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It has been possible to demonstrate, using affinity chromatography, that Chlorobhtm flavocytochrome c-553 
forms an electrostatically stabilized complex with Chlorobium cytochrome c-555. The binding site for 
cytochrome c-555 appears to be located on the heme-containing subunit of flavocytochrome c-553. This 
complex appears to be involved in,the flavocytochrome c-553-catalyzed transfer of electrons from sulfide to 
cytochrome c-555. Complex formation has also been demonstrated between Chlorobium cytochromes c-555 
and c-551, two components involved in the oxidation of thiosulfate by this green sulfur bacterium. Affinity 
chromatography data also suggest the possibility that the cytochrome binding sites on the CMorobium 
flavocytochrome c-553 and on flavocytochrome c-552 from the purple sulfur bacterium Chromatium vinosum 
may be similar. 

Introduction 

Among the cytochromes found in the photo- 
synthetic green sulfur bacterium Chlorobium 
limicola f. thiosulfatophilum (hereafter, Chloro- 
bium) are three soluble c-type cytochromes that 
appear to be involved in the oxidation of sulfur- 
containing electron donors by this bacterium. 
Flavocytochrome c-553 [1], which consists of a 47 
kDa subunit containing a single covalently bound 
FAD and an 11 kDa subunit containing a single 
heme c [2-6], has been demonstrated to catalyze 
the oxidation of sulfide [7-9]. Although a number 
of c-type cytochromes can function as electron 
acceptors for sulfide oxidation catalyzed by 
flavocytochrome c-553 in vitro, the in vivo accep- 
tor appears to be another soluble c-type cyto- 
chrome, cytochrome c-555 [7-9]. Cytochrome c- 
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555, which has been found in all photosynthetic 
green sulfur bacteria studied to date [10], has been 
shown by X-ray crystallography [11,12] to possess 
structural similarities to mitochondrial cyto- 
chrome c and cytochrome c 2 from the photosyn- 
thetic purple non-sulfur bacterium Rhodospirillum 
rubrum. Cytochrome c-555, in addition to its likely 
role as an electron acceptor during the oxidation 
of sulfide, can also function as an acceptor of 
electrons from thiosulfate. This oxidation of thio- 
sulfate in Chlorobium (and other thiosulfate- 
oxidizing photosynthetic green sulfur bacteria) in- 
volves as the initial electron acceptor a third solu- 
ble cytochrome, cytochrome c-551 [8,10,13,14]. 

The photosynthetic purple sulfur bacterium 
Chromatium oinosum contains a soluble flavocy- 
tochrome c-552 [15], similar in many ways to the 
Chlorobium flavocytochrome c-553 [2,4,5,9,16]. It 
has been demonstrated that the sulfide/cyto- 
chrome c oxidoreductase activity of the C. oino- 
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sum flavocytochrome c-552 [16,17] involves an 
electrostatic complex with the high-potential c- 
type cytochromes that can serve as acceptors of 
electrons during the oxidation of sulfide to ele- 
mental sulfur [17]. The existence of a complex 
between C. vinosum flavocytochrome c-552 and 
equine cytochrome c, stabilized by electrostatic 
forces, has been confirmed by gel filtration [18], 
affinity chromatography [19], chemical modifica- 
tion [20] and cross-linking studies [21]. In view of 
the similarities between the C. vinosum and Chlo- 
robium flavocytochromes c, it is of interest to 
determine whether electrostatic complex forma- 
tion between Chlorobium flavocytochrome c-553 
and cytochrome c-555 occurs. We have obtained 
evidence for such a complex and for its role in 
sulfide oxidation and, furthermore, have demon- 
strated additional similarities between the two 
flavocytochromes. Moreover, evidence has been 
obtained for complex formation between Chloro- 
bium cytochromes c-555 and c-551. 

