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ABSTRACT: The thermodynamic and spectroscopic properties of two
soluble electron transport proteins, cytochrome (Cyt) c′ and flavocytochrome
c, isolated from thermophilic purple sulfur bacterium Thermochromatium
(Tch.) tepidum were examined and compared with those of the corresponding
proteins from a closely related mesophilic bacterium Allochromatium (Alc.)
vinosum. These proteins share sequence identities of 82% for the cytochromes
c′ and 86% for the flavocytochromes c. Crystal structures of the two proteins
have been determined at high resolutions. Differential scanning calorimetry
and denaturing experiments show that both proteins from Tch. tepidum are
thermally and structurally much more stable than their mesophilic
counterparts. The denaturation temperature of Tch. tepidum Cyt c′ was 22 °C higher than that of Alc. vinosum Cyt c′, and
the midpoints of denaturation using guanidine hydrochloride were 2.0 and 1.2 M for the Tch. tepidum and Alc. vinosum
flavocytochromes c, respectively. The enhanced stabilities can be interpreted on the basis of the structural and sequence
information obtained in this study: increased number of hydrogen bonds formed between main chain nitrogen and oxygen
atoms, more compact structures and reduced number of glycine residues. Many residues with large side chains in Alc. vinosum
Cyt c′ are substituted by alanines in Tch. tepidum Cyt c′. Both proteins from Tch. tepidum exhibit high structural similarities to
their counterparts from Alc. vinosum, and the different residues between the corresponding proteins are mainly located on the
surface and exposed to the solvent. Water molecules are found in the heme vicinity of Tch. tepidum Cyt c′ and form hydrogen
bonds with the heme ligand and C-terminal charged residues. Similar bound waters are also found in the vicinity of one heme
group in the diheme subunit of Tch. tepidum flavocytochrome c. Electron density map of the Tch. tepidum flavocytochrome c
clearly revealed the presence of disulfur atoms positioned between two cysteine residues at the active site near the FAD
prosthetic group. The result strongly suggests that flavocytochrome c is involved in the sulfide oxidation in vivo. Detailed
discussion is given on the relationships between the crystal structures and the spectroscopic properties observed for these
proteins.

Thermochromatium (Tch.) tepidum is a thermophilic purple
sulfur photosynthetic bacterium originally isolated from a hot
spring in Yellowstone National Park.1 It can grow anaerobically
at optimum temperatures of 48−50 °C with an upper limit of
58 °C. A number of proteins purified from this organism have
been shown to be thermally more stable compared to their
mesophilic counterparts. These include light-harvesting-reac-
tion center core complex (LH1-RC),2 ribulose-1,5-bisphos-
phate carboxylase/oxygenase,3,4 flavocytochrome c,5 and a high-
potential iron−sulfur protein (HiPIP).6,7 While the enhanced
thermal stability of the LH1-RC membrane protein was
demonstrated to require Ca2+ as a cofactor, little is known on
the mechanism of the thermostability for other soluble proteins.
This is mainly due to the lack of sequence and structural
information on these proteins except for the HiPIP. About 90%
amino acid identity was found between the HiPIPs from Tch.
tepidum and its closely related mesophilic bacterium

Allochromatium (Alc.) vinosum. The difference in thermo-
stability was attributed to subtle differences in the amino acid
sequence and structure.8

Cytochrome (Cyt) c′ is a c-type cytochrome with a
pentacoordinated heme that is covalently bound to the C-
terminus of the approximately 130-residue polypeptide chain.
The Cyt c′ homologues are found in a wide variety of bacteria
with different metabolic pathways including photosynthetic,
denitrifying, and nitrogen fixing as well as methanotrophic and
sulfur oxidizing activities,9 but the physiologic role of Cyt c′ is
not well understood. It has long been assumed that the Cyt c′ is
involved in electron transfer and maintaining redox poten-
tial.10,11 Cyt c′ can also bind neutral ligands such as CO, NO,
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and alkylisocyanides,12−15 as well as anionic ligands such as
CN−.16,17 Although the sequence similarity between the Cyt c′
homologues is quite low (∼28%),18 their overall structures are
quite similar and can be characterized by a common motif of
four-helix bundle.19 The amino acid sequence of Alc. vinosum
Cyt c′ is featured by the existence of a Tyr16 in helix I which is
substituted by Met, Leu, or Phe in the cytochromes c′ of other
species. The Tyr16 side-chain is parallel to the heme plane and
located directly above the sixth ligand site of the heme iron.20

Ligand binding to this site is expected to cause conformational
changes of the helix I, which explains the dimer dissociation of
Alc. vinosum Cyt c′ upon ligand binding.
Flavocytochrome c, also known as flavocytochrome c sulfide

dehydrogenase (FCSD), is involved in sulfide oxidation in both
purple and green sulfur photosynthetic bacteria.21−23 This
protein consists of a diheme c-binding subunit (FccA, 21 kDa)
and a FAD-binding subunit (FccB, 46−47 kDa). Although the
flavocytochromes c were demonstrated in vitro to efficiently
catalyze electron transfer from sulfide to a variety of small c-
type cytochromes, its in vivo role is not clear because there are
some sulfur-utilizing species that lack this protein and an Alc.
vinosum mutant deficient in this protein still exhibits sulfide
oxidation rates similar to those of the wild type.24 The crystal
structure of the flavocytochrome c from Alc. vinosum shows that
the active site of the FAD-binding subunit contains a
catalytically important disulfide bridge located above the
pyrimidine portion of the flavin ring and a partial conduit is
formed for electron transfer from the flavin to one of the heme
groups.25

In a previous study, we reported preliminary characterization
of several electron transport proteins isolated from Tch.
tepidum.7 Here, we present results on the high-resolution
crystal structures, spectroscopic and thermodynamic analyses of
the Cyt c′ and flavocytochrome c from this bacterium.
Enhanced thermal and structural stabilities of the two proteins
have been confirmed in comparison with their mesophilic
counterparts, and these properties are interpreted on the basis
of the sequence and structural information.

