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ABSTRACT. Human ferredoxin, the human equivalent of bovine adrenodoxin, is a smatistdfur protein

with one [2Fe-2S] cluster. It functions, as do other vertebrate ferredoxins, to transfer electrons during
the processes of steroid hormone synthesis. A DNA fragment encoding the mature form of human
ferredoxin was cloned into an expression vector under control of the T7 RNA polymerase/promoter system.
The protein was overproduced Escherichia coli and the [2Fe-2S] cluster was incorporated into the
protein byin vitro reconstitution. The overall yield was30 mg of purified, reconstituted ferredoxin per

liter of culture. Four of the five cysteines in human ferredoxin are coordinated to thestdfur cluster.

First, the non-ligand cysteine (cysteine-95) was mutated to alanine, and then double mutants were created
in which each of the other four cysteines (at positions 46, 52, 55, and 92) were mutated individually to
serine. The wild-type ferredoxin and each of the five mutant proteins were studied byvisikle
spectroscopy and electron paramagnetic resonance spectroscopy. Thg, E&Res of all five mutants

were very similar to that of wild-type human ferredoxin. In the reduced state, three of the cysteine-to-
serine mutants exhibited axial EPR spectra similar to that of wild-type, but one of the double mutants
(C52S/C95A) exhibited a rhombic EPR spectrum. The-tisible spectroscopic properties of the wild-

type and the C95A mutant ferredoxins were identical, but those of the other cysteine-to-serine mutant
proteins of human ferredoxin were quite different from those of the wild-type protein and each other.
These results, along with those from cysteine-to-serine mutations in other ferredoxins, provide the basis
for a more comprehensive theoretical and practical understanding of the features important to the ligation
of [2Fe-2S] clusters, although they do not yet permit determination of which two cysteines ligate Fe(ll)
and which ligate Fe(lll) in the reduced protein.

Ferredoxins are a group proteins of that contain one or = 1.88,g, = 1.96,gs = 2.05). Prototypes of vertebrate-
more iron—sulfur clusters and participate as electron carriers type ferredoxins include bovine (adrenodoxin), chick, and
in biological electron transfer reactions. They display no human ferredoxins. Putidaredoxin, and the [2Fe-2S] ferre-
classical enzymatic functions (Palmer & Reedijk, 1992). doxin fromEscherichia colishare some of the properties of
Ferredoxins typically are classified by the number and types this group, but may eventually require separate classification.
of iron—sulfur clusters they contain. To date, three types Vertebrate-type ferredoxins show typical axial EPR spectra
of iron—sulfur clusters in ferredoxins have been identified with g,, = 1.96 @1 = 1.94,9, = 1.94, 93 = 2.02); their
by X-ray crystallography: [2Fe-2S] (Tsukihara, et al., 1978), reduction potentials are usually nea290 mV, around 200
[3Fe-4S] (Kissinger, et al., 1991), and [4Fe-4S] (Freer, et mV higher than those of the plant-type [2Fe-2S] ferredoxins.
al., 1975). Within these categories, ferredoxins can be The bacterial-type [2Fe-2S] ferredoxin has been isolated only
grouped into families on the basis of their amino acid from the nitrogen-fixing saccharolytic anaerdd®stridium
sequence relationships, reduction potentials, biological source pasteurianum It is a homodimeric protein with each subunit
and spectral properties (Cammack, 1992). For example, thecontaining one [2Fe-2S] cluster. The reduced protein shows
[2Fe-2S] ferredoxins fall into three classes: plant-type, arhombic EPR signal witly values of 1.92, 1.95, and 2.00;
vertebrate-type, and bacterial-type ferredoxins. Plant-typethe reduction potential is about300 mV.

