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The alternative nitrogenase of Rhdobacrer cqmdms, isolated from a nrHDK deletion mutant, has been purified to near homogeneity and 
identified as an ‘iron only’ nitrogenasc. The dithionitc-reduced componenr 1 (‘FcFe protein’) of this enzyme showed an EPR spectrum consisting 
of two components: a minor S = l/2 signal at g = I,93 and a very characteristic S = 312 signal of near-stoichiometric intensity at g = 5.44. I’his 
resonance is very close to the highest possibk g value (g = 5.46) for the coinciding two intradoublet subspectra of an S = 3/2 system of maximal 
rhombicity (E/D = 0.33). The deviation from axial symmetry (increasing E/D) correlates with the stability. activity and substrate selectivity of the 

different (MO, V. Fe) nitrogenases. 
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1, INTRODUCTION 

It was like a paradigm change [I] when it became 
evident that three genetically distinct nitrogenase sys- 
tems exist in bacteria 12-71, the ‘classical’ Mo-contain- 
ing nitrogenase [8,9], a vanadium-containing one [2,3], 
and an ‘iron only’ nitrogenase [4,5,7] lacking both MO 
and V. ‘Iron only’ nitrogenases have so far been isolated 
and biochemically characterized only in the case of 
AzotobacIer vineiattdii [4] and Rhodobacter capsularus 

171. 
From the bioinorganic point of view it is of great 

importance to elucidate the influence of the heterometal 
center M (MO, V, (Fe)) on the structure of the related 
protein and/or the corresponding metal cluster (FeMco 
with the composition Fe,MS, which may be present in 
different redox states [l Jj, on its electronic structure and 
especially on the selectivity for substrate reduction, The 
existence of nitrogenases with diffcren t heterometals 
within the catalytically active cluster center provides 
thus the opportunity for a better understanding of the 
Nz fixation mechanism by comparative biochemical and 
biophysical studies. Specific structural and spectro- 
scopic properties by which the V- and the Fe-nitroge- 
nase can be differentiated from each other are lacking 
until now. For the V-nitrogenase, isolated from. A. 
chroococcur~z [2] and A. sineiandii [3,10,1 I] an S = 312 
EPR signal, assigned to the protein-bound cofactor, has 
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been detected which differs significantly from the char- 
acteristic S = 312 signal of the MoFe protein. No EPR 
spectroscopic characterization of an S = 3/2 spectrum 
has so far been presented for an ‘Fe only’ nitrogenase. 

The ‘FeFe protein’ is component 1 of the Fe-nitroge- 
nase from a tzifHDK deletion mutant of R. capsulatus 
which is unable to synthesize the proteins of the conven- 
tional Mo-nitrogenase. In this note, we report an EPR 
spectrum of the ‘FeFe protein’ and correlate this spec- 
trum with those of MO- and ‘V-nitrogenases [10,12,13). 
Some comparable properties of the three nitrogenase 
systems including catalytical aspects are discussed, too. 

2. MATERIALS AND METHODS 

2.1. Bucrerial srruitz urld growth rondiriorts 
The organism used in this study was a n@fDK- strain generated 

from A. capsukutus BlOS [7]+ The cells were cultivated in 500-ml- 
vacuum bottles under anaerobic, phototrophic conditions with scrine 
(5 mM) as N-source and lactate (24 mM) as C-sourcess described [7]. 
The concemrations of some mineral salts in the nutrient solution were 
decreased as follows: MgS01~7Hz0 to 0.8 mM. MnCl,A4Hz0 to 15 PM 
and NaCl to 1.2 mM. The medium was additionally supplemented 
with EDTA (IOO~M). The traceclement solution containing&-, Cu-, 
Ni- tind Co-chlorides 1141 was omitted. 

2.2. Harvest o~celis md puriJicatiou of cot~~pottcn~ f of the Fe-rrfrroEe- 
nasc 

For enzyme purifications only freshly cultivated and harvested cells 
were used. Because A. cupsukmts cells produced much slime during 
growth and sedimcnted poorly during centrufugation, before cell dis- 
ruption the cultures were anaerobically harvested (under Ar iu 4 mM 
Na&OJ by two centrifugation steps (in 500.ml boules at 14,000 x g 
for I h and subsequently in 20.ml tubes at 65,000 x g for I h). The cell 
pellet obtained after the second centrifugation was resuspend& iu 50 
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mM Tris-HCI, pH 7.8, containing Na$$O, (8 mM) and roughly ad- 
justed to a protein concentration of 25-30 mg/ml. To the cell suspen- 
sion protease inhibitors (a-N-bcnzoy1.L.argininc, 10 mM; phen- 
ylmcthylsulfonyl fluoride, 2 mM) and supcroxide dismutase from bo- 
vine erythrocytcs (200 lug/ml) were ndded and the cells were then 
disrupted by passage through a French pressure cell. Further prcpara- 
tion steps and the purification of componen: I 01' the Fc-nitrogcnase 
were performed as described previously [7], 

