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CHAPTER I 

INTRODUCTION AND STATEMENT OF PURPOSE 

Cytochromes c. are defined as those cytochromes 

having covalently bound mesoheme (heme c) prosthetic 

groups (1,2). The heme is linked to the protein by thio-

ether linkages resulting from the condensation of heme 

vinyl groups and peptide cysteine groups (1,2). The best-

studied group of c_ cytochromes is the large group that 

contains mitochondrial cytochrome c.. These proteins as a 

class are typified by a single polypeptide of 85 to 135 

residues with the mesoheme prosthetic group covalently 

bound near the N-terminal amino acid. 

The axial heme ligands of these cytochromes c. are 

typically histidine and methionine, and the proteins 

possess oxidation-reduction midpoint potentials (E ) in 

the range of +150 to +38O mV (1). The iron atom at the 

center of the porphyrin ring is the ultimate site for the 

oxidation-reduction activity for cytochromes c.. The heme 

is situated in a hydrophobic, peptide pocket with a single 

edge of the porphyrin exposed to the solvent (1). The 

commonly accepted model of electron movement to the iron 

is envisioned as an outer-sphere orbital overlap of the 

conjugated heme pi orbital system with the orbital system 

of the electron donor/acceptor. This orbital overlap 



occurs at the exposed heme edge, facilitated in some of 

the c.-type cytochromes by the enhanced binding of the 

electron donor/acceptor at this site (1,3-5). This 

enhanced binding is caused by a large positive charge dis

tribution around the exposed heme edge due to the presence 

of several lysine residues on the protein surface surround

ing the heme edge (1,3-5). 

Mammalian heart muscle cytochrome c. is the typical 

protein for this class of cytochromes. This cytochrome is 

characterized by an absorption spectrum with reduced Soret 

and alpha band maxima at 4l6 and 550 nm, respectively (6). 

The alkaline pyridine ferrohemochrome of horse heart 

cytochrome c. has an alpha band absorption maximum at 550 

+ 1 nm, and the native cytochrome possesses an oxidation-

reduction midpoint potential of +260 mV at pH 7 (2). 

Cytochromes of the c.-type occur in both the photo-

synthetic and respiratory electron transport chains, 

serving to shuttle electrons from one oxidation-reduction 

component in the chain to the next. With few exceptions, 

all organisms are dependent upon energy transducing 

electron transport. Two of the more familiar oxidation-

reduction electron transfer chains are the eukaryotic 

mitochondrial chain and the bacterial cyclic electron 

transfer chain in the photosynthetic bacteria. Thus, an 

understanding of the manner in which electrons are trans

ported by these cytochromes is basic to the understanding 



of the problems of bioenergetics. 

Bacterial cytochromes c. comprise a large, very hetero

geneous subgroup of the cytochromes c.. The bacterial cyto

chromes c. differ widely in molecular weight, oxidation-

reduction midpoint potential, absorption spectra minima 

and maxima, isoelectric point and in vivo function. The 

cytochromes c.̂  (for example, from Rhodospirillium rubrum 

and several other photosynthetic bacteria) are typically 

12,000 to l4,000 in molecular weight, contain a single 

peptide chain with a covalently bound mesoheme, and have 

oxidation-reduction midpoint potentials of greater than 

+280 mV (2,7f8). Cytochrome c.̂  î  generally considered 

the bacterial structural equivalent of mitochondrial 

cytochrome c. or the functional equivalent of the algal 

photosynthetic cytochromes c_ (2,7»8). In contrast, the 

cytochromes c_o from Desulfovibrio may have an oxidation-

reduction midpoint potential of -250 mV or lower and 

possess single or multiple covalently bound heme (2,7,8). 

They have been shown to function as part of the electron 

transfer systems for the reduction of sulfite, the 

reduction of sulfate, and the evolution of hydrogen gas 

via the bacterial hydrogenase (2,7»8). Thus, the bacterial 

cytochromes c_ span a wide range of biochemical function and 

physical and chemical properties. 

A vast body of research, of which this work is a part, 

is directed at the isolation, physicochemical character!-



zation, and elucidation of in vivo electron transfer roles 

for the soluble, bacterial cytochromes c.. This work has 

been facilitated by the relative ease with which these 

proteins may be obtained in native form from their parent 

cells and quickly isolated to homogeneity by simple chro

matographic methods. 

For this study, the purple sulfur bacterium, Chro

matium vinos um, was utilized. Chromatium vinos um is an 

anaerobe and obligate phototroph that uses reduced sulfur 

compounds as the source of reductant required for growth 

(9,10), Sulfide and thiosulfate are the sulfur compounds 

most commonly used by Chromatium, although sulfur and 

sulfite may also be used (9)- The details of how these 

sulfur-containing substrates are oxidized ultimately to 

sulfate are not completely known. 

In the case of thiosulfate metabolism, Chromatium has 

been shown to possess a thiosulfate reductase that cleaves 

thiosulfate into sulfide and sulfite (9)• Intracellular 

globules of elemental sulfur accumulate transiently during 

the metabolism of thiosulfate (and sulfide), and it is 

likely that this sulfur may serve some storage function for 

electrons for photosynthesis (9). This rather simple 

picture of thiosulfate utilization was complicated, how

ever, with the demonstration by Fukumori and Yamanaka (11) 

of a Chromatium vinosum thiosulfate oxidizing enzyme 

capable of oxidizing thiosulfate (most likely to tetrathio-
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nite) and using Chromatium HIPIP (high potential, iron-

sulfur protein) , yeast cytochrome c. and tuna cytochrome c. 

as electron acceptors. 

In the metabolism of sulfide by Chromatium, Schedel 

ejt al. (12) have suggested that a reversible, siroheme-

containing sulfite reductase is responsible for the oxida

tion of sulfide to sulfite. (Siroheme is a special heme 

in which the tetrahydroporphyrin has adjacent, reduced 

pyrrole rings.) Sulfite is subsequently oxidized to sul

fate via adenylsulfate reductase and ADP-sulfurylase (10). 

Yamanaka and Fukumori, however, have proposed that Chroma

tium vinosum flavocytochrome c.̂.̂2 ̂ ^ responsible for the 

oxidation of sulfide (I3,l4), with elemental sulfur as the 

most likely product of the oxidation, although they did 

not identify either the in vivo electron acceptor or the 

sulfur-containing product resulting from sulfide oxidation. 

Much of this work is centered around the role of 

flavocytochrome o_^^2 ̂ ^ "̂ ^̂  oxidation of sulfide. Chroma

tium vinosum flavocytochrome c.r̂î2 ̂^^ first reported by 

Newton and Kamen (I5»l6). It is a novel £-type cytochrome 

consisting of two subunits - one containing covalently 

bound FAD; the second two covalently bound mesohemes. 

Estimates of the molecular weight of the holoprotein range 

from 53,000 to 97,000. The prosthetic groups have approx

imately equal oxidation-reduction midpoint potentials, 

reported to be from 0 to +10 mV (8,13,14,17,18). Addition-



ally, a sulfide to mammalian horse heart cytochrome c. 

oxidoreductase activity has been demonstrated for flavo

cytochrome c^^2 by Yamanaka and Fukumori (13,l4). This is 

significant in that Chromatium vinos um contains a c.-'type 

cytochrome, cytochrome c.̂ ^̂ , which has been shown to be 

interchangeable with horse heart cytochrome c. in assaying 

for cyclic electron flow in Chromatium spheroplasts (19). 

Thus, it appears that flavocytochrome c,̂ -p may be respon

sible for mediating electron flow from sulfide to the 

cyclic electron chain via cytochrome Ĉ-C-Q-

The work presented here is intended to expand the 

understanding of the soluble, c.-type cytochromes of Chro

matium vinosum - specifically, flavocytochrome c.̂ j.p, 

cytochrome c.r£rH and cytochrome 9.CC:.Q(ILOI) ' "̂ ^̂  first thrust 

of this work is the investigation of the role of a flavo

cytochrome c.̂ c:p"horse heart cytochrome c. complex in the 

oxidation of sulfide. 

Horse heart cytochrome c. is known to interact electro

statically with several electron transfer proteins to form 

catalytically active complexes. Complexes involving sulfite 

oxidase, cytochrome oxidase. Complex III and cytochrome c_. 

have been characterized (3-5)- Generally, the electro

static interactions that form these complexes have been 

shown to involve specific lysine e-amino groups that sur

round the exposed heme edge of cytochrome c. (3-5) • In 

light of this background, it was of interest to investigate 



the possibility that a flavocytochrome c.̂ £.p-horse heart 

cytochrome c. complex could act as the catalytically active 

species in the sulfide:cytochrome c. oxidoreductase acti

vity of Chromatium vinosum flavocytochrome c^^^- Thus, 

the initial portion of this work involved: (l) Character

ization of the flavocytochrome c.^^p-cytochrome c. complex 

using gel filtration chromatography; (2) Identification of 

the oxidized sulfur product from the sulfide:cytochrome c. 

reductase activity; (3) Characterization of the ionic 

strength dependence of the sulfide: cytochrome c_ reductase 

activity and (4) The dependence of activity on surface 

peptide e-amino groups. 

The second thrust of this work is the partial purifi

cation and characterization of a previously undetected 

cytochrome, cytochrome ^c.tLA » f^om Chromatium vinos um. The 

acidic cytochrome c.̂ .̂ is the first low potential (E = -

299 mV) , soluble, c.-type cytochrome to be observed in a 

photosynthetic, purple sulfur bacterium, and is similar in 

some aspects to the cytochromes c.̂  found in the Desulfo

vibrio (20). In the Desulfovibrio, cytochrome c_̂  has been 

shown to be the likely immediate electron acceptor for 

hydrogenase (21-29). Cytochrome c.̂  is also required for 

the reduction of ferredoxin (27) and many of the reactions 

leading to the reduction of sulfate to sulfide by hydrogen 

via hydrogenase (30-33)• 

Chromatium vinosum, like the Desulfovibrio, possesses 
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a hydrogenase. Its immediate electron acceptor, however, 

is unknown (3̂ )« The Chromatium hydrogenase is active and 

unusually stable (3^i35)f and the electrons required for 

hydrogen evolution via hydrogenase are provided by the 

oxidation of reduced sulfur compounds (36). The Chro

matium hydrogenase is reversible and in whole cells or 

crude extracts reduces NAD with hydrogen in the presence 

of ferredoxin (35)• Purified Chromatium hydrogenase, how-

ever, will not reduce NAD or ferredoxin with hydrogen 

(36). In light of the similarity of Chromatium cytochrome 

Q.ct'i to cytochrome c.o (demonstrated in this work) , the 

ability of cytochrome ££-£-1 "to act as an electron acceptor 

for Chromatium hydrogenase and Chromatium ferredoxin was 

investigated. 

The final portion of this work involved the partial 

purification and characterization of a second previously 

undetected c.-type cytochrome from Chromatium vinosum -

cytochrome Q.c.cQfiiQ'y) ' Cytochrome C.^^Q/^Q. %, based on this 

work, is an acidic protein with a molecular weight of 

12,300 and an oxidation-reduction midpoint potential of -82 

mV (37). It, like cytochrome 9.c.ci* possesses covalently 

bound mesoheme and appears to function as a one-electron 

carrier (37)• 



CHAPTER II 

LITERATURE REVIEW 

Flavocytochrome C.£.̂p 

The first two soluble, c.-type cytochromes from Chro

matium vinosum were reported in 1955 "by Newton and Kamen 

(I5»l6). Subsequent purification of these proteins by 

Bartsch and Kamen (18) indicated that one cytochrome was a 

c.-type cytochrome of molecular weight 97,000, pi of 5.4, 

and reportedly possessed 3 hemes of equal oxidation-reduc

tion midpoint potential (+10 mV, pH 7). The protein bound 

CO and had absorption maxima at 4l6, 523 and 552 nm in 

reduced form. Continued work by Bartsch (38) revealed the 

presence of two hemes and one flavin bound to the protein 

rather than the previously reported 3 hemes. This is 

flavocytochrome c.̂ p̂. 

The flavin bound to flavocytochrome g^cic^^ ^^^ identi

fied as FAD by Hendricks and Cronin (39)« Walker ejt al. 

(40) reported that the FAD was bound via a thiohemiacetal 

at the 8-alpha position (8-a-S-cysteinyl-8-a-hydroxy FAD), 

but subsequent work by Kenney and Sanger (4l) established 

that the FAD was in fact linked via a thioether linkage to 

a cystein residue (8-a-S-cysteinyl FAD). The FAD and its 

associated tetra peptide were obtained by Kenney ejt al. 

(42) from flavocytochrome 0.̂ 5̂2* ^̂ ^̂ an degradation showed 

9 
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the sequence of tyr-thr-cys(FAD)-tyr. 

Bartsch et_ al. (8) in their study of complex, c_-type 

cytochromes with bound flavin identified flavocytochrome 

C.552 ̂ ^ having a molecular weight of 72,000, pi of 5.I, 

oxidation-reduction midpoint potential of +10 mV, and a 

prosthetic group composition of 2 hemes per flavin. How

ever, no subunit composition was reported. The subunits of 

flavocytochrome 0.̂152 ̂®^® first separated by Kennel and 

Kamen (43,44), who obtained separate heme and flavin-con

taining subunits by treating the flavocytochrome C.^K2 with 

8 M urea and passing the reaction mixture through a Sepha-

dex G-200 column. Each subunit was a single polypeptide: 

one of 45,000 molecular weight containing flavin and one of 

22,000 molecular weight containing two hemes. This separa

tion was confirmed by Meyer (45), Vorkink (46) and Fukumori 

and Yamanaka (13)» although some discrepancies in the sub-

unit molecular weights were reported. In the most recent 

work by Fukumori and Yamanaka (13) 1 "the cytochrome was 

split by 6 M urea, releasing heme and flavin moieties of 

molecular weights 21,000 and 46,000, respectively. This 

agrees well with the 21,000 and 45,000 reported by Kennel 

(47) using sodium dodecyl sulfate (SDS)-gel electrophoresis, 

but differs with the 33,000 and 45,000 reported by Vorkink 

(46) and the 15,000 and 45,000 reported by Brown (17). 

