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ABSTRACT 

The purpose of this work is to study electron transfer reactions in 

photosynthetic bacteria. Flavocytochrome C552 from the purple sulfur 

bacterium Chromatium vinosum is an unusual heme protein which contains two 

hemes and one flavin per molecule. This protein catalyzes the oxidation of 

sulfide to sulfur using a soluble c -type cytochrome as an electron acceptor. 

The characteristics of flavocytochrome C552 and its complex with equine 

cytochrome cwere investigated by proton NMR spectroscopy. The study 

indicated that the two hemes are non-equivalent magnetically. The downfield 

region of the NMR spectra presented a non-symmetrical pattern. One of the 

hemes is like cytochrome c and the other one is more sensitive to medium 

effects such as, pH or ionic strength. Near-IR MCD spectra provided 

unambiguous evidence for two non-equivalent hemes, both with histidine-

methionine axial ligation in the presence of 50% ethylene glycol. Analysis of 

EPR spectra suggested heterogeneity in the axial ligation of one of the two 

hemes at neutral pH. It was concluded that this heme occurs as a mixture of 

forms with histidine-lysine and histidine-methionine axial ligation. 

The formation of the complex of flavocytochrome C552 with equine 

cytochrome cwas confirmed by NMR spectroscopy and the stoichiometry 

determined to be 1:1. In the proton NMR spectra of the complex, the hyperfine 

shift of the 3-methyl resonance moved downfield, while the 8-methyl resonance 

moved upfield with respect to that observed for cytochrome c alone. 

Another flavocytochrome C552 was isolated from Chromatium tepidum \N'\\h 

physical and chemical characteristics similar to that of the C. vinosum protein. 

vi 



This purple sulfur bacterium grows at 48-55 °C and its proteins were predicted 

to show enhanced thermal stability. Temperature stability studies showed that 

the flavocytochrome C552 from C. tepidum is stable at higher temperatures and 

for longer periods of time than the one from C. vinosum. The flavocytochrome 

C552 from C. tepidum also forms a complex with horse cytochrome cat pH 8. 

Initial studies of the complex by co-migration and by ultrafiltration experiments 

demonstrated that the complex is electrostatic in nature and does not form at 

high ionic strength. Additional co-migration and ultrafiltration experiments with 

both C. vinosum and C. tepidum flavocytochromes have been conducted. 
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CHAPTER I 

INTRODUCTION 

Life is a chemical phenomenon, but is more complex and sophisticated 

than any man-made chemical system. Natural selection has led to elegant 

chemical solutions to the survival problems of living organisms on Earth for 

billions of years. Two key processes of bioenergetics are also good examples of 

it: respiration and photosynthesis.""^ Aerobic organisms derive most of the free 

energy necessary for life processes, such as growth, transport and locomotion, 

from the combustion of carbohydrates and fats with the dioxygen of air, leading 

to the formation of CO2 and H20.''b.2 At the same time, green plants use the 

energy of the sun to resynthesize carbohydrates from CO2 and H2O with the 

concomitant liberation of 02-^ Thus, respiration and photosynthesis together 

form a continuous cycle driven by the sun, and this represents an ideal energy 

system which man should try to imitate for his survival. Unravelling the secrets 

of photosynthesis and respiration is consequently an urgent challenge to the 

biochemist, but also an extremely demanding one. 

Of all the chemical processes which occur in biological systems, the 

simplest, and thus inherently the easiest to understand, is the transfer of a 

single electron between two redox centers.^ Despite this apparent lack of 

sophistication, evolution has chosen to use such reactions as the basis for 

photosynthesis and respiration. The electron-transfer proteins are the 

elemental units out of which these systems are made. The redox units contain 

prosthetic groups such as heme, quinone, flavin, copper or iron-sulfur clusters. 

These polypeptide chains occur in nature either as soluble entities, or as 
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components of complex and highly organized membrane systems which act as 

electron conduits between smaller molecules functioning as donors and 

acceptors.5.6 Although considerable advances have been made over the past 

decade in the understanding of biochemical electron transfer, much remains to 

be learned. Thus, there are still fundamental unanswered questions regarding 

the operation of these systems, including: (a) the mechanism and the structural 

pathway by which electrons are transferred from one redox center to another; 

(b) factors that control the rate of electron transfer; and (c) how electron-transfer 

proteins recognize and establish contact with their physiological redox 

partners.7.8.9 

Electron-transport chains of respiratory and photosynthetic systems have in 

common the fact that the transfer of the electron is mediated by a quinone at 

one point and by a small, water-soluble metalloprotein at another. Many 

biological electron transport components are membrane bound and the 

membrane environment presents difficulties for an investigator wishing to 

observe the separate individual components. In contrast, the c -type 

cytochromes are generally soluble in native form in aqueous buffers. This fact 

makes it possible to study the individual components under a variety of carefully 

controlled conditions. Cytochromes c are present not only in the aerobic 

mitochondrial and bacterial respiratory chain, but are also found in much more 

diversified prokaryotic systems, including all varieties of facultative 

anaerobes.""O The c-type cytochromes provide the best characterized 

biological systems which can be investigated in terms of understanding the 

mechanism of biological electron transfer.''"'-"'2.13,14,15 

Cytochromes of the c-type function to carry electrons from one component 

to another with minimal loss of energy. These extensively studied 



iron-containing proteins are defined by the fact that the chromophore, 

protoheme IX, is covalently bound to the protein through thioether linkages in 

positions 2 and 4."'3'14 This constitutes the prosthetic group: mesoheme IX. 

These c -type cytochromes typically possess histidine and methionine axial 

heme ligands and oxidation-reduction midpoint potential in the range of +150 to 

+380 mV.9 Not only are these molecules soluble, but also they are available in 

reasonably large quantities. It has been demonstrated for many cytochromes 

that the iron atom, which is in the center of the porphyrin ring and is the ultimate 

site of oxidation-reduction activity, is buried in the body of the protein chain and 

is not solvent accessible."'3-15 yhg precise mechanism by which electrons are 

transferred between reaction sites on the surface of the protein to the iron atom 

has yet to be determined. Numerous modelsS-^.is have been proposed based 

on structural studies of these proteins, but the lack of direct experimental 

evidence has prevented a resolution of the debate. 

In order to obtain a better understanding of biological electron transfer 

reactions in bacteria, the flavocytochrome C552 from the purple photosynthetic 

bacterium Chromatium vinosum was chosen for this study. This protein offers 

an unusual opportunity to investigate intra- and intermolecular electron 

transport due to the presence of three covalently bound chromophores.19,20 

This treatise conveys some of the recent work performed with this extraordinary 

protein. 



Literature Review 

Description of the Bacteria 

Phototropic purple and green sulfur bacteria, as well as some members of 

purple nonsulfur bacteria, possess the ability to oxidize hydrogen sulfide in the 

light to sulfate under anaerobic conditions in the course of anoxygenic 

photosynthesis.21-23 Some bacteria participating in the sulfur cycle oxidize 

sulfides or elemental sulfur to sulfate, while others reduce sulfate, sulfur 

containing oxyanions or elemental sulfur to sulfide.24-26 

Chromatium vinosum (C. vinosum ) belongs to the family of the 

Chromatiaceae, or purple sulfur bacteria. This bacterium stores intracellular 

sulfur and uses H2S, S2O3-2, as well as S^, as electron donors for 

photosynthetic CO2 reduction. C. vinosum can also grow chemoautotrophically 

on H2S or S203*2 or by electron transfer to O2 under semiaerobic to aerobic 

conditions.25 Even though C. vinosum can grow in the presence of other 

electron donors, it has been reported that small amounts of S-2 are needed for 

this bacterium to grow.23-25 Figure 1 displays the electron transport and sulfur-

redox reactions for this bacterium. Elemental sulfur is also an intermediate 

during S203'2 oxidation by Chromatiaceae.25 For all sulfur containing electron 

donors utilized by C. vinosum, sulfate is the final oxidation product. A wide 

variety of enzymes catalyzing sulfur redox reactions have been isolated from 

phototrophic bacteria.24 in several species of phototrophic bacteria, it has been 

proposed that a flavocytochrome c catalyzes the initial step in sulfide 

oxidation.27 Polysulfides are logical intermediates during oxidation of H2S to 

S^, but this possibility has not yet been systematically investigated. 

Flavocytochrome cis known to occur in six species of phototrophic sulfur 

bacteria and in a strictly aerobic pseudomad. It has been isolated from: 
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sulfur bacterium Chromatium vinosum.^^ 



Chlorobium limicola f. thiosulfatophilum, Chlorobium phaeobacteriodes, 

Chiorobium vibrioforme f. thiosulfatophilum, Chromatium vinosum, Chromatium 

gracile, and Rhodobacter sulfidophilus.^^ It is unique in having both heme and 

flavin covalently bound but to separate subunits. Bartsch28 noted that the 

flavocytochrome cfrom C. vinosum becomes trapped inside chromatophores 

during cell disruption, suggesting a periplasmic location for this cytochrome in 

whole cells. This protein catalyzes the oxidation of sulfide to elemental sulfur: 

S-2 + 2 H-̂  ^ SO + 2 e- + 2 H+. 

Also flavocytochrome c is a likely candidate to participate in sulfide 

oxidation in vivo forming thiosulphate (see Figure 1)24. |̂  js known that sulfur is 

formed by C. vinosum cells growing in the presence of reduced sulfur 

compounds. Gray and Knaff29 reported that elemental sulfur was the major 

product for sulfide oxidation catalyzed by C. vinosum flavocytochrome C552 in 

vitro. Even though the initial product of sulfide oxidation is often written as S^, 

this should not be interpreted as literally meaning that atomic sulfur is first 

formed and then it polymerizes to give stable products (e.g., Ss rings). Atomic 

sulfur is an unstable and highly reactive species and is very unlikely that it could 

be a product in sulfide oxidation.24 it is also unlikely that Ss would be the initial 

product, as this would entail a concerted 16-electron oxidation of eight H2S 

molecules. In spite of the lack of evidence on this subject, polysulfides (H2Sn, 

where n > 2) would seem to be logical intermediates. The sulfur is stored in the 

form of sulfur globules, which contain a hydrophobic core and a hydrophilic 

surface and can be readily seen through a microscope inside the cell. The 

sulfur globules are surrounded by a monolayer of a single type of protein of low 

molecular weight, (12-14 kDa). This protein is soluble in 2M urea and 10 mM 

mercaptoethanol, but aggregates into sheets when the urea is dialysed away.24 



Description of the Flavocvtochrome o^^ 

General Characteristics 

Chromatium vinosum was the first bacterium reported by Newton and 

Kamen to contain a flavo-c-type cytochrome with an alpha-band maximum at 

552 nm .30,31 jhjs protein was first purified and characterized by Bartsch and 

Kamen.32 The molecular weight estimated for the holoprotein varies 

somewhat, depending upon the analytical method used, but it is generally 

agreed to be between 67 and 72 kilodaltons (kDa).33,34 The isoelectric point is 

pH 4.5.28 The protein has a covalently bound flavin adenine dinucleotide 

(FAD).33,34,35 Walker36 suggested that the flavin moiety was bound via a 

thiohemiacetal at the 8-a position (8-a-S-cysteinyl-8-a-hydroxy FAD). 

However, later work by Kenney and Singer37,38 showed that the flavin moiety 

was actually connected via a thioether linkage to a cysteine residue ( 8-a-S-

cysteinyl FAD ). The structure of the flavin site was determined by peptic 

digestion of the flavocytochrome. The sequence of this tetrapeptide was 

obtained by Edman degradation and shown to be tyr-thr-cys(FAD)-tyr.39 The 

heme of the flavocytochrome is a mesoheme, and there are two hemes and one 

FAD per 72 kDa of protein.28,33 

Redox Potential 

The oxidation-reduction potential is a fundamental thermodynamic property 

of an electron transfer protein.8 This parameter provides a basis for locating the 

protein within an electron transport sequence. The oxidation-reduction 

midpoint potential of the C. vinosum flavocytochrome was reported to be 29 mV 

versus NHE (Normal Hydrogen Electrode) for the heme, and 24 mV (n = 2) 

versus NHE for the flavin at pH 7.32,40 Recently'̂ "'''*2 the redox potential for the 
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protein has been reexamined and the results are 15 mV at pH 7 (n = 1) for the 

two hemes, and 26 mV (n = 2) for the flavin at pH 7. All titrations were fully 

reversible over the pH range evaluated.'^2 The hemes have a pH-dependent 

redox potential, consistent with a single ionization with pK = 7.05 for the 

oxidized form. The redox potential for the two hemes must differ by less than 

60 mV. This is indicated by the linearity of the Nernst plot and the absence of 

any deviation from n = 1 at pH 5 thru 8. The redox potential for the flavin 

decreases 30 mV/pH between pH 6 and 8. The anionic form of the flavin 

semiquinone is stabilized above pH 6. The redox potential of the heme is the 

lowest reported for c-type cytochrome having histidine and methionine ligands. 

In contrast the flavin subunit has one of the highest known two-electron 

potentials of any flavo-protein.42 The characteristics of high redox potential of 

the flavin, a stabilized anion radical, and sulfite binding to the flavin are 

common in flavoprotein oxidases."^3 

Subunit Composition 

The protein can be separated into heme and flavin-containing subunits by 

gel filtration in the presence of 8 M urea.27,35,44 The flavin subunit consists of 

a polypeptide chain of 45 kDa. The other subunit has a polypeptide chain with 

two hemes per molecular mass of 22 kDa.27,40 Some studies report that 

separation into subunits with 8 M urea is not complete, with difficulty 

encountered in obtaining the flavin-containing subunit free of any contamination 

by the heme subunit.27 Guanidine (4 M at pH 11), has also been used to 

separate the subunits."^o one particularly successful separation of the peptides 

has been reported by Fukumori and Yamanaka,27 who have obtained a heme-

containing peptide of 21 kDa after treatment of the holoprotein with 6M urea at 



pH 8.5, and purifying it by gel filtration. They also obtained a heme-free, flavin-

containing peptide of Mr = 46 kDa by isoelectric focusing of a solution of the 

flavocytochrome in the presence of 6 M urea, 1% p-mercaptoethanol. Their 

estimated value for the molecular weight of the intact protein, determined by gel 

filtration, was 53 kDa. Even though this value was different than the one 

reported previously, they justified this by the fact that the amino acid 

composition of the intact cytochrome C552 was in good agreement with the sum 

of the composition of the two subunits.27 

Spectroscopy Studies 

Spectral studies of the flavocytochrome have provided considerable 

information about the three covalently bound chromophores. The ultraviolet-

visible (UV-vis) absorbance spectrum, shown in Figure 2, appears very similar 

to those of other c-type cytochromes except for the peaks attributed to the flavin, 

which have maximum and minima similar to other flavoproteins.17.33,40 \\ can 

be seen that there is a peak at 410 nm, typical for the Soret band of oxidized 

c -type cytochromes. The reduced form has the a band at 552 nm, the (3 band at 

523 nm, and the y (Soret) band at 416.5 nm; the 450 and 480 nm bands of the 

flavin are bleached. The fact that the absorbance spectra of the flavo

cytochrome can readily be resolved into typical c-type cytochrome and 

flavoprotein spectra suggests that interactions of the chromophores, if any, are 

such that the absorbance spectra are not affected. 17,40 Thus, absorption 

spectroscopy provides a useful tool for observation of these chromophores 

under various experimental conditions. 

Flavocytochrome C552 has been shown to bind a number of small inorganic 

species. The heme moieties of ferri-flavocytochrome, unlike respiratory 



10 

1.0_ 

. 8 _ 

< .6 
O 
c 
CO 
€ o 
CO 

< 

. 4 _ 

. 2 _ 

,_.20 

_.16 

_-12 

- .08 

- .04 

- 0 

300 400 500 

Wavelength (nm) 

600 

Figure 2. Near-Ultraviolet and Visible Absorbance Spectra of Chromatium 
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cytochromes, bind carbon monoxide.33 The ferri-flavocytochrome reacts with a 

variety of ligands including HSO3-, 8203= , CN- and reduced glutathione.45.46 

The formation of the ligand-bound form is accompanied by the bleaching of the 

flavin absorbance at 475 nm with the appearance of a broad absorption 

maximum centered at 670 nm.^e These effects can be reversed by dialysis, 

indicating that the complex is formed reversibly.'^5 The exact nature of the 

complex has not been determined, but there is no apparent change in the 

spectral properties of the heme moieties when ligands are bound to the flavin. 

Yong and King47 examined the optical rotatory dispersion (ORD) and 

circular dichroism (CD) spectra of the fern, ferro and ferro-CO forms of the 

flavocytochrome. The spectra showed a rather featureless optical rotatory 

dispersion in the visible and aromatic regions, but large anomalous rotations 

with a prominent peak flanked by two small troughs in the Soret region. They 

interpreted the spectra in the Soret region in terms of an interaction between 

one of the hemes and either the other heme or the flavin. They also suggested 

that the ferro-CO spectrum resulted from the CO being bound to only one of the 

hemes. The results of this study also suggested that the immediate 

environment of the prosthetic group might be affected by the oxidation state of 

the hemes. Earlier, Bartsch et al.33 had also investigated the CD spectra of 

these three forms of the flavocytochrome. They concluded that the Soret 

spectra were the result of a heme-heme interaction. In contrast to Yong and ' 

King'̂ 7 they attributed the ferro-CO spectrum to the CO being shared by the two 

closely oriented hemes. In a later study, Vorkink'̂ 8 examined the CD spectra of 

the ferri, ferro, ferro-CO and ferri-CN" forms of the protein. Although he obtained 

essentially the same results as the previous researchers, the spectrum of the 
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CN" complex, along with other data, led him to propose an interaction between 

the flavin and at least one of the hemes. 