■ MATERIALS AND METHODS

Gene Sequencing. Genomic DNA from Tch. tepidum was
isolated as previously reported26 and used as the template.
Partial nucleotide sequence of the gene cycP encoding the Cyt
c′ of Tch. tepidum was obtained from a fragment (300 bp)
amplified by PCR using the primer pair of (forward) 5′-
GCCATCGCCAACTCCGGCAT-3′ and (reverse) 5′-
GGCGCCGACATCGCCGAAAG-3′ that were designed on
the basis of the Alc. vinosum cycP gene.27 The determined
partial sequence had 83% identity to that of the Alc. vinosum
cycP. With the known sequence information, full-length
nucleotide sequence of the Tch. tepidum cycP gene and its
surrounding regions were determined using the RightWalk kit
(BEX Inc., Japan) as described elsewhere.28 A similar procedure
was applied to determine the sequences of fccA and fccB
encoding the Tch. tepidum flavocytochrome c. Among eight
primers designed on the basis of the known Alc. vinosum fccA
sequence,29 the primer pair with sequences of (forward) 5′-
ACAATTGCGCCGGTTGTCAC-3′ and (reverse) 5′-CGA-
CATGGCACTTCTCGCAG-3′ yielded a 300-bp fragment
with the partial sequence of Tch. tepidum fccA (85% identity).
Full sequences of the Tch. tepidum fccA and fccB genes and its
surrounding regions were determined by the RightWalk kit.

Culture Conditions and Purification. Cultures of Tch.
tepidum and Alc. vinosum and purification of the native
cytochromes c′ and flavocytochromes c were described
previously.7,30 The eluted proteins from a DEAE column
were further purified by ammonium sulfate precipitation. The
cytochromes c′ were contained in the supernatant of 70% (w/
v) saturated ammonium sulfate and were repeatedly concen-
trated and diluted with 20 mM Tris-HCl (pH 8.0) buffer using
a Centricon YM-30 filter (Millipore) to remove the salt. The
flavocytochromes c were precipitated in 70−90% saturated
ammonium sulfate and were resuspended in 20 mM Tris-HCl
(pH 8.0) buffer, followed by extensive washing using the
Centricon YM-30 filter.

Spectroscopic Measurements. Absorption spectra were
recorded as described elsewhere.7 Changes in tryptophan
fluorescence upon addition of guanidine hydrochloride
(GuHCl) were monitored with an RF-5300PC spectrofluor-
ophotometer (Shimadzu) using a 1-cm quartz cuvette. The
excitation wavelength was set at 290 nm. Mass spectra were
measured on a 4800 Plus MALDI TOF/TOF Analyzer
(Applied Biosystems, MDS SCIEX).28 Resonance Raman
(RR) spectra were recorded on a HoloProbe Raman spectro-
graph (Kaiser optical systems) at room temperature as
described previously.31 Sample concentration was adjusted to
0.44−0.74 mg/mL for cytochromes c′ and 1.57−1.63 mg/mL
for flavocytochromes c using Amicon Ultra 3K in a buffer
containing 20 mM Tris-HCl (pH 8.0). Each spectrum was
obtained using the fresh samples to minimize laser-induced
degradation. Three spectra from different samples were
averaged.

Differential Scanning Calorimetry (DSC). DSC measure-
ments were conducted on a nanoDSC II calorimeter (Model
6100, Calorimetry Science Co.) at a heating rate of 0.5 °C/
min.2 Sample solutions of the cytochromes c′ and flavocyto-
chromes c were prepared by the same procedure as that for the
RR measurements. The resulting filtrate from the sample
preparation was used as a reference buffer for each DSC
measurement. All the samples and filtrates were degassed prior
to filling the calorimeter cells. The changes in calorimetric
enthalpy ΔH and entropy ΔS at denaturing temperature Tm
were evaluated using CpCalc software (Calorimetry Science
Co.).32

Crystallization and X-ray Diffraction Experiments. Cyt
c′ purified from Tch. tepidum was concentrated to OD400 of 20.
Crystallization of the Cyt c′ was performed using the sitting-
drop vapor-diffusion method at 20 °C by mixing 1 μL of
protein solution with an equal volume of the reservoir solution
containing 0.1 M cadmium chloride, 30% (v/v) PEG400, and
0.1 M sodium acetate (pH 4.0). Flavocytochrome c purified
from Tch. tepidum was concentrated to OD410 of 40.
Crystallization of the flavocytochrome c was performed using
the sitting-drop vapor-diffusion method at 20 °C. One
microliter of protein solution was mixed with 1 μL of the
reservoir solution containing 0.2 M potassium nitrate, 18% (w/
v) PEG3000, and 50 mM MES-NaOH (pH 6.0). For X-ray
diffraction experiments, the crystals of Cyt c′ were mounted in
nylon loops and flash frozen in liquid nitrogen. The crystals of
flavocytochrome c were transferred into the cryoprotectant
solution containing the reservoir solution supplemented with
15% (v/v) glycerol, and then flash frozen in liquid nitrogen. X-
ray diffraction data were collected at the beamline AR-NW12A
of Photon Factory, Tsukuba, Japan. The diffraction data were
integrated and scaled using the HKL2000 program package.33
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Phasing and Refinement. Structure determination of the
Cyt c′ and flavocytochrome c was performed by the molecular
replacement method using the Molrep program.34 The search
models used were the crystal structures of Cyt c′ (PDB ID
1BBH)20 and flavocytochrome c (PDB ID 1FCD)25 both from
Alc. vinosum with the prosthetic groups and solvent molecules
removed. Five percent of reflections were used for the free R
factor calculation in the structure refinement of Cyt c′ and
flavocytochrome c. The initial model of Cyt c′ was subjected to
rigid body refinement with the Refmac5 program35 in a
resolution range of 8−1.0 Å. Incorporation of heme groups and
modification of the model were performed using the Coot
program.36 Positional and isotropic displacement parameters
were refined in the resolution range of 50−1.0 Å. After solvent
molecules were included in the model, anisotropic displace-
ment parameters were refined and the final model was refined
to Rwork = 13.0% and Rfree = 15.4%. The refinement of
flavocytochrome c was started using the rigid body refinement
procedure with the Refmac5 program in a resolution range of
8−1.5 Å. Incorporation of prosthetic groups and modification
of the model were performed using the Coot program.
Positional and isotropic displacement parameters were refined
in the resolution range of 50−1.5 Å. Solvent molecules were
included in the model, and the final model was refined to Rwork
= 16.0%, Rfree = 19.5%. Coordinates of the crystal structures of
the Cyt c′ and flavocytochrome c have been deposited in
Protein Data Bank under accession codes 3VRC and 3VRD,
respectively. The quality of the structures were analyzed using
MolProbity.37 Figures were prepared using the Pymol
program.38

