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Abstract: The preparation and characterization of the [2Ga-2S] analog of the [2Fe-2S] ferredoxin from vegetative
cells of the cyanobacteriuAnabaenar120, a prototypical plant-type ferredoxin, is described. The novel metal-
substituted analog was obtained through constitution of the apoprotein with Ga(lll) and sulfide anion in argon-
saturated aqueous buffer. The replacement product migrated identically with the diferric protein on a 15% native
PAGE gel and contained 2 atom equiv of gallium and sulfide per mole of protein, according to inductively coupled
plasma and colorimetric analysis, respectively. The EXAFS spectrum of the gakiulide constituted protein
indicated the presence of a [2Ga-2S] cluster with structural features similar to those of [2Fe-2S] clusters. Cross
peaks from nuclei that were not affected by the paramagnetism of the stdfur cluster in two-dimensionaH

NMR spectra of the [2Fe-2S] ferredoxin appeared at chemical shifts essentially equivalent to those arising from
analogous nuclei in the spectra of the [2Ga-2S] protein. Spectra of the gallium derivative, however, also possessed
additional resonances; for example, 19 additionat-HN cross peaks were observed in the fingerprint region of the
DQF-COSY spectrum of the [2Ga-2S] protein taken igOHat 298 K. Sequential assignment of the resonances
confirmed that the additional cross peaks originated from amino acids in the vicinity of the—selfal cluster,

which were hyperfine-shifted or broadened beyond detectability in the-saliur protein spectra. Preliminary
analysis of the NMR spectra indicated that the structural features of the galiulfide constituted protein possessed
many similarities to those of the [2Fe-2S] protein in the crystalline state. Gallium-substituted analogs—of iron
sulfur proteins should find utility in characterization of the structural and functional features of the ferric forms of
the native iror-sulfur proteins using conventional NMR techniques.

Metal ion substitution is a valuable technique for investigating
structure-function relationships in metalloproteins. Replace-
ment of the native metal of a protein with a metal ion with

Ga(lll) forms complexes that are frequently isomorphous with
the analogous Fe(lll) compounds as a result of the two ions’
similarities in ionic radii and coordination chemisfryDue to

useful spectroscopic features, for example, can provide insightits diamagnetic nature, Ga(lll) is an attractive substitute for the

into the coordination environment of the metakhile other
metals can facilitate structural investigatignsiron—sulfur

paramagnetic Fe(lll) ions of iron-containing coordination
compounds foH NMR applications. The nuclear spin of

proteins are a class of metalloproteins that contain iron and gallium ( = %, for !Ga and®®Ga} has enabled heteronuclear

inorganic sulfur in the form of clusters of different nuclearity,
which are bound to the polypeptide by side chain atoms of
amino acids. Although ironsulfur proteins constitute the
largest and most varied group of metalloprotéiexamples of

NMR studies to be performed on a Ga(lll)-substituted mono-
nuclear iron proteid. In addition, redox-inactive Ga(lll)-

substituted proteins would theoretically form inert complexes
with the redox partners of the native iron proteins, allowing

isomorphous replacement of the iron ions of these moleculesinvestigation of the structural and dynamic features of such
with other metals are rare. While accounts of the exchange of species. Self-assembly of [2Ga-2S] clusters has been demon-

the iron ions of [2Fe-2S] and [4Fe-4S] ferredoxins with Cd-
(1,# Co(I1),®> and Ru(llP have appeared, the homogeneity of

strated when Ga(lll) salts are combined with thiol ligands in
the presence of sulfid€. Although a derivative of a bacterial

the products and the exact compositions of the product clusters[2Fe-2S] ferredoxin with a single gallium ion bound to the four

were not conclusively established.
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iron—sulfur protein with cluster nuclearity identical to that of Mass Spectrometry. Electrospray mass spectra were obtained by

the native proteiﬁ? the Washington University Mass Spectrometry Resource, St. Louis,
MO. Mass peaks were detected in the positive mode using a magnetic
Materials and Methods sector instrument equipped with a VG organic nebulizer assisted

. ) . electrospray source using nitrogen as the nebulizer gas and bath gas.
General. Unless otherwise noted, all starting materials and solvents ap g kv spray voltage was used. Samples were suspended in 1%
were obtained from commercial suppliers and used without further formic acid/50% methanol at a concentration of approximately!d0

purification. . . . and were injected at a rate of 1@/min through a 2QuL injection
Preparation. Native [2Fe-2SJAnabaenderredoxin was obtained loop. Ten scans in the 16®600 Da (dalton) range were scanned
through expression of the genescherichia colistrain BL21(DE3) and averaged to obtain final spectra.

