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Biochemical, Spectroscopic, and Unfolding Studlies

Gealdine Mitouf Catherine Higging,Pernilla Wittung-StafshedeRichard C. ConoverArcher D. Smith!
Michael K. JohnsoH,Jacques Gaillard,Audria Stubnd, Eckard Minck and Jacques Meye#*

Département de R®nse et Dynamique Cellulaires, CEA-Grenoble, 38054 Grenoble, France, Chemistry Department,
Tulane Unbersity, New Orleans, Louisiana 70118, Department of Chemistry and Center for Metalloenzyme Studiesityni
of Georgia, Athens, Georgia 30602, partement de Recherche Fondamentale sur la Matieondense, CEA-Grenoble,
38054 Grenoble, France, and Department of Chemistry, Carnegie Mellopetsity, Pittsburgh, Pennsydnia 15213

Receied Naember 5, 2002; Résed Manuscript Receéd December 3, 2002

ABSTRACT: Analysis of the genome of the hyperthermophilic bacterfuuifex aeolicuvias revealed the
presence of a previously undetected gene potentially encoding a plant- and mammalian-typ2SpPFe
ferredoxin. Expression of that gene kscherichia colihas yielded a novel thermostable [2F2S]
ferredoxin (designated ferredoxin 5) whose sequence is most similar to those of ferredoxins involved in
the assembly of ironsulfur clusters (Isc-Fd). It nevertheless differs from the latter proteins by having
deletions near its N- and C-termini, and no cysteine residues other than those involved 2§ Fe
cluster coordination. Resonance Raman, low-temperature MCD and EPR studies show close spectral
similarities between ferredoxin 5 and the Isc-Fd frémotobacterinelandii. Méssbauer spectra of the
reduced protein were analyzed with &8s 1/, spin Hamiltonian and interpreted in the framework of the
ligand field model proposed by Bertrand and Gayda. The redox potential atolicusferredoxin 5

(—390 mV) is in keeping with its relatedness to Isc-Fd. Unfolding experiments showeA .thablicus
ferredoxin 5 is highly thermostabld{ = 106 °C at pH 7), despite being devoid of features (e.g., high
content of charged residues) usually associated with extreme thermal stability. Searches for genes potentially
encoding plant-type [2Fe2S] ferredoxins have been performed on the sequenced genomes of
hyperthermophilic organisms. None other than the two proteins &oagolicusvere retrieved, indicating

that this otherwise widely distributed group of proteins is barely represented among hyperthermophiles.

Ferredoxins (Fd$known as “plant- and mammalian-type reactions, in mammals (e.g., adrenodoxin (Adx)) as well as
Fd” contain [2Fe-2S] clusters 1—5) and are widely in a variety of other organisms, including bacteria (e.g.,
distributed among living organisms. That monophyletic putidaredoxin 4)).
family of proteins is composed of two main subgroups. The  Novel functions of [2Fe2S] Fds have recently been
first of these consists of Fds transferring electrons from nyeiled. Thus, some of them are involved in the assembly
photosystem | to several Fd-dependent enzymes in plantsf jron—sulfur clusters in vivo§—8) and are related to Adx
algae, and cyanobacteri8)( Fds of the second subgroup (hence the name Yahor yeast adrenodoxin homologtie
participate in electron-transfer chains linked to hydroxylation given to one member of this groug)j. Other [2Fe-2S]

Fds have been shown to be very specific reactivators of
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| University of Georgia. Indeed, until very recently, [2Fe2S] plant- and mammalian

U Département de Recherche Fondamentale sur la kat®nd- type Fds were unknown in hyperthermophilic organisms. The
ense, CEA-Grenoble. single exception known to date, Fd1 frohguifex aeolicus
#Carnegie Mellon University. (11, 13), prompted us to search genomes of hyperthermo-

1 Abbreviations: Aag Aquifex aeolicusAv, Azotobactewinelandii; . .. . . .
Adx, adrenodoxin: CD, circular dichroism; efg, electric field gradient; Philes for such Fds. This inspection has confirmed, surpris-

ENDOR, electror-nuclear double resonance; EPR, electron paramag- ingly, that Archaea other than halophiles, and likewise
netic resonance; Fd(s), ferredoxin(s); GUHCI, guanidine hydrochloride; hyperthermophilic bacteria of the genlisermotogaappear

Isc, iron—sulfur cluster assembly; VTMCD, variable temperature ;
magnetic circular dichroism; SDS, sodium dodecyl sulfate; PAGE, to be devoid of [2Fe2S] Fd. Nevertheless, a heretofore

polyacrylamide electrophoresis; PCR, polymerase chain reaction; Pdx,"onannotated sequence potentially encoding afZSE} Fd
putidaredoxin; RR, resonance Raman; WT, wild type. has been detected in the genomeAofaeolicus This open
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Ficure 1: (A) Position (base numbers indicated) in theaeolicusgenome 15) of the newly detecteddx5 gene. (B) Gene and protein
sequence of Fd5. Also shown are the primers used to lift the gene from genomic DNA by PCR (see text).

reading frame has been cloned, overexpresseddherichia stop codon in upper case). After a DNA denaturation step
coli, and shown to encode an adrenodoxin-like highly of 5 min at 94°C, Pwo DNA polymerase and the deoxy-
thermostable [2Fe2S] Fd whose properties are described nucleotide mix were added, and 25 cycles of amplification

below. (30 sat94C, 30 s at 50C, 2 min at 72C) were performed,
followed by a 7 min elongation step. The amplified DNA
MATERIALS AND METHODS fragment was extracted with phenol/chloroform, precipitated

Enzymes were purchased from Roche Applied Sciencewith ethanol, digested witkindIll and Ndd, purified by

