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ABSTRACT: The structure of [Fe3S4]-ferredoxin from the hyperthermophilic archaeonPyrococcus furiosus
has been determined to 1.5 Å resolution from a crystal belonging to space groupP21 with two molecules
in the asymmetric unit. The structure has been solved with molecular replacement by use of the ferredoxin
from Thermotoga maritima. The fold is similar to that of related monocluster ferredoxins and contains
two double-stranded antiparallelâ-sheets and twoR-helices. The hydrophobic interaction between Trp2
and Tyr46 is confirmed, linking the C-terminus to the longerR-helix. The structure contains a double-
conformation disulfide bond existing in a left-handed and a right-handed spiral conformation. The crystal
packing reveals aâ-sheet interaction, which supports the suggestion thatP. furiosusferredoxin is a
functional dimer. The extraordinary thermostability ofP. furiosusferredoxin is further discussed.

Iron-sulfur clusters are believed to have been a compo-
nent of the first living organisms (1), which lived and
developed under rather extreme conditions (2). The hyper-
thermophilic archaeonPyrococcus furiosus(P.f.)1 is an or-
ganism living under extreme conditions. It has a growth
optimum at 100°C and was originally isolated from sub-
marine volcanic areas (3). It is a strictly anaerobic het-
erotroph, which harvests energy for growth from fermenta-
tion of carbohydrates through a modified Embden-Meyer-
hoff pathway (4). For electron transfer in this metabolic
pathway,P. furiosususes a small ferredoxin (7.5 kDa) com-
prising 66 amino acids and an iron-sulfur cluster (5).

TheP.f. ferredoxin is one of the most studied ferredoxins,
and it posseses several unique properties. TheP.f. ferredoxin
contains a single [Fe4S4] cluster, which is coordinated by
three cysteines and one aspartate (5). Aspartate ligation to
an iron of the cluster is quite unusual. Among characterized
single [Fe4S4] cluster ferredoxins, this coordination is only
seen so far in the ferredoxins fromP. furiosusandThermo-
coccus profundus(T.p.) (6). The [Fe4S4] cluster can be readily
converted to the [Fe3S4] cluster under oxidizing conditions,
the labile iron-ion being the one originally coordinated to
the aspartate (5).

The stability ofP.f. ferredoxin, as well as the lability of
the fourth iron, has made this protein especially attractive
in studies involving formation of heterometallic clusters
[MFe3S4] where M ) Ni2+, Tl+, Zn2+, Co2+, Mn2+, Cd2+,
Cu+ and Cr2+ (7-11). In addition to this, a gallium-sub-

stitutedP.f. ferredoxin containing a [Ga3S4] cluster has been
produced (12).

The P.f. ferredoxin is one of the most thermostable
ferredoxins characterized, remaining unaffected after 12 h
of incubation at 95°C (3). The transition temperature ofP.f.
ferredoxin has unfortunately not been determined but it is
believed to be higher than 125°C, which is the transition
temperature for the ferredoxin fromThermotoga maritima
(T.m.), which has a growth optimum at 80°C (13, 14).
However, a transition temperature between 176 and 195°C
has been estimated forP.f. rubredoxin from stability studies
by H-exchange experiments (15).

P.f. ferredoxin has been investigated extensively by NMR,
giving information on the electronic structure of the cluster
(16-19) and the three-dimensional structure of the protein
(20-24). The first investigations on the solution structure
were done on the oxidized [Fe3S4]-ferredoxin and later on
the [Fe4S4]-ferredoxin, leading to a preliminary molecular
model (24). These investigations detected a folding pattern
similar to those ofDesulfoVibrio gigas(D.g.) ferredoxin (25),
T.m. ferredoxin (13), and Thermococcus litoralis(T.l.)
ferredoxin (26), which was expected since the sequence
identities with these are 43%, 49%, and 59%, respectively.
By NMR, the disulfide bond between Cys21 and Cys48 has
been shown to exist in two conformations, a left-handed and
right-handed spiral conformation (24).

In the pursuit of the three-dimensional structure,P.f.
ferredoxin has been crystallized as a complex with formal-
dehyde ferredoxin oxidoreductase, but the electron-density
map showed a disordered ferredoxin structure except at the
interface regions between the two proteins (27).

We report herein the three-dimensional structure ofP.f.
ferredoxin, containing the oxidized [Fe3S4] cluster, deter-
mined by X-ray crystallography to 1.5 Å resolution.