■ RESULTS
The nucleotide sequences determined for the cycP, fccA, and
fccB of Tch. tepidum are 82%, 84%, and 84% identical with those
of the corresponding genes from Alc. vinosum, respectively. The
amino acid sequences of Tch. tepidum Cyt c′ and
flavocytochrome c deduced from the nucleotide sequences are
shown in Figure 1 and aligned with those of the corresponding
proteins from Alc. vinosum. Both proteins from the two bacteria
have the same numbers of amino acid residue for each pair and
reveal high sequence similarities with 82% identity for the Cyt
c′ and 86% identity for the flavocytochrome c. The nascent Tch.
tepidum Cyt c′ consists of 154 residues with the first 23 residues
as a signal peptide and the remaining 131 residues as the
mature protein. The molecular weight of the mature Cyt c′ was
confirmed by TOF/MS measurements. Several features in the
composition of amino acid of the mature Cyt c′ can be deduced
from the sequence information. Many residues with larger side
chains in Alc. vinosum were substituted to the residues with
shorter ones in Tch. tepidum. This includes substitutions of 9
residues in Alc. vinosum to Ala in Tch. tepidum among the 24
different residues. The number of Gly that is considered to
contribute to the flexibility of main chain of the protein was
decreased in the Tch. tepidum Cyt c′. The nascent FccA and
FccB subunits begin with 25- and 30-residue signal peptides,
respectively, followed by the mature forms of 175 residues for
FccA and 401 residues for FccB. There is a decrease of total
eight Gly residues for the flavocytochrome c of Tch. tepidum
compared to that of Alc. vinosum. Two open reading frames
coding for a tetraheme Cyt c (partial sequence) and an ankyrin
homologue (complete sequence) in the upstream of fccA were
also sequenced. The nucleotide sequences of cycP, fccA, and
fccB, along with those of their surrounding regions, have been

deposited to the DDBJ databases with the accession numbers
AB519153 and AB530491.
Absorption and magnetic circular dichroism spectra of both

oxidized and reduced Cyt c′ and flavocytochrome c from Tch.
tepidum were reported previously.7 Here, we present RR spectra
of the air-oxidized Cyt c′ and flavocytochrome c from Tch.
tepidum and Alc. vinosum in the 1800−1100 cm−1 region
(Figure 2). Most of the Q-band RR modes were assigned to the
porphyrin in-plane vibrational modes, some of which are
sensitive to the chemical property of the heme iron.39,40 The
bands ν11 and ν19 are RR marker bands for the oxidation and
spin states of the heme iron, respectively, and the ν10 band is

Figure 1. Alignments of the full amino acid sequences of Tch. tepidum
Cyt c′ and flavocytochrome c deduced from the nucleotide sequences
with those of corresponding proteins from Alc. vinosum. Red letters
represent different amino acids. Signal sequences are underlined and
the heme-binding motifs are indicated by boxes. The numbers refer to
those of the amino acid residues in the matured proteins which are
mentioned in the text.

Figure 2. RR spectra obtained by the Q-band excitation at 532 nm: (a)
Tch. tepidum Cyt c′, (b) Alc. vinosum Cyt c′, (c) Tch. tepidum
flavocytochrome c, and (d) Alc. vinosum flavocytochrome c.
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sensitive to both states.39 The RR spectra of both cytochromes
c′ were quite similar except for the ν10 mode in the 1635−1625
cm−1 region where a split band appeared for the Tch. tepidum
Cyt c′ (spectrum a) but a singlet-like band for the Alc. vinosum
Cyt c′ (spectrum b). The frequencies indicate that both
cytochromes c′ are attributed to a pentacoordinated inter-
mediate-spin (IS) and/or high-spin (HS) states. For the
flavocytochromes c (spectra c and d), no RR band was observed
from the FAD-binding subunit. The RR bands at 1642 (ν10),
1586 (ν19), 1561 (ν11), and 1313 (ν21) cm−1 are all
characteristic of a hexacoordinated low-spin cytochrome. The
high similarity in the RR spectra suggests that the chemical
properties and environment of the heme irons are almost
identical for the flavocytochromes c from the two species.
Figure 3 shows the DSC thermograms of cytochromes c′ and

flavocytochromes c from Tch. tepidum and Alc. vinosum in the

air-oxidized state. An intensive and single band was observed
for the Tch. tepidum Cyt c′ with a maximum at 75.4 °C (curve
a). The Alc. vinosum Cyt c′ exhibited a single denaturing peak at
53.4 °C (curve b), 22 °C lower than that of the Tch. tepidum
Cyt c′. This result clearly shows that Tch. tepidum Cyt c′ is
thermally much more stable than the Alc. vinosum Cyt c′. On
the other hand, Tch. tepidum flavocytochrome c exhibited two
DSC peaks at 70.3 and 77.4 °C (curve c), whereas the Alc.
vinosum flavocytochrome c showed a broad band at 70.1 °C
(curve d). Similar differences in the DSC thermograms were
observed at different pH values (data not shown). Thermody-
namic parameters of the cytochromes c′ and flavocytochromes c
evaluated from the DSC profiles are summarized in Table 1.
Because the DSC profile of Tch. tepidum flavocytochrome c
consists of two components with different denaturing temper-
atures, the stronger band at 70.3 °C was used for the
estimation. The changes in calorimetric enthalpies ΔH and
entropies ΔS for the Cyt c′ and flavocytochrome c of Tch.
tepidum were about 1.3−1.5 times greater than those of the
corresponding proteins from Alc. vinosum. The results indicate
that thermal denaturation of these proteins from Tch. tepidum is

enthalpically unfavorable but entropically favorable compared
with those from Alc. vinosum.
In order to compare the stability between the two