(Meylan, France). Oligonucleotides and culture media were e_lectrophore3|s through a Iow-m_eltlng agarose gel, and
from Life Technologies (Cergy-Pontoise, France). Guanidine !198téd into the pT#7 vector (6) digested with the same
hydrochloride (GUHCI), of the highest purity, was purchased estriction enzymes. The ligation mixture was used to
from Sigma. Polymerase chain reactions (PCR) were run ontransformescherichia coliDHSa cells. Clones containing
a Perkin-Elmer 2400 machine. Plasmid DNA was purified the Fd1l-encoding gene were sequenced and found to match
with the EasyPrep kit (Pharmacia). DNA sequencing was Perfectly the corresponding part of the aeolicusgenome
performed by Genome Express (Meylan, France). sequencell). The Fd-encoding gene was expresseé.in
Gene Cloning and Protein Purificatiomll common DNA  C0li K38 cells using the pT#7 and pGP%2 double plasmid
manipulations were as describédy, The novel Fd-encoding ~ SyStém 16) as described previously for the [2F2S]
gene was lifted fromA. aeolicusgenomic DNA (gift from Clostridium pasteurianurfid (17). Cells from a 10 L culture
Dr. R. Huber, University of Regensburg, Germany) by PCR in minimal medium (M9 from Life Technologies, comple-
using the following primers (see Results and Figure 1). The mented with 0.2% glucose, 1 mM Mg&GQ@5uM Fe—citrate,
N-terminal primer hybridized to the noncoding strand: 5 0.5 mg/L vitamin B1, 100 mg/L ampicillin, 50 mg/L
gtgtcataattta@atATGccaaggtg 3(Ndd restriction site in -~ kanamycin) were resuspended in 250 mL of Tris-HCI 50
italics, ATG start codon in upper case). The C-terminal mM, pH 8.0, disrupted by sonication (3 1 min at 300 W),
primer hybridized to the coding strand:’ &ttattaaaatcat- and centrifuged 30 min at 35 090The supernatant was
aaagctccTTAaggaag 3(Hindlll restriction site in italics, heated to 63C for 10 min, kept at GC for another 10 min,
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and centrifuged (35 0@) 30 min) to remove the denatured
E. coli proteins. The dark red supernatant was loaded on a
2 x 7 cm DE-52 (Whatman) column equilibrated with Tris-
HCI 50 mM, pH 8.0. From this step on, the purification was
carried out under argon. The B2 column was washed
with Tris-HCI 50 mM, pH 8.0, containing stepwise incre-
mented concentrations of NaCl (0.05, 0.1, 0.2, 0.25, and 0.3
M). The Fd was eluted with 0.3 M NaCl, concentrated in an
Amicon cell fitted with a PM10 membrane, and loaded on
a 1.5x 100 cm Superdex-75 (Pharmacia) column equili-
brated with Tris-HCI 20 mM, pH 8.0, NaCl 0.2 M. The last
purification step was an HPLC chromatography on a PL-

Mitou et al.

a cooled RCA 31034 photomultiplier tube with a °90
scattering geometry. Spectra were recorded digitally using
photon-counting electronics. Multiple scans (up to 50) were
collected and averaged in order to increase the signal-to-
noise ratio. Band positions were calibrated using the excita-
tion frequency and a Cgstandard and are accurate to within
+1 cmt. Lines from Coherent Innova 100 10-W argon ion
laser were used in this work and plasma lines were removed
using a Pellin-Broca prism premonochromator. Scattering
was collected from the surface of a frozen 40 drop of
sample using a custom designed anaerobic sample2zgll (
attached to the coldfinger of an Air Products Displex Model

SAX (Polymer Labs) anion-exchange column developed with CSA-202E closed cycle refrigerator. The Mbauer spectra
a 0-0.4 M NacCl gradient in Tris-HCI 0.01M, pH 8.0. The were collected on a constant acceleration spectrometer, using
purified Fd displayed the characteristic reddish brown color two cryostats that allowed studies in applied fields up to 8.0
of [2Fe—2S] proteins. Its purification was monitored by T between 1.5 K and room temperature. Isomer shifts are
SDS-PAGE electrophoresis (not shown) and by the increase quoted relative to Fe metal at 298 K. Spectral simulations
of the A420/A280 ratio (see Results). were generated with the WMOSS software package (WEB
Azotobacter vinelandii FdIV (Av Isc-Fd) was over- Research, Edina, MN). Cultures for the preparatioP/B6é-
expressed iiE. coli and purified to homogeneity according enriched Fd were as describetB).

to published procedure$) _ _ _ Chemically Induced UnfoldingThe available pH range
Analytical MethodsN-terminal protein sequencing, amino  for integrity of the Fd (in buffer, 20C) was tested using
acid analyses, and mass spectrometry were performed ashe following buffers: pH 12.4, KGtNaOH; pH 11,
described 18). Iron was assayed by a colorimetric method NaHCQ,—NaOH; pH 10, glycine-OH; pH 7, phosphate; pH
(19). 4, citric acid-NaHPQ,; pH 2.5, glycine-HCI; pH 1.57 and
Redox PotentialsRedox potentials were measured in an 1,25 KCHHCI. After 2 h ofincubation at each pH, far-Uv
oxygen-free (2 ppm) glovebox at ZC by reductive and  CD (200-300 nm) and visible absorption (36300 nm)
oxidative titrations with dithionite and ferricyanide, respec- spectra were collected. GUHCI| was used to promote Fd
tively, as described20, 21). The reaction medium (2.3 mL)  unfolding at 20°C at pH values between 2.5 and 11.
contained 50 mM Tris-HCI, pH 8.0, 0.2 M NaCl, 0.08 mM  Titrations were performed with 2204M Fd. Samples were
Fd, and the mediators indigo carmine (Sigma), safranine T incubated for various lengths of time (2, 12, 24, 48 h) before
(Fluka), benzyl viologen, and methyl viologen (Serva), each spectroscopic measurements. Unfolding was probed by far-
at a concentration of 1/&M. UV —visible absorption spectra Uy CD (200-300 nm) on a JASCO-820 instrument, by
were recorded in the 35800 nm range, and the absorbance yisible absorption (306700 nm) on a Cary-50 spectropho-
at 460 nm, where the contribution of the mediators is tometer, and by tyrosine emission (30450 nm, excitation
negligible, was used for the calculations. The potential was at 280 nm) on a Varian Eclipse instrument. The transition
measured between the platmum electrode and the Ag/AgClmidpoint ([GUHCI},) at each solution condition (pH,
reference electrode of a combined electrode. incubation time) was obtained by direct inspection of the
Spectroscopic Method$JV—visible absorption spectra data.
were recorded on Hewlett-Packard 8452 or 8453 diode-array Thermally Induced Unfoldingthermally induced unfold-

spectrophotometers. EPR spectra were recorded using afq of Fd was monitored by visible absorption at 418 nm in
X-band Bruker ESP-300E EPR spectrometer equipped with 4i6us pH/GUHCI conditions. The absorption signal from
a dual-mode ER-4116 cavity and an Oxford Instruments _ 45 4M Fd was recorded, one data point collected per
ESR-9 flow cryostat. Frequencies were measured with eithersecond, with 0.5, 0.25, and 0.125 deg/min scan rates from
a Systron-Donner 6054B frequency counter or Hewlett- 5q (5 95°C. The thermal reactions were monitored on a

