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ABSTRACT: The57Fe-enriched cytochromebf complex has been isolated from hydrocultures of spinach. It
has been studied at different redox states by optical, EPR, and Mo¨ssbauer spectroscopy. The Mo¨ssbauer
spectrum of the native complex at 190 K with all iron centers in the oxidized state reveals the presence
of four different iron sites: low-spin ferric iron in cytochromeb [with an isomer shift (δ) of 0.20 mm/s,
a quadrupole splitting (∆EQ) of 1.77 mm/s, and a relative area of 40%], low-spin ferric iron of cytochrome
f (δ ) 0.26 mm/s,∆EQ ) 1.90 mm/s, and a relative area of 20%), and two high-spin ferric iron sites of
the Rieske iron-sulfur protein (ISP) with a bis-cysteine and a bis-histidine ligated iron (δ1 ) 0.15 mm/s,
∆EQ1 ) 0.70 mm/s, and a relative area of 20%, andδ2 ) 0.25 mm/s,∆EQ2 ) 0.90 mm/s, and a relative
area of 20%, respectively). EPR and magnetic Mo¨ssbauer measurements at low temperatures corroborate
these results. A crystal-field analysis of the EPR data and of the magnetic Mo¨ssbauer data yields esti-
mates for theg-tensors (gz, gy, andgx) of cytochromeb (3.60, 1.35, and 1.1) and of cytochromef (3.51,
1.69, and 0.9). Addition of ascorbate reduces not only the iron of cytochromef to the ferrous low-spin
state (δ ) 0.43 mm/s,∆EQ ) 1.12 mm/s at 4.2 K) but also the bis-histidine coordinated iron of the
Rieske 2Fe-2S center to the ferrous high-spin state (δ2 ) 0.73 mm/s,∆EQ2 ) -2.95 mm/s at 4.2 K). At
this redox step, the Mo¨ssbauer parameters of cytochromeb have not changed, indicating that the redox
changes of cytochromef and the Rieske protein did not change the first ligand sphere of the low-spin
ferric iron in cytochromeb. Reduction with dithionite further reduces the two hemes of cytochromeb to
the ferrous low-spin state (δ ) 0.49 mm/s,∆EQ ) 1.08 mm/s at 4.2 K). The spin Hamiltonian analy-
sis of the magnetic Mo¨ssbauer spectra at 4.2 K yields hyperfine parameters of the reduced Rieske
2Fe-2S center in the cytochromebf complex which are very similar to those reported for the Rieske
center fromThermus thermophilus[Fee, J. A., Findling, K. L., Yoshida, T., et al. (1984)J. Biol. Chem.
259, 124-133].

The cytochromebf complex functions in photosynthetic
electron transport as plastoquinol:plastocyanin oxidoreductase
between photosystem II and photosystem I (for recent
reviews, see refs1 and2). It is closely related to the homo-
logous cytochromebc1 complex of photosynthetic bacteria
(reviewed in ref3) and of respiratory organisms. The electron
transfer through the complex is coupled to proton translo-
cation across the membrane by a Q cycle in addition to that
linked to the quinol oxidation (4) which contributes to the
electrochemical gradient driving the synthesis of ATP. It
comprises four redox centers bound to three of its subunits.
Cytochrome b carries two noncovalently boundb-type
hemes, cytochromef a covalently boundc-type heme, and
the Rieske iron-sulfur protein a 2Fe-2S center. Other sub-
units are subunit IV which is homologous to the C-terminal

part of the mitochondrial cytochromeb (5) and three small
subunits, PetG, PetM, and PetL, each with a predicted single
transmembraneR-helix but unknown function (6, 7).

For the cytochromebf complex, the structure has not been
determined at atomic resolution except for fragments of
cytochromef from turnip truncated at the C-terminus (8) and
of the iron-sulfur protein truncated at the N-terminus (9).
The structure of the cytochromef fragment uncovered a
unique ligation of the heme iron by a histidine and the amino
group of the N-terminal tyrosine. The Rieske iron-sulfur
protein (ISP) contains a 2Fe-2S cluster domain with a
structure similiar to that of the analogous protein of mito-
chondria (10). The three-dimensional structures of the com-
plete cytochromebc1 complex from bovine (11) and also
from chicken heart mitochondria (12) have been determined
recently which showed the position of the four iron-con-
taining centers spaced at distances between 21 and 31 Å from
their nearest neighbors. Details of the structure of cytochrome
b and the ligation of the two heme groups between two
histidine residues of tilted transmembrane helices oriented
in parallel have been resolved. Structural information about
the mechanism of the electron transfer in the cytochrome
bc1 complex has been found at high resolution which yields
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a redox-state-dependent position of the Rieske iron-sulfur
protein (12, 13). This indicates that the subunit with the iron
center at one end of its compact, rigid structure moves
between cytochromec1 and the quinol binding site at
cytochromeb. The highly resolved structure of the iron-
sulfur protein (10) shows the coordination of the 2Fe-2S
center by two cysteine and two histidine residues. These
ligands had been suggested by a Mo¨ssbauer study of the
Rieske protein isolated from the bacteriumThermus ther-
mophilus(14). Although the Rieske iron-sulfur protein from
chloroplasts does not have a strand of amino acids which is
found to form anR-helix and a loop in the protein frombc1