Electron paramagnetic resonance (EPR) and magnetic susceptibility 

studies have also provided clues as to the nature of the chromophore 

interactions. Strekas^^ obtained EPR spectra of the ferri-flavocytochrome and 

of the purified heme subunit at temperatures below 45 K. The complex EPR 

signals might be associated with three different heme environments. The 

intensity of the two low-spin hemes (S=1/2) were affected by pH differently . For 

the intact flavocytochrome, he observed that one heme underwent a change in 

environment when the pH was raised from 5.5 to 10.5 but the other heme 

remained unchanged."^9 Based on these studies he concluded that the two 

hemes exist in magnetically distinct environments. He suggested that one heme 

exists in a rather rigid environment that is unaffected by pH, while the other 

heme has a more flexible environment that may have two interchangeable out-

of-the plane ligands on one side of the heme. The heme subunit has also two 

distinguishable heme-iron signals. One important observation that Strekas'^9 

reported was that the binding of CM" to the flavin caused the variable heme to 

change from the high pH form to the low pH form. Dialysis to remove the bound 

CN- resulted in the return of most of the flavin absorbance, as was reported by 

earlier researchers, but the heme remained in the low pH configuration. Thus, it 

would appear that the formation of the CN" complex is not completely reversible 

as had been previously reported.33,48 strekas'^9 suggested that the three 

Cotton effects reported by Yong and King^e in the Soret region for oxidized 

flavocytochrome C552 reflect the three distinct EPR detectable environments, 

rather than the simple non-degeneracy of one the heme transitions. In this 

context, CD curves reported for this and other forms of the protein may also be 
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complicated by this dissimilarity in heme environments. Factors influencing the 

variable heme iron environment also influence flavin reactivity, indicating the 

existence of a mechanism for heme-flavin interaction.20,50 

The Mossbauer spectra of the oxidized and reduced Chromatium 

cytochrome C552 is similar to that of R. rubrum cytochrome C2. Moss et al.5i 

reported that both proteins in the reduced state show a widely split quadrupole 

doublet and small isomer shift. The splitting remains essentially constant with 

decreasing temperature. This pattern is compatible with the expected low-spin 

Fe(ll) heme coordination. In the oxidized form, both have a wide quadrupole 

splitting and small isomer shift, but the line broadening is temperature-

dependent as with other low spin Fe(lll) heme proteins.52a These results 

emphasize the relation of cytochromes C552 to the c-type cytochromes, 

although the two bacterial cytochromes have very different properties with 

respect to size, redox potential and CO binding ability. However, the 

Mossbauer chemical shift is not particularly sensitive to the iron environment. It 

can distinguish different oxidation states and spin-states but not hemes in the 

same oxidation and spin-states but with different chemical environments. 

Resonance Raman (RR) is a more sensitive technique in terms of identifying 

the spin-state, oxidation state and axial ligation of the iron.52b-54 This 

technique provides an additional way to investigate the structure of the C. 

vinosum flavocytochrome C552. The vibrational modes influenced by metal 

oxidation and spin state, as well as by porphyrin geometry, have been 

identified.54 A wide variety of heme proteins have been characterized. There 

are several reviews that provide a more complete discussion of the 

subject.53,55-58 
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Analyses of RR data usually rely extensively on a comparison of spectra for 

different heme proteins with model heme-complexes because a rigorous 

fundamental analysis of the signal frequencies is not always possible. Ondrias 

et al.59 obtained the RR spectra using both Soret and visible excitation of the 

C. vinosum flavocytochrome C552 and its isolated diheme subunit. These 

measurements were conducted at several pH values and in the presence and 

absence of inhibitors. The spectra indicate the presence of a low-spin heme c. 

In the reduced form both the holoprotein and the heme subunit spectra have 

bands that are within ± 2 cm-i of their horse heart cytochrome c counterparts, 

except for the depolarized band at about 1545 cm-i which displays a pH-

dependent position. The RR spectra of the oxidized holoprotein and the heme 

subunit differ more from that of equine cytochrome than is true for the reduced 

proteins. This is due to the ligand effect seen in both forms and a general 

perturbation of heme modes of the Big symmetry observed only in the oxidized 

holoprotein.53 These observations have been interpreted in terms of one heme 

with a relatively invariant protein environment, similar to the one found in 

cytochrome cwith methionine and histidine axial ligands, and a second heme 

that experiences a changeable protein environment depending on the pH. It 

was proposed that possibly at low pH this variable heme has a lysine and 

histidine axial ligands, but has two histidine axial ligands at high pH. They 

concluded that there is no direct heme-flavin interaction through either 

electronic resonance or the axial heme positions.59 if the heme and flavin 

interact, it happens via a protein-mediated heme-flavin communication through 

the heme periphery. These results correlate well with the EPR study49 (gee 

above), which reveals the existence of an analogous pH dependent heme axial 

ligation of the bacterial cytochrome. Further evidence to support the 
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conclusions of the RR experiments was demonstrated by the photolabile nature 

of the heme.80 When incident laser excitation at 514.5 nm was used, the 

electron density on the Raman-detectable heme iron was increased. This 

phenomenon was not observed with the horse heart cytochrome c. The results 

can be interpreted in terms of an indirect interaction between the flavin and the 

heme. Shortly after, Kitagawa et al.80 published a RR study of the flavoprotein 

in the oxidized and reduced state and also in the presence of cyanide, sulfite, or 

EDTA. It was demonstrated that in the presence of EDTA (pH 7.5) the oxidized 

cytochrome C552 was photoreduced by laser excitation at 457.9 nm. No 

photoreduction occurred in the absence of EDTA. Additional work, which was 

done with the isolated subunits, demonstrated that the flavin-containing subunit 

but not the heme-containing subunit was also photoreduced. The Raman 

spectrum obtained with 514.5 nm excitation of the heme moiety of the intact 

cytochrome was distinguishable from the spectra of its cyanide or sulfide adduct 

and of the cytochrome subunit. The spectral difference is characterized by 

intensity enhancement of the Raman lines without appreciable change of their 

peak frequencies. This kind of phenomena were observed previously for 

charge-transfer complexes.80 The spectral changes were consistent with the 

atomic displacement of methine carbon and hydrogen perpendicular to the 

heme radius in the heme plane. These results indicate that an intramolecular 

chromophoric interaction is present, which is perturbing specifically the vibronic 

coupling in the Q excited state but has little effect on the ground electronic 

state.53.54 Therefore it is highly possible that the porphyrin ring of heme 

undergoes charge-transfer interaction with an aromatic side chain of the 

surrounding amino acid residue or, alternatively, with an adenine ring of the 

FAD. 
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Structure Determination 

Preliminary crystallographic data for the C.vinosum flavocytochrome C552 

has been reported by Salemme.8ia The protein crystallizes in the monoclinic 

space group C2. The crystals have a rectangular parallelepiped habit. It was 

reported that each crystallographic asymmetric unit contains two 

flavocytochrome c complexes. Further crystallographic studies are being 

carried out but no diffraction data are aval Iable.8ib 

Amino Acid Composition 

Recently, the amino acid sequence for the heme subunit of the C.vinosum 

flavocytochrome C552 has been obtained by Van Beeumen et al.82 The heme 

peptide has 174 residues. The heme binding domains are like those of all 

prokaryotic and eukaryotic cytochromes c, i.e., Cys-X-Y-Cys-His.83 There are 

86 residues between the two heme binding sites. One begins at the Cys 11 and 

the other at Cys 101. It was suggested that the axial heme ligands are 

contributed by histidine 15 and methionine 54 for one heme, and histidine 105 

and methionine 143 for the second heme. This protein is double the size of the 

heme subunit of the green sulfur bacteria Chlorobium thiosulfatophilum 

flavocytochrome c 553.84 The latter protein, which contains a single heme, also 

possess the ability to catalyze the oxidation of S-2 to SO. The first half of the 

Chromatium subunit has 39% of the amino acids identical to the Chlorobium 

one, whereas for the second half the similarity is only 9%. The two heme 

peptides of the bacterial cytochromes have only 7% identity between each 

other.84,85 The findings led the authors to suggest that the heme subunit may 

have arisen from a gene fusion of two distantly related cytochromes. A partial 

amino acid sequence for the N-terminal sequence of the flavin-containing 



17 

subunit was also determined up to residue 41.82 This subunit shows more 

similarity to the Chlorobium flavin subunit than does the C. vinosum heme 

subunit, and is homologous to a number of flavoproteins.84.85 

Some information bearing on the surface structure of the flavocytochrome 

C552 is available. The rates of oxidation and reduction of the flavocytochrome c 

were measured with a number of non-biological electron donors and acceptors. 

Cusanovich et al.20.21 observed that the rate of reduction of the 

flavocytochrome was not dependent on the oxidation-reduction potential of the 

electron donor, but was dependent on the structure and charge of the electron 

donor. They postulated a negatively-charged recognition site for reduction of 

the heme and flavin which would require a region of negative charge on the 

protein surface.20,21,50 

Complex Formation 

The function of Chromatium flavocytochrome C552 has been the subject of 

much investigation. The work of Chance,88 Morita,87 Cusanovich et al.88 and 

Bartsch 33 suggested that this flavocytochrome might mediate the non-cyclic 

transfer of electrons from reduced sulfur compounds ( S-2, S2O3-2 ) to the active 

center of the photosynthetic apparatus (see Figure 1). However, flavocyto

chrome chas not been found in Rb. capsulatus, Rb. sphaeroides, or R. rubrum, 

even though these species of purple "nonsulfur" bacteria can oxidize H2S to 

SO.24,28,69 Kennnel and Kamen,70 isolated from C. vinosum a water-soluble, 

membrane-bound cytochrome having spectral properties very similar to the 

water-soluble flavocytochrome. They suggested that this membrane-bound 

cytochrome is the true mediator between reduced sulfur compounds and the 

photosynthetic electron transfer chain. Fukumori and Yamanaka 27 have shown 
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that the flavocytochrome exhibits sulfide-cytochrome c oxidoreductase activity 

and proposed that the physiological role of cytochrome C552 may be to transfer 

electrons from sulfide to the main photosynthetic electron transport chain 

through a c-type cytochrome (see Figure 3).27.7i The hypothesis that this 

flavocytochrome was responsible, at least in part, for the known ability of 

C.vinosum to produce SO from S-2 in vivo, gained support from analysis of the 

product of the sulfide oxidation in vitro by the flavocytochrome C552. Elemental 

sulfur was found in an amount essentially stoichiometric to the amount of 

cytochrome c reduced, while no sulfate, sulfite or thiosulfate were detected.29 

A likely candidate for the in vivo c -type cytochrome acceptor of electrons from 

sulfide in the cytochrome c 552-catalyzed reaction in C. vinosum is 

cytochrome c 551.72,73 This cytochrome C551 located in the periplasmic space 

of C. vinosum and appears to be similar to the equine cytochrome c, given that 

the endogenous C. vinosum cytochrome C551 and equine cytochrome care 

equally effective in reconstituting cyclic electron transport in spheroplasts 

obtained from this bacterium.73,74 

Equine cytochrome c has a remarkable structural similarity to the bacterial 

cytochrome c2-''^'^'^5a Cytochromes C2 commonly occurs in the purple 

phototrophic bacteria and have been found in 13 out of the 24 species 

examined.""4 The UV-vis absorption spectra, among other properties, are 

virtually identical for these two classes of cytochromes.i7 The amino acid 

sequences of the cytochrome C2 are so similar to those of the mitochondrial 

cytochromes c, in terms of the numbers of identically matching residues, that it is 

apparent the two groups form a single continuously variable structural 

class.83.76 The tertiary structures and the three-dimensional structures of some 

bacterial and equine cytochromes are alike.""O In these cytochromes the 
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Figure 3. Mechanism for sulfide oxidation and C. vinosum 
flavocytochrome C552 reduction.29 
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location of the heme is very similar, being located in an internal hydrophobic 

pocket with a single edge exposed to the solvent.10 These similarities in 

structure between horse heart cytochrome cand cytochrome C2 suggest that 

the equine cytochrome is a good model acceptor and has the advantage of 

being commercially available. In fact, equine cytochrome c replaces 

cytochromes c 2 as in in vitro assays of the cytochrome bc^ complexes of 

R. rubrum, Rb. sphaeroides and Rb. capsulatus with kinetic parameters virtually 

identical to the native cytochromes C2.̂ 5b,77a,77b The C. vinosum cytochrome 

C551 has been partially purified and was shown to have spectra and Em similar 

to those observed for cytochrome c 2-^^ Furthermore, recent experiments 

showing that fragments of C. vinosum DMA hybridize with probes constructed 

from the genes for Rb. capsulatus, Rps. viridis and Rb. sphaeroides cytochrome 

C2, suggests the existence of a soluble cytochrome in C. vinosum homologous 

to the well studied cytochromes C2 found in other photosynthetic bacteria.79 

Gray and Knaff 29 demonstrated by gel filtration chromatography that the 

C. vinosum flavocytochrome C552 forms a stable complex with equine 

cytochrome c. The complex is electrostatic in nature. At low ionic strength 

(43 mM) only one band eluted from a Sephacryl™ S-200 column when an 

equal mixture (heme : heme) of proteins was applied. At high ionic strength 

(515 mM) two bands eluted. The stability of this complex and the kinetics of the 

sulfide-cytochrome c reaction catalyzed by the flavoprotein are both ionic 

strength dependent. The maximal rates of cytochrome c reduction and extent of 

complex formation occur over the same ionic strength range. These results 

indicate that it is probably the binding of cytochrome cto the flavoprotein, rather 

than the electron transfer perse, that is sensitive to the ionic strength.29.80 

Subsequently, Meyer et al.50 also reported that only a single set of fractions 



21 

containing cytochrome were observed when an equimolar mixture of 

flavocytochrome C552 and horse heart cytochrome cwas passed through a gel 

filtration column (Sephadex G-100) in 10 mM Tris.HCI pH 8 or pH 7.4. In 

contrast, they observed that the flavocytochrome C552 and equine cytochrome c 

were recovered in separate fractions if the ionic strength was increased by 

addition of either 50 or 500 mM NaCI. The results from both groups suggested 

that a tight complex exists between the two proteins at low ionic strength. 

Davidson et al.8i,82 were able to cross-link the C. vinosum 

flavocytochrome with cytochrome c, and to prove by affinity chromatography that 

the flavoprotein binds to cytochrome c. 83 Complex formation was also 

confirmed by differential chemical modification as reported by Bosshard et al.84 

In this technique, the cytochrome c is acetylated in the absence and presence of 

the flavoprotein.85 To identify the specific residues involved in the electrostatic 

interaction, the chemical reactivity of lysine residues of cytochrome c toward 

acetic anhydride was compared in free and flavocytochrome C552-bound 

cytochrome c.88 The results of this study indicated that the interaction occurs 

around the heme edge at the front face of the equine protein. Another approach 

used to study the recognition site for flavocytochrome C552 on equine 

cytochrome cwas by kinetic analysis of the sulfide:cytochrome c 

oxidoreductase activity of m-trifluoromethylphenylcarbamoyl-lysine derivatives 

of cytochrome c. Modification of the residues 72,79 and 13 of the cytochrome c 

have the greatest effect on the Km for the sulfide-cytochrome c oxidoreductase 

activity. The turnover number changed little as the ionic strength was varied. 

The Km show more than a four-fold increase. The observation that 

trifluoroacetylated cytochrome c neither forms a complex with the 
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flavocytochrome nor is reduced by the flavoprotein, provides additional 

evidence for the role of acceptor lysine residues in complex formation.84 

Proposed Research 

Chromatium vinosum Flavocytochrome c^^p 

A considerable amount of information is available on Chromatium 

flavocytochrome C552 as a result of kinetic and spectroscopic studies of the 

purified protein. However, much remains to be learned about the protein, 

including its function in the cell.17,24 AS was mentioned earlier, the presence of 

three chromophores in a single protein provides an excellent opportunity to 

study the mechanism of electron transfer between these components. The fact 

that a complex forms between equine cytochrome c and the flavocytochrome 

C552 also provides an excellent opportunity to study electron transfer between 

proteins. The complex has not been completely characterized, e.g., neither the 

complex stoichiometry nor the Kd has been established. 