Packard 5350B microwave frequency counter, and the capy.100 spectrophotometer. In the end, the temperature was

magnetic field was calibrated with a Bruker ERO35M g reased to 26C and a spectrum recorded to check for
gaussmeter. Spin quantitations were carried out underrefoming_ The thermal mldpomtT(n) at each GuHCI

nonsaturating conditions using ImM Cu(INEDTA as the ,ncentration was calculated by direct inspection of the
standard. Spectral simulations were carried out using theansition. FirstT,, values at various GUHCI concentrations
Bruker Simfonia software package. VTMCD spectra were | qrq extrapolated to yield, in 0 M GUHCI for each scan

recorded using an Oxford Instruments Spectromag 4000 split- 516 Next, thes@y, values were extrapolated to infinite scan
coil superconducting magnet (300 K and 6-7 T) mated rate.

to a Jasco J-720 spectropolarimeter. The samples used for

VTMCD contained 60% (v/v) ethylene glycol in order t0 RESULTS AND DISCUSSION

form an optically transparent glass on freezing. The experi-

mental protocols used in VTMCD studies, namely, accurate  Cloning Fd-encoding genes are small enough (2800
temperature and magnetic field measurements, anaerobidases) to be occasionally overlooked in genome sequence
sample handling, and assessment of residual strain in theannotations. In our search of as yet unidentified [2E8]
frozen samples, have been described in detail elsewBgre ( Fds, we therefore implemented published annotations, as well
23). Resonance Raman (RR) spectra were recorded usingas the TBLASTN search softwarg5) that has the potential

an Instruments SA Ramanor U1000 spectrometer fitted with to detect protein-encoding segments in any DNA sequence.
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Several [2Fe2S] Fd sequences were used as baits, in Photosynthesis
particular those of Fds involved in F& cluster assembly -

in vivo. In one such run, a nonannotated segment ofithe u 10 Cyanobact.

aeolicus genome was retrieved with a high score. This 25 |

segment, which has the potential to encode a full-length N
[2Fe—2S] Fd, is located between genes encoding Phe-tRNA
and a small subunit NiFe hydrogenase (Figure 1). According
to the surrounding sequence, this putative Fd-encoding gene
would be monocistronic. The Fd-encoding ability of that gene
was demonstrated by cloning, expressionEncoli (see
Methods), and isolation of the expected [2ZS] Fd. Since
altogether four Fd-encoding genes had been identified (and
numbered $4) in the genome oA. aeolicug15), we have
named ferredoxin 5 (Fd5) the gene product obtained and Bade’m.al
described in this report. Tsc-Fd
Purification. The thermostability oAaeFd5 (see below) \
suggested a thermal treatment of thecoli cell extracts, as
described folA. aeolicusFd4 26) and Fd1 11), to remove
most of theE. coli proteins. As anticipated from the acidity
of AaeFd5 (calculated p¥ 4.2), anion-exchange chroma-
tography proved to be a very efficient purification step. The Eukaryotic
purity of Fd5, as monitored by SDSAGE (not shown) Adx-like
and UV-visible absorption spectroscopy, was satisfactory FIGURE 2: Graphical representation of the similarities between the

e : - .~ sequences of various [2F@S] ferredoxins. Sequences are desig-
after the gel filtration in most cases. Otherwise, a final anion nated by numbers as indicated hereafter (Genbank protein acces-

eXC_hange HPLC step was pgrformed. sions in parentheses). $pinacia oleracegspinach) Fdl (FESP1);
Biochemical CharacterizatiorAutomated Edman degra- 2, Petroselinum crispurr(parsley) Fd (A61291); 3Zea mays

dation of Aae Fd5 confirmed the N-terminus as predicted (maize) Fd2 (T01170); 4Alocasia macrorrhizog=dA (S28198);

~ ina15, Datura stramoniuntd (P81454) 6Anabaenastrain PCC7119
from _the gene sequence and ShOW.Ed that the N termlnaIFd (P06543); 7Spirulina platensis-d (FESGAL); 8 Synechocystis
methionine was removed posttranslationally. ESI-MS spectra gin pccéso3 Ed (FEYB6); Synechococcusp. Fd (FEYCT):

confirmed the mass of the apoprotein and the presence of a0, Haloarcula marismortui(FEHSX); 11, Pseudomonas putida
[2Fe—2S] cluster. Iron assays and amino acid analyses XyIT (S16193); 12Pseudomonas putidautidaredoxin (PXPSEP);
yielded an iron content of 2.2 0.2 Fe atoms per molecule 13, Rhodobacter capsulatusdVl (S45612); 14,Caulobacter
of Fd5. An actual number of two Fe atoms per protein crescentugdll (P37098); 15Mesorhizobium lotFd (BAB48308);

R 16, Bos taurus(bovine) adrenodoxin (BAA00363); 1Homo
molecule is indicated by the Msbauer spectra of the gahienghuman) adrenodoxin (AXHU); 18accharomyces cere-
oxidized protein (see below), which indicate that no iron ,isiae Yahlp (S0006173); 19rosophila melanogastetsp-Fd
other than that of the diferric site is present. On the basis of (CAB55551); 20Buchnerasp. APS Fd (BAB13290); 2Escheri-

