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An extremely thermostable [4Fe-4S] ferredoxin was isolated under anaerobic conditions
from a hyperthermophilic archaeon Thermococcus profundus, and the ferredoxin gene
was cloned and sequenced. The nucleotide sequence of the ferredoxin gene shows the
ferredoxin to comprise 62 amino acid residues with a sequence similar to those of many
bacterial and archaeal 4Fe (3Fe) ferredoxins. The unusual Fe-S cluster type, which was
identified in the resonance Raman and EPR spectra, has three cysteines and one aspar-
tate as the cluster ligands, as in the Pyrococcus furiosus 4Fe ferredoxin. Under aerobic
conditions, a ferredoxin was purified that contains a [3Fe-4S] cluster as the major Fe-S
cluster and a small amount of the {4Fe-4S] cluster. Its N-terminal amino acid se-quence
is the same as that of the anaerobically-purified ferredoxin up to the 26th residue. These
results indicate that the 4Fe ferredoxin was degraded to 3Fe ferredoxin during aerobic
purification. The aerobically-purified ferredoxin was reversibly converted back to the
[4Fe-4S] ferredoxin by the addition of ferrous ions under reducing conditions. The
anaerobically-purified [4Fe-4S] ferredoxin is quite stable; little degradtion was observed
over 20 h at 100°C, while the half-life of the aerobically-purified ferredoxin is 10 h at
100°C. Both the anaerobically- and aerobically-purified ferredoxins were found to func-
tion as electron acceptors for the pyruvate-ferredoxin oxidoreductase purified from the

same archaeon.
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The three-dimensional structure of the [4Fe-4S] ferredoxin
from Bacillus thermoproteolyticus has been analyzed by X-
ray crystallography by Fukuyama et al. (I, 2). After their
analysis, the structures of mesophilic Desulfouibrio gigas
[3Fe-4S] ferredoxin (3), D. africanus ferredoxin I (¢) and hy-
perthermophilic {4Fe-4S] ferredoxin derived from Thermo-
toga maritima (5) were characterized by the same tech-
nique. Recently, the structure of the [4Fe4S] ferredoxin
from Pyrococcus furiosus was solved by X-ray crystallo-
graphic analysis as a cocrystal with formaldehyde-ferre-
doxan oxidoreductase 1solated from the same bacterium (6).
These X-ray crystallographic analyses revealed that all the
above 4Fe (3Fe) ferredoxins are quite similar to each other
in three-dimensions. Many 4Fe and 3Fe ferredoxins have
also been found to have similar primary structures to those
of the ferredoxins described above (7). In addition, almost
all 4Fe and 3Fe ferredoxins contain the Fe-S cluster-bind-
ing motif, CXXCXXCXXXCP, in the N-terminal region. In
the case of these 4Fe ferredoxins, the first three cysteine
residues in the motif and an another cysteine residue in the
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C-terminal half are the ligands that coordinate the [4Fe-4S]
cluster (1-5).

In contrast to the ferredoxins described above, a 4Fe
ferredoxin from P. furiosus has been shown to have an
anomalous coordination constructed by an aspartic acid re-
sidue-containing Fe-S cluster binding motif, C"XXDXX-
CXXXCPZ, in the N-terminal region and also a cysteine
residue in the C-terminal half (9). This has subsequently
been confirmed by 'H-NMR spectroscopy (8) and X-ray
crystallography (6) This latter ferredoxin exhibits several
abnormal physicochemucal properties as observed in the
EPR, resonance Raman, and low temperature MCD spec-
tra due to the unusual aspartic acid ligand (9).

