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Mossbauer spectroscopy was used to study the tetraheme cytochrome c3 from Desulfovibrio 
baculatus (DSM 1743). Samples with different degrees of reduction were prepared using a redox- 
titration technique. In the reduced cytochrome c3,  all four hemes are reduced and exhbit diamagnetic 
Mossbauer spectra typical for low-spin ferrous hemes ( S  = 0). In the oxidized protein, the hemes are 
low-spin ferric ( S  = 1/2) and exhibit overlapping magnetic Mossbauer spectra. A method of differen- 
tial spectroscopy was applied to deconvolute the four overlapping heme spectra and a crystal-field 
model was used for data analysis. Characteristic Mossbauer spectral components for each heme group 
are obtained. Hyperfine and crystal-field parameters for all four hemes are determined from these 
deconvoluted spectra. 

Cytochrome c 3  is a class of small proteins (molecular 
mass z 13 kDa) found in sulfate-reducing bacteria [l]. Each 
molecule contains four hemes and each heme is bound to the 
polypeptide chain by two thioether linkages. In addition, each 
heme iron is coordinated to two histidine residues as axial 
ligands. The three-dimensional molecular structure for 
cytochrome c3 has been determined by X-ray crystallography 
for the species Desulfovibrio vulgaris (Miyazaki) [2], D. 
baculatus (Norway 4) [3, 41 and Desulfovibrio gigus [5 ] .  I t  is 
found that the relative positions and orientations for the four 
hemes in these cytochromes are quite similar despite the lack 
of homology in their amino-acid sequences. Furthermore, 
the four hemes are found to be situated in different protein 
environments and have different axial-ligand orientations. 

In the as-isolated protein, all four hemes are oxidized and 
exhibit characteristic low-spin ferric EPR signals, resulting in 
a poorly resolved spectrum [6- 101. Depending on the organ- 
ism, the maximum g-values (g,,,) for the four hemes vary 
between 2.7-3.4. The middle g-values (gmid) are observed 
around 2.1-2.3. In general, only one or two minimum 
g-values (gmin) are detected while the others are not observable 
due to g-strain broadening. Because of the poor resolution, 
assignment of individual heme EPR signals is difficult. Never- 
theless, potentiometric titrations monitored by EPR have been 
performed on cytochrome c3 isolated from many different 
species and mid-point redox potentials for the heme groups 
have been determined [6-lo]. Even though the four hemes 
are of the same type, their mid-point redox potentials are 
different and depending on the species, the mid-point poten- 
tials of the four hemes can vary from -360 to -70 mV. 
Furthermore, these EPR redox titration studies, as well as 
detailed proton-NMR studies on cytochrome cg from D. gigas 
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[ll], D. vulgark (Hildenborough) [12] and D.  vulguris 
(Miyazaki) [13, 141 have established that the heme mid-point 
redox potential can be influenced by the oxidation states of 
the other surrounding hemes and that this heme-heme interac- 
tion can change the redox potential by as much as 60 mV. 

In this manuscript, we report a Mossbauer study of the 
tetraheme cytochrome c3 from D. baculutus (DSM 1743). 
Samples with different degrees of reduction were prepared 
using a redox-titration technique and the samples were exam- 
ined by Mossbauer spectroscopy. The method of differential 
spectroscopy was used to resolve the overlapping heme 
spectra. Characteristic Mossbauer spectra, hyperfine par- 
ameters and crystal-field parameters were obtained for all four 
hemes. 

MATERIALS AND METHODS 

"Fe-enriched cells of D. buculatus (DSM 1743) were 
grown in a lactate-sulfate medium as previously described [15]. 
The medium contained 0.5 mg 57Fe/l (95% enrichment, New 
England Nuclear). Cells from a 400-1 fennenter were harvested 
by centrifugation at the end of the exponential growth phase 
and stored at -80°C. Cytochrome c3 was purified following 
the procedures described by G. Fauque [16]. The Mossbauer 
samples were poised at different redox potentials in an anaero- 
bic vessel similar to that described by Dutton [17]. The 
cytochrome c3 solution contained 0.83 mM proteins in 0.1 M 
Tris/HCl, pH 8.1. The oxidation reduction titrations were 
carried out at 25°C with the following mediators at a final 
concentration of 10 FM: phenosaphranine, benzylviologen, 
methylviologen and 2-hydroxy-(l,4)-naphtoquinone. The po- 
tential was adjusted by the addition of small amounts of 
dithionite or ferricyanide solution. After equilibration at a 
chosen redox potential, samples were transferred into a 
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Fig. 1. 100 K Mossbauer spectra of cytochrome c3 from D. bucularus 
(DSM 1743) poised at + 250 mV (A) and -450 mV (B). The solid 
lines are least-squares tits to the data assuming four equal intensity 
quadrupole doublets (see text). 

