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The sulfide:cytochrome c oxidoreductase activity of the flavocytochrome c-522 from the purple sulfur 
bacterium Chromatium vinosum has been investigated. The oxidized sulfur product of the suifide:cytochrome 
c reductase activity has been shown to be elemental sulfur. Cytochrome c-552 has been found to form a 
stable complex with horse heart cytochrome c that appears to be held together by electrostatic interactions. 
The stability of this complex and the sulfide:cytochrome c reductase activity of cytochrome c-552 are both 
ionic strength dependent, with maximal rates of cytochrome c reduction and extent of complex formation 
occurring over the same ionic strength range. Trifluoroacetylated cytochrome c is not reduced in the presence 
of cytochrome c-552 and sulfide, nor does it form a complex with cytochrome c-552. These results suggest 
the possible involvement of cytochrome c lysine residues in complex formation. Cytochrome c-552 migrates 
with an anomalously high apparent molecular weight on gel filtration columns equilibrated with low ionic 
strength buffers, suggesting the possibility of conformational changes or dimerization of the protein. 
However, complexation of cytochrome c-552 with cytochrome c still occurs at low ionic strength. 

Introduction 

The photosynthetic purple sulfur bacterium 
Chromatium vinosum obtains reducing equivalents 
through the photosynthetic oxidation of thiosul- 
fate and sulfide [1,2]. Cells grown on thiosulfate 
and /o r  sulfide have been shown to transiently 
accumulate elemental sulfur, although sulfate is 
the ultimate oxidized sulfur-containing species [3]. 
While considerable information is available about 
portions of these pathways in both purple and 
green photosynthetic sulfur bacteria [4], the details 
of the pathway(s) by which sulfide is oxidized to 
sulfur in purple sulfur bacteria are unclear. 

Among the large number of soluble c-type cyto- 
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chromes found in C. vinosum is the flavocytoch- 
rome c-552 [5]. Fukumori and Yamanaka [6] have 
recently demonstrated that this flavocytochrome 
exhibits sulfide:cytochrome c oxidoreductase activ- 
ity and have suggested that the physiological role 
of cytochrome c-552 may be to transfer electrons 
from sulfide to the main photosynthetic electron- 
transport chain through a c-type cytochrome. A 
likely candidate for the in vivo c-type cytochrome 
acceptor of electrons from sulfide in the cyto- 
chrome c-552-catalyzed reaction in C. vinosum is 
cytochrome c-551 [7-9]. Cytochrome c-551, located 
in the periplasmic space of C. vinosum [8], appears 
to be similar to horse heart cytochrome c in that 
either the endogenous C. vinosum cytochrome c-55 i 
or horse heart cytochrome c will reconstitute cyclic 
electron transport in spheroplasts obtained from 
C. vinosum [9]. Van Grondelle et al. [8] have 



estimated that C. vinosum cytochrome c-551 has a 
midpoint oxidation-reduction potential (+260  
mV) similar to that of horse heart cytochrome c 
[10]. Van Grondelle et al. have also demonstrated 
that cytochrome c-551 can donate electrons to the 
reaction center bacteriochlorophyll of C. vinosurn 
via the membrane-bound cytochrome c-555 [8]. 
Thus, it appears that the suifide:cytochrome c 
oxidoreductase system may serve as an excellent in 
vitro model for electron transfer from sulfide to 
the photosynthetic electron-transport chain in C. 
vinosum cells. 

Horse heart cytochrome c is known to interact 
electrostatically with other electron-transfer pro- 
teins to form catalytically active complexes. Com- 
plexes involving sulfite oxidase, cytochrome 
oxidase, Complex III and cytochrome c I have been 
characterized [11-13]. Generally, the electrostatic 
interactions that form these complexes have been 
shown to involve specific lysine c-amino groups 
that surround the exposed heme edge of cyto- 
chrome c [11-13]. In the light of this background, 
we wished to investigate the possibility that a 
cytochrome c-552-cytochrome c complex could act 
as the catalytically active species in the sulfide:cy- 
tochrome c oxidoreductase activity of C. vinosum 
cytochrome c-552. Furthermore, we wished to de- 
termine the chemical identity of the oxidized 
sulfur-containing product of this reaction. 

Materials and Methods 

C. vinosum was grown on the malate-containing 
medium described by Knaff and Buchanan [14]. 
Cytochrome c-552 was isolated from the bacteria 
by the method of Bartsch [7]. The resulting protein 
(in its oxidized form) had absorbance ratios 
(A2so/A41o) that varied from 0.56 to 0.58. 