The hyperthermophilic archaeon Thermococcus profun-
dus, which was isolated from a deep-sea hydrothermal vent
system in the Middle Okinawa Trough in Japan, grows
optimally at 80°C at pH 7-7.5 on tryptone and inorganic
sulfur, and produces H,S during growth (10). Here we
report the characterization, amino acid sequence, thermal
stability, and biological function of the T. profundus [4Fe-
48] ferredoxin, which is the second instance in which a 4Fe
ferredoxin contains an anomalous aspartic acid cooodina-
tion binding motif. Several properties of the Fe-S cluster,
including the interconversion between [4Fe-4S] and [3Fe-
48] clusters, are presented and discussed.
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MATERIALS AND METHODS

Materials—Bactotryptone and yeast extracts were ob-
tained from the Difco Laboratories. Inorgamec sulfur pow-
der was purchased from Wako Co. Q Sepharose FF was ob-
tained from Pharmacia Biotech. DEAE-TOYOPEARL and
TOYOPEARL HW65C were purchased from TOSO. All
other chemicals were of analytical grade.

Strain and Growth—Thermococcus profundus DSM
DT5432 was grown on tryptone and yeast extract with
inorganic sulfur and sodium sulfide in a medium described
earlier (10).

Purification of Ferredoxins—Anaerobic purification was
carried out as follows. Unless otherwise stated, all buffers
were made anaerobic by degassing under reduced pressure
followed by concomitant bubbling with purified Ar gas. This
degassing-bubbling was repeated three times and then
DTT and sodium dithionite were added to the degassed
buffers at a concentration of 2 mM each. Ar gas was puri-
fied with a heated copper wire. All operations were per-
formed anaerobically at ambient temperature (~25°C)
mainly 1n an anaerobic chamber (Coy Laboratory). Unless
otherwise indicated, the anaerobic buffer used was 50 mM
Tris-HCl, pH 8.0/2 mM DTT/2 mM sodium dithicnte.

Frozen T profundus cells were thawed in the above
buffer containing 10 mM sodium dithiomite. The suspension
was stirred overnight with pancreatic DNase I (1 mgV
RNase A (1 mg¥/10 mM MgSO,/buffer. The homogenate was
centrifuged at 80,000 xg for 40 min and the supernatant
(cell-free extract) obtained was loaded onto a Q Sepharose
FF column equilibrated with the buffer. The following chro-
matographic procedures with Q-Sepharose, DEAE-TOYO-
PEARI, and hydroxyapatite were essentially the same as
in ref. 19 except that all buffers and the atmosphere were
made anaerobic as described above. The purified ferredoxin
was stored at —-30°C under anaerobic conditions until use.

Aerobic purification was performed under atmospheric
air by the same procedure as for anaerobic purification
except that dithionite and DTT in the buffer were omitted.
After purification, the ferredoxin solution was made anaer-
obic by standing for at least 14 h at ambient temperature
in the presence of 2 mM DTT.

Analytical Procedures—The molecular weight of 70 pro-
fundus ferredoxin was determined by two methods, amino
acid sequence deduced from the corresponding nucleotide
sequence of the ferredoxin gene and electrospray mass
spectrum (see below). SDS-PAGE was performed by the lit-
erature method (11) with the exception that the ferredoxin
sample was denatured at 121°C for 60 min in 1% SDS/1%
mercaptoethanol. Native 30% PAGE was carried out by the
method of Davis (12). Absorption spectra were recorded on
a Nihonbunko model 530 UV-visible spectrophotometer
using reducing reagent-free ferredoxin prepared by passing
the ferredoxin solution through a small Sephadex G-25 col-
umn equilibrated with reducing reagent-free anaerobic 50
mM Tris-HC], pH 8.0. The protein concentration was esti-
mated by the method of Lowry et al. (13) after the apopro-
tein was specipitated by treatment with 5% trichloroacetic
acid. Iron was determined by the o-phenanthroline method
(14) using the supernatant obtained by trichloroacetic acid
precipitation. Acid-labile sulfides were estimated by the
methylene blue formation method (15). The N-terminal
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amino acid sequence was determined by automatic protein
sequencing; ferredoxin preparations (100 pmol) dialized
overnight against water were transferred directly to a
model 492 Precise Protein Sequencing System (ABI). The
thermal stability of T. profundus ferredoxin (in 50 mM Tris-
HCI, pH 8.0/2 mM DTT) was determined under anaerobic
conditions by following the absorbance change at 440 nm
during incubation at 100°C.