Mossbauer cell and an EPR tube simultaneously and frozen 
immediately in liquid nitrogen. Both the Mossbauer cell and 
the EPR tube were attached to the redox vessel and were 
detached only after the samples were frozen. Samples at 
+ 250 mV, -210 mV, - 300 mV, -340 mV and -450 mV 
were prepared for this study. These potentials are quoted 
versus a normal hydrogen electrode and are chosen to 
maximize the spectral differences based on our earlier EPR 
titration study [6] which yielded the following mid-point redox 
potentials for the four hemes: - 70 mV, - 280 mV, - 300 mV 
and - 355 mV. The EPR samples were prepared as controls 
to ensure that proper redox states were reached. 

Standard transmission Mossbauer measurements were 
made with a 50 mCi 57Co(Rh) y-ray source driven by a 
Doppler velocity transducer operating at the constant acceler- 
ation mode. The velocity scale was calibrated using a room- 
temperature spectra of a metallic iron foil and the zero velocity 
is referred to the centroid of these spectra. EPR measurements 
were performed on a Bruker ER 200-SRC spectrometer 
equipped with an Oxford Instrument continuous flow cryo- 
stat. 

RESULTS 

Fig. 1 shows the Mossbauer spectra of cytochrome c3 from 
D .  baculatus (DSM 1743) poised at + 250 mV and -450 mV. 
The data were recorded at 100 K in the absence of a magnetic 
field. For the sample poised at the most positive potential 
(+ 250 mV), all four hemes are in their oxidized form and the 
sample exhibits a broad quadrupole doublet (spectrum A). 
The line widths of the absorption lines are broader than that 
expected for a single iron site, suggesting that the spectrum is 

a superposition of different doublets arising from the four 
different heme groups. (The line width of the high-energy 
lines, 0.80 mm/s, obtained from the least-squares fit for the 
four unresolved doublets is much broader than that of the 
low-energy lines, 0.60 mm/s. This phenomenon is generally 
observed for a paramagnetic system if the electronic relaxation 
rate is fast but not too fast in comparison with the nuclear 
precession rate !z 10' s-'). Similarly, a single but broad 
quadrupole doublet (spectrum B) is also observed for the 
sample poised at the most negative potential (-450 mV) 
where the hemes are reduced. Both spectra can be least- 
squares fitted with four equal-intensity quadrupole doublets. 
Since these doublets are unresolved, we report here the average 
parameters obtained from the least squares fits: AE,  = 
2.06 0.23 mm/s, 6 = 0.24 0.05 mmjs for the oxidized 
sample and AEQ = 0.98 k 0.15 mm/s, 6 = 0.43 ? 0.01 mm/s 
for the reduced sample. The uncertainties indicate the van- 
ations obtained for the four doublets of the corresponding 
sample. These parameters are characteristics for low-spin fer- 
ric (S  = 1/2) and low-spin ferrous ( S  = 0) heme compounds, 
respectively. Spectra of samples poised at intermediate poten- 
tials are superpositions of these oxidized and reduced doublets 
with varying intensity ratios (data not shown), indicating the 
different degrees of reduction of the samples. Using spectra A 
and B as references for fully oxidized and fully reduced pro- 
teins, respectively, the percentages of reduction for the samples 
can be accurately estimated. They are (23 f 3) %, (50 5) YO 
and (65 & 5) YO for the - 210 mV, - 300 mV and - 340 mV 
samples, respectively. These results agree reasonably well with 
an EPR redox titration study reported previously [6] and are 
pertinent for the analysis of the corresponding low tempera- 
ture Mossbauer spectra. 

Fig. 2 shows the 4.2 K Mossbauer spectra for the fully 
oxidized D. baculatus cytochrome c3 recorded in the presence 
of a 50 mT field (spectrum A) and a 8 T field (spectrum B). 
The fields are applied parallel to the direction of the y-beam. 
At such a low temperature, low-spin ferric heme proteins 
generally exhibit a magnetically split Mossbauer spectrum 
with hyperfine features. As expected, in the presence of a 
magnetic field, D. baculatus cytochrome c3 shows magnetic 
spectra with resolved hyperfine features. However, in the ab- 
sence of a magnetic field, the protein shows a spectrum con- 
sisting of largely a quadrupole doublet (spectrum not shown), 
suggesting that the hemes are weakly coupled magnetically. 
The strength of thls coupling is relatively weak, because it can 
be broken by the application of a field of 50 mT (correspond- 
ing to approximately 4.7 x 1 0 - l  cm-l in energy for an s = 
1/2 system). This weak coupling is probably dipolar in nature 
and through space as expected from the close proximity of the 
hemes. 