[2Fe-2S] ferredoxins (prototypes include spinaghabaena In ferredoxins, the ironsulfur clusters are bound to the
7120 vegetative and heterocyst, aBgirulina platensis protein by covalent bonds between iron atoms and the sulfur
ferredoxins) have reduction potentials arour@00 to—460 atoms of the thiolate side chains of four cysteine residues.
mV and exhibit rhombic EPRsignals withgs,, = 1.96 @ Non-cysteinyl ligands have been reported in other classes
of iron—sulfur proteins. For example, the [2Fe-2S] cluster
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from each of two cysteines and by one of the imidazole- function as ligands to the [2Fe-2S] cluster (Cupp & Vickery,
ring nitrogen atoms from each of two histidines (Davidson 1988). The EPR spectrum of reduced wt HuFd exhibits an
etal., 1992; Gurbiel et al., 1989, 1991; Britt et al., 1991). In axial signal withg values of 1.94, 1.94, and 2.02. The
aconitase, by contrast, one of the iron atoms of the [4Fe-4S]reduction potential of the iroasulfur cluster is—260 mV
cluster is coordinated by one carboxyl oxygen, one hydroxyl at pH 7.4 (A. Weber-Main, M. T. Stankovich, and L. E.
oxygen from the substrate, and one oxygen from a water Vickery, personal comunication), and its value is pH de-
molecule; this iron is the one that is lost when the cluster is pendent with a pHig of 7.2 (Cooper et al., 1973). It had
converted to a [3Fe-4S] cluster (Lauble et al., 1992; Beinert been proposed that a conserved histidine residue®§His
& Kennedy, 1993). Non-cysteinyl ligands appear to be adjacent to one of the cluster-ligated cysteines might be the
present in some additional proteins that contain [4Fe-4S] responsible pH titratable group; however, this was ruled out
clusters (Holm et al., 1992). by a recent NMR study of the histidine residues of HuFd
Several analogues of [2Fe-2S] clusters that contain non-(Xia et al., 1995). Figure 1 presents alignment of the amino
sulfur ligands to the iron atoms have been synthesized acid sequences of human ferredoxin (HuFd), putidaredoxin
(Macharak et al., 1981; Beardwood et al., 1982). Mutagen- (Pdx), andAnabaenar120 vegetative ferrredoxin (VFd).