The absorption spectrum of flavocytochrome c.̂£.p is 

easily resolved into the typical c_-type cytochrome spectrum 
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and flavoprotein spectrum (2,13,45,46). Bartsch et al. 

(8) showed that the absorption spectrum of the holoprotein 

had the typical 4l0 nm oxidized Soret band maximum with 

the additional 480 and 450 nm flavin bands. The reduced 

protein showed a 4l6.5 nm Soret band, 552 nm alpha band, 

523 nm beta band and a bleaching of the 450 nm and 480 nm 

flavin bands. Spectra of the separated subunits (13,17) 

indicated that the heme subunit has a typical c.-type cyto

chrome spectrum as defined by the positions of the Soret, 

alpha and beta bands, while the flavin subunit spectrum 

resembles that of a flavoprotein. The apparent almost 

additive nature of the subunit spectra in generating the 

spectrum of the holoprotein is taken by many as indicative 

of the fact that chromophoric interactions between the 

flavin and heme(s), if any, have little or no effect on the 

absorption spectrum of the native protein. This is con

firmed by the Resonance Raman work of Ondrias et al. (48). 

In their examination of the holoprotein and its isolated 

subunits at different pH values and in the presence of 

inhibitors (CN", SO^"^, S^O^"^), they reported that the 

Raman spectra showed no evidence of heme-flavin inter

action, although a systematic perturbation of a specific 

heme vibrational frequency was noted in the oxidized holo

protein. They concluded that pH-dependent changes in the 

axial ligation of the heme occurred, implicating a stable 

methionine and histidine ligation at one heme, while the 
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second heme was ligated by lysine and histidine at low pH, 

but by two histidines at high pH. These results, they 

speculated, were consistent with the hemes and flavin 

behaving as isolated chromophores that communicated via a 

protein-mediated interaction. Further evidence of such a 

communication was demonstrated by the photolabile nature 

of the heme. Incident laser excitation at 514.5 nm showed 

Raman detectible increased electron density on the heme 

iron—a phenomena not seen in horse heart cytochrome c.. 

This was interpreted as implicating a likely electron 

pathway from flavin to heme. The existence of such a 

pathway was further confirmed by Kitagawa ejt al. (49) . 

Kitagawa et al. demonstrated, using Resonance Raman tech

niques and absorption spectroscopy, that oxidized flavo

cytochrome c.t'̂'p ̂ ^^ photoreduced in the presence of EDTA 

by laser excitation at 457.9 nm in a .1 M Tris-HCl buffer 

(pH 7-5)t while essentially no photoreduction took place 

in the absence of EDTA. Additional work with the isolated 

subunits demonstrated that the flavin-containing subunit 

was also photoreduced, while the heme-containing subunit 

was not. Kitagawa et al. further demonstrated that Reso

nance Raman spectral changes driven by CN~ and sulfite 

binding were consistent with the atomic displacement of 

methine carbon and hydrogen perpendicular to the heme 

radius in the heme plane. This was interpreted as clearly 

suggesting an intramolecular chromophoric interaction. 
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Electron Paramagnetic Resonance (EPR) and magnetic 

susceptibility studies by Strekas (50) have shed addi

tional light on the nature of the subunit chromophore 

interactions. Working with the holoprotein and the heme-

containing subunit, Strekas demonstrated that the two low-

spin hemes were in EPR distinguishable environments, 

giving rise to two separate sets of EPR signals. One heme 

(in the holoprotein only) existed in two different low-

spin environments at either extreme of the pH range of 5.5 

to 10.5, with roughly equal populations of the two forms 

in the intermediate pH range. The second heme maintained 

a constant environment over the entire pH range. Strekas 

demonstrated that at low pH the hemes were virtually indis

tinguishable, but the EPR signals diverged and became read

ily discernible as the pH increased. Additionally, the 

saturated binding of CN~ at pH 6,6 converted the entire 

heme population to the low pH form. The bleached flavin 

absorbance was restored when the CN" was dialyzed away, 

but the hemes remained in the low pH conformation. 

Strekas concluded that since the factors influencing the 

heme also influenced the flavin reactivity, a clear indi

cation of a flavin-heme interaction mechanism existed, one 

apparently mediated by inter- and intrasubunit conforma

tional changes. 

The conclusions of Strekas, Ondrias e;t al. , and 

Kitagawa e_t al. are supported by the circular dichroism 
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(CD) studies of flavocytochrome c.z;£r2* '^^^ ^'^ spectra of 

flavocytochrome c.̂ p̂ (oxidized, reduced and CO-bound) are 

unusual in that they show symmetrical s-shaped curves, 

whose midpoints correspond exactly with the wavelengths of 

the Soret absorption maximum. Bartsch ejt al. (8) reported 

on the CD spectra of the oxidized, reduced and CO-bound 

forms of flavocytochrome c.̂ p̂, proposing that the CD 

spectra are consistent with two interacting hemes that are 

close enough to permit interaction between the two pi 

electron clouds. The data also suggested that a single 

bound CO is shared between the two hemes. Yong and King 

(51) examined the Optical Rotatory Dispersion (ORD) and CD 

spectra of these same three forms of flavocytochrome c.̂ j.p, 

but with a different interpretation. They speculated that 

the observed spectra were a result of the interaction of 

one heme with either the flavin or the other heme, with CO 

residing on a single heme. Vorkink (46) obtained data 

essentially equivalent to that of Bartsch et al. and Yong 

and King, although he concluded that the interaction was 

strictly between the flavin and at least one of the hemes. 

The oxidized form of flavocytochrome c.̂:'p has been 

- - -2 
shown to bind several ligands including CN , HSO^ , S^O^ 

and some mercaptans, leading to a bleaching of the flavin 

absorption bands below 50O nm and the formation of a 

charge-transfer band at approximately 67O nm (45,52-54). 

Binding of these ligands had no effect on the heme bands. 
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The absorption spectrum was easily restored to that of the 

oxidized form by dialysis. 

Kusai and Yamanaka (5^) suggested that flavocytochrome 

2^^2 f^om Chromatium vinosum and a similar flavocytochrome 

isolated from the photosynthetic green sulfur bacterium 

Chlorobium limicola may act as sulfide dehydrogenases, as 

both are reduced by sulfide at rates 10 to 20 times faster 

than other c.-type cytochromes. Additionally, Chlorobium 

was found to possess a c.-type cytochrome that is catalyt

ically reduced by sulfide in the presence of the Chlor

obium flavocytochrome (54). Thus, analogy would imply a 

similar function may exist for flavocytochrome c.̂ p̂ in 

Chromatium. 

Flavocytochrome c.̂ p̂ is present in the cell in the 

same amount and with the same chemical properties regard

less of whether the cell is cultured in photoautotropic 

media (with hydrogen as the available oxidizable sub

strate) or photoheterotropic media. Bartsch (7) suggested 

that since flavocytochrome c.̂ p̂ is a constitutive protein, 

it may well facilitate electron transfer reactions with 

substrates in addition to sulfide, although no in vivo 

electron acceptor for flavocytochrome £r':r2 ̂ ^^ been iden

tified. It had been assumed that the soluble flavocyto

chrome might be identical to the membrane-bound cytochrome 

c.̂£.p proposed to be involved in the noncyclic, light-in-

duced electron transfer reactions observed in Chromatium 
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(55-63). However, it is now clear that the two cytochromes 

are not related. This conclusion is based on the different 

amino acid compositions, molecular weights, electrophoretic 

behaviors, and solubilities of the membrane-bound and 

soluble cytochromes. The close similarity in spectra and 

oxidation-reduction midpoint potential (44,64) of the two 

cytochromes thus appears to be coincidental. 

Fukumori and Yamanaka first demonstrated that flavo

cytochrome c.̂ p̂ possessed a sulf ide :c.-type cytochrome 

reductase activity (I3fl4). In a series of activity tests 

with five different c.-type cytochromes, flavocytochrome 

-552 ^^m ~ '^^^ "̂ ^̂  ̂ ^^ found to catalyze the reduction of 

horse heart cytochrome c. (E = +260 mV) , yeast cytochrome 

c. (E = +250 mV) and cytochrome c.p from R. rubrum (E = 

+320 mV) by sulfide (E = -23O mV) . Since Fukumori and 
m 

Yamanaka did not know of the existence of Chromatium 

vinos um cytochrome C.^^Q, it was not tested. (Cytochrome 

c_̂ .̂Q, as previously mentioned, is interchangeable with 

horse heart cytochrome c_ in assaying for cyclic electron 

flow in Chromatium spheroplasts (19) and is difficult to 

isolate in significant quantities (20,65)-) Fukumori and 

Yamanaka further reported the ability of flavocytochrome 

c.£'£'p to reduce elemental sulfur to sulfide in the presence 

of reduced benzyl viologen, implying that flavocytochrome 

CK/^O was responsible for both the reduction of sulfur and 

the oxidation of sulfide in the cell. This proposed role 
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of flavocytochrome 0.̂ .̂2 ̂ ^ "̂ ^̂  reduction of elemental 

sulfur has not yet been reconciled with the observed oxida

tion-reduction mipoint potential of flavocytochrome c.i-cjp 

in relation to the sulfur/sulfide couple (E = -230 mV). 

In the sulfur metabolism of Chromatium vinosum, intra

cellular, membrane-encapsuled globules of sulfur are 

formed (10). This stored sulfur serves two possible roles: 

(1) It is a metabolic intermediate and substrate for an 

enzyme that oxidizes elemental sulfur to sulfite, or (2) 

It serves as an electron donor reservoir for photosyn

thesis, via a reversible enzyme capable of reducing the 

sulfur back to sulfide. To date, no enzyme has been iden

tified that oxidizes sulfur to sulfite. Thus, the work of 

Fukumori and Yamanaka favors the second option, with flavo

cytochrome £rcr2 ̂ ^ "th® enzyme responsible. 

Low Oxidation-Reduction Potential, C^-Like 

Cytochromes in Photosynthetic Bacteria 

The cytochromes c.̂  are a loosely defined subgroup of 

the £-type cytochromes. They contain covalently bound 

mesoheme(s) as prosthetic groups and possess very negative 

oxidation-reduction midpoint potentials at pH 7 (21). 

Prior to this work, no extremely low potential, c_̂ -like 

soluble c.-type cytochrome had been observed in a photosyn-
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thetic, purple sulfur bacterium. Yoch e;t al. {66) have 

reported a membrane-bound cytochrome in Chromatium vinosum 

with an oxidation-reduction midpoint potential of -2l6 mV 

(n = 1) and an alpha band maximum of 551 "to 552 nm. The 

relationship of this cytochrome to cytochrome c.rt-1 

reported in this work, if any, is not clear. 

Cytochromes labeled as c.o-type have typically been 

grouped with the cytochromes c.̂  because they possess oxi

dation-reduction midpoint potentials of approximately -200 

+ 50 niV at pH 7 and have spectral properties resembling the 

cytochromes c. isolated from the sulfate-reducing bacteria. 

Cytochrome c.̂  absorption spectra typically do not show 

splitting of the alpha band at liquid nitrogen tempera

tures . Such splitting is common for mammalian cytochrome 

c.. The alpha band of horse heart cytochrome c., for 

example, is split into three components, 2 to 3 nm apart 

(6';7_69). The aromatic amino acid band at approximately 

280 nm is severely reduced or completely absent in the 

cytochromes c.̂  (21), and a shoulder is present on the 

short wavelength side of the Soret band {67)' In the 

oxidized form, the cytochromes c.3 typically lack the 695 nm 

band typical of a methionine ligated at the heme sixth 

coordination position (21), although some of the Desulfo

vibrio cytochromes c.̂  do possess such a band (70). 

The c.̂  cytochromes were first discovered in the Desul

fovibrio by Postage (71) and Ishimoto e^ al. (72) and were 
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initially thought to be formed only by the Desulfovibrio. 

Later work showed this not to be the case. Cytochromes c_^ 

have been isolated from the photosynthetic bacteria Rhodo-

pseudomonas spheroides and R̂ s.. palustris {6?) as well as 

the blue-gree alga Anacvstic nidulans and diatoms (73-75). 

The c.̂ -type cytochromes from the Desulfovibrio have 

typical molecular weights ranging from 13,000 to 26,000 

(21), with an amino acid content of approximately 102 to 

110 residues. Some appear in dimeric form, although amino 

acid compositions indicate that these are not simple dimers 

of a single monomer (76), Additionally, the Desulfovibrio 

cytochromes c.,, are classified by some according to heme 

content (77) as the various cytochromes c.̂  from the Desul

fovibrio possess from one to four hemes. 

Postage (78) initially reported cytochrome c.̂  in 

Desulfovibrio vulgaris. strain Hildeborough, as a probable 

diheme protein with an oxidation-reduction midpoint poten

tial of -205 mV. Horio and Kamen (79) subsequently crys

tallized the protein, reporting two hemes per molecular 

weight of 11,300. Further work by Druker et al. (80,81) 

suggested three rather than two hemes per molecule. Amber 

(82) eventually determined the amino acid sequence of cyto

chrome c.̂  and found four possible heme binding sites on a 

single 107 amino acid peptide of l4,100 molecular weight. 

There were two sequences of cys-x-y-cys-his and two sequen

ces of cys-a-b-c-d-cys-his with no sulfhydryl or disulfide 
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linkages. A four-heme structure was confirmed (Miyazaka 

strain) by Yagi and Maruyama (83) by measuring the ratio 

or iron content to cytochrome dry weight using atomic 

absorption. Work by Meyer et al. {67) f EPR analysis by 

DerVartanian (84) and chemical reactivity studies by Der-

Vartanian and LeGall (85) confirmed the four-heme struc

ture of cytochrome c.̂ . It has subsequently been shown by 

EPR and NMR that each of the four hemes of cytochrome c.̂  

has a different oxidation-reduction midpoint potential 

(86-89). 

