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LETTERS TO THE EDITOR 

Crystallographic Characterization of Flavodoxin 
from Anacystis nidulans 

Flavodoxin isolated from the blue-green alga, Anmyatis nidulana, crystallizes 
from ammonium sulfate in space group P2,2,2,, wwith a = 67.08 A, b = 69.24 A 
and c = 45.55 A. The diffraction patterns extend to a resolution of at least 1.8 A. 
Reduction of the flavin mononucleotide in the crystalline protein, to either the 
semi-quinone or fully reduced (hydroquinone) state, results in minimal changes 
in cell dimensions and diffracted intensities. The higher molecular weight (19,000 
to 20,000) and spectral properties of the A. nidulana protein, along with the 
near-isomorphism of crystals of the three oxidation states, distinguish this 
crystalline flavodoxin from the corresponding proteins of Cloetidium MP 
and Deaulfovibrio vuJgaris, whose three-dimensional structures are known. In 
contrast to Clorrtridiurn flavodoxins, but like the D. ~a& protein, A. nidulana 
flavodoxin is capable of binding riboflavin in place of flavin mononucleotide 
(K, = 2x loem-‘). 

The flavodoxins are a group of microbial proteins that supplant or supplement plant 
and bacterial ferredoxins in a variety of electron transfer reactions. The lirst of these 
flavin mononucleotide-containing proteins to be purified was isolated from the blue- 
green alga, Anacystis nidulans, by Smillie (1963,1965) who showed that it could 
replace ferredoxin in the light-dependent reduction of NADP+ by chloroplasts. 
Subsequently flavodoxins have been found in at least a dozen organisms (Yoch BE 
Valentine, 1972) and a number of physical and chemical studies of these proteins has 
been reported, including the determination of high-resolution X-ray structures of 
flavodoxins from Clostridium MP (Andersen et al., 1972; Burnett et al., 1974) and 
Desulfovibrio vulgaris (Watenpaugh et al., 1972,1973). In this Letter we present 
preliminary crystallographic data on flavodoxin from A. r&Mans (sometimes called 
phytoflavin), and consider some of the distinctive properties of this flavodoxin which 
suggest that structure analysis may provide results of significance for the biochemistry 
of flavoproteins. 

Purification of the protein has been described earlier (Smillie, 1963,1965; Smillie & 
Entsch, 1971; Bothe et al., 1971). We have crystallized 8. nidzclans flavodoxint from 
ammonium sulfate (2.3 to 25 M) or from Na/K phosphate at pH 6.8. The crystals 
are prisms elongated in the a direction, and tend to cluster in rosettes. However, by 
slow growth from solutions of the semiquinone form, we can obtain crystals of ade- 
quate thickness for diffraction studies. The mmm diffraction symmetry and systematic 
absences along all axes lead to assignment of space group P2,2,2, ; the cell dimensions 
measured on a diffractometer are: a = 57.08 A, b = 69.24 A, and c = 4555 A. A 
photograph of the hk0 zone, showing reflecttions corresponding to Bragg spacings as 
small as 1.83 A, is reproduced in Plate I. The crystal density has not been determined, 
but assuming a molecular weight of 20,000 (see below), the volume per dalton is 
2.25 A3 for one molecule per asymmetric unit. With fi = 0.75, two such molecules 

t Amy&is nidukma was grown for us on a large scale at Argonne National Laboratory. 
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per asymmetric unit would exceed the volume of the unit cell. Even if the molecular 
weight and z? were 16,000 and 0.70, respectively, the volume fraction of solvent for 
two molecules per asymmetric unit would be only 17*4%, a highly improbable value 
(Matthews, 1968). 

Intensities from oxidized crystals have been measured to a resolution of 2.0 A. We 
intend to use A. ni&hlzs flavodoxin to test the application of vector search methods 
(Nordman, 1972) to protein structure analysis, employing vector sets generated from 
atomic positions common to both Clostridizrm MP and D. v&qaris flavodoxins. At the 
same time we are undertaking the preparation of heavy-atom derivatives. Sm3 + was 
expected to provide a derivative, as it had been used in determination of the other 
flavodoxin structures (Andersen et al., 1972; Watenpaugh et al., 1972). To our dismay, 
Sm3+ and the other lanthanides tested dissolved crystals of A. nidu2ans flavodoxin. 
Alternative approaches to the attachment of heavy atoms, including the use of 
cross-linked crystals (Quiocho & Richards, 1964), are being explored. 

The molecular weight of A. niddans flavodoxin has been the subject of some 
disagreement,. Smillie & Entsch (1971) suggested a value of approximately 20,000 
from amino acid analysis, gel filtration, and flavin mononucleotide content, whereas 
Bothe et aE. (1971) arrived at a molecular weight of 16,000 from sedimentation and 
diffusion measurements. We have made another estimate of the molecular weight by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Weber et al., 1972). The 
molecular weight determined by this technique, using Clostridium LWP flavodoxin, 
myoglobin, trypsin and chymotrypsinogen as standards, was between 19,000 and 
19,500. Assuming the validity of the higher molecular weight estimates, the chain of 
A. nid&ans flavodoxin will include 25 to 30 more residues than Clostridi~m MP 
flavodoxin. Several other flavodoxins possess polypeptide chains significantly longer 
than those of Clostridium MP (138 residues) or D. vulgaris (148 residues) (Fox et al., 
1972). In view of the similarity of the folding of flavodoxins and several pyridine 
nucleotide dehydrogenases (Rossmann et al., 1974), it will be interesting to determine 
the location of the additional residues in the higher molecular weight species. Although 
the extra amino acids may be distributed along the chain, it is conceivable that a 
new segment of secondary structure occurs in the larger flavodoxinst. 