Nuclear Magnetic Resonance (NMR)88 has been chosen to study this 

protein and the interaction with cytochrome c because it provides a very 

sensitive way to detect some of the changes in the flavoprotein as a result of 

protein-protein interaction.88,87 The covalent88 and non-covalent87 complex of 

cytochrome cand cytochrome cperoxidase has been studied by following shifts 

in the positions of methyl resonances of cytochrome cas a consequence of 

complex formation. Other systems that have been studied by this method 

include the complexes of cytochrome cwith cytochrome b 5,̂ 0,91 and 

cytochrome c with plastocyanin.92 |n this study the shift in methyl resonance of 

the equine cytochrome c will be monitored as a consequence of the formation of 

the non-covalent complex with the C. vinosum flavocytochrome C552. 
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The NMR technique, which has flourished in the last five years, is very 

useful for determining protein structure in solution.88.87,93-95 jt provides data 

that is complimentary to that obtained by x-ray crystallography. Its development 

is due to three facts. First, many proteins do not crystallize, and even when they 

do, the crystals may diffract poorly.98 Second, significant and possibly 

important functional differences may exist between structures in the crystal state 

and in solution. A good example of this is the non-covalent complex of horse 

heart cytochrome cand cytochrome c peroxidase,89.97 where NMR studies in 

solution and electrophoretic analysis of the crystals demonstrated the presence 

of both proteins in equal ratio. Attempts to locate the equine protein by x-ray 

diffraction studies were unsuccessful.98 Another important advantage of the 

NMR is the possibility of studying dynamic processes on time scales ranging 

from picosecond to seconds.99 The development of two-, three- and four-

dimensional hetero-nuclear NMR spectroscopy offers dramatic improvements in 

spectral resolution by spreading through bond and through space correlations 

in two, three and four orthogonal frequency axes. Two-dimensional NMR 

analysis has been widely used for proteins up to 100 residues.93,100,101 its 

use thus promises to give a better grasp of the relations between structure and 

function in protein molecules. Despite these attractive features it should be 

borne in mind, that just like crystallography. NMR also has a number of 

limitations.88,98 jn particular, the protein under investigation must be soluble 

and should not aggregate at concentrations of 1 mM or above. Other 

spectroscopic techniques besides NMR, like RR and CD, have also been used 

to better characterize the structure of C. vinosum flavocytochrome c 
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Chromatium tepidum Flavocvtnchrome C552 

Flavocytochrome C552, isolated from the moderate thermophilic bacterium, 

Chromatium tepidum, (C. tepidum) was also studied. C. tepidum is a recently 

discovered thermophilic purple sulfur bacterium that was first found at 

Yellowstone National Park (Wyoming) by Madigan.102 its rod-shaped 

morphology, assemblage of pigments, and ability to oxide sulfide and store 

elemental sulfur intracellularly, categorize it as a member of the family 

Chromatiaceae."'03-105 The intracytoplasmic membrane obtained from 

C. tepidum exhibits considerable thermostability compared to that from the 

related mesophile C. wnosL/m. 108 The growth temperature optimum of 

48-55 °C found for C. tepidum is one of the highest known for a purple 

photosynthetic bacterium. No growth was observed below 34°C or above 

57 °C.i03 Acetate and pyruvate are the only organic compounds that are 

photoassimilated by C tepidum. The major carotenoids of this organism are 

rhodovibrin and spirilloxanthin, produces bacteriochlorophyll ap, and the 

deoxyribonucleic acid base composition is 61% (mol) of guanine and 

cytosine."" 03,104 

The flavocytochrome C552 from C. tepidum has been isolated and 

characterized by UV-vis spectroscopy. Molecular weight, subunit composition, 

redox potential and complex formation with horse heart cytochrome c have 

been determined. The purpose of this part of the research will be to compare 

the sulfide:oxidoreductase cytochrome c activity of the newly purified 

flavocytochrome C552 from the thermophile to the activity of the well studied 

flavocytochrome from C. vinosum in order to gain more understanding of the 

role of the flavocytochrome C552 in these two kind of bacteria.24 



CHAPTER II 

EXPERIMENTAL PROCEDURES 

Methods 

Bacterial Cell Growth 

Chromatium vinosum D bacterial cells were obtained from the culture 

collection of Prof. Norbert Pfennig (University of Konstanz, Federal Republic of 

Germany), and from Prof. B. B. Buchanan (Division of Molecular Plant Biology, 

University of California, Berkeley). The rod-shaped cells are about 2 jiim wide 

and 2.5-6 jim long. Globules of elemental sulfur appear evenly distributed 

within the cell.i07,i08 The cell suspensions are at first orange-brown, and later 

turn brownish red. The cultures were grown photoheterotrophically according 

to the method of Pfennig et al.i09 on a malate-containing medium. The basal 

medium, which contains different mineral salts, is described in Table 1. The 

medium also contained a number of trace elements and EDTA. It is very 

important to add the FeCl2 with the EDTA to the trace element solution (B) just 

before the mineral salt solution is being prepared in order to avoid oxidation of 

the iron salt. The solution containing the rest of the minerals can be stored for 

several months once it is mixed. Screw-cap bottles (150 ml, Wheaton™) were 

filled to 80% of their volume with the basal mineral medium, tightly closed and 

autoclaved. The medium was cooled to room temperature and supplemented 

from sterile stock solutions to give final concentrations of 4 mM H2SO4, 60 mM 

NaHC03, 0.33 mM Na2S, and 10 mM sodium malate. The bacterial inoculum 

concentration was in the range between 5 and 10% (v/v). The final medium pH 

was 7.3. 

25 
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Table 1. Mineral Salt Solution for Bacterial Growth. 

Solution A: Concentrated mineral salt solution 

Compoun 

KH2PO4 

KCI 

NH4CI 

d 

MgS04-7H20 

CaCl2-2H20 

SL 8 (Sol. B) 

Concentration of Stock 
Solution (mM) 

40 

80 

120 

40 

20 

a 

Final Concentration in 
Growth Medium (mM) 

2 

4 

6 

2 

1 

Solution B: Trace element Solution (SL 8) 

Compound 

ZnCl2 

MnCl2.4H20 

H3BO3 

CoCl2-6H20 

CuCl2-2H20 

NiCl2-6H20 

Na2Mo042H20 

FeCl2-4H20 

Concentration 

Na2CioHi4N208(EDTA) 

Solution (1 

0.5 

0.5 

1.0 

0.8 

0.1 

0.1 

0.15 

7.5 

14 

of Stock 
mM) 

Final Concentration in 
Growth Medium (|j.M) 

0.5 

0.5 

1.0 

0.8 

0.1 

0.1 

0.15 

7.5 

14 

FeCl2 and Na2EDTA are added at the last moment to the corresponding 
amount of the rest of the minerals of SL 8. a = 20 ml of stock SL 8 per liter 
of mineral salt solution. Prepare solution B and add to solution A, this is the 
basal medium.""09 
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The sterilized basal medium can be stored at room temperature for 2-3 months. 

Once the other solutions are added the medium should be inoculated 

immediately. After inoculation the bottles were stored in the dark at room 

temperature for 6-8 hours. The cultures were then put in the light with an 

intensity of 1.4 x 103 lux (Ix), until they reached an O.D.850nm of 0.8 (middle of 

the log phase). Usually this value was reached after 72 hours at room 

temperature. The doubling time for this bacterium is 8-9 hours.i04,i08,i09 it 

was found that the yield of the cells was higher if the malate was added 16 

hours after inoculation. This way the bacteria can utilize the substrate more 

efficiently.108,109 The pH was also monitored during the growth period. The 

pH values of the cultures were near 7.1 at the beginning of the lag phase and 

7.4 at the middle of the log phase, at which point the cells were either harvested 

or used to inoculate a fresh culture. 

The cultures were monitored under the microscope at 45x magnification 

during the growth period. The shape of the cells was noted and also the 

cultures were inspected for any abnormal cells or any type of contamination. 

Rapidly growing, uncontaminated cultures in 150 ml bottles were transferred to 

300 ml screw-cap bottles (Wheaton™), and the cells were grown to log phase 

as described above. These cultures were subsequently transferred to 9 liter 

bottles. All the conditions were the same as those used for growing cells in the 

small bottles except that the light intensity was 2 x 103 Ix, and the O.D.850nm 

had a value of 1.7 - 1.8, when the cells were harvested in the eariy stationary 

phase (see Figure 4). This O.D. value was reached 72 to 85 hours after 

inoculation. The sodium malate solution was also added in two parts: the first 

half was added after 16 hours of inoculation, as was the case when cells were 

grown in small bottles, and second half was added when the cells had reached 
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Figure 4. Bacterial culture from Chromatium vinosum in 9 liter bottles. 
The top picture shows the cultures at the beginning of the lag 
phase. The bottom picture shows the appearance of the culture 
just before harvesting. 
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the middle of the log phase. The yield was higher than when the malate was 

added in one step. Nine liter bottles containing sterilized basal medium should 

be used within 24 hours after autoclaving, as larger amounts of solutions are 

more prone to contamination. The cells were harvested by centrifuging the 

culture at 6,370 x g for 6 min at 5 °C in a Beckman™ J-21B preparative 

centrifuge with a type JA-10 rotor. The clear supernatant was discarded and the 

pellet was washed twice with 20 mM TrisHCI buffer (pH 8.0) containing 200 mM 

NaCI. Each 9 liter bottle yielded between 25 to 30 grams (wet weight) of cells. 

The cells were stored at -30 °C until they were used to isolate the proteins. 

Flavocytochrome c559 from Chromatium vinosum 

Isolation and Purification 

The flavoprotein was isolated following the procedure outlined in Figure 5. 

This procedure is essentially the one described by Bartsch et al.110 with some 

minor modifications. A cell suspension was formed by mixing 3 ml per gram of 

wet cells of 20 mM TrisHCI buffer (pH 8.0) containing 200 mM NaCI and 1% 

phenylmethylsulfonyl fluoride (PMSF).81 After the cells were thoroughly homo

genized, the solution was sonicated using a Branson™ Model 200 sonicator to 

break the cells. Approximately 50 ml of cell suspension was stirred at one time 

and sonicated at Power Setting #7 (45 watts), using a 50% pulsed duty cycle for 

periods of 4-6 minutes. The temperature was kept between 4 and 6 °C with a 

NaCI-ice bath. The sonicated solution was centrifuged at low speed (4,420 x g) 

for 20 min with a JA-10 rotor in a Beckman™ J-21B (or J2-21) centrifuge. The 

pellet was resuspended in buffer and resonicated following the same 

procedure. This process was repeated 4 or 5 times in order to break as many 

cells as possible. All the supernatants were combined and centrifuged for 
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Cell suspension (100 g wet wt in 400 ml of 0.2 M 
Tris-HCl, pH 7.3-8.0) 

Break cells with Sorvall-Ribi cell 
fractionator, 20,000 pai, 20° 

Centrifuge 10-30 minutes at 30,000 g 

Precipitate 
cellular debris 

Cell-free extract 

Precipitate chromatophores 

Centrifuge 2-3 hours at 100,000 g 

Supernatant solutions 
DEAE-cellulose, Selectacel Standard, 

75-ml bed volume, +0.2 M buffer 
Wash with 400 ml of application buffer 

Unadsorbed proteins 
Desalt, Sephadex G-25 
DEAE-cellulose, type 20, lOO-ml 

bed volume, +1-10 vaM 
TrisHCI, pH 8.0 

Wash with 200 ml of applica
tion buffer 

Elute with 0.3-0.4 M NaCl in 
20 mM TrisHCI, pH 7.3 

Ferredoxin 

Elute cytochrome zones with 
increasing concentration of 
NaCl in buffer 

Desalt each zone, Sephadex G-25 
Concentrate on DEAE-cellulose, 

Type 20, 3-ml bed volume, elute 
with 0.5 M NaCl in 20 vaM buffer 

Fractionate with ammonium 
sulfate" 

Desalt and chromatograph on 
DEAE-cellulose colmnns 

Chromatograph on Sephadex G-100 
Concentrate 
Crystallize from ammonium sulfate 

solution 
Acidic cytochromes 

Unadsorbed basic proteins 
CM-cellulose, Selectacel 

standard, 30-50 ml bed 
volume, + 1 TtiM phos
phate, pH 5.0-6.0 

Wash with 200 ml applica
tion buffer 

Elute colored bands with 
increasing concentrations 
of buffer 

Desalt each zone, Sephadex 
G-25 or Bio-Gel P-2 

Concentrate on CM-cellu-
lose, standard, 3-ml bed 
volume, elute with 0.1 or 
0.2 M Pi, pH 7.0 

Fractionate with ammonium 
sulfate* 

Chromatograph on Sephadex 
G-100 

Concentrate 
Crystallize 

Basic cytochromes 

Figure 5. Isolation scheme for bacterial cytochromes."* 10 
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40 min at 14,300 x g. The pellet from this step was discarded, since it contains 

only cell debris. The supernatant was centrifuged for 4-5 hours at high speed 

(256,000 X g), in an ultracentrifuge (Beckman™ L7-65) with either a type 60-Ti 

or 70-Ti rotor. The amber-colored supernatant from this step contains all of the 

soluble proteins. The pellet from this step contains the chromatophores and 

was frozen (-30 °C) for use in other experiments. In order to avoid slow flow 

rates during subsequent chromatography, it is important that the supernatant be 

free of chromatophore membranes. The presence of pigment-containing 

chromatophores can be monitored by the presence of bacteriochlorophyll 

(BChI). BChI concentration was determined by the method of Clayton.m 

following extraction in 7:2 (v/v) acetone-methanol, using a molar extinction 

coefficient at 772 nm of 75 mM-i cm-i for Bchl. If the concentration was higher 

than 1 mM, the reddish supernatant was recentrifuged and the clear amber-

colored supernatant was pooled. 

The supernatant was dialysed against 20 mM Tris HCI buffer (pH 8.0) at 

4 °C, until the conductivity was the same as the original buffer. Then it was 

concentrated using a 150 ml, Filtron™ stirred cell with an Omegacell™ 

membrane (nominal molecular weight limit, NMWL, of 10 kDa), under N2 

pressure. This concentrated supernatant was loaded on a diethylaminoethyl 

(DEAE) cellulose (Whatman™) chromatography column (2.6 cm diameter x 

36 cm length) equilibrated with the 20 mM TrisHCI buffer (pH 8.0), at 4 °C. The 

column was washed with one column volume of the original buffer to remove 

residual BChl-containing material along with other cytochromes (C552-C556, 

see Figure 6). Stepwise elution with buffers containing increasing amounts of 

NaCI was then carried out. The second wash used 20 mM TrisHCI buffer (pH 

8.0) containing 40 mM NaCI, which eluted high-potential iron protein (HiPIP). 
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Figure 6. DEAE-cellulose column with the supernatant from Chromatium 
vinosum . The column has been washed with 20 mM Tris.HCI 
(pH 8.0) only. The flavocytochrome C552 is the reddish-orange 
band, second from the top. 
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The column was subsequently washed with 20 mM TrisHCI buffer (pH 8.0) 

containing 60, 80. 100, 120, 150, 180, and 200 mM NaCI, respectively.""^2 The 

flavocytochrome C552 was eluted between 120 to 180 mM NaCI. All of the 

fractions with a ratio of A278 / A410 between 1.0 to 0.56 were pooled. The 

absorbance ratio, A 475/A 525, an indicator of the flavin:heme ratio, was found 

to be 1.29, for these fractions. This value is in good agreement with the 

literature value reported for C. vinosum flavocytochrome c 552.33,80,81 

The flavocytochrome-containing fractions were then concentrated using a 

50 ml Amicon™ stirred cell with a YM-30 membrane (NMWL of 30 kDa), under 

N2 pressure. The solution was washed twice with 20 mM TrisHCI buffer (pH 

8.0) containing 200 mM NaCI. The (NH4)2S04 precipitation step present in the 

protocol of BartschiiO was omitted. Subsequently, the protein was subjected to 

gel filtration on a Sephacryl HR (Pharmacia™) chromatography column (2.6 cm 

X 95 cm) that had been pre-equilibrated with this buffer, at 4 °C. Spectra of the 

fractions were measured and all the ones with A 278 / A 410 of 0.56 to 0.60 were 

pooled, and the sulfide:cytochrome c oxidoreductase activity was measured. 

Previous studies have reported a A278 / A410 ratio of 0.54 for the pure protein.33 

The flavoprotein was concentrated, desalted, and polyacrylamide gel 

eletrophoresis in the presence of sodium dodecyl sulfate (SDS-PAGE)ii3a,ii4b 

and isoelectric focusing (iEF)ii3b,ii4b jn the absence of SDS were run to 

check for purity. This preparation gave two Coomassie Blue-staining bands 

after SDS-PAGE which correspond to the Mr = 22 kDa for the heme subunit and 

Mr = 45 kDa for the flavin subunit.27,33 There was one Coomassie Blue-

staining band with the pi of 4.6 after isoelectric focusing. This is within the 

experimental error of the value of 4.5 reported by Bartsch.no The yield was 

approximately 1 iimole of flavocytochrome per 100 g of wet cells, which is in 
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good agreement with the value reported by Bartsch et al.no and Van Beeumen 

et al.82 The protein was stored in the dark at -30 oc until it was needed for 

further experiments. 

The higher A278 / A410 ratio fractions from the gel filtration step were further 

purified by chromatography on a DEAE cellulose column (1.5 cm x 20 cm). 