Horse heart cytochrome c, Type VI, was ob- 
tained from Sigma Chemical Co. and used without 
further purification. Trifluoroacetylated cyto- 
chrome c was prepared by the method of Fanger 
and Harbury [15] .using S-ethyl trifluorothioace- 
tate obtained from Pierce Chemical Co. (Rock- 
ford, IL). 

Polyacrylamide gel electrophoresis in the pres- 
ence of sodium dodecyl sulfate (SDS) was per- 
formed on cytochrome c-552 by a slight modifica- 
tion of the method of Weber and Obson [16]. 
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Bio-Phore 7.5% prepoured gels were used after 
overnight equilibration with Bio-Phore SDS Buffer 
obtained from Bio-Rad Laboratories. Protein 
molecular weight standards were obtained from 
Sigma Chemical Co. and Bio-Rad Laboratories. 

Analysis for the presence of sulfate, suifite and 
thiosulfate as oxidized sulfur products from the 
reaction of sulfide with cytochrome c in the pres- 
ence of cytochrome c-552 was performed via ion 
chromatography after treatment of the reaction 
mixtures to remove protein. Cytochrome c was 
reduced in the presence of sulfide and catalytic 
amounts of cytochrome c-552 at ambient tempera- 
ture in l mM Tricine-KOH buffer (pH 8.5). the 
reaction mixture was acidified to pH 4.5 by the 
additon of 0.1 M HC1 and a 1000-fold excess of 
CM-Sephadex C-50-120 was added to remove the 
proteins from solution. After filtering the resin 
from solution, the solution was lyophilized and the 
residue dissolved in 2 ml of buffer. The dissolved 
residue was passed through a Diaflow UM2 ultra- 
filtration membrane and the filtrate analyzed by 
ion chromatography. An identical procedure was 
carried out with a sample lacking cytochrome c-552 
as a blank control. Also, samples of standard 
solutions of each of the three ions were treated in 
the same manner to insure that none of the ions 
were lost during manipulation. Essentially com- 
plete recovery was obtained for all three anions. 
Ion chromatography of the solutions was per- 
formed on a Model 10 Dionex Ion Chromato- 
graph using an anion-separator column as 
described by Holcombe et al. [17]. 

In assaying for elemental sulfur, cytochrome c 
was reduced by sulfide with cytochrome c-552 in a 
5 mM Tricine-KOH buffer (pH 8.5) at ambient 
temperature. The elemental sulfur was extracted 
from the reaction mixture by shaking with carbon 
tetrachloride overnight. The carbon tetrachloride 
extract was washed twice with doubly distilled 
water and then evaporated. The dried residue was 
redissolved in a known carbon tetrachloride 
volume, and its aborbance at 280 nm was com- 
pared to a standard curve to determine sulfur 
concentration. A blank lacking cytochrome c-552 
was run for comparison and an appropriate stan- 
dard of elemental sulfur was run to determine the 
percentage of recovery. 

A calibrated Sephacryl S-200 column (2.5 × 99 
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cm) was used to determine the molecular weight of 
cytochrome c-552 and its complex with cyto- 
chrome c. Elutions were carried out using the 
column preequilibrated at low ionic strength (30 
mM Tris-HCl, pH 8), intermediate ionic strength 
(40 mM KCI, 5 mM Tris-HC1, pH 8) or high ionic 
strength (500 mM KCI, 30 mM Tris-HCl, pH 8) 
depending on the experimental requirements. Pro- 
tein molecular weight standards were obtained 
from Pharmacia and Sigma Chemical Co. 

The sulfide:cytochrome c oxidoreductase activ- 
ity of cytochrome c-552 and all absorption spectra 
were measured on an Aminco DW-2a spectropho- 
tometer. The activity was followed by monitoring 
the absorbance change at 550 minus 504 nm, 
caused by the reduction of cytochrome c, as a 
function of time. The reaction was performed in a 
single 1 ml cuvette and was initiated by the addi- 
tion of small volumes of an Na2S solution. The 
ionic strength of the reaction was varied by the 
additon of small aliquots of KCI, NaCI, MgC12, or 
Na 2SO4 solutions. 

