
in these solutions which are characterized by both 
low Fe/MO ratios and species which absorb in the 
visible region. Table I presents the total MO content, 
the concentration of FeMoco, and the UW 45 re- 
constitution activity based on this latter value for 
three NMF extractions of the denatured redissolved 
pellet. Calculated on this basis, the reconstitution 
activities are significantly lower than those typically 
observed for FeMoco samples prepared from purified 
[MoFe], indicating either that the FeMoco in these 
solutions is defective or (perhaps more likely) that 
the method of evaluating [FeMoco] is in error. It 
is certainly possible that the impurities in solutions 
of FeMoco from redissolved pellet absorb significant- 
ly at 800 nm, resulting in an overestimation of 

+The molar absorptivity was determined from a single 
FeMoco sample from purified [MoFe] and therefore may be 
only approximate. Experiments are in progress to accurately 
quantitate the electronic spectrum of FeMoco from a number 
of replicate samples. 

[FeMoco] and a concomitant lower specific activity. 
Attempts are currently in progress to determine the 
nature of and to remove the impurities in solutions 
of FeMoco obtained from the redissolved pellet. 

The aqueous supernatant after acid/base denatura- 
tion of the redissolved pellet in the above FeMoco 
preparation was orange-red in color, leading us to 
suspect the presence of bacterioferritin. Indeed, 
addition of Mg*+ to this solution (the usual method 
[7-91 of precipitation for this species) resulted in 
the formation of red crystals which, when redis- 
solved, showed the characteristic visible spectrum 
of bacterioferritin (vi& infia). However, the average 
iron content of these preparations was 800 Fe/ 
bacterioferritin (apoprotein M, = 420 000 [8,9]), 
significantly lower than the average for samples 
of this protein previously obtained as a byproduct 
of nitrogenase purification, i.e., ca. 1150 Fe/bacterio- 
ferritin [9]. A possible cause of this lower value is 
the loss of iron during the somewhat harsh denatura- 
tion conditions, a possibility which suggested the 
addition of Mg 2+ directly to the redissolved pellet 
prior to addition of acid/base. This latter method 
did, in fact, provide significantly better (3-8 fold) 
yields of bacterioferritin with an average of 1700 
Fe/protein, an iron content more than double that 
for bacterioferritin isolated after denaturation and 
higher than that obtained previously [9]. Thus, 
this latter procedure for the isolation of bacterio- 
ferritin is not only much less time consuming and 
generally easier than previous methods which are 
linked to nitrogenase isolation [7], but also provides 
purer material. 

The fully-oxidized bacterioferritin prepared in this 
way (ca. 300 mg/kg wet cells) exhibits the charac- 
teristic visible spectrum of this species (Soret band 
at 417 nm) which changes on reduction with dithio- 
nite to one with bands at 558, 527, and 425 nm 
consistent with the presence of a reduced b-type 
cytochrome as previously noted [7,8]. Removal 
of the core iron from these samples of bacterio- 
ferritin [9], yields the apoprotein which, in its 
oxidized form, exhibits an EPR spectrum (Fig. lc) 
with g values at 2.84, 2.29, and 1.43, consistent 
with the presence of low spin Fe(III) in a heme 
environment [23,24]. The oxidized holo bacterio- 
ferritin, containing CQ. 1800 Fe(II1) core atoms/ 
protein and 12 Fe(III) heme units [7-91, exhibits 
effectively the same EPR spectrum as its apo 
analog. 

Unfortunately, the Mg2+-treated redissolved pellet, 
which must stand at 5 “C for cu. 24 h to allow crys- 
tallization of bacterioferritin, did not prove to be 
a consistent source of FeMoco on subsequent dena- 
turation and organic solvent extraction. Possible 
reasons for this problem include the presence of 
excess Mg2+ and/or the decomposition of nitrogenase 
components with time, but whatever the explanation, 
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FeMoco and bacterioferritin are best prepared in 
separate procedures using the redissolved pellet as 
the common starting material. 

Summary and Conclusions 

The methodology described herein for preparation 
of bacterioferritin offers significant advantages over 
previous techniques, requiring only the easily-grown 
A. uinelandii and an ultracentrifuge for its imple- 
mentation. Its exploitation should facilitate the 
further characterization and study of this species 
to be more readily carried out in laboratories which 
do not routinely isolate the nitrogenase enzyme. 
Although FeMoco can also be readily prepared by 
this general methodology, its purity is significantly 
less than that prepared from purified [MoFe]. 
Further purification of these FeMoco solutions 
therefore will be required in order to fully realize 
the benefits of the revised procedure. 
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