esis methods have been used to pl’obe whether individual Human ferredoxin has been overexpressed previou5|y as
cysteine residues in proteins are cluster ligands and whethery cleavable fusion protein ig. coli (Coghlan & Vickery,
they can be replaced by other residue types. Werth et al.1989) and inSacchromyces cesisiae (Seaton & Vickery,
(1990) mutated each of the four ligand cysteines of the [2Fe- 1992) at protein yields of about 5 mg of protein per liter of
28] cluster irE. colifumarate reductase individually to serine  culture. We increased this yield to around 30 mg per liter
and found that the cluster was incorporated spontaneouslyof culture by overexpressing the mature form of HuFd
into all mutant proteingn vivo; results on the C65S mutant  directly in E. coli. The product, a mixture of apo- and
of E. coli fumarate reductase showed that the mutation did ho|opr0tein’ was converted fu||y to apoprotein’ and then the
not result in significant perturbations of its spectroscopic, jron—sulfur cluster was incorporated into the protginitro
catalytic, or redox properties. The position analogous to py the addition of iron and sulfide under anaerobic condi-
Cys®in E. coli fumarate reductase is occupied by an Asp tions. The fifth, non-ligand cysteine, G§$Cupp & Vickery,
residue inE. coli succinate dehydrogenase (Werth et al., 1988), was mutated first to alanine. Then each of the four
1992); this again suggests that oxygen can be a ligand to aigand cysteines was mutated to serine individually in the
[2Fe-2S] cluster. C95A background. Contrary to a previous study of bovine
Early site-directed mutagenesis studies of cysteines offerredoxin (adrenodoxin) that indicated that variants with
ferredoxins focused on the identification of non-ligating sing|e Cys-to-Ser mutations at Cysteines 46, 52, 55, and 92
cysteines (Gerber et al., 1990; Uhimann et al., 1992; Fujinagado not support the formation of the iremsulfur cluster
etal., 1993) Formation of the cluster foIIOWing the mutation (Uh|mann etal., 1992)’ each of the human ferredoxin mutants
of a cysteine (usually to serine) generally was taken to formed clusters undeén vitro reconstitution conditions. The
indicate that the mutated residue was not a cluster I|gandw||d_type HuFd and the five mutant proteins were character-
However, all such mutants in tabaena/120 vegetative  jzed by optical and EPR spectroscopy. Comparison of these
ferredoxin, whose four cysteines are all ligated to the cluster results with those from ana|ogous mutants of VFd revealed
(Rypniewski et al., 1991), yielded proteins that formed a interesting differences between the clusters of vertebrate-
cluster byin vitro reconstitution (Cheng et al., 1994). The type and plant-type ferredoxins.
resulting mutant proteins have been studied systematically
by several additional biophysical methods (Holden et al., MATERIALS AND METHODS
1993): optical, EPR and NMR spectroscopy, X-ray crystal-
lography, electron transfer rate analysis, and reduction Enzymes, Chemicals, and E. coli StrainRestriction
potential measurement. In a more recent study of individual €nzymes were purchased from Promega (Madison, W) and
Cys-to-Ser cluster-ligand mutants of the [2Fe-2S] ferredoxin New England Biolabs (Beverly, MA). Taq DNA poly-
from C. pasteurianum(CpFd) (Meyer et al., 1994), the mMmerase, T4 polynucleotide kinase, and T4 DNA ligase were
mutant proteins were purified directly from tie colicells ~ from Promega. DTT was purchased from Boehringer-
and then used for OpticaL EPR, and resonance RamanMannheim Biochemicals (Indianapolis, |NE coli strain
spectroscopic investigations. Taken together, these studiedM103 was used for routine site-directed mutagendsis;
indicate that the clusters of [2Fe-2S] ferredoxins with one coli strain HMS174 was used for plasmid storage; BL21-
serinate and three cysteinate ligands can be synthesized (DE3)/pLysS was used for protein expression. The protein
vivo and form spontaneousip sitro. Recently, a Cys-to- ~ expression vector pET9a was purchased from Novagen
Ser mutation has been reported for one of the iron ligands (Madison, WI).
of rubredoxin (Meyer et al., 1995); wild-type rubredoxin Plasmid Constructions and Site-Directed Mutagenesis
contains a single iron ligated by four cysteines and no The original plasmid pHFdx1 (Coghlan & Vickery, 1989)
inorganic sulfur. containing the gene for human ferredoxin was digested with
This paper describes investigations of Cys-to-Ser mutationsrestriction enzymeslindlll and BanHI in order to excise
in a vertebrate-type [2Fe-2S] ferredoxin, human ferredoxin the DNA sequence coding for HuFd. This fragment was
(HuFd) which is found in the mitochondria of placenta and then subcloned into the M13(mp19) vector. Two restriction
other tissues. HuFd functions as an electron carrier in the enzyme sited\dd andBanH|, were created by mutagenesis,
initial step of steroid hormone biosynthesis. The mature form immediately upstream and downstream of the mature HuFd
of HuFd consists of 124 amino acid residues. Its five structural gene, respectively. In addition, a starting codon
cysteine residues are located at positions 46, 52, 55, 92, andvas introduced just before the first codon of the mature HuFd
95; Cy$® has a free thiol group, and the other four cysteines gene. AnNdd restriction site inside the coding region of
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HuFd : SSSEDKITVHFINR-DGETLTTKGKVGDSLLDVVVENNLDIDGFG 44
* *| * % * I
— —( w— D
Pdx : = ------ SKVVYVSH~-DGTRRELDVADGVSLMQAAVSN-GIYDIVG 37
, * *l * X *
—- —]- ()
VFd ---~ATFKVTLINEAEGTKHEIEVPDDEYILDAAEEQ--GYDLPF 39
TR B
HuFd : ACEGTLACSTCHLIFEDHIYEKLDAITDE MLDLAYGLTD-RS 88
|+ |
— TR -
Pdx : DCGGSASCATCHVYVNEAFTDKVPAANEREIGMLECVTAELKPNS 82
|+ | |«
—— §
VFd SCR-AGACSTCAGKLVSGTVDQSDQS-————— FLDDDQIEAG--Y 75
R —
HuFd : RLGCQICLTKSMDNMTVRVPETVADARQSIDVGKTS 124
|| |+ *
L] ——) ———
Pdx RLCCQIIMTPELDGIVVDVPD--~-- ROW---——-- 106
| |+ *
—)
VFd : VLTCVAYPTSDVVIQTHKEED-—----— y------- 98

Ficure 1: Amino acid sequence alignment and comparative secondary structure of representative [2Fe-2S] ferredoxins: human ferredoxin
(HuFd), putidaredoxin (Pdx), anshabaena/ 120 vegetative ferredoxin (VFd). Conserved residues between human ferredoxin and vegetative
ferredoxin and between human ferredoxin and putidaredoxin are indicated by vertical lines. The symbol “*” is used for indicating similar
residues. Secondary structures shown are from HuFd (B. Xia and J. L. Markley, derived from unpublished NMR data), Pdx (Pochapsky et
al., 1994), and VFd (Riepniewski et al., 1991). The CLUSTALW computer program was used to determine the protein sequence alignment
(WWW address for CLUSTALW is http://glycine.ncsa.uiuc.edu:3104/wbt.dir/html/wbt. CLWO02P.html).