complexes (15), it is likely that in the cytochromebf complex
the transfer follows a similar mechanism. The midpoint redox
potentials of the Rieske 2Fe-2S protein and cytochromef
of 320 (16) and 340-365 mV (17, 18), respectively, are
considerably more positive than that of the twob cyto-
chromes,bH andbL, of -45 and-150 mV, respectively (19).
Besides the characterization by their UV-vis spectra, it is
EPR which has provided information about the heme groups
(20-22) and the Rieske iron-sulfur center (23) in the intact
complex. Binding of the inhibitors stigmatellin or 2-hydrox-
yquinones to the quinol oxidizing site (Qo or Qp) causes an
increase in the redox potential of the Rieske center (24) and
affects also the absorbance spectrum of cytochromeb (1).
This provides evidence for a strong interaction of these redox
centers in the intact complex, which may be missing in the
isolated subunits. Link and Iwata (15) have proposed a direct
interaction between stigmatellin and theε-N of a histidine
ligand of the Rieske center. Thus, details about the electronic
structure of the redox centers may help in understanding this
interaction, the coordinated reduction of cytochromebL and
the Rieske 2Fe-2S center, and the Q cycle. With respect to
the five different iron centers in all cytochromebf andbc1

complexes, Mo¨ssbauer spectroscopy appears to be a suitable
method for studying the electronic properties of the redox
centers. However, to our knowledge, it has been used neither
with a respiratory cytochromebc1 nor with a photosynthetic
bf complex except for the isolated Rieske protein from the
bacterial dioxygenase ofT. thermophilus(14) and a prelimi-
nary study of the cytochromebf complex from spinach (25).
A detailed theoretical analysis of Mo¨ssbauer and EPR spectra
has been established in particular for heme (26-28) and FeS
proteins (29). Our new data are based on EPR spectra
recorded at different redox states and on Mo¨ssbauer spectra
measured at different temperatures, in the presence of a weak
or a strong magnetic field, and at different redox states. The
data are compared when available with those of biomimetic
model compounds and are analyzed with the aim of identify-
ing different iron centers.

MATERIALS AND METHODS

Plant Material.Spinach,Spinachia oleracea, was grown
in an aerated hydroculture which was illuminated for 14 h
by white light at 20°C (51 W m-2; Osram power star HQI-E
400W DV apparatus), followed by a 10 h dark period at 16
°C. The growing medium contained 6 mM KNO3, 4 mM
Ca(NO3)2, 2 mM MgSO4, 1 mM KH2PO4, 4 mM MgCl2,
and as trace elements 4.6µM H3BO3, 9 µM MnCl3, 0.75
µM ZnSO4, 0.32µM CuSO4, and 0.12µM Na2MoO4 plus
iron. To minimize contamination by56Fe (<0.02 ppm as
determined by atomic absorption), only ultrapure chemicals

were used. Sixty milligrams of iron with 95%57Fe was
dissolved in concentrated HCl/HNO3 (1:1), dried, and
dissolved in 20 mL of H2O. From this stock solution, an
aliquot was added to the growing medium, yielding a
57Fe3+ concentration of 21µM. The spinach leaves were
harvested after about 6 weeks.

Isolation of the Intact Cytochrome bf Complex.The
cytochromebf complex was isolated from the spinach leaves
essentially as described by Hurt and Hauska (18) using 30
mM octyl glucoside and 0.5% (m/v) cholate. The complex
harvested from the sucrose gradient ultracentrifugation was
concentrated by ultrafiltration through a membrane with a
100 kDa cutoff (YM100, Amicon) to a final concentration
of about 0.4 mM. To remove sucrose, the solution was
diluted with buffer by a factor of 20 and concentrated again
by ultrafiltration. The complex was reduced by addition of
either 20 mM ascorbate or 20 mM sodium dithionite. UV-
vis spectra were recorded with a dual beam spectrophoto-
meter (UV 2101-PC, Shimadzu). The concentration of the
cytochromebf complex was determined as described by
Hope and Valente (30). Chlorophyll was assessed by acetone
extraction (31). For each measurement, a fresh sample of
the concentrated cytochromebf complex has been split into
aliquots of 200 and 400µL which were transferred to an
EPR tube and a Mo¨ssbauer sample cell, respectively, and
then frozen. The activity of the complex (35-45 nM) was
determined with 6µM decylplastoquinone as the electron
donor and 20µM horse heart cytochromec as the electron
acceptor (18). For SDS-PAGE with a gradient of 10 to 15%
acrylamide, we followed the procedure of Laemmli (32).
Protein standards (Sigma) for the ranges of 2.5-17 and 14-
66 kDa were used for SDS-PAGE, and MW GF-1000 was
used for size-exclusion chromatography. Staining was per-
formed with Coomassie Brilliant Blue G250 (Serva).

EPR Spectroscopy.EPR spectra were recorded with a
conventional X-band spectrometer (Bruker 200D SRC)
equipped with a He-flow cryostat (ESR 910, Oxford Instru-
ments) in the temperature range of 1.8-20 K. The spectra
are simulated according to the procedure given by Beinert
and Albracht (33) using orientation-dependent Gaussian line
shapes. Since the spectra are simulated in field space, the
simulations should be regarded as approximations. The bis-
histidine low-spin hemes form the most extreme case ofg
strain broadening, and the lowestg values cannot be deter-
mined from the EPR traces. For the simulations that are pre-
sented, we used theg-tensors estimated by the analysis of
the magnetic Mo¨ssbauer data. Spin quantitations were per-
formed by integration of simulated absorption spectra and
by comparison with a 0.85 mM ferric low-spin myoglobin
azide standard. The integrated areas were weighted with Aasa
correction factors (34).

Mössbauer Spectroscopy.Mössbauer spectra were re-
corded using a conventional spectrometer in the constant
acceleration mode. Isomer shifts are given relative toR-Fe
at room temperature. The spectra obtained at 20 mT were
measured in a He-bath cryostat (Oxford model MD 306)
equipped with a pair of permanent magnets. Spectra obtained
at 10 mT were measured in a continuous flow cryostat
(Oxford model CF 506) also equipped with permanent
magnets. For the high-field spectra (5.35 T), a cryostat
equipped with a superconducting magnet was used (Oxford
Instruments). Magnetically split spectra of paramagnetic
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samples were simulated in the spin Hamiltonian approxima-
tion described below; otherwise, spectra were analyzed by
least-squares fits using Lorentzian line shape.