In order to characterize the four low-spin ferric hemes, we 
analyzed the magnetic spectra of the oxidized cytochrome c3  
in detail. The spectra are treated as superpositions of four 
spectral components corresponding to the four low-spin ferric 
hemes and each component is analyzed by the following S = 
112 spin Hamiltonian: 

To reduce the number of unknown parameters in our analysis, 
we applied a simple crystal-field theory to calculate the mag- 
netic hyperfine coupling A tensor from the g-values observed 
in an earlier EPR study 161. This theory has been successfully 
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Table 1. Mid-point redox potentials, crystal-field and hyperfine par- 
ameters of the low-spin ferric heme groups in cytochrome c3 from D. 
bacuiafus (DSM 1743). The numbers in parentheses give the estimated 
uncertainties in the last significant digits. A and v are the axial and 
rhombic crystal-field parameters, respectively, and I is the spin-orbit 
coupling constant. q = ( Vx,- Vyy ) /V ,  is the asymmetry parameter. 
where Vii values are the principal components of the electric field 
gradient tensor. The magnetic hyperfine A-values are calculated from 
the listed g-values using a crystal-field theory described in 1261. The 
mid-point redox potentials and g-values reported without uncertainty 
are taken from [6]. 

Parameter Hemel  Heme2 Heme3 Heme4 

1.51 
2.26 
2.93 
3.28 
1.89 

- 40.9 
17.7 
50.4 
2.0 (3) 

- 2.0 (5) 
0.24 (6) 

- 70 

1.0 (2) 
1.84 (15) 
3.41 
3.80 
0.96 

-31.9 
17.7 
83.1 
2.0 (3) 

- 2.0 ( 5) 
0.24 (6) 

- 280 

1.34 
2.24 
3.05 
2.88 
1.57 

- 39.3 
21.2 
58.0 

0.24 (6) 
2.0 (3) 

+ 2.0 (5) 
- 300 

1.1 (3) 
2.16 (20) 
3.18 
2.58 
1.25 

- 37.6 
24.6 
67.3 
2.0 (3) 
0.24 (6) 

-2.0 (5) 
- 355 
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Fig. 2. Mossbauer spectra of the fully oxidized (+ 250 mV) cytochrome 
c3 from D. bacuiafus (DSM 1743). The data are recorded at 4.2 K in 
the presence of a rnagnctic field of 50 mT (A) and 8 T (B). The fields 
are applied parallcl to the y-beam. The solid lines plotted over 
the experimental data are simulations using the parameters listed in 
Table 1. The individual theoretical spectra corresponding to the four 
low-spin ferric hemes in a field of 8 T are also shown at the top of 
spectrum B. Lower traces: (- - - -), for heme 1; (-), for heme 2. 
Upper traces: (- - - -), for heme 3; (-), for heme 4. 

applied to many studies of low-spin femc heme compounds 
[18-24]. Also, in this analysis, the mean AEQ value, 2.0 mm/s, 
obtained from the hgh-temperature data is used for all four 
hemes because the low-temperature magnetic spectra are in- 
sensitive to the AEQ values as long as they are within the 
narrow range indicated by the high-temperature data. Conse- 
quently, the only variables in our analysis were the four asym- 
metry parameters (11) and the gx and g, values of hemes 2 and 
4 that were not detected in the previous EPR measurements. 
In this manuscript, the hemes are labelled according to their 
mid-point redox potentials such that heme 1 has the highest 
redox potential and heme 4 the lowest. 

To deconvolute the magnetic spectra into the four spectral 
components, we employed a method of spectral differentiation 
described in a combined Mossbauer and EPR study of a 
hexaheme cytochrome [25]. This method utilizes Mossbauer 
spectra of samples poised at different redox potentials. In 
the following, the procedures for decomposition is briefly 
outlined. An earlier EPR study (61 indicates that the mid-point 
redox potential of heme 1, -70 mV, is more than 200 mV 
higher than those of the other hemes and at -210 mV only 
heme 1 is reduced while the other three hemes are oxidized. 
In agreement with this EPR finding, high-temperature 
Mossbauer measurements of the - 210 mV sample shows that 
approximately 23% of the hemes are reduced. Consequently, 
difference spectra between those of the f250 mV and 
- 210 mV samples would reveal the spectral component corre- 
sponding to the oxidized heme 1. Also, from the EPR study 

[6], a set of g-values (g,,, = 3.05, &,id = 2.24 and gmin = 1.34) 
were identified for heme 3.  With these known g-values, the 
crystal-field theory [18,_26] was used to calculate the magnetic 
hyperfine coupling A tensor and the corresponding 
Mossbauer spectra for the oxidized heme 3 were simulated. 
Using these prepared spectral components for hemes 1 and 3. 
the component for heme 2 was obtained from the difference 
spectra between those of the + 250 mV and the -340 mV 
samples. The spectral component for heme 4 could then be 
obtained from the spectra of the + 250 mV sample by remov- 
ing the contributions from hemes 1,2 and 3. The deconvoluted 
spectra were then compared with a series of theoretical 
simulations. This process was repeated until a satisfactory 
agreement between experiment and theory was obtained. 