Materials and Methods 

C. limicola f. thiosulfatophilum strain Tassajara 
soluble cytochromes c-555, c-551 and flavocy- 
tochrome c-553 were purified according to the 
method of Meyer et al. [1]. Cytochrome c 2 from 
Rhodospirillum rubrum S1 and the flavocyto- 
chrome c-552 from C. vinosurn strain D were 
purified as described by Bartsch [22]. The heme 
subunit of the C. vinosum flavocytochrome c-552 
was prepared as described by Vorkink [23] and 
Brown [24]. The heme subunit of the Chlorobium 
flavocytochrome c-553 was prepared as described 
by Yamanaka et al. [5]. The heme subunit pre- 
parations had a A28o/A41 o ratio of 0.20 or less, 
lacked any absorbance features attributable to 
FAD and exhibited single Coomassie blue-stain- 
ing bands after polyacrylamide gel electrophoresis 
in the presence of sodium dodecylsulfate (SDS) 
with M r 21 000 and 11000 for the C. vinosum and 
Chlorobium proteins, respectively. All proteins 
were subjected to polyacrylamide gel electrophore- 
sis in the presence of SDS and high performance 
liquid chromatography (HPLC) analysis to ensure 
purity. Gel electrophoresis was performed on 14% 
slab gels (1.5 mm thickness) prepared according to 
O'Farrell [25]. HPLC analysis was performed on a 
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Waters Associates system using a Protein Pak 125 
gel filtration column. 

Equine cytochrome c (Type VI) and Sac- 
charomyces cerevisiae cytochrome c were obtained 
from Sigma Chemical Co. The equine cytochrome 
c was purified further by ion-exchange chro- 
matography on CM-Sephadex while the S. cere- 
visiae cytochrome c was used without further 
purification. Trifluoroacetylation of equine cy- 
tochrome c was accomplished by using the method 
of Fanger and Harbury [26]. 

Affigel-10 was obtained from Bio-Rad and 
cyanogen bromide-activated Sepharose 4B from 
Pharmacia. Proteins were coupled to the affinity 
matrix according to the procedures outlined by 
the manufacturers [27,28]. The equine cytochrome 
c-Sepharose 4B and the C. vinosum flavocytoch- 
rome c-552-Affigel-10 matrices were prepared as 
described previously [19]. The Chlorobium cy- 
tochrome c-555-Sepharose 4B matrix was pre- 
pared using 200 nmol of cytochrome c-555 and 
1.01 g cyanogen bromide-activated Sepharose 4B. 

Absorbance spectra (spectral resolution, 1.0 rim) 
were obtained using Aminco DW-2a and Perkin- 
Elmer Lambda 5 spectrophotometers. Sulfide/ 
cytochrome c oxidoreductase activity was mea- 
sured using the Aminco DW-2a spectrophotome- 
ter as previously described [17]. 

Results 

Previous studies [17,18] using gel filtration have 
established that C. vinosum flavocytochrome c-552 
and equine cytochrome c form a stable complex 
which elutes as a single band at low ionic strengths 
(up to 43 mM). In contrast, similar gel filtration 
studies with Chlorobium flavocytochrome c-553 
detected no complex with either equine cyto- 
chrome c or Chlorobium cytochrome c-555 at ionic 
strengths as low as 10 mM [18]. However, the gel 
filtration, co-chromatography approach requires a 
fairly high association constant (at least 1.105 
M-1) for a complex to be detectable. For this 
reason, the binding of Chlorobium flavocytoch- 
rome c-553 to Chlorobium cytochrome c-555 and 
equine cytochrome c was reinvestigated using af- 
finity chromatography. Fig. 1A shows that the 
Chlorobium flavocytochrome c-553 does form a 
complex with cytochrome c-555, as evidenced by 
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Fig. 1. (A) Chlorobium flavocytochrome c-553 binding to a 
cytochrome c-555-Sepharose 4B affinity column. 50 nmol of 
flavoeytoehrome c-553 in 15 mM Tris buffer (pH 8.0) were 
applied to the affinity column (bed volume, 3.5 ml) which had 
been equilibrated with the same buffer. The column was washed 
with the equilibration buffer and then the ionic strength of the 
eluting buffer was increased by NaCI addition where indicated. 
1.7 ml fractions were collected. Total recovery of flavocyto- 
chrome c-553 was 91%. (B) Chlorobium flavocytochrome c-553 
binding to an equine cytoehrome c-Sepharose 4B affinity col- 
umn. 100 nmol flavocytochrome c-553 in 15 mM "Iris buffer 
(pH 8.0 ) were applied to the affinity column (bed volume, 5.3 
ml) which had been pre-equilibrated with the same buffer. The 
column was washed with the equilibration buffer and then the 
ionic strength of the eluting buffer was increased by NaCI 
addition where indicated. 1.4 ml fractions were collected. Total 
recovery of flavocytoehrome c-553 was 92%. 

