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INTRODUCTION
Ferredoxins are a group of proteins containing nonheme iron and acid-labile sulfur. They are ubiquitous
electron transfer proteins participating in a wide variety
of redox reactions. Many organisms express multiple ferredoxins.1 Three types of [Fe-S] clusters have been
described so far in ferredoxins: [2Fe-2S], [3Fe-4S], and
[4Fe-4S]. The structures of these [Fe-S] clusters have
substantial inherent stability in anaerobic solution, but
oxygen can convert the exposed [Fe-S] clusters to unstable forms that decompose rapidly. Because of the high affinity of iron for thiolate residue, cysteine residue is the
most common ligand of the Fe atom, but some other
amino acid residues including histidine, aspartate, serine,
and even backbone amide have also been found to coordinate the iron.2
Despite the limited [Fe-S] cluster types, ferredoxins
present largely diverse structural architectures.3 A group
of metallo-b-lactamase superfamily (MBLs) proteins were
found to be ferredoxins bearing [2Fe-2S] cluster, but their
crystal structures have not been reported.4 Here we report
the crystal structure of a ferredoxin-like protein from
Thermoanaerobacter tengcongensis (Tflp). Although Tflp is
considered as a member of MBLs based on its threedimensional structural similarity, its crystal structure represents some novel structural features. A novel structural
motif comprising four antiparallel b strands is found and
a di-Fe center is located in the conserved active site.
Tflp is one of the 15 proteins in T. tengcongensis
considered to be unique to thermophiles.5 The gene
encoding Tflp clusters with another six genes encoding
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ferredoxins. The ultraviolet/visible (UV/Vis) and electronic paramagnetic resonance (EPR) spectra reveal the
existence of a [Fe-S] cluster in Tflp reconstituted with
sulfur and iron under dithionite-reduced condition.
These results characterize Tflp as a kind of ferredoxin.
MATERIALS AND METHODS
Cloning, expression, and purification

The ORF of Tflp (NCBI Accession No. AE013140)
from T. tengcongensis genome6 was amplified by PCR
and cloned into the pQE30 vector using the restriction
sites BamH I and Hind III to allow its expression as a
fusion protein with a N-terminal 63 His-tag. Tflp was
over-expressed in E. coli strain M15. The bacterial pellet
was lysed by sonication in buffer A (30 mM sodium
phosphate pH 7.5, 400 mM NaCl) supplemented with
50 mM imidazole. After centrifugation at 48C, 25,000g
for 0.5 h to remove cell debris, the supernatant was
loaded onto a Ni-chelated affinity chromatography column (Amersham Biosciences). The protein was eluted
with buffer A supplemented with 300 mM imidazole, the
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Table I
Data Collection, Phasing, and Refinement Statistics for Tflp Structures

Data collection statistics
Wavelength ()
Resolution ()
The highest resolution shells ()
Space group
Unit cell parameters
No. unique reflections
Redundancy
Completeness (%)
Rmerge (%)
Percentage of data with I/r(I) >3
Refinement statistics
Nonhydrogen atoms
Protein
Water
Fe31
No. unique reflections (test)
Rwork (%)
Rfree (%)
r.m.s.d.
Bond length ()
Bond angle (8)
Overall average B factor (2)
Main chain B factor (2)
Side chain B factor (2)
Ramachandran plot
Most favored regions (%)
Allowed regions (%)
Generously allowed regions (%)
Disallowed regions (%)

Native

Cd-derivative

1.5418
15–2.1
2.15–2.10
P21212
a 5 77.2, b 5 138.3, c 5 52.9 
a 5 b 5 g 5908
30,860
10
93 (70)
7.8 (35)
76 (40)

1.5418
15–2.8
2.88–2.80
P21212
a 5 76.7, b 5 137.4, c 5 53.5 
a 5 b 5 g 5 908
14,530
14
96 (90)
10.0 (45)
75 (43)

eluent containing Tflp was pooled and dialyzed against
buffer B (20 mM sodium phosphate pH 6.5) at 48C for
12 h. The solution enriched with Tflp was loaded onto a
ResourceTM S (1 mL) ion-exchange column (Amersham
Biosciences), and then Tflp was eluted in buffer B with
NaCl at a linear gradient concentration of 0–1 M. The
fractions containing pure Tflp were concentrated to
approximately 40 mg/mL and stored at 2808C.
Crystallization and diffraction data collection