Clorung and Sequence Analysis of the Ferredoxin Gene
from T. profundus—The two mixed oligonucleotides used to
amplify the partial ferredoxin gene from T. profundus by
PCR were synthesized on the basis of the N-terminal se-
quence of T. profundus ferredoxin (Trp*Lys-Val-Thr-Val-
Asp-Gln®, 5GGCTGCAGTGGAARGT-NACNGTNGAYCA-
3" (this study) and the C-terminal sequence of P. furtosus
ferredoxin (Cys*-Ala-Lys-Glu-Ala-Met-Glu®* 5'GGGAATT-
CTCCATNGCYTCYTINGCRCAZ) (R=A+G, N=A+G+C+T,
Y=C+T) (16). The PCR-amplified fragments were cloned
into pUC119 These cloned fragments were labeled with
digoxigenmin (Boehringer Mannheim Yamanouchi, Tokyo)
and used as probes for the cloning. The probe was subjected
to Southern hybridization analysis with only one chromo-
somal DNA fragment in the digest pattern The fraction of
the 2.3 kb Sacl-digested fragments that hybridized with
the probe was isolated from an agarose gel, and these frag-
ments were cloned into SacI-digested pBluescript SK+ vec-
tor. The one clone that hybridized with this probe was
identified in a DNA library of the strain.

Nucleotides were sequenced by the dideoxynucleotide
chain termination method with an automated sequencer
(model 373A; Applied Biosystems, Foster City, CA). Both
DNA strands were sequenced by this method. The se-
quence reported in this study has been deposited in the
DDBJ database (accession number AB042645).

Spectral Measurement—The purified 7. profundus ferre-
doxin in anaerobic-dithionite-free 1 mM ammomum ace-
tate/0.1 mM DTT was used for electrospray mass spectral
measurements. The mass spectra were measured with a
ThermoQuest LCQ model mass spectrometer EPR spectra
were recorded as described previously (17) The buffer of
the purified ferredoxin was exchanged for the anaerobic
reducing reagent-free buffer by centrifugation through a
Microcon YM3 membrane (Amicon). The concentration of
the ferredoxin was 2.5 mg/ml. Chemical reduction of the
ferredoxin was carried out under an anaerobic atmosphere
for 20 min in the presence of an aliquot of 0.5 M sodium
dithionite/1 M Tris-HC], pH 8 0, at a final concentration of
5 mM. Resonance Raman spectra were recorded with Ar*
laser excitation at 457.9 nm as described previously (18).
The concentration of the ferredoxin was 5-8 mM. Five or
ten molar excess ferricyanide-treated ferredoxin was pre-
pared as described earlier (19) and the conversion of the
[3Fe4S] to [4Fe-4S] cluster was carried out by incubating
0.5 mM [3Fe-4S] ferredoxin with 1 mM FeSO,/10 mM Tris-
HCl, pH 8.0/2 mM sodium dithionite/2 mM DTT for 2 h at
25°C. The excess FeSO, in the reaction mixture was re-
moved by Microcon 3 (Amicon).

Enzyme Assay and Enzyme—The biological activity of T
profundus ferredoxin was investigated in T profundus
pyruvate-ferredoxin oxidoreductase (20) in which methylvi-
ologen was replaced with anaerobic T profundus ferredox-
ins. The UV-visible absorption spectra were measured in
anaerobic 50 mM EPPS-Na buffer (pH 8.4¥2 mM DTT
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After the addition of T' profundus pyruvate-ferredoxin oxi-
doreductase (0.02 unity5 mM sodium pyruvate/l mM
magnesium sulfate/1 mM thiamine pyrophophate/0 5 mM
CoASH/(0.5 mM EDTA in some cases), the absorbance de-
crease at 440 nm was monitored at 80°C. After the absor-
bance decrease was completed, the spectrum was measured
again after cooling the sample to ambient temperature. The
pyruvate-ferredoxin oxidoreductase was purified from 7
profundus cells with specific activities of 4 8-28.0 units/mg
protein at 80°C. The enzyme was purified to homogeneity
as determined by both native- and SDS-PAGE (unpub-
hshed observations).