HuFd was eliminated by changing the codon of & yrom The frozen cells were melted and then lysed by a freeze
TAT to TAC. The DNA fragment coding for the entire thaw cycle followed by sonication. Ultrapure urea was added
mature HuFd gene was excised and cloned into the pET9ato the cell lysate to a final concentration of 8 M. Reconstitu-
expression vector between thield and BanH| sites. This tion of the [2Fe-2S] cluster was achieved by the procedure
resulting plasmid, named HuFd/pET9a, was transformed into described by Coghlan and Vickery (1991) and Cheng et al.
E. colistrain BL21(DE3)/pLysS for protein expression. The (1995). The refolded holoprotein was then loaded onto a
entire DNA sequence of the HuFd structural gene after DE53 anion exchange column and eluted with 1 M NaCl in
incorporation into the expression vector was confirmed by 50 mM phosphate buffer (pH 7.4). The protein was
standard, double-strand DNA sequencing. subjected to further purification by ion exchange chroma-
For the production of each Cys-to-Ser mutation, the DNA tography (Q-Sepharose and DEAE-Sepharose) and gel filtra-
fragment containing the coding sequence of HuFd, releasedtion (Sephacryl S-100). Protein fractions whky/Agzsratios
from plasmid HUFd/pET9a with restriction enzymesoR| greater than 0.78 were considered to be more than 95% pure.
andSal, was cloned into the M13(mp18) vector. First, &ys The concentration o_f HuFd was estimated from the absor-
was mutated into Ala. In this background, the codons of bance at 414 nm witksys = 11 (MM cm)™. The overall
each of the other four cysteines were changed individually Yield of purified protein was~30 mg per liter of culture.
to serine codons by single-strand site-directed mutagenesis. Spectroscopy Optical absorption spectra were obtained
Sequences of the oligonucleotides used in cloning andwith a Hewlett-Packard 8452A diode array spectrophotom-
mutagenesis are provided as supporting information. eter. Low-temperature EPR spectra were recorded at X-band
Protein Production, Cluster Assembly, and Purification With @ Varian E Line spectrometer equipped with a Varian
A single colony ofE. coli BL21(DE3)/pLysS, containing ~E102 microwave bridge. Precise measurements of the
plasmid HUFd/pET9a, was selected and grown overnight atmicrowave frequency and the magnetic field strength were
37°C in 5 mL of LB medium with 100 mg of kanamycin/L  Obtained, respectively, by using a Hewlett-Packard 5245A
and 34 mg of chloramphenicol/L. This overnight culture frequency converter/5245L electronic counter and a Varian
was used to inoculate 1 L of LB medium containing 100 gaussmeter. The microwave power was calibrated by using
mg of kanamycin/L and 34 mg of chloramphenicol/L. The @ Hewlett-Packard 432A power meter. Sample temperatures
culture was incubated at 3T until the Ao Of the culture ~ Were around 10 K and were regulated with an Oxford
reached 0.6, and then IPTG was added to a concentration ofnStruments ESR-900 continuous-flow cryostat.
100 mg/L to induce protein expression. After induction, the  All EPR samples contained 0.4 mL of-B mM ferredoxin
culture was incubated at 3T for another 16 h, and then in 200 mM sodium phosphate buffer with 100 mM sodium
the bacteria were harvested by centrifugation. The cell pellet chloride; the pH was 8.0. Proteins were reduced by
was resuspended in 50 mM phosphate buffer (pH 7.4) andintroducing 2 mg of solid sodium dithionite into the sample
stored at—20 °C until needed. tube under argon. Since the reduction caused a certain
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degree of denaturation of all the Cys-to-Ser mutants, the exact WT

concentrations were undetermined.
C95A

RESULTS

Protein Expression and [2Fe-2S] Cluster Assemble CA6SCOA

strategy adopted for overproducing HuFd was the same as
that developed for preparing themabaena’ 120 ferredoxins C525+C95A
(Cheng et al., 1995). An expression vector HUFd/pET9a was
constructed, which contained the entire gene coding for
mature HuFd; this was transformed irfocoli strain BL21-
(DES3) containing plasmid pLysS, which codes for a lysozyme
that assists in breaking down the cell walls. The synthesis
of T7 RNA polymerase was induced by the addition of IPTG, ~ C925+C95a
which, in turn, transcribed the target DNA in the plasmid

and led to high-level production of the ferredoxin. The

harvested cell pellet showed a red-brown color, indicating

that the expression system produced measurable amounts of

the holoferredoxin. The strongest protein band on the SDS/

urea polyacrylamide gel corresponded to HuFd. Direct

isolation of the holoprotein led to yields of about 10 mg of

pure HuFd per liter of culture. The overall yield was

/4

C55S+C95A

increased to 30 mg per liter of culture by reconstituting the | l T 1 | ! I
iron—sulfur clusterin vitro from the whole cell lysate. As 300 400 500 600
described previously for th&nabaenaferredoxin (Cheng Wavelength (nm)

et al., 1995)' the fef_“?doxm product was converted to Ficure 2: UV—visible spectra of wild-type (wt) human ferredoxin
apoprotein by the addition of urea; the cluster was recon- and mutants: C95A; C468C95A; C52S-C95A; C55SH-CO5A:;
stituted by addition of sulfide and Fe(lll), and the resulting C92S+C95A.

holoprotein was purified.