flavocytochromes c, denaturation of these proteins with
GuHCl in air-oxidized state was monitored by fluorescence
spectra (Figure 4). Denaturing the flavocytochromes c

produced large shifts of the emission maxima from 322 to
353 nm, and the denatured fraction was calculated from the
emission maximum. Midpoint for the denaturing flavocyto-
chrome c of Alc. vinosum was [GuHCl]1/2 = 1.2 ± 0.1 M,
whereas it was [GuHCl]1/2 = 2.0 ± 0.1 M for the Tch. tepidum
flavocytochrome c. The result indicates that the flavocyto-
chrome c of Tch. tepidum is structurally more stable than that of
Alc. vinosum. Assuming that the denaturing process is a two-
state reversible transition, the difference in Gibbs free energy
change upon denaturation between the two flavocytochromes c
was estimated to be approximately 4.1 kJ/mol.
Crystal structure of the air-oxidized Cyt c′ from Tch. tepidum

has been determined at 1.0 Å resolution. The crystal of Cyt c′
belongs to space group P21 with the unit cell parameters a =
41.3 Å, b = 57.2 Å, c = 54.2 Å, β = 94.8°. Statistics for the
diffraction data and refinement are given in Table 2. Cyt c′
forms a homodimer, and each monomer (A and B) consists of a
four helix bundle, like other Cyt c′ proteins.19 The dimer of Cyt
c′ reveals high structural similarity to that of Alc. vinosum20 with
a root-mean-square (rms) distance of 1.16 Å for the 254 Cα

atoms (Figure 5a). The Tch. tepidum Cyt c′ has 17 additional
hydrogen bonds formed between the main chain nitrogen and
oxygen atoms compared with the Alc. vinosum Cyt c′ that has a
total of 299 main chain hydrogen bonds. The residues different
from Alc. vinosum are mainly located at the surface of the
protein (Figure 5b). Out of the 24 different residues, 17
residues are exposed to the solvent, and other different residues
were not observed at the dimer interface. Three hydrophobic

Figure 3. DSC thermograms of cytochromes c′ and flavocytochromes
c from Tch. tepidum and Alc. vinosum: (a) Tch. tepidum Cyt c′, (b) Alc.
vinosum Cyt c′, (c) Tch. tepidum flavocytochrome c, and (d) Alc.
vinosum flavocytochrome c. The scan rate was 0.5 °C/min.

Table 1. Thermodynamic Parameters for the Cytochromes c′
and Flavocytochromes c from Tch. tepidum and Alc. vinosum

Tm (°C)
ΔH

(kcal/mol)
ΔS

(kcal/K·mol)

Cyt c′ Tch.
tepidum

75.4 240 0.69

Alc. vinosum 53.4 156 0.48
flavocytochrome c Tch.

tepidum
70.3, 77.4 347 1.0

Alc. vinosum 70.1 270 0.79

Figure 4. Denaturation curves for the flavocytochromes c from Tch.
tepidum (closed circles) and Alc. vinosum (open squares) generated
from the fluorescence emission spectra data. The samples were
dissolved in 20 mM Tris-HCl (pH 7.5).
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residues surrounding the heme group have shorter side chains
in Tch. tepidum Cyt c′; therefore, the helix III in Tch. tepidum
Cyt c′ moves closer to the heme group (Figure 5c). Although
the helix movement makes the overall fold of Tch. tepidum Cyt
c′ shrinking compared with that of Alc. vinosum Cyt c′, the area
of solvent accessible surface for the Tch. tepidum Cyt c′ (9102
Å2) is slightly larger than that of Alc. vinosum Cyt c′ (8980 Å2).
Because Cyt c′ is a small protein, the accessible surface area is
influenced by small structural changes, such as conformational
changes of amino acid residues induced by the crystal packing.
The compactness of protein structure has been known as an
important factor contributing to the protein stability.41 The
heme group is exposed to solvent at the pyrrole ring IV, and the
181 methyl group is accessible to the solvent region (Figure
5d). This was also confirmed by solution NMR using the
paramagnetic metal ion (data not shown).
In the crystal structure of Tch. tepidum Cyt c′, the distances

from the axial ligand His125 Nε2 (the residue number refers to
that in the matured proteins and hereinafter) to the heme iron
are 2.16 Å and 2.12 Å in monomers A and B, respectively
(Figure 6a,b). The His125 and a water molecule form a
hydrogen bond with distances of 2.95 Å (monomer A) and 2.93
Å (monomer B). The Cδ1 atom of Tyr16 at the sixth coordinate
site is the nearest to the heme iron, and the distances between
the two atoms are 3.42 Å and 3.24 Å in monomers A and B,
respectively. The heme iron atoms displace from the planes
consisting of four nitrogen atoms of the tetrapyrrole rings. The
iron atoms move toward the histidine ligands, and the distances
between the iron atoms and the four-nitrogen planes are 0.10 Å
and 0.09 Å in monomers A and B, respectively. The C-terminal
residue Asp131 in monomer A (abbreviated as Asp131A, and
the same hereinafter) forms a hydrogen bond with the Nε atom

Table 2. Data Collection and Refinement Statistics for the
Tch. tepidum Cyt c′ and Flavocytochrome ca

Cyt c′ flavocytochrome c

Diffraction data
space group P21 I4
cell parameters a = 41.3 Å, b = 57.2 Å, c =

54.2 Å, β = 94.8°
a = b = 140.6 Å, c =
57.7 Å

resolution (Å) 50−1.0 (1.02−1.00) 50−1.5 (1.55−1.50)
observed
reflections

436902 386975

unique reflections 127655 84166
redundancy 3.4 (2.2) 4.6 (2.9)
Rmerge (%)

b 4.0 (21.0) 9.1 (27.8)
I/σ(I) 42.6 (2.6) 22.6 (3.0)
completeness (%) 94.3 (70.2) 93.4 (84.5)
Refinement
resolution (Å) 50−1.0 50−1.5
Rwork (%)

c 13.0 16.0
Rfree (%)

c 15.4 19.5
no. of protein
atoms

1989 4385

no. of prosthetic
group atoms

91 143

no. of solvent
atoms

528 579

rmsd bonds (Å) 0.02 0.03
rmsd angles (°) 2.49 2.74
Ramachandran plot
(%)d

98.8/1.2/0.0 98.6/1.4/0.0

aValues in parentheses represent the highest resolution shell. bRmerge =
ΣhklΣi|Ihkl,i − <Ihkl>|/ΣhklΣi|Ihkl|, where Ihkl is the ith measured diffraction
intensity and <Ihkl> is the average of the intensity. cR = Σ||Fo| − |Fc||/Σ|
Fo|.

dFavored/allowed/disallowed regions.