Tflp was crystallized at 208C by hanging-drop vapordiffusion method. The hanging drops were made by mixing 2 lL of protein solution with 2 lL of reservoir solution (24.5% pentaerythritol propoxylate (5/4 PO/OH),
100 mM Bis-Tris pH 6.5, and 80 mM ammonium acetate). Reservoir solution containing 30% pentaerythritol
propoxylate (5/4 PO/OH) was used as mother liquor and
cryoprotectant. Tflp crystals were flash-frozen directly in
liquid nitrogen. The diffraction data were collected on a
Rikagu R-axis IP IV11 detector. All data were indexed,
integrated, and scaled with the HKL program.7 The statistics of the data are summarized in Table I.
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4,576
4,378
198
4
1650
20.0
21.9
0.010
1.293
25.7
24.7
26.3
88.8
9.4
1.2
0.6

Structure determination and refinement

Heavy-atom derivatives were obtained by soaking the
crystals in mother liquor supplemented with 2 mM
CdCl2 for 48 h. Tflp structure was determined by SIRAS
method using the SHARP program.8 OASIS20069 and
ARP/wARP10 were used to improve the phase and build
the model. The structural model was then refined by
REFMAC5.11 The COOT program was used in manual
model adjustment.12 The statistics of the refinement and
stereochemistry of the final model are listed in Table I.
The coordinates and structure factors of Tflp were deposited into the Protein Data Bank (PDB) with accession
code 2P4Z.
Reconstitution of the [Fe-S] cluster

The protocol for the reconstitution of [Fe-S] cluster
has been described by Heinnickel et al.13 Tflp under
dithionite-reduced condition was incubated with 1 mM
FeCl3 in 20 mM phosphate buffer (pH 7.0) for 20 min.
Subsequently, Na2S was added to a final concentration of
1 mM. And some controls are also carried out in parallel:
sample A, Tflp in solution with 1 mM FeCl3 and 1 mM
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Figure 1
Overall structure and active site of Tflp. (A) The a-helices and b strands are shown in red and yellow, respectively. The Fe atoms are shown in brown. The image was
made with PyMol (http://www.pymol.org). (B) Stereo view of the active site. The [2Fo-Fc] electron density map contoured at 1.5 sigma (blue) and [Fo-Fc] electron
density map contoured at 3.5 sigma (brown) are shown. The image was made with MolScript (http://www.avatar.se/molscript/).

Na2S and exposed to air for 2 h; sample B, Tflp under
dithionite-reduced condition for 2 h; sample C, Tflp with
1 mM FeCl3 under dithionite-reduced condition for 2 h;
sample E, Tflp with 1 mM Na2S under dithionite-reduced
condition for 2 h; sample D, F, G, Tflp with 1 mM FeCl3
and 1 mM Na2S under dithionite-reduced condition for
0.5, 1, 2 h, respectively. The protein concentration was
approximately 30 mg/mL. These samples were centrifuged at 30,000g for 10 min at 258C before the UV/Vis
and EPR experiment.
UV/Vis spectroscopy

The spectra of Tflp samples in 1-mL quartz cuvettes
were recorded by a Hitachi U-3010 spectrophotometer at
room temperature. The wavelength scan range is 290–
800 nm.
Low-temperature X-band EPR spectroscopy

Low-temperature EPR spectroscopy was performed
using a Bruker ESP-300 Electron Spin Resonance Spectrometer. The EPR experimental conditions were as follows: temperature, 77 K; power, 50 mW; microwave
frequency, 9.41 GHz; receiver gain, 1 3 104; and modulation amplitude, 12 G at 100 kHz. Tflp samples for EPR
were concentrated to approximately 180 mg/mL, which
was fivefold higher than that of the samples used in UV/
Vis spectroscopy.
RESULTS AND DISCUSSION
Sequence analysis of Tflp