In addition to the absorption spectra already dis

cussed, c.̂  cytochromes in reduced form show CD spectra with 

a Soret band splitting due to exciton coupling between 

hemes (77), not unlike that seen in flavocytochrome c^^^ 

from Chromatium. The EPR signals of cytochrome c. are also 

similar to those of flavocytochrome c.̂ p̂, indicating heme-

heme and/or mixed spin state interactions (77)• At half 

reduction the EPR spectrum of cytochrome c.̂  is approxi

mately 50^ reduced in intensity relative to the fully oxi

dized form, showing narrowing of the g and g_ signals. 
X z 

This half-reduced form is sensitive to the presence of 

ammonia ligated at the sixth coordination position of a 

heme as evidenced by shifts in the EPR signals. These 

heme-heme interactions are further demonstrated by Moss-

bauer spectroscopy (90), and other EPR and NMR work (86-
89). 
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Cytochrome c.̂  of the Desulfovibrio has been implicated 

in many in vivo. low potential, oxidation-reduction elec

tron transport systems (21-29). Yagi et al. (26) demon

strated cytochrome c.̂ -dependent hydrogen evolution from 

partially purified hydrogenase with dithionite and Clos

tridial ferredoxin. This was further supported by Akagi 

(28) who demonstrated that maximal acetyl phosphate forma

tion and hydrogen evolution in cell-free extracts required 

the presence of ferredoxin and cytochrome c.̂ . Irie ejt al. 

(29) showed that flavodoxin reduction by a partially puri

fied hydrogenase from Desulfovibrio vulgaris also required 

cytochrome c.̂-

More recent work by Bell e;t al. (27) with pure hydro

genase from D. gigas demonstrated that hydrogen evolution 

by dithionite was cytochrome c.̂ -dependent. They further 

demonstrated that the reduction of ferredoxin, flavodoxin 

and rubredoxin by hydrogen via hydrogenase is cytochrome 

c.̂ -dependent. Cytochrome c,-̂  has also been implicated in 

the coupling of formate dehydrogenase to hydrogenase in D. 

vulgaris (91), in many of the reactions leading to the 

reduction of sulfate to sulfide (30-33)i and in the reduc

tion of fumarate by hydrogen via hydrogenase. 

The soluble, c.̂ -like cytochromes isolated from photo

synthetic bacteria have typically had oxidation-reduction 

midpoint potentials of -I50 to -260 mV (pH 7) (67), with 

absorption spectra very similar to the Desulfovibrio cyto-
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chromes £^, but with some differences. Aside from the 

small differences in band position typical among all the 

£-type cytochromes, the most striking difference is the 

large ratio of reduced to oxidized Soret absorbance {67). 

Horse heart cytochrome c. has a ratio of I.3 reduced to 

oxidized Soret absorbance (6), while the c.̂ -like cyto

chromes from the photosynthetic bacteria have ratios of 

1.5 to 1.6 {67), Cytochrome c.̂  from the Desulfovibrio has 

a ratio of approximately I.3 (83). 

The c.~-like cytochromes thus far isolated from photo

synthetic bacteria have lacked a 695 nm absorption band. 

This would imply that heme ligation is similar to that of 

the Desulfovibrio. with histidines occupying the axial 

positions of the heme iron (67,82,93). 

The molecular weights of the c.̂ -like cytochromes 

isolated from the photosynthetic bacteria vary from 9.300 

to 21,000 {67), The molecules have been found to vary in 

heme content and in their ability to bind CO [67), To 

date, no in vivo role has been deduced for the c_o-like 

cytochromes in the photosynthetic bacteria. 

Other Cytochromes C. From 

Chromatium vinosum 

Chromatium vinosum has been shown to possess a number 

of soluble, c.-type cytochromes in addition to flavocyto

chrome c.̂ 2̂ 3^^ cytochrome C.̂ Q̂ (7.8) These cytochromes 
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have been extensively studied and are reviewed elsewhere 

(2,7,8,19,65,94). Little is known about the in vivo roles 

of most of these cytochromes. Cytochrome c.' and cytochrome 

"f" are the most commonly known of these other soluble 

cytochromes. 

The cytochromes c.' from photosynthetic bacteria are 

high-spin cytochromes, with the heme covalently bound near 

the carboxyl end of the protein (2,7,8). These proteins 

are typically autooxidizable, with oxidation-reduction 

midpoint potentials in the -10 mV to +100 mV range. The 

ferrocytochromes usually bind CO (7,8). The distinguish

ing feature of these cytochromes is their characteristic 

absorption spectra. In the oxidized form the Soret band 

is centered at 39O nm to 400 nm (7). In reduced form the 

Soret band is centered near 425 nm with a pronounced 

shoulder near 430 nm, while the reduced alpha band is 

poorly defined, typically at 550 nm to ^6^ nm (7,8). The 

molecular weights of these proteins usually are between 

13,000 and 29,000 (2) . 

The Chromatium vinosum cytochrome c.' has a molecular 

weight of l4,000 and an oxidation-reduction midpoint poten

tial of -5 mV (pH 7) (7). Its absorption spectrum is con

sistent with the other cytochromes c.' , with the oxidized 

form Soret band at 399 nm and the reduced form Soret and 

alpha bands at 426 nm and 5^7 nm, respectively (7)-

Cytochromes "f" from the photosynthetic bacteria have 
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spectral properties similar to the algal cytochromes f_. 

The reduced form spectra are suggestive of low-spin heme, 

with asymmetric alpha bands in the 553 nm to ^55 nm region 

(2,7,8). In most of the purple photosynthetic bacteria 

and algae, these proteins possess 80 to 90 amino acids, 

with the heme bound near the N-terminal amino acid. Such 

cytochromes have oxidation-reduction midpoint potentials 

of approximately +350 mV (pH 7) (7). 

The reduced Chromatium vinosum cytochrome "f" has the 

typical absorption spectrum with an asymmetric alpha band 

at 553 nm and the Soret band at 417.5 nm (7). It has an 

oxidation-reduction midpoint potential of +320 mV (pH 7) 

and a molecular weight of approximately 19,000 as deter

mined by gel filtration chromatography (7). 

Cytochrome Q.c:^i:^Q(h,Q^ ) presented in this work represents 

yet another c_-type cytochrome found in Chromatium (37). 

The designation C.^^Q/^Q^N has been introduced to distin

guish this cytochrome from the high potential (E^ = +240 

mV) cytochrome C.̂ Q̂ known to be present in C_. vinosum (19, 

20,65). Cytochrome £550(401) ^̂  clearly a c.-type cyto

chrome, possessing covalently bound mesoheme as assayed by 

alkaline pyridine ferrohemochrome determination. Its 

absorption spectrum, however, is mildly atypical in terms 

of its oxidized form Soret band position at 401 nm, a posi

tion consistent with a c.'-like cytochrome. The spectrum 

of the reduced cytochrome, however, is distinctly like that 
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of the low-spin cytochromes c.. The classification of cyto

chrome 9.c.c:.r)(iLQ^ ) in terms of an in vivo function is not 

possible based on the data presented in this work. 



CHAPTER III 

MATERIALS AND METHODS 

Materials 

Horse heart cytochrome c. Type VI, was obtained from 

Sigma Chemical Co. and used without further purification. 

S-ethyl trifluoroacetate for the preparation of trifluoro

acetylated cytochrome c. was obtained from Pierce Chemical 

Co. (Rockford, II.). Bio-Phore SDS buffer was obtained 

from Bio-Rad Laboratories. Protein molecular weight stan

dards were obtained from Sigma Chemical Co. and Bio-Rad 

Laboratories. DEAE-cellulose (DE-53) was obtained from 

Whatman, Inc.. Sephadex G-75, Sephadex G-lOO, Phenyl-

Sepharose, Chromatofocusing PBE94 Polybuffer Exchanger and 

Polybuffer 74 were obtained from Pharmacia Fine Chemicals. 

Hydroxyapatite (Bio-Gel HT) was obtained from Bio-Rad 

Laboratories. All chemicals were obtained from commer

cially available sources. All solutions were prepared with 

doubly distilled water or singly distilled water passed 

through three Sybron/Barnstead combination deminerali-

zation-organic removal cartridges connected in series. 

26 
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Methods 

Growth and Preparation of Cells 

For the entirety of this work, Chromatium vinosum was 

grown on malate-containing medium described by Knaff and 

Buchanan (95). Two to five days after the inoculation of 

a 9-liter culture, the cells were harvested by centrifu-

gation at 5,000 rpm for 5 to 10 minutes using a Beckman 

Model J21-B centrifuge and a JA l4 centrifuge rotor. The 

pelleted cells were frozen until needed. 

Spectroscopy 

Absorbance spectra were obtained using an Aminco DW-

2a UV-visible spectrophotometer. Fluorescence spectra were 

obtained using a Perkin-Elmer Model MPF-44B spectrofluor-

ometer equipped with DCSU-2 corrected spectra accessory. 

Circular dichroism spectra were obtained using a JASCO 

J-20 recording spectropolarimeter equipped with phase-

sensitive detection and a PAR Model 21 lock-in amplifier. 

Oxidation-Reduction Titrations 

Oxidation-reduction titrations were performed by the 

method of Smith ejt al. (96) with one modification. The 

reference silver/silver chloride electrode employed was a 

Lazar Model ISM-146 Micro Ion electrode with a extended 

capillary tip. 
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Polyacrylamide Gel Electrophoresis 

Polyacrylamide gel electrophoresis under nondena-

turing and denaturing conditions (in the presence of 

sodium dodecyl sulfate) was performed essentially as 

described by Weber and Osborne (97). Bio-phore precast 

gels (7*5% and 12^) as well as gels prepared by the method 

described in Sigma Chemical Co. Technical Bulletin No. 

MWS-877 (5% and 10%) were used. 

Pyridine Hemochrome Preparation 

Alkaline pyridine hemochromes were prepared by the 

method of Falk (98). 

Preparation of Trifluoroacetylated 

Cytochrome C_ 

Trifluoroacetylated cytochrome c. was prepared by the 

method of Fanger and Harbury (99). The extend of lysine 

trifluoroacetylation was determined by the method of 

Habeeb (100) using trinitrobenzene sulfonic acid. An 

extinction coefficient of 1.29 x 10^ M'-'-cm"̂  was used to 

calculate the concentration of free amino groups in the 

assay. No free amino groups were detected. 

Preparation of Flavocytochrome ^cc2 

Flavocytochrome c.̂-̂-p was isolated from Chromatium 

vinosum by the method of Bartsch (101). Cells were son!-
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cated using a Branson Model 200 Sonifier run at 50% duty 

cycle at power setting 4 for a total of 10 minutes, alter

nating 1 minute on and 1 minute off. The cells were 

protected from excessive heat by constant stirring during 

the sonication and by keeping the vessel holding the cells 

in ice water. The subsequent isolation was as described 

by Bartsch (lOl). The resulting protein in its oxidized 

form had absorbance ratios of ,56 to .58 absorbance at 

280 nm to 4l0 nm. Polyacrylamide gel electrophoresis of 

the resulting protein under nondenaturing conditions gave 

gels with a single Coomassie blue staining band. 

Preparation of Cytochrome Q_c.c.i 

Chromatium vinosum cells (typically 100 grams wet 

weight) were sonicated in 20 mM Tris-HCl buffer (pH 8.0) 

containing 3OO mM NaCl using a Branson Model 200 Sonifier. 

Sonication was run at 50% duty cycle at power setting 4 

for a total of 10 minutes, alternating 1 minute on and 1 

minute off. The cells were protected from excessive heat 

by constant stirring during the sonication and by keeping 

the vessel holding the cells in ice water. The sonicated 

cells were centrifuged at 9980g for 20 minutes in a Beck-

man Model J-21B centrifuge using a JA l4 centrifuge rotor 

to remove unbroken cells and cell debris. This was 

followed by two centrifugations at 255»OOOg for 1 hour and 

5 hours, respectively, on a Beckman L5-65 Ultracentrifuge 
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using a type 65 rotor, to remove chromatophore membranes. 

The bacteriochlorophyll-free supernatant was dialyzed 

against 10 mM Tris-HCl buffer (pH 8.0) (a total of 100 

liters in 5 20-liter changes) and loaded on a DEAE-cell

ulose column (1.5 X 30 cm) equilibrated with the same 

buffer. Elution was carried out essentially as described 

by Bartsch (101) using a series of stepwise elutions with 

20 mM Tris-HCl buffer (pH 8.0) to which was added 40 mM 

NaCl, 70 mM NaCl, 110 mM NaCl, and finally 200 mM NaCl. 

Cytochrome 9.C^C.Q typically eluted in the late fractions 

during the elution with buffer containing 70 mM NaCl (20), 

while cytochrome c.̂c--, was eluted in the 200 mM NaCl eluate 

along with flavocytochrome c.̂-rrp* Cytochrome c.c-î^ , eluted 

in the 200 mM NaCl eluate with flavocytochrome Q.c.c:.2' was 

dialyzed against 10 mM Tris-HCl (pH 8.0), concentrated on 

a small DEAE-cellulose column (1.5 x 8 cm) and chromato-

graphed on Sephadex G-75 (2.5 x 90 cm) with 5 mM Tris-HCl 

buffer (pH 8.0) containing 40 mM KCl. The separated cyto

chrome c.c':'̂  was further chromatographed on DEAE-cellulose 

(1.5 X 25 cm) using a 40 to 400 mM NaCl gradient in 5 mM 

Tris-HCl buffer (pH 8.0) to elute the protein. The best 

fractions were pooled from this gradient and a second 

cycle of Sephadex G-75 and gradient chromatography on 

DEAE-cellulose was performed. The best fractions from 

this second gradient had an absorbance ratio of 4.3 

(absorbance at 409 nm to 280 nm) for the oxidized cyto-
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chrome. 

Preparation of Cytochrome Q.c.c.Q(h,Qi) 

For the preparation of cytochrome o.£:cro(iLOi V 

Chromatium vinos um cells were disrupted and centrifuged as 

previously described for cytochrome c.̂ .̂ utilizing in 

excess of 740 grams of cells (wet weight). The bacterio

chlorophyll-free supernatant obtained after the centrifu-

gation was dialyzed against 20 mM Tris-HCl buffer (pH 8.0) 

and loaded on a 15 x 30 cm DEAE-cellulose column equili

brated with the same buffer. The column was washed with 

20 mM Tris-HCl buffer (pH 8.0) containing 40 mM NaCl. The 

cytochrome was subsequently eluted from the column with 

20 mM Tris-HCl buffer containing 70 mM NaCl. After 

dialysis against 20 mM Tris-HCl buffer (pH 8.0), the 

protein was concentrated on a DEAE-cellulose column (1.5 x 

10 cm) and eluted with 20 mM Tris-HCl buffer containing 

200 mM NaCl. The concentrated protein was chromatographed 

on a Sephadex G-75 column (2.5 x 90 cm) using 5 mM Tris-

HCl buffer (pH 8.0) containing 40 mM KCl. The cytochrome 

fractions were pooled, diluted 1:3 with doubly distilled 

water and loaded on a DEAE-cellulose column (1.5 x 20 cm) 

equilibrated with 20 mM Tris-HCl containing 10 mM KCl. 