its ability to bind to a cytochrome c-555 affinity 
column. Evidence for the electrostatic nature of 
the complex comes from the observation that 
flavocytochrome c-553 can be eluted from the 
cytochrome c-555-Sepharose 4B affinity column 
by increasing the ionic strength. In control experi- 
ments (data not shown), it was found that the 
Chlorobium flavocytochrome c-553 did not bind 
to a Sepharose 4B column that contained no cyto- 
chrome c-555, but instead had the cyanogen 
bromide groups reacted with glycine. This demon- 
strates that the flavocytochrome c-553 binds to 
the affinity ligand, cytochrome c-555, rather than 
non-specifically to the Sepharose 4B matrix. As 
equine cytochrome c can serve as an electron 
acceptor in the in vitro oxidation of sulfide cata- 
lyzed by Chiorobium flavocytochrome c-553 (see 
below), it was of interest to utilize affinity chro- 
matography to investigate whether complex for- 
mation occurred between equine cytochrome c 
and flavocytochrome c-553. Fig. 1B shows that the 
flavocytochrome c-553 does indeed bind to a cyto- 
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Fig. 2. The effect of ionic strength on the sulfide/cytochrome 
c-555 oxidoreductase activity of Chlorobium flavocytochrome 
c-553. The reaction mixtures contained 10 #M cytochromes 
c-555/25 /*M Na2S/40 nM flavocytochrome c-553 in 5 mM 
Tris buffer (pH 8.0). Aliquots of 2 M KCl were used to adjust 
the ionic strength. 

chrome c-Sepharose 4B affinity column. As was 
the case for the cytochrome c-555 affinity column, 
increasing the ionic strength eluted the flavocy- 
tochrome c-553 from the cytochrome c-Sepharose 
4B affinity column. 

Evidence consistent with the involvement of an 
electrostatically stabilized complex between the 
Chlorobium flavocytochrome c-553 and cyto- 
chrome c-555 in the oxidation of sulfide comes 
from the observation (Fig. 2) that the rate of the 
reaction decreases dramatically with increasing 
ionic strength with an optimum below 10 mM 
ionic strength. Thus the reaction becomes un- 
favorable under conditions where an electrostatic 
complex would tend to dissociate. Similar reaction 
rate versus ionic strength profiles were observed 
for the flavocytochrome c-553-catalyzed electron 
transfer from sulfide to equine and S. cerevisiae 
cytochromes c and to R. rubrum cytochrome c 2 
(data not shown). While equine cytochrome c can 
function as an alternative in vitro electron accep- 
tor for the native Chlorobium cytochrome c-555, 
its structure appears to be sufficiently different 
from that of cytochrome c-555 to produce large 
changes in the kinetic parameters of the sulfide/ 
cytochrome c oxidoreductase reaction catalyzed 
by flavocytochrome c-553. Thus, g m values of 14 
and 600 btM (at 2.5 mM ionic strength) were 
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determined in this study for cytochrome c-555 and 
equine cytochrome c, respectively. The Vma x for 
equine cytochrome c was 13-fold greater than that 
for the native cytochrome c-555 (7,5 m m o l / m i n  
per/~mol cytochrome c-553 for equine cytochrome 
c vs. 0.56 m m o l / m i n  per #mol  cytochrome c-553 
for cytochrome c-555). 

A large amount  of data supports the hypothesis 
that positive charges from specific lysine residues 
on mitochondrial cytochrome c are involved in 
stabilizing the electrostatic complexes cytochrome 
c forms with a number  of its reaction partners 
[12,29]. It has recently been shown that these same 
lysine residues are involved in forming a complex 
between cytochrome c (used as an in vitro analog 
for the native C. vinosum cytochrome c-550 [19]) 
and the C. oinosum flavocytochrome c-552 [20]. 
Evidence that these lysine residues may also be 
involved in the ability of cytochrome c to function 
as an acceptor of electrons from sulfide in the 
reaction catalyzed by the Chlorobium flavocy- 
tochrome c-553 was provided by the observation 
that equine cytochrome c in which all of the lysine 
c-amino groups were trifluoroacetylated [27] to 
remove their positive charges did not function as 
an electron acceptor in the in vitro assay system 
(data not shown). 