MATERIALS AND METHODS

The gene encodingP.f. ferredoxin was expressed in
Escherichia coliand the protein was purified according to
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procedures published elsewhere (28). The [Fe3S4]-ferredoxin
was crystallized by hanging-drop vapor diffusion as described
(29). Data were collected on three crystals, one belonging
to space groupP212121 and the others toP21 (29).

The orthorhombic crystal (P212121) was crystallized with
neomycin in solution with the hope of seeing neomycin in
the structure (28, 29). Furthermore, a data set was also
collected to 1.75 Å on a crystal grown in the presence of
neomycin (29), but the crystal was not of satisfactory quality
and the data set has not been pursued further. Neomycin is
not seen in any of the structures.

The monoclinic crystal (P21) was grown without neomy-
cin in a reservoir solution containing 30% (w/v) PEG 400
and 0.1 M Tris-HCl, pH 8.0. The protein solution contained
6.5 mg of protein/mL and 20 mM Tris-HCl, pH 8.0. The
drop was set up as a 2+ 2 µL drop, and 0.30µL of 0.1 M
[Co(NH3)6]Cl3 was added to the drop. X-ray diffraction data
to 1.5 Å resolution were collected at beamline ID14-4 at
the European Synchrotron Radiation Facility (ESRF), Greno-
ble, France, and processed with the CCP4 program suite
(30-33). The data suffered from a large anisotropic mosa-
icity.

The model ofP.f. ferredoxin obtained from the ortho-
rhombic crystal (PDB entry 1SIZ) (29) was used as a search
model for the molecular replacement. This was carried out
with MOLREP (34). A solution was found with two mole-
cules in the asymmetric unit with a correlation coefficient
of 0.51 and anR-factor of 0.44. The refinement of this solu-
tion was carried out with REFMAC5 (35) by use of CCP4i
(36). The visual inspections and model rebuilding were
carried out with the programO (37). Despite the high mosaic
spread affecting the quality of the data (29), the electron
density map is well-defined. The density for all the atoms
in the cluster is seen as separate spheres with no trace of
distortion. The only indication of the less satisfactory data
is seen in the region around the [Fe3S4] cluster, as parallel
slides of negative density separated with a constant distance.
This is likely to be caused by data missing in part of the
reciprocal space (thec-axis was almost coinciding with the
rotation axis of the crystal). Four [Co(NH3)6]3+ ions could
be modeled into the electron densities, with two of the com-
plex ions existing in a double conformation. The following
residues were modeled with a double conformation: Val4,
Thr10, Ser19, Cys21, Ile40, Cys48, and Glu65. The side
chain of Glu65 seems to be quite flexible, where conforma-
tions a and b are the two outer conformations. The side chain
of Asp9 in chain B could not be modeled. The disulfide bond
between Cys21 and Cys48 was modeled in a left-hand spiral
conformation with 40% occupancy and in a right-hand spiral
conformation with 60% occupancy. The final model has an
R-factor of 0.191 and anRfreeof 0.219, and the model consists
of two peptide chains Ala1-Ala66, two [Fe3S4] clusters, four
[Co(NH3)6]3+, and 152 water molecules. The refinement
statistics are shown in Table 1. A Ramachandran plot was
produced with PROCHECK (38) and showed that 92.4% of
the ferredoxin residues were in the most favored region and
7.6% in the additional allowed regions.

RESULTS

OVerall Structure of Pyrococcus furiosus Ferredoxin. The
structure ofP.f. ferredoxin containing the oxidized [Fe3S4]
cluster and an intact disulfide bond was determined.

The structure (Figure 1) confirms the general overall
structure of monocluster ferredoxins (14, 25). The shorter
R-helix 1 involves residues Ala15-Pro22, while the longer
R-helix 2 involves Cys42-Cys56. The structure contains two
antiparallelâ-sheets.â-sheetB is short, consisting of Val24-
Asn28 and Lys32-Lys36. The longerâ-sheetA is double-
stranded, consisting of Ala1-Asp7 and Ala60-Ala66. The
end of â-sheet A is tightly bound to R-helix 2 by the
hydrophobic interaction between Trp2 and Tyr46 and by
backbone hydrogen bonds between Trp2 and Ile40. The
structure contains four reverse turns, A, B, C, and E. Turn
D exists in theT.m.andD.g. ferredoxins but is not present
in P.f. ferredoxin because of the insertion of four amino acids