The protein eluted had the A278 / A410 ratio mention above. Also, if the protein 

showed more than 2 bands on SDS-PAGE, the sample was chromatographed 

again on a DEAE cellulose column.no,112 

Flavocytochrome c^^irom Chromatium tepidum 

Isolation and Purification 

Cells from Chromatium tepidum were provided by Prof. R. Blankenship 

(Department of Chemistry, Arizona State University). The basal medium used 

to grow this bacterium is very similar to the one described above for the 

C. W/7OSL/A77.103 The major difference is that the bacterium grows at higher 

temperatures, 45-55 °C.102,103 AISQ, some cells were grown in Dr. Knaff's 

laboratory by other co-workers. The cells were broken following the same 

procedure outlined above. The supernatant after the ultracentrifugation step 

was treated as described above for supernatants prepared from C. vinosum 

(p. 29) and then loaded on a DEAE cellulose column that had been equilibrated 

with 20 mM TrisHCI buffer (pH 8.0). Stepwise elution with buffers of increasing 

ionic strength was then carried out.110,112 pjrst the column was washed with 

20 mM TrisHCI buffer (pH 8.0) to remove residual bacteriochlorophyll-

containing material (see Figure 7). Some cytochromes were also eluted in this 

step. They were not characterized further but did not appear to be reduced by 

either hydroquinone (H2Q) or Na2S204. Then the ionic strength was increased 
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Figure 7. DEAE-cellulose column with the supernatant from Chromatium 
tepidum. The column has been washed with 20 mM TrisHCI 
(pH 8.0) only. 
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by addition of 20 mM NaCI to the Tris HCI buffer. At this time a green protein 

with a spectra similar to the HiPIP from C. wnosi/m started eluting.110 This 

protein finished eluting after buffer containing 40 mM NaCI was used to wash 

the column. Then the column was washed sequentially with buffer containing 

50, 70, 100 mM NaCI, respectively. Some cytochromes were eluted at the 

beginning but they were not Na2S204-reducible. After the 100 mM NaCI step a 

cytochrome with the same spectra as the C. vinosum flavocytochrome C552 

started to elute. The cytochrome is Na2S204-reducible and it shows 

sulfide:cytochrome c oxidoreductase activity. Immediately (at 130 mM NaCI) 

another cytochrome eluted. This cytochrome was partially reduced and showed 

optical spectra resembling those of C. vinosum cytochrome c'.i7'28 However 

there is not enough evidence at present to definitively identify this cytochrome. 

The column was subsequently washed with buffer containing 120, 130, 150, 

180, and 200 mM NaCI. More cytochromes eluted, but only the 100-120 mM 

NaCI fractions showed any sulfide:cytochrome c oxidoreductase activity. After 

this the column was washed with buffer containing 250, 300, 400, 500 mM 

NaCI, respectively, but although additional proteins were eluted no more 

cytochromes were detected. 

Characterization of the Protein 

After the protein was eluted from the DEAE cellulose column, all the 

fractions showing sulfide:cytochrome c oxidoreductase activity were pooled and 

concentrated in a 50 ml Amicon™ stirred cell with either a YM-10 or PM-10 

membrane (NMWL 10 kDa). This solution was washed three times with the 20 

mM Tris-HCl buffer (pH 8.0) containing 200 mM NaCI. Then the protein was 

loaded on a Sephacryl™ 200-HR gel filtration column and chromatographed. 
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The protein was characterized by SDS-PAGE 112 and lEF.ns The UV-visible 

absorbance spectrum and sulfide:cytochrome c oxidoreductase activity were 

measured as described below. The yield of the flavocytochrome C552 was 

approximately 0.7 |imole of protein per 100 g of wet cells. 

Pyridine Hemochrome Analysis and Protein Determination 

Alkaline pyridine hemochromes were prepared by the method of 

Falk 115,116 or by the method of Takaichi and Morita.ii"^ Simultaneous 

determination of hemes a, b, and c was accomplished following the procedure 

described by Berry and Trumpower.ns The protein content was analyzed by 

the method of Lowryi 1̂ .120 using bovine serum albumin (BSA) as standard. 

Electrophoretic Methods 

Polyacrylamide gel electrophoresis under denaturing and nondenaturing 

conditions was performed essentially as described by Weber and Osborne.121 

Gels were run in a Pharmacia™ PhastSystem"'22 or using the BioRad™ 

electrophoresis equipment for vertical gels.123 The gels were stained for 

protein with either Coomassie Brilliant Blue R-250 (068)124-126 or silveri27 

following the procedure in the Pharmacia manual.122 Gels were stained for 

heme following the procedure described by Thomas et al.i28 using 3,3',5,5'-

tetramethylbenzidine-H202 as a stain for the peroxidase activity of the 

heme.•'29.130 The protein was denatured without p-mercaptoethanol when it 

was used in a gel stained for heme, to avoid side reactions with the H2O2. lEF 

were run in the Pharmacia™ PhastSystem according to the method described 

in the manual.•'''3b, ii4b,i22 The gels were also stained with CBB.124 
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Absorption Spectrn.qnnpy 

Ultraviolet-visible 

UV-visible spectra were recorded using either a Shimadzu™ model UV-

2100U or UV160U, a Perkin-Elmer™> Lambda 5 and an Aminco™ model DW-

2a, spectrophotometers. All the spectra utilized baseline corrections determin

ed using appropriate buffer blanks. The semi-micro cuvettes (1 cm path-length) 

used were of quartz. The cuvette compartment was thermostated when needed 

with a Masteriine™ model 2095 bath and circulator. 

Circular Dichroism 

The circular dichroism (CD) spectra were recorded on a Jasco™ model 

J-600 spectrometer, in the Department of Chemistry at the University of New 

Mexico. The spectral data was acquired and processed using an IBM™ PC 

computer with a DP-J600/PC System, version 1.0, developed by Jasco™.131 

The spectra were obtained at room temperature (24 °C) using quartz split cells 

with two compartments of 0.45-cm path length each. The concentration of the 

protein solutions was in the range of 5 to 12 ^iM. 

Magnetic Circular Dichroism 

The magnetic circular dichroism spectra were register using a Jasco™ 

J-500C (180-1000 nm) spectropolarimeter mated to an Oxford Instruments 

SM-3 split coil super-conducting magnet in the laboratory of Prof. Michael K. 

Johnson (Department of Chemistry, University of Georgia). The experimental 

protocols for measuring MCD spectra over the temperature 1.5-300 K with 

magnetic fields up to 5 T have been described by Johnson.132 Spectra were 

obtained using a solution of 100 îM C. vinosum flavocytochrome C552 in 
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deuterated potassium phosphate buffer, pD 7.1, containing ethylene glycol at a 

final concentration of 55%. The solution forms an optically transparent glass at 

cryogenic temperatures. 

The EPR spectra of the flavocytochrome C552 from C. vinosum were also 

recorded in the laboratory of Prof. Johnson, using a Bruker™ ESP-300D X-band 

spectrometer and an Oxford Instruments liquid helium cryostat (4.2-300 K). 

Estimates of the relative spin concentration of individual low spin Fe (III) 

cytochrome components were made using the area under the resolved low-field 

feature using the methods by Aasa and Vanng^rd.i33 Samples were prepared 

as described above, except that the spectra were recorded with and without 

ethylene glycol. 

Kinetic Assays 

Enzyme Activity 

A solution of completely oxidized (see below) horse heart cytochrome c 

(Type VI Sigma™) was mixed with a solution of the flavocytochrome C552 in 20 

mM Tris-HCl buffer (pH 8.0) to give a final concentration of 10 iiM for the former, 

and 10 nM for the latter. The final volume of the assay solution was 1 ml. The 

reaction was initiated by adding Na2S in this same buffer to a final 

concentration of 15 )iM.80,8i The 1 cm optical path cuvette was agitated 

manually with a small stirring rod. The reaction was slow enough to be 

measured in a spectrophotometer. The reduction of equine cytochrome cwas 

monitored by following the increase in absorbance at the alpha band maximum 

(X = 550 nm) compared to that at a nearby isosbestic point (X = 540 nm), using 

the double beam, double monochromator Aminco™ DW-2a spectrophotometer. 

A reduced minus oxidized molar extinction coefficient, Ae = 20.7 mM-i cm-i for 



40 

cytochrome cwas used to calculate changes in the concentration of reduced 

cytochrome.134,135 NQ appreciable difference in the calculated rates of 

cytochrome reduction was observed if the reaction was monitored instead at a 

single wavelength (?i = 550 nm) in a single monochromator, double beam 

spectrophotometer. 

The chart recorder was started simultaneously with the addition of the Na2S 

and provided a plot of the change of absorbance at a fixed wavelength as a 

function of time. For each such plot, a line was drawn tangential to the initial 

portion of the curve and the slope of this line computed in units of AA / second. 

The value of the slope so obtained was used as the initial rate of reaction for the 

particular set of experimental conditions. Initial rates of cytochrome c reduction 

were measured in the absence and then in the presence of the flavocytochrome 

c 552.80,81 The rate of the enzyme-catalyzed reaction was obtained by 

subtracting these two rates. The pH and ionic strength used in this assay had 

previously been shown to be optimal for enzyme activity."^0 A stock solution of 

15 mM Na2S was prepared fresh every day. It was closed with a septum and 

the liquid was extracted with a microsyringe. 

Cytochrome cwas oxidized with an excess of K3Fe(CN)6 in 20 mM TrisHCI 

buffer (pH 8.0). Excess ferricyanide was removed either by gel filtration with 

G-10 Sephadex (Pharmacia™') or by using a Dowex™ 1X8-50 resin. The 

oxidized solution of the equine protein was concentrated in a 10 ml Amicon™ 

stirred cell with a membrane YM-5 (NMWL of 5 kDa). The concentration of this 

stock solution of cytochrome cwas determined from the absorbance of the 

Soret band, and appropriate dilutions performed in the corresponding buffers. 

In some cases the lyophilized equine protein was dissolved directly in the 

appropriate buffer, (see details on page 42). Solutions of oxidized 
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cytochrome c start to get partially reduced after 2 to 3 days, so fresh solutions 

were prepared if experiments lasted longer than that period of time. The 

absorbance spectrum of the cytochrome c stock solutions were routinely 

checked for signs of reduction. 

pH Profile 

Flavocytochrome C552 from Chromatium tepidum was assayed over the pH 

range from 6 to 9 to determine the pH optimum for sulfide:cytochrome c 

oxidoreductase activity. The buffers used were MES ([2-(N-morpholino)ethane-

sulfonic acid] sodium salt), MOPS ([3-(N-morpholino) propanesulfonic acid] 

sodium salt), HEPES ([N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid], 

sodium salt), and TrisHCI, all at concentration of 30 mM. The assays were run 

as described above, except for the difference in buffer used.'̂ o 

Temperature Dependence 

These kinetic assays were run essentially as described above, except that 

the temperature was varied over the range from 18 to 65 °C. In assays 

designed to characterize the thermal stability of the C. vinosum and C.tepidum 

enzymes, sulfide:cytochrome c oxidoreductase assays were run at the 

respective temperature optima, after preincubation of the flavocytochromes at a 

series of temperatures. 

Nuclear Magnetic Resonance Spectroscopy 

Preparation of Samples 

To prepare samples suitable for NMR experiments, flavocytochrome C552 

samples were dialysed against 10 mM deuterated potassium phosphate buffer 
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pH 7.10, (uncorrected). The sample was washed in a 10 ml Amicon'""' stirred 

cell, which contains a YM-30 membrane; a minimum of 5 washes were 

performed, in order to minimize the amount of H2O and exchangeable protons 

remaining in the sample.89 The concentrated sample was diluted to the desired 

protein concentration with deuterated phosphate buffer. The concentration of 

flavocytochrome c 552 was on the order of 0.8 to 1.2 mM, as the protein 

aggregates at higher concentrations. The activity of the bacterial protein was 

checked before and after the NMR experiments to ensure the protein was stable 

and no significant losses in activity were observed. Dialysis against water 

resulted in partial denaturation, making it impossible to prepare solid protein by 

lyophilization, in the absence of excess buffer, that would retain full activity 

when redissolved in D2O containing deuterated buffer. The buffer was 

prepared from the deuterated potassium salts in D2O, 99.9% D from Isotec 

Inc.™. Both salt solutions were mixed until the pH was 7.1.89 The pH values 

are reported, uncorrected for isotope effects, as measured with a Metrohm / 

Brinkmann™ Model pH 103 pH meter equipped with a pH glass electrode 

Metrohm AG. 

Horse heart cytochrome c (type VI from Sigma™) was oxidized with 

K3Fe(CN)6 in 1:1.2 (mole ratio) mixture in 100 mM potassium phosphate buffer 

at 4 °C.89,136 The solution was run through a Dowex™ 1X8-50 resin column 

(1.20 cm X 9 cm); that was equilibrated with 1M NaOH and subsequently, 

washed with H2O (4X the column volume). As a final step the column was 

washed with the running buffer, 100 mM potassium phosphate (2X the column 

volume). The oxidized cytochrome was eluted, dialysed against water and 

lyophilized. The solid protein was collected and stored at -30 °C in a 
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desiccator, until it was needed for the NMR experiments. The UV-visible 

spectrum of the equine protein was unaffected by lyophilization.89,136 

Samples containing different ratios of equine cytochrome c : flavocyto

chrome C552 were prepared by weighing out lyophilized samples of 

cytochrome c and adding them to the corresponding solution of 

flavocytochrome C552. The solution of the bacterial protein was prepared by 

diluting it with the deuterated buffer from a more concentrated solution (approx. 

2 mM). The total protein concentration was kept constant at 38 mg/ml. This 

concentration is high enough to allow reasonably short spectral acquisition 

times (ca. 12 hours), but minimizes the possibility that excessively high viscosity 

could lead to changes in rotational correlation times for the proteins and thereby 

affect the measured linewidths of the individual solutions in an uncontrolled 

manner.87,89,136 vVhen the samples containing only cytochrome cwere 

prepared for NMR analysis, the protein was dissolved directly in the appropriate 

buffer. 

Flavocytochrome C552 was reclaimed following NMR experiments or the 

other complex formation studies by dialysing the sample against 20 mM 

Tris-HCl buffer (pH 7.00). The sample was applied to a short (1.5 cm x 7 cm) 

CM-sepharose column equilibrated with the same buffer.112 Cytochrome c 

binds preferably to the column, and the flavocytochrome C552 comes out pure. 

The purity was checked by the UV-visible spectra. 

1H NMR Measurements 

Proton NMR spectra were obtained in the laboratory of Prof. James D. 

Sattertee, with a GE-Nicolet FT-NMR spectrometer operating at a proton 

frequency of 361 MHz (Department of Chemistry, University of New Mexico) and 
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a 500 MHz Varian™ model VXR50S (Department of Chemistry, Washington 

State University). The probe was regulated actively at several temperatures in 

the range from 18 to 35 °C ± 1. Instrument settings were 30-50 kHz spectral 

width, 16,000-32,000 data points, with the decoupler on during the relaxation 

delay period in order to suppress the residual water resonance.89,136,137 The 

single pulse, one-dimensional experiments were performed with 90° pulses of 

8-16 |isec.i37 The delay time was set to 500 msec to insure return to 

equilibrium of all magnetization between successive pulses. The number of 

acquisitions varied according to the concentration of the sample, ranging from 

50,000 to 200,000 transients.138 Quadrature phase detection was used and 

the shifts were referenced to the residual H2O peak which was assigned a 

value of 4.63 ppm.89,i36,i38a AH spectra were measured using 5-mm tubes 

from Wilmad™. 

The relative integration of the hyperfine shifts in the downfield region of the 

iR NMR spectra was performed in two ways, first by integration measurements 

by the provided software. Second by weighing the cut-out plotted resonances 

from three spectra and averaging the relative value for each hyperfine shift. 

Based on the total number of protons the relative numbers were assigned. This 

is only a first estimate since no specific assignments have been made. There is 

more error for the integration in the first case because of the biases introduced 

by base-line correction. 

Resonance Raman Soectroscopv 

The RR spectra were recorded on a homemade spectrometer in the 

laboratory of Prof. Mark Ondrias (Department of Chemistry, University of New 

Mexico). The concentration of the protein solution was in the range of 



45 

80-100 M-M. The nitrogen-pumped dye laser was from Molectron UV-24 

(tunable range from 335 to 800 nm), using back-scattering geometry.77.i38b 

Laser power density at the sample was varied from 10 to 150 mJ/cm2 pulse 

using either cylindrical or spherical focusing optics. The scattered light was 

collected and dispersed with a Spex 1403 double monochromator with a water-

cooled photomultipliertube (Hamamatsu™ R928). The spectral band pass was 

6-10 cm"i for all spectra. The data was stored and processed on a Spex™ 

DM3000 XT computer using programs developed in that laboratory. During the 

Raman experiment, the samples were cooled to ~ 15 °C by a stream of 

refrigerated N2 gas and placed in anaerobic optical cell. The sample was 

reduced with Na2S204 when the spectra of the reduced protein was needed.7̂ 7 

Complex Formation with Horse Heart Cytochrome c 

Gel-Filtration 

As mentioned in Chapter I, it had previously been demonstrated that 

complex formation, stabilized by electrostatic interaction, occurs between the 

equine protein and the flavoprotein from C. wV7osi;A77.29.50,80,8i ip this study an 

attempt was made to determine whether a similar electrostatically stabilized 

complex forms between equine cytochrome cand the flavocytochrome C552 

from C. tepidum. Complex formation between horse heart cytochrome c and 

either C.tepidum or C. vinosum flavocytochromes C552 was determined by gel 

filtration chromatography,•'•'2 using a P-100 molecular sieving gel from Bio

Rad™. If there is a high affinity, electrostatically stabilized complex between the 

two proteins, it is expected that they will migrate together during 

chromatography at low ionic strength. If the proteins do not form an 

electrostatically stabilized complex, they will elute at different rates. As the ionic 
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strength is increased, electrostatic interactions weaken so it is expected that 

when a mixture of the two proteins is subjected to gel filtration chromatography 

at high ionic strength the proteins will elute separately.29.50 

A BioRad P-100 column (1.5 cm x 36 cm) was equilibrated with 20 mM 

TrisHCI buffer (pH 8.0) and the void volume calibrated with Blue Dextran.i39 

Then cytochrome cand flavocytochrome C552 were loaded separately, and 

their separate elution patterns recorded. Subsequently, mixtures of cyto

chrome cand flavocytochrome C552 (1:1, 2:1, 3:1 ) were loaded on the column 

and the elution profile of the mixtures recorded. The column was then 

equilibrated with 20 mM TrisHCI buffer (pH 8.0) containing 200 mM KCI (or 

NaCI), and eluted as described above but with the high ionic strength buffer. 