Results 

The cytochrome c-552 purified for this investi- 
gation was subjected to SDS-polyacrylamide gel 
electrophoresis to insure the molecular weight and 
subunit structure corresponded to that previously 
reported [5,6]. Two Coomassie blue-staining bands 
were found with molecular weights of 46 600 and 
21 300, giving a total molecular weight of 67 900. 
This-is in good agreement with the values reported 
by Bartsch [5] and by Fukumori and Yamanaka 
[6]. When cytochrome c-552 was passed over a 
Sephacryl S-200 column equilibrated at either in- 
termediate or high ionic strength, it moved with an 
apparent molecular weight of 64 000 ~ 7000. The 
sample recovery rate was always at least 85%. 
However, when the column was reequilibrated with 
low ionic strength buffer, cytochrome c-552 
migrated as a single, symmetrical band with an 
apparent molecular weight of 101 000 --- 7000. Sim- 
ilar results were obtained using a Sephadex G-100 
column. Apparent anomalies in molecular weight 
determinations of this cytochrome on molecular- 
exclusion columns have been reported previously 
[18]. The apparent molecular weight at low ionic 
strength is not exactly twice that observed at higher 
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Fig. 1. Absorbance changes of cytochrome c-552 as a function 
of ionic strength. 1 ml samples of 5.7 #M cytochrome c-552 in 
5 m M  Tris-HCl (pH 8.0) were placed in both the sample and 
reference cuvette and the flat baseline at zero absorbance 
recorded. Aliquots of I M KCI were added to the sample 
cuvette to adjust the ionic strength and equal aliquots of water 
were added to the reference cuvette. The bottom difference 
spectrum was obtained with a final KCI concentration of 5.0 
raM. The other three difference spectra, in order of increasing 
absorbance at 411 nm, were obtained after additions of KCI to 
give final concentrations of 14.8, 24.4 and 38.5 raM, respec- 
tively. Further additions of KCI produced no further changes 
in absorbance. 

ionic strengths, as would be expected if dimeriza- 
tion were occurring. Thus, it appeared possible 
that some conformational change affecting the hy- 
drodynamic properties of the cytochrome occurred 
at low ionic strength. Fig. 1 shows that as the ionic 
strength is varied over the same range in which the 
apparent molecular weight of cytochrome c-552 
decreases, the extinction coefficient of the heme 
Soret band of the oxidized cytochrome increases. 
This increase in the absorbance at 411 nm reached 
an end point when KC1 had been added to a final 
concentration of 38.5 mM. When cytochrome c-552 
was applied to a Sephacryl S-200 column at this 
ionic strength, the cytochrome eluted with an ap- 
parent molecular weight of 62000 -+ 7000, the same 
value observed at all higher ionic strengths. Thus, 
there appears to be a good correlation between the 
ionic-strength-dependent spectral changes (possi- 
bly reflecting a conformation change in cyto- 
chrome c-552) and the changes in apparent molec- 
ular weight. 

Because the ionic strength inside a C v inosum 

cell is almost certainly higher than 40 mM [19], it 
was decided to conduct the majority of subsequent 
experiments at intermediate and high ionic 



strengths. The questions of greatest interest were 
whether cytochrome c-552 forms a complex with 
cytochrome c and whether this complex is essential 
to the ability of the flavocytochrome to catalyze 
the oxidation of sulfide. Attempts were made to 
detect a complex between cytochrome c-552 and 
cytochrome c by passing mixtures of the two pro- 
teins over Sephacryi S-200 or Sephadex G-100 
columns. Mixtures of cytochrome c and cyto- 
chrome c-522 in 1:1 or 2:1 mole ratios, when 
applied to the colums at intermediate ionic 
strength, elute as a single heine-containing band. 
Fig. 2A shows a typical experiment with 2:1 mole 
ratio mixture of cytochromes c and c-552. As can 
be seen, there is no detectable heme-containing 
protein appearing in fractions centered around 
fraction 78 where free cytochrome c would be 
expected to elute. At higher mole ratios of cyto- 
chrome c to c-552, free cytochrome c was detected. 
The behavior illustrated in Fig. 2A strongly sug- 
gests that cytochromes c and c-522 form a complex 
of high affinity at intermediate ionic strength. It 
should be mentioned that similar behavior is 
observed with the low ionic strength form of cyto- 
chrome c-552. At low ionic strengths, cytochrome 
c/c-552 mixtures elute from a Sephacryl S-200 
column as a single band with an apparent molecu- 
lar weight of 122000 -+. 7000, with no free cyto- 
chrome c being observed (data not shown). The 
behavior at low and intermediate ionic strengths is 
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Fig. 2. The effect of ionic strength on the complex between 
cytochrome c and cytochrome c-552. (A) A I ml mixture of 
cytochromes c and c-552 (2:1 mole ratio) at an ionic strength 
of 43 mM was eluted from a Sephacryl S-200 column as 
described in Materials and Methods. The original cytochrome 
c-552 concentration was 4.4 ~M. (B) A 1 ml mixture of tyro- 
chromes c and c-552 (2: I mole ratio) at an ionic strength of 
515 mM eluted from a Sephacryl S-200 column. The original 
cytochrome c-552 concentration was 11 p.M. 
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Fig. 3. The effect of an ionic strength on the sulfide:cyto- 
chrome c oxidoreductase activity of cytochrome c-552. The 
reaction mixtures contained 17.1 /~M cytochrome c, 10 ~M 
Na2S and 40 nM cytochrome c-552. Aliquots of 2 M KCI were 
used to adjust the ionic strength. Other reaction conditions 
were as described in Materials and Methods. The rates of  
cytochrome c reduction observed in the absence of cytochrome 
c-552 were always less than 10% of those observed with the 
complete system. 