RESULTS AND DISCUSSION

Purity of the Protein—The punty of the ferredoxin puri-
fied anaerobically or aerobically from 7. profundus cells
was examined by both 30% native- and 20% SDS-PAGE
Each punfied sample gave a single band on both gels, sug-
gesting that both ferredoxins were purified to homogeneity.

Nucleotide Sequence of the T. profundus Ferredoxin Gene
and Its Corresponding Amuno Acid Sequence—A total of
2,321 bp Sacl fragments, including the T profundus ferre-
doxin gene, were sequenced. The sequence of a 400 bp
region of T. profundus genomic DNA including the ferre-
doxin gene has been deposited in the DDBJ database
AB042645. A putative ribosome binding site (GATG, posi-
tion —8 to —5) and an archaeal consensus promoter, Box A
(TTTATATT, position —40 to —-33), were identified upstream
of the nitiation site. Long stretches of pyrimidine-rich se-
quences, an archaeal transcription termination signal, were
located downstream of the stop codon.

The primary sequence of the T profundus ferredoxin
(Fig. 1) was deduced from the nucleotide sequence and was
found to correspond to the N-terminal 27 residues of the
anaerobically-purified ferredoxin and also to the N-termi-
nal 26 residues of the aerobically-purified ferredoxin deter-
mined by protein sequencing. T' profundus ferredoxain was
found to comprise 62 amino acid residues and to exhibit
high homology (expressed as “identity” calculated from the
number of identical amino acids) with the Pyrococcus koda-
karaensis 4Fe ferredoxan (92%) (21), P furwosus 4Fe fer-
redoxan (74%) (16), T. litoralis 4Fe ferredoxin (69%) (16), Ta.
maritima 4Fe ferredoxin (58%) (22, 23), D. gigas ferredoxin
(40%) (24), D. africanus ferredoxin I (4Fe ferredoxin) (34%)
(25) and B. thermoproteolyticus 4Fe ferredoxin (20%) (1).
On the basis of sequence similanty, T. profundus ferredoxin
can be thought to have a three-dimensional structure simi-
lar to that of B. thermoproteolyticus 4Fe ferredoxin (I, 2), as
well as analogous ferredoxins (3-6). T. profundus ferredoxin
also can be thought to have a disulfide bridge constructed
by two cysteine residues at positions 21 and 44 (3, 26). The

molecular weight of T profundus apoferredoxin was calcu-
lated to be 6,450 from the amino acid sequence (Fig. 1). On
the other hand, a value of 6,801 for the anaerobically-puri-
fied ferredoxin was obtained from the electrospray mass
spectrum; the molecular weight difference (6,801-6,450 =
351) can be attributed to that of a single [4Fe-4S] cluster.
Fe-S Cluster—The presence of a [4Fe-4S] cluster in the
anaerobically-punfied T, profundus ferredoxin was confirm-
ed by quantitative analyses of both iron (4.1 + 0 2 mol/6,801
Da) and acid-labile sulfide (4.2 + 0.3 mol/6,801 Da). The
UV-visible absorption spectra of the anaerobically- and aer-
obically-purified ferredoxins are shown 1n Fig. 2. The spec-
trum of the former ferredoxin is typical to [4Fe-4S] cluster-
containing ferredoxins with a peak at 280 nm and a shoul-
der at around 390 nm; the molar extinction coefficient at
390 nm is 16,500. The aerobically-purified ferredoxin exhib-
1ts peaks at 280 and 410 nm and 1ts molar extinction coeffi-
aent 18 18,900 mol'ecm™ at 410 nm. Subsequently, EPR
and resonance Raman spectra were recorded to identify the
Fe-S clusters in both ferredoxins. The EPR spectrum of
anaerobically-purified ferredoxin is shown 1n Fig. 3a. The
spectrum elicits signals around g = 2 and g = 5. The rela-
tave intensity of the signals increased ca. 10-fold by incu-
bating the ferredoxin with sodium dithionite, and a broad
signal at g = 2 6 appeared (Fig. 3b) The spectrum 1s com-
posed of rhombic EPR signals at g = 2.13, 1.87, 1.81 attrib-
utable to the reduced S =1/2 [4Fe-4S]* cluster, and low field
resonance around g = 5 (g = 5.54 and g = 4.93) with a broad
signal at g = 2.64, which can be attnbuted to the S = 3/2
spin system (9). On the other hand, the aerobically-purified
ferredoxin shows a signal at g = 2.01, typical of the [3Fe—
4S]* cluster (Fig. 3c). The resonance Raman spectrum of
the anaerobically-purified T' profundus ferredoxin recorded
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Fig 2 UV-visible absorption spectra of T. profundus ferredox-
ins. (a) Anaerobically-punified ferredoxan (b) Aerobically-punfied
ferredoxin The concentration of both ferredoxins 18 0 20 mg/ml in
anaerobic 50 mM Tns-HCI, pH 8.0/0 2 M NaCl without DTT or so-
dium dithionite