The elution profiles of the proteins were compared at low and high ionic 

strength. Other gel filtration media, e.g., Sephadex™ G-100, Ultrogel™ AcA-44 

and Sephacryl™ S-200 HRI12 were used in preliminary experiments, but 

proved unsuitable because of non-specific binding of cytochrome cto the matrix 

at low ionic strength. The P-100 gel gave the best recovery (85-90%) of 

cytochrome c at low ionic strength.i^i The presence of the heme proteins in the 

fractions was detected by the absorbance at 410 nm. The fractions containing 

the heme proteins were pooled and concentrated. The concentrated-protein 

samples were analyze by SDS-PAGE. 

Ultrafiltration 

Complex formation was also explored using ultrafiltration membranes. In 

this technique, the proteins were loaded in a Centricon™ tube containing an 

ultrafiltration membrane with NMWL of 30 kDa.i^i The device was centrifuged 

at 3,000 x g for 1 hour in a J-20 rotor (Beckman™) and the filtrate was saved; 
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additional buffer (1 ml) was added to the concentrated protein solution in the 

upper chamber and the device was centrifuged again. This was repeated three 

times. The filtrates from the three centrifugations were pooled and the spectrum 

measured so that the cytochrome c concentration could be monitored using the 

absorbance at 410 nm. Control experiments were first conducted using each 

protein alone in 20 mM Tris-HCl buffer (pH 8.0). Then solutions containing 

equimolar amounts of oxidized cytochrome cand flavocytochrome C552 from 

either C. vinosum or C. tepidum at low ionic strength were treated in this 

fashion, as were solutions containing the bacterial and equine proteins at 1:2 

and 1:3 ratios. These experiments were then repeated in 20 mM Tris-HCl buffer 

(pH 8.0) containing 200 mM KCI. The number of moles of cytochrome c was 

calculated from the absorbance at 410 nm, after taking dilution effects into 

account. As expected for a protein with Mr = 67-72 kDa virtually no 

flavocytochrome C552 ( < 3%) was detected in the filtrate, so that all of the 

absorbance at 410 nm could be attributed to equine cytochrome c.1^1 

Spectrophotometric Redox Titrations 

The redox titrations were performed in two different ways, electrochemically 

and chemically, both under anaerobic conditions and at 8 oc.i'^2-i44 in the first 

case the midpoint potential (Em) of the flavocytochrome C552 from C. tepidum 

was measured using an optical transparent thin layer electrode (OTTLE).i45-i47 

The working-transparent electrode was homemade, constructed from gold 

mesh with a 60% transmittance (Buckbee Mears™ Co.), which has 1 cm x 5.2 

cm gold surface."'̂ 8,148-150 The auxiliary electrode was a platinum wire 

(Aldrich™) and the reference electrode was a Ag/AgCI electrode (homemade at 

Texas Tech University)."""^^ The Ag/AgCI electrode was calibrated against a 
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standard calomel electrode in a saturated solution of quinhydrone in 100 mM 

potassium phosphate, using a Methrohm/Brinkmann™ pH 103 as a 

potentiometer."'SI The value for the reference electrode is 214 ± 1 mV versus 

theNHEat22°C."'5i The potentiostats used were: (1) Brinkmann™; and (2) 

Bioanalytical Systems Inc. ™ model CV-27. The 0.033-cm optical-path-length 

cell was placed in the cell compartment of the spectrophotometer and spectra 

were recorded over a wide range of Eh values."î 3."'52.i53 A minimum of 10 min 

were allowed for the sample to equilibrate at all potentials before spectra were 

measured. The procedure followed is similar to that described by Dutton "^^^ 

and by Heineman et al."''̂ 8,153 The change in absorbance was plotted versus 

the potential according to the Nernst equation. 1̂ 2.143 The slope indicated the 

number of electrons transferred and the midpoint potential by the value of the 

potential when log (0)/(R) is equal to zero.""̂ 3,152,153 

Chemical oxidation-reduction titrations were performed using solutions of 

K3Fe(CN)6 to oxidize the flavocytochrome and Na2S204 to reduce it. 

Absorbance spectra at the different Eh values, as described by Dutton.I'̂ s The 

spectrophotometer used was from the Biomedical Instrumentation Group 

(University of Pennsylvania) interfaced with an IBM™ personal computer. 

Analysis of the data was essentially the same as described above for the 

electrochemical titrations, except that the spectra and titration data were fitted 

using Peak Pick software (Jandel™ Corp.). 

Materials 

All the reagents were the highest purity commercially available. Except 

when otherwise indicated, buffers, salts and other reagents were obtained from 

Fisher™. The water used through all this work was doubly distilled and then 
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passed through three de-ionizing columns from Barnstead™. The conductivity 

was kept at or below 1.0 ohm/cm2. 

The buffers, MES, MOPS, HEPES and Tris-HCl, were obtained from 

Sigma™. Blue Dextran™ 2000 was obtained from Pharmacia™. Bovine serum 

albumin (BSA) was purchased from Sigma™. The molecular weights standards 

for SDS-PAGE and the lEF standards (pi range 4.6 to 9.6) were obtained from 

BioRad™. The pre-cast gel media for the electrophoresis were obtained from 

Pharmacia™. 

Sephadex™ G-100 and Sephacryl™ S-200 HR were purchased from 

Pharmacia™. Ultrogel™ AcA-44 was obtained from IBF Biotechnics Inc™. The 

matrix for all columns used through all this work were purchased from 

Pharmacia™ or from BioRad™. The Dowex™ 1X8-50 resin was obtained from 

Sigma™. 

Horse heart cytochrome ctype VI was purchased from Sigma™ and used 

without further purification through all the experiments. The deuterated 

potassium phosphate salts were prepared by dissolving the commercially 

available salts in 99% D2O. Then lyophilizing it and repeating this procedure 2 

to 3 times. The solid salts were stored in a dry place at room temperature. 

The platinum wire (99.9%) was 0.5 mm in diameter and purchased from 

Aldrich. The mediators were purchased from Kodak™, Sigma™, and Aldrich™. 

The cell used for the electrochemically redox titrations was built by Mr. J. Hall 

(Machine Shop, Texas Tech University), using the description by Hawkridge 

and Ke."'54 The cell for the chemical redox titrations was the same design as 

described by Dutton.""43 The Centricon™ device and the ultrafiltration stir cell 

were purchased from Amicon™. 



CHAPTER III 

RESULTS 

FlavQcytonhrntTifi T^f^from Chromatium tepidum 

General Characteri.stir^.g 

The Na2S204-reducible, soluble cytochrome from C. tepidum, was 

investigated further, in order to compare it with the well-studied flavocytochrome 

C552 from C. vinosum. This protein, which was purified as described in Chapter 

II, was isolated from four preparations that came from different batches of 

C. tepidum . All four preparations showed essentially identical properties. The 

UV-visible spectra of the cytochrome are shown in the Figure 8. The salient 

features of the spectra are the a, p and y peaks, characteristic of cytochromes, 

and the fact that there is a bleaching in the spectrum upon reduction of the 

protein in the 480 nm region, consistent with the reduction of a flavin.35,44 

There is also a weak band at around X = 690 nm (feature not shown) in the 

oxidized protein, which is characteristic of sulfur-to-iron charge-transfer band.82 

Chromatography of the cytochrome under non-denaturing conditions on a 

calibrated gel filtration column was conducted and the protein eluted in the 

fraction corresponding to an apparent molecular mass of 70 kDa.ii2 Poly

acrylamide gel electrophoresis in the presence of SDS showed two Coomasie 

Blue-staining bands (see Figure 9), corresponding to molecular masses of 

43 kDa and 25 kDa. Thus, the cytochrome, like the corresponding C. vinosum 

protein appears to be a heterodimer of Mr = 68 kDa. By analogy with the 

C. vinosum protein, it appeared likely that the Mr= 25 kDa subunit contains the 

hemes and the Mr = 43 kDa subunit the FAD.27,33 This hypothesis was 

50 
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Figure 8. UV-vis spectra for the flavocytochrome a 552 from C. tepidum. 
The enzyme concentration was 0.79 îM, in 20 mM TrisHCI 
buffer (pH 8.0). The blue trace represents the oxidized form 
and the red trace is the reduced form. The procedure followed Is 
described in Chapter II. 
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Figure 9. SDS-PAGE of the flavocytochrome C552 from C. tepidum. 
Panel A is staining for protein with Coomasie and Panel B is 
staining for heme with 3,3',5,5'-tetramethylbenzidine. 
The procedure followed is described in Chapter II. 
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confirmed through experiments involving staining of the SDS-PAGE for heme 

with 3,3',5,5'-tetramethylbenzidine."'28 Only a single band corresponding to 

Mr = 25 kDa, was observed (see Figure 9). 

The molar extinction coefficients for the reduced and oxidized protein were 

calculated using the pyridine hemochromogen analysis method of Takaichi and 

Morita,"'"'7 (as described in Chapter II). The X max = 550 nm for the pyridine 

hemochrome showed that the heme was heme c.''"'̂  The calculated 

coefficients, all of which were calculated per mole of protein, are: £552 = 

60 mM-1 cm-1, £523 = 34 mM-i cm-i and £416 = 308 mM-i cm-i for the reduced 

protein; and £410 = 265 mM-i cm-i for the oxidized protein . 

Oxidation-Reduction Titrations 

In order to further characterize the flavocytochrome C552 from C. tepidum, 

the oxidation-reduction potentials of its heme prosthetic groups were measured. 

These titrations were carried out both electrochemically and chemically,i'*3,i44 

following the procedures described in Chapter II. In both situations, the data 

was analyzed using the Nernst equation,1^2,143 

Eh = Em + (RT/nF) ln(Co/Cr), (1) 

where Eh is the observed solution potential, Em is the midpoint potential, R is 

the gas constant, T is the absolute temperature (K), n is the apparent number of 

electrons involved in the reaction, F is the Faraday constant, Co is the 

concentration of the oxidized species and Cr is the concentration of the reduced 

species. The concentrations of the oxidized and reduced species were 

obtained from changes in absorbance recorded during the titration. 
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Absorbance changes were monitored in either the a or y peaks, where the 

difference in absorbance between the oxidized and reduced species is large. 

The ratio between the oxidized and reduced species for each point was 

obtained from the following expression: 

(Co / Cr)j = (Atr - Aj) / (Aj - Ato). (2) 

The absoriDance of the totally reduced species is represented by Atr, and of the 

totally oxidized species by Ato, and the absorbance of the data point i is Aj. A 

plot of the observed solution potential versus the log (Co / Or) will yield a value 

for Em at the x-intercept. The slope of this plot can be used to obtain a value for 

n. 

Electrochemical Titrations 

The reliability of the redox apparatus was tested with a protein having well-

established oxidation-reduction properties. The preliminary titration was 

performed with horse heart cytochrome c, at a concentration of 122 |iM in 

100 mM potassium phosphate and 100 mM NaCI at pH 7.0. To facilitate the 

equilibrium between the protein and the electrode, the following redox 

mediators"̂ 42,143,155,156 were used: p-quinone (42 iiM), 1,2-naphthoquinone 

(30 ^M), 2,3,5,6 tetramethyl-p-phenylenediamine (DAD, 38 îM), and potassium 

ferricyanide (26 |iM). Four isosbestic points in the visible spectra were 

observed during the course of the titration, at wavelengths between 510 to 560 

nm, which are in good agreement with the literature values."'53 The value 

obtained for the midpoint potential was Em = 253 mV versus NHE, with n = 0.97. 

The reported value for the Em,7 is 262 mV versus NHE.182,153 The good 
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agreement, to within 3%, of the Em determination with literature values 

confirmed the reliability of the electrochemical titration protocol. 

As a further test of the method, the flavocytochrome C552 from C. vinosum 

was also titrated and the results compared to literature values. Figure 10 shows 

the results of an oxidative redox titration of the C. vinosum flavocytochrome 

C552. Spectra obtained during the course of the titration exhibited four 

distinctive isosbestic points at, 510, 529, 544, 555 (± 1) nm, which are similar to 

those reported by Meyer et al.42 Using the Nernst equation, a plot of the 

observed solution potential as a function of log (Co / Cr) was obtained. The 

concentrations were measured from the difference in absorbance at 552-

544 nm, which correspond to the a band maximum and a nearby isosbestic 

point, respectively. At these wavelengths, the flavin does not absorb 

appreciably.35,42,44 This plot is shown in Figure 11, where the x-intercept 

corresponds to the Em,8.o = -15 mV versus NHE at 24 °C, and the value of n 

was obtained from the slope according to equation 1 and was computed to be 

0.85. The Em value is Identical, within the experimental uncertainty of ± 10 mV, 

to that of -5 mV reported by Meyer et al.'*2 using a different buffer system. Once 

the flavocytochrome C552 has been completely oxidized, measurements were 

made at two Eh values in the reductive direction to demonstrate the reversibility 

of the titration. Moreover, there is no significant curvature in the data obtained 

over the range from 90% reduction to 90% oxidation in the Nernst plot. The 

linearity of the Nernst plot and the n value of 1, established that the two hemes 

have indistinguishable midpoint potentials at this pH value.42.i42,i43 

After testing the electrochemical redox apparatus with proteins of known Em 

values, the flavocytochrome C552 from C. tepidum was titrated. Figure 12 shows 

a plot of Eh versus NHE as a function of log (Co / Or) for an oxidative redox 
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Figure 11. Nernst plot of the of the 552-nm data for the heme of C. vinosum 
flavocytochrome C552. Data from Figure 10. Least squares fit of 
the data gave a line with a slope of 70 mV (n = 0.85). 
The procedure followed is described in Chapter II. 
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Figure 12. Nernst plot of the 552-nm data for the heme of C. tepidum 
flavocytochrome C552. The protein concentration was 19 p,M 
in 20 mM Tris-HCl buffer (pH 8.0). Least squares fit of the data 
gave a line with a slope of 90 mV (n = 0.65). 
The procedure followed is described in Chapter II. 
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titration. An average Em value -30 ± 5 mV versus NHE was obtained from three 

titrations. Points taken in the reductive direction indicated that the titration 

appeared to be reversible. The average value of 0.62 ± 0.05 obtained for n, is 

inconsistent with a single one electron species and is considerably lower than 

the value of n = 0.85, obtained for the C. vinosum protein (see above). 

Brown̂ O reported a value for n of 0.72 at pH 8.76, significantly lower than 1, for 

the C. vinosum flavocytochrome. The titrations also showed hysterisis with 

different n values if the titrations were done reductively or oxidatively. Under the 

present experimental conditions it was not possible to detect the absorbance 

change due exclusively to the flavin. 

Chemical Titrations 

In an attempt to find an explanation for the anomalously low n value and to 

try measuring the value of the Em for the flavin, a different approach was taken 

to measure the midpoint potential of the flavocytochrome C552 from C. tepidum. 

Figure 13 shows the absorbance as a function of the ambient potential during a 

titration using ferricyanide and dithionite as chemical oxidant and reductant, 

following the procedure described in Chapter 11.143 The data were fitted to a 

single component, giving Em = -11 mV, n = 0.73 values identical, within the 

experimental uncertainties, to those obtained electrochemically. However the fit 

does not follow the titration curve very well at higher potentials. Using the Peak 

Fit program, a better fit to the data was obtained using two n=1 components. 

This analysis revealed the presence of a major component with Em = -24 mV 

and of a minor component with Em = + 93 mV versus NHE. The contribution 

from the minor component (22%) was small enough to make unlikely that it 

represents one of the two hemes and may perhaps results from some partial 
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denaturation of the protein or to the presence of a minor contaminant. Analysis 

of the data gave no indication that the two hemes have midpoint potentials that 

differed significantly. It was not possible to detect absorbance changes that 

reflected FAD reduction free of contributions from the heme c, so it was not 

possible to measure the midpoint potential for the flavin prosthetic group. 

Kinetic Observation.*; and Tempftrature Deoendencft 

Fukumori and Yamanaka27 have demonstrated that the flavocytochrome 

C552 from C. vinosum catalyzes the reduction of equine cytochrome cby 

sulfide. As this activity could be a good analog for the physiological function of 

the protein and useful in characterizing its electron transfer capacity, an 

investigation of the kinetic parameters of the flavocytochrome isolated from the 

thermophilic bacterium, C. tepidum was conducted. 