Spin Hamiltonian Formalism.The Zeeman interaction of
a spinSB with an applied fieldBB, with gj representing the
electronicg-tensor, is described by the Hamiltonian

whereµB is the Bohr magneton. Theg values of a ferric
low-spin (S ) 1/2) system deviate from the isotropic spin-
only value of 2.0023 which is caused by spin-orbit
interaction. Theg values can be calculated in terms of the
mixing coefficientsa, b, andc of the Fe t2g (dyz, dxz, anddxy)
atomic orbitals (35):

Accordingly, the relative energies of the Fe t2g orbitals and
their tetragonal (∆/λ) and rhombic (V/λ) splittings can be
derived from theg values:

Here we follow the convention that the heme normal is the
z-axis (36); λ is the spin-orbit coupling constant. Magnetic
Mössbauer spectra were simulated using eq 1 together with
the nuclear Hamiltonian (29)

whereI denotes the spin of the nuclear ground state or excited
state,Îx, Îy, andÎz denote the components of the nuclear spin
operator,Q is the nuclear quadrupole moment of the nuclear
excited state,Vzz is the main component of the electric-field
gradient (efg)1 tensor,η [)(Vxx - Vyy)/Vzz] is the asymmetry
parameter of the efg, andgN is the nuclearg factor. The
hyperfine coupling tensorAh was calculated from the expres-
sion (37, 38)

The constantP is taken to be-62 T and the Fermi contact
constantκ to be 0.35 (39, 40).

RESULTS

VIS Spectroscopy

The isolated cytochromebf complex has been analyzed
by size-exclusion chromatography with Sepharose 6B. The
mass of 240( 20 kDa (data not shown) corresponds to the
calculated mass of a dimeric complex of 230 kDa (41).
Figure 1A shows the absorbance spectra of the complex
harvested from the sucrose gradient. The maximum at 669.2
nm indicates about one chlorophyll molecule per monomeric
complex as is found with most cytochromebf complexes
isolated from green plants (1, 41). Attempts to remove this
chlorophyll molecule have resulted in a decreased activity
of the complex (not shown). The spectra labeled B and C in
the inset of Figure 1 show theR-band region of the reduced
minus oxidized difference spectrum of cytochromef and
cytochromeb, respectively. The spectra with the respective
maximum at 554 and 563.4 nm of theR-band have been
used to estimate the amounts of the cytochromes given in
Table 1; the derived molar cytochromeb:cytochromef ratios
are close to 2:1. The values of the activity were measured
after the Mössbauer measurements. Sample 3 results from

1 Abbreviations: TMP, tetramesitylporphyrin; TPP, tetraphenylpor-
phyrin; Py, pyridine; Im, imidazole; efg, electric field gradient; MCD,
magnetic circular dichroism; Proto, protoporphyrin; cyt, cytochrome;
chl, chlorophyll.

FIGURE 1: Representative optical spectra of the isolated cytochrome
bf complex. (A) Spectrum of the isolated complex. (Inset) Differ-
ence spectra of (B) ascorbate-reduced minus ferricyanide-oxidized
and (C) dithionite-reduced minus ascorbate-reduced.

Table 1: Optical and Enzymatic Characterization of the Mo¨ssbauer
Samplesa

sample treatment
[cyt f]
(µM)

[cyt b]
(µM)

[chl]
(µM)

[cyt b]/
[cyt f]

[chl]/
[cyt f]

activity
(s-1)

1 untreated 450 880 673 1.95 1.5 8.0
2 ascorbate

reduction
364 702.5 359 1.93 0.98 7.8

3 dithionite
reduction

369 710 470 1.92 1.27 1.9

a The concentrations were determined before the activity after the
Mössbauer measurements. Sample 1 was reduced with dithionite after
thawing to give sample 3.

Ĥeff ) µBSB‚gj‚BB (1)

gx ) 2[a2 - (b + c)2]

gy ) 2[(a + c)2 - b2] (2)

gz ) 2[(a + b)2 - c2]

a2 + b2 + c2 ) 1

V/λ ) Eyz - Exz )
gx

gz + gy
+

gy

gz - gx
(3)

∆/λ ) Exz - Exy - 1/2V/λ )
gx

gz + gy
+

gz

gy - gx
- 1/2V/λ

ĤN )
eQVzz

4I(2I - 1)
[3Î z

2 - I(I + 1) + η(Î x
2 - Î y

2)] -

gNmN‚ IB‚BB + 〈SB〉‚Ah ‚ IB (4)

Ax ) -P[-4bc - (1 + κ)(a2 - b2 - c2) +
3/7(a

2 - 3b2 - 3c2) + 6/7a(b + c)]

Ay ) P[-4ac - (1 + κ)(b2 - a2 - c2) +
3/7(b

2 - 3a2 - 3c2) + 6/7b(a + c)] (5)

Az ) P[-4ab - (1 + κ)(c2 - a2 - b2) +
3/7(c

2 - 3a2 - 3b2) + 6/7c(a + b)]
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reduction with dithionite after thawing of sample 1. Freezing
and thawing of samples decreases the activity of the
cytochromebf complex considerably (18). Typical activity
of fresh samples before freezing was>20 s-1 with cyto-
chromec as the electron acceptor which is in the line with
the values reported previously (3, 42, 43). Stopped-flow
experiments with the natural electron acceptor plastocyanin
and the cytochromebf complex isolated by the same
procedure that was used for the Mo¨ssbauer samples exhibited
a high second-order rate constant of 5× 107 M-1 s-1 (J.
Illerhaus and W. Haehnel, unpublished). Figure 2 shows the
analysis of the samples on a gradient SDS-PAGE with the
subunits well detected. The purification has not been
extended to retain the highest activity of the57Fe-labeled
complex. Faint bands indicate some contamination, which
do not interfere with optical, EPR, or Mo¨ssbauer spectra.