The column was eluted with a linear KCl gradient of 10 to 

250 mM Tris-HCl (pH 8.0) buffer. The cytochrome fractions 

were pooled, dialyzed and concentrated as described above. 
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and the chromatography on Sephadex G-75 repeated. The 

best fractions after G-75 elution had an absorbance ratio 

of 1.3 (absorbance at 401 nm to 280 nm) for the oxidized 

protein. 

Preparation of Hydrogenase 

Hydrogenase was purified from Chromatium vinosum by 

the method of Krasna (36) with slight modifications. 

Frozen cells (l47 grams) were suspended in a 500 ml total 

volume of J% sodium deoxycholate and sonicated in 50 ml 

volumes using a Branson Model 200 Sonifier run at 50% duty 

cycle at a power setting of 4 for a total time of 4 

minutes, alternating 1 minute on and 1 minute off. The 

vessel holding the cells was maintained in ice water and 

the cells were continuously stirred during sonication to 

prevent excessive heating of the solution. The sonicated 

solution was centrifuged at l8,000g for 20 minutes on a 

Beckman J-21B centrifuge using a JA-20 rotor. The 

resulting 36O ml sonicate was diluted with 1 liter of .07 

M potassium phosphate buffer (pH 7.0) and the pH raised to 

8.0 by the addition of 1 M potassium hydroxide. The 

solution was shaken for 45 minutes at 37°C, after which 

the pH was brought back to pH 7.0 by the addition of 1 M 

HCl. The solution was chilled to 4°C and brought to 20% 

ammonium sulfate saturation by the addition of saturated 

ammonium sulfate (62 ml of saturated ammonium sulfate/ 250 



33 

ml of solution at 4°C) and allowed to stand for 15 minutes. 

After centrifuging at 17,000g for 20 minutes, the resulting 

supernatant was brought to 50% ammonium sulfate saturation 

by the addition of more ammonium sulfate (188 ml of satur

ated ammonium sulfate/250 ml of starting solution at 4°C). 

After standing for 15 minutes, the solution was centrifuged 

for 15 minutes at 38,000g. The precipitate was dissolved 

in 400 ml of .05 M potassium phosphate (pH 7.2) containing 

.01 M beta-mercaptoethanol and subsequently dialyzed over

night against the same buffer (4 changes of 1 liter each). 

After centrifuging the dialyzed solution at 40,000g for 

20 minutes, MnCl2 was added (5 ml of .5 M MnCl2/l00 ml of 

solution) with stirring. The solution was allowed to stand 

15 minutes. Following centrifugation for 20 minutes at 

17,000g, the resulting supernatant was heated to 63°C for 

10 minutes followed by cooling to 4°C. After cooling, the 

solution was centrifuged at 90,000g for 90 minutes yielding 

270 ml of yellow supernatant. This supernatant was 

exhaustively dialyzed against .05 M potassium phosphate 

(pH 7.0) containing 1 mM beta-mercaptoethanol (10 changes 

of 1 liter each). No further purification was attempted. 

Protein content was determined at each step by the 

method of Bradford (102). Hydrogenase activity was deter

mined by adding small samples of solution from each puri

fication step to a reaction mixture containing .1 ml of 

200 uM catalase plus 200 uM glucose oxidase, .1 to .2 ml of 
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555 mM glucose, and 1 to 4 ml of .05 M potassium phosphate 

buffer (pH 7.0) containing 1 mM beta-mercaptoethanol and 

100 uM benzyl viologen. (Glucose oxidase serves to remove 

oxygen from the system via the oxidation of glucose. 

Catalase protects the system from the hydrogen peroxide 

generated by glucose oxidation.) The solution was then 

placed in a Thunberg cuvette and exposed to hydrogen gas 

with gentle agitation for 10 minutes. Activity was deter

mined by monitoring the absorbance increases at 60,0 nm due 

-1 -1 to benzyl viologen reduction. (̂ ôo ~ H*^ mM cm for 

benzyl viologen (103)) 

Preparation of Chromatium vinos um 

Ferredoxin 

Ferredoxin was isolated as described by Mortenson 

(104) using 740 grams of cells (wet weight). The product 

of this isolation contained a large amount of contami

nating nucleotide material as indicated by a large 260 nm 

absorbing peak. The protein (in 5 mM Tris-HCl (pH 8.0) 

containing 40 mM KCl) was treated by the addition of .25 

g of DNAse and .083 g RNAse to a solution volume of 124 

ml. The solution was allowed to incubate at 6 C overnight. 

The solution was then concentrated by loading the solution 

on a small DEAE-cellulose column (1.5 x 8 cm) equilibrated 

with 5 mM Tris-HCl buffer (pH 8.0) containing 40 mM KCl 

and then eluted with 5 mM Tris-HCl buffer (pH 8.0) 
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containing 50O mM KCl. The eluted protein was subse

quently chromatographed on Sephadex G-75 (2.5 x 90 cm) 

using 5 mM Tris-HCl buffer (pH 8.0) containing 40 mM KCl. 

The eluted fractions had a ratio of .72 absorbance at 385 

nm to 280 nm. This agrees well with the .71 ratio 

reported by Sasaki and Matsubara (I05). 

Chloroplast Preparation 

Spinach chloroplasts were prepared by the method of 

Anderson (IO6) and resuspended in 5 mM Tris-HCl (pH 8.0) 

containing 40 mM KCl. Prior to use, the chloroplasts 

were heated 5 minutes at 55°C to inactivate Photosystem 

II. 

Determination of Complexation by 

Gel Filtration 

A calibrated Sephacryl S-200 column (2.5 x 99 cm) was 

used to demonstrate the complexation of flavocytochrome 

c.̂£.p with horse heart cytochrome c.. Elutions were carried 

out using the column preequilibrated at low ionic strength 

(30 mM Tris-HCl, pH 8.0), intermediate ionic strength (5 

mM Tris-HCl (pH 8.0) containing 40 mM KCl) or high ionic 

strength (30 mM Tris-HCl (pH 8.0) containing 500 mM KCl) 

depending on the experimental requirements. The column 

was calibrated with protein molecular weight standards 

(described in Materials) prior to applying mixtures of 
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flavocytochrome ĉr-̂-p ̂ ^^ horse heart cytochrome c_ in 

varying mole ratios to the column. Samples of 1 ml volume 

were applied, and co-migration of flavocytochrome c.irr'2 ̂ ^^ 

horse heart cytochrome c. in a single, symmetrically eluted 

peak was taken as indicative of complex formation. 

Determination of Ionic Strength Effect on 

Sulfide;Cytochrome C_ Oxidoreductase 

Activity 

The sulf ide J cytochrome c_ oxidoreductase activity of 

flavocytochrome ^.^^^.o ^^^ measured by following the reduc

tion of cytochrome c. as a function of time. The reduction 

of cytochrome c. was measured by monitoring the absorbance 

change at 550 nm minus 504 nm upon the addition of sulfide 

to the reaction mixture. (550 nm is the reduced form 

alpha band maximum for cytochrome c.; 504 is a nearby isos-

bestic point (6).) The reaction mixture contained 17-1 ^ 

cytochrome c., 10 uM Na2S and 40 nM flavocytochrome c.̂ 2̂ ^^ 

5 mM Tris-HCl (pH 8.0). The ionic strength was adjusted 

depending on the experimental requirements by the addition 

of small aliquots of 2 M KCl, 4 M NaCl, 2 M CaCl2 or 1 M 

NaoSOi to the reaction mixture. The reaction was performed 
2 M-

by the addition of 10 ul of a freshly prepared solution of 

NapS in doubly distilled water to a 1.0 ml volume of 17.1 

uM cytochrome c. and 40 nM flavocytochrome 9.0^0^2' After 

sulfide addition, the mixture was shaken 3 seconds with a 
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Vortex mixer and poured into a 1 ml cuvette in place in 

the spectrophotometer. Total elapsed time from sulfide 

addition to the beginning of the absorbance measurement 

did not exceed 10 seconds. Initial reaction rates were 

calculated from the slope of the traces. Duplicate assays 

were performed in the absence of flavocytochrome c.̂-̂-p to 

determine the amount of non-catalyzed cytochrome c. 

reduction by sulfide. These rates were subtracted as 

blank corrections from the rates observed in the presence 

of flavocytochrome c.r-̂ p. 

Determination of Sulfide:Cytochrome C_ 

Oxidoreductase Activity Product 

Analysis for the presence of sulfate, sulfite and 

thiosulfate as oxidized sulfur products from the reaction 

of sulfide with cytochrome c in the presence of flavocyto

chrome c^^o was performed via ion chromatography after 

•"53^ 

treatment of the reaction mixture to remove protein. The 

reaction mixture contained I6.5 uM cytochrome c., 10 uM 

NapS and 40 nM flavocytochrome c.:f£r2 in a volume of 40 ml 

buffered with 1 mM Tricine-KOH (pH 8.5). The mixture was 

prepared with deionized water having a lower conductivity 

than triply distilled water. After the reaction was 

allowed to go to completion at ambient temperature, the 

reaction mixture was acidified to pH 4.5 by the addition 

of .1 M HCl. A 1000-fold excess of CM-Sephadex c-50-120 
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was added to remove proteins from the solution. After 

filtering the resin from the solution, the solution was 

lypholized and the residue dissolved in 2 ml of 1 mM 

Tricine-KOH (pH 8.5). The dissolved residue was passed 

through a Diaflow UM2 ultrafiltration membrane under 40 

psi N2 and the filtrate analyzed on a Model 10 Dionex Ion 

Chromatograph using an anion-separator column as described 

by Holcombe et al. (IO7). An identical procedure was 

carried out with a sample lacking flavocytochrome c.̂ p̂ as 

a blank control. Also, samples of standard solutions of 

each ion were treated in the same manner to insure that 

none of the ions were lost in the manipulation. Essen

tially complete recovery was obtained for all three ions. 

The percent recovery was 88 for sulfate, 84 for sulfite 

and 99 for thiosulfate. 

In assaying for the presence of elemental sulfur, 

cytochrome c. was again reduced by sulfide with flavocyto

chrome c_^c,2 ̂"̂  ambient temperature. The reaction mixture 

consisted of 17.2 uM cytochrome c., 10 uM Na^S and 40 nM 

flavocytochrome ĉ p̂ in a volume of 100 ml buffered by the 

presence of 5 mM Tricine-KOH (pH 8.5)- After the reaction 

was allowed to go to completion, the elemental sulfur was 

extracted from the reaction mixture by the addition of 25 

ml of carbon tetrachloride and shaking overnight. The 

carbon tetrachloride extract was washed twice with 5 ml of 

doubly distilled water and then evaporated. The dried 



39 

residue was redissolved in 2 ml of carbon tetrachloride, 

and its absorbance at 280 nm was quickly read. The 

measured absorbance was compared to a standard curve to 

determine the sulfur concentration. The standard curve 

was prepared by dissolving 7.9 mg of sulfur in 25 ml of 

carbon tetrachloride from which a series of dilutions were 

made. The absorbance of these dilutions were used to 

generate the standard curve. The linear region of the 

standard curve ran from 7.9 x lO"'̂  g/ml to 10.5 x 10"-̂  

g/ml. 

Determination of Complexation by Single 

Cell Technique 

Since complexes involving cytochrome c. have generally 

been shown to be electrostatic in nature and ionic 

strength dependent, it was decided to assay for complex

ation of horse heart cytochrome c_ with flavocytochrome 

c.ir£;p by looking for absorption spectra changes induced by 

changes in ionic strength where the ionic strength is 

changed from a region favoring complex stability to a 

region favoring complex dissociation. Stock solutions of 

3.2 uM flavocytochrome ĉ 2̂ ^^^ 9-6 uM horse heart cyto

chrome c., both in 5 mM Tris-HCl (pH 8.0) buffer containing 

40 mM KCl, were mixed in varying mole ratios from .15 to 

1.5 cytochrome c, to flavocytochrome 0.51̂2 • Equal volumes 

of each mixture were placed in the sample and reference 
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cells of the Aminco DW-2a UV-visible spectrophotometer. 

The difference spectra was taken from 270 nm to 570 nm. 

Aliquots of 3 M KCl were then added to the sample cuvette 

only, adjusting the KCl concentration to 3OO mM. Equal 

volumes of buffer were added to the reference cuvette. 

The spectra was again taken, looking for KCl-induced 

changes in the observed difference spectra for each mole 

ratio mixture of the oxidized proteins. 

Determination of Complexation by 

Split-Cell Technique 

The split-cell technique is similar in concept to the 

single cell technique, except that a set of matched, two-

chambered or split-cell cuvettes was employed. Stock 

solutions of 9.5 to 13O uM horse heart cytochrome c and 

4.9 to 14.6 uM flavocytochrome 9.c.^2* both in 5 mM Tris-

HCl (pH 8.0) containing 40 mM KCl, were mixed in varying 

mole ratios and placed into the chambers of the split 

cells . The cells were then placed into the Aminco DV\I-2a 

spectrophotometer and a difference absorption spectrum 

was obtained. Aliquots of KCl were then added to selected 

cell chambers and equal aliquots of buffer were added to 

the remaining chambers. The difference spectrum was then 

repeated, looking for spectral changes induced by KCl 

addition. In a typical experiment flavocytochrome 9_c.c2 is 

placed in one chamber of the reference cuvette and horse 
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heart cytochrome c in the other. In the sample cuvette, 

flavocytochrome c^^^ and cytochrome c are mixed in one 

chamber and buffer is placed in the second chamber. The 

cytochrome c-flavocytochrome c^^^ mixture in the sample 

cell chamber is made such that the absorbance is equal to 

the absorbance of the separated cytochromes in the refer

ence cuvette. A spectrum is taken of this sample. KCl is 

then added to the cytochrome mixture chamber of the sample 

cuvette and to both chambers of the reference cuvette. 