The gene encoding Tflp is not separated in the T. tengcongensis genome. We searched for the annotation of the
operon containing the Tflp-encoded gene through
SHOPS Server and TIGR Server,14,15 and learned that

the gene encoding Tflp is located in the putative polycistronic operon together with a series of genes including
tte1887, tte1888, tte1890, tte1891, tte1892, and tte1893.
The tte1887 encodes a ferredoxin containing a [4Fe-4S]
cluster-binding domain. The tte1888, tte1890, and tte1893
encode a family of iron-molybdenum cluster-binding
proteins. The tte1891 and tte1892 encode the P-loop
ATPases containing an inserted ferredoxin domain. The
result suggests that Tflp is a kind of ferredoxin.
Overall structure of Tflp: A novel
member in MBLs

Tflp crystals belong to space group P21212. The structure was refined against diffraction data up to 2.1 Å. Two
molecules form a homodimer that contains 551 of the
expected 568 amino acid residues in an asymmetric unit.
The N-terminal nine residues in molecule A and eight
residues in molecule B are absent in the model due to
their poor electron density. The two Tflp molecules in
the dimer are very similar to each other with a root
mean square deviation (r.m.s.d) of 0.18 Å for all corresponding pairs of the Ca atoms. They are related by a
noncrystallographic twofold axis, and the b1-b2 loop and
a6 helix of each molecule form the interface between the
two molecules. Each protein molecule is associated with
two Fe ions.
Despite the low amino acid sequence identity with
other MBLs members, the Tflp structure contains a 4layer ab/ba sandwich architecture [Fig. 1(A)] that is
normal in other MBLs members. The six a-helices are
exposed to the solvent and surround a compact core
composed of two layers of b strands. The first four b
strands are antiparallel and the subsequent three are
parallel in each layer of the b strands.
A striking feature of Tflp is that it contains an independent motif, which is not seen in other MBLs members. This motif is composed of four antiparallel b
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strands (b6, b7, b11, and b12), and they form a lid covering the active site. Structural search using the Dali
Server16 did not reveal any similar motif in the threedimensional structure database. So this antiparallel fourb-strand motif is a novel three-dimensional motif.
Three closest structural homologies of Tflp found by
three-dimensional structural alignment using the Dali
Server16 are DNA/RNA processing enzymes. However,
the two Fe atoms found in Tflp structure are not seen in
these DNA/RNA processing enzymes.
Characteristics of Tflp active site

Most MBLs members contain a conserved metal binding site in the cavity at the interface between the two
layers of b strands. This metal binding site always acts as
the active site in MBLs. The residues coordinating the
metal ions in this active site form a conserved sequence
motif H-x-[EH]-x-D-[CRSH]-xn-H-xn-[CSD]-xn-H.17
The electron density map of Tflp also indicates the presence of two metals in the active site [Fig. 1(B)]. Inductively Coupled Plasma Atomic Emission Spectrometry
(ICP) of Tflp solution revealed the predominant presence
of Fe ions with little Ni and Zn ions. The Ni ions were
probably introduced in the Ni-chelated affinity chromatography during the purification, while neither Fe nor Zn
ions were added during purification and crystallization.
We speculate that Fe and Zn were introduced from the
LB medium during protein expression. In the di-Fe center of Tflp, the distance between Fe1 and Fe2 is 3.7 Å.
The conserved residues His76 (NE2), His78 (ND1), and
His200 (NE2) coordinate Fe1 with distances of 2.3, 2.2,
and 2.0 Å, respectively, and Asp80 (OD2), His81 (NE2),
and His255 (NE2) coordinate Fe2 with distances of 2.0,
2.2, and 2.4 Å, respectively. Fe coordinated only by three
histidine residues in the di-metal site is rarely seen in
MBLs. Besides histidine residues, at least one aspartate or
glutamate residue is usually involved in coordination to
Fe in MBLs.18 However, in the di-metal site of Tflp, only
three histidine residues coordinate to Fe1. We performed
a three-dimensional pattern search with the key residues
in the di-metal site using the Pints Server.19 The closest
structural homolog to the di-metal site of Tflp is flavoprotein A from Moorella thermoacetica (PDB code 1ycf),
which also contains a di-Fe center.
The disulfide bond approximating to the di-Fe center
in the active site is unique among the MBLs members
with known structures. Two cysteine residues (Cys198
and Cys256) form a disulfide bond with a bond length of
2.1 Å. The [2Fo-Fc] and [Fo-Fc] electron density maps
show that Cys198, an important residue in the active site,
exists in alternative conformations. Cys198 forms the disulfide bond with Cys256 in its major conformation,
while it interacts with Fe1 with a distance of 2.3 Å in the
minor conformation [Fig. 1(B)]. The formation of the
disulfide bond under air-oxidized condition probably
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results in a movement of His255 toward Fe2, thereby further lower the affinity of the protein for Fe2.
Spectral characteristics of Tflp