Table 1: Data Collection and Refinement Statisticsa

Data Collection
crystal space group P21

resolution (Å) 34.6-1.50 (1.58-1.50)
unit cell parameters

a (Å) 31.23
b (Å) 47.51
c (Å) 52.03
â (deg) 103.86

Rmerge
b 0.099 (0.305)

completeness (%) 89.8 (88.4)
〈I/σ(I)〉 4.9 (2.2)
no. of reflections 76 346
no. of unique relcns. 21 276
redundancy 3.6 (3.7)
mosaicityc (deg) 1.0-1.7

Refinement
resolution range 20-1.50
no. of reflections (working set/test set) 20 174/1087
Rwork/Rfree(%) 19.1/21.9
rms deviations from ideal geometry

bond lengths (Å) 0.024
bond angles (deg) 2.03

No. of Atoms in Model
protein 1118
ligands and ions 42
water oxygens 152

a Values in parentheses are for the highest resolution shell.b Rmerge

) Σi | Ii - 〈Ii〉 |/Σi I i, where〈Ii〉 is the average ofIi over all symmetry
equivalents.c From MOSFLM.

FIGURE 1: Overall fold of P. furiosus[Fe3S4]-ferredoxin. Turns
A, B, C and E are marked, as well asR-helices 1 and 2 andâ-sheets
A andB. The π-stacking of Trp2 and Tyr46 is shown as well as
the disulfide bond in the right-handed spiral conformation between
residues Cys21 and Cys48. The figure was produced with Molscript
and Raster3D (45, 46).
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producing a loop instead of a turn. Turn A is an Asx type I
turn (25) involving Asp7-Cys11 (see Figure 2), where the
carbonyl group of Asp7 has hydrogen bonds to the amino
groups of both Thr10 and Cys11. Turn A is further stabilized
by the hydrogen bonding of Val6 carbonyl group to the side-
chain Nε2 of Gln8. Turn B is conserved in theD.g.andT.m.
ferredoxins and is a variant of a type I turn since O of Cys21
is hydrogen-bonded to the amide groups of both Val24 and
Phe25. Turn C is a type I Asx turn and turn E is an open
type I turn. When the ferredoxin contains the [Fe4S4] cluster,
the fourth iron is coordinated by Asp 14 (21, 27). In this
structure the fourth iron is not present, and the side chain of
Asp14 is turned away from the cluster and hydrogen-bonded
to a water molecule. The distance from Asp14 N to S2 in
the cluster is 3.6 Å, so the aspartate is located close to the
missing iron and can easily turn to coordinate the fourth iron
(see Figure 3).

The structure ofP.f. ferredoxin is aligned (see Figure 4)
with the structures ofT.m. ferredoxin (PDB entry 1VJW)
andD.g. ferredoxin (PDB entry 1FXD) by use of the program
O (37). The largest deviations are seen in the N-terminal
end of R-helix 2, whereP.f. ferredoxin has four residues
inserted compared to other similar ferredoxins (see Figure
4). Residues untilP.f.-Glu41 andT.m.-Asp40 may be aligned.
Then Asp42, Glu43, and Glu44 are inserted in theP.f.
ferredoxin.P.f.-Leu45 andT.m.-Leu41 are very well aligned.
Then comes an inserted Tyr46 followed by Asn47, which
aligns withT.m.-Pro42. From the structural alignment it is
evident thatP.f.-Leu45 andT.m.-Leu40 are in the same

position. The position of Leu45 is conserved in several
related ferredoxins and the Leu might have an important role
in the disulfide bond environment and in the making of a
hydrophobic core with residues Val24, Val37, and Ile40. The
inserted residue Tyr46 is interacting with Trp2. This hydro-
phobic interaction is unprecedented in the related ferredoxins.

An estimation of the DPI of our structure according to
Cruickshank (39) is 0.1 Å. We have listed H-bonding
distances in Table 2. We generally find somewhat shorter
hydrogen-bond distances than previously determined by
NMR (24). Some distances differ quite significantly (see
Table 2B); for example, there are no interactions between
Val4 and Glu38. Thus we argue thatâ-sheetA should be
described as a double-strandedâ-sheet and not a triple-
strandedâ-sheet as proposed (24), since the two hydrogen
bonds between Trp2 and Ile60 are the only hydrogen bonds
that would make it triple-stranded. In turn E, the Ser59
N-Cys56 O distance is 0.5 Å longer than the distance
determined by NMR. This might be due to the close prox-
imity of a [Co(NH3)6]3+ in the crystal packing (see Figure
5), which stabilizes a more open turn. In the NMR model
for P.f. ferredoxin (24), turn E is described as signifi-
cantly perturbed with the linkage between Ser59 and
Ala60 being a cis peptide bond. The crystal structure, how-
ever, does not show a cis peptide bond but instead a trans
peptide bond.