in sharp contrast to that observed at high ionic 
strength. As can be seen in Fig. 2B, when a 2:1 
mixture of cytochromes c and c-522 at high ionic 
strength was eluted from a Sephacryl S-200 col- 
umn, the two proteins migrated independently. 
Essentially all the cytochrome c present in the 
original mixture was recovered in the free cyto- 
chrome c fraction under these conditions. 

Having established the existence of a cyto- 
chrome c-c-552 complex, it was of interest to in- 
vestigate the role of this complex in the sulfide:cy- 
tochrome c oxidoreductase activity of cytochrome 
c-552. As shown in Fig. 3, the rate of cytochrome c 
reduction (or sulfide oxidation) catalyzed by cyto- 
chrome c-552 increases to a maximum at ionic 
strengths in the 35-40 mM range and then de- 
clines dramatically as the ionic strength is in- 
creased. The results illustrated in Fig. 3 were ob- 
tained using KCI to adjust the ionic strength but 
essentially identical results were obtained using 
NaCI, CaCI 2 or Na2SO 4, indicating that an ionic 
strength rather than specific ion effect is involved. 
Also, similar ionic strength dependencies of activ- 
ity were observed over a wide range of substrate 
(sulfide and cytochrome c) concentrations. Since 
maximal rates of cytochrome c reduction were 
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obtained at an ionic strength where the cyto- 
chrome c-c-552 complex is known to be of high 
affinity (40 mM) and the rate of the reaction is 
essentially zero at an ionic strength (450 mM) 
where the complex is fully dissociated, it appears 
likely that the complex is the catalytically active 
species. Further evidence comes from the observa- 
tion (data not shown) that at an ionic strength of 
250 mM (where activity is typically less than 20% 
of that observed at 40 mM ionic strength) no 
complex between cytochromes c-552 and c could 
be observed on a Sephacryl S-200 column. 

The correlation between complex formation and 
activity as a function of ionic strength not only 
suggests that the complex is the catalytically active 
species but that electrostatic forces predominate in 
stabilizing the complex. To test this hypothesis 
further, we eliminated the positive charges on 
cytochrome c resulting from lysine residues by 
t r i f luoroacetylat ing these residues. Trifluo- 
racetylated cytochrome c is not reduced by sulfide 
in the presence of cytochrome c-552. Furthermore, 
when a 2:1 mixture of trifluoroacetylated cyto- 
chrome c and native cytochrome c-552 was applied 
to a Sephacryl s-200 column at intermediate ionic 

TABLE I 

IDENTIFICATION OF THE PRODUCT OF SULFIDE 
O X I D A T I O N  IN THE S U L F I D E : C Y T O C H R O M E  c 
OXIDOREDUCTASE REACTION 

The reaction mixtures analyzed for SO~-,  $20 2 and SO 2 
contained 16.5 #M cytochrome c, 10 `aM Na2S and 40 nM 
cytochrome c-552 in a volume of 40 ml. The reaction mixture 
analyzed for elemental sulfur contained 17.2 ~M cytochrome c, 
10 aM Na2S and 40 nM cytochrome c-552 in a volume of 100 
ml. Other conditons were as described'in Materials and Meth- 
ods. The amount of cytochrome c reduced was measured, as 
described in Material and Methods, for each sample and cor- 
rected for the nonspecific rate observed in the absence of 
cytochrome c-552. This correction never exceeded 10ft, of the 
rate ob~rved for the complete system. 