the Fe content, the extinction coefficient of the [2RS] C;‘j& ggg'sg‘;‘j (P2d5528)? Z%ZOtobaCé%gﬁ'a”gg'Sﬁ;:dz(s':ﬂg%
- - ; 23Pseudomonas aerugino sc- ;
cluster at 415 nm is 9400 M cm . . _ (24,R. ca)psulatuasfdlv (P16022): P8R, capsu|atu$:(§v (537097);)
Amino Acid Sequence Comparisonghe amino acid 26 TrichomonasaginalisFd (A36003) £8); Aa Fd1,A. aeolicus
sequence oAaeFd5 consists of 95 residues and is clearly Fdi1 (067065); Aa Fd5A. aeolicusFd5. The outgroup comprises
related to those of plant- and mammalian-type Fds. Unlike two C. pasteurianunproteins unrelated to each other and to the
the previously characterizeflae Fd1 (L1), Fd5 does not Fds shown here: rubredoxin (RUCLEP) and [228] Fd (FECL2P).
.\ . . The dendrogram generated by CLUSTALW from sequence align-
possess the adqltlopal cysteine reS|du¢s that would allow ,onts p9) was visualized using TreeVievaQ).
formation of a disulfide bridge. It also differs from Fd1 by
not having the unusually high content in charged residues Spectroscopylhe UV—visible absorption spectrum of as-
(Glu and Lys in particular) that characterizes hyperthermo- isolatedAae Fd5 exhibits bands at 460, 415, and 342 nm
philic proteins 27). The sequence ofae Fd5 has been  (Figure 3), characteristic of [2F€2SF" clusters. The purest
aligned with those of representative members of the plant- Fd5 fractions had aA4;:5A.76 absorbance ratio of 0.70. Upon
and mammalian-type Fds, as previously done wige Fd1 reduction with dithionite to the [2Fe2S]" level, the absor-
(11). The alignment (see Supporting Information) is consis- bance decreased over the whole visible range, but a broad
tent with recently published one4, (11, 12). A dendrogram band remained observable at 545 nm (Figure 3). The spectra
(Figure 2) derived from the alignment highlights the various of both oxidation states are nearly identical to those reported
subgroups of the plant- and mammalian-type Fd§.(Aae for Isc-Fd fromE. coli (31) andA. vinelandii (6).
Fd5 is related to the bacterial Isc-Fd6—@), although Resonance Raman spectra in the-Bestretching region
somewhat on the margins of that group (Figure 2). Indeed, provide a sensitive structural probe for the structure and
comparisons ofAae Fd5 with Isc-Fds (see Supporting environment of biological [2Fe2SF" clusters and distinctive
Information) reveal noteworthy discrepancies: while Isc-Fd spectra are observed for the major subclasses of plant-type
sequences (excludingae Fd5) are highly conserved (over and mammalian-type [2F£2S] Fds 82—35). As shown in
50% identities), the inclusion ckae Fd5 in the alignment  Figure 4, the RR spectrum of as-isolatade Fd5 is very
lowers the identities to 25%AaeFd5 differs from the other  similar to that of the archetypal Isc-Fd frof vinelandii,
sequences by deletions near its N- and C-terminus and by an terms of both the relative intensities and frequencies of
lower content of cysteine residues. discrete bands. The spectra shown were obtained with 458
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Ficure 3: UV-—visible absorption spectra of oxidized (thick line)

and dithionite-reduced (thin linéy. aeolicus=d5. The optical cell L L
(path length: 1 mm) containing 0.25 mif @ 6 mg/mL solution of 330 340 350 360 370
Fd5 (solvent: NaCl 0.2M, TrisHCI 20 mM, pH 8) was sealed with Magnetic Field (mT)

a rubber septum and flushed with argon. After recording the Fgure 5: Comparison of the X-band EPR spectra of the [2Fe
spectrum of the oxidized protein, AL aliquots of a 20 mM 2SJ" centers in dithionite-reducedae Fd5 andAv Isc-Fd. The
d|th|0n|te SOIUt|On were |nJeCted Untll no furthel’ decrease Of the Spectra were recorded at35 K W|th a microwa\/e power Of 0.1 mW’
absorbance occurred in the 40800 nm region. The spectrum of  modulation amplitude of 0.63 mT, and a microwave frequency of
the reduced protein was then recorded. 9.60 GHz. The sample concentrations were 0.87 mMAfae Fd5
and 0.38 mM forAv Isc-Fd, and the samples were in 20 mM Tris/
HCI buffer, pH 8.0, with 0.1 M NaCl and 2 mM sodium dithionite
and in 100 mM Tris/HCI buffer, pH 7.8, with 2 mM sodium
dithionite forAaeFd5 andAv Isc-Fd, respectively. The parameters
for the simulated spectra weggy, = 1.926, 1.931, 2.021 arig,
=19.0, 19.0, 10.0 G foAaeFd5 andgy,, = 1.930, 1.939, 2.021
andlyy, = 17.5, 13.0, 9.5 G foAv Isc-Fd.

400

Aae Fd5

©
0
N

bovine Adx andP. putidaPdx have been rigorously assigned
on the basis ofSP?S isotope shifts, studies of synthetic
analogue complexes, and normal-mode calculati®3s-(
35). The spectra foAaeFd5 andAv Isc-Fd can be assigned
by direct analogy on the basis of the one-to-one cor-
respondence of the individual bands.

EPR and VTMCD spectroscopies provide complementary
approaches for investigating the electronic properties of
S = Y, [2Fe-2S]" clusters. EPR provides a detailed
assessment of the ground statealue anisotropy that is
determined primarily by distortions from idealized tetrahedral
symmetry at the valence-localized ferrous sBé<38). In
. | . | . : . contrast, the VTMCD spectrum in the visible region is
250 300 350 400 450 dominated by sulfur-to-Fe(lll) charge-transfer transitions

Raman Shift (cm') (35, 39). Both techniques have proven effective in distin-

Ficure 4: Comparison of the resonance Raman spectra of the guishing between mammalian- and plant-type [2E8]"

[2Fe—2SP* centers inAae Fd5 andAv Isc-Fd. The spectra were ~ CeNters in Fds3s, 39).

recorded with 457.9 nm excitation using frozen droplets of The EPR spectrum of th8 = Y/, [2Fe—2S]" center in

concentrated samples-8 mM) maintained at 17 K. The spectra  dithionite-reducedAae Fd5 displays a near-axial signal

?Or f {hse 2‘\1/’; °f158 r;f"’i‘rr]‘;(‘;"rﬁgriagg ds%agr;?vso"é‘gt?aﬁ’r:gtsc:)rl‘u‘i%%m'”9 (g=2.021, 1.931, 1.926) that is very similar to that observed