Cluster EnVironment. The cluster is coordinated by
Fe-Sγ bonds to cysteines 11, 17, and 56. Except for the
entrance to the empty site close to Asp14 where the fourth
iron normally resides, the cluster is shielded from direct
solvent contact by the backbone of residues 11-17 and by
the hydrophobic side chains of Val6, Ile12, Ile16, Ala15,
Phe25, Val58, and Ala60. Sulfurs 1, 2, and 4 in the cluster
and Sγ of the cysteines participate in a NH‚‚‚S hydrogen-
bonding network that stabilizes the cluster (see Supporting
Information), as also observed in theD.g. and T.m. ferre-
doxins (14, 25). A water molecule is modeled close to S4 at
approximately the position of the fourth iron. Water might

FIGURE 2: Highly hydrogen-cross-bonded turn A. Turn A is an
Asx-type turn with Asp7 Oδ hydrogen-bonding to the NH of both
residues Asp9 and Thr10. The turn also includes a hydrogen bond
between Cys11 NH and O of Asp7, and the hydrogen bonding
between Gln8 Nε and the carbonyl of Val6 further stabilizes the
turn. The figure was produced inO (37).

FIGURE 3: 2Fobs- Fcalc σ-weighted electron density map (contoured
at σ ) 1.9) with the modeled [Fe3S4] cluster and surrounding
residues. Iron, yellow; sulfur, green. The figure was produced in
O (37).
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be present in this position but the observed electron density
could also be a result of the fourth iron being present in a
small fraction of the ferredoxin molecules.

Disulfide Bond.Cys21 and Cys48 form a disulfide bond
existing in an equilibrium between two conformations (24).

We find 60% of the disulfide bond in the right-handed spiral
form and 40% in left-handed spiral form as shown in Figure
6. It has been proposed that the disulfide bond is destabilized
by the extension ofR-helix 2 at the amino terminal, compared
to that of T.m. ferredoxin (22, 24). The extension places
Cys48 in the middle section of the helix, which causes
unfavorable steric interactions between the Cys48 Sγ and
the helix backbone (22, 24). In the right-handed form the

FIGURE 4: Structural sequence alignment of ferredoxins fromP. furiosus, T. maritima, andD. gigas. The alignment ofT. litoralis is based
only upon the sequence. Leu45 is structurally aligned with Leu41 inT.m.ferredoxin. Strictly conserved residues are marked by dark gray,
and those partly conserved are marked by light gray.b marks the residues coordinating the cluster.

Table 2: Main-Chain Hydrogen Bonds inP. furiosisFerredoxin and
Comparison with Those Determined by NMR (24)

residues N‚‚‚O (Å), this study

position N O chain A chain B
N‚‚‚O (Å),

NMR study (24)

(A) Possible Main-Chain Hydrogen Bonds
â-sheetA Ala1 Ala66 3.2 3.3 3.4

Trp2 Ile40a 2.9 2.9 2.9
Ile40b 3.1 3.0

Lys3 Glu64 2.9 2.9 2.9
Ser5 Thr62 2.9 2.9 3.0
Ile40 Trp2 2.9 2.8 3.4
Thr62 Ser5 3.0 3.0 3.1
Glu64 Lys3 2.8 2.9 3.4
Ala66 Ala1 3.2 3.1 2.9
Asp7 Ala60 3.0 3.0

â-sheetB Glu26 Gln34 3.0 3.1 3.4
Asn28 Lys32 2.8 2.9 3.1
Gln34 Glu26 2.9 2.9 3.2
Lys36 Val24 2.7 2.7 3.4
Gly31 Asn28 3.0 3.0

helix 1 Cys17 Ala15 3.2 3.2
Ala18 Ala15 3.2 3.2 4.0
Ser19 Ala15 3.1 3.1 3.4
Leu20 Ile16 2.9 2.9 3.0
Cys21a Cys17 2.9 2.9 3.0
Cys21b 2.9 2.9
Pro22 Ala18 3.1 3.2

helix 2 Tyr46 Asp42 2.9 2.8 3.1
Asn47 Glu43 2.9 2.8 2.8
Cys48 Gln44 3.0 2.9 3.1
Ala49 Leu45 3.0 2.9 3.0
Lys50 Tyr46 2.9 2.9 2.7
Glu51 Asn47 3.1 3.1 3.4
Ala52 Cys48a 3.2 3.1 3.2