Figure 5. Crystal structure of Cyt c′. (a) Superposition between Tch. tepidum (pink) and Alc. vinosum (blue). (b) Distribution of the different
residues between Tch. tepidum and Alc. vinosum. The different residues were depicted in red sticks displayed on the Tch. tepidum Cyt c′ structure. (c)
The residues surrounding the heme groups. The hydrophobic residues different between Tch. tepidum and Alc. vinosum are shown in sticks. The
movement of helix III is indicated with a pink arrow. (d) Surface representation of Tch. tepidum Cyt c′. The region where the heme group is exposed
is colored by blue. The position of the 181 methyl group is indicated in the figure.
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of Arg129A (Figure 6a). The Arg129A interacts with the axial
ligand His125A via van der Waals contacts. The Asp131A is
fixed by hydrogen bonds with two residues (Ala36B and
Lys111A) of symmetry related molecules in the crystal. The side
chain of Arg72A points toward the solvent region, which is also
fixed by hydrogen bonds with two residues (Leu30B and
Gly32B) of a symmetry related molecule in the crystal. On the
other hand, the C-terminal residue Asp131B interacts indirectly
with Arg129B (Figure 6b) via a water molecule that forms
hydrogen bonds with both Asp131B and Arg129B. The Asp131B

is not fixed by crystal packing and its electron density is noisier
than that of Asp131A. In contrast to monomer A, the side chain

of Arg72B points toward the Arg129B, and the distance between
Arg72B Nω and Arg129B Nε is 3.43 Å. The C-terminal residue
in Alc. vinosum is Lys131 that has opposite charge to that of the
Asp131 in Tch. tepidum. Therefore, there is no interaction
between the Lys131 and Arg129 (Figure 6c). A total of eight
cadmium ions were identified in the crystal structure of Tch.
tepidum Cyt c′, and two of them are coordinated by the C-
terminal aspartic acid residues of monomers A and B. These
metal ions were contained in the crystallization solution.
Considering the marked effects of divalent cations on the
properties of Tch. tepidum LH1 complex,2 they may also affect

Figure 6. Environment of the histidine axial ligands in Tch. tepidum Cyt c′. (a) The heme group in monomer A. The 2Fo − Fc electron density map is
shown as a gray mesh contoured at 1.2σ level and the Fo − Fc omit map of Asp131 is shown as an orange mesh contoured at 3.0σ level. The distances
indicated are those of the contacts influencing the His125 ligand field strength. (b) The heme group in monomer B. The 2Fo − Fc electron density
map is shown as a gray mesh contoured at the 1.2σ level and the Fo − Fc omit map of Asp131 is shown as an orange mesh contoured at the 2.0σ
level. (c) Structural comparison between Tch. tepidum (pink) and Alc. vinosum (blue) around the His125 ligand. The C-terminal residues Asp131 in
Tch. tepidum and Lys131 in Alc. vinosum show the opposite directions of their side chains.

Figure 7. Crystal structure of flavocytochrome c. (a) Superposition between Tch. tepidum (pink) and Alc. vinosum (blue). (b) Distribution of the
different residues between Tch. tepidum and Alc. vinosum. The different residues are shown in red sticks displayed on the Tch. tepidum
flavocytochrome c structure.
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the thermal stability and/or the ligand field strength of His125
through interaction with the Asp131.
Crystal structure of the air-oxidized flavocytochrome c from

Tch. tepidum has been determined at 1.5 Å resolution. The
crystal of flavocytochrome c belongs to space group I4 with the
unit cell parameters a = b = 140.6 Å, c = 57.7 Å (Table 2). The
structure reveals high resemblance to the flavocytochrome c
from Alc. vinosum25 with a rms distance of 0.94 Å for the 573
Cα atoms (Figure 7a). The Tch. tepidum flavocytochrome c has
20 additional hydrogen bonds formed between the main chain
nitrogen and oxygen atoms compared with Alc. vinosum
flavocytochrome c that has a total of 483 main chain hydrogen
bonds. Among the 20 additional hydrogen bonds, only one is
observed in FccA, and the other 19 are located in the FccB. The
residues different between Tch. tepidum and Alc. vinosum are
mainly located at the protein surface (Figure 7b). Out of the 81
different residues, 62 residues are exposed to the solvent, and
the other different residues were not located at the dimer
interface. The area of solvent accessible surface for the Tch.
tepidum flavocytochrome c (14430 Å2) is approximately 600 Å2

smaller than that of Alc. vinosum flavocytochrome c (15096 Å2).
In the FccA subunit, two heme groups (heme 1 and 2) are
related by a pseudo-2-fold symmetry. The iron atoms of the
heme groups are hexacoordinated by the axial ligand residues of
histidines (His15 and His105) and methionines (Met54 and
Met147) (Figure 8a,b). The distances from the heme 1 iron
atom to His15 Nε2 and Met54 Sγ are 1.98 Å and 2.31 Å, and the
heme 2 iron atom to His105 Nε2 and Met147 Sγ are 2.02 Å and
2.37 Å. His15 forms a hydrogen bond with Pro27. His105 and
His119 are also hydrogen bonded, but the distance is longer
than that between His15 and Pro27.