EPR Spectroscopy

Cytochrome bf Complex in the Oxidized State.Figure 3a
shows the EPR pattern of the native (oxidized) cytochrome
bf complex at 20 K. The first-derivative trace is dominated
by a low-field resonance atg ∼ 6. Theg ∼ 6 resonance is
characteristic for high-spin Fe(III) (S) 5/2) in an axial ligand
field and has been attributed previously to pentacoordinated
ferric high-spin iron originating from those cytochromeb
units which have lost an imidazole ligand during the
preparation (43).

Spin quantitation of this signal yields a concentration of
0.024 mM which is minor compared to that of the concentra-
tions of cytochromeb (0.32 mM) and of cytochromef (0.16
mM), which have been determined by VIS spectroscopy. The
resonance atg ) 3.5 compares well with thegz value reported
for cytochromef by previous EPR and magnetic circular
dichroism (MCD) studies (3.51, 1.7, and<1.3) (44). Obvi-
ously, thegz resonance of cytochromeb overlaps with that
of cytochromef which is observed atg ) 3.5. Thegx andgy

values are not visible in the first-derivative trace of X-band
EPR because of broad lines, a fact also observed in

cytochromeb of mammalian mitochondria (45). The extreme
line broadening is demonstrated by an “absorption-like”
spectrum (Figure 4a) which has been recorded under rapid-
passage conditions in dispersion mode (46-48). We have
used this technique to quantify (complementary to the
Mössbauer analysis) the amounts of cytochromeb and of
cytochromef by spectral simulations presented below. The
major absorption in this spectrum clearly extends fromg )
3-4 down to 0.7, with a decline of intensity towardg values
of ,2, as expected for extremely broadened lines due to
g-strain. The low-field end of the spectrum is overlapping
with the contribution from theS ) 5/2 species mentioned
above which extends down to theg ) 2 region only. The
contribution from theS) 5/2 species does not dominate the
absorption trace as it does in the first-derivative trace. This
becomes obvious from simulating the absorption pattern
(Figure 4b) which, apart from ag-dependent correction factor
(34), directly represents spectral intensities. With theg-
tensors of cytochromesf andb, which have been taken from
the Mössbauer analysis (vide infra) and assuming broad
Gaussian line shapes, the subspectra shown in traces c and
d of Figure 4 have been simulated, accounting for the major
part of the absorption area of the measured spectrum (Figure
4a). Additional small spectral contributions arise from the
high-spin Fe(III) species (g ∼ 6; Figure 4e) and probably
from an iron impurity (g ∼ 4.3; Figure 4f) and a radical (g
∼ 2; Figure 4g). The Aasa weighted relative contributions
are 33% for cytochromef, 62% for cytochromeb, 3% for
the ferric high-spin species, 0.5% for the iron impurity, and

FIGURE 2: SDS-PAGE of the57Fe-containingbf complex from
spinach on a 10 to 15% acrylamide gradient. For lanes 1 and 2,
the same samples have been used as for the measurements of
samples 1 and 2, respectively, given in Table 1. The positions of
the molecular weight markers are indicated on the right and those
of the four large subunits of the complex on the left. The gel was
run with the samples after all Mo¨ssbauer experiments were
completed.

FIGURE 3: X-Band first-derivative EPR spectrum of the oxidized
(56Fe) cytochromebf complex. (a) Experimental spectrum recorded
at 20 K with a microwave power of 80µW at 9.6456 GHz, a
modulation amplitude of 0.5 mT, and a modulation frequency of
100 kHz. (b) Simulation obtained by taking the first derivative of
the simulated X-band absorption EPR spectrum given in Figure
4b: (c) signal of cytochromef with gj ) (3.51, 1.69, 0.9) as
estimated from the Mo¨ssbauer analysis, (e) ferric high-spin
contamination withgj ) (6.1, 5.9, 2.0), (f) ferric rhombic high-
spin impurity with ag of 4.3, and (g) radical signal with ag of
2.003. The simulation contains also contribution d from cytochrome
b, but due to its broad line shape in the absorption spectrum, it is
not visible in the first-derivative spectrum. For the signal of
cytochromeb and the relative intensities, see the simulations given
in Figure 4 for the X-band absorption EPR spectrum.
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1.5% for the radical species. Figure 4b represents the sum
of the individual contributions from traces c-g of Figure 4
and compares well with the measured absorption spectrum
(Figure 4a).

Cytochrome bf Complex Reduced by Ascorbate.The
ascorbate-reduced cytochromebf complex exhibits a first-
derivative spectrum in which the intensity of the signal atg
) 3.5 is significantly decreased (Figure 5a) compared to the
corresponding spectrum of the oxidized complex (Figure 3a).
Ascorbate reduces cytochromef but not cytochromeb (43).
Therefore, we relate the remaining very smallg ) 3.6 signal
to cytochromeb (see the inset of Figure 5) (43). In the
ascorbate-reduced complex, a new signal appeared withg
values (2.03, 1.90, and 1.76) which agree with those reported
for the Rieske center in the reduced state (14). A quantitative
assignment of the various spectral species is again based on
the analysis of the measured absorption pattern (Figure 6a).
The Aasa-weighted relative contributions are 33% for the
Rieske center (Figure 6c), 59% for cytochromeb (Figure
6d), 7% for the ferric high-spin species (g ∼ 6; Figure 6e),

and 1% for an iron impurity (g ∼ 4.3; Figure 6f). The sum
of these individual contributions is represented by Figure
6b and compares well with the measured absorption spectrum
(Figure 6a). However, we want to emphasize that the broad
signal of cytochromeb is hardly visible in the first-derivative
mode (Figure 5a). Therefore, we have used theg-tensor
estimated by the analysis of the magnetic Mo¨ssbauer data
[gj ) (3, 6, 1.35, 1.1), vide infra] to simulate the contribution
of cytochromeb (Figure 6d) to the spectrum, which has been
recorded under rapid-passage conditions (Figure 6a). The
amount of the ferric high-spin species (g ∼ 6) turned out to
be larger in the ascorbate-reduced cytochromebf complex
(7%) than in the oxidized complex (3%). This may be due
to different batches, because the ascorbate-reduced complex
originates from a57Fe-enriched preparation and the oxidized
complex from a 56Fe-containing preparation (with only
natural abundance57Fe).