The sample is then rescanned, looking for spectral changes 

in the difference spectrum due to KCl addition to the 

complexed cytochromes. The effect of oxidation state on 

the observed spectral changes was examined by placing 

equal concentrations of potassium ferricyanide into all 

four chambers of the split cells or by adding equal, 

excess volumes of sodium dithionite solutions to all four 

chambers. 

Determination of Complexation Effect on 

Fluorescence Emission and Excitation 

Spectra 

A solution of 4.0 uM flavocytochrome c.̂-crp in 5 mM 

Tris-HCl (pH 8.0) containing 40 mM KCl was mixed with 18.8 

uM horse heart cytochrome c, (in the same buffer) in a 2:1 

cytochrome c_ to flavocytochrome c^^^^ mole ratio and placed 

in a cuvette. Using the Perkin-Elmer spectrofluorometer, 
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the sample was excited first at 280 nm and then at 450 nm 

while the emission was scanned from 290 to 550 nm. 

Conversely, the emission monochrometer was set at 538 nm 

and 325 nm while the excitation spectra was scanned. Upon 

completion of these scans, a small aliquot of 3 M KCl was 

added to the cuvette to adjust the KCl concentration to 

300 mM. The excitation and emission spectra were again 

taken as previously described, looking for spectral 

changes induced by the KCl addition. 

The experiment was subsequently repeated using 2.0 uM 

flavocytochrome c.̂ ^̂  and l4.5 uM cytochrome c, both in 20 

mM Tris-HCl (pH 7»5) » Cytochrome c and flavocytochrome 

-552 ^®^® mixed in a 2:1 mole ratio and aliquots of 1 M 

KCl were added to adjust the ionic strength to 31 mM. The 

sample was then scanned. The emission monochrometer was 

set to 325 nm and the excitation spectra was scanned from 

200 nm to 320 nm. Upon completion of this scan, the exci

tation monochrometer was set at 275 nm and the emission 

monochrometer was scanned from 280 nm to 400 nm. The 

ionic strength of the 2:1 mole sample was subsequently 

adjusted to 323 mM by the addition of 1 M KCl, and the 

sample was rescanned as previously described. Control 

scans were made of flavocytochrome £c;c;2 and cytochrome c_. 

In the controls, the individual cytochromes were prepared 

in the same concentration as in the 2:1 mole mixture and 

manipulated in the same manner. 
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Determination of Complexation Effect on 

Circular Dichroism Spectra 

Circular dichroism spectra were taken on the JASCO 

J-20 spectropolarimeter of 1.4 uM flavocytochrome ĉ p̂ and 

2.8 uM horse heart cytochrome c stock solutions, both in 

5 mM Tris-HCl buffer (pH 8.0) containing 40 mM NaCl. The 

stock solutions were then mixed in a 2:1 mole ratio, cyto

chrome c. to flavocytochrome ^cic^2' ^^^ ̂  third spectrum 

taken. Each scan was from 200 to 650 nm. Each of these 

three samples was then adjusted to 6OO mM NaCl concen

tration by the addition of small aliquots of 4 M NaCl. 

Each sample was then rescanned, looking for spectral 

changes induced by the addition of NaCl to the free and 

complexed proteins. 

Determination of Carbon Monoxide Binding 

CO binding was determined by monitoring absorption 

spectra changes induced by exposure to CO. Cytochrome-

containing solutions were placed in a sealed cuvette after 

reduction by an excess of dithionite. The cuvette, sealed 

with a rubber septum, was gently exposed to CO injected 

through the septum. CO was allowed to continuously flow 

through the cuvette until no further absorption changes 

were detected. Gentle agitation without bubbling the 

reaction mixture facilitated rapid completion of the 

observed spectral changes. For cytochrome £:-:->., the 
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reaction binding assay contained 6.4 uM heme c. in 5 mM 

Tris-HCl (pH 8.0) containing 40 mM KCl. Spectral changes 

attributed to CO binding were complete in 5 minutes. For 

cytochrome 0.550(401)* ̂ ®̂ assay contained 4.0 uM heme c. 

in 40 mM Tris-HCl (pH 8.0) containing 3OO mM KCl. Cyto

chrome 0.550(401) spsotral changes attributed to CO binding 

were complete in 10 minutes. 

Determination of Cytochrome C.̂^̂. Reduction 

Using Chromatium vinosum Ferredoxin 

Photoreduced by Spinach Chloroplasts 

Stock solutions were prepared of 50 mM sodium 

ascorbate in 1 mM dichlorophenolindophenol (DPIP), 555 mM 

glucose, 4.7 to 7.9 uM C_. vinos um ferredoxin in 5 mM Tris-

HCl (pH 8.0) containing 40 mM KCl, 6.2 to 11.0 uM cyto

chrome ĉ .̂ (heme c.) in 5 mM Tris-HCl (pH 8.0) containing 

40 mM KCl, heated spinach chloroplasts (7.3 to 15.2 ug 

chlorophyll/ml) suspended in 5 mM Tris-HCl (pH 8.0) 

containing 40 mM KCl, and 200 uM catalase in 200 uM 

glucose oxidase. (Chlorophyll content was measured by 

the method of Arnon (108), and the chloroplasts were 

heated 5 minutes at 55°C prior to use.) As previously 

described in the hydrogenase preparation, glucose oxidase 

and catalase act as an oxygen trap in the presence of 

glucose. Oxygen is consumed in the oxidation of glucose 

catalyzed by glucose oxidase. Catalase protects the 
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system from the hydrogen peroxide generated during glucose 

oxidation. A typical assay contained 1 ml of cytochrome 

-551* ^ "̂"'" fs^^edoxin, 2 ml glucose oxidase-catalase, .1 

ml sodium ascorbate-DPIP, .2 ml glucose and .1 ml chloro

plasts. In the assay, cytochrome c^^, and half of the 

oxygen trap system were placed in the sidearm of a Thun

berg cuvette ( 1 ml cytochrome c^^., 1 ml glucose oxidase-

catalase, .1 ml glucose), and the rest of the system was 

placed in the main cell. The absorption spectrum of the 

sample was taken. The cell was subsequently sealed, 

degassed with 02-free, water saturated Np and exposed to 

white light from a 100 W light bulb. The absorption 

spectrum was taken periodically until the absorbance at 

385 nm (a ferredoxin maximum) showed no further changes. 

At that point, the sidearm containing cytochrome o_^r^ was 

tipped into the main cell, and the spectrum was taken, 

looking for ferredoxin-mediated cytochrome c.̂i-̂i reduction. 

The cell was protected from thermal denaturation of the 

protein system by placing a thin layer chromatography jar 

(4-inch width) between the light and the Thunberg cuvette. 

In some assays the Op trapping system (glucose oxidase-

catalase and glucose) was deleted, necessitating longer N^ 

purging of the system to prevent autooxidation of any 

photoreduced ferredoxin. 



CHAPTER IV 

RESULTS AND DISCUSSION 

Flavocytochrome Q.t^2 and Its Role in the 

Oxidation of Sulfide 

The flavocytochrome c.c'r2 Purified for this investi

gation was subjected to SDS-polyacrylamide gel electro

phoresis to insure that the molecular weight and subunit 

structure corresponded to that previously reported (8,13, 

17,46,47). 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 agrees well with 

the values reported by Bartsch (8), Fukumori and Yamanaka 

(13) and Kennel (47). When flavocytochrome c.552 was 

passed through a Sephacryl S-200 column equilibrated at 

intermediate ionic strength (40 mM KCl, 5 mM Tris-HCl, 

pH 8.0) or high ionic strength (5OO mM KCl, 30 mM Tris-HCl, 

pH 8.0), it moved with an apparent molecular weight of 

64,000 + 7000. The recovery rate was always in excess of 

85%. However, when the column was equilibrated with low 

ionic strength buffer (30 mM Tris-HCl, pH 8.0), flavocyto

chrome c_c.c2 moved as a single, symmetrical band with an 

apparent molecular weight of 101,000 + 7OOO. Similar 

results were obtained using Sephadex G-100. Apparent 

anomalies in molecular weight determinations of flavocyto-

46 
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chrome ££-£-2 ̂ ave previously been reported (l4) . Thus, it 

appears possible that some conformational change affecting 

the hydrodynamic properties of flavocytochrome c_£'c'2 occurs 

at low ionic strength. Since the apparent molecular 

weight at low ionic strength is not exactly twice that 

observed at high ionic strength, it appears unlikely that 

simple dimerization is occurring. Figure 1 shows that as 

the ionic strength is varied over the same range in which 

the apparent molecular weight of flavocytochrome c.f̂c'2 

changes, the extinction coefficient of the heme Soret band 

of the oxidized cytochrome changes. As the ionic strength 

goes from low to intermediate, the flavocytochrome c.£':'2 

absorbance increases at 4ll nm, reaching an endpoint at a 

final KCl concentration of 38.5 mM. When flavocytochrome 

c.̂c;p is applied to a Sephacryl S-200 column at this ionic 

strength, the cytochrome elutes with an apparent molecular 

weight of 62,000 + 7000, the same value observed at all 

higher ionic strengths. Thus, there appears to be good 

correlation between the ionic strength-dependent spectral 

changes and the changes in apparent molecular weight. 

Because the ionic strength inside a Chromatium 

vinosum cell is almost certainly higher than 40 mM (IO9), 

it was decided to conduct the majority of the experiments 

in this work at intermediate and high ionic strength. 

In light of Fukumori and Yamanaka's work (13) demon

strating the sulfide:horse heart cytochrome c_ oxido-
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reductase activity of flavocytochrome ^c.c2* "̂ ^̂  questions 

of interest were whether flavocytochrome ^c.c.2 forms a 

complex with cytochrome £ and whether this complex is 

essential to the ability of flavocytochrome ££'̂ 2 to 

catalyze the oxidation of sulfide. Attempts were made to 

detect a complex between flavocytochrome ^c.c.2 and cyto

chrome c. by passing mixtures of the two proteins through 

Sephacryl S-200 and Sephadex G-100 columns. Mixtures of 

cytochrome c. and flavocytochrome c.£'£'2 in 1J1 and 2:1 mole 

ratios, when applied to the columns at intermediate ionic 

strength, elute as a single heme-containing band. Figure 

2 shows a typical experiment with 2:1 mole ratio mixture 

of cytochrome ĉ  and flavocytochrome c.̂ .̂ 2' As can be seen, 

there is no detectable heme-containing protein appearing 

in the fractions centered around fraction 78 where free 

cytochrome c. would be expected to elute. At mole ratio of 

greater than 2:1 cytochrome c. to flavocytochrome £5^2' 

free cytochrome c. was detected. The data illustrated in 

Figure 2A strongly suggest that cytochrome c_ and flavo

cytochrome £^^2 form a complex of high affinity at inter

mediate ionic strength. 

Similar behavior is observed with the low ionic 

strength form of flavocytochrome 0.552- At low ionic 

strength, 2:1 cytochrome c. to flavocytochrome c.̂ 52 mole 

ratio mixtures elute from a Sephacryl S-200 column as a 

single band with an apparent molecular weight of 122,000 
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+ 7000, with no free cytochrome c. observed. 

The behavior at low and intermediate ionic strength 

is in sharp contrast to that observed at high ionic 

strength. As indicated in Figure 2B, when a 2:1 mixture 

of cytochrome c. and flavocytochrome c^^^ at high ionic 

strength is eluted from a Sephacryl S-200 column, the two 

proteins migrate independently. Essentially all the cyto

chrome c. present in the original mixture is recovered in 

the free cytochrome c fractions under these conditions. 

Having established the existence of a cytochrome c.-

flavocytochrome c.̂ ^̂  complex, it was of interest to invest

igate the role of this complex in the sulfide:cytochrome 

c. oxidoreductase activity of flavocytochrome c^^^. As 
~53^ 

shown in Figure 3, the rate of cytochrome c. reduction (or 

sulfide oxidation) catalyzed by flavocytochrome c.̂ p̂ 

increases to a maximum at ionic strengths in the 35 to 40 

mM range and then declines dramatically as the ionic 

strength is increased. The results illustrated in Figure 

3 were obtained using KCl to adjust the ionic strength. 

Essentially identical results were obtained using NaCl, 

CaClp or NapSOji,, indicating that an ionic strength rather 

than specific ion effect is involved. Similar ionic 

strength dependencies of activity were observed over a 

range of substrate concentrations (5 to 10 uM sulfide; 3.6 

to 19.8 uM cytochrome c_). Since maximal rates of cyto

chrome c. reduction were obtained at an ionic strength 
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where the cytochrome c.-flavocytochrome ĉ ĉ-p complex is 

shown to be of high affinity (40 mM), and the rate of 

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. As 

indicated in Figure 3, the low ionic strength form of 

flavocytochrome c.552 is considerably less active than the 

intermediate form in its apparent oxidoreductase activity. 

This implies that the low ionic strength form of flavo

cytochrome c.£'£'2 is less active than the intermediate form 

in transferring electrons from sulfide to cytochrome c_, or 

that at low ionic strength the complex dissociation rate 

is rate limiting to the oxidoreductase activity (Conver

sations between D.B. Knaff and F. Millet). Further 

evidence comes from the observation (data not shown) that 

at an ionic strength of 250 mM (where activity is less 

r than 20% of that observed at 40 mM ionic strength), no 

complex between cytochrome c. and flavocytochrome o^^^^ 

could be observed on Sephacryl S-200. 

The correlation between complex formation and acti

vity as a function of ionic strength not only suggests 

that the complex is catalytically active, but that electro

static forces predominate in stabilizing the complex. 

