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The [2Fe-2S] ferredoxin produced in the heterocyst 
cells of Anabaena 7120 plays a key role in nitrogen fix- 
ation, where it serves as an electron acceptor from var- 
ious sources and an electron donor to nitrogenase. Crys- 
tals of recombinant heterocyst ferredoxin, coded for by 
the fdx H gene from Anabaena 7120 and overproduced 
in Escherichiu coli, have been grown from ammonium 
sulfate solutions and are suitable for high resolution X- 
ray crystallographic analysis. They belong to the hex- 
agonal space group P& or PG5 with unit cell dimensions 
of a = b = 44.2 A and c = 80.6 A. The crystals contain 
one molecule per asymmetric unit and diffract to a nom- 
inal resolution of 1.6 A. The molecular structure of this 
heterocyst ferredoxin is of special interest in that 4 of 
the 22 amino acid positions thought to be absolutely con- 
served in nonhalophilic ferredoxins are different and, 
based on amino acid sequence alignments, three of these 
positions are located in the metal-cluster binding loop. 
Consequently, a high-resolution X-ray analysis of this 
[2Fe-2S] ferredoxin, and subsequent three-dimensional 
comparisons with other known ferredoxin models, will 
provide new insight into structure/function relationships 
for this class of redox proteins. c 1092 ~cpdamie prea. hc. 

The [2Fe-2S] ferredoxins are typically low molecular 
weight proteins displaying oxidation-reduction potentials 
between -305 and -455 mV (1). They are involved in a 
variety of metabolic pathways, including photosynthetic 
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electron transport (2) and nitrogen fixation (3). The first 
three-dimensional structure of a [2Fe-2S] ferredoxin to 
be determined by X-ray crystallography was that isolated 
from the blue-green alga Spirulina platen& (4, 5). The 
model for the protein was never refined, however, and 
there were difficulties with the structure, particularly in 
the coordination geometry of the cluster irons and in an 
extended loop region delineated by amino acid residues 
57 to 61. The three-dimensional structures of two other 
cyanobacterium ferredoxins have now been solved by X- 
ray analysis: the molecule from Aphwthece mmm. (6) 
and the protein from the vegetative form of Anubaenu 
7120 (7). The main secondary structural elements found 
in these proteins include two a-helices, a helical turn, and 
four strands of P-pleated sheet. In both proteins, the metal 
cluster is located toward the outer edge of the molecule 
with its iron atoms tetrahedrally coordinated by both in- 
organic sulfurs and sulfurs provided by protein cysteine 
residues. 

Two biochemically distinct [2Fe-2S] ferredoxins have 
been purified and characterized from Anubaena 7120 (8, 
9) and, recently, the structural genes for these ferredoxins 
(pet F and fdx H) have been isolated and sequenced (10, 
11). The ferredoxin encoded by pet F is expressed in veg- 
etative cells and in low levels in heterocysts and couples 
photosynthetic electron transport to a variety of redox 
reactions. In contrast, the product of fdx H is restricted 
to heterocysts, specialized cells involved in aerobic nitro- 
gen fixation (10). The heterocyst ferredoxin acts as an 
immediate electron donor to nitrogenase. The vegetative 
and heterocyst ferredoxins also differ in midpoint oxi- 
dation-reduction potentials, amino acid compositions, 
immunological cross-reactivities, and electron spin res- 
onance spectra (9). A comparison of their amino acid se- 
quences reveals only 51 of 98 residues to be conserved, 
thus corresponding to a 52% homology in primary struc- 
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ture. In addition, the heterocyst protein differs from other 
plant-type [2Fe-2S] ferredoxins in 4 of the 22 positions 
that are absolutely conserved in the nonhalophilic fer- 
redoxin sequences compared by Matsubara and Hase (12). 

As described above, the X-ray structure for the vege- 
tative ferredoxin from Anubaenu is known and is presently 
being refined to a resolution of 1.7 A in our laboratory. 
In this report, we describe the crystallization and prelim- 
inary analysis of the heterocyst molecule. A high. reso- 
lution X-ray analysis of this protein, and the subsequent 
comparison of its structure to that of the vegetative form, 
will provide unique insight into the factors that modulate 
oxidation-reduction potentials, electron spin resonances, 
and protein folding for this class of iron-sulfur proteins. 
In addition, a comparison of the surface topologies of these 
ferredoxins will help to identify those general areas in- 
volved in their interactions with respective physiological 
redox partners. 