Bands origir):ating from the frozen buffer r3s,olution have been for dlt'hlonlte-reduced\u Isc-Fd g = 2.021, 1_'939’ 1.930),

subtracted from both spectra. see Figure 5, and both account for #£®.2 spins/molecule.
Approximately axialS = 1/, EPR signals withg, = 2.02

nm excitation, but the same conclusion is applicable to dataandgs = 1.94 are a characteristic feature of the [2RS]"

collected using 488 and 514 nm excitation wavelengths (dataclusters in mammalian Adx-like, bacterial Pdx-like and

not shown). Moreover the spectra are very similar to those bacterial Isc-Fd 31, 40, 41). In contrast the [2Fe2S]

of mammalian- or hydroxylase-type [2F&S] Fds typified centers in plant-type [2F€2S] Fds exhibit rhombi§= 1/2

by bovine @4) and human 11) adrenodoxin and by resonances with= 2.05, 1.96, 1.89. The similarity between

Pseudomonas putidautidaredoxin 85). The RR spectra of ~ AaeFd5 and Isc-Fds is underscored by the nearly identical

Av Isc-Fd

396
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= +0.44 mm/s and)(2) = 0.28 mm/s. The spectrum of
Figure 7B shows that the oxidized [2F8S] cluster has a
diamagnetic ground state, as expected. Spectral simulations
yield the quoted signs foAEq as well as the asymmetry
parameters for the electric field gradient (efg) tensors of the
two sites,n(1) = n(2) = 0.75. It is possible to simulate the
spectrum with a combination of differentvalues as long
asn > 0.5 for each siter{ = 0 is for axial symmetry).

Figure 8 shows Mssbauer spectra of dithionite-reduced
Fd5 recorded at 4.2 K in applied fields as indicated. Two
samples have been studied, which could both be reduced to
only ca. 75-80%. However, since the spectra of the oxidized
protein are well understood, their contribution (20% of total
Fe) could be removed from the spectra, as done in Figure
8A,B,D. The reduced samples contained also a high-spin
ferrous component (4% of total Fe) witkEq ~ 3.0 mm/s,

0 ~ 1.3 mm/s. This minor contaminant most likely results
from cluster destruction upon reduction with dithionite, as
it is not present in the spectra of Figure 7. We have removed
00 3(')0 4(')0 5(')0 6(')0 7(')0 800 its contribution from the.spectra of Figure 8A,B, but not from
Wavelength (nm) the 7.0 T spectrum of Figure 8D. In the latter case, however,
FIGURE 6: Comparison of the VTMCD specira of the [2F2S]* the applied field spreads its absorpt|on_ over a wide veI(_)C|t_y_
centers in dithionite-reducetiae Fd5 andAw Isc-Fd. The spectra ~ '@Nge and the presence of the contaminant does not signifi-
were recorded with an applied field 6 T at1.94, 4.22, 9.8, and ~ cantly affect the analysis. Under the conditions of panels A
24.8 K for Aae Fd5 and at 1.97, 4.22, 10.2, and 23.8 K far and B the spectra of the oxidized Fd5 and the ferrous
Isc-Fd. All bands increase in intensity with deCfeaSing temperature. contaminant do not depend on the direction of the app“ed

The samples were the same as those described in Figure 5, exce ; TR ; ;
for the addition of 60% (vv) ethylene glycol, and the final ILﬁeld, and thus their contributions cancel in the difference

200 —|

100 —

Ae (M-'cm™)

-100 —

-200 —

200 - Av lIsc-Fd

Ae (M-'ecm-)

concentrations were 0.35 mM féxae Fd5 and 0.15 mM forAu spectrum of Figure 8C. _
Isc-Fd. We have analyzed the spectra of reduced Fd5 witisthe
0 = 1/, spin Hamiltonian
A 005T 2
<4 H=pSgB+ Y| SA®)I() — g,8,B1() +
~ 1=
c O .
5 1 T[slg (i) — (A5/4)+ ()1 — 1, (D)
<
2 where all quantities have their conventional meanings. The
efg tensor is commonly quoted in a coordinate frame for
: 1 L L which its largest component is along tkaxis. In such a

-2 -1 0 1 2

Velocity (mm/s) system (denoted, », £ in eq 1), the sign oAEq reflects

_ ) o _ the sign of the largest efg component. The solid lines drawn
g'_g‘éRTE (7,5'\) ghzd I;_('\)A?(S,gaf?;a gg%%tlrg doégf;ﬂézletg t;‘i?efrg‘_’rfﬁg in through the spectra of Figure 9 are the result of simulations
solid lines are theoretical spectra assuming two sites with according tO_ des?”bed procedureg2,(43) yielding the_
AEq(1) = +0.62 mm/s,n(1) = 0.75, 6(1) = 0.29 mm/s and parameters listed in Table 1. For the 7.0 T spectrum (Figure
AEqg(2) = +0.44 mm/sy(2) = 0.75,8(2) = 0.28 mm/s. For (B) 8D), the contributions of the ferric and ferrous site are shown
diamagnetic sites were assumed. separately. The largest component of the efg-tenger.is
) ] ) positive and directed along theaxis of theA-tensor. The

relaxation properties of all these proteins at 12 K (data not asymmetry parameter of the efgiis= 0.4 & 0.2, showing
shown). The conclusion that the electronic properties of the i3t the ferrous site is not axial.
[2Fe-2S]" center inAae Fd5 are most similar to those of  The relaxation of the electronic spin of Fd5 is relatively
bacterial Isc-type Fd such #@e Isc-Fd is further supported  fast above 200 K so that the ferrous site displays a quadrupole
by the excited-state properties as revealed by VIMCD gouplet (not shown). In contrast, because of its larger
spectroscopy (Figure 6). The VTMCD spectra display a one- a.yajues, the ferric site experiences intermediate relaxation
to-one correspondence of positive and negative bandsyates resulting in broad unresolved features at 200 K (not
throughout the UV/visible/near-IR region. Very similar shown). From spectra measured at 200 and 230 K (not
VTMCD spectra have been reported for reduced bovine a”dshown), we obtained a temperature-independdi = 2.9
human Adx (1, 39) andP. putidaPdx @35). mm/s andd = 0.58 mm/s (at 200 K) for the ferrous site.