Tflp reconstituted with iron and sulfur under dithionite-reduced condition changed its color to greenish
brown within 3 h and then bleached upon prolonged exposure to air for several hours. The color change is similar to that of pyruvate formate-lyase-activating enzyme
from E. coli reconstituted with [Fe-S].20 UV/Vis spectroscopy was performed on Tflp sample A - G. The UV/
Vis absorption spectra of Tflp samples (D, E, F, and G)
were found to have pronounced shoulders at 420, 523,
and 615 nm [Fig. 2(A)]. The absorption maximum at
420 nm is a typical feature of [Fe-S] clusters, and the
peaks at 523 and 615 nm result from the transient formation of FexSy compounds,21,22 which indicate the formation of some [Fe-S] cluster. The spectra of Tflp reconstituted with [Fe-S] are also similar to those of bovine
adrenal ferredoxin containing a [2Fe-2S] cluster when it
is in a buffer containing sulfide and mercaptoethanol.23
The spectrum of sample E (without FeCl3) shares the
similar feature of sample D, F, and G because of the inherent existence of Fe ions in Tflp. The height of the
absorption peak of Tflp at 420 nm gradually increased
during prolonged exposure to air [Fig. 2(A), trace d, f,
g], which shows the conversion of the [Fe-S] cluster
from the reduced state to the oxidized state.20 These
spectral data indicate that the inorganic sulfur and
dithionite are indispensable for the appearance of the
absorption maxima.
Low-temperature EPR analysis was performed on the
reconstituted [Fe-S] cluster of Tflp. The apparent gx, gy,
and gz values of the overall EPR signal are approximately
2.04, 1.99, and 1.91, respectively [Fig. 2(B)]. These g values are in high accordance with those of the ferredoxin
from Haloferax mediterranei (gx 5 2.07, gy 5 1.98, and
gz 5 1.91),24 and are very similar to those of the heterodisulfide reductase (Hdr)-like protein from the sulfatereducing archaeon A. fulgidus (gx 5 2.03, gy 5 1.99, and
gz 5 1.95).25 The same gy value of 1.99 has also been
observed in Hdr from methanogenic archaea which contains a [Fe-S] cluster.26 The EPR spectra provide powerful evidence for the existence of a [Fe-S] cluster, but the
specific type of the [Fe-S] cluster cannot be determined
in this experiment.
To summarize, we found a di-Fe center and a neighboring disulfide bond in the crystal structure of Tflp.
Meanwhile, the UV/Vis and EPR spectra definitely indicate the existence of a reconstituted [Fe-S] cluster in
Tflp. Taken together, we conclude that a [Fe-S] cluster
was reconstituted with inorganic sulfur and iron in the
active site under dithionite-reduced condition. And the
di-Fe center in the crystal structure is the remaining part
of that [Fe-S] cluster, because oxygen can destabilize the
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Figure 2
UV/Vis and EPR spectra of reconstituted Tflp. (A) UV/Vis spectra of Tflp under different conditions. The arrows indicate the absorption maxima. Trace a–g corresponds
to the sample A–G, respectively. (B) Low-temperature EPR spectra of the sample G with higher protein concentration. Trace a, the EPR signal of one measurement; trace
b, the signal averaging by digitally accumulating four measurements.

[Fe-S] cluster in vitro. Moreover, the sequence analysis
shows that the gene encoding Tflp is located in an operon containing a series of genes encoding ferredoxins.
All these indicate that Tflp is a kind of ferredoxin.
Although the specific type of the [Fe-S] cluster in Tflp
has not been determined, we speculate it to be a novel
type due to the unique protein ligands. These ligands
including five histidine residues (His76, His78, His200,
His81, and His255) and one aspartate residue (Asp80)
are not described before.
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