Such electrostatic interactions, involving lysine e-amino 

groups on cytochrome c., have been demonstrated for 

complexes with cytochrome oxidase, sulfite reductase, 
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Complex III and cytochrome c^ (3-5). To test this hypo

thesis, the positive charges on cytochrome c. resulting 

from lysine residues were eliminated by trifluoroacety

lation. Trifluoroacetylated cytochrome c. is not reduced 

by sulfide in the presence of flavocytochrome o_cc.2 ̂ ^^^ 

assayed as described in Methods for activity with native 

cytochrome c.. Furthermore, when a 2:1 mixture of trifluor

oacetylated cytochrome c. and native flavocytochrome c.î -̂2 

was applied to a Sephacryl S-200 column at intermediate 

ionic strength, the proteins migrated independently. Thus, 

no complex appears to be formed between flavocytochrome 

c.̂j-p and trifluoroacetylated cytochrome c.. 

Extensive investigation was undertaken to charact

erize the physical and chemical nature of the cytochrome 

c.-flavocytochrome c.c;£;2 complex. Since the cytochrome c.-

flavocytochrome £̂ £-2 complex is the likely catalytically 

active species, it was thought pertinent to investigate 

the effect of complexation, if any, on the oxidation-

reduction midpoint potential of the two cytochromes. 

Control oxidation-reduction titrations were carried out as 

described in Methods for cytochrome c., flavocytochrome 

c.̂ Kp and the appropriate buffer-mediator systems. Cyto-

chrome c. and flavocytochrome ^c.c2 were mixed and the titra

tion repeated, looking for shifts in the observed oxida

tion-reduction midpoint potentials driven by complexation. 

Cytochrome c. oxidation and reduction was monitored at 4l6 
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nm. This is the reduced Soret maximum for cytochrome c.. 

No mediator or flavocytochrome c.c-c-p absorbance changes 

masked cytochrome c. absorbance changes at this wavelength. 

Flavocytochrome c.552 oxidation and reduction was monitored 

at 552 nm, 523 nm and 475 nm. The 552 nm and 523 nm bands 

correspond to the reduced heme alpha and beta bands of 

flavocytochrome c.̂ p̂, respectively. The oxidized FAD 

prosthetic group of flavocytochrome c.r:'2 absorbs at 475 nm, 

although there is significant heme contribution at that 

wavelength (17) • Unfortunately, there is no wavelength to 

moniter flavin absorbance that is not complicated by flavo

cytochrome heme absorbance. 

Table 1 represents a summary of the titrations. All 

the titrations were fully reversible and independent of 

mediator concentration over a two-fold range. As is seen 

in Table 1 and Figure 4, the midpoint potentials of the 

hemes c. of flavocytochrome c.£'c'2 are essentially unaffected 

by complexation with horse heart cytochrome c., while the 

flavin midpoint potential appears to shift approximately 

21 mV more negative in potential. The n values are 

clearly not integral for flavocytochrome c.̂ 2̂' particularly 

for the flavin. Such phenomena have been reported by 

other investigators working with flavocytochrome c.552 

(17,46). Attempts to correct the flavin oxidation-reduc

tion absorbance changes for heme contributions by the 

method of Brown (17) resulted in minor shifts in the 
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Table 1. Oxidation-Reduction Titrations of Horse Heart 

Cytochrome C., Flavocytochrome Ĉ^̂ p̂ and the 

Flavocytochrome C^K2-Cytochrome C. Complex 

Sample Wavelength (nm) E n 

cytochrome c 4l6 +257 .98 

flavocytochrome c.̂ p̂ 475 -3^ -73 
^^"^ 523 - 3 ^ '76 

552 -38 .84 
flavocytochrome c^^^^- 4l6 +251 .95 

"̂  - D D ^ L\,r7C _55 . 5 4 
cytochrome c. complex £-23 -Iĵ o !97 

552 -36 .88 

The reaction mixtures for each sample are as described in 
the legend for Figure 4. The estimated experimental error 
in each midpoint potential determination is + 5 mV. 
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apparent oxidation-reduction midpoint potential (less than 

5 mV), but still gave distinctly nonintegral n values. 

The data presented in Table 1 and Figure 4 clearly imply 

that complexation of flavocytochrome c.c-̂p with horse heart 

cytochrome c. shifts the midpoint potential of the flavin 

prosthetic group to a more negative potential, making 

electron flow from flavin to heme the thermodynamic ally 

favored direction. Also, the flavin appears to function 

primarily as a one-electron carrier. This agrees with the 

work of Brown (17). Brown found that the behavior of the 

flavin titration could only be explained by assuming a 

semiquinone intermediate. Heme contributions and the 

complexity of the flavin titration clearly result in 

nonintegral n values. Brown further concluded that, due 

to the lack of an absorbance feature at 63O nm character

istic of a protonated flavin semiquinone, the species must 

be an anionic semiquinone. These conclusions agree well 

with the work of Tollin and Cusanovich (110). The over

lapping one and/or two electron transfer processes can 

explain the apparent complexity of the titration. 

Michaelis (111) derived an expression that relates 

the oxidation-reduction potential of a solution (E) to the 

mean, normal potential (Ê^̂) of a bivalent (n = 2) system 

and the semiquinone formation constant (K): 
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E _ E + RT . 1+u ̂  RT , (l+^(l-u ))^ + u 

(1+Z(1-U^))2 - u 

where u = (̂  of total oxidation) - 50) (2) 

4 - K and z = ~ j ^ (3) 

Manipulation of Equation 1 (17) reveals that as K 

increases, Nernst plots of Equation 1 (E versus log 

(concentration oxidized species/concentration reduced 

species)) show distinctly nonlinear character. Conven

tional calculation of n from the slopes of such plots 

reveals that as K increases, the apparent n value 

decreases. For example, if K = 50, the apparent n value 

of Equation 1 is .52 (17). This is very close to the .54 

observed for the flavin titration as shown in Table 1. 

This comparison, however, cannot be directly made in 

light of the interfering flavocytochrome heme absorbance 

changes and the likely deprotonation of the semiquinone 

to form a semiquinone anion. Clearly, this is a very 

complex system. 

It is of interest to note that in the experiments with 

free flavocytochrome c.£'£'2 alone, the heme midpoint poten

tial was isopotential with the flavin, and these values 

were approximately 30 mV more negative than those reported 
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by Brown (17). The values reported in this work agree 

reasonably well with the values reported by other workers 

(8,13,14,18). 

Several attempts were made to characterize possible 

changes in absorption, circular dichroism or fluorescence 

spectra of flavocytochrome c^^^ as a result of complex

ation with cytochrome c.- Both split-cell and single cell 

techniques as described in Methods were attempted, but 

the observed absorption spectrum of flavocytochrome c.̂ p̂ 

was essentially unaffected by cytochrome £ addition at 

intermediate ionic strength. Similar results were obtained 

for the circular dichroism spectrum of the complex. No 

changes were observed in the CD spectrum that could be 

attributed to complex formation. 

Fluorescence measurements of the cytochrome c.-flavo-

cytochrome c.̂ 2̂ complex indicated that complexation does 

affect the fluorescence spectrum. As shown in Figure 5 and 

Table 2, the fluorescence emission and excitation spectra 

of the cytochrome c-flavocytochrome ĉ ô complex are 

sensitive to ionic strength. In Figure 5, as ionic 

strength (adjusted by KCl addition) is increased from 43 mM 

to 250 mM, an estimated 5% increase in emission intensity 

is observed at 325 nm when the complex is excited at 280 

nm. This suggests that the tryptophan residues of the 

protein(s) are quenched at the lower ionic strength that 

favors complex formation. It is evident from Table 2 that 
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Table 2. Fluorescence Emission Intensities for Flavocyto

chrome Q.552» Cytochrome C. and the Flavocyto

chrome ^552-Cytochrome C Complex at Varying 

Ionic Strength 

Ionic Strength of 31 mM 

Sample 

flavocytochrome ĉf-̂ p̂ 

cytochrome c_ 

Relative Emission Intensity 

46.3 

3.8 

flavocytochrome 9,t^c.2~ 
cytochrome c. complex 

37.3 

Ionic Strength of 325 mM 

Sample 

flavocytochrome c.̂ Kp 

cytochrome c. 

flavocytochrome 0.1̂1̂2" 
cytochrome c. complex 

Relative Emission Intensity 

33.1 

3.8 

32.0 

Relative emission intensity was monitored at 325 nm with 
the excitation monochrometer at 275 nm. Each sample was 
scanned as described in Methods. For the 31 mM ionic 
strength experiment, all samples contained 1.57 uM flavo
cytochrome C552 and 3.l4 uM cytochrome c. For the 325 mM 
ionic strength experiment, all samples contained 1.11 uM 
flavocytochrome 0552 and 2.22 uM cytochrome c. In all 
cases the sample contained 20 mM Tris-HCl buffer (pH 7-5) 
and ionic strength was adjusted by 1 M KCl addition to the 
sample. Instrument gain was 3.0 with a response of 1.2 
in all cases. Sodium sulfate added to the complexed 
cytochromes to achieve the same ionic strength gave 
equivalent relative emission intensities. 
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at high ionic strength (conditions favoring complex disso

ciation) , the emission intensity of the complex when 

excited at 275 nm is essentially equivalent to the sum of 

the emission intensities of free flavocytochrome c.£-̂2 ̂ ^^ 

free cytochrome c. At the lower ionic strength this is 

not the case. The sum of the emission intensities of the 

free cytochromes at low ionic strength is clearly larger 

than that of the complexed cytochromes, again implying 

that complexation quenches tryptophan emission. The small 

magnitude of the fluorescence emission change and the 

prohibitive amounts of cytochrome required prevented using 

fluorescence spectral changes to determine complex stoi-

chiometry. 

With the documentation of the importance of complex 

formation for the oxidation of sulfide, identification of 

the oxidized, sulfur-containing product of the reaction 

remained. Although it had previously been suggested (l4) 

that elemental sulfur might be the product of the sulfide: 

cytochrome c. oxidoreductase activity of flavocytochrome 

c^^o, it was necessary to obtain direct evidence as to 
—552 

the chemical identity of the oxidized, sulfur-containing 

product. Reaction mixtures were assayed for four possible 

sulfur-containing products as described in Methods. As 

seen in Table 3, neither sulfate, nor sulfite nor thiosul

fate was detected. However, elemental sulfur was detected 

in an essentially stoichiometric amount to the amount of 
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Table 3. Identification of the Product of Sulfide Oxida

tion in the Sulfide:Cytochrome C. Oxidoreductase 

Reaction 

Possible 
Product 

-2 
SO^ ^ 

S2O3-2 

so^"^ 

s ulfur 

Micromoles 
Cytochrome C 

Reduced 

0.660 

0.660 

0.660 

1.72 

Micromoles 
Product 
Predicted 

0.110 

0.165 

0.080 

0.86 

Micromoles 
Product 
Observed 

< 0.008 

< 0.008 

< 0.008 

0.74 

The reaction mixtures analyzed for SO3 2, S2O3-2 and SOZ4, 
contained I6.5 uM cytochrome c., 10 uM Na2S and 40 nM 
flavocytochrome c.552 in a volume of 40 ml. The reaction 
mixture anaylzed for elemental sulfur contained 17-2 uM 
cytochrome £, 10 uM Na2S and 40 nM flavocytochrome c.552 
in a volume of 100 ml. Other conditions were as described 
in Methods. The amount of cytochrome c. reduced was 
measured as described in Methods for each sample and 
corrected for the nonspecific rate observed in the absence 
of flavocytochrome c.552. This correction never exceeded 
10% of the rate observed in the complete system. 
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cytochrome c. reduced. These results are consistent with 

elemental sulfur being the product of sulfide oxidation, 

but the possibility does exist that other products are 

actually formed and decompose to elemental sulfur during 

extraction. Brown (17) and others have suggested that 

thiosulfate is the actual product of the sulfide:cyto

chrome £ oxidoreductase activity of flavocytochrome 9.c.c2* 

with the obvious implication that oxygen uptake is essen

tial to the reaction. As already suggested by Brown, this 

1 8 
could be tested with 0-labeled water, since water must 

be the oxygen source in an anaerobic system. The appear-

18 
ance of 0-labeled sulfur product as a result of oxido
reductase activity would verify this possibility. 

A 2:1 cytochrome £ to flavocytochrome £̂ £̂̂ 2 complex 

would be consistent with the demonstration that sulfide is 

oxidized to elemental sulfur in the reaction catalyzed by 

flavocytochrome 9.c^c.2' '̂ ^̂  '^^ electrons donated by sul

fide could be accepted by the FAD of flavocytochrome c^^^ 

and then transferred, one each, to the two hemes c. of 

flavocytochrome £552. ^ach ferroheme of flavocytochrome 

c would reduce one cytochrome c.. Such a mechanism also 

is consistent with the data on intramolecular electron 

movement in flavocytochrome 0^52 obtained by Cusanovich 

and Tollin (HO) and by Kitagawa et al. (49). This 

mechanism is summarized in Figure 6, with the Chromatium 

vinosum cytochrome c.550 replacing the horse heart cyto-
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chrome c. used in this model system. Cytochrome c.£'£'o, a 

soluble, c.-type cytochrome with an oxidation-reduction 

midpoint potential of +240 mV (pH 7-^) and molecular 

weight of 15,000 (20,65), appears to function as an 

electron carrier in the cyclic electron transport chain of 

C. vinosum (9^). Cytochrome 0^50, as previously mentioned, 

may be structurally related to mitochondrial cytochrome c. 

and is a likely candidate as the in vivo electron acceptor 

for flavocytochrome c.̂ p̂ (20,65,94). 

The model presented in Figure 6, although consistent 

with the behaviour of flavocytochrome c.£'£'2» would not hold 

for cytochrome 0.̂ 50 from Chlorobium limicola due to 

differences in prosthetic group content. Cytochrome c^^^ 
~DJJ 

is a flavocytochrome from Chlorobium which, like flavo

cytochrome 9.0.1^2' possesses a sulf ide :c-type cytochrome 

oxidoreductase activity (62) . The Chlorobium flavocyto

chrome c. catalyzes the rapid reduction of C_. limicola 

cytochrome c.£'£'£r in the presence of sulfide (62) . This 

reduced cytochrome subsequently acts as an electron donor 

to the light-excited bacteriochlorophyll in photosynthesis 

(l4) . Chlorobium flavocytochrome c.̂ ^̂ , like flavocyto

chrome c.£'£'2 from Chromatium, possesses one covalently 

bound FAD per molecule, but only one heme c. in contrast 

to the two hemes of flavocytochrome c.̂ p̂ (l4) . 
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Isolation and Partial Purification of 

Cytochrome Ĉ .̂̂.. 