pLysS (Novagen) as described by Vidakovic et*allhe apoferredoxin

EXAFS Spectroscopy. EXAFS spectra were recorded on 5 mM
was prepared according to the method of Meyer as folfdwa.solution P d P

- . : protein samples as frozen glasses at 77 K at the Brookhaven National
of the ferredoxin (5.5 mg/mL in 100 mM Tris HCI, pH 8.0) was | qnoratory Synchrotron Facility by Dr. James Penner-Hahn, Department
degassed for 30 min by blowing humidified Ar gas over the surface of ¢ Chemistry, University of Michigan, Ann Arbor, MI. Experimental

the solution. Concentrated HCI was added to the solution to a final ye(siis regarding data accumulation and analysis will be published
concentration of 0.5 M. The solution immediately adopted a cloudy separately.

white appearance, and the reaction was allowed to proceed at room
temperature with continuous stirring under an Ar flow for 1 h. The
solution was centrifuged (10 min at 16 000 rpm), and the white pellet
was quickly rinsed with distilled water. The resulting precipitate of
the apoferredoxin was dissolved in degassed 0.5 M Tris HCI, pH 8.0
containing 1 mM dithiothreitol (DTT) to a final concentration of 5 mg/
mL, assuming complete recovery of protein. The precipitation
procedure was repeated to ensure complete removal of Fe(lll) and
sulfide, and the pellet was resuspended in degassed 0.5 M Tris HCI,
pH 8.0, 1 mM DTT to a final protein concentration of 2 mg/mL.

To the solution of the apoferredoxin was added a freshly prepared
solution of 0.1 M NaS (10 equiv) and 0.1 M Ga€(10 equiv). The

NMR Spectroscopy. All samples contained -35 mM protein
in 0.5 mL of 50 mM phosphate buffer, pH 7.1 that contained 10%
D,O. Samples in BD in the same buffer were prepared by lyophiliza-
tion of the HO sample and resuspension in 0.5 mL @f1X99.8 atom
' % D).

1H NMR spectra were recorded on a Bruker AMX-600 spectrometer
at 288, 298, or 308 K. Data were processed using FELIX 95 software
(MSI). Water suppression was achieved through presaturation of the
H>0 signal during the relaxation delay. TPPI was used for performing
phase-sensitive DQF-COS¥NOESY 22 and TOCSY experiments.
Mixing times of 60 and 80 ms were used for TOCS¥pectra, and 80
resulting clear solution was stirred under Ar af@ for 15 h. The and 160 ms for NOESY spectra. All spectra were referenced to the

constituted protein was then separated from excess reagent by p.’;lssag[%hem'Cal shift of the residual # signal. In general a total of 64

: . : ansients were recorded with a relaxation delay-682 and a spectral
through a Q-Sepharose FF column, eluting with 20 mM Tris HCI, pH " ® . - .
7.6, 0.5 M NaCl. Fractions which contained protein material that width of 8.1 kHz. Five hundred twelve incrementsX data points

migrated identically to the diferric protein on a 15% PAGE gel were merg colltict;ed in ;each _tt;/]vc;-&m;&]s&ort]al egptenment ag? _we(rje z:ro-
pooled and concentrated in an Amicon apparatus. The buffer was fed so that spectra wi ata points were obtained.

h ith M Tris HCI. oH 8.0 f ith M window function of a 60 shifted sine bell was used for the DQF-
gggiuargg;:o\évghafg rgH 7 TsforcI:\I’IVFI)R c?xge?i:nsetg':sage, or with 50 m COSY spectra, and a 9&hifted squared sine bell was used for the

Absorbance Spectroscopy.The absorption spectra of the proteins NOESY and TOCSY spectra.
and other samples were obtained at room temperature using an HP.
8452A diode array spectrophotometer. CD spectra of ferredoxins in Results