Md&ssbauer spectra of oxidized Fd5 recorded at 4.2 K in With this information and correcting for the second-order
0.05T (A) and 7.0 T (B) fields are shown in Figure 7. The Doppler shift, we obtainedEq andd at 4.2 K.
0.05 T spectrum is best fit with two subcomponents having Bertrand and Gayda44) have proposed a ligand field
AEg(1) = +0.62 mm/s and(1) = 0.29 mm/s, and\Eq(2) model for the ferrous site of [2FES] ferredoxins that
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Table 1: Hyperfine Parameters of Redudsak Fd3*

Fet Fe?t
AEq A A A 0 AEq A A A, 0
(mm/s) n (MHz) (MHz) (MHz) (mm/s) (mm/s) n (MHz) (MHz) (MHz) (mm/s)
Aae Fd5 0.8(1) —0.4(2) —56(2) —50(2) —42(2) 0.32(1) 29(P 0.4(2) 24(2) 13(2) 35(2) 0.65(1)
Bertrand & Gayda model +2.9 0.6 24.5 12.9 33.8

aThe parameters in row 2 were calculated, fo= 0.6, with the model of Bertrand and Gaydéd). The symbols are those used by these
authors: ©® = —20.# yielding g= 1.926,g, = 1.931, andy, = 2.02 forgix = g1y = 2.020,01, = 2.03, andA,, = 8010 cn1?, Ay, = 3200 cn1?,
Axy= 2000 cnt?, and, from Vrajmasu et al46), 1 = —88 cnT (A is quite arbitrary but must be larger that 600 ¢rhecausé\Eq is independent
of temperature up to 230 Kfj, = — 21.8 MHz andP = —55 MHz (Bertrand and Gaydd4) define the internal magnetic field with a sign opposite
to that commonly used; we have added a negative sigh, ®nd P to adjust theA-values of eq 644) to the common definition). Numbers in
parentheses are uncertainties in the last digits of the valdée largest component of the efg-tensdy;, is along they axis; referred toxy,2),
7 = (Vix = V)lVyy = 0.4.

Table 2: Contributions to th&-Values (MHz) of the Ferrous Site

of AaeFd5
Atotal Aspin—dip Aorba1
Ax 245 20 —5.3,-1.2
A 12.9 -9.9 -5.3,-0.9
A 33.8 7.9 —5.3,+2.1
Aiso 23.7 0 —-5.3

2 The isotropic (left) and anisotropic (right) contributions¥g, have
been separated.

Absorption (%)

an understanding of the hyperfine parameters listed in Table
3 1. The isotropic contribution to the ferrodstensor is 23.7
MHz (all values quoted here refer to the coupled representa-
tion, i.e., the intrinsicA-values of the ferrous site are
multiplied by the spin-projection factor-4/3 (42)). The
anisotropy of theA-tensor is mainly due to the spin-dipolar
term. The principal component of the efg-tensor of Fd5 is
positive and directed along thgaxis of the A-tensor,
implying that the spin-dipolar term decreases the magnitude

1 1 1

-4 -2 0 2 4 .
Velocity (mm/s) of A,. For a|Z20ground state, the largest efg component is

FiIGURE 8: 4.2 K Mssbauer spectra of reduced Fd5. (A) 0.05 T negative and along, as obs_erved fqr the plant-type Fds,
parallel field: (B) 0.05 T transverse field; (D) 7.0 T parallel field. @nd consequently the magnitude Afis decreased by the
19% of Fd5 was in the oxidized state; this contribution has been Spin dipolar term. Because the efg-tensor of Fd5 is rhombic
removed from the data. The sample contained also a high-spin(» = 0.3—0.6), the spin-dipolar contribution is rhombic as

ferrous contaminant (ca. 4% of Fe); its contribution was removed \ye|| increasing the magnitude 8§ (by about 8 MHz) more
from spectra A and B. Shown in line (C) is the difference spectrum than, that ofA, (2 MHz increase)
X .

(A—B); in this procedure the contributions of the ferrous contami-
nant and oxidized Fd5 cancel. The solid lines are theoretical spectra N the Bertrand and Gayda&4) model, the asymmetry
obtained from eq 1 using the parameters listed in Table 1. parameter; depends only on the mixing parameereq 5

in ref 44). Usingn = 0.6 (this choice yields the best match
explains with reasonable accuracy the variation of the of the model with the data) we obta@ = —20.4. Each of
parameters observed for a large group of ferredoxins. Thisthe three principal g-values depends@®rmand on one of the
model considers a rhombically distorted tetrahedral ferrous ligand field parametera,,, Ay, andAyy. By choosing the
site with C, symmetry. The orbital ground state of the A-values such that thg-values of Fd5 are reproduced, the
ferrous site is described by a mixture [@Jand [x* — y*00  orbital contribution to theA-tensor is obtained (eq 6 in ref

states 44). Using this procedure and the ligand field parameters
listed in footnote a, the calculatédvalues listed in Table 1
o= c0sO |Z[H sin® ¥ — Y0 (2)  were obtained.

For Fd5 the ground state of the ferrous sitggs> =
where® is a mixing parameter and the coordinate system 0.9377200— 0.349x? — y?[1 The |x* — y?[admixture moves
is such thatx? — y2(belongs to the,} set in the limit of the major component of the efg fromto y. The zaxis
tetrahedral symmetry. A recent analysis of reduced rubre- corresponds to the direction for which the EPR resonance
doxin by ligand field and density functional theod5j has at g = 2.02 is observed. It should be noted that the near
shown that the electronic ground state is well described by axial symmetry of the-tensor is accidental as indicated by
ligand field theory and that the efg-tensor is proportional to the observation of rhombiéd- and efg-tensors; see also
the spin-dipolar contribution to the magnetic hyperfine tensor. Figure 4 of ref44.
(This proportionality breaks down for complexes with a  Table 2 shows the various contributions to theensor
substantial ligand contribution to the efg.) Applying similar as calculated with the Bertrand and Gayda model. It can be
principles to the ferrous site of Fd5 (see Table 2) provides seen that the spin-dipolar term introduces an 18 MHz
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9
Fd1 WT

Fd1 C87A
spFd
Fd5

[GUHCI], , (M)

pH

Ficure 9: Comparison of transition midpoints ([GuHg}) for
GuHCI-induced unfolding (20C; 12 h incubation) as a function
of pH for the various ferredoxins.

anisotropy betweer, and A;, while an additional 3 MHz
results from the anisotropic orbital contributiohs,(orb) =
—5.3 MHz opposes the Fermi contact terf& € 29 MHz).