An obvious difference between the axial histidine residues in
Tch. tepidum flavocytochrome c is the presence of water
molecules in the vicinity of His105. The distance between
His105 Cε1 and the nearest water is 3.30 Å, and the Nδ1−Cε1−
water angle is 87.0° (Figure 8b). The FccA subunit exhibits
structural similarities to the cytochrome c4 proteins from
Pseudomonas stutzeri (PDB ID: 1ETP)42 and from Acid-
ithiobacillus ferrooxidans (PDB ID: 1H1O)43 (Figure 8c).
Superposition of the secondary structures between the FccA
and Cyt c4 proteins gave the rms distance of 1.87 Å for the 146
Cα atoms of FccA-1ETP and 2.09 Å for the 141 Cα atoms of
FccA-1H1O. While overall fold and heme positions are
superimposed well, the residues around the heme propionates
are different between the FccA and Cyt c4 proteins (Figure 8d).
In Cyt c4, the arginine and glutamine residues are involved in
hydrogen bonds with the heme propionate groups. In contrast,
these hydrogen bonds in FccA are lost because the charged
residues are replaced by the hydrophobic and shorter residues
(Val40, Ile49, Ala132) at the corresponding positions. The two
heme groups form direct interaction through one of the
propionates in each heme. In Cyt c4, the hydroxyl groups of two
tyrosine residues make hydrogen bond contacts with the
propionate groups. One of the tyrosines is substituted to valine
(V36) in FccA, and a water molecule is located instead of the
hydroxyl oxygen of the tyrosines in Cyt c4. The water molecule
forms a hydrogen bond network with other waters and amino
acid residues, which connects to the external solvent region of
the protein.
In the FAD binding site of FccB, clear electron densities

revealed structural differences between Tch. tepidum and Alc.
vinosum. In Alc. vinosum, two cysteine residues (Cys161 and
Cys337) form a disulfide bond at the re-side of the FAD. When

Figure 8. Environment of the heme groups in FccA. (a) Structure around the heme 1 of Tch. tepidum flavocytochrome c. The 2Fo − Fc electron
density map is shown as a blue mesh contoured at the 1.5σ level. The hydrogen bond between His15 and Pro27 is indicated by a pink dashed line.
(b) Structure around the heme 2 of Tch. tepidum flavocytochrome c. The 2Fo − Fc electron density map is shown as a blue mesh contoured at the 1.5
σ level. The contacts between His105 and His119 or a water are indicated by pink dashed lines, and the hydrogen bond between His119 and a water
is in a green dashed line. (c) Superposition between FccA (pink), Cyt c4 from Pseudomonas stutzeri (orange), and Cyt c4 from Acidithiobacillus
ferrooxidans (green). (d) A close-up view of (c) around the heme propionates. The residues forming hydrogen bonds with propionates in Cyt c4 are
shown in sticks. The FccA residues different from Cyt c4 proteins are indicated in boxes. A water molecule located at the position of tyrosine
hydroxyl oxygen in Cyt c4 is shown as a pink sphere.
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two cysteine residues were modeled in Tch. tepidum
flavocytochrome c, the distance between the Sγ atoms of the
cysteine residues was 4.90 Å, and two strong peaks in the Fo −
Fc electron density map (contour is more than 20σ level) were
observed between the two Sγ atoms. The peaks in the Fo − Fc
map were interpreted as two sulfur atoms based on the peak
heights and chemical considerations. To fit the two sulfur
atoms into the electron densities, two α-mercaptocysteine
residues were modeled instead of two cysteine residues (Figure
9a). After refinement of isotropic temperature factors, the two
sulfur atoms, Sγ and Sδ, show comparable B-factors, 8.2 Å2 and
10.6 Å2 in Cys161, and 9.3 Å2 and 12.0 Å2 in Cys337. A
disulfide bond is formed between the two Sδ atoms with a
distance of 2.18 Å. The distance between Cys161 Sγ and FAD
C4A is 3.51 Å. Structures of the residues around Cys161 were
different between Tch. tepidum and Alc. vinosum, but residues
around Cys337 fit well to each other (Figure 9b). Recently, the
flavocytochrome c has been reported to be a member of the
sulfide:quinone oxidoreductase (SQR) family.44 In the crystal
structures of SQRs, polysulfur atoms were observed between
two cysteine residues adjacent to the isoalloxazine ring of
FAD.45,46 When the isoalloxazine rings were superimposed
between FccB and SQRs from Aquifex aeolicus (PDB ID:
3HYV)45 and Acidianus ambivalens (PDB ID: 3H8L),46 the
positions of cysteine residues are changed, but polysulfur atoms
are located at similar positions on the re-side of FAD (Figure
9c). In addition, the superposition of Tch. tepidum FccB and
Acidianus ambivalens SQR exhibits high similarities in the
conformations of the FAD molecules as well as in the structures
around the FAD molecules (Figure 9d). However, the FAD
molecule in SQR of Aquifex aeolicus has different conformations
from that of FccB. Since the conformations cause displacement
of the adenine moieties, FccB and the SQR from Aquifex

aeolicus show large structural differences around the isoallox-
azine rings of the FAD molecules.

■ DISCUSSION

In this study, we demonstrated that both Cyt c′ and
flavocytochrome c from Tch. tepidum are thermally and
structurally much more stable than the corresponding proteins
from the closely related mesophilic bacterium Alc. vinosum. The
enhanced stability can be interpreted on the basis of structural
and sequence information. These include the increased number
of hydrogen bonds formed between main chain nitrogen and
oxygen atoms, more compact structures, and the reduced
number of Gly residues. In addition, substitution of many
residues with large side chains in the Alc. vinosum Cyt c′ to the
Ala in Tch. tepidum Cyt c′ is also considered to contribute to
the difference in the stability between the two proteins. The
reversible nature observed in DSC measurements for the Cyt c′
strongly indicates a thermal state transition between the native
and the unfolded states. The large values of ΔH and ΔS (Table
1) suggest that Tch. tepidum Cyt c′ experiences much stronger
electrostatic/van der Waals interactions and decreased
segmental mobility.47 Similarly, the ΔH and ΔS for the
flavocytochrome c of Tch. tepidum were also larger than those
of Alc. vinosum, indicating that the thermal denaturation of Tch.
tepidum flavocytochrome c is entropically more favorable, but
enthalpically less favorable, than that of its counterpart. The
appearance of two DSC peaks observed for the Tch. tepidum
flavocytochrome c implies that the thermal denaturation
involves multiple intermediate states. A molecular chaperone
of bacteriophage T4 was reported to show two DSC bands due
to the oligomeric states at neutral pH.48 However, this is not
the case since the DSC profile of Tch. tepidum flavocytochrome
c was insensitive to the protein concentration. One of the