As mentioned above, the g-values for all four hemes were 
required for the simulation of the Mossbauer spectra. The 
three principal g-values for hemes 1 and 3 were determined in 
the earlier EPR study [6].  For hemes 2 and 4, however, only 
g,,, is detected. In order to estimate the other two g-values. 
we applied the relationship: 

g."+g:+g;=16, ( 2-1 
which has been shown to be a good approximation for low- 
spin ferric hemes [27]. The unknown g-values were varied 
systematically and for each set of variation the corresponding 
magnetic coupling A-values were calculated, and the 
Mossbauer spectra were simulated and compared with exper- 
iments. A set of parameters which generate theoretical spectra 
in agreement with experiments is listed in Table 1 and the 
theoretical simulations are plotted over the data in Fig. 2. The 
agreement between the simulation and experimental spectra 
is reasonably good. Theoretical spectra corresponding to each 
individual heme at 8 T are also plotted in Fig. 2. 

DISCUSSION 

EPR spectroscopy is commonly applied to the study of 
low-spin ferric heme compounds. In most cases, a complete 
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description of the electronic structure (i. e. the electronic en- 
ergy levels of the iron 3d orbitals) can be inferred from the 
measured principal g-values [18, 19,281. There exist, however, 
situations where EPR spectroscopy is rather unfavorable and 
information gathered from another complementary technique 
is required. For example, in the case of a strong g,,, value 
(g,,, > 3.3), only the maximum g-value can be detected and 
the other g-values are not observable by EPR [29, 301. 
Mossbauer spectroscopy, however, has been proven to be very 
useful in determining the electronic structure of low-spin ferric 
heme compounds with g,,, > 3.3 [24,31]. Also, for the studies 
of multi-heme proteins, there are the added complications of 
overlappingg-values and of spin-spin interactions which could 
result in g-values that are completely different from the non- 
interacting values [25, 321. Our previous EPR study on D. 
haculatus cytochrome c j  has identified the principal g-values 
for both hemes 1 and 3, but detected only the g,,, values for 
hemes 2 and 4 [6]. 

In this manuscript, we continue our characterization study 
of' D .  baculutus cytochrome c3 using Mossbauer spectroscopy 
and have demonstrated that, in conjunction with other comp- 
lementary techniques, Mossbauer spectroscopy is capable of 
obtaining detailed electronic structures of the heme iron atoms 
in proteins containing multiple heme groups. In the reduced 
D. buculatus cytochrome c 3 ,  all four hemes are reduced and 
exhibit diamagnetic Mossbauer spectra typical for low-spin 
ferrous ( S  = 0) hemes. In the oxidized cytochrome, the hemes 
are low-spin ferric (S = 1/2) and exhibit magnetic Mossbauer 
spectra. Even though these magnetic spectra overlap substan- 
tially, we were able to deconvolute the raw data of the oxidized 
protein into four distinct spectral components (corresponding 
to the four low-spin ferric hemes) through a spectral differen- 
tiation method which utilized spectra of samples poised at 
different redox potentials. Detailed data analysis yielded 
characteristic parameters describing the distinct electronic 
structures of the four low-spin ferric hemes. Using this spectro- 
scopic information together with the spectral differentiation 
method developed in the present study, it is now possible to 
investigate properties of biochemical significance of each heme 
group, such as pH dependence and ligand-binding specificity. 

I t  is interesting to note that although the four hemes 
are of the same type and have the same axial ligands, their 
mid-point redox potentials are different and range from 
-355 mV to -70 mV [6]. X-ray crystallographic studies of 
cytochrome c3 from D. vulgaris (Miyazaki), D. vulgaris 
(Hildenborough) and D. haculatus (Norway 4) indicate that 
the four hemes are situated in different protein environments 
and that the orientations of their axial ligands are different 
[2 - 51. Ths  difference in environment and structure are be- 
lieved to have a strong influence in controlling the mid-point 
redox potentials of the hemes. Our present study indicates 
that the detailed electronic structures of the hemes are differ- 
ent, which obviously must also be reflecting the environmental 
and structural differences. It is therefore important to examine 
whether a direct correlation exists between electronic structure 
and redox potential, and thereby to provide a mechanism 
in relating spectroscopic data to thermodynamic properties. 
Research along this line of investigation is currently 
underway. 
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