2.3. Dercrntinario,zs ofnitrogertuse activity, protein and metal comettt 
These were carried out as outlined in [7]. 

2.4. EPR measurement 
EPR spectra were recorded on a Brukcr ECSIOG spectrometer (Bie- 

lefeld university) cquippcd with an ESP 1600 data system. Tcmpera- 
turcs were maintained by liquid helium boil-off using an Oxford In- 
struments ESR 900 cryostat. 

3. RESULTS AND DISCUSSION 

In a preceding publication we described the alterna- 
tibc nitrogenase from R. capsulatus, in analogy to the 
‘nitrogenase-3’ from A. vinelmdii [4], as an instable and 
weakly active protein [7]. The component f of this en- 
zyme was therefore found to be EPR-silent and in the 
form isolated generally unsuitable for physical studies. 
We have now been able to improve the conditions for 
derepression and stability of the alternative nitrogenase 
substantially. Of greatest importance have been several 
modifications in the composition of the growth medium 
(see section 2) and the use of highly concentrated cell 
suspensions (-30 mg protein/ml) supplemented with 
protease inhibitors and superoxide dismutase just be- 
fore the breakage of the cells. (Details of the studies on 
stability and enzyme isolation will be published else- 
where.) We have thus obtained preparations of compo- 
nent 1 of about 95% purity and a specific activity of 42 
nmol C2Hz reduced/min/mg protein. By SDS-electro- 
phoresis analyses we confirmed that this protein con- 
tains two types of large subunits near 60 kDa [7], but 
we also detected a band in SDS gels corresponding to 
an M, -15 kDa and this suggests and a@,& subunit 
composition as for the VFe proteins [6]. 

Metal analyses of the purest and most active compo- 
nent 1 preparation manifested that this protein contains 
only iron in relevant amounts. Compared to the previ- 
ous preparation [7], the content of iron increased from 
20 to 24 atoms/protein molecule, whereas the content of 

Table I 

Metal content of component I of the alternative nitrogcnase 

Metal 

v 
Cr 
Fe 
co 
Ni 
Zn 

Content in protein Metal Content in protein 
(atoms per molecule) (atoms per molecule) 

0.02 CU 0.18 
0.09 Se 0 

24 0,iJci 
< 0.01 R”, 0.01 
< 0.01 Bi c 0.01 

1 A MO 0.02 

other metals, including those discussed as potential 
heterometal atoms in nitrogenase (V, Re, W) decreased 
to negligible values (Table I). This was also true for Cu 
and particularly for Bi, in the preceding work inter- 
preted as non-functional contaminants. Furthermore, 
by a semi-quantitative multielement analysis, compris- 
ing 69 elements, performed wiih an inductively coupled 
plasma mass spetrometer (ICP-MS), we have found that 
the concentration of all metals in the component 1 prep- 
aration was zero or nearly zero, except that of Fe and 
Zn (1.4 +, 0.3 atoms: molecule; Zn is known to bind 
unspecifically to the surface of many proteins). We con- 
clude from these analyses that the alternative nitroge- 
nase of R. cupsularus is, in fact, a heterometal - free 
‘iron only’ nitrogenase. 

With the purified component 1 (FeFe protein), re- 
duced with dithionitc, we obtained a low-temperature 
EPR spectrum (Fig. I, ‘preparation 1’) which consists 
of two major components: a broad, asymetric peak at 
g = 5.44 and a feature with zero crossing at g = 1.93. 
Minor contaminations are detected at g = 4.4,4.3 (ad- 
ventitious ferric iron) and at g = 2.00 (dithionite radi- 
cal). The former signal was preparation dependent: the 
inset to Fig. 1 shows the respective part of the spectrum 
from a second less concentrated preparation (‘prepara- 
tion 2’) in which the signal of the contaminating compo- 
nent was absent. 