Fixing the paramete® by then-value of the efg-tensor

also works quite well with methane monoxygenase reductase

(43), for which very good Masbauer fits have been reported.
In contrast, théA-tensor of the ferrous site of putidaredoxin
is only poorly predicted by the Bertrand and Gayda model.
We have therefore attempted to refit the publishedshauer
spectra of that proteirdg). Unfortunately, the data of 1972
are not readily accessible for processing. Moreover, it is
advisable to record data in fields up to 8.0 T for a more
accurate determination di, Ay, and#. Such studies are
under consideration. As a final note, simulating putidaredoxin
spectra and overlaying them with the published spediBa (
revealed that the ENDOR values 8¢ and Ay, reported by
Sands and Dunhamd(), are ca. 20% too large and not
compatible with the Mssbauer data (the Mebauer A-values
are, however, within the quoted uncertainties of the ENDOR
study).

Redox PotentialThe redox potential cAaeFd5 has been
measured by reductive (with dithionite) and oxidative (with
ferricyanide) spectrophotometric titration (Materials and
Methods). The measured redox potentiat&90+ 10 mV
is more within the range of plant-type than of Adx-type
proteins &). Significantly, however, it is close to those of
the Isc-Fds fronE. coli (- 380 mV @8)) andA. vinelandii
(—344 mV ©)).

Chemically Induced Unfolding of Aae FdEhe native state
of Aae Fd5, like that ofAae Fd1 (11), is characterized by
negative CD intensity around 23220 nm due to secondary

Biochemistry, Vol. 42, No. 5, 20031361

Table 3: GuHCI-Induced Unfolding Midpoints fdkae Fd5, Aae
Fd1 (WT and C87A), and Spinach Fd at Various pH Values
(Probing Technique and Incubation Time as Indicated)

GuHCI midpoint (M)

probing incubation AaeFdl AaeFdl spinach Aae
pH  technique time (h) WT C87A Fd Fd5
2.5 Abs (418 nm) 1 6.6 6.2 unfolded 2
12 5.4 4.6 - 1.5
Em (365 nm) 1 6.5 6.7 unfolded 2.9
12 5.3 4.8 - 1.4
CD (220 nm) 12 5 4.4  unfolded 1.5
4  Abs (418 nm) 12 - - - 3.2
Em (310 nm) 12 - - - 3.z
CD (220 nm) 12 - - - 31
5 Abs (418 nm) 12 - - - 6.7
Em (310 nm) 12 - - - 6.9
CD (220 nm) 12 - - - 6.7
7  Abs (418 nm) 2 no unfolding 6.5 2.1 7.6
12 7.2 6.3 1.7 7.4
24 6.7 6.1 1.5 7.0
48 - - - 6.8
Em (365 nm) 2 - - - 7.68
12 - - - 7.12
24 6.4 6.2 1.6 g
48 - - - 6.9
CD (220 nm) 2 - 6.8 21 76
12 7.2 6.2 - 7.0
24 6.4 - 1.6 6.9
48 - - - 6.8
10 Abs (418 nm) 1 7.5 5.2 30 P
12 7.1 5.1 15 °b
24 - - - b
Em (365 nm) 12 7.0 5.1 1.6 65
48 - - - 6.12
CD (225 nm) 12 7.0 53 1.6 6.6
24 - - - 6.3
48 - - - 6.1
11 Abs (418 nm) 12 - - - b
Em (310 nm) 12 - - - 6.2
CD (235 nm) 12 - - - 6.2

a Emission monitored at 310 nrilntermediate with new absorption
bands forms; therefore, unfolding midpoints are not reliable by this
technique.

judged by far-UV CD and visible absorption) in solution
from pH 1.57 to 12.4 at 20C (2 h of incubation). At pH
1.25, the protein is not folded nor is the [2F2S] cluster
intact; pH values higher than 12.4 have not been tested.
GuHCI-induced Fd5 unfolding at 2 is irreversible, as
in the case ofAae Fd1 (11, 49). The unfolding data are
therefore described in terms of transition midpoints for
various incubation times (Table 3, Figure 9). The transition
midpoints observed by the different spectroscopic probes at
identical incubation times roughly agree with each other
(Table 3), suggesting that Fd5 unfolding is an apparent two-
state process without populated intermediates. At pH 7 and
above, Fd5 is highly resistant toward chemical perturbation.
Very high concentrations of GUHCI and long incubation
times are required to promote unfolding. The stability of Fd5
at neutral or alkaline pH is similar to that of WT and C87A
AaeFd1, but it is significantly less stable than the latter at

structure and distinct visible-absorption between 350 and 500pH 2.5 (Table 3, Figure 9). In fact, the unfolding midpoints

nm due to the oxidized ironsulfur cluster.Aae Fd5 does

for Fd5 at pH 2.5 are similar to those of the mesophilic

not have a tryptophan, but it has three tyrosine residues. Thespinach Fd at pH 7 and 10.
tyrosine emission is quenched in the folded state due to Thermally Induced Unfolding of Fd3 hermal unfolding

energy transfer to the irersulfur center (centered around
310 nm). Upon Fd5 unfolding, the far-UvV CD signal

of Fd5 is also irreversible. The influence of the irreversible
steps was eliminated by extrapolating values for thermal

disappears, the tyrosine emission increases, and the visiblenidpoints {T,) at various scan rates to infinite scan rate.

absorption diminishesAae Fd5 is in its native state (as

Thermal unfolding of Fd5 shows a similar pH trend as that
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Table 4: pH Dependence of Thermally induced Unfolding
Midpoints for the Reversible Step éfae Fd5, AaeFd1 (WT and
C87A), and Spinach Fd

T at infinite scan rate°C)

AaeFd1l AaeFdl spinach
pH WT C87A Fd AaeFd5
7 121 113 70 106
25 79 68 - 55
10 116 105 53 102
2 See text for details.
130
—C— Fd1WT
120 |- ' - Fd1 C87A
- - spFd
—~ 110 —@—
9 Fd5
o 100
ol
S 90 -
8
2 80
=
£
?U' ?0 [ r
E
60
50 -
40 1 1 1 1 1
2 3 4 5 6 7 8 9 10 N
pH

Ficure 10: Comparison of thermal midpoints (infinite scan rate)
as a function of pH for the various ferredoxins.

found in the chemical-denaturant studies. At pH 7 and 10,
Fd5 is very stable and exhibits simil@, values as Fd1 and
C87A Fd1 (although slightly lower). At pH 2.5, in contrast,

Mitou et al.

bacteria where the Isc-Fd-encoding genes belong tésthe
operon committed to iroAsulfur cluster assemblyb4, 55).