MATERIALS AND METHODS 

Prepamtion of recombinunt Anabaena 7120 heimocyst ferredoxin. The 
cloned structural gene for heterocyst ferredoxin ( fdzc H) (10) in a pUC 
plasmid (13) was subcloned into plasmid pGEMIZf(-) behind the T7 
promoter by cutting both plasmids with EcoRI and religating. The re- 
sulting plasmid, in which the heterocyst ferredoxin gene is under control 
of the T7 promoter, was namedpYC. A second plasmidpGpl-2 (KanR) 
contained the T7 polymerase gene under control of the heat-sensitive 
Xr,, promoter (14). E. coli strain TGl transformed with both plasmids 
was grown overnight in YT medium containing 150 &liter ampicillin 
and 50 fig/liter kanamycin. A lo-ml inocuhnn of this culture was added 
to 1 liter of the same medium, and cells were grown at 30°C with shaking 
until the ODsrc reached 1.0-1.2. Production of ferredoxin was initiated 
by shifting the temperature from 30 to 42’C. After 3 h of growth at 
42”C, the cells were harvested by centrifugation and then washed by 
suspending the pellet in 25 mM Tris buffer (pH 8.5) and centrifuging 
again. The cells were resuspended in the same buffer and disrupted with 
a French press. Solid urea (Mallinckrodt) was added to the lysate to a 
final concentration of 8 M to fully denature all holoferredoxin present. 
DTF was added to a final concentration of about 100 mM to reduce the 
disulfides and then excess amounts of FeCls and NazS were added for 
reconstitution of the iron-sulfur cluster. After about 10 min of flushing 
with argon, the reaction mixture was diluted eightfold with degassed 25 
mM Tris buffer (pH 8.5). Undegassed Tris buffer (same concentration 
and pH) was added to oxidize the nascent cluster. Subsequently, the 
mixture was loaded quickly onto a DE53 (Whatman) anion-exchange 
column (3 cm diameter X 5 cm length) which was washed with 0.1 M 
NaCl in 25 mu Tris buffer (pH 8.5) and eluted with 1 M NaCl in the 
same buffer. The crude extract was purified on a Q-Sepharose (Phar- 
macia) column (3 cm diameter X 10 cm length). Gradient elution with 
0.2-0.6 M NaCl (in 10 mM phosphate buffer, pH 7.5) was repeated three 
times. Each time fractions with higher AuJAs7s were collected: 0.5,0.65, 
and 0.72 on the third run, which represents >95% purity. The final 
fraction was dialyzed and lyophilized. The yield of purified ferredoxin 
was approximately 20 mg/liter culture. A 20-mg sample of the heterocyst 
ferredoxin was used for crystallization trials. 

Crystallization experiments. A survey of potential crystallization 
conditions was conducted at both room temperature and 4’C with the 
hanging drop method of vapor diffusion (15). All experiments were done 

3 Abbreviations used: DTT, dithiothreitol; bis-tris-propane; { 1,3- 
bis[tris(hydroxymethyl)methylamino]propane}. 

in the presence of atmospheric oxygen. The protein concentration was 
typically 20 mg/ml in 50 mu his-t&s-propane at pH 7.0. Both ammonium 
sulfate and polyethylene glycol 8000 solutions ranging in pH from 4.5 
to 9.0 were tested as possible precipitanta. 

For X-ray diffraction experiments, crystals were mounted in thin- 
walled quartz capillary tubes. Diffraction patterns were recorded at 4°C 
with nickel-filtered copper Ka radiation from a Rigaku RU 200 rotating 
anode X-ray generator operated at 50 kV and 50 mA with a 200-pm 
focal cup. The exposure time was typically 20 h for a 13’ precession 
photograph at a crystal-to-film distance of 100 mm. 