Other authors27,40,80,8i determined the sulfide:cytochrome c reductase 

activity by measuring the rate of reaction of sulfide with different concentrations 

of the equine protein both in the presence and absence of the flavoprotein. This 

difference in rate was attributed to the sulfide:cytochrome c reductase activity of 

the flavocytochrome. The procedure followed was described in detail in 

Chapter II. Table 2 summarizes Vmax and Km for this activity of the C. tepidum 

protein, determined by analyzing the kinetic data according to Lineweaver and 

Burk.157,158 Vmax was obtained from the intercept on the 1 / V axis and Km, the 

classical Michaelis-Menten constant,''59 from the slope. The effect of pH on this 

reaction system was investigated over the range between 6 to 9. At 25 °C and 

an ionic strength of 30 mM, no appreciable difference in the Vmax was observed 

as pH was varied. In contrast Brown^o reported that the Vmax for the reaction 

catalyzed by the C. vinosum flavocytochrome C552 was 7-fold greater at pH 8 
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Table 2. Rate Parameters. 

Temperature °C 25 45 55 

Chromatium tepidum 

Vmax X 103 ± 0.1 (|imol / min) 

Km ± 1.5 (̂ iM) 

3.0 

67.6 

11.8 

36.4 

82.3 

71.1 

Chromatium vinosum 

Vmax X 103 ± 0.3 ( îmol / min) 

Km±1.2(|iM) 

40.3 

18.8 

8.8 

9.8 

3.54 

5.6 

The concentration of the Na2S was 15 |iM, the enzyme concentration was 
10 nM in both cases, and the concentration of cytochrome cwas between 
10 to 100 ^iM. All solutions were in 20 mM TrisHCI buffer (pH 8.0). 
The procedure followed is described in Chapter II. 
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than at pH 6. It was decided, by analogy with the C. vinosum protein to conduct 

all the other experiments with the C. tepidum protein at pH 8. The Km reported 

in this study is that for cytochrome c, as the concentration of sulfide used in all 

assays was saturating. 

One major motivation for studying the C. tepidum protein was the possibility 

that since this bacterium grows at high temperatures, the C. tepidum 

flavocytochrome might be highly thermostable. This could offer significant 

advantages, for example for lengthy NMR data collection or NMR experiments 

where it is desirable to increase the rotational motion of the protein by the 

raising of the temperature. 137 Table 2 shows the rate parameters for the 

C. vinosum and C. tepidum flavocytochromes at different temperatures. The 

salient features are that while Vmax for the C. vinosum protein decreases as the 

temperature is increased, Vmax for the C. tepidum protein increases. 

Temperature has little effect on the Km for cytochrome cin the C. tepidum 

flavocytochrome c 552-catalyzed reaction, but surprisingly the Km for 

cytochrome cin the C. wnostym flavocytochrome-catalyzed reaction decreases 

with increasing temperature. This can be interpret as less amount of the 

complex is dissociating as the temperature is raised.1^8 Figures 14 and 15 

show the Vmax as a function of temperature. It can be seen that the highest Vmax 

for the reaction catalyzed by the C. vinosum protein is observed at 25 °C while 

the optimum occurs at 55 °C for the reaction catalyzed by the C. tepidum 

protein. This presumably reflects the difference in growth temperatures of the 

two bacteria. In order to gain additional information about the effect of 

temperature on the two proteins, they were incubated at two different 

temperatures and then assayed at their optimal temperatures. The results are 

shown for the temperature of 45 °C in Figure 16. At this temperature, the 
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C. vinosum protein rapidly loses activity. In contrast, at a time where the C. 

vinosum protein has lost essentially all activity the C. tepidum protein retains 

ca. 75% of its activity. The latter still shows activity after almost two hours at 

45 °C. At 55 °C the protein from the thermophile still shows activity for 30 min 

at (see Figure 17) while the C. vinosum protein does not shows activity after 

being incubated at this high temperature. 

Flavocvtochrome rt^52from Chromatium vinosum 

Nuclear Magnetic Resonance Studies 

The proton NMR spectrum of oxidized C. wnosL/m flavocytochrome C552 

has been recorded (see Figure 18). The salient features of the spectrum are: 

First, the diamagnetic region (-1 to 10 ppm), which is characterized by a broad 

envelope of overiapping resonances; second the paramagnetic region, which 

includes the frequencies above 10 ppm and below -1 ppm, where the different 

resonances are better separated.̂ 7,94 The upfield region of spectrum 18 

displays only one hyperfine resonance at -16 ppm. 

The spectra were reproduced several times with different preparations of 

the enzymes and using instruments operating at different frequencies (361 and 

500 MHz), and no significant differences were observed. One of the major 

problems encountered in these experiments was finding the best concentration 

at which to run the samples. The protein aggregates at concentrations above 

1.2 mM, and no NMR peaks were observed with viscous solutions at this 

concentration. At low concentrations (below 1 mM) the protein seems to be 

stable for longer periods of time (its oxidoreductase activity decreased only 10% 

after 72 hours at room temperature) and good quality NMR spectra could be 

obtained. 
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Figure 14. Maximum velocity as a function of temperature for the 
flavocytochrome C552 from Chromatium vinosum. All 
points represent an average of three trials. 
The procedure followed is described in Chapter II. 
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Figure 15. Maximum velocity as a function of temperature for the 
flavocytochrome C552 from Chromatium tepidum. All 
points represent an average of three trials. 
The procedure followed is described in Chapter II. 
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Figure 16. Enzymatic Activity of the flavocytochromes C552 from 
C. vinosum and C. tepidum at 45 °C. The error bars are the 
standard deviation from an average of three trials. 
The procedure followed is described in Chapter II. 
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Figure 17. Enzymatic Activity of the flavocytochromes C552 from 
C.vinosum and C. tepidum at 55 °C. The error bars are the 
standard deviation from an average of three trials. 
The procedure followed is described in Chapter II. 
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Figure 18. 1H NMR spectrum of the flavocytochrome C552 from C. vinosum. 
The spectrum was recorded at 361 MHz and 21 °C. The 
concentration of the cytochrome was 0.2 mM in 10 mM deuterated 
potassium phosphate buffer, pH = 7.04. The procedure followed is 
described In Chapter II. 
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Figure 19 illustrates the hyperfine shifts in the downfield region. As can be 

seen, the peaks extend over a 60 ppm range and have very different intensities. 

The region between 60 to 20 ppm shows a non-symmetrical pattern.87,95 All 

the peaks are broad, probably the result of unresolved anisotropies arising from 

slow tumbling on the NMR time scale of the Mr = 72 kDa protein.94,95 The 

prominent peaks in Figure 19 are listed in Table 3. The integration was 

performed by the computer and checked by analyzing the area under each 

peak as described previously in Chapter II. The estimated error in these 

integrations is approximate ± 20%, calculated as the deviation from averaging 

the areas under the resonances from replicate cuttings and weighing of the 

peaks. 

The spectrum in Figure 18 is similar to those of other ferriheme proteins and 

indicates that the two protein heme sites are non-equivalent spectros-

copically.37 The hyperfine shifts at approx. 20 ppm and at approx. 40 ppm of 

this spectrum show that the hemes are of low spin variety.94,95 The fact that two 

paramagnetic centers are present is shown by the large chemical shift range, 

which extends above 60 ppm.i^o Even though both ferrihemes are low-spin, 

they are not identical. If both hemes were identical, fewer signals would appear 

and the intensity would be higher, because fewer different proton environments 

would be producing the hyperfine NMR shifts.9'*>95,i60 There are two different 

sets of methyl resonances in Figure 19. One set being the narrower peaks 

below 40 ppm, with higher intensity. The second set are the broader ones 

above 40 ppm. The former are the peaks similar to those of the cytochrome c 

These peaks were assigned to methyl resonances by comparing the spectra of 

well known proteins or to model compounds.87,i6i,i62.i63,i64 
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Table 3. Proton Shifts of Hyperfine Resonances of flavocytochrome C552 
from C. vinosum. 

Observed Shift 
(ppm) 

57.27 

46.15 

41.31 

38.11 

31.52 

22.45 

18.17 

16.93 

Computer 

1 

1 

1 

3 

2 

CVJ 

2 

2 

Integration 
Manual 

1 

1 

1 

2 

2 

2 

2 

2 

Observed shifts are relative to internal H2HO assigned a value of 4.63 ppm. 
pH = 7.04, 10 mM potassium phosphate, concentration of the flavocytochrome 
C552 was 0.2 mM, at 21 °C. The integration was performed as described in 
Chapter II. 
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When the NMR spectrum was determined for a sample containing 100 mM 

potassium phosphate the peaks sharpen considerably (see Figure 20). The full 

spectrum shows some peaks in the downfield region even without baseline 

correction. Figure 21 displays the downfield region of the spectrum of the 

flavocytochrome C552 in 100 mM potassium phosphate buffer (pH 8.37). The 

prominent peaks and the integration are described in Table 4. The estimated 

error for this integration is ± 20%, calculated as described above. It can be 

seen from Table 4 and Figure 21 that ratio of protons at the different chemical 

shifts has changed with respect to Figure 19 and Table 3. Comparing Figure 19 

and Figure 21, it can be seen that the peak at 38 ppm observed in samples at 

lower ionic strength, can be resolved in two asymmetric peaks in samples at 

higher pH and ionic strength. 

To observe the influence of the pH on the flavocytochrome C552 several 

NMR experiments were performed at different pH values (6.57, 9.61 and 11.10). 

The signal-to-noise ratio in these spectra was not very good so they are not 

presented. However it appears that the position of the hyperfine shifts in the 

40 - 60 ppm region depend on pH. 

When the temperature at which the NMR spectra was measured was varied, 

the hyperfine shift pattern exhibited non-Curie-type behavior, indicating that 

normal magnetic behavior is not followed over the range 5 to 45 °C (data not 

shown). This can be interpreted in terms of low lying alternate magnetic states 

which are accessible at these temperatures.37.94 such behavior is typical of 

spin equilibrium phenomena and magnetic coupling between heme 

centers.95,160 
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Figure 20. 1H NMR spectrum of the flavocytochrome C552 from C vinosum. 
The spectrum was recorded at 361 MHz and 22 ° a The 
concentration of the cytochrome was 1 -03 mM in 100 mM 
deuterated potassium Phosphate buffer, pH = 8 37. 
The procedure followed is descnbed in Chapter II. 

' l i - v ; 
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Table 4. Proton Shifts of Hyperfine Resonances of flavocytochrome C552 
from C vinosum. 

Observed Shift 
(ppm) 

57.93 

46.40 

39.48 

37.84 

22.47 

18.31 

17.32 

15.15 

Computer 

1 

1 

1 

2 

2 

2 

2 

2 

Integration 
Manual 

1 

1 

1 

2 

2 

2 

2 

2 

Observed shifts are relative to internal H2H0 assigned a value of 4.63 ppm. 
pH = 8.37, 100 mM potassium phosphate, concentration of the flavocytochrome 
C552 was '1.032 mM, at 21 °C. The integration was performed as described in 
Chapter II. 
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Charge Transfer Band 

In order to determine whether one or both of the hemes in flavocytochrome 

C552 from C. vinosum have methionine as an axial ligand, an attempt was 

made to establish the presence of a charge transfer absorbance band at 

X = 695 nm.i85,166,167 Figure 22 shows that such an absorbance feature is 

present in the spectrum of the oxidized flavocytochrome. This band, which is 

characteristic of the methionine ligation of the heme iron in c-type cytochromes, 

is sensitive to pH, temperature variations and to the conformational state of the 

proteins.52c,i67 The method of Kaminsky et al.168 was used to correct for the 

contributions to the 695 nm band of absorption bands at lower wavelengths. In 

control experiments, the extinction coefficient for the horse cytochrome c, 

0.23 mM"i cm-1 ^as reproduced to within 10% of the literature value of 

Ivanetich et al.i^^ using this same technique, an extinction coefficient of 

0.24 mM-1 cm-1 (+ Q.OI) was calculated for the C. vinosum flavocytochrome 

C552- The observation that, on an equal protein basis, the monoheme equine 

cytochrome cand the diheme flavocytochrome have essentially identical e 595 

values might at first be interpreted in terms of a model in which only one of the 

hemes of the flavocytochrome has a methionine axial ligand. However, the 

band is broad, has a relatively low extinction coefficient and a sloping 

absorbance background. Thus it may not be possible to use this method to 

unambiguously determined the number of methionine ligands. 

Magnetic Circular Dichroism 

Magnetic Circular Dichroism (MCD) has proven useful for determining the 

axial ligands of the heme. The usefulness of MCD is based on the fact that low-

spin, ferric hemeproteins have transitions in the near-infrared region between 
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Figure 22. Visible spectrum of the flavocytochrome C552 from C vinosum. 
This is the charge-transfer band of the sulfur-ligand to iron. 
The spectrum was recorded at 23 °C, concentration of the 
cytochrome was 0.41 mM, in 20 mM TrisHCI buffer, (pH 8.0). 
The arrow Indicates the method used to correct for the 
contribution of lower wavelengths absorbance bands to the 
absorbance band at 695 nm. 
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700 and 3000 nm.i70,i7i The energy of this transition is dependent upon the 

nature of the axial ligand to the heme iron. MCD isolates the electronic 

transitions from vibrational transitions.i72 

To gain more understanding on the axial ligands of the C. vinosum 

flavocytochrome C552 the MCD spectrum was recorded. Figure 23 displays the 

spectrum of the oxidized flavocytochrome measured at 4 K in 55 % ethylene 

glycol mixture. The peak at 1845 nm is characteristic of hemes with histidine-

methionine as axial ligands.i^i This signal was quantitated and represents two 

different histidine-methionine hemes. No peaks were observed in the region 

near 1600 nm where hemes with histidine-histidine ligation exhibit a charge 

transfer band.i'^o The absence of any feature at 1600 nm strongly suggest that 

both hemes have histidine-methionine axial ligation.1 ̂ 3 There is a negative 

peak at approximate 710 nm (not seen very well in the spectrum), which is also 

characteristic of methionine coordination.i^o The MCD spectrum was recorded 

at low temperature and in a solvent containing 55% of deuterated ethylene 

glycol, a more viscous environment for the protein compared than the ambient 

temperature and phosphate buffer in D2O was used for the NMR experiment. 

Parallel to these MCD studies the EPR spectrum of the protein was recorded at 

20 K (data not shown). The EPR spectrum resembles the one reported 

previously by Strekas.'^^ The spectrum contains two sets of three g values, 

which characterize the rhombic field environment of each low-spin heme iron. 

The two sets correspond to the two non-equivalent, low spin hemes. There is 

also a third broader component with a low field g value of about 4.4 which can 

perhaps be assigned to another form of the protein. This feature was also 

observed by Strekas^s but was not investigated further. 
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Resonance Raman sturiipg 

The spectra obtained in this study are the first RR spectra of flavocytochrome 

C552 obtained with Soret (y) excitation. Those reported earlier by Kitagawa 

et al.60 and Ondrias et al.59 were obtained without benefit of a tunable laser 

and used 441.6- and 514.5-nm excitation. Figure 24 shows the high-frequency 

RR spectra of the oxidized and reduced forms of C. vinosum flavocytochrome c 

552. Both spectra exhibit vibrational modes similar to those of horse heart 

cytochrome c.53,56,58 The spectrum of the oxidized bacterial protein contains 

vibrational modes at 1372 cm-i (V4), 1509 cm-i (va), and 1589 cm-i (v2). The 

Raman spectrum of the reduced form of the protein contains vibrational bands 

at 1362 cm-1 (V4), I493cm-i (V3), 1548cm-i (vn), and I594cm-1 (V2). 

These bands are indicative of a low-spin, six-coordinate heme environment in 

both the oxidized and reduced forms of the protein.54,57,58 The shoulders on 

both v 4 and v 3 may arise from a small amount of reduced heme 

resulting from photoreduction of one or both of the hemes. These shoulders 

appear even in the presence of K3Fe(CN)6, and their appearance is 

independent of the buffer (e.g., phosphate and Tris HCI). The mechanism by 

which this photoreduction occurs is not completely clear. Adar and Yonetanii74 

have interpreted photoreduction of cytochrome oxidase hemes in terms of 

reduction by available electrons from flavin contamination in cytochrome 

oxidase preparation. Such an interpretation is relevant to the present case as 

there is an endogenous flavin in this protein. 

The low-frequency resonance Raman spectra of the oxidized and reduced 

forms of the flavocytochrome C552 from C. vinosum are are shown in Figure 25. 