Fig. 1. The amino acid sequence of T. profundus 10 20 » w© % ©
. . ¢ < ¢ * * <o
ferredoxin as well as other 4Fe (3Fe) ferredoxins 7, AWRVIVDODTCIGDAICASLCPDVFEMGDDG- KAHPIVDTT-D--LE-CAQEAAEACPVGAITLEEA
isolated from bacteria and archaea. Open tnan- Pk AWKVSVWD'I‘CIGDAICASLCPDVPmGJDG—KAHPWE’I‘I‘-D--w-CAQEAAEACPngLEEAEEA
. Pf AWKVSVDQDTCIGDAICASLCPDVFEMNDEG-RAQPKVEVIEDEELYNCAKEAMEACPVSAITI

gles show cysteine or agpartate hgands of the Fe-S clus 71  -MRVSVDRDACI Iop VAET-D--LE TTVE
ter and closed tnangies indicate cysteme residues that Tm -MKVRVDADACIGCGVCENLCPDVFQLGDDG-KARKVLQPET-D--LP-CAKDAADSCPTGAISVEE
could form disulfide brndges. The asterisks (*) indicate Dg MP-I1EVN-DDCMACEACVEICPDVEEMNEEGDKAVVINPDS-D-~LD-CVEEAIDSCPAEAI-IRS
common amino acid residues among the seven ferre- Da  ARKFYVDODECTACESCVEIAPGAFAMDPEIERAYVKDVEG-A--SQEEVEEAMDTCPVOCTHWEDE

doxins histed. Tp, Thermococcus profundus; Pk, Pyro-

coccus kodakaraensis KOD1, Pf, Pyrococcus furiosus; T1, Thermococcus litoralis; Tm, Thermotoga maritima, Dg, Desulfovibrio gigas; Da,

Desulfouibrio africanus (ferredoxan 1),
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with 457.9 nm Ar* laser excitation exhibits distinct bands
at 252, 270, 283, 313, 342, 365, 376, and 393 cm™! (Fig. 4a).
The spectrum closely resembles that of P. furwosus 4Fe
ferredoxin (9). The aerobically-punified ferredoxin shows
resonance Raman bands at 265, 290, 347, 360, 368, 385
cm™ (Fig. 4c¢), resembling those of 3Fe ferredoxins and 3Fe
cluster—containing proteins with three cystemne residues as
the cluster ligands.

In most 4Fe ferredoxins, the ligands of the [4Fe-4S] clus-
ter are four cysteine residues (7), whereas one of the four
cysteine ligands is replaced by an aspartate in P. furiosus
4Fe ferredoxin (8) The presence of the same Fe-S binding
motif was suggested for P kodakaraensis 4Fe ferredoxin
(21). The sequence similarity of the T' profundus 4Fe ferre-
doxin to many archaeal and bacterial ferredoxins, as well
as the presence of the motif CXXDXXCXXXCP in the N-
terminal region (Fig. 1), suggests that the ligands of the
[4Fe-4S] cluster are the three cysteines at positions 11, 17,
and 52 and the aspartate at position 14 in T. profundus
ferredoxin. This was confirmed by the resonance Raman
spectrum shown in Fig. 4a; the ferredoxin exhibits a totally
symmetric Fe-S stretching band at 342 ¢cm™!, similar to the
case of P. furiosus ferredoxin (9). A corresponding band has
been observed at 333-338 cm™! for normal [4Fe-4S) clusters
with four cysteine residues as ligands (27). The abnormal
EPR spectrum shown 1n Fig. 3b also indicates the presence
of the unusual [4Fe4S] cluster (9)