HuFd mutant C95A, which lacks the fifth (non-ligand) redpcgd mutants resulted in loss of the i@ulfur cluster,
cysteine (Cupp & Vickery, 1988), was produced primarily as indicated by color-bleaching.
as the holoprotein; its mobility on SDS/urea polyacrylamide  Spectroscopic StudiesPurified, reconstituted, recombi-
gels was identical to that of wt HuFd. Judging from the nant HuFd exhibited optical (Figure 2), EPR (Figure 3), and
pale color of the cell pellets, the four other Cys-to-Ser mutant NMR spectra identical to those previously reported for HuFd
proteins were produced . coli mostly as apoproteins. SDS/ isolated from other production systems (Coghlan & Vickery,
urea polyacrylamide gel electrophoresis of the cell extracts 1989; Skjeldal et al., 1991). The UWisible spectra had
showed major bands with mobilities similar to that of wt the usual absorption maxima at 456, 414, 322, and 276 nm,
apoferredoxin. In zitro reconstitution of the irorsulfur and the maximumAy14Az76 ratio (0.82) was close to the
cluster in these proteins was signaled by the generation ofexpected value. Reduced, recombinant HuFd exhibited an
color: green-brown for C468C95A and red-brown for wt,  axial EPR signal wittg values of 1.94 ), 1.94 @), and
C95A, and the other three double mutants (C5295A, 2.02 @s). NMR spectra of the oxidized and reduced forms
C55S+C95A, and C925C95A). of HuFd showed the characteristic patterns of hyperfine-

Although the C95A mutant had wild-type stability, each shifted peaks (Skjeldal et al., 1991). The single mutant,
of the four ligand Cys-to-Ser mutants was much less stable C95A, showed optical spectra (Figure 2 and Table 1)
than wt HuFd. The Cys-to-Ser mutants of HuFd were found identical to those of wt HuFd. The reduced form of the
to be less stable than the corresponding Cys-to-Ser mutant$©95A mutant exhibited an axial EPR signal with exactly the
of VFd. Color bleaching from the ferredoxin was observed Same principay values as wt (Figure 3 and Table 1).
during the purification of all four mutants. The low stability Figure 2 shows UV-visible spectra of the four ligand Cys-
of these mutant proteins made it impractical to carry out to-Ser mutants of HuFd. The spectra of the mutants are
additional studies analogous to those conducted with the Cys-distinct from each other and from wt, indicating differences
to-Ser mutants of VFd: reduction potential determinations in ligand coordination to the ironsulfur cluster. As with
(A. Weber-Main et al., in preparation), NMR spectroscopy other ferredoxins, the absorption maxima observed in-300
(Cheng et al.,, 1994), structure determination by X-ray 600 nm range (summarized in Table 1) must arise from
crystallography, and investigation of electron transport dipolar allowed sulfur (or oxygen) and iron charge transfer
properties (Holden et al., 1994). (Noodleman & Baerends, 1984). It is interesting that the

All four mutants could be reduced by sodium dithionite. UV —Visible spectrum of C928C95A looks very similar to
The reduced samples bleached very quickly unless frozen.those of plant-type ferredoxins, except for blue shifts of
This was taken to indicate that the mutants are less stable inbsorption maxima in the 3600 nm range (Table 1).
their reduced form than in their oxidized form. Asindicated EPR spectra of the reduced mutants are shown in Figure
by the speed for color bleaching upon reduction, the mutant 3. Their calculated values are listed in Table 1. In contrast
protein stability decreased in the following order: to the UV~visible spectra, which show large individual
C55St+C95A (most stabley C52S+C95A > C92SHC95A variations for each Cys-to-Ser mutant, the EPR spectra of
> C46StC95A (least stable). Air reoxidization of the these mutants show few differences. Thevalues of the
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Wild-Type C95A desired product and that the overall yield depends on the

efficiency of this additional step. Our interest in incorporat-
ing stable isotopes from relatively expensive precursors (Xia
C52S/C95A

et al., 1995) and in making a number of site-directed mutants
motivated us to optimize the protein yield; for this, a direct
protein expression strategy is preferred. Two groups, Palin
et al. (1992) and Uhlmann et al. (1992), reported direct
expression of bovine ferredoxin (adrenodoxinkEincoli. At
almost the same time, Ta and Vickery (1992) cloned a gene

from E. coli that codes for a [2Fe-2S] ferredoxin that is a
close homologue of HuFd. These results suggested to us
that it should be possible to overproduce the mature form of
HuFd inE. coli