Flavodoxins have been classified according to their ability to bind flavin analogs. 
Both Peptostraptococcua elsdenii and Clostridium MP flavodoxins fail to bind flavins 
unless the phosphate group is present (Mayhew, 1971b), but D. vulgaris, A. vinelandii, 
and certain other flavodoxins interact strongly with riboflavin (K, r lo6 M-l). 

A. nidulans flavodoxin belongs to the latter family of flavodoxins (Fig. 1). Pertur- 
bations of the riboflavin spectrum, which result from binding to apoflavodoxin, have 
been utilized to calculate a K, for riboflavin of 2.Of0.5 x lo6 M - ‘. A. niduhns 
flavodoxin thus affords us the opportunity to compare the structures of the riboflavin 
protein and the flavin mononucleotide protein. 

Prior to the determination of the structures of D. vulgaris and C’lostridium HP 
flavodoxins, dissimilarities in the optical and circular dichroism spectra of 
flavodoxins derived from different organisms (Edmondson & Tollin, 1971; D’Anna & 
Tollin, 1972) had suggested that the arrangement of the active center of flavodoxins 
was not absolutely conserved during evolution. Comparison of the three-dimensional 
structures of D. vulgaris and Clostridium MP flavodoxins has verified this interpreta- 

t Dr K. T. Yasunobu and co-workers at the University of Hawaii have begun amino mid 
sequence analysis of A. widulaw flavodoxin. 



PLATE I. A precession photograph of the hk0 none; precession angle = 25”‘. The crystal of 
~irlwltrns flavodoxin was mormtctl in a quartz capillary with the c( axis parallel to the spintlk. 
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FIQ. 1. Changes in the absorption spectrum of riboflavin upon addition of A. nidulcsna apo- 
protein. Portions of a solution of 1.0 mm-apoflctvodoxin in O-20 M-potassium phosphste buffer, 
pH 7.3, containing 1 mu-EDTA were added to 1.20 ml of a solution of riboflavin in 50 mM- 
phosphate, 30 ma-EDTA. Curve A, 30.6 m-riboflavin; curves B, C and D, speotre after addition 
of 20, 40 and 60 $ of apoprotein. For curve D, 97% of the riboflavin is complexed with protein. 
The temperature was 26°C. 

tion; different amino acid residues surround the isoalloxazine ring in these two 
flavodoxins (Burnett et al., 1974; Watenpaugh et al., 1973). The visible spectrum of 
oxidized A. nid26lans flavodoxin cannot be superimposed on the spectra of either 
D. vulgaris or Clostridium MP flavodoxins. In the A. nid~lans protein, the long-wave- 
length absorption maximum appears at 466 nm, with e = 9000 M- 1 cm-l (Smillie & 
Entsch, 1971) ; the corresponding maxima for Clostridizcm MP and D. vulgwis 
flavodoxins occur at 445 nm and 456 nm, respectively, with larger molar extinctions 
(Mayhew, 1971~~; Dub-ourdieu & LeGall, 1970). Furthermore, the spectrum of the 
fully reduced (hydroquinone) form of A. nidulans flavodoxin is distinctive. The lowest 
energy absorption maximum appears at shorter wavelengths in A. r&lulcrns (X,,, 
= 360 nm) than in Chttridium MP flavodoxin (A,,, = 367 nm) and the pronounced 
shoulder, which occurs at 450 nm in the spectrum of reduced Cldridium MP flavo- 
doxin, is absent from the spectrum of reduced A. nidulans flavodoxin (Ghisla et al,, 
1974; Entsch & Smillie, 1972). These spectral differences lead us to anticipate that 
the flavin environment in A. nihdans Oavodoxin may be unlike that in either of the 
known structures. 

In crystals of Clo&ridium MP flavodoxin, one-electron reduction of the protein- 
bound flavin mononucleotide is accompanied by large changes in the diffracted 
intensities (Ludwig et al., 1969), although nuclear magnetic resonance spectroscopy 
and X-ray st.ructure analysis both demonstrate that the conformation changes 
resulting from reduction are small (Ludwig et al., 1974; James et al., 1973). Moderate- 
resolution difFraction patterns of crystals of A. niduEccns flavodoxin, on the other hand, 
show little if any change m the flavin is progressively reduced (Plate II). Comparison 
of the three oxidation states, which may suggest how combination with apoflavodoxin 
produces shifts in the redox potentials of flavin mononucleotide (Draper & Ingraham, 
1968; Mayhew, 1971s; Van Lin & Bothe, 1972), should be enormously simplified by 
the close isomorphism. 
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