Oxygen Sensitivity and Fe-S Cluster Interconversion—It
is well known that ferricyanide causes oxidative degrada-
tion of the [4Fe-4S] cluster to a [3Fe-4S] cluster. Therefore,
ferricyanide-treated 4Fe ferredoxin has often been used as
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Fig 3 Low temperature EPR spectra of T. profundus ferre-
doxins. (a) Anaerobically-punfied ferredoxan, (b) Excess dithionite-
reduced anaerobically-punified ferredoxin; (¢) Aerobically-punfied
ferredoxin. The ferredoxin concentrations were 2.5 mg/ml in 50 mM
Tris-HCI, pH 8.0/0.2 M NaCl Instrument settings: temperature, 8
K, modulation amplitude, 0.6 mT; microwave power, 5§ mW. The g-
values are indicated

T. Imai et ol

a standard for the 3Fe ferredoxin. The resonance Raman
spectrum of the T. profundus 4Fe ferredoxin treated with a
five-fold molar excess of ferricyanide is shown in Fig. 4b.
Treatment with a ten-fold molar excess of ferricyanide pro-
duced a similar spectrum. The spectrum is similar to the
spectra of many [3Fe-4S] cluster-containing proteins, indi-
cating that 7" profundus 4Fe ferredoxin degrades into a 3Fe
ferredoxin by ferricyanide treatment.

The resonance Raman spectrum of the aerobically-puri-
fied T. profundus ferredoxin 1s shown in Fig. 4c. This spec-
trum is not much different from the spectrum of the ferri-
cyanide-treated sample (Fig. 4b). However, the difference
spectrum (Fig. 4, ¢ minus b) shown in Fig. 4d exhibits fea-
tures characteristic of the anaerobically-purified ferredoxin.
These results indicate that a large portion of T profundus
4Fe ferredoxin was converted to the 3Fe ferredoxin by expo-
sure to air during aerobic punfication. Therefore, it can be
proposed that T, profundus ferredoxin exists in cells as the
4Fe ferredoxin and is degraded to the 3Fe ferredoxin dur-
ing aerobic punfication because of its oxygen sensitivity.
The degradation of the 4Fe ferredoxin to the 3Fe ferredoxin
is supported by the finding that both ferredoxins have the
same amno acid sequence from the N-terminus to the 26th
residue.

In addition, the aerobically-purified T profundus ferre-
doxin was converted back to the 4Fe ferredoxin by the addi-
tion of ferrous ions under reducing conditions (Fig. 4¢). The
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Rasmn Shift (Av/cm=-9)

Fig 4. Resonance Raman spectra of 7. profundus ferredoxins
at 77 K. Excitation by Ar* laser (457 9 nm) was used with a spectral
band width of 6 cm™ (a) The anaerobically-purified ferredoxin ex-
posed brefly to air Ten scans were averaged (b) Ferredoxin treated
with a five-fold molar excess of ferncyanide (Ten scans) (c) Aerobi-
cally-punfied ferredoxin (twelve scans). (d) Difference spectrum
(spectrum 3¢ minus 3b) (e) Anaerobically-punfied ferredoxin recon-
stituted with ferrous 10n under reducing conditions. The sample con-
centrations were 5-8 mM 1n 10 mM Tns-HCI (pH 8 0).
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reconstitution reaction was fast compared to the slow deg-
radation to the [3Fe4S] cluster. Such fast ferrous ion incor-
poration in the reconstitution reaction resembles that of P
furiosus ferredoxin, which contains the Fe-S cluster binding
motif CXXDXXCXXXCP (9).