By following the approach used in overproducing VFd
(Cheng et al., 1994), we obtained consistent yields of 30

C555/C95A C925/C95A mg of natlve.HuFd per Iltt_er cE: coliculture. Thls simplified
overproduction and purification scheme yielded a product

that gave optical and EPR spectra identical to those previ-
ously published for HuFd.

High-level protein production required a long incubation
time (16 h) following induction; by comparison, a much
briefer incubation time (2 h) was needed to produce similar
levels of VFd (Cheng et al., 1995). Similarly long incubation
periods had been reported for optimal expressioR.igoli

of the HuFd fusion protein (Coghlan, & Vickery, 1989) and
;000 32’00 3‘4‘5;)0 3;‘00 30’00 32'00 34'00 36'00 38'00 of bovine ferredoxin (Palin et al., 1992). The slow protein
. synthesis was attributed initially to differences in codon
Field Strength (Gauss) frequencies in the HuFd gene (Mittal et al., 1988) as
Ficure 3: EPR spectra of reduced wild-type human ferredoxin and compared to typicaE. coli genes (lkemura, 1981). Con-
mutants at 10 K. Spectra were collected at varied conditions as sequently, we mutated five of the 12 most unfavorable

listed below. wt: 9.237 GHz; modulation amplitudeg2at 1 mwW . ; :
power. C95A: 9.254 GHz; modulation ampIFi)tude,e% G at1mw codons of HuFd into ones more optimal for protein expres-

power. C46S-C95S: 9.234 GHz; modulation amplitude; 8 G at 1 Sion inE. coli(lle” and lie?, ATA—ATC; Gly*, GGA—GGT;

mW power. C528-C95S: 9.232 GHz; modulation amplitude, 2 G Arg®’, AGA—AGC; Arg®, CGG—~CGT). However, these

at 1 mw power. C558C95A: 9.254 GHz; modulation amplitude,  codon changes did not lead to a significant increase in the

gmGIital}dé g“é’ aptoiN;rWC%ZWS;%A: 9.254 GHz; modulation  |eye| of protein production. We conclude that the rate of
P ’ P ' protein synthesis was not limited by codon usage or that the

usage of those codons that were mutated was not rate

=

C46S/C95A

I

Table 1: Optical Absorption Maxima and ERRValues Of

Wild-Type and Mutant Human Ferredoxin determining.
The red-brown color of the cell pellet indicated that human
_ UV —visible spectroscopy _ EPR spectroscopy holoferredoxin is formed inE. coli. When HuFd was
variant __absorption maxima (nfh) & g G Gw® purified directly from the cell, the protein yield per liter
wild-type 276, 322, 414, 456 1.94 194 202 197 cylture was only 510 mg. As with VFd, it was found that
gzgéﬂ:gs A g;g g% ‘31%314413"3 480 1.1924 1.1924 2.263,2 1.1;7)7 the'yielq per liter of culture could be _inc.reasedﬂtGO mg
C52S+C95A 276, 320, 378422 189 193 202 1.95 by in uitro [2Fe-2S] cluster reconstitution; these results
C55S+C95A 276, 324, 432 1.93 1.93 202 1.96 suggest that more than 70% of the HuFd overproduced in
C92S+C95A 276, 320, 402, 428 194 194 204 197 E, colifailed to incorporate the irensulfur cluster. The
a Calculated fromgs, = m. b Shoulder. cluster incorporation machinery of the cells apparently cannot