The spectra are similar to those observed for other c-type cytochromes, with 

vibrational modes located at 348cm-"« (vs). 360 cm-i, 407 cm-i, and 418cm-i 
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Figure 24. High-frequency resonance Raman spectra of C. vinosum 
flavocytochrome C552. The concentration of the cytochrome 
was 50 ^M In 20 mM TrisHCI buffer (pH 8.0). The sample was 
reduced with Na2S204. Curve (a) represents the reduced 
form and curve (b) Is the oxidized form of the protein. 
Spectra were recorded using 406 nm excitation as 
described in Chapter II. 
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Figure 25. Low-frequency resonance Raman spectra of C. vinosum 
flavocytochrome C552. The concentration of the cytochrome 
was 50 îM In 20 mM Tris-HCl buffer (pH 8.0). The sample was 
reduced with Na2S204. Curve (a) represents the reduced 
form and curve (b) the oxidized form of the protein. 
Spectra were recorded using 406 nm excitation as 
described In Chapter II. 
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in the oxidized species.54,55 Modes at 317 cm-i, 342 cm-i (v Q), and 41 Icm-1 

were observed for the reduced flavocytochrome. These peaks are 

consequence of the out-of-plane vibrational modes and are very sensitive to 

hemeprotein interactions.56,58 These vibrations are also due to the heme iron-

axial ligand stretching.53-58 

These resonance Raman spectra of flavocytochrome C552 indicate that the 

hemes are low spin, using the classification scheme of Spiro and Strekas.54 

These authors have compiled frequencies characteristics of low spin hemes 

and the values for the flavoprotein fall in this range. The RR data obtained do 

not allow one to distinguish between the two hemes. The line widths of the 

vibrational bands in this protein are consistent with scattering from low-spin, six 

coordinate heme groups which have similar, but not identical, local protein 

environments.^^ in addition, significant photoreduction is observed for at least 

one of the hemes upon Soret excitation. This is evident in the increased line 

width ( > 20 cm-1) of the v 4 in the spectrum of the "oxidized" species. This 

phenomena was also observed with Q-band (a band) excitation by Ondrias 

et al.59. These data further indicate that at least one of the heme groups in the 

flavocytochrome C552 is coordinated to a sulphur containing ligand (such as a 

methionine). This assignment arises from the position of v n in the reduced 

species (1548 cm"""). This band has previously been shown to be sensitive to 

the nature of the sixth axial ligand in other cytochromes of the c -type.56 in 

alkylated derivatives of horse heart cytochrome c, v n shifts 8 cm-i (from 

1548 cm-1 to <1540 cm""") upon replacement of Met-80 with a lysine residue 

(i.e., the replacement of a sulfur-ligand by nitrogen).53 Furthermore, the band 

located at 360 cm-'̂  in the reduced flavocytochrome C552 has contributions 

from an Fe-S stretching vibration. The low-frequency region is more sensitive to 
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distortion of the porphyrin from planar geometry.56 The similarity of the low-

frequency spectra of the flavoprotein to other cytochromes c indicates that there 

is no significant geometric distortion of the protoporphyrin IX iron center. 

Figure 26 shows the high-frequency RR spectra of the ferric and ferrous 

cytochrome C552 from C. tepidum. The spectra are essentially the same as 

those obtained with the C. vinosum flavocytochrome. The spectrum of the 

oxidized protein exhibits modes at 1375.5 cm-i (V4), 1512 cm-i (V3), 

1592 cm-1 (v 2), and 1644 cm-i (v 10). The (v 4) mode occurs at higher 

frequency than in the C. vinosum protein, indicating that there is less K* density 

because of less back bonding from the the Fe d-orbitals.53 This peak does not 

have a shoulder as big as that observed in the spectrum of the C. vinosum 

flavocytochrome, probably indicating that less photoreduction occurs in the 

case of the C. tepidum protein. The (v 3) and (v 2) modes are also at slightly 

higher frequencies than in the C. vinosum protein, perhaps indicating a smaller 

core size of the heme environment. These bands are sensitive to iron spin-state 

and number of axial ligands.53.56 in both proteins, these bands are broad 

compared to (v 4) and thus represent more than one distinct heme 

configuration. The RR spectrum of the reduced form of the C. tepidum 

flavocytochrome is very similar to that of the C. vinosum protein, with modes at: 

1364 cm-'' (V4). 1496 cm-1 (v 3), 1551 cm-i (vn), 1594 cm-i (V2). These results 

indicate that, in contrast to the ferric forms the heme environments are 

essentially the same in the ferrous forms of both proteins. The low frequency 

spectra for the reduced and oxidized states of the flavocytochrome C552 from 

the thermophile were also obtained and although the signal to noise ratio was 

not very good, these spectra closely resemble those of the C. vinosum protein. 
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Figure 26. High-frequency resonance Raman spectra of C. tepidum 
flavocytochrome C552. The sample was concentration was 
50 M-M flavocytochrome in 20 mM Tris.HCI buffer (pH 8.0). The 
sample was reduced with Na2S204. Curve (a) Is the reduced 
form, and curve (b) Is oxidized of the protein. Spectra were 
recorded using 420 nm excitation as described in Chapter II. 
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Complex Formation .qtî îjpc 

Evidence for Complpy pormatir̂ n |̂ y 
Nuclear Magnetic Rpt̂ ^n^nro 

As was mentioned in Chapter I, a major goal of studying the C. vinosum 

flavocytochrome C552 by NMR was to understand the interaction of this protein 

with horse heart cytochrome c. It has been well-established that a non-

covalent complex forms between the two proteins in solutions of low ionic 

strength,29,50 and a covalent cross-linked complex has been isolated and 

characterized.82 The stoichiometry of this complex is not known yet. From 

Figures 18 and 19, it can be seen that there is a region between 26 to 32 ppm 

where there are no peaks from the flavoprotein. This is the region where the 

chemical shifts from the 3-CH3 and 8-CH3 in the heme of equine 

ferricytochrome c appear (see Figure 27).87 Complex formation between both 

proteins can be monitored by alterations in the hyperfine shifts of these two 

methyl resonances, when different molar ratios of the two proteins are mixed. 

This idea has been applied to other protein systems, such as the complexes of 

cytochrome c peroxidase with cytochrome c,39 and of cytochrome b 5 with 

cytochrome c.̂ ^ During the course of these experiments the pH, ionic strength 

and total protein concentration were kept constant, in order to minimize 

changes in solution viscosity, which affect the rotational correlation times and 

line widths. 

Figure 28 shows the downfield region of three spectra: that of cytochrome c 

alone, of flavocytochrome C552 alone, and a of mixture of flavocytochrome C552 

and cytochrome c. The hyperfine-shifts of the 3- and 8-methyl resonances of 

the cytochrome c are perturbed as a consequence of complex formation. Also, 

the peaks contributed by the bacterial protein broaden in the presence of the 
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Figure 28. iR NMR spectra of the downfield region of the complex between 
flavocytochrome C552 and cytochrome c. Spectra were recorded 
at constant protein concentration of 29 mg/ml, in 10 mM 
deuterated potassium phosphate buffer, pH 7.1, at 21 °C and 
at spectrometer frequency of 361 MHz. 
The procedure followed is described in Chapter II. 
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equine protein. The evidence for complex formation is shown more clearly in 

Figure 29, which displays the variation in hyperfine shift of the heme 3- and 8-

methyl resonances of cytochrome c as a function of the ratio of flavocytochrome 

c 552 to cytochrome c. The shifts change in opposite direction, the 8-CH3 moves 

upfield while the 3-CH3 moves downfield. The total change for the 3-CH3 is 

+ 0.13 ppm and for the 8-CH3 is -0.25 ppm, when the ratio of flavocytochrome 

c 552 is varied from 0 to 4 with respect to cytochrome c. A graph of the changes 

in the hyperfine shifts for the methyl-3 and -8 resonances as a function of the 

ratio of the flavocytochrome C552 and cytochrome c is displayed in Figure 30. 

The shift in the positions of the resonances are less pronounced after the 

protein concentration ratio of 1:1 for cytochrome c: flavocytochrome C552 . This 

indicates that only one mole of cytochrome c binds per mole of the 

flavocytochrome c 552. Other spectra were run at 1:2 and 1:3 (c 552 / cyt c), but 

no significant changes were observed in the methyl resonances (data not 

shown). The fact that the hyperfine shift of the 3- and 8-methyl resonances 

continue to change after the mole ratio is 1:1 (C552 / cyt c), even though these 

are small, can be explained in different ways. First that the cun/e is hyperbolic 

because the binding is not very tight; or second that there is another low affinity 

site. Another possibility could be that it might never stop changing due to the 

fact that the concentration of the flavocytochrome C552 is higher compare to the 

one of cytochrome c. The bacterial protein is considerable larger than the 

equine protein and this kind of solution not only will have a slower tumbling on 

the NMR time scale, but also will be more viscous. It can be seen by the top 

curve in Figure 29, that the width for both resonances is considerable bigger, 

indicating that the exchange process is slower for the cytochrome c when the 
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Figure 29. Variation In the hyperfine shifts and line width of horse 
cytochrome c heme 3-CH3 and 8-CH3 resonances with 
changing molar ratio of flavocytochrome C552 to cytochrome c. 
Total protein concentration was kept constant at 38 mg/ml in 
10 mM deuterated potassium phosphate buffer (pH 7.12), 
at 16 °C and at spectrometer frequency of 500 MHz. 
The procedure followed is described in Chapter II. 
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amount of flavocytochrome is larger (see below). These titrations were 

performed twice with different amounts of total protein concentration each time. 

The maximum line widths are 111 ± 3 Hz for the 8-CH3 and 166 ± 3 Hz for 

the 3-CH3, when the ratio is 1 / 0.25 (c 552 / cyt c). The values of the line width 

for the free cytochrome c are 41 ± 3 Hz and 62 ± 3, for the 8-CH3 and 3-CH3 

respectively. The line broadening results from the increase in the rotational 

correlation time for the complex compared with that for the individual 

proteins.37,89 Figure 31 displays the line width change as the ratio of the two 

proteins is varied. The major change for the line width between the free horse 

heart cytochrome c occurs for the 3-methyl resonance. The line width for the 

3-methyl resonance increases linearly from 62 Hz and after 150 Hz when the 

two proteins are present at a 1:1 ratio the changes are smaller, as shown in 

Figure 31. The change for the 8-methyl resonance is less pronounced (Figure 

30), but the dependence of the change of this line width on the concentration of 

cytochrome c : flavocytochrome C552 is essentially identical to that observed for 

the 3-methyl resonance. 

The shift of the methyl-3 resonance resonance of cytochrome cwas used to 

evaluate a rate constant for the dissociation of the complex. The equation used, 

which is derived by the application of the Uncertainty Principle,i75 is : 

rate= 2 K AV (sec"""), (3) 

where the rate is the chemical exchange process and A v is the frequency of the 

methyl resonance as a consequence of the complex formation. By calculating 

the difference of the line width of the 3-CH3 between the free and complexed 

cytochrome c it can be estimated that the dissociation rate constant of 
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Figure 31 Changes in the line width for the horse cytochrome c heme 3-CH3 
and 8-CH3 resonances as a function of changing ratio of 
flavocytochrome C552 and cytochrome c. The data was taken 
from Figure 29. Error brackets are minimal error based on 
instrument parameters. 
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cytochrome cfrom the complex has a lower limit of 653 ± 19 s-1.89 Using the 

same equation for the 8-CH3 line width the value for the rate constant is 

440 ± 19 5-1. The new values are higher than the rate constant of 119 s-"" 

reported by Fukumori and Yamanaka27 for the electron transfer between Na2S 

and cytochrome c catalyzed by flavocytochrome C552. 

Circular Dichroism .Sppntrnf̂ rnpy 

Complex formation between the flavocytochrome C552 from C. vinosum and 

horse heart cytochrome cwas investigated by CD spectroscopy. 138c, 176 The 

idea was to monitor any changes in the visible region of the CD spectra that 

might arise as a consequence of complex formation. Other groups have used 

this technique to study complex formation between several pairs of proteins, 

e. g., between flavodoxin and cytochrome ci^-^ and between cytochrome c 

oxidase and cytochrome c,"'78 among others. In these two cases, there was a 

change in the CD spectral properties of the Soret band of cytochrome c upon 

binding. 

Figure 32 displays the CD spectrum of the flavoprotein, which contains the 

same features seen in CD spectra of other heme proteins; a strong negative 

Cotton effect at the region of the Soret band, with a maximum at approximately 

A< = 414 nm, and a minimum at approx. >. = 419 nm.i38c The spectrum was not 

affected by changes in ionic strength over the range from 10 mM to 300 mM. 

The CD spectrum of the cytochrome c (data not shown), which is very similar to 

that of the flavocytochrome, was essentially identical to that previously reported 

in the Iiterature.52d,i76 The major difference between the two spectra is the 

magnitude of the molar ellipticity, which arises from the fact that cytochrome c 

contains only one heme while the flavocytochrome contains two hemes. 
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Figure 33 (red trace) shows the CD spectrum of a 1:1 mixture of 

ferricytochrome cand oxidized flavocytochrome C552 in a low ionic strength 

buffer (20 mM TrisHCI, pH 8.0). The green trace is the sum of the CD spectra 

of each protein in the same buffer, in individual compartments, as It was 

described in Chapter II. The blue trace in Figure 33 is the CD difference 

spectrum arrived at by subtracting the sum of the spectra of the two individual 

proteins from the spectrum of the 1:1 mixture of the two proteins. As can be 

seen from the spectrum, any changes in CD spectrum due to the complex 

formation are very small, if they exist at all. 

If electrostatically stabilized complex formation between cytochrome cand 

the flavocytochrome were to result in any alteration in the CD spectra of one or 

both proteins, it would be expected that the CD spectra of a 1:1 mixture of the 

proteins would differ when measured at low ionic strength (where the proteins 

are present as the 1:1 complex) and high ionic strength (where the complex 

dissociates). However, CD spectra of 1:1 mixtures of the proteins in 20 mM 

TrisHCI, pH 8.0, with either 100 or300 mM KCI and no salt were identical. 

Gel Filtration Experiments 

Another approach used to characterize the complex was gel filtration 

chromatography. As it was mention in Chapter I, Gray and Knaff29 had reported 

the formation of a complex between C. vinosum flavocytochrome C552 and 

horse heart cytochrome c. In this work, additional control experiments were 

conducted in order to determine whether gel filtration chromatographyii2 can 

be used to detect complex formation between these the two proteins. At the 

same time, the complex formation between C. tepidum flavocytochrome C552 

and cytochrome cwas investigated. 
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Gel filtration elution profiles were measured first with each protein alone at 

both low and high ionic strength. The elution volumes for the three proteins 

were found to be highly reproducible at both ionic strengths. The percentage of 

recovery was approximately 90% for the two flavocytochromes and 

approximately 75% for the equine protein at low Ionic strength (20 mM TrisHCI, 

pH 8.00). At high ionic strength (same buffer with 100 mM KCI) gave higher 

percentage of protein recovery, 92% for the flavocytochromes and 85% for the 

equine cytochrome. Subsequently elution profiles were determined for 

solutions containing a mixtures of either the C. vinosum flavocytochrome c or 

the C. fep/d£yn?flavocytochrome cand equine cytochrome cat different mole 

ratios (1:1, 1:2, 1:3). At high ionic strength, no evidence for co-migration 

between the flavocytochromes and equine cytochrome c was observed. At low 

ionic strength, gel filtration of the 1:1 mixtures of equine cytochrome cwith either 

flavocytochrome produced only a single heme-containing elution peak with an 

elution volume somewhat smaller (18 ml) than that observed for the 

flavocytochromes alone (23 ml). No protein was detected in the fractions where 

free cytochrome c alone eluted. Solutions containing the flavocytochromes and 

equine cytochrome at ratios of 1:2 and 1:3 produced elution patterns in which 

approximately 25% and 60% of the cytochrome c eluted at a position identical 

to that observed for equine cytochrome c alone. The results were interpreted in 

terms of the complex formation between flavocytochrome c and the equine 

protein with 1:1 stoichiometry (data not shown). However, analysis of the single 

heme-containing fraction obtained under these conditions by SDS-PAGE and 

reduced minus oxidized difference spectra showed that this fraction contained 

only flavocytochrome C552. Despite several attempts, it has not proven 

possible to locate the equine cytochrome c applied to the column in these 
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experiments. As it is necessary to demonstrate that both proteins are present in 

the same fraction before concluding that co-migration actually occurred, these 

results unfortunately provide no unambiguous evidence for complex formation. 

Ultrafiltration Expprimpp|<i 

In order to further characterize the complex between the C. vinosum and C. 

tepidum flavocytochrome C552, and the equine cytochrome c, ultrafiltration 

experiments were conducted. The same control experiments and variations in 

ionic strength and mole ratios of proteins described above were used. Details 

of the method have been described in Chapter II. When the equine cytochrome 

cwas present alone at low ionic strength the recovery in the filtrate of the 

microconcentrator was 95% or higher at all the concentrations. The amount of 

the flavocytochromes in the filtrate at low ionic strength was less than 2%. The 

filtrate from the Centricon-10™ devicei^i of a 1:1 mixture of flavocytochrome 

and equine cytochrome c at low ionic strength contained no protein. When the 

flavocytochrome: equine cytochrome cmole ratio was 1:2 and 1:3, 50% and 

60%, respectively, of the cytochrome c initially applied was detected in the 

filtrate. As was the case for the gel filtration experiments described above, 

these results were initially interpreted in terms of complex formation with 1:1 

stoichiometry. The results for the higher ionic strength (300 mM KCI in 20 mM 

TrisHCI, pH 8.00) were as follows: 82%, 45% and 60% of recovery for 

cytochrome c in the filtrate respectively for 1:1, 1:2, 1:3 in the case of the C. 

wnosiVAT? flavocytochrome. For the C. fep/ofam flavocytochrome C552 and 

cytochrome cthe results were similar. As no electrostatically stabilized complex 

can form at high ionic strength one would have expected essentially full 

recovery of equine cytochrome c in the filtrate in all three cases. A minimum of 
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three trials were done each time and several different Centricon™ devices were 

used to insure that the unexpected results were not cause by any flaws in the 

ultrafiltration membranes. At present no good explanation exists for the 

unanticipated data from the high ionic strength experiments. 