Companison of T. profundus Ferredoxin with P. furiosus
Ferredoxin—Most ferredoxins that contain the Fe-S bind-
ing motif, CXXDXXCXXXCP, in the N-terminal region have
been shown to be oxygen-sensitive to a greater or lesser
degree. It has been reported that P, furiosus 4Fe ferredoxin
1s partially degraded to 3Fe ferredoxin during aerobic purn-
fication and is not degraded to the 3Fe ferredoxin at all
upon exposure to air if 1t had been purified as the 4Fe ferre-
doxin under anaerobic conditions (9). In contrast, ferre-
doxin containing mainly the 3Fe cluster is purified from T
profundus under aerobic conditions These results suggest
that T profundus ferredoxin 18 more oxygen-sensitive than
P, furiosus 4Fe ferredoxin. The amino acid sequence of the
N-terminal half of 7! profundus ferredoxin 1s similar to that
of P. furwosus ferredoxin (Fig. 1); the sequences are the
same from the N-terminus to 27th residue, except for the
5th amino acid (Thr or Ser). However, 41% of the sequence
from the 28th residue to the C-terminus are the same,
including the cysteine residue at position 52, which 18 a

120
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5 e b
£ 60 '\-
-§ 40 | \\
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Fig 5. Thermal stability of T profundus ferredoxins. The
anaerobically-punified ferredoxin (a) and aerobically-punfied ferre-
doxin (b) were both incubated at 100°C 1n 50 mM Tris-HCI (pH 8.0¥
2 mM DTT under an Ar atmosphere and the absorbance changes at
440 nm were momtored

340 400 460 520 580 640
Wavelength (nm)

Fig 6 Biological activities of T. profundus ferredoxins. (A) UV-
visible absorption spectra of T profundus ferredoxin before and after
incubation at 80°C wath T profundus POR and 1ts substrates (CoASH
and pyruvate) The spectra were measured at 25°C. a_, is the anaero-
bically-purified ferredoxin exposed briefly to air; a_, 18 the substrate-
reduced anaerobically-purified ferredoxin; b, 18 the aerobically-puri-
fied ferredoxin; b, 18 the substrate-reduced aerobically-purified fer-
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ligand to the Fe-S cluster. Therefore, the difference in the
oxygen sensitivity of these two proteins can be attributed to
some non-identical, non-coordinated amino acid residue(s)
in the C-terminal half The contribution of some amino
acids that are not ligands for the Fe-S cluster but are
located close to the Fe-S cluster to the oxygen sensitivity
has been suggested in the case of the 2Fe ferredoxin from
Anabaena variabilis (29). In addition, the mutant protein of
Azotobacter vinelandu ferredoxin I, whose second normal
Fe-S binding motif is converted to a ¥CXXDXXCXXXCP
motif, has been found to be stable to oxygen attack (28).
These results suggest that the region surroundings the
motif, but not the motif sequence itself, is important for
determining the oxygen sensitivity of ferredoxins.

Thermal Stabulity—The thermal stabilities of the anaero-
bically- and aerobically-punfied ferredoxins under anaero-
bic conditions were examined by following the absorbance
change during incubation. The results in Fig. 5 show that
the absorbance at 440 nm of the anaerobically-purified 7.
profundus 4Fe ferredoxin did not decrease but increased
slightly during the initial several hours. The reason for the
shght absorbance increase is not clear. After 5 h until 20 h,
the absorbance remained almost constant, indicating that
the ferredoxin is extremely thermostable. In addition, the
aerobically-purified ferredoxin was also found to be thermo-
stable. There was also a slight increase 1n the absorbance,
although it was less stable at 100°C compared to the anaer-
obically-purified ferredoxin; the half-life of the aerobically-
purified ferredoxin under an anaerobic atmosphere was 10
h at 100°C (Fig 5). After 10 h of incubation at 100°C, we
measured the resonance Raman spectrum of the 3Fe ferre-
doxin to examine the formation of 2Fe ferredoxin during
the degradation to apoferredoxin. The spectrum obtained
shows only the presence of 3Fe ferredoxan. The results indi-
cate that the 3Fe ferredoxin is degraded to apo-ferre-
doxin(s) without the formation of 2Fe ferredoxin. The
thermostability of the T profundus 4Fe ferredoxin is com-
parable to those of such ferredoxins as the 7. maritima 4Fe
ferredoxin and the P furwosus 4Fe ferredoxin (30-32).