Figure 9. Environment of the FAD in FccB. (a) The Fo − Fc omit map of Cys166 and Cys337 is shown as a green mesh contoured at the 5.0σ level.
The positions of Sγ and Sδ atoms of Cys337 are indicated. (b) Superposition between Tch. tepidum (pink) and Alc. vinosum (blue). (c) Structural
comparison of Tch. tepidum FccB (pink), SQR from Aquifex aeolicus (orange), and SQR from Acidianus ambivalens (green). These structures are
superimposed on the FAD isoalloxazine rings. The polysulfur atoms and the cysteine residues are indicated. (d) Stereoview of the structures of Tch.
tepidum FccB and SQRs with the same color code as in (c). The structures are superposed on the isoalloxazine rings. The α-helices, which have been
suggested to influence the redox potentials of FAD, are shown as thick tube models. Positional differences of the adenine moieties are indicated with
a blue double-headed arrow.
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possible origins is that the two subunits in this protein denature
at different temperatures, as is the case for flagellin.49 The
number of main chain hydrogen bonds is increased in Tch.
tepidum flavocytochrome c compared to that in Alc. vinosum
flavocytochrome c, and almost all of them are located in FccB.
This suggests that the difference of thermal stabilities between
FccA and FccB in Tch. tepidum is larger than that in Alc.
vinosum. Alternatively, a redox equilibrium of Tch. tepidum
flavocytochrome c may be responsible for the two bands. The
present RR analysis of the air-oxidized samples indicated a very
small contribution from the reduced form which exhibits an
intense DSC band around 79 °C (data not shown).
Furthermore, it is reminiscent that this protein shows two
distinct redox potentials,5,7 but the relationship between these
two phenomena is unclear. Nevertheless, if each DSC
thermogram was assumed to be a convolution of the two
bands, the Tm values were estimated to be 70.5 and 76.7 °C for
Tch. tepidum, and 67.6 and 71.5 °C for Alc. vinosum. The
respective thermodynamic parameters are given in Supple-
mentary Table S1.
The optimum temperatures for the oxidoreductase activity of

flavocytochrome c were significantly different, 25 °C for Alc.
vinosum and 55 °C for Tch. tepidum.5 The activity of Alc.
vinosum flavocytochrome c was completely lost upon incubation
at 55 °C. However, the present DSC result showed that the Alc.
vinosum flavocytochrome c did not significantly degrade below
70 °C, suggesting that small alterations in protein structure
and/or conformation of the prosthetic groups may significantly
affect its activity as temperature increases over 25 °C.
The RR spectra of Cyt c′ clearly showed that only ν10 bands

are different between Tch. tepidum and Alc. vinosum. The
frequencies indicate that the heme iron of Alc. vinosum Cyt c′ is
in an IS state and that of Tch. tepidum Cyt c′ is in a state of
quantum mechanical admixture of IS and HS states.50 These
bands were highly sensitive to the pH (Supplementary Figure
S1), where the band at 1635 cm−1 was red-shifted to 1625 cm−1

with increasing pH. Similar pH dependence of the ν10 modes
was also observed for Alc. vinosum Cyt c′ (data not shown) and
other cytochromes c′ from Rsp. molischianum 50 and Rba.
capsulatus.51 These results indicate that the pH-induced
changes in the ligand field strength are responsible for the
difference in the equilibrium state of both spin species.52

Structural properties contributing to the spin states of the heme
iron have been investigated using the high resolution structure
of Rubrivivax gelatinosus Cyt c′.53 The displacement of the iron
atom from heme plane has been reported to bring about a
change in the spin states. Tch. tepidum Cyt c′ shows a smaller
iron displacement than Alc. vinosum Cyt c′ with the deviations
of 0.20 Å and 0.19 Å in monomer A and B, respectively. The
extent of the displacement may depend on the crystallization
conditions, where an acidic buffer at pH 4.0 was used in Tch.
tepidum and a neutral buffer at pH 7.0 in Alc. vinosum.20

Protonation of the His125 at lower pH reduces the ligand field
strength, and as a consequence, the iron atom is less attracted
to His125. The pH-dependence is also observed in the
hydrogen bond between the His125 and a water molecule. In
Alc. vinosum Cyt c′, His125 and the water molecule show closer
contacts (2.74 Å and 2.87 Å in monomer A and B) compared
to those in the Tch. tepidum Cyt c′ (2.95 Å and 2.93 Å in
monomer A and B). The distance of hydrogen bond is
correlated with the displacement of the heme iron as observed
in Rubrivivax gelatinosus Cyt c′. These structural differences also

support the results that the ligand field strength of His125 is
sensitive to the conditions of the surrounding solution.
The present result in the RR spectra of Tch. tepidum Cyt c′ is

similar to that of Rsp. molischianum Cyt c′ in which the IS and
HS states were distributed almost equally.50 However, the IS
state has more population in Rba. sphaeroides and Alc. vinosum
cytochromes c′. The difference was attributed to the change in
axial ligand field strength of the His125, which may be
modulated by an adjacent basic residue (Lys or Arg) through
electrostatic interactions and imidazole rotation.50,52 All the
cytochromes c′ described above have a conserved basic residue
at position 129 (Supplementary Figure S2). Tch. tepidum and
Rsp. molischianum cytochromes c′ further possess an Asp
residue at the C-terminus. The structure of Tch. tepidum Cyt c′
showed that the Asp131 residue forms a hydrogen bond with
Arg129. Although the interaction between Arg129 and Asp131
may depend on the crystal packing in Tch. tepidum Cyt c′
(Figure 6a,b), these residues can make contacts either directly
or indirectly through the solvent molecules. Furthermore, the
crystal structure suggests that Arg72 of Tch. tepidum Cyt c′ is
also involved in the ligand field strength of His125 through
interaction with Arg129 (Figure 6c). In Rba. capsulatus Cyt c′,
ligand binding to the sixth site of heme iron induces movement
of the Glu69 located at the corresponding position of Arg72 in
Tch. tepidum Cyt c′.54 Therefore, the Arg72 may affect the
ligand field strength of His125 when a ligand binds to the sixth
coordinate site of the heme iron. Recently, the Arg124 residue
in Alcaligenes xylosoxidans Cyt c′ has been proposed to regulate
the NO-binding to the proximal binding site.55 The NO
molecule replaces the axial ligand His120 when it binds to the
heme iron. A π−cation interaction may occur between the axial
His120 and the adjacent Arg124 side chains with a distance of
3.5 Å. The RR study of several Arg124 mutants did not show
significant differences either in the porphyrin conformation or
Fe−His interactions in their reduced states,55 indicating that
physicochemical properties of the ferrous cytochromes c′ are
little affected by the Arg124 mutation. In Tch. tepidum Cyt c′,
the Arg129 is located at the similar position of Arg124 in
Alcaligenes xylosoxidans Cyt c′, and there is a closer contact
between the Arg129 and His125 with a distance of ∼3.3 Å. In
addition, the IS/HS equilibrium of the Tch. tepidum Cyt c′ is
sensitive to the Arg129 mutation (unpublished results).
Therefore, both the Arg129 and Arg72 may also influence
the heme properties through the proximal His125 in the ferric
Cyt c′.
The RR bands observed for flavocytochromes c are mainly