Cys48b 2.9 2.9
Met53 Ala49 2.9 2.9 3.7
Glu54 Lys50 3.0 3.0 3.8
Ala55 Glu51 3.1 3.0 3.3
Cys56 Ala52 3.1 3.1

turn A Asp7 Ala60 3.0 3.0 3.1
Gln8 Val6 3.2 3.1
Asp9 Asp7 3.3 3.3 3.1
Thr10a Asp7 3.1 3.1
Thr10b 3.2 3.3
Cys11 Asp7 3.0 3.0

turn B Val24 Cys48a 3.0 3.1 3.2
Cys48b 3.1 3.2

Phe25 Cys21 3.0 3.0 3.0
turn C Gly31 Asn28 3.0 3.0 2.9

(B) Non-Hydrogen Bonds but Seen in the NMR Study
as Possible Hydrogen Bonds

â-sheetA Val4 Glu38 5.5 5.4 2.8
turn A Cys11 Gln8 4.0 4.0 3.5

Thr10a Gln8 3.5 3.6 3.5
Thr10b 3.5 3.6

turn E Ser59 Cys56 3.5 3.5 3.0
loop Val37 Ala24 4.3 4.4 3.6

FIGURE 5: 2Fobs- Fcalc σ-weighted electron density map (contoured
at σ ) 1.6) of turn E with the residues Cys56-Ser59 and the
presence of [Co(NH3)6]3+ close to the turn. The figure was produced
in O (37).

FIGURE 6: (a) Right-handed spiral disulfide bond ofP.f. ferredoxin
with a 60% occupancy. (b) Left-handed spiral disulfide bond with
40% occupancy. The figure was produced inO (37).
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distance between the Cys48 Sγ and of Leu45 O is 3.9 Å in
both chains A and B, while the distance between the Cys48
Sγ the Leu45 CR is 4.2 and 4.3 Å, respectively. These
distances do not indicate a particularly strong repulsion of
the Sγ away from the Leu45 as suggested earlier (22). It
seems more likely that the destabilization of the right-handed
disulfide bond is caused by the carbonyl group of Cys48,
which is 3.6 Å from Cys21 Sγ in both chains A and B, or
the vicinity of Val24, where the distance between Cys21 Sγ
and Val Cγ2 is 3.4 and 3.2 Å, respectively. It can therefore
not be concluded that the extension ofR-helix 2 destabilizes
the right-handed disulfide bond. The left-handed spiral
disulfide bond is destabilized mainly by two interactions.
When the disulfide bond is in the left-handed conformation,
Cys48 Sγ is 2.7 and 2.9 Å away from Leu20 carbonyl O in
chain A and B, respectively. Furthermore, Cys21 Sγ moves
to a position that is 3.0 and 3.1 Å away from Cys48 O in
chains A and B, respectively. It is clear, from these distances,
that the left-handed spiral disulfide bond is destabilized
relative to the right-handed.

The conversion between the two disulfide bond conforma-
tions in Cys21 is accommodated by a 105° rotation in ø1.
Therefore the hydrogen bonding between Cys21 N and the
carbonyl of Cys17, which is in direct contact with the cluster,
is not disturbed. In Cys48, the conversion between the two
disulfide bond conformations is not only a mere rotation in
ø1 but also a movement in the backbone of Cys48 (see Figure
6). The movement in Cys48 does not perturb theR-helix 2
significantly, but it changes the length of the hydrogen bonds
between Cys48 and Ala52 (see Table 2).

Dimerization. Some uncertainty exists as to whetherP.f.
ferredoxin functions as a dimer. It was recently proposed
that this ferredoxin is a dimer at physiological ionic strength,
i.e., at approximately 0.35 M NaCl (40). The crystal packing
reveals two possible ways of dimerization. One is the
interface, which has two [Co(NH3)6]3+ linking the two
monomers and will therefore be physiologically irrelevant.
The other possibility is theâ-sheet interactions between Ile63
and Glu65 (a table of hydrogen bonds can be seen in
Supporting Information). These interactions form an extended
â-sheet between the twoâ-sheetsA, which results in a half
â-barrel structure (see Figure 7). In addition to the main-

chain interactions, side-chain hydrogen bonding exists
involving Tyr46 OH, Glu65 Oε1+2, and Ile63 O. In chain
B the position of Lys50 Nú suggests a possible salt bridge
between Lys50 and Glu65 Oε1. On the other hand, in chain
A, Lys50 Nú points away from Glu65, indicating the absence
of a salt bridge. The distance between the two [Fe3S4] clusters
is 34.3 Å from Fe3 to Fe3′. Since oligomerization of proteins
often increases their thermostability by reducing the surface/
volume ratio (41-43) and there is a possibility that theP.f.
ferredoxin is a dimer, theâ-sheet dimerization could be of
physiological relevance. Furthermore, theâ-sheet interaction
also shields Met53 from the solvent, making it more resistant
to high-temperature oxidation.