keep up with the high rate of protein production.
) ) ) ) When one of the normal irensulfur ligand cysteines of
mutants, which varied between 1.95 and 1.97, were identical oz tohacterinelandii 7Fe ferredoxin was mutated to serine,
or nearly identical to that of the wild-typg4, = 1.97) (Table 5 nearhy free cysteine replaced it as a cluster ligand (Martin
1). C55S-C95A and C925CI5A exhibited axial type EPR ot 5], 1990). Although this type of rescue was not observed
spectra almost identical to that of wild-type HuFd. with Cys-to-Ser mutants of bovine ferredoxin (Uhlmann,
1992), we decided to avoid the possibility of such a ligand
DISCUSSION replacement by the free cysteine of HuFd by mutating the
Protein Querexpression and PurificationBecause they fifth cysteine (Cy®) to alanine. The subsequent four Cys-
suspected that the mammalian protein might be degradedto-Ser mutations were created in the C95A background.
by proteases when produced heterologously, the first group Each of these four Cys-to-Ser mutants retained spectral
to express the cloned HuFd gene En coli (Coghlan & properties characteristic of [2Fe-2S] ferredoxins. Each could
Vickery, 1989) chose to use a fusion protein. The rationale be reduced by sodium dithionite. These results indicate that
was that a fusion protein should be less susceptible tothe iron—sulfur cluster of vertebrate-type [2Fe-2S] ferre-
proteolysis. The disadvantages of this approach are that ardoxins, as was found for plant-type (Cheng et al., 1994) and
expensive protease (factor Xa) is needed to cleave out thebacterial-type (Meyer et al., 1994) ferredoxins, can tolerate
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the replace'ment of at least one “gf”md cysteine by SerNe.taple 2: Comparison of Properties of Cys-to-Ser Mutants of
The formation of [2Fe-2S] cluster in all four Cys-to-Ser Human Ferredoxin with Those frominabaena7120 Vegetative
mutants of human ferredoxin was also confirmed by MCD Ferredoxin

and RR studies of these mutants (L. A. Akin and M. K. (A) Anisotropy of EPR Spectra
Johnson, personal communication). human ferredoxin vegetative ferredokin
EPR Spectra of Cys-to-Ser MUtamBertr_and and G_a)_/da ~ mutation sit¢  mutation EPR mutation EPR
(1979, 1980) proposed a model to explain the variation in Wt Wi axial Wi rhombic
theg valu.es of differept [ZFQ—ZS]cIusters asa function of cl C46S axial c41s rhombic
perturbation of the ligand-field (or its rhombicity) at the c2 C52S rhombic C46S rhombic
ferrous site. The BertraneGayda model (Bertrand et al., c3 C55s  axial €495 axial
1985) puts [2Fe-2S] clusters into two classifications ac- c4 €925 axial Cr9s rhombic
cording to theimg,, values: ferredoxin-type and Rieske-type _ (B) Relative Stabilities of the Mutant Proteins
[2Fe-2ST clusters @ ~ 1.96 and 1.91 for ferredoxin-type stabilit" mutation  mutation site  mutation  mutation site
and Rieske-type, respectively). Within each class, ghe 1 C555 c3 C46S c2
values are a linear function of the rhombicity at the ferrous % gggg 2421 gﬁg gf
site, and the ligand-field energies of the Fe(ll) ion should 4 C46S ol Cc79S c4

pe Slm"&.lr' This model Squ.eStS that Cys-to-Ser modifica- — Data from Cheng et al. (1994) The symbolscl, c2, ¢3, andc4
tions of ligands to the Fe(“? .S'te_Shomd have a greater effect refer to the ligand cysteines in their order in the protein sequence (Figure
on EPR spectra than modifications of ligands to the Fe(lll) 1). ¢ Stability decreases from 1 to 4.

site and that the former modifications should decrease the
EPRga,, values (Werth et al., 1990).

NMR studies of plant-type ferredoxins have established
which cysteines are ligated to Fe(ll) (Cysand Cy4®) and
which are ligated to Fe(lll) (Cy8and Cy<°) in the reduced
protein (Dugad et al., 1990; Skjeldal et al., 1991). Further-
more, it was concluded from NMR studies of Cys-to-Ser
mutants of VFd that these mutations do not alter which iron
is reduced (Cheng et al.,, 1994). Assignments of which
cysteines ligate Fe(ll) and which cysteines ligate Fe(lll) also
have been made for a bacterial-type ferredoxin, [2Fe-2S]
CpFd, on the basis of EPR results from Cys-to-Ser mutants
(Meyer et al., 1994). It has not been possible yet to assign
which cysteines are ligated to Fe(Il) and which to Fe(lll) in
any vertebrate-type ferredoxin; the methods used previously
have not proved applicable. The hyperfine-shifted signals
of vertebrate-type ferredoxins relax too rapidly for the kind . - T X
of NOE measurements that were critical to the assignmentsSh"ct to 1.95 upon _b|nd|ng of inhibitor DBMIB (Malkin,
in plant-type ferredoxins, and, as discussed below, the EPR1981)' _E'?C”O” spin echo envelope modglatlon (.ESEEM)
data from the Cys-to-Ser mutants of both VFd and HuFd do results indicated that DBMIB treatment of this protein causes

not fit the theoretical model (Bertrand & Gayda, 1979, 1980) no change 'in irof sulfur clyster "Qa”ds and little changg
that was used in the assignments in [2Fe-2S] CpFd (Meyer'n the magnitude of magnetic couplings between the unpaired
et al., 1994). electron and the nitrogen nuclei of the ligated histidine