In view of the considerable catalytic and struct- 
ural similarities between the C. vinosum flavocy- 
tochrome c-552 and Chlorobium flavocytochrome 
c-553, and of our finding in this study that cyto- 
chrome c-555 can serve as an electron acceptor in 
the C. vinosum flavocytochrome c-552 catalyzed 
oxidation of sulfide, it was of interest to investi- 
gate whether heterogeneous complexes between 
cytochromes from the two bacteria could be 
formed. Such complexes have in fact been detected 
by affinity chromatography. Chlorobium cyto- 
chrome c-555 does bind to C. vinosum flavocy- 
tochrome c-552 that has been covalently attached 
[19] to an Affigel-10 matrix. Further evidence for 
the hypothesis that the cytochrome complexing 
sites on the two flavocytochromes are similar 
comes from the observation that C. vinosum 
flavocytochrome c-552 binds to a Chlorobium 
cytochrome c-555-Sepharose 4B affinity column. 
These heterogeneous complexes appear to be elec- 
trostatic in nature, since increasing ionic strength 
elutes both proteins from the respective affinity 
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Fig. 3. (A) Chlorobium flavocytochrome c-553 heme subunit 
binding to the cytochrome c-555-Sepharose 4B affinity col- 
umn. 15 nmol heme subunit in 15 mM Tris buffer (pH 8.0) 
were applied to the column which had been equilibrated with 
the same buffer. After washing with the equilibration buffer, 
the ionic strength of the elution buffer was raised by the 
addition of NaC! to a final value of 400 raM. 1.0 ml fractions 
were collected. Total recovery of the lieme subunit was 88%. 
(B) C. vinosum flavocytochrome c-552 heme subunit binding 
to the cytochrome c-555-Sepharose 4B affinity column. 11 
nmol heme subunit in 20 mM Tris buffer (pH 8.0) were 
applied to the column which had been equilibrated with the 
same buffer. After washing with the equilibration buffer, the 
ionic strength of the elution buffer was raised by the addition 
of NaCI to a final concentration of 400 raM. 1.5 ml fractions 
were collected. Total recovery of the heme subunit was 94% 

columns. As is the case for the C. oinosum 
flavocytochrome c-552 complex with cytochrome 
c [19], the heme subunits of the flavocytochromes 
appears to supply the major site for cytochrome 
c-555 binding. Fig. 3A shows that the heme sub- 
unit of the Chlorobium flavocytochrome c-553 
binds to the cytochrome c-555-Sepharose 4B affin- 
ity column and Fig. 3B shows the binding of the 
C. oinosum flavocytochrome c-552 heme subunit 
to the cytochrome c-555-Sepharose 4B affinity 
column. 

As discussed in the Introduction, a third solu- 
ble Chlorobium cytochrome, cytochrome c-551 is 
thought to interact with cytochrome c-555 in the 
pathway of thiosulfate oxidation, but not to be 
involved in the flavocytochrome c-553-catalyzed 
oxidation of slufide [8,10]. As would be expected 
from this hypothesis, we could detect no binding 
of cytochrome c-551 to the C. vinosum flavocy- 
tochrome c-552-Affigel 10 affinity column even at 
ionic strengths as low as 2.5 mM. This absence of 
binding provides some measure of confidence in 
the specificity of the affinity chromatography 
techniques used in this study. However, as can be 



4O0 

,4410 
A 

0.4 
0.3 4 0 O m M ~  

0.2 

0,1 

,4410 

20 

1.5 

1.0 

O5 

B 

400 m ~  

: ; : = _ 
2 4 6 8 2 4 6 8 
Fraction number Fraction number 

Fig. 4. (A) Chlorobium cytochrome c-551 binding to a cyto- 
chrome c-555-Sepharose 4B affinity column. 40 nmol of cyto- 
chrome c-551 in 20 mM Tris buffer (pH 8.0) was applied to the 
affinity column. Elution conditions were as in Fig. 3B. Total 
recovery of cytoehrome c-551 was 99%. (B) Chlorobium cyto- 
chrome c-551 binding to an equine cytochrome c-Sepharose 
4B affinity column. 38 nmol of cytochrome c-551 was applied 
to the column. Conditions were as in Fig. 1B except that 2.0 ml 
fractions were collected. Total recovery of cytochrome c-551 
was 99%. 

seen in Fig. 4A, cytochrome c-551 does bind to 
the cytochrome c-555-Sepharose 4B affinity col- 
umn. Complex formation between the Chlorobium 
cytochromes c-551 and c-555 is consistent with 
their proposed roles [8] in thiosulfate oxidation by 
this photosynthetic green sulfur bacterium. In view 
of the existence of some structural similarities 
between cytoehromes c-555 and mitochondrial cy- 
tochrome c [11,12], it was of interest to determine 
whether Chlorobium cytoehrome c-551 would also 
bind to a cytoehrome c-containing affinity col- 
umn. Fig. 4B shows that cytochrome e-551 does 
bind to an equine cytochrome c-Sepharose 4B 
affinity column and, as is the case with the cyto- 
chrome c-555 affinity column, the cytochrome c- 
551 can be eluted by increasing the ionic strength. 