Cytochrome bf Complex Reduced by Dithionite.The
dithionite-reduced cytochromebf complex exhibits a first-
derivative trace, which is solely due to the reduced Rieske
center (data not shown). To verify that cytochromeb has
been reduced to an EPR-invisible ferrous low-spin (S ) 0)
complex, a spectrum was also recorded under rapid-passage
conditions; the latter exhibits a well-defined baseline with
no other absorption pattern than that of the reduced Rieske
center (data not shown).

Mössbauer Spectroscopy

Cytochrome bf Complex in the Oxidized State.Figure 7
shows the Mo¨ssbauer spectrum of the isolated cytochrome
bf complex at 190 K.

(1) The doublet with an isomer shiftδ of 0.20 mm/s and
a quadrupole splitting∆EQ of 1.77 mm/s, characteristic for

FIGURE 4: X-Band absorption EPR spectrum of the oxidized
(56Fe) cytochromebf complex. (a) Recorded in dispersion mode at
1.8 K under rapid-passage conditions with a microwave power of
20 µW at 9.6437 GHz, a modulation frequency of 100 kHz, a
modulation amplitude of 0.5 mT, and a sweep rate of 16.3 mT/s.
(b) Superposition of the simulated traces: (c) simulation of
cytochromef with g values obtained from the Mo¨ssbauer analysis
[gj ) (3.51, 1.69, 0.9), 33% relative intensity], (d) simulation of
cytochromeb with g values also obtained from the Mo¨ssbauer
analysis [gj ) (3.6, 1.35, 1.1), 62% relative intensity], (e) simulation
of a ferric high-spin contamination withgj ) (6.1, 5.9, 2.0) (3.0%
relative intensity), (f) simulation of a ferric rhombic high-spin
impurity with ag of 4.3 (0.5% relative intensity), and (g) simulation
of a radical signal with ag of 2.003 (1.5% relative intensity).
Integration of trace c yields 1.0 spin per cytochromef, and
integration of trace d yields 1.88 spins per cytochromeb.

FIGURE 5: X-Band first-derivative EPR spectrum of the ascorbate-
reduced (57Fe) cytochromebf complex. (a) Experimental spectrum
recorded at 20 K (other parameters as described in the legend of
Figure 3a). The inset shows theg ) 3.6 signal originating from
cytochromeb. (b) Simulation obtained by taking the first derivative
of the simulated X-band absorption EPR spectrum given in Figure
6b: (c) contribution of the reduced Rieske center withgj ) (2.027,
1.895, 1.76), (e) ferric high-spin contamination withgj ) (6.1, 5.9,
2.9), and (f) ferric rhombic high-spin impurity with ag of 4.3. For
the signal of cytochromeb and relative intensities, see the simu-
lations given in Figure 6 for the X-band absorption EPR spectrum.
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ferric low-spin iron, exhibits 40% of the total absorption area
and is attributed to the iron in cytochromeb. Comparing
∆EQ with the corresponding values of model compounds (see
Table 2) suggests that cytochromeb contains two histidines
in the axial positions with the imidazoles oriented perpen-
dicular to each other. The model complex [Fe(TMP)(4-
NMe2Py)2]ClO4 with a perpendicular orientation of pyridine
ligands exhibits a quadrupole splitting similar to that of
cytochromeb. Parallel alignment of the axial ligands would
result in a significantly higher quadrupole splitting as shown
for example by [Fe(Proto IX)(HIm)2]Cl (49) and [Fe(TPP)-
(NH2PzH2)2]Cl (50) which both reveal∆EQ values of>2
mm/s (Table 2). We note that the quadrupole splittings of
ferric low-spin porphyrin systems do depend on the type of
axial ligation and also on deviations from planarity of the
porphyrin. The∆EQ values in Table 2 indicate that this
deviation of the porphyrins in cytochromeb and in [Fe-
(TMP)(4-NMePy)2]ClO4 is of a similar size.

(2) The doublet with aδ of 0.29 mm/s and a∆EQ of 1.93
mm/s (20% of the total absorption area) also exhibits
parameters typical for ferric low-spin iron and is therefore
attributed to Fe in cytochromef. Recent crystal structure data

for cytochromef have shown a mixed axial ligand structure,
i.e., with histidine and theR-amino group of the N-terminal
tyrosine (8).

(3 and 4) Two doublets with aδ of 0.15 mm/s and a∆EQ

of 0.70 mm/s and with aδ of 0.25 mm/s and a∆EQ of 0.90
mm/s are discernible because the above-mentioned subspec-
tra 1 and 2 are spectroscopically “separated” from spectra 3
and 4 in applied fields at 4.2 K (Figure 8a,b). The parameters
of spectra 3 and 4 are very similar to those reported for the
2Fe-2S center of the oxidized Rieske iron-sulfur protein
from T. thermophilus(14) and attributed to the bis-cysteine
and bis-histidine ligated iron, respectively. The antiparallel
coupling of the localS) 5/2 iron spins in the Rieske center
is indicated by zero magnetic splitting in a 10 mT field at
4.2 K (Figure 8a). Application of a 5.3 T field (perpendicular
to theγ-ray) induces a nuclear Zeeman splitting which cor-
responds exactly to the applied field, confirming the dia-
magnetic ground state of the Rieske center (Figure 8b). Both
cytochromesf andb, in the native complex, exhibit magnetic
splitting at 10 mT and at 5.35 T (Figure 8a,b). As pointed
out above (Materials and Methods), it is possible to calculate
spectral parameters such as theA-tensor from the electronic
g values. This method has been successfully used to evaluate
magnetic Mo¨ssbauer spectra of the heme groups of nitrite
reductase isolated fromDesulfoVibrio desulfuricans(26), of
the tetraheme cytochromec3 from DesulfoVibrio baculatus
(27), and ofParacoccus denitrificanscytochromec peroxi-
dase (51).