50 mM sodium phosphate buffer pH 7.1 at room temperature were .6 Anahaenderredoxin was obtained through expression
recorded on Jasco-J700 spectropolarimeter. Raw CD spectra were

subjected to line smoothing with the software supplied by the of the gene irE. colil* The apoprotein was prepared according
manufacturer. to the method of Meyel It was found that the success of the
Microanalysis. Concentrations of diferricAnabaenaferredoxin constitution was critically dependent on the method of apopro-
solutions were determined by absorption spectroscopy using antein preparation. When the apoprotein was prepared using
extinction coefficient at 422 nm of 9200 Mcm~116 Concentrations trichloroacetic acid instead of HCI, the constitution reaction
of gallium-substituted ferredoxin solutions were determined using an resulted in the formation of several products, according to gel
extinction coefficient at 276 nm of 7100 M cm™, calculated from electrophoresis.
the number of tyrosine residues in the sequence of the apopfotein g Ga(|11)-substituted protein was obtained through consti-
(five; Anabaenaferredoxin contains no tryptophan residues) and the tution of the apoprotein with Ga(lll) and sulfide in agueous

extinction coefficient of free tyrosine (1420 ™Mcm™).28 Protein lution. The oroar f th nstitution reaction was moni
concentrations were also determined using the Coomassie Plus proteir?0 ution. € progress or the constitution reaction was moni-

assay reagent manufactured by Pierce (Rockford, IL). Reaction of tored by native PAGE. This sensitive technique can detect
proteins with dithiobis(nitrobenzoic acid) (DTNB) was carried out as Minor differences in the overall charge and conformation state
described? Acid-labile sulfide content of the protein solutions was Of a protein and thus is useful for assessing the structural
determined by the methylene blue method reported by Beihert. similarities of related proteins. Ferredoxins are highly acidic
Protein to sulfide ratios were calculated relative to a standard solution proteinsz,4 and Anabaenaferredoxin migrates close to the
of N&S prepared freshly prior to protein analysis. Gallium content promophenol marker on a 15% native PAGE gel. Apoferre-
was determined by inductively coupled plasma analysis by Galbraith qoxin is unstructured according to CD spectrosc8pand it
Laboratories. migrates much more slowly on the gel than the [2Fe-2S] form
(13) Portions of this work were presented at the Seventh International (Figure 1).
Conference on Bioinorganic Chemistry; theck, Germany. Vo, E.; Ger- Constitution of the apoferredoxin was carried out with GaCl

manas, J. PJ. Inorg. Biochem1995 59, 573. K X .
(14) Vidakovic, i(\J/I Fraczkiewicz, G.; Dave, B. C.; Czernuszewicz, R. and NasS in argon-saturated Tris HCI buffer in the presence of

S.; Germanas, J. Biochemistry1995 34, 13906. DTT at 4°C. Use of Ga(N@) in place of GaC gave identical
(15) Meyer, J.; Moulis, J.-M.; Lutz, MBiochim. Biophys. Act4986
871, 243. (21) Piantini, U.; Sorensen, O. W.; Ernst, R.RAm. Chem. So4982
(16) Armstrong, F. A.; Sykes, A. G. Am. Chem. Sod978 100, 7710. 104, 6800-6801.
(17) Alam, J.; Whittaker, R. A.; Krogmann, D. W.; Curtis, S. E. (22) Macura, S.; Ernst, R. RMol. Phys 198Q 41, 95.
Bacteriol. 1986 168 1265. (23) Davis, D. G.; Bax, AJ. Am. Chem. S0d.985 107, 7197.
(18) Creighton, T. EProteins: Structure and Molecular Propertieand (24) Sykes A. G. inMetal lons in Biological SystemSigel, H., Sigel,
Ed.; Freeman and Co.: New York, 1993; p 14. A. Eds.; Marcel Dekker: New York, 1991; Vol. 27, pp 17824.
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Figure 3. UV CD spectra of oxidized [2Fe-2Inabaenderredoxin
(solid line) and Ga(lll}-sulfide constitution product (dashed line) at

- room temperature in 20 mM Tris HCI, pH 8.0.
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Figure 1. Native PAGE (15%) ofAnabaenaferredoxins. Lane A: —o -Na2S
apoferredoxin. Lane B: native oxidized [2Fe-2S] ferredoxin. Lane C: — o -Ga-fd
constitution product of apoferredoxin with Ga@ind NaS. Lane D: 0.8

apoferredoxin constituted with GaCls in lane C, but without N&. 0.7
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Figure 2. Absorbance spectra of native oxidized [2Fe-2@8hbaena  @llowing a yield of 60% for the constitution procedure to be
ferredoxin (top) and Ga(lllysulfide constitution product (bottom) at  Calculated.