Discussion 

The data presented above support the hypothe- 
sis that Chlorobium flavocytochrome c-553 forms 
an eleetrostatically stabilized complex with cyto- 
chrome c-555 and that this complex functions in 
the sulfide/cytoehrome c-555 oxidoreductase re- 
action catalyzed by the flavocytochrome. As elec- 
trostatic complex formation between the C. vino- 
sum flavocytochrome c-552 and those cytochrome 
c that can function as electron acceptors from 

sulfide in the flavocytochrome c-552-catalyzed re- 
action had previously been demonstrated [17-21], 
it appears that complex formation between cata- 
lyst and electron acceptor proteins may be a gen- 
eral aspect of flavocytochrome-catalyzed sulfide 
oxidation in both photosynthetic purple and green 
sulfur bacteria. The facts that Chlorobium cy- 
tochrome c-555 "can serve as an electron acceptor 
in the C. oinosum flavocytochrome c-552-cata- 
lyzed oxidation of sulfide, that R. rubrum cy- 
tochrome c 2 and equine and yeast cytochromes c 
can serve as electron acceptors in both systems 
and that the C. vinosum flavocytochrome c-552 
can bind to a Chlorobium cytochrome c-555-Sep- 
harose 4B affinity column further support the idea 
of the basic similarities of the two systems. In so 
far as the ability of equine cytochrome c to serve 
as an acceptor in the Chlorobium flavocytochrome 
c-553-catalyzed reaction is concerned, the un- 
favorable K m for equine cytochrome c (600 /~M) 
compared to that for the native cytochrome c-555 
(14 /~M) can likely be attributed to structural 
differences between the two cytochromes [11,12]. 
The somewhat surprising observation of a consid- 
erably larger Vm, . in this reaction for equine cyto- 
chrome c than for cytochrome c-555 may be due 
[31] to the larger thermodynamic driving force 
available with cytochrome c (Era= +260 mV, 
Ref. 11) than with cytochrome c-555 (E m = + 145 
mV, Ref. 32). 

Cytochrome c-555 plays a central role in the 
sulfur metabolism of Chlorobium, in that it accepts 
electrons from both sulfide and thiosulfate [8]. In 
the case of thiosulfate oxidation, cytoclirome c-555 
is not the initial acceptor, but rather accepts elec- 
trons from cytochrome c-551, the substrate for the 
bacterium's, thiosulfate/cytochrome c oxidore- 
ductase [8]. While cytochrome c-555 is a poor 
substrate for the oxidoreductase, it greatly stimu- 
lates the rate of cytochrome c-551 reduction by 
the enzyme, in addition to subsequently serving to 
re-oxidize reduced cytochrome c-551 [8]. The evi- 
dence presented above (see Fig. 4A) for complex 
formation between cytochromes c-551 and c-555 
may provide an explanation for the observed 
stimulation. Either the complex between the two 
cytochromes may be the actual substrate for the 
thiosulfate/cytoclirome c oxidoreductase or inter- 
actions between the two cytochromes on complex 



formation produce a conformational change in 
cytochrome c-551 that makes it a better substrate 
for the enzyme. 

Although the molecular details of the flavocy- 
tochrome c-cytochrome c interaction will have to 
await the results of further studies, the available 
data (this work and Refs. 18 and 33) are con- 
sistent with the flow of electrons from sulfide to 
the flavin moiety of flavocytochrome c, then to 
the heme moiety of the flavocytochrome c and 
finally to the heme group of the acceptor (cyto- 
chrome c-555 in Chlorobium and cytochrome c-550 
in C. vinosum). Thus, the flavocytochromes c 
should provide a useful soluble model system for 
elucidating the effects of prosthetic group orienta- 
tions and distances in biological electron-transfer 
reactions. 
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