In the present case, we made use of agz value of 3.51 and
a gy value of 1.7 for cytochromef (44) and of agz value of
3.6 for cytochromeb. To minimize the free-parameter space,

FIGURE 6: X-Band absorption EPR spectrum of the ascorbate-
reduced (57Fe) cytochromebf complex. (a) Experimental spectrum
recorded at 1.8 K (other parameters as described in the legend of
Figure 4a). (b) Superposition of the simulated traces: (c) simulation
of the reduced Rieske center withgj ) (2.027, 1.895, 1.76) (33%
relative intensity), (d) simulation of cytochromeb with g values
obtained from the Mo¨ssbauer analysis [gj ) (3.6, 1.35, 1.1), 59%
relative intensity], (e) simulation of a ferric high-spin contamination
with gj ) (6.1, 5.9, 2.0) (7.0% relative intensity), and (f) simulation
of a ferric rhombic high-spin impurity with ag of 4.3 (1% relative
intensity).

FIGURE 7: Mössbauer spectrum of the native (57Fe) cytochromebf
complex recorded at 190 K. The solid line represents a fit with the
parameters given in Table 3: (1) cytochromeb, (2) cytochromef,
and (3 and 4) Rieske center.
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we have additionally assumedgx
2 + gy

2 + gz
2 ) 16 (28,

35). Thus, for cytochromeb, one free parameter (eithergx

or gy) remains for simulating the spectra, while for cyto-
chromef, the simulation is completely self-consistent. Figure
8b shows the simulation of the paramagnetic part originating

from the two ferric low-spin cytochromesf andb with the
parameter set summarized in Table 3.

(5) Part of the total absorption area (e7%) is probably
due to a spectrum which exhibits parameters of ferric high-
spin iron (S ) 5/2), which is most likely due to pentacoor-
dinated Fe(III) in cytochromeb (43) as discussed in the EPR
section. We have not included a corresponding subspectrum
in the analysis of the measured Mo¨ssbauer spectra of the
native cytochromebf complex because of unknown magnetic
hyperfine parameters.

Cytochrome bf Complex Reduced by Ascorbate.Mössbauer
spectra of the ascorbate-reduced complex were recorded at
190 K in zero field and at 4.2 K in small and in high applied
fields (Figures 9 and 10). In a small field, a complicated
magnetically split pattern together with a doublet is observed
(Figure 10a). The parameters of the doublet are characteristic
for low-spin Fe(II). This assignment of the doublet is
confirmed by the high-field spectrum (trace 2 in Figure 10b).
Hence, we conclude that cytochromef has been reduced to
the ferrous low-spin state (S) 0). The paramagnetic part of
the magnetically split pattern contains the contributions of
oxidized cytochromeb (S ) 1/2) and of the reduced Rieske
center (Stot ) 1/2). For the simulation of cytochromeb (trace
1 in Figure 10b), the same parameters have been used as in
Figure 8, while for the simulation of the Rieske center (traces
3 and 4 in Figure 10b), the Mo¨ssbauer parameters of the
Rieske center inT. thermophilus(14) have been used. The
high-field spectrum at 4.2 K (Figure 10b and Table 4) was
simulated with the same parameter set as the low-field
spectrum at 4.2 K (Figure 10a) and the zero-field spectrum
at 190 K (Figure 9). Small temperature effects inδ may be
due to a second-order Doppler shift and in∆EQ (of the
ferrous high-spin iron in the Rieske center) due to Boltzmann
population of excited orbital states. In addition to the two
cytochromes,b (trace 1) andf (trace 2), and to the Rieske
center (traces 3 and 4), a small part of the total absorption
area (e7%) is probably due to a ferric high-spin iron, which
we have not included in the analysis of the measured
Mössbauer spectra of the ascorbate-reduced complex.

Table 2: Mössbauer Parameters of Low-Spin Hemes and Corresponding Model Compounds

species ∆EQ (mm/s) δ (mm/s) T (K) orientation of axial ligands ref

cyt f 1.90 0.26 190 - this work
cyt b 1.77 0.20 190 - this work
[Fe(TMP)(4-NMe2Py)2]ClO4 1.74 0.20 77 perpendicular 40
[Fe(TPP)(Py)2]Cl 1.25 0.16 77 perpendicular 40
[Fe(Proto IX)HIm)2]Cl 2.30 0.24 77 parallel 49
[Fe(Proto IX)(Py)2]Cl 1.95 0.28 4.2 perpendicular 56
[Fe(TPP)(NH2PzH2)2]Cl 2.50 0.25 4.2 parallel 50

Table 3: Mössbauer Parameters of the Native Cytochromebf Complexa

subspectrum T (K) gj ∆EQ (mm/s) δ (mm/s) Γ (mm/s) η âb (deg) Ah /gNµN
c (T) relative area (%)

cyt b (1) 190 1.77 0.20 0.32 40
cyt f (2) 1.90 0.26 0.32 20
Rieske (3) 0.70 0.15 0.28 20
Rieske (4) 0.90 0.25 0.28 20
cyt b (1) 4.2 1.1, 1.35, 3.60 1.77 0.30 0.30 0 0 -26.1,-4.0, 92.6 40
cyt f (2) 0.9, 1.69, 3.51 1.93 0.36 0.30 0 40 -31.5, 13.5, 85.4 20
Rieske (3) 0.70 0.25 0.32 20
Rieske (4) 0.90 0.35 0.32 20
a Isomer shifts and quadrupole splittings were obtained from the 190 K spectrum (Figure 7), and spin Hamiltonian parameters were obtained

from simulating the 4.2 K spectra in applied fields of 10 mT perpendicular toγ and 5.35 T perpendicular toγ (Figure 8).b Euler angle between
the axes system of theA-tensor and of the efg tensor.c Hyperfine-coupling tensor components.