room temperature in 20 mM Tris HCI, pH 8.0. The ultraviolet circular dichroism spectrum of the product
was essentially identical to that of natidmabaenderredoxin

b (Fgure 3). Bt specta displaye sirong bands i negtie
y 0 Cotton effects at about 215 nm, indicative of significght

PAGE gel and that was distinct from the apoprotein (Figure 1). structure. Furthermore the CD spectrum of the Ga(lll)-

Wher_1_ the gpoferredoxm was exposed io the constitution substituted protein was distinct from that of the apoprotein,
conditions without added N8, the observed band migrated S .
which is suggestive of a random conformatfsn.

identically to that for the apoprotein and was distinct from that i ) .
for the gallium and sulfide constitution product. The inorganic element content of the Ga(lll)-substituted
The crude constitution reaction mixture was applied to an Anabaenaprotein was determined by microanalysis. Colori-

anion exchange column, and proteins were eluted with Tris metric analysi& revea}led that the gallium sybstitgtion product
buffer containing 0.5 M NaCl. Fractions containing protein incorporated an equivalent amount of acid-labile sulfide per
product were individually analyzed by native PAGE (15%), and Mole of protein as did the native ferredoxin (Figure 4).
those that contained material that migrated identically to the Measured against a standardSasolution, the Ga(lll) and
native ferredoxin were pooled and concentrated. The absor-Sulfide constituted ferredoxin was found to incorporate .7
bance spectrum of the Ga(lll)-substituted product was transpar-0-2 €quiv of acid-labile sulfur per protein equivalent. Induc-
ent in the visible region, indicating the absence of irsalfur tively coupled plasma analysis indicated that the product
centers (Figure 2). The concentration of the polypeptide moiety contained 1.8t 0.2 equiv of gallium per mole of protein.

was estimated by a dye-binding assay, as well as by absorbance The Ga(lll)-substituted protein was inert to the thiol-specific
spectroscopy. An extinction coefficient at 278 nm of 7100'M  reagent DTNBY indicating the absence of free cysteine thiol
cm! for the protein was calculated on the basis of the five groups in the protein. The four cysteine residues in the sequence
tyrosine residues in the sequeriéeAdditionally the protein of Anabaenderredoxin are coordinated to the [2Fe-2S] cluster
concentration was determined by NMR spectroscopy by integra-in the native proteid® Since the constitution reaction was
tion of well-resolved'H signals against an internal standard. carried out under reducing conditions, the lack of free thiol
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Figure 5. One-dimensionatH NMR spectra of 3 mM samples of
oxidized [2Fe-2SPAnabaenderredoxin (bottom) and Ga(llf)sulfide
constitution product (top) taken at 298 K in 50 mM phosphate, pH 7.1
in D,O.

groups implied that all four cysteine residues of the Ga(lll)-
substituted protein were bound to metal ions.

The electrospray ionization mass spectrum (EIMS) of the
gallium ferredoxin (1% formic acid) displayed a peak with a
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diamagnetic region of the gallium protein spectrum contained
more resonances than did the iron protein spectrum. These
additional signals presumably originated from amino acids
located in the vicinity of the paramagnetic iresulfur cluster

of the native ferredoxin. Not surprisingly, the hyperfine-shifted
resonances of the oxidized iron protein spectruml6—50
ppmy! were not observed in the gallium analog’s spectrum.

Homonuclear two-dimensional NMR spectra of the Ga(lll)-
substituted and native ferredoxins also displayed exceptional
similarities in appearance. For example, a-HHN cross peaks
in the fingerprint region of the double-quantum filtered COSY
(DQF-COSY) spectrum of the [2Fe-2S] ferredoxin had a
counterpart at an essentially identical position in the spectrum
of the Ga(lll)-substituted protein (Figure 6). The differences
in chemical shifts of the corresponding signals were less than
0.05 ppm. The fingerprint region of the Ga(lll)-substituted
protein spectrum taken inJ@ at 298 K exhibited 19 additional
He—HN cross peaks that were not present in the [2Fe-2S]
ferredoxin spectrum (Figure 6). The additional resonances were
found to originate from amino acid residues in the vicinity of
the metal cluster and represented the majority of the 20 amino
acids whose signals were unaccounted for in the [2Fe-2S]
protein spectrum?