The spectrum (Fig. 1) was analyzed with the standard 
spin Hamiltonian for half-integer spin systems [15]; 

H, = /Bag=!3 + D[S:’ - S(S + 1)/3] + E(S,’ - S,?) (1) 

For proteins and EPR at X-band frequencies the 
weak-field limit, D a g8B, is commonly a good assump 
tion 1161. This implies that the sublevels of the spin 
multiplet arrange into (2s + 1)/2 well separated Kra- 
mers doublets. Each gives rise to an EPR subspectrum 
that can be described with a fictitious spin S’ = l/2, and 
with three effective g values which arc a function of the 
ratio E/D, the ‘rhombicity’. Assuming the real g tensor 
to be isotropic with the numerical valueg = 2.00, we can 
calculate the effective g values and plot them as a func- 
tion of E/D. The relevant ‘rhombograms’ have been 
calculated for S = 3/2 through 9/2 [16-181. We have 
recalculated the S = 3/2 plot (Fig. 2) to make the point 
that the two panels for the two states with the spin wave 
functions I+ 3/2 ) and 1’ l/2 ) are symmetry-related in the 
sense that the extension of the lower panel along the 
horizontal rhombicity axis to E/D = results in the 
(streched) mirror image of the upper panel. From this 
observation it should be obvious that the two subspec- 
tra happen to be identical to each other for the specific 
case of full rhombicity, i.e. E/D = l/3. 

The obswd effective g value of 5.44 is very close to 
the highest possible g value, g = 5.46, for the coinciding 
two intradoublet subspectra of an S = 312 system of 
maximal rhombicity. Consistent with this interpretation 
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Fig. 1. EPR spectrum of the Na&OJ-reduced FeFe protein of the 
‘iron only’ nitrogenase from R. capsularus. Preparation I: 24 mg pro- 
tein/ml in 50 mM Tris buffer, pH 7.4, and 5 mM dithionite; prepara- 
tion 2: 8.9 mg protein/ml in the same buffer. EPR conditions: micro- 
wave power, 20 mW; microwave frequency, 9.44 GHz; modulation 
amplitude, 1 mT. The spectra are base-line corrected with a frequency 

adjusted spectrum from a buffer-only sample, 

we observed the shape of the feature at g = 5.44 to be 
temperalure-independent from 4 to 18 K, and the inten- 
sity to follow a simple Curie-law dependence. 

Lowering the real g value from 2.00 to 1.99 reduces 
the effective g value to g = 5,44, two other effective g 
values are then expected at g = 1.99 and 1.46. Inhomo. 
geneous line broadening by a distribution in rhombicity 
gives rise to a form of g strain broadening [19]. Such a 
mechanism could easily cause the lines at the two other 
g values, g = 1.99 and 1.46, to be broadened beyond 
detection. The two lines were previously detected as 
very broad features in the S = 312 spectrum from a 
manganese complex; in this spectrum the low-field line 
is an order-of-magnitude sharper than the g = 5.44 line 
described here [20]. A comparison of the two data sets 
indicates to us that the weak bump at ~1 270 mT in the 
spectrum of the FeFe protein (see Fig. 1) might be the 
positive lobe of a very broad derivative feature around 
g = 1.99. Interestingly, Hales et al. have observed a 
comparable, very broad feature in the rapid adiabatic 
passage dispersion EPR of the A. vinehdii VFe protein 
(E/D = 0.26), however, these authors chose to assign 
this feature to an - otherwise unspecified - third par- 
amagnetic site f 111. 

In view of the previous it is likely that the signal at 
g = 1.93 does not represent a part of the S = 3/2 system, 
but is rather due to a separate S = l/2 system. This 
signal ‘saturated’ at high microwave power and was 
strongest at 9-12 K. As the intensity varied from prep- 
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Fig. 2. S = 3/2 rhorr,bogrsm (for the two low-energy Kramers doublets 
I* 3/2 > and 12 112 .) giving the relation between effective g values 
and rhombicity. E/D, in the weak-field limit and assuming an isotropic 
real g value of 2.00. The vertical bars represent the approximate 
rhombicities and g values for the different types of nitrogenase compo- 
nent 1 and for the isolated cofactor, where we have ignored reported 
small deviations from grril, = 2.00. Dots c) indicate experimentally 
observed g values, The resonance peak at g = 6.0 of the FeMoco in 
the protein- bound state has so far only been detected in the case of 

the MoFe protein from CIosrridiutn pastturiattunt [281. 

aration to preparation, its origin is still uncertain. A 
very similar S = l/2 signal has been described for the 
V-containing nitrogenases [2,3] and has recently been 
noted also for the nitrogenase-3 system of A. vinelandii 
1211. 