In VFd, replacement of Fe(ll) ligand C$fsby Ser led to imidazoles (Britt et al., 1991). The ESEEM study also
a decrease ima from 1.96 of the wild-type to 1.91: by revealed that DBMIB inhibition may induce a change of

contrast, individual Cys-to-Ser substitutions at the other three conformation in the vicinity of [2Fe-2S] cluster which
cysteines, including C$&which is the other ligand to the ~9enerates new hydrogen bonds between the cluster and
Fe(ll) ion, produced very little change i, (Cheng et al., nearby peptide nitrogens. This sugggsts that the patt_ern of
1994). The four ligand Cys-to-Ser mutants of HuFd all show hydrogen bonds _ab_out the cluster are |mp(_)rtant determinants
g values (between 1.95 and 1.97) that differ very little from of EPRg values in iron-sulfur clusters (Britt et al., 1991).
that of wt HuFd (1.97) (Table 1). One of the Fe(lll) ligand ~ Comparison of Cys-to-Ser Mutants of HuFd and VFd.
Cys-to-Ser mutations of VFd (C49S) exhibited a nearly axial Interesting correlations can be drawn from comparing the
EPR signal which was different from the rhombic EPR signal present results from HuFd with those from the analogous
of wt; the other Fe(lll) ligand mutant (C79S) showed an studies of Cys-to-Ser mutants of VFd (Cheng et al., 1994).
essentially rhombic EPR signal (Cheng, et al., 1994). This Human ferredoxin and VFd are representatives of the two
result indicated that the ferric ion in the [2Fe-2S]luster simplest classes of [2Fe-2S] ferredoxins: vertebrate ferre-
can contribute a large rhombic component to the EPR doxins and plant-type ferredoxins, respectively. Both are
spectrum (Hagen, 1992). Taken together, the results dis-monomeric proteins that contain only one iresulfur cluster.

Why is the BertrandGayda model, which explains
differences in the EPR spectra of ferredoxin-type and Rieske-
type clusters, inappropriate for single-site Cys-to-Ser muta-
tions in [2Fe-2S] ferredoxins? The answer may concern the
magnitude of the change being considered. Rieske-type
[2Fe-2S] clusters differ from ferredoxin-type [2Fe-2S]
clusters by the substitution of both cysteines ligated to one
iron by histidines; the electronic properties of these ligands
are quite different. It may be that the much more conserva-
tive substitution of a single S (from Cys) by O (from Ser)
perturbs the EPRj, value to a much smaller extent.
Alternatively, the mutation may alter hydrogen bonding to
the cluster. An example of the latter effect is provided by
studies of cytochromédyf, which contains a Rieske-type
cluster. The EPRY},y of the [2Fe-2S] cluster was found to

cussed above imply the following for the [2Fe-2S]uster: The four cluster ligand cysteines in each of these two
(i) Cys-to-Ser replacement of a ligand to Fe(ll) does not ferredoxins can be designatedcsc?, ¢3, andc4 according
necessarily lead to a decrease in the ERR (ii) Cys-to- to their position in the alignment (Figure 1) of their amino

Ser replacement of a ligand to Fe(lll) can alter the anisotropy acid sequences (VFdl = Cys*, c2 = Cys, ¢c3 = Cys®,
of the EPR spectrum. These results do not fit the expecta-andc4 = Cys’®; HuFd,c1= Cys', c2= Cys®?, c3= Cys®,
tions of the Bertrang Gayda model (Bertrand et al., 1985). ¢4 = Cys?). Table 2A summarizes the reduced-state EPR
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parameters for wild-type and mutant VFd and HuFd. Wild- The plant-type ligation pattern places the two central
type VFd shows a rhombic EPR spectrum wgtlralues of cysteines on different iron atoms, whereas the zinc-finger
2.05, 1.96, and 1.88. Of the four Cys-to-Ser mutations of ligation pattern places the two internal cysteines on a single
VFd, only that at sitec3 resulted in a change of the EPR iron. Further studies will be needed to determine which
signal, from rhombic to near-axial (Cheng et al., 1994). In ligation pattern HuFd uses and which cysteines ligate the
HuFd, a change in the EPR spectral anisotropy is also seerreducible iron.

to result from substitution at only one of the four sites; in

this case the anisotropy changes from near-axial to rhombic, ACKNOWLEDGMENT
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