Sequence-specific assignment of the resonances of the Ga-
(llN-substituted protein spectrum was carried out by standard
methods® The assignment of most of the resonances was

mass of 10 888.3, which closely corresponded to the massgreatly aided by comparison with the spectrum of the oxidized
expected for the [2Ga-2S] protein (10 889). In addition, a peak [2Fe-2S] protein, whose diamagnetic region resonances had been
originating from the apoprotein was observed under these previously assignetf. For example, the sequentiaP#HN; 1

conditions (10 693.4; calculated mass 10 687).

connectivities seen by Markley for the diamagnetic resonances

Convincing evidence for the presence of a [2Ga-2S] cluster in the nuclear Overhauser spectroscopy (NOESY) spectrum of

in the gallium-substituted ferredoxin was obtained from X-ray

the oxidized [2Fe-2S] ferredoxin were also observed for the

absorption fine structure (EXAFS) spectroscopy. The Fourier resonances with equivalent chemical shifts in the gallium protein

transform of the Ga-EXAFS spectrum of the Ga(lll)-substituted

Anabaenderredoxin had an appearance similar to those of [2Fe-

28] ferredoxin Fe-EXAFS spectfd. Two peaks assignable to

NOESY spectrum. This result established that those peaks that
displayed identical chemical shifts in both iron and gallium
ferredoxin spectra originated from the same hydrogens.

S and Ga shellls at approximately the same distances seen for S The sequence-specific assignment of those resonances that
and Fe shells in EXAFS spectra of [2Fe-2S] clusters were clearly were not visible in the spectra of the diferric ferredoxin was

distinguishable. The G&S peak height was typical of MS
ligation, and the GaGa peak was only slightly smaller than
the Fe-Fe peak in authentic [2Fe-23] sités.

The conformational features of the polypeptide of the Ga-
(lIn-substitutedAnabaendaferredoxin were assessed by NMR
spectroscopy. In NMR spectra of oxidized plant-type [2Fe-
28] ferredoxins, signals from atoms closentt®sA to theiron—

carried out as follows. The spin systems of the additional
resonances were identified using total correlation spectroscopy
(TOCSY) and DQF-COSY. Sequence-specific assignments for
the new resonances were then established by locating sequential
connections from neighboring residues whose resonances were
assigned in the NOESY spectrum of the [2Fe-2S] ferredoxin.
For instance, sequential assignment of the resonances from the

sulfur cluster are shifted outside the diamagnetic region and/or C-terminus of the [2Fe-2S] protein ended at Ala 82 because no
broadened beyond detectability as a result of interaction with cross peaks between Ala 82 and Val 81 signals were vidible.

the unpaired electrons of the iresulfur clusteR® The
diamagnetic regions of the one-dimensiofdlNMR spectra

The resonances of Val 81 were easily identified in the gallium
protein spectrum, however, on the basis of strortgHY,

of the native and gallium-substituted ferredoxins are shown in HN/HN;,;, and Hi/HN,1; cross peaks to the Ala 82 NH
Figure 5. Both spectra are closely related, with signals in the resonance. Strong®4HN,; and HY/HN,;;1 cross peaks were

iron protein spectrum appearing at similar chemical shifts in
the gallium protein spectrum.

then found between the resonances of Val 81 and Cys 80, as
well as Cys 80 and Thr 79. In addition the TOCSY and DQF-

Several differences in the appearance of the spectra of theCOSY spectra revealed that the signals assigned to jrent
native and gallium-substituted ferredoxins, however, were H, hydrogens of Thr 79 were coupled to another hydrogen that
apparent. First, the gallium protein spectrum displayed narrower resonated at 5.52 ppm. This resonance was assigned to the Thr
line widths than the iron protein spectrum. Second, the 79 Q,H, which possibly exchanged sluggishly with solvent due

(26) Rypniewski, W. R.; Breiter, D. R.; Benning, M. M.; Wesenberg,
G.; Oh, B. H.; Markley, J. L.; Ryment, |.; Holden, H. MBiochemistry
1991, 30, 4126.

(27) Teo, B.-K.; Shulman, R. G.; Brown, G. S.; Meixner, A.E.Am.
Chem. Soc1979 101, 5624.

(28) Detailed presentation of the EXAFS results will be published

separately (Peariso, K.; Vo, E.; Penner-Hahn, J. E.; Germanas, J. P. In

preparation).
(29) Oh, B.-H.; Markley, J. LBiochemistry199Q 29, 3993-4012 and
references therein.

to its location in the protein interior.