We are left with a very characteristically shaped g = 
5.44 peak with a broad tail at high field and a cut-off 
at low field. This can also be explained within the frame- 
work of an S = 3/2 spin system of distributed rhombi- 
city. The effective g value can be spread out, however, 
to the low-field side not beyond the theoretical maxi- 
mum of g = 6 (cf. Fig. 2). An attempt was made also 
to fit the g = 5.44 spectrum to each of the patterns 
predicted for the spins S = 512, 712, and 9!2 [16-181, 
however, only an S = 3/2 system is consistent with the 
spectrum in Fig. 1. Since for maximum rhombicity (E/D 
= l/3) both observed subspectra are identical, we can 
quantify wit.hout a Boltzmann correction within the 
spin multipiet. Using the S = 3/2 signal from a A. vine- 
lundii MoFe protein [ 123 preparation (specific activity 
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1800 nmol CIH2 reduced/min/mg protein) as the exter- 
nal standard and referring to the g = 4.3 peak that 
corresponds to the g = 5&I peak of the FeFe protein, 
we found approximately two (1.8) S = 3/2 spin systems 
per 258 kDa hexameric FeFe protein. 

Whereas the described g = 5.44 peak represents, in 
agreement with the theoretical calculations, the only 
‘visible’ resonance of this S = 3/2 spectrum, the VFe 
protein from A. vinelandii showed, due to a less pro- 
nounced rhombicity, inflections at g = 5.8 and 5.4 re- 
sulting from the superposition of two subspectra (see 
also Fig. 2) distinguishable by a different temperature 
dependence [lo]. The published S = 3/2 spectrum of the 
VFe protein from A. clwoococcum is more complex and 
difficult to analyze (g values at 5.60, 4.35, 3.77) as it 
appears to arise from a mixture of cofactor species [22]. 

A vertical bar at E/D = 0.33 (Fig. 2) indicates the 
rhombicity and effective g values for the R. capsultztus 
FeFe protein. The literature data for the MoFe protein 
from A. vinefandii (E/D = 0.055) [12], the isolated FeMo 
cofactor (E/D = 0.11) [ 131, and A. vineiandii VFe protein 
(E/D = 0.26) [lo] fit nicely into the plot. Apparently, 
modulation of the cofactor, by changing the hetero- 
metal and/or the environment, can cause the symmetry 
felt by the S = 312 spin to vary almost over the entire 
theoretically possible range. 

The deviation from axial (roughly spherical) symme- 
try of component 1 (increasing rhombicity) correlates 
with the stability, activity and substrate selectivity of the 
different nitrogenases: 

MoFe protein > VFc protein >> FeFe protein 

In this row, from left to right, (i) the stability and (ii) 
the specific activity (with N1 and &Hz as substrate) 
decreases, (iii) the ratio of C1HJC2H4 formation upon 
CIHz reduction increases (note that there is only one 
conventional Mo-nitrogenase system known - the one 
from Xanthobacter aurotrophicus - that produces C2H, 
from C,Hz (K. Schneider, unpublished results)) and the 
ratio of competitive H+IC7H2 (H”A$) reduction rates 
increases as well (for review, see [63). Because of these 
obvious correlations we tentatively assign the S = 312 
spectrum of the FeFe protein, in analogy to the assign- 
ment of the corresponding signals of MO- and V-nitro- 
genases, to a comparable M-cluster (‘FeFeco’). 

The results presented here, together with the facts 
that C2H6 formation is also observed after site directed 
mutation of the MoFe proteins causing a change in the 
environment of the cofactor [23] and that MO is at least 
electronically not strongly coupled with the Fe& clus- 
ter fragment [24,25], support the hypothesis, that the 
MO center is not directly involved in substrate (N2) 
binding but that it is rather responsible for producing 
a ‘more stable’ and catalytically more effective cluster 
shape. Assuming now that this is the real function of the 
heterometal, from the catalytic and stability properties 

of the different nitrogenases it can be concluded that 
this is best fulfilled by MO. 

Interesting related problems are the influence of the 
apoprotein on the E/D ratio (compare values of the 
protein-bound and isolated FeMoco), the probable in- 
fluence of the cluster shape on the affinity towards sub- 
strates and their reaction products during enzyme tum- 
over and its influence on the formation of C2Hb from 
C7HZ, and finally, the evolution of the three nitrogenase 
systems (cf. different abundance and availability (solu- 
bility) of molybdenum (abundant as unsoluble MoS& 
vanadium (unsoluble VOOH) and iron (soluble Fe”) on 
the Precambrian earth [26]) and their possible different 
roles in substrate (e.g. CN-) [27J reductions in the early 
stages of evolution. 
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