In the course of purifying flavocytochrome c.̂ 2̂» ̂ "̂  

became apparent that Chromatium vinosum membrane-free 

extracts contained two previously unreported c.-type cyto

chromes , one with an alpha band at 551 nm (cytochrome £55;i_) 

and a second with an oxidized Soret band at 401 nm (cyto

chrome c.:;<o(401) ̂  • -̂ ^̂  cytochrome with an alpha band at 

551 nm proved to be reducible by dithionite, but not redu

cible by either hydroquinone or by ascorbate plus phenazine 

methosulfate. This cytochrome was found along with flavo

cytochrome c.c'£'2 (7,101) in fractions eluted from the 

initial DEAE-cellulose chromatography column at 200 mM 

NaCl. These fractions were dialyzed against 10 mM Tris-HCl 

buffer (pH 8.0), concentrated on a small DEAE-cellulose 

column and chromatography on Sephadex G-75 performed in 

5 mM Tris-HCl buffer containing 40 mM KCl. This Sephadex 

G-75 step, which separated cytochrome c^^^ from flavocyto

chrome c.£'£'p, was followed by chromatography on DEAE-cell-

ulose using a 40 to 400 mM NaCl gradient in 5 mM Tris-HCl 

buffer (pH 8.0) to elute the cytochrome. The best 

fractions were pooled and a second cycle of Sephadex G-75 

and DEAE-cellulose chromatography was performed. The best 

fractions obtained from this purification regime had a 

ratio of 4.3 (absorbance at 409 nm to absorbance at 280 nm) 



75 

for- the oxidized cytochrome. 

Polyacrylamide gel electrophoresis under nondena

turing conditions of the best fractions showed a single 

Coomassie blue staining band. However, SDS-polyacrylamide 

gel electrophoresis showed two Coomassie blue staining 

bands of approximately equal intensity. Staining the gels 

for heme with benzidine (112) revealed only a single heme-

containing band. Figure 7 shows the results of molecular 

weight determinations of cytochrome c.rr̂H under both nonde

naturing (chromatography on Sephadex G-75) and denaturing 

conditions (SDS-electrophoresis of the heme-containing 

band). The two techniques gave molecular weights of 19,400 

and 18,100, respectively. Complete characterization of 

cytochrome c.c;£'-| was hindered by the inability to purify 

the cytochrome to homogeneity. Despite considerable 

effort, it was not possible to separate the cytochrome from 

a heme-free contaminant of molecular weight 21,700. The 

molecular weight of cytochrome ^.C.CA^ estimated to be 19,400 

by gel filtration, makes it unlikely that the 21,700 

molecular weight peptide is a constituent of cytochrome 

c^^. , rather than a contaminant. If the cytochrome were an 

oligomeric protein consisting of one c.-containing subunit 

(molecular weight = 18,100 as determined by SDS electro

phoresis) and one heme-free subunit (molecular weight = 

21,700), the native protein would have a minimal weight of 

approximately 40,000, not the observed 19,400. Thus, cyto-
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chrome c.55̂  behaves as a monomeric protein of 18,800 + 7OO 

molecular weight. 

Attempts to further purify the cytochrome as moni

tored by the A^QQ/A23O ratio or by loss of the heme-free, 

Coomassie blue staining band (apparent molecular weight of 

21,700) were not successful. The cytochrome proved to be 

particularly unstable when subjected to ammonium sulfate 

precipitation. Hydrophobic interaction chromatography on 

Phenyl-Sepharose or chromatography on hydroxyapatite also 

resulted in large losses of cytochrome c.̂ .̂ . In the case 

of hydrophobic interation chromatography, cytochrome C.I-K-I 

bound to Phenyl-Sepharose tightly. A 0 to 50% glycerol 

gradient containing a 75 to 0% ammonium sulfate gradient 

buffered with 40 mM Tris-HCl (pH 8.0) was required to elute 

the protein. Unfortunately the cytochrome purity 

(AJI,QQ/A2QO) decreased from 2.8 in the loaded protein sample 

to 1.5 in the best fractions of the eluted protein. Addi

tionally, large amounts of cytochrome were visibly bound 

to the column even after the gradient elution. In the case 

of hydroxyapatite chromatography, cytochrome c.̂r-|_ bound 

almost irreversibly at the top of the column. Gradient 

elutions of 5 to 250 mM potassium phosphate (pH 7.0) and 

100 to 600 mM KCl in .10 M potassium phosphate (pH 7-0) did 

not affect the binding of cytochrome c.55̂  at the top of the 

column. Elution of cytochrome ĉ ^̂  from hydroxyapatite 

required .5 M KCl in .25 M potassium phosphate (pH 7.0). 
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Chromatofocusing on Pharmacia PBE94 was unsuccessful, 

probably due to low solubility of the cytochrome near its 

isolectric point. Precipitation of the cytochrome on the 

column occurred during elution to form a pH gradient (pH 

4.0 to 7.0), even if 25% glycerol was added to the elution 

buffer. 

Figure 8 shows spectra for the oxidized and reduced 

forms of cytochrome c.̂ .̂. . The ultraviolet region is not 

shown since it was not possible to unambiguously assign 

absorbance in this region to cytochrome c.̂ .̂ rather than 

to the contaminating 21,700 molecular weight impurity. In 

addition to the maxima shown in Figure 8, the cytochrome 

shows isosbestic points (reduced minus oxidized) at 56I, 

542, 530, 508, 440 and 382 nm. Alkaline pyridine hemo

chrome analysis showed a single peak at 551 nm indicating 

that heme c. is the only heme prosthetic group in the 

protein. Based on heme analysis of aliquots of the cyto

chrome sample used to record the spectra in Figure 8, 

extinction coefficients (per heme) were calculated to be 

23.4 mM'^cm"^ at 551 nm and I78 mM"-̂ cm"̂  at 4l8 nm for the 

reduced cytochrome. The oxidized cytochrome was found to 

have an extinction coefficient of 152 mM'^cm"^ at 409 nm 

and the reduced minus oxidized extinction coefficient 

(551 minus 542) was calculated to be I3.2 mM'^cm"^. The 

total yield of cytochrome £5:5̂  was approximately 2.9 

umoles of heme c. per kg wet weight of cells. 
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Figure 9 shows the results of an oxidation-reduction 

titration of cytochrome c.̂ ^̂  performed at pH 8.0 and 4°C . 

Least squares values of .88 for n and -296 mV for the 

midpoint potential were obtained. A series of three 

titrations at pH 8.0 gave an average value of -304 + 5 mV 

for the midpoint potential. All titrations were fully 

reversible and the midpoint value was not affected when 

the concentrations of the oxidation-reduction mediators 

were varied by a factor of 2. Titrations at pH 6.3 gave 

a midpoint value of -293 + 5 mV. Thus cytochrome c.̂ .̂ 

behaves as a one-electron carrier with a pH-independent 

midpoint of -299 + 5 mV between pH 6.3 and 8.0. 

The oxidation-reduction properties and molecular 

weight of C_. vinosum cytochrome G.^C-A are reminiscent of 

those of low-potential cytochromes previously observed in 

the photosynthetic purple nonsulfur bacteria Rps. 

sphaeroides and Rps. palustris by Meyer ̂  al. (67), 

Meyer ejt al. commented on the possibility that the low-

potential cytochromes of Rps. sphaeroides and Rps. 

palustris may be related to cytochrome c.̂  found in several 

species of Desulfovibrio (21). Cytochromes of the ̂ o-type 

contain heme c. in which both axial ligands for iron are 

histidine nitrogens (21,113,11^)- In this respect, cyto

chrome c.̂  differs from cytochromes related to mitochon

drial cytochrome c. which contain methionine sulfur as one 

axial iron ligand (l). C_. vinosum ferricytochrome c.̂c:i 
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has no absorbance feature in the region centered around 

695 nm, while a 695 nm band was clearly visible in a 

control experiment using horse heart cytochrome c. at a 

concentration comparable to that of C.. vinosum cytochrome 

£55-,. These results suggest that the C.. vinosum cyto

chrome 2£:c:i does not contain methionine sulfur as an axial 

heme ligand, as substantial evidence is available linking 

absorbance bands in this region to interactions between 

heme iron and methionine sulfur (115). 

At least one of the c.̂  cytochromes from Desulfovibrio 

vulgaris (83) has been shown to bind CO in the ferro form. 

Tests of the reactivity of C.. vinos um f errocytochrome Q.tc^^ 

with CO indicate that cytochrome c.̂ .̂, also binds CO. 

Figure 10 shows the effect of CO binding on the native 

cytochrome absorption spectrum after a 5-minute exposure 

of the reduced cytochrome to CO. 

The data on C . vinosum cytochrome 0.55̂  represents the 

first observation of a soluble, low potential, c.-type 

cytochrome in a photosynthetic purple sulfur bacterium. 

Meyer ejt al. {67) in their report on the presence of low 

potential c.-type cytochromes in two purple nonsulfur 

bacteria, also reported the absence of any low potential, 

soluble, c.-type cytochromes in C . vinosum. The obser

vations in this work appear to be at variance with this 

earlier report. One possible explanation for this 

apparent disagreement may come from the observation that 
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C.. vinosum cytochrome c.̂ ^̂  is particularly sensitive to 

losses during ammonium sulfate precipitation, a fraction

ation technique extensively used by Meyer et al.. Yoch 

ejt al. (66), as previously mentioned, have reported a 

membrane-bound cytochrome in C.. vinosum with an oxidation-

reduction midpoint potential of -2l6 mV (n = 1) and an 

alpha band maximum of 551 to 552 nm. The relationship, if 

any, between the membrane-bound and soluble, low potential 

cytochrome is unclear. 

As has already been pointed out, C_. vinos um cyto

chrome c.̂£.. exhibits similarities to cytochrome c..̂  -

specifically its very electronegative oxidation-reduction 

midpoint potential, its lack of a 695 nm absorbance band, 

and its ability to bind CO. Additionally, cytochrome 9.c.c^i 

shows a shoulder on the short wavelength side of the 

reduced Soret band (Figure 8) that has been observed in 

cytochrome c^ (21,67,83). Cytochromes of the c..̂ -type have 

extremely low absorbance at 280 nm relative to heme Soret 

absorbance because they lack tryptophan or possess only a 

single tryptophan residue (21) and generally are multiple 

heme-containing proteins (21). However, since it was not 

possible to purify cytochrome ^^^.j^ to homogeneity, it was 

not possible to evaluate heme and tryptophan content. 

Cytochrome c_^^. does, however, differ from the c.̂ -like 

cytochromes from other photosynthetic bacteria in that 

cytochrome c.̂ .̂ has an alpha band reduced: oxidized ratio 
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of 1.2 compared to I.5 to 1.6 for several cytochromes of 

the c.̂ -type (21,67,83). The cytochrome c^.^ ratio of 1.2 

is more consistent with the I.3 ratio observed in Desul

fovibrio cytochromes c.̂  (83) . 

In light of the demonstrated similarity of cytochrome 

-551 "̂^ "̂ ^̂  -3 cytochromes of the Desulfovibrio, the 

question of concern was the possibility that cytochrome 

c.̂^̂^ served an electron transfer role in C.. vinosum 

similar to that observed for cytochrome c_.̂  in the Desulfo

vibrio. Meyer et al. (67) have suggested, based on the 

work of Yagi et al. (26), Akagi (28) and Irie et al. (29), 

that cytochrome c.̂  in the Desulfovibrio serves to shuttle 

electrons to and from ferredoxin, linking a variety of 

electron transfer chains to hydrogenase. Thus, if cyto

chrome c^^. serves an analogous role in Chromatium, one 

should be able to demonstrate the reduction of cytochrome 

£^^. by hydrogen via the C.. vinosum hydrogenase. 

Chromatium hydrogenase was isolated by the method of 

Krasna (36). As a preliminary check for hydrogenase 

activity prior to the purification, approximately 1 mg of 

C.. vinosum cells (wet weight) were sonicated in 50 mM 

potassium phosphate buffer (pH 7-2) containing 2 uM benzyl 

viologen (total volume was 5 ml). (Reduction of a 

viologen dye by hydrogen via hydrogenase is a common assay 

method for hydrogenase activity (35.36).) Part of this 

mixture was placed in the reference cell of the Aminco 
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DW-2a spectrophotometer while the remainder was placed in 

the sample cell, a Thunberg cuvette. A baseline spectrum 

was taken (both cells exposed to the atmosphere). The 

Thunberg cell was subsequently sealed and flushed with 

hydrogen gas for a total time of 30 minutes with gentle 

agitation of the Thunberg cuvette. Spectra were taken 

at 5» 10 and 20 minutes intervals. Dramatic spectral 

changes were apparent by 10 minutes, indicating rapid 

reduction of benzyl viologen and good hydrogenase acti

vity, even in the absence of a glucose oxidase-catalase 

oxygen trap. Chromatium hydrogenase was subsequently 

isolated by the method of Krasna (36) through the MnClp-

heat treatment. Samples of the preparation taken from the 

crude sonicate, the supernatant after the first centrifu-

gation step, the resuspended 20 to 50% ammonium sulfate 

cut and the MnClp-heat treatment step indicated hydro

genase specific activities of 1.74, 2.21, 9.36 and I5.6 

umoles of benzyl viologen reduced per minute per mg of 

protein, respectively. This corresponds well with the 

specific activities reported by Gitlitz and Krasna (35) at 

the same steps in the purification. For example, they 

reported 21.6 umoles per minute per mg of protein at the 

MnClp-heat treatment step (35)- Four ml of the prepar

ation at the MnCl^ step were dialyzed overnight with 10 

mM Tris-HCl buffer (pH 8.0) containing 40 mM KCl. Three 

ml of the dialyzed preparation were added to 1 ml of 1.6 
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uM cytochrome c.̂ .̂ (concentration of heme c.) , sealed in a 

Thunberg cuvette and flushed with hydrogen gas for 60 

minutes with gentle agitation. The sample was subse

quently sealed, and spectra taken at intervals over an 

18 hour period. No cytochrome ĉ^̂-., reduction was detected 

under these conditions, while only 30 minutes of hydrogen 

exposure was required to reduce benzyl viologen in the 

previously described experiment in the same cell. Similar 

results were obtained with the supernatant from the first 

centrifugation step of the hydrogenase isolation proce

dure. Subsequent purification of the hydrogenase was 

suspended due to the lack of demonstrated cytochrome Q.c^c^-^ 

reduction at the various levels of hydrogenase purity. 