Assignment of the resonances of the metal-binding loop
amino acids (Pro 38 to Ala 50) was initiated from the Gly 51
signals, which appeared at equivalent positions in both iron and

(30) (a) Wuthrich, KNMR of Proteins and Nucleic Acidgyiley: New
York, 1986. (b) Basus, VMethods Enzymoll989 177, 132.

(31) Skjeldal, L.; Westler, W. M.; Markley, J. |Arch. Biochem. Biophys.
199Q 278 482.
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Figure 6. (A) Fingerprint region of the DQF-COSY spectrum of [2Fe-Z8labaenderredoxin taken at 298 K in 50 mM phosphate, pH 7.1 in

H20. (B) Fingerprint region of the Ga(lHsulfide constitutedAnabaenderredoxin taken under the same conditions as in panel 6A. Expansions

of sections from the centers of the spectra are shown as insets in the upper right hand corners of both spectra. Cross peaks that were not detectable
in the [2Fe-2S] protein spectrum are boxed and labeled according to sequential assignment in panel B.



[2Ga-2S] Anabaena 7120 Ferredoxin J. Am. Chem. Soc., Vol. 119, No. 8, 193D

gallium protein spectra. Analysis of spectra obtained at two Ala 43 and Gly 44; and Ala 45, Gly 44, and Cys 46); the crystal
other temperatures (288 and 308 K) was necessary to locatestructure of the [2Fe-2S] form reveals these pairs of hydrogens
those signals that were obscured by th®©Hesonance at 298  to be in close proximity. Also the Val 81 Hproton of the
K. The Gly 51 NH showed NOEs to both ti#eCH; and NH gallium protein was strongly shielded (2.86 ppm); this observa-
resonances of Ala 50 (the Ala 50 and one of the Gly 51 H tion can be explained by the proximity of this hydrogen to the
hydrogens had equivalent chemical shifts)*/HV,+; and a Tyr 25 aryl ring, as seen in the X-ray structure of the iron analog.
number of Hi/HV;,; connectivities were then located for the  The similarity of the solvent exchange parameters for the two
stretch from Phe 39 to Ala 50. ferredoxin forms demonstrated that the two proteins had
The resonances of Ser 65 and Phe 66 were assigned startingquivalent patterns of hydrogen bonding and comparable
from those of Leu 67 and GIn 64. Although both of the latter dynamic properties. In addition, 10 of the additiong-HHN
two residues displayetH chemical shifts that were similar to  cross peaks in the Ga(lll)-substituted protein two-dimensional
those of the corresponding residues in the [2Fe-2S] protein spectra were found to persist after 100 h of exposure to
spectrum, the signals from these residues were significantly moredeuterated buffer. The possibility that these slowly exchanging

intense in the gallium protein spectra. Cle&/HN;+1 and HY/ NHs are involved in NH-S hydrogen bondsis currently being
HNi;1 and a number of E/HN.; connectivities were visible  investigated.
among all these residues. A globali§N-labeled sample of Interestingly, Pochapsky and co-workers reported that when

Anabaenaferredoxin is currently being prepared for 2-D and the apo form of the non-plant-type [2Fe-2S] protein putidare-
3-D heteronuclear NMR spectroscopy in order to support the doxin was constituted with Ga(lll) and sulfide, a novel derivative
sequence-specific assignments derived from homonuclear specthat incorporated a single gallium atom coordinated to the four
tra and to locate residues that were not assigned from theoriginal cysteine ligands was isolatét. The differences
homonuclear studies. between the behavior of apoputidaredoxin and the apoferredoxin
NMR spectra of the galliurhnabaenderredoxin taken after  prepared in this study may have originated from kinetic or
exchange of the buffer with J» showed that a number of thermodynamic factors. At pH 7.4, Ga(lll) is split ap-
backbone amide hydrogens had not appreciably exchanged withproximately 50:1 between the soluble Ga(@QH)and the
the deuterated solvent after 100 h. The backbone amide protongelatively insoluble Ga(OH)*® In the presence of ligands
that underwent slow exchange in the [2Fe-2S] ferredoxin were capable of metal coordination, such as Tris and DTT, Ga(lll)
equally reluctant to exchange in the gallium derivative. would most likely be complexed with these species. Regardless
of the most prevalent form of Ga(lll) under the reaction
conditions, successful constitution of the apoprotein with the
[2Ga-2S] cluster would depend on the relative values of the