Buwlogical Activity—The biological activities of both the
anaerobically- and aerobically-purified T profundus ferre-
doxins were examined for their abilities to accept electrons
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redoxin (B) Reduction rates of the two ferredoxins by T' profundus
POR and 1ts substrates as measured by following the absorbance
change at 440 nm at 80°C under anaerobic conditions a: anaerobi-
cally-punified ferredoxin, b aerobically-punfied ferredoxin Dotted
lines are the possible reduction curves at the beginning of the reac-
tion on the basis of the original absorbance of each sample.
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from the enzyme, T. profundus pyruvate-ferredoxin oxi-
doreductase (POR). Incubation with 7! profundus POR and
its substrates at 80°C caused absorbance decreases in the
visible region of both T. profundus ferredoxins (Fig 6A).
The time courses of the absorbance decreases at 440 nm for
the two ferredoxins as shown in Fig. 6B indicate that both
were reduced at similar rates. In the fully-reduced state, 58
+ 6% of the absorbance at 440 nm was lost in the anaerobi-
cally-purified 7. profundus ferredoxin, while 36 + 4% was
lost in the case of the aerobically-purified ferredoxin. These
results indicate that both ferredoxin preparations accept
electrons from 7. profundus POR. It is probable that the
4Fe ferredoxin functions as a native electron acceptor be-
cause the purified T profundus ferredoxin under anaerobic
conditions 1s the 4Fe-type. The addition of excess sodium
dithionite to the POR-reduced ferredoxins resulted in a
slight further absorbance decrease in the visible region of
both ferredoxins. In addition, exposure of the POR-reduced
ferredoxin to the air resulted in almost a complete recovery
(>95%) of the absorbance in the visible region.

On the basis of X-ray crystallographic analysis (6), the
removable Fe atom, whose external ligand is aspartate, in
the [4Fe-4S] cluster of P. furiosus ferredoxin has been found
to be located at the gate of its electron transfer from P, fur:-
osus formaldehyde-ferredoxin oxidoreductae (FOR). From
the amino aaid sequence similarity, it is highly probable
that T. profundus 4Fe ferredoxin has a similar three-di-
mensional structure to P furiosus 4Fe ferredoxin. There-
fore, it is possible to postulate that the T profundus 4Fe
ferredoxin has a removable Fe atom in the Fe-S cluster as
in the P, furiosus 4Fe ferredoxin. Accordingly, it seems rea-
sonable to assume that the T! profundus 4Fe ferredoxin will
lose 1ts electron acceptor ability upon release of the Fe atom
from the [4Fe-4S] cluster due to oxidative damage. Con-
trary to the above assumption, the electron transfered to T
profundus POR from pyruvate was transfered further to
the T. profundus 3Fe ferredoxin, as well as to the 4Fe ferre-
doxin. Therefore, we consider two possible explanations for
this phenomenon: (1) the electron transfer path from T pro-
fundus POR to ferredoxin is different from that from P
furiosus FOR to the 4Fe ferredoxin, and/or (1) the structure
of the T. profundus 3Fe ferredoxin, especially the structure
of the [3Fe-4S] core produced by the deletion of one Fe
atom, is different from the 7. profundus 4Fe core structure.
Further structural studies will helpf to clarify the mecha-
nism of the electron transfer from the reduced POR to the
ferredoxins.

The authors wish to thank Dr E. Horn for correcting the manu-
script, and also Mrs. Tadanon Fueki, Yukio Amagai, and Koichi
Tanimizu for technical assistance.
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