FIGURE 8: Mössbauer spectra of the native (57Fe) cytochromebf
complex recorded at 4.2 K in a field of 10 mT perpendicular toγ
(a) and 5.35 T perpendicular toγ (b). Solid lines are simulations
with the parameters given in Table 3. The numbering of the
subspectra is the same as in Figure 7.

Mössbauer and EPR Studies of the Cytochromebf Complex Biochemistry, Vol. 38, No. 28, 19998987



Dithionite-Reduced Cytochrome bf Complex.Addition of
dithionite reduces the iron in cytochromeb, which has
remained in the ferric state after addition of ascorbate. The
iron in cytochromeb changes from the ferric low-spin (S)
1/2) to the ferrous low-spin state (S) 0). The latter (trace 1
in Figures 11 and 12) exhibits isomer shifts and quadrupole
splittings comparable to the corresponding values of the
ferrous low-spin iron in cytochromef (Table 5). Furthermore,
cytochromeb does not exhibit magnetic splitting in a small
applied field at 4.2 K (trace 1 in Figure 12), which is an
additional indication of the above-mentioned change of the
spin state. The Mo¨ssbauer parameters of the iron sites in
cytochromef and the Rieske center (traces 2-4 in Figures
11 and 12, and Table 5) exhibit no significant difference in
the presence of ascorbate or dithionite. The iron which has

been attributed to a pentacoordinated site in cytochromeb
changes during dithionite treatment from the ferric high-spin
(S ) 5/2) to the ferrous high-spin state (S ) 2). The isomer
shifts and quadrupole splittings of the latter, measured at
190 and 4.2 K (trace 5 in Figures 11 and 12, and Table 5),
are indeed very similar to the corresponding values of
pentacoordinated deoxymyoglobin (52).

DISCUSSION

The objective of this work has been to study the electronic
structure of the five iron centers in the intact cytochromebf

FIGURE 9: Mössbauer spectrum of the ascorbate-reduced (57Fe)
cytochromebf complex recorded at 190 K. The solid line represents
a fit with the parameters given in Table 4. The numbering of the
subspectra is the same as in Figure 7.

Table 4: Mössbauer Parameters of the Cytochromebf Complex after Addition of Ascorbatea

subspectrum T (K) gj ∆EQ (mm/s) δ (mm/s) Γ (mm/s) η â (deg) Ah /gNµN (T) relative area (%)

cyt b (1) 190 1.77 0.20 0.28 40
cyt f (2) 1.12 0.40 0.28 20
Rieske (3) 0.66 0.15 0.28 20
Rieske (4) 2.69 0.64 0.28 20
cyt b (1) 4.2 1.1, 1.35, 3.60 1.77 0.30 0.30 0 0 -26.2,-4.0, 92.6 40
cyt f (2) 1.12 0.43 0.30 0 20
Rieske (3) 1.76, 1.9, 2.03 0.70 0.25 0.25 0 0 -40.3,-36.7,-31.5 20
Rieske (4) 1.76, 1.9, 2.03 -2.95 0.73 0.25 -3 0 8.0, 10.2, 24.2 20
a Isomer shifts and quadrupole splittings were obtained from the 190 K spectrum (Figure 9), and spin Hamiltonian parameters were obtained

from simulating the 4.2 K spectra in applied fields of 20 mT perpendicular toγ and 5.35 T parallel toγ (Figure 10). TheA-tensor and the asym-
metry parameterη of the two iron sites of the reduced Rieske center are the same as those reported for the Rieske center ofT. thermophilus(14).

FIGURE 10: Mössbauer spectra of the ascorbate-reduced (57Fe)
cytochromebf complex recorded at 4.2 K in a field of 20 mT
perpendicular toγ (a) and 5.35 T parallel toγ (b). Solid lines are
simulations with the parameters given in Table 4. The numbering
of the subspectra is the same as in Figure 7.
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complex from spinach chloroplasts by EPR and under a wide
variety of experimental conditions in Mo¨ssbauer experiments.

EPR of the oxidized cytochromebf complex in the first-
derivative mode indicates strongly broadened signals due to
g-strain. However, simulations of EPR spectra recorded under
rapid-passage conditions clearly indicate the presence of
ferric low-spin iron sites in both cytochromes,f and b, in
the expected molar ratio of 1:2. Optical characterization
confirms this result (Table 1).

Mössbauer measurements at elevated temperatures (Figure
7, 9, and 11) indicate the presence of four different iron sites

in the intact complex: the iron sites of cytochromeb and
cytochromef [low-spin (S ) 1/2) in the oxidized as well as
in the reduced form (S ) 0)] and the two iron sites of the
Rieske center [high-spin (S ) 5/2) in the oxidized form and
high-spin with localized mixed valencies in the reduced form
(S) 5/2 andS) 2, respectively)]. The EPR analysis yields
an additional minor ferric high-spin species in the oxidized
and ascorbate-reduced form. The Mo¨ssbauer analysis of the
dithionite-reduced state yields a minor ferrous high-spin
species. Its isomer shift (δ ) 0.90 mm/s) indicates penta-
coordinated Fe(II) (52). This confirms the assignment (43)
that the heme iron of a minor part of cytochromeb, i.e., 9%
of the total cytochromeb, has lost one axial histidine ligand
even during the preparation with a minimized loss of activity.