T ; formation constants of all of the gallium-containing species. As
Constitution of the apo form of the [2Fe-2S] ferredoxin from . X
Anabaena7120 with Ga(lll) and sulfide afforded a stable the logarithm of the formation constant of Ga(QHjs 19.013*

product that incorporated both elements. The analytical datathe c_orrespondi_ng formation constant for the [ZQa-ZS]-
established a ratio of 2 equiv of gallium and acid-labile sulfide constituted protein could not be significantly below this value

; ; ; to allow isolation of Ga(lll)-substituted product. Structural
per protein molecule. The EXAFS data provided evidence for "
the presence of a [2Ga-2S] cluster bound to four sulfur ligands, dll_ff(:lrelgces between [2_Ga|-28] andh[ZFer-IZS] cflustersf, altt}mrj]gh
with structural features similar to those of [2Fe-2S] clusters of slight,® may be appreciable enough to thwart formation of the

ferredoxins. PAGE analysis revealed the gallium-substituted [26@-2S] putidaredoxin. Interestingly, while a rubredoxin-like

protein to have electrostatic and structural characteristics similar (Cys)Fe! _form of the non-plant-type [2Fe-2S] ferredoxin
to those of the native [2Fe-2S] protein. adrenodoxin has been generatethe analogous analog of any

The *H NMR spectra of the gallium-substituted ferredoxin E(l)ilnstt_ittﬁrt)iinferrr::ec:jxllj?e r(]j(fjlei‘,c?iobtedbﬁ(;?e rﬁg\?vrél\?g-r i-srhin%?gllyme
displayed high similarity to those of the oxidized [2Fe-2S] P ' 159 '

protein, with additional resonances from amino acids that were E]Zag?jsi]ngﬁ;\éa;r\:gstﬁé tg?afggéfsra]ﬁgs? %g;ggg‘nc:fgwg:
located in the vicinity of the metal cluster. For example, all 9

sequential M/HN;;; cross peaks of the [2Fe-2S] ferredoxin doxir®” have been obtained in this laboratory.
NOESY spectrum displayed positions and intensities essentially
identical to those of the analogous cross peaks of the [2Ga-2S]
ferredoxin spectrum. In addition, the cross peaks seen in the The [2Ga-2S] analog of the [2Fe-2S] ferredoxin from
NH—NH region of the NOESY spectrum of the [2Fe-2S] Anabaenahas been prepared and is amenable to structural
ferredoxin were present in the [2Ga-2S] protein spectrum. characterization by conventional NMR techniques. Preliminary
Hence both forms of this ferredoxin possessed similar three- gnalysis of the spectral features of the gallium derivative indicate
dimensional structural features in solution for those regions that the [2Ga-2S] protein is an isostructural analog of the [2Fe-
located greater tim9 A from the metal cluster. 2S] protein. The detailed comparison of the three-dimensional
Preliminary analysis of the NMR spectra of the gallium structure of the [2Ga-2S] protein obtained by distance geometry
protein suggested that the conformation of the polypeptide closeand restrained molecular dynamics calculations using NMR
to the metal cluster was similar to that seen for the [2Fe-2S] constraints to that of the [2Fe-2S] ferredoxin obtained by X-ray
protein in the X-ray structuré®. For example, the crystal crystallography is being actively pursued.
structure showed that residues Leu 78 to Val 81 form a type |
B turn26 The NOESY spectrum of the Ga(lll)-substituted (32) Mino, Y.; Loehr, T. L.; Wada, K.; Matsubara, H.; Sanders-Loehr,
protein displayed strong cross peaks between the resonanced ?é%c)h:;?'risstryﬁsé .deigf:r'o V. Biochemistry1983 22, 292
assigned to the Val 81 and Cys 80 NH's, between the Cys 80  (34) Harris, W. R Biochemistry1986 25, 803. T
NH and the Thr 79 NH, and between the Thr 79&hd Val 81 lg%%gugét:{a, Y.; Ishizu, K.; Kimura, Biochem. Biophys. Res. Commun
NH, as expected for a type/l tum* A number Of. strong (36) (:a) Lu,' H.; Germanas, J. P. Unpublished results. (b) Vidakovic, M.;
NH—NH NOEs were also seen between select residues of thegaczkiewicz. G.: Germanas, J. P.Biol. Chem 1996 271, 14734,
metal-binding loop (for example, between Arg 42 and Ala 43;  (37) Vo, E.; Germanas, J. P. Unpublished results.

Discussion

Conclusion
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