• J . • 1 -TI'J. -osz^i^svapi 



CHAPTER IV 

DISCUSSION 

Flavocvtnnhrnmp r 5 ^ from Chromatium tepidum 

The sulfur metabolism of the thermophilic photosynthetic bacterium, 

Chromatium tepidum has not been studied in detail. The presence of 

flavocytochrome C552 in this bacterium may provide some insight towards an 

understanding of how it utilizes sulfide.24 The procedure followed for isolating 

the newly characterized flavocytochrome was very similar to that reported for 

the flavoprotein from C. vinosum,^'^^ and the yield per gram of wet cells, was of 

the same order (0.8 iimole /100 g). This protein is a soluble component of the 

cell, but it has not been determined whether it is present in the periplasmic 

space, the cytoplasm, or both. 

The newly reported flavocytochrome C552 from C. tepidum exhibits 

characteristics similar to those of the flavocytochrome C552 isolated from the 

mesophile (C. vinosum).^^'"^^ The molecular weight (68 kDa),33,27 subunit 

composition,27 UV-vis spectrum,27,40 heme Em value (- 25 ± 5 mv)40,42 and RR 

spectra^^'^o resemble those of the well-studied flavocytochrome C552 from 

C. vinosum. Based on these similarities, it seems likely that the 

flavocytochrome from the thermophile has a function similar to that from the 

mesophile. Madigani03 has reported that sulfide probably serves as a 

photosynthetic electron donor and as a biosynthetic sulfur source in C. tepidum, 

because the cells cannot grow when sulfide is replaced by other sulfur 

compounds such as cysteine, thiosulfate or sulfite. The observation that 

C. tepidum, like C. vinosum, can oxidize sulfide, may explain the presence of 

101 
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the flavocytochrome in the thermophile. It is possible that the C.tepidum 

flavocytochrome catalyzes the same electron transfer reaction as the one 

shown in Figure 3 (Chapter I).24 However, further studies will be required 

before this can be established with certainty. 

The major reason for studying the C. fep/dam flavocytochrome was to 

compare its thermal stability with that of the corresponding C. vinosum protein. 

The results from the present investigation demonstrate that the flavocytochrome 

from C. tepidum is more thermostable than the flavoprotein from C. vinosum. At 

55 °C the Vmax for cytochrome c reduction catalyzed by the C. tepidum flavo

cytochrome is 25 X higher than that catalyzed by the C. vinosum protein (see 

Table 2). The C. W/7OSI/A77 flavocytochrome C552 has a maximum rate at 25 °C, 

and its activity decreases very sharply as the temperature is raised, so that at 

55 °C no activity remains (see Figure 14). Furthermore, after one hour at 

45 °C, the activity of the C. vinosum enzyme decreased by more than 90%, 

while the flavoprotein from the thermophile retains much of its activity (see 

Figure 16 and 17, Chapter III). The temperature optimum for the C. tepidum 

flavocytochrome C552 is at 55 °C (see Figure 15, Chapter III). This is not 

surprising since the optimal temperature for the growth of this bacterium lies in 

this temperature range. 

Fiavnnytnfphrnme ct;t;9from Chromatium vinosum 

NMR Studies 

This NMR work establishes that the two hemes of the C. vinosum flavo

cytochrome C552 are magnetically non-equivalent. This protein (Mr = 67 kDa) 

is one of the largest ones that has been studied by NMR spectroscopy so 

far,86,93,99,i79 The hyperfine shift pattern of the 1H NMR spectra in Figure 18 
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(Chapter III) can be interpreted in terms of the presence of two different 

paramagnetic heme centers being present in the protein. Comparing this 

spectrum to the one for cytochrome c (see Figure 34), it can be seen that the 

spectra are different. The spectra of cytochrome c contains no peaks beyond 40 

ppm and the pattern for the hyperfine shifts seen for the flavocytochromes is 

highly symmetrical compared to that observed for cytochrome c. The presence 

of two paramagnetic centers interacting is clearly shown in the NMR spectrum 

by the asymmetric pattern of the spectrum in the downfield region.160 The 

iH NMR spectrum of flavocytochrome C552 (Figures 18 and 19) allows one to 

address two issues: the spin state of the two hemes and the conformation of the 

protein. The fact that the spectrum contains features with hyperfine shifts at 

values higher than 40 ppm might indicate that the one of the hemes can exist in 

the high spin form, as ""H NMR spectra of purely low spin hemes do not contain 

features in this region.37,94,95 Unfortunately, no assignments have been made 

of the features in this region of the NMR spectrum, so it is not certain that these 

hyperfine shifts belong to protons surrounding the heme. However, if these 

features do arise from either heme methyl groups or from amino acids residues 

close to the heme, the presence of hyperfine shifts in this region would be an 

indication of the presence of high spin heme.37.95,i60 it may be possible that 

the presence of the two paramagnetic centers cause the hyperfine shifts to 

occur at such low field even though both irons are low spin. In the absence of 

additional data, no final conclusion on this question can be reached. The 

changes in the spectroscopic signatures of at least one the two hemes, 

observed as the composition of the bulk medium is varied, strongly suggests 

that the protein can exist in different conformations. This may be the reason that 

the 1H NMR spectrum has widely spread hyperfine shifts, as the time scale of 
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the NMR experiment is sufficient to detect different conformations of the protein 

in which the magnetic environment of at least one heme differs. 

MCD Studie.q 

The MCD spectrum showed that although the two hemes are not in identical 

environments they both have methionine-histidine axial Iigands.i7i The 

spectrum in Figure 23 demonstrated that the MCD signals arising from the two 

hemes are different, providing additional evidence that the environments of the 

two hemes are not identical. The MCD spectra were all obtained in 50% 

ethylene glycol. Thus, there is the possibility that, in a purely aqueous buffer, 

that one of the hemes might not have a methionine axial ligand. As is the case 

for all hemes known to have this pair of axial ligands, the two hemes of 

C. vinosum flavocytochrome C552 are low spin. The dxz and dyz orbitals of the 

both irons are sufficiently higher in energy than the dz2 orbital, so that the fifth 

d-electron in both ferrihemes cannot occupy the latter orbitaL^ -̂iso There is at 

least one documented case of a diheme protein where the hemes are structural 

non-equivalent and both have methionine and histidine as axial ligands, 

cytochrome c 4 from Azotobacter vinelandii.^^^ In the latter cytochrome, unlike 

that in the C. wnost/m flavocytochrome C552, the two hemes have different Em 

value. The UV-vis spectra of the C. vinosum and C. tepidum flavocytochromes 

also are typical of those expected for low spin cytochromes such as cytochrome 

c (see Figure 2, Chapter l).52 

The NMR and MCD data support the conclusion, drawn from the previous 

EPR work of Strekas,'̂ ^ that the two hemes are not identical. This author also 

used magnetic susceptibility measurements to demonstrate that both irons are 

in low spin ground state configurations. RR data obtained on samples of the 
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C. vinosum flavocytochrome at physiological pH and in the absence of external 

ligands, clearly demonstrate that the hemes are both low spin and have either 

identical or very similar RR spectra. When the pH was changed, some heme 

vibrational modes, presumably associated with only one of the hemes, changed 

but the others did not, suggesting that the local environment of one of the 

hemes is altered when the pH is changed, while the local environment of the 

second heme is unaltered.59 This information led the authors to suggest that 

one of the hemes has a pH-dependent environment while the other one is 

insensitive to changes in pH.59 RR spectra obtained in the course of this study 

are similar to those reported previously. Although, the MCD data show that both 

hemes have the same axial ligands at physiological pH, it is possible that one 

heme experiences a change of ligand when the pH is raised.52 There is 

precedence for ligand exchange at alkaline pH in cytochrome c.i86,181-184 

Furthermore, EPR spectra recorded recently (data not shown) displayed three 

different signals, and these were perturbed in the presence of ethylene glycol. 

Analysis of the EPR data render that one heme has methionine-histidine axial 

ligation that is insensitive to medium effects and is therefore likely to be buried 

in the protein.133 The other heme exists in equilibrium between two forms, one 

with histidine-methionine axial ligation and the other most likely having 

histidine-lysine axial ligation. The fact that this equilibrium is affected by 

medium effects such as pH and the presence of ethylene glycol can impliy that 

this heme is exposed to solvent. 

Another important observation is that ""H NMR spectra at different ionic 

strength and pH display changes in the positions of the downfield hyperfine 

shifts. This is illustrated in Figures 20 and 2, and Table 3. Not only did the 

positions of the peaks shift, but also their width narrows as the ionic strength 
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and pH are increased. This observation can be interpreted in terms of shifts 

between different conformational forms of the protein when the pH and ionic 

strength are varied. Gray and Knaff29 have previously reported that the 

C. vinosum flavocytochrome C552 exists in two conformational forms. One form 

prevails at low ionic strength and the other one at higher ionic strength. Their 

observation was based in apparent anomalies of molecular weight 

determinations using gel filtration chromatography. The above can explained 

the data from the NMR experiments, but more research is necessary in order to 

understand these results. 

The primary sequence of the heme subunit reported by Van Beeumen 

et al.82 indicates that there is only a 7% sequence identity between the two 

hypothetical halves of this subunit. The first half exhibits a 39% sequence 

identity with the mono-heme subunit of C. thiosulfatophilum flavocytochrome 

C552, while the second half is only 9% identical. These data have been 

interpreted in terms of an involvement of a gene fusion process in the evolution 

of the protein. If the two hypothetical halves of the heme subunit do indeed 

have different origins, it Is not perhaps surprising that the two hemes have some 

different properties. This information can be correlated with the EPR and NMR 

data in support of the evidence that the two hemes are in different 

environments. Moreover, it can be speculated that because both hemes are not 

identical, that their function in terms of transferring electrons in the cell might be 

different even though they are isopotential.24,27 

As it was mentioned before, the magnitude of the 695 nm charge transfer 

band initially suggested that only one of the hemes has a methionine axial 

ligand. However, the band is broad, of relatively low extinction coefficient and is 

superimposed on a sloping absorbance background. Thus attempts to 
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quantitate this band are prone to error, and it was not possible to use this 

method to unambiguously determine the number of methionine ligands. In fact, 

Meyer et al.42 concluded that the C. vinosum flavocytochrome c has two hemes 

with axial methionine ligands, base on measurements of this same charge 

transfer band. Meyer et al.42 reported that this band occurs at 690 nm for the 

flavocytochrome C552 with an extinction coefficient about 1.4 mM-i cm-i. As 

this value is higher than that observed with horse cytochrome c, 1.1 mM-i cm-i, 

they concluded that more than one heme with an axial sulfur ligand is present in 

the C. vinosum protein. Note that the molar extinction coefficients values used 

by Meyer et al.'̂ 2 ĝ e higher than the ones reported in this work because they 

have been calculated without the baseline correction. Sequence data suggest 

that the two methionines at position 54 and 143 in the primary sequence of the 

heme subunit serve as axial ligands to the two hemes.82 

Complex Formation 

Flavocytochrome c 552 catalyzes electron transfer from sulfide to equine 

cytochrome c .27 it has been known for some time that the flavocytochrome c 

forms an electrostatic complex with horse heart cytochrome c. 29,50 Specific 

lysine residues surrounding the exposed heme edge of cytochrome c have 

been identified as contributors to the interaction with the flavocytochrome. The 

observation that the flavocytochrome can be cross-linked to equine cyto

chrome c by a carbodiimide suggests that cytochrome C552 contributes the 

negative charges, via carboxylate groups to the complex.82 This compound, 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDO), is a reagent known to 

cross-link amino and carboxyl groups. Equine cytochrome c is obviously not 

the physiological electron acceptor for a C. vinosum enzyme. However, eariier 
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work led to the partial purification of a soluble ctype cytochrome, cytochrome 

C551. trom C. wnost;/77 that shares many properties with equine 

cytochrome c.78 Furthermore, reconstitution experiments using light 

dependent alanine uptake to monitor cyclic electron flow in C. vinosum 

spheroplasts, showed that equine cytochrome c could serve as an effective 

substitute electron carrier in this system.74 More recent work by Tan et al.79 has 

provided additional support for the hypothesis that C. vinosum contains a 

cytochrome related to cytochromes cand C2- A major goal of the present work 

is to obtain a more detailed understanding of the complex. Three techniques 

were used in an attempt to determine the stoichiometry of the complex, these 

were: gel filtration, ultrafiltration and NMR spectroscopy. Although some results 

obtained using the first two techniques were consistent with a 1:1 ratio for the 

stoichiometry of the complex, these methods have shown to be inadequate for 

providing unambiguous evidence for complex formation in this system. Both 

methyl (3,8) resonances of the cytochrome c shift upon complexation. This 

observation provides strong new evidence for the existence of a complex 

between cytochrome cand flavocytochrome C552. The results from the NMR 

line shift and line broadening data together can be interpreted as these two 

proteins forming a 1:1 complex. Nevertheless, further investigation is being 

developed to provide more information about the stoichiometry of the complex. 

The C. vinosum flavocytochrome C552 - equine cytochrome c complex 

differs from other two cytochrome c-containing complexes studied previously in 

so far as shift in heme-methyl resonances (3, 8) change are smaller. In the 

cytochrome c complex with cytochrome c peroxidase,89 both methyl 

resonances shift, but the changes are larger than those observed with the 

flavocytochrome. In the cytochrome c - cytochrome b5 complex a relatively 
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large shift of the heme 8-CH3 resonance was observed, but there is only a very 

small change for the 3-CH3 resonance.90 These differences may indicate that 

the solution structure of the equine cytochrome c- C. vinosum flavocytochrome 

c 552 complex is different from that of either the cytochrome /? 5 or cytochrome c 

peroxidase complexes. If the structure of the complexes differs it may be due to 

the fact that the flavocytochrome is a reductase for the cytochrome c, where in 

the other two systems the protein is an oxidase for the cytochrome c. The 

structure of the complex reflects the mechanism of electron transfer. 

Differential chemical modification studies85 have shown that the interaction 

of flavocytochrome C552 and cytochrome c occurs around the exposed heme 

edge at the front face of cytochrome c, and this domain extends to the "right" of 

the heme edge as viewed from a position where the exposed heme edge 

defines the "front" of the cytochrome.84 The other complexes have also been 

studied by different chemical modification and the results showed that the 

electron transfer occurs via the solvent-exposed heme edge of cytochrome c, 

which is positioned properly through interaction between surrounding positively 

charged lysine side chains and complementary negatively charged groups on 

the enzymes.85,t86,i87 in the case of the C. vinosum flavocytochrome C552, 

eight lysine residues on the equine cytochrome chave been identified to 

interact when the complex is formed, these are the residues: 8, 13, 27, 72, 79, 

86 and 87.84 |n the case for the cytochrome c peroxidase complex, the lysine 

residues of the cytochrome cthat interact are 13, 27, 72, 86, and 87.97 For the 

cytochrome ifc> 5 complex, the lysine residues are 13, 27, 72 and 79.188 Thus, it 

can be seen that although the domain of cytochrome cthat interacts with those 

three enzymes is quite similar, slight variations in the binding domains exist. 

Thus, it appears unlikely that the different patterns observed for shifts of the 3-
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and 8-heme-methyl resonances resulting from complex formation between 

those three different enzymes and equine cytochrome c cannot arise from the 

fact that different domains on cytochrome care involved in binding. There must 

be more interactions between the redox partners, like hydrogen bonding and 

ionic interactions, that creates a protein network to ensure that the electron 

transfer is very specific.4.8,9,i89 

Conclusions 

This treatise provides some new information regarding the two 

flavocytochrome C552 isolated from the purple sulfur bacteria, C. w>7ost;mand 

C. tepidum . The results can be summarized as follows: 

1. C. tepidum has a flavocytochrome C552 with similar physical properties 

to those of the analogous protein from C. vinosum. 

2. The flavocytochrome C552 from C. tepidum has sulfide:cytochrome c -

oxidoreductase activity. The temperature optimum for this enzyme is at 55 °C, 

while that for the flavocytochrome isolated from the mesophile is at 25 °C. 

3. ''H NMR studies shows that the flavocytochrome C552 from C. vinosum 

has two hemes in different magnetic environments. One of them is affected by 

medium effects such as pH and ionic strength. 

4. Complex formation between C. wnosam flavocytochrome C552 and 

horse heart cytochrome c has been demonstrated by ""H NMR spectroscopy. 

The results yield that the stoichiometry of the complex is 1:1. 

Many aspects of the C. vinosum flavocytochrome C552 are still not very well 

understood, but this work has provided some additional useful information 

about the protein and allowed comparisons with the flavocytochrome C552 from 

C. tepidum. The fact that the latter protein is stable at higher temperatures may 
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be helpful when trying to characterize it by NMR spectroscopy. The 

assignments of the different hyperfine shifts of the NMR spectrum of the 

C. vinosum flavocytochrome C552 should be the next point to be studied from 

this protein. Another aspect that should be investigated further by NMR studies 

is the spin state and conformation of the protein at different pH, ionic strength 

and temperatures. Also it will be interesting to run MCD and EPR spectra of the 

C. tepidum flavocytochrome C552 and get some information about the ligands 

and spin state in this protein. 

There are still several unanswered questions about the C. vinosum and 

C. tepidum flavocytochrome C552, in spite of this another step has been 

climbed in the long journey to understand the process by which photosynthetic 

bacteria transform so efficiently the energy from the sun into chemical energy. 
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