FIGURE 11: Mössbauer spectrum of the dithionite-reduced (57Fe)
cytochromebf complex recorded at 190 K. The solid line represents
a fit with the parameters given in Table 5. The numbering (1-4)
of the subspectra is the same as in Figure 7. Spectrum 5 represents
data for a ferrous high-spin site which probably corresponds to five-
coordinated iron in cytochromeb as discussed in the text.

Table 5: Mössbauer Parameters of the Cytochromebf Complex after Addition of Dithionitea

subspectrum T (K) gj ∆EQ (mm/s) δ (mm/s) Γ (mm/s) η â (deg) Ah /gNµN (T) relative area (%)

cyt b (1) 190 1.07 0.45 0.26 . 32
cyt f (2) 1.10 0.39 0.26 20
Rieske (3) 0.66 0.15 0.26 20
Rieske (4) 2.69 0.64 0.26 20
Fe(II) (5) 2.40 0.90 0.28 8
cyt b (1) 4.2 1.08 0.49 0.26 32
cyt f (2) 1.10 0.43 0.26 20
Rieske (3) 1.76, 1.9, 2.03 0.70 0.25 0.25 0 0 -40.3,-36.7,-31.5 20
Rieske (4) 1.76, 1.9, 2.03 -2.95 0.43 0.25 -3 0 8.0, 10.2, 24.2 20
Fe(II) (5) 2.40 0.90 0.35 8
a Isomer shifts and quadrupole splittings were obtained from the 190 K spectrum (Figure 11). The spin Hamiltonian parameters deduced from

Figure 12 for the reduced Rieske center are identical to those obatined from Figure 10.

FIGURE 12: Mössbauer spectrum of the dithionite-reduced (57Fe)
cytochromebf complex recorded at 4.2 K in a field of 10 mT
perpendicular toγ. The solid line is a simulation with the parameters
given in Table 5. The numbering (1-5) of the subspectra is the
same as in Figure 11.
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The high- and low-potential forms of the two iron centers
in cytochrome b have yielded experimental Mo¨ssbauer
spectra which we have simulated with the same parameter
set for both centers under all the conditions that were applied.
However, due to the limitation in the signal-to-noise ratio
of the measured magnetic hyperfine patterns (it took about
2 weeks to collect one spectrum, and samples with higher
concentrations could not be prepared), we cannot exclude
slightly different A-tensor components for the two cyto-
chromesb.

Recently, Walker (53) compared Mo¨ssbauer and EPR
features of low-spin ferriheme centers, in which the axial
ligands are in perpendicular planes (type I) or in approxi-
mately parallel planes (type II). Type I centers exhibit large
gz values of 3.4-3.6, ∆EQ values in the range of 1.2-1.8
mm/s, and very largeAzz (80-100 T). In the case of type II
centers,gz is somewhat smaller, corresponding to a smaller
Azz (40-66 T), and∆EQ is larger (2.1-2.4 mm/s) than for
type I. The parameters observed in our study for cytochromes
b andf are very similar to those reported for type I centers,
while those found for cytochromec (54), where the me-
thionine dominates the ligand effects, are close to type II
parameters.

Mössbauer measurements at 4.2 K in small and high fields,
applied parallel and perpendicular to theγ-ray, yielded
magnetically disturbed line shapes (Figure 8, 10, and 12)
which have been simulated on the basis of the crystal-field
approach of Oosterhuis and Lang (37) with the parameter
sets presented in Tables 3-5. This analysis includes the
g-tensors of the ferric low-spin iron sites in the native
cytochromeb (3.60, 1.35, 1.1) and of the native cytochrome
f (3.51, 1.69, 0.9). These values yield, according to eq 3,
the tetragonal (∆/λ) and rhombic (V/λ) orbital splittings for
cytochromeb (∆/λ ) 14.2, andV/λ ) 0.76) and cytochrome
f (∆/λ ) 4.2, andV/λ ) 0.82).

The Mössbauer parameters of iron in cytochromeb in the
native ferric state are the same as after reduction of
cytochromef and of the Rieske center by ascorbate. This
leads to the conclusion that the first ligand sphere of the
low-spin ferric iron in cytochromeb does not change upon
the reduction of both the cytochromef and the Rieske center.
Therefore, the redox (and net charge) changes of cytochrome
f and the Rieske protein do not change the standard redox
potential of the cytochromeb.

The two iron sites of the Rieske center exibit very similar
isomer shifts and quadrupole splittings compared to those
reported for the Rieske center fromT. thermophilus, in both
the native and reduced state (14) (compareδ1 ) 0.24 mm/s,
∆EQ1 ) 0.52 mm/s,δ2 ) 0.32 mm/s, and∆EQ2 ) 0.91 mm/s
for the oxidized Rieske center andδ1 ) 0.31 mm/s,∆EQ1 )
0.63 mm/s,δ2 ) 0.74 mm/s, and∆EQ2 ) -3.05 mm/s for
the reduced Rieske center from ref14 with the parameters
given in Tables 3-5). Also, the hyperfine parameters of the
Rieske center from the toluene-4-monoxygenase ofPseudomo-
nas mendocina(55) are very similiar to those of the Rieske
center in the cytochromebf complex. This remarkable result
includes also the simulation of the magnetic Mo¨ssbauer
spectra of the reduced Rieske center (Figures 10 and 12),
for which the same spin Hamiltonian parameters have been
used that were used for the Rieske center fromT. thermo-
philus(14). The striking similarity of the electronic properties
of the Rieske centers in the cytochromebf complex, of the

Rieske protein fromT. thermophilus, and from the toluene-
4-monoxygenase ofP. mendocinaleads to the conclusion
that the overall binding geometry around the iron is the same
in these and possibly in other Rieske centers as well as in
those of mitochondria. The three-dimensional structure of
the latter has been determined recently at high resolution
(10).
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