It should nevertheless be noted thatAnaeolicus isdike
genes, and likewise genes committed to other functibgs (
53), are scattered throughout the genome rather than clustered
in one operon. The genomic context is therefore of little use
for functional inferences. While Fd5 is most likely the Isc-
Fd of A. aeolicus conclusive evidence nevertheless remains
to be obtained by biochemical and genetic studies.

CONCLUSIONS

Prior to this report, a single hyperthermophilic plant- and
mammalian-type [2Fe2S] Fd had been characterized,
namely Fd1 fromA. aeolicus(11). We have subsequently
found in the genome oA. aeolicusa heretofore undetected
gene encoding another Fd of that type. The latter gene has
been overexpressedh coliand its product (Fd5) has been
characterized. Rather surprisingly, systematic searches of
available genomes from hyperthermophiles have failed to
reveal other genes potentially encoding [225] plant- and
mammalian-type Fds. Such a void in an otherwise very
widely distributed family of proteins constitutes an anomaly.

It appears not to be ascribable to an intrinsic instability of
these Fds (see below) and is therefore most likely the result
of phylogenetic events that remain to be analyzed.

Fd5 fromA. aeolicusis very thermostable, as illustrated
by its thermal denaturation midpoint (10€), which is well
above 100°C. This protein nonetheless lacks some charac-
teristic features usually associated with hyperthermostability,
in particular a high content of glutamate and lysine residues
(27). This observation is consistent with the relatively high
stability of many mesophilic plant-type Fd8,(see also
Tables 3 and 4) and suggests that such proteins can be shifted
into the realm of hyperthermophily by moderate sequence
alterations. IndeeddaeFd1, which is endowed with a high

Fd5 is significantly less stable than Fd1 and C87A Fd1 (Table content of glutamate and lysine and is in addition stabilized

4, Figure 10).
Interaction with Hydrogenas®egardless of their cellular
function, a number of plant- and mammalian-type [2Fe

by a disulfide bridge, is even more stablg,(= 121 °C)
than Aae Fd5 (11, 49). These data show that there are no
thermodynamic barriers disfavoring the presence of plant-

2S] Fds have been found to be efficient redox partners of type Fds in hyperthermophiles.
some hydrogenases. Reversible electron transfer between an Although the function oAaeFd5 has not been established

[Fe] hydrogenase fron€. pasteurianumand a variety of
plant- and algal Fds has been described repeatBtiy33).
Aae Fd5 belongs to the large family of plant- and mam-
malian-type Fds, and its redox potential,-at390 mV, is
close to the potential of the hydrogen electrode. It could

experimentally, the primary structure as well as EPR,
Resonance Raman, and MCD data all point to a high
similarity with bacterial Fds that are involved in+8 cluster
biosynthesis (Isc-Fd). Mgsbauer data could not be used for
comparisons, as this technique has not yet been applied to

therefore be anticipated to operate as an efficient and verylsc-Fds AaeFd5 nevertheless possesses a few idiosyncrasies
stable electron donor to hydrogenase. Contrary to thatwhich set it somewhat aside of bona fide Isc-Fds. For

expectation, howeveAaeFd5 and, likewiseAaeFdl were
found to function neither as electron donors (for é¥olu-
tion) nor as electron acceptors (for, ldxidation) with C.
pasteurianunjFe] hydrogenase. This observation reveals that

instance, it has shorter N- and C-termini, and is devoid of
cysteine residues other than the+& cluster ligands. This
suggests that experiments aimed at establishing whagweer
Fd5 is indeed an Isc-Fd may bring forth valuable information

the latter hydrogenase interacts less promiscuously withregarding functionally relevant features of this group of

[2Fe—2S] Fds, even low-potential ones, than inferred from
previous observation$8).

Putative Function of A. aeolicus Fd5The properties of
Aae Fd5 relate it to Isc-Fds, as indicated by the primary
structure (Figure 2), spectroscopic signatures (Figure®) 3
and relatively low redox potential. This suggests tAae
Fd5 might be the Isc-Fd frol. aeolicusOn the other hand,

proteins. It is also worth noting th#&tae Fd5 appears to be
encoded by a monocistronic gene while Isc-Fd-encoding
genes are most often part i3t operons. However, this is
not an exceptional occurrence in the genom@A adieolicus

for instance, genes encoding subunits of complex I, as well

as hydrogenase chaperones, are scattered over several loci
(15), whereas in most bacteria they are assembled in operons.

the Fd5-encoding gene is most likely monocistronic (Figure This peculiarity of theA. aeolicusgenome remains to be
1), in contrast to the situation encountered in most other fully assessed and analyzed.
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Regardless of the yet to be established functiorhaé
Fd5, the spectroscopic data reported here (which include
spectra ofA. vinelandiilsc-Fd) are of interest in two respects.
First, these are the first resonance Raman and VTMCD
spectra, and perhaps dsbauer spectra as well if Fd5 turns
out to be an Isc-Fd, reported for any Isc-Fd. Second, we
have extended the analysis of the [2RS]" Mossbauer
spectra in the framework of the Bertrand and Gayda model
(44), pointing out the usefulness of the asymmetry parameter
7 as a point of departure for the ligand field analysis. A recent
structural correlation analysis of rubredoxib) suggests
thaty is highly correlated with the spin-dipolar contribution
of the magnetic hyperfine tensor. While this needs to be
further explored, it should be noted thats generally very
difficult to determine, primarily because it can be traded
against two A-tensor components in the spin Hamiltonian
fits (see Figure 18 in re#3). Therefore, it would be very
useful to conduct for some ferredoxiti&e ENDOR studies
at Q-band. This would moviH resonances away from the
spectral region where they interfere with ffige signals and
would thus allow a direct assessment of fgalues of the
ferrous site.

The isolation and characterization AdfeFd5 has signifi-
cantly extended the known distribution of plant- and mam-
malian-type Fds, and at the same time highlighted domains
of life from which they surprisingly appear to be abséde
Fd5 may also be expected to shed light on structure/function
relationships within the group of Isc-Fd. Finallae Fd5
andAaeFd1 are targets of opportunity to study the structural
parameters ruling protein thermostability.
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