In a parallel series of experiments, cytochrome c.̂£r-| 

reduction was attempted using C.. vinosum ferredoxin as a 

reductant. Hydrogenase in C. vinos um has been shown to be 

a reversible enzyme responsible for both the evolution of 

hydrogen gas from substrates of low oxidation-reduction 

potentials or the reduction of various substrates with 

hydrogen (35). If cytochrome c.̂ ^̂  serves an in vivo role 

as suggested by Meyer et. al. (67), then the reversibility 

of a cytochrome c.^^.-ferredoxin electron exchange is 

implied. To test this hypothesis, C. vinosum ferredoxin 

was reduced in a sealed Thunberg cuvette by 2,6-dichloro-

phenol indophenol and sodium ascorbate via spinach chloro

plasts isolated as described in Methods. Such a method 
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for ferredoxin reduction is common (ll6). After complete 

ferredoxin reduction, oxidized cytochrome c.̂ .̂ was tipped 

in from the sidearm of the Thunberg cuvette. Cytochrome 

-551 reduction was observed to occur in both the presence 

and absence of C.. vinosum ferredoxin in the system. 

Partial reduction of cytochrome c.̂ .̂ was observed in the 

presence of C.. vinosum ferredoxin immediately upon tipping 

cytochrome c.̂ ^̂  into the main cell from the sidearm of the 

Thunberg cuvette. Complete reduction, however, required 

an additional 15 minutes of exposure to white light after 

tipping cytochrome c.̂ ^̂  into the cuvette. In the absence 

of ferredoxin, no immediate partial reduction of cyto

chrome ££-£-4 was observed when the cytochrome was tipped 

into the cuvette. Complete reduction of cytochrome c_^^. 

required 35 minutes of additional illumination with white 

light after the tipping of cytochrome o.::^^.-] into the 

cuvette. Addition of the glucose oxidase-catalase oxygen 

trap to the system reduced the time required to completely 

reduce ferredoxin, but not the rate of c.:r£r-i reduction. 

Thus, although cytochrome ĵ-i-̂  is reduced in this system, 

the rate of reduction is slow and not entirely dependent 

upon the presence of ferredoxin. These results suggest 

that in addition to reduction by reduced ferredoxin, cyto

chrome c.i'i'̂  is reduced by some nonspecific interaction 

with the spinach chloroplasts. 
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Isolation and Partial Characterization 

of Cytochrome 0^^o{k01) 

Figure 11 shows the absorption spectrum of the second 

previously undetected, acidic cytochrome c., purified as 

described in Methods. The cytochrome was given the 

preliminary label cytochrome C^^Q^^Q^^ in light of its 

absorption spectrum. The oxidized cytochrome has a Soret 

band maximum at 401 nm, and the reduced cytochrome has 

alpha, beta and Soret maxima at 550 nm, 521 nm and 419 nm, 

respectively. The reduced cytochrome also exhibits a 

prominent shoulder at 401 nm. Alkaline pyridine hemo

chrome analysis showed a single peak at 551 nm, indicating 

that heme c. was the only heme prosthetic group. Heme 

analysis also allowed estimation of the following extinc

tion coefficients (per heme): E^NQ. (oxidized) = 198 mM" 

—1 —1 -1 
om ; e^. Q(reduced) = 226 mM cm ; e£.^Q(reduced) = 26.0 

-1 -1 -1 

mM cm and e^-^Q_^^o(reduced minus oxidized) = 13.7 mM~ 

cm . Using this data, the content of this cytochrome in 

C.. vinosum was estimated to be approximately 3.3 umoles 

of heme c_ per kg of wet weight of cells. The ultraviolet 

portion of the cytochrome absorbance spectrum is not shown 

in Figure 11 because the cytochrome was not purified to 

homogeneity. Thus the absorbance in the ultraviolet 

region almost certainly contains significant contributions 

from proteins other than the cytochrome. 
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SDS-polyacrylamide gel electrophoresis on the purest 

attainable cytochrome fractions (based on the highest 

^401^^280 ^atio) indicated the presence of 4 to 6 bands. 

Staining the gels with benzidine revealed that only a 

single heme-containing peptide was present in these 

samples. While reasonable recovery of the cytochrome was 

observed in the early stages of purification (4l% at the 

stage of the second DEAE-cellulose chromatography), 

attempts to purify the cytochrome further resulted in 

large losses. Because of the severely limited amounts of 

cytochrome c.̂ <o(40l) available after the second chroma

tography on Sephadex G-75 and the fact that the cytochrome 

was the only heme-containing protein in the samples, it 

was decided to characterize the cytochrome at this stage 

of the purification. 

As shown in Figure 12, chromatography of cytochrome 

-^'^0(401) °^ ̂  calibrated Sephadex G-75 column, using Â Q-Ĵ  

to monitor the location of the oxidized cytochrome, gave 

a value of 12,700 + 500 for the molecular weight of the 

cytochrome. SDS-polyacrylamide gel electrophoresis gave a 

value of 11,900 + 500 for the molecular weight of the 

heme staining band. Thus cytochrome C_^^Q^I^Q^S^ appears to 

be a monomeric protein with a molecular weight of approx

imately 12,300. 

Figure 13 shows the results of an oxidation-reduc

tion titration of cytochrome c^5o(40l) Performed at pH 8.0. 
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The cytochrome behaves as a one-electron carrier (n = .84 

+ .08) with a midpoint potential of -82 + 5 mV (average of 

three determinations) at pH 8.0. All titrations were 

fully reversible, and the midpoint values were independent 

of mediator concentration. 

As was the case with cytochrome c.̂ .̂ , this cytochrome 

binds CO, as indicated by the change in absorbance of the 

ferrocytochrome on exposure to CO as illustrated in Figure 

l4. The ferricytochrome also lacks a 695 nm absorption 

feature. As was the case with cytochrome c.̂^̂.. , this 

result suggests that the cytochrome does not contain 

methionine sulfur as an axial heme ligand. 

No attempt was made to elucidate the in vivo role of 

this cytochrome due to the severely limited amounts of the 

cytochrome. The data presented in this work required in 

excess of 700 grams of Chromatium vinosum cells, wet 

weight. 
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CHAPTER V 

SUMIVIARY AND CONCLUSIONS 

1. The sulfide:cytochrome c. oxidoreductase activity 

of flavocytochrome c.̂ ĉ p, first demonstrated by Fukumori 

and Yamanaka (13), clearly is ionic strength dependent. 

This activity is maximal in the 35 to 40 mM region and 

drops off dramatically as the ionic strength is varied 

either up or down. This behavior is consistent with the 

chromatographic behavior of the cytochrome c.-flavocyto-

chrome r̂̂ irp complex. In the 35 to 40 mM ionic strength 

region, the complex displays maximum stability. In this 

same region of ionic strength, mole ratio mixtures of 2:1 

or lower cytochrome c. to flavocytochrome c.i'52 el̂ t̂e as 

single, symmetrical bands from gel filtration columns. 

Only at larger mole ratios is free cytochrome c. detected, 

implying a 2:1 or less cytochrome c. to flavocytochrome 

c.̂ P̂ complex stoichiometry. As ionic strength is 

increased, the complex becomes completely dissociated by 

250 mM. This is mirrored by a better than 80% loss in 

oxidoreductase activity. As the ionic strength is 

decreased below 40 mM to near 15 mM, the complex remains 

stable, but conformational changes appear to take place 

in flavocytochrome o^^.^ affecting the elution behavior of 

the free and cytochrome c.-bound flavocytochrome c.̂ 52-

104 



105 

Apparent oxidoreductase activity decreases dramatically 

as the ionic strength is reduced. This implies two possi

bilities: (1) The 35 to 40 mM ionic strength form of 

flavocytochrome c.̂ ^̂  is essential to the oxidoreductase 

activity, and that this intermediate ionic strength form 

of the complex is the catalytically active species; (2) 

The low ionic strength form of flavocytochrome c^^p is 

active, but oxidoreductase activity is limited by the 

complex dissociation rate at low ionic strength. 

2. Trifluoroacetylation of cytochrome c. totally 

inhibits the oxidoreductase activity of flavocytochrome 

c.̂ 2̂» implying the importance of lysine groups on cyto

chrome c. in the electrostatic interaction between flavo

cytochrome c.̂ĵp and cytochrome c. that maintains the 

complex stability. This complements well the documented 

ionic strength dependence of the complex and points to the 

importance of electrostatic, lysine-dependent complexes in 

not only aerobic respiring eukaryotes, but anaerobic, 

photosynthetic prokaryotes as well. 

3- Analysis of the oxidized sulfur-containing 

product generated by the sulfide:cytochrome c_ oxido

reductase activity of flavocytochrome £5̂ 52 indicates that 

elemental sulfur is the product formed. Essentially 

stoichiometric amounts of sulfur were generated by the 

assay system, implying sulfur is the only product. How

ever, the possibility does exist that other products were 
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formed and decomposed to sulfur during the extraction 

procedure. The leading alternative candidate as the 

oxidized sulfur product is thiosulfate (17). Given the 

sensitivity of ion chromatography in detecting trace 

amounts of a given ion (as little as .008 umoles), it 

seems unlikely that an assay theoretically capable of 

generating .165 umoles of thiosulfate could show no 

detected thiosulfate if, in fact, thiosulfate were a 

product of the flavocytochrome c.̂ c.p-catalyzed oxidation 

of sulfide. 

4. Given the observed changes in the free flavo

cytochrome c.i'c'p absorption spectrum as a function of ionic 

strength and the changes in complex elution behavior as a 

function of ionic strength, one might expect to find 

changes in the flavocytochrome c.̂ p̂ and cytochrome c. 

absorption spectra as a result of complexation. Such a 

change was not observed. However, if such a change occurs, 

its detection may be complicated by the dependence of the 

flavocytochrome c.̂j.p absorption spectrum on ionic strength. 

Such a dependence (data not shown) can also be demon

strated for cytochrome c. and could mask any spectral 

changes resulting from complex formation. 

5. The absence of complex-induced changes in the CD 

spectra are even more puzzling. Clearly, the oxidation-

reduction titration of the cytochrome c.-flavocytochrome 

c.£.îP complex implies changes occur in the flavin environ-
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ment upon complexation. The midpoint potential of the 

flavin in complexed flavocytochrome c^^2 is more electro

negative than'the midpoint potential observed in free 

flavocytochrome c.̂ 2̂ and is closer to that of the disso

ciated flavin subunit (17). It would be anticipated that 

such a shift might be reflected in the circular dichroism 

spectrum. Such is apparently not the case. No difference 

was observed in the CD spectra of the complexed and uncom-

plexed forms of flavocytochrome c.i-r̂p' 

6. The small changes in the fluorescence emission 

due to cytochrome c.-flavocytochrome ££-£'2 complexation are 

consistent with quenching of the fluorescence emission of 

the tryptophan residues(s) of the proteins. Based on the 

absorbance and circular dichroism spectral characteriza

tion, if conformation changes occur upon complexation, the 

magnitude of the conformation changes for the subunit 

chromophores is very small, producing only small fluor

escence changes and shifts in midpoint potential for the 

flavin only. 

7. Electron flow through flavocytochrome £^52 ^̂  

most likely from flavin to heme. Based on the observed 

shift in flavin midpoint potential, the thermodynamically 

favored direction is from flavin to heme. This is 

consistent with the work of Kitagawa et al. (49), Ondrias 

e_t al. (48) and Strekas (50) in defining the nature and 

likely pathway of electron flow through flavocytochrome 
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8. Chromatium vinosum cytochrome c.̂ ^ is similar in 

physical and chemical behavior to the previously described 

c^-like cytochromes isolated from other photosynthetic 

organisms (67). The absorption spectrum, molecular weight 

and very electronegative midpoint potential correspond 

well with the previously described cytochromes. The cyto

chrome has a midpoint potential of -299 mV (pH 8.0), a 

molecular weight of 18,800 and binds CO. It appears to 

behave as a one-electron carrier. The novelty of cyto

chrome c.55-ĵ  is that it is the first c.̂ -like cytochrome to 

be found in a photosynthetic, purple sulfur bacterium. 

9. Cytochrome c.̂ .̂. does not appear to have an in 

vivo role in Chromatium analogous to the in vivo role of 

cytochrome c.̂  in the Desulfovibrio. It is not reduced by 

hydrogen in the presence of Chromatium vinosum hydrogenase. 

It is reduced by Chromatium vinosum ferredoxin as well as 

by nonspecific interactions with spinach chloroplasts. 

Therefore, based on this work, cytochrome c.̂cr-1 is not the 

likely electron transfer component from hydrogenase to 

ferredoxin. The in vivo role of cytochrome c.55>| remains 

to be established. 

10. Cytochrome £i;co(4oi) ̂ P̂̂ ^̂ sents an additional, 

newly characterized cytochrome from Chromatium vinosum. 

It has a characteristic c.-type cytochrome absorption 

spectrum except for the oxidized Soret band maximum at 
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401 nm. Cytochrome £550(401) i^ ^̂ "̂  easily isolated from 

Chromatium. Like cytochrome Q^cic.^ » cytochrome c.c:c:o{iioi) ̂ ^ 

extremely sensitive to ammonium sulfate precipitation and 

is extremely difficult to purify to homogeneity. Cyto

chrome £550(401) ^as a midpoint potential of -82 mV (pH 

8.0), binds CO and has a molecular weight of 12,300. It 

appears to behave as a one-electron carrier. Complete 

characterization of cytochrome 9.C:.C:.Q(LQI) cannot be accom

plished until the cytochrome is purified to homogeneity. 

Its in vivo role, like many of the cytochromes from 

Chromatium, remains to be established. 
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