Factors Increasing Thermostability.The thermostability
of P.f. ferredoxin is extraordinary, andP.f. ferredoxin is
believed to be more thermostable thanT.m.ferredoxin (Topt

) 80 °C) (18). It would therefore be of interest to examine
the factors that give rise to the higher thermostability ofP.f.
ferredoxin as compared toT.m. ferredoxin. The overall
structure of these two ferredoxins is essentially the same,
althoughP.f. ferredoxin is 6 residues longer and contains
structural extensions inR-helix 2 and in theâ-sheet of the
two termini. There is an increase in the number of hydrogen
bonds inP.f. ferredoxin compared toT.m. ferredoxin, even
when the larger number of residues is taken into account. In
T.m.ferredoxin there are 43 H-bonds, while there are 58 in
P.f. ferredoxin (see Table 3), which contributes to the
increased thermostability. Salt bridges are generally believed
to increase the thermostability (43). However, there is only
one salt bridge in theP.f. andT.m.ferredoxins (14). In T.m.
ferredoxin there is a salt bridge between Glu38 Oε2 and the
amino terminus, while inP.f. ferredoxin a possible salt bridge
is found between the terminal carboxyl group of Ala66 and
the amino group of Ala1. The N‚‚‚O distance is 3.2 and 3.3
Å for the two chains, which indicates a relatively weak salt
bridge.

The hydrophobic interaction between Trp2 and Tyr46 is
unprecedented in other ferredoxins and has an important
stabilizing effect (Figure 1). Thisπ-stacking with an aromatic
ring separation of 3.5 Å holds the terminal ends ofâ-sheet
A to R-helix 2 and could be important in sustaining the
compactness of the protein at high temperatures.

Helix capping stabilizes theR-helix structure (44), and
the N-terminal end ofR-helix 2 is stabilized by hydrogen
bonding between the side chain of Asp42 and NH groups of
Glu44 and Leu45 (see Figure 8). This kind of side-chain
helix capping is not seen in the relatedT.m. and D.g.
ferredoxins and may also contribute to the thermostability
of P.f. ferredoxin.

As in the case ofT.m. ferredoxin (14), some of the turns
in P.f. ferredoxin are highly stabilized by side-chain interac-
tions (Asx type). Turn A (see Figure 2) is highly cross-linked
to the side chains of Asp7 and Gln8. In turn C, Asn28 Oδ1
hydrogen-bonds to NH of both Glu30 and Lys32, in addition

FIGURE 7: Overall structure of the suggested dimer ofP.f.
ferredoxin in different orientations. The figure was produced with
Molscript (45).

Table 3: Comparison of the Number of H-Bonds inPyrococcus
furiosusandThermotoga maritimaFerredoxins

ferredoxin
no. of

residues

total
no. of

H-bonds
main-chain
H-bonds

salt
bridges

side-chain
H-bonds

charge-
neutral

H-bonds

P.f. 66 58 39 1 19 10
T.m. 60 43 29 1 14 9

5192 Biochemistry, Vol. 43, No. 18, 2004 Nielsen et al.



to the backbone hydrogen bond between Gly31 NH and
Asn28 O. Furthermore, the Asn28 Nδ2 is also hydrogen-
bonded to both Oε1 of Gln8 and Gln34. This gives a highly
stabilized hydrogen-bond network. Turns B and E are
stabilized as inT.m. ferredoxin. Generally the stabilization
of the turns is similar to that ofT.m. ferredoxin and is
therefore not a contributing factor in a possible difference
in thermostability between theT.m.andP.f. ferredoxins.

In summary, a high-resolution structure ofP.f. [Fe3S4]-
ferredoxin has been determined. The structure shows a
disulfide bond in two conformations, and possible interac-
tions giving rise to formation of a dimer have been proposed.
The structure shows a higher degree of hydrogen-bond
network than other related ferredoxins, which is believed to
be the main reason for the increased thermostability of this
hyperthermostable ferredoxin.
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