RESULTS AND DISCUSSION 

Crystals of the heterocyst ferredoxin were first observed 
in either ammonium sulfate ,or polyethylene glycol 8000 
solutions buffered with 50 mM succinate, pH 4.5. While 
the crystals from 16 to 18% polyethylene glycol grew as 
small thin plates, those from ammonium sulfate often 
achieved maximum dimensions of 0.6 X 0.6 X 0.6 mm in 
3 days. Consequently, crystals are now routinely grown 
from 2.2 M ammonium sulfate and 50 InM sodium succi- 
nate, pH 4.5, at room temperature. Interestingly, while 
the [2Fe-2S] ferredoxins are acid labile, only those crys- 
tallization experiments conducted at pH 5.0 or below 
yielded crystals. 

The heterocyst crystals belong to the space group P61 
or p65 with unit cell dimensions of a = b = 44.2 A and c 
= 80.6 A. Assuming one molecule per asymmetric unit and 
a molecular weight of approximately 11,000, the solvent 
parameter V,,, is 2.06 A3/Da and is in good agreement with 
the most commonly observed value of 2.15 A3/Da (16). 
Based on still setting photographs, the crystals diffract to 
at least 1.6 8, resolution. They are physically robust and 
are stable in the X-ray beam for more than 60 h. Typical 
13” precession photographs recorded from these crystals 
are shown in Figs. la and lb. The limit of diffraction on 
these photographs is 3.4 A and as can be seen there is little 
falloff in intensity at this resolution. A three-dimensional 
native X-ray data set has been collected with a Siemens 
area detector system and contains 92% of the total theo- 
retical number of observations to 1.6 A resolution. The 
R,, for these data is 4.2%, where R,, = Z 1 I - fl /XI and 
measures the agreement between symmetry-related reflec- 
tions. Within the resolution range of 1.7 to 1.6 A, 20% of 
the X-ray intensities are greater than 3~. 

The vegetative and heterocyst ferredoxins from Ana- 
baenu represent ideal laboratory model systems for under- 
standing the subtle nuances that define structure/function 
relationships. Once the high resolution three-dimensional 
structure of the heterocyst molecule is known, it will be 
possible to compare in detail these two different proteins 
and to answer many of the structural questions. For ex- 
ample, in the vegetative ferredoxin, there exists an array 
of ordered water molecules surrounding an exposed phe- 
nylalanine side chain (17). Is this solvent pattern around 
an exposed aromatic residue also observed in the heterocyst 
protein? The midpoint oxidation-reduction potentials for 
these two proteins differ by approximately 30 mV. Is the 
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a b 
FIG. 1. 13” precession photographs of the hO1 and hko zones. The X-ray photographs were recorded from a crystal of dimensions 0.5 X 0.5 X 
0.5 mm with nickel-fihered copper Ka radiation from a Rigaku RU 200 rotating anode X-ray generator operated at 40 kV and 50 mA with a 200- 
pm focal cup. The crystal-to-film distance was 100 mm and the collimator size was 0.5 mm. (a) The A01 zone shown here was recorded with an 
exposure time of 17 h. (b) The hkO zone was recorded with an exposure time of 22 h. 

hydrogen bonding pattern of the backbone amide hydro- 
gens to the sulfurs in the cluster the same in both forms 
of the protein? Is there any correlation between the number 
of aromatic, hydrophobic, and hydrophilic side chains sur- 
rounding the cluster and the observed redox potentials for 
each protein? Do the metal centers in each protein expe- 
rience the same extent of solvent exposure? The role of 
Arg 42 in stabilizing the [2Fe-2S] cluster binding loop is 
clearly defined in the Anubaenu vegetative structure, where 
it forms a salt bridge to Glu 31(17). This arginine is strictly 
conserved in 22 of 24 nonhalophilic plant-type [2Fe-2S] 
ferredoxins reviewed by Matsubara and Hase (12). More- 
over, Tsukihara et al. (5) recognized the potential impor- 
tance of this residue in folding and function. Yet, in the 
heterocyst protein, this residue is a histidine. What types 
of local rearrangements must occur in the heterocyst mol- 
ecule to accommodate a histidine residue and do these 
structural changes play a role in the modulation of the 
electron transport rates and oxidation-reduction poten- 
tials? These and many more questions will be addressed 
once the high resolution structure of the heterocyst fer- 
redoxin from Artubaenu 7120 is known. 
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