Possible `a mol # mol `a mol 
product cytochrome c 3 ' product product 

reduced predicted observed 

SO~ - 0.660 0. I 10 < 0.008 
$20~ - 0.660 0.165 < 0.008 
SO~ - 0.660 0.080 < 0.008 
S ° 1.72 0.86 0.74 

strength, the proteins migrated independently. It 
can thus be concluded that no complex forms 
between cytochrome c-552 and trifluoroacetylated 
cytochrome c. 

With the documentation of the importance of 
complex formation for the oxidation of sulfide 
established, we turned to an identification of the 
oxidized sulfur-containing product of the reaction. 
Although it had previously been suggested [18] 
that elemental sulfur might be the product of the 
reaction, it was neccessary to obtain direct evi- 
dence as to the chemical identity of the oxidized 
sulfur-containing product. Reaction mixtures were 
assayed for four possible sulfur-containing prod- 
ucts as described in Materials and Methods. As 
can be seen in Table I, no sulfate, sulfite or thio- 
sulfate was detected. However, elemental sulfur 
was detected in an essentially stoichiometric 
amount. These results are consistent with elemen- 
tal sulfur being the product of sulfide oxidation 
but the possibility does exist that other products 
are actually formed and decompose to S O during 
extraction. 

Discussion 

C. vinosum cytochrome c-552 appears to exist in 
two different conformational forms, one of which 
predominates at low ( I ~  15 mM) ionic strength 
and one of which predominates at higher ionic 
strengths. Both forms of this flavocytochrome ap- 
pear to be able to form complexes with horse heart 
cytochrome c. Considering the internal concentra- 
tions of Na * and K4 found in C. vinosum cells 
[19], it is unlikely that the low ionic strength form 
of cytochrome c-552 plays a significant role in 
vivo. Furthermore, as can be seen in Fig. 3, the 
activity of this form of the flavocytochrome in 
transferring electrons from sulfide to cytochrome c 
is considerably lower than that of the form that 
predominates at higher ionic strengths. However, 
work is continuing in an attempt to characterize 
further the nature of the low ionic strength form of 
cytochrome c-552. 

The failure to detect any free cytochrome c in 
1: i or 2:1 cytochrome c/cytochrome c-552 mix- 
tures at low or intermediate ionic strength suggests 
that the complex is one of high affinity, since no 
dissociation of the cytochromes occurs during 



migration through the molecular-exclusion col- 
umns. These results also suggest that the stoi- 
chiometry of the complex is at least 2 cytochrome 
c : l  cytochrome c-552. The observation that free 
cytochrome c is observed if the cytochrome c: c-552 
mole ratio exceeds 2 suggests that there are not 
more than two high-affinity sites for cytochrome c 
on cytochrome c-552. An attempt was made to 
detect spectral changes accompanying the forma- 
tion of the complex so that absorbance spectra 
could be exploited to establish the stoichiometry 
of the complex. No such spectral changes were 
observed but experiments using other techniques 
to determine the stoichiometry are currently un- 
derway. 

A 2:1 cytochrome c-cytochrome c-552 complex 
would be consistent with our demonstration that 
sulfide is oxidized to elemental sulfur in the reac- 
tion catalyzed by cytochrome c-552. The two elec- 
trons donated by sulfide could be accepted by the 
FAD group of the cytochrome c-552 and then 
transferred, one each, to the two heine c groups of 
cytochrome c-552. Each ferroheme of cytochrome 
c-552 would then reduce one ferricytochrome c. 
Such a mechanism also is consistent with the data 
on intramolecular electron movements in cy- 
tochrome c-552 obtained by Cusanovich and Tol- 
lin [20] and by Kitagawa et al. [21]. This mecha- 
nism is summarized in Fig. 4, with the C. vinosum 
cytochrome c-551 replacing the horse heart cy- 
tochrome c used in our model systems. In view of 
the possibility that C. vinosum cytochrome c-551 
may be structurally related to mitochondrial cy- 
tochrome c, it is extremely interesting that electro- 
static complexes involving lysine residues may play 
as important a role in an anaerobic, photosyn- 

ELECTRON TRANSFER 
CHAJN 

Fig. 4. Proposed pathway for electron transfer from sulfide to 
cytochrome ('-551 catalyzed by cytochrome c-552 in C. vmosum. 
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thetic prokaryote as they do in aerobic respiring 
eukaryotes. 
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