ascribed to the heme vibrational modes, and are almost
identical between Tch. tepidum and Alc. vinosum. This is
consistent with the RR results using Soret band excitation5 and
indicates a quite similar environment of the heme centers in
both species. It was reported that the two hemes in Alc. vinosum
flavocytochrome c were not equivalent in terms of axial ligation
and accessibility to the bulk medium.56 However, the RR
spectra for both flavocytochromes c did not show significant
pH-dependence at physiological conditions (data not shown).
In the crystal structure, water molecules were only found
around the His105 ligand, and the nearest water is located at
the position perpendicular to the His105 imidazole plane
(Figure 8b). This water molecule may have very weak effects on
the coordination of His105. These results support that the
properties of the heme irons in flavocytochrome c are
insensitive to the environmental changes, in contrast to the
Cyt c′ where the heme binding site exists at the solvent-exposed
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C-terminal area. It was noted that the flavocytochrome c spectra
measured under the present condition show some character-
istics of the reduced state, implying that the air-oxidized
flavocytochrome c may contain a small amount of reduced
species (see below).
The coordination distances from the axial ligands to the

heme iron in Tch. tepidum flavocytochrome c do not show
significant differences between the N-terminal heme 1 and the
C-terminal heme 2, while the distance is longer for the N-
terminal heme group in the Cyt c4. The His15 of heme 1 ligand
is hydrogen bonded to Pro27 and the His105 of heme 2 ligand
to His119 in FccA (Figure 8a,b). Whereas in Cyt c4, the
histidine ligands of both hemes are hydrogen bonded to the
conserved proline residues.42,43 The hydrogen bond between
His15 and Pro27 is probably modulated by FccA−FccB
interactions because the Ser26 next to Pro27 forms a hydrogen
bond with Ser390 in FccB. The characteristics in hydrogen
bonds may influence electronic properties of the heme iron.57

On the other hand, the hydrogen bonds involving propionates
and amino acids have been proposed to be important for the
electron transfer between the two heme groups in Cyt c4.

42 In
the FccA, part of the hydrogen bonds around the propionate
groups are lost, and a water molecule is substituted for the
hydroxyl group of tyrosine residue to participate in the
hydrogen bond network with the propionates of the two
heme groups (Figure 8d). The features in the interheme region
suggest that solution conditions may affect the reduction
potentials and electron transfer rate57 because this water
molecule is linked to the solvent region on the exterior of FccB.
The electron density map of Tch. tepidum flavocytochrome c

revealed unambiguous electron densities of disulfur atoms at
the active site near FAD. The absence of a disulfide bond and
presence of extra electron density near Cys337 were observed
in a preliminary crystal structure of flavocytochrome c from
Halochromatium salexigens.58 The position of disulfur atoms is
analogous to that of the polysulfur observed in SQRs (Figure
9c). Therefore, flavocytochrome c possibly follows the same
mechanism of sulfide oxidation as proposed for SQR.45 The
presence of disulfur indicates that the air-oxidized flavocyto-
chrome c was not in the fully oxidized state, in agreement with
the observation of RR measurement. The oxidation state of a
crystal previously used for structure determination of Alc.
vinosum flavocytochrome c was not mentioned in the
literature.59 In addition, although the conformations of the
Cys161 are in the outlier region of the Ramachandran plot, the
electron densities of the cysteine residues (Cys161 and
Cys337) could not be examined due to the absence of
structure factor in PDB. If the crystal structure previously
determined represents the truly oxidized state, it means that
there is a structural difference caused by the sulfide oxidation
between Tch. tepidum and Alc. vinosum. Because Cys161 is in a
loop region and Cys337 is located at a β-sheet, the Cys161 may
move toward Cys337 after a sulfide adduct approaches the FAD
isoalloxazine ring. Although the in vivo function of flavocyto-
chrome c is still unclear, the presence of disulfur at the FAD
binding site strongly suggests that flavocytochrome c is involved
in the sulfide oxidation in vivo as the crystal was obtained using
the sample purified from fresh Tch. tepidum cells. In contrast to
the similarities of polysulfur atoms, the SQR from Aquifex
aeolicus shows structural differences around the isoalloxazine
ring from FccB or the SQR from Acidianus ambivalens. The
dissimilar orientations of the helix dipoles relative to the
isoalloxazine rings may have effects on the redox potentials of

FAD.60 In sulfide oxidation process, the elemental sulfur atoms
have been suggested to be transferred through interaction
between the flavocytochrome c and the SoxYZ complex.61 The
SoxYZ complex carries multiple sulfur compounds and its
crystal structure shows that the C-terminal cysteine residue of
SoxY binds the sulfur compounds. Homology modeling with
SoxYZ shows that the C-terminal cysteine residue of SoxY is
located at the highly conserved region on the surface of the
complex (Supplementary Figure S3). The C-terminal region is
relatively hydrophobic and surrounded by positively charged
surfaces. Flavocytochrome c has the highly conserved surface
around the cavity connecting to the isoalloxazine ring. Since the
cavity consists of positively charged surface, an electrostatic
repulsion may contribute to maintaining a proper orientation of
the SoxYZ when it interacts with the flavocytochrome c.
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