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ABSTRACT '

The kinetic and equilibrium properties of the Chromatium flavo- 

cytochrome c-552 oxidation-reduction were studied in an effort to fur

ther understand its mechanism of electron transfer»

It was found that this protein exhibits sulfide oxidase activ

ity 0 The loss of this activity after various treatmentss including 

separation into subunits9 demonstrated the need for proper interaction 

between the flavin and heme chromophores for this activity. The pH 

dependence of this activity was also investigated.

Potentiometric titrations yielded midpoint potentials of +45 

mV for the heme and +18 mV for the flavin at pH 7.0. The effect of pH 

on both the measured potentials and the sulfide oxidase activity 

strongly argues for the participation of a proton in the oxidation- 

reduction mechanism. The behavior of the flavin moiety in the oxida

tion-reduction titrations indicates the formation of a flavin semi- 

quinone although no direct spectral evidence was obtained.

The results of these studies are discussed in the context of 

the interactions occurring in the intact flavocytochrome between the 

flavin and heme chiromophores.

x



INTRODUCTION

Understanding the means by which biological electron transport 

occurs is a necessary condition for the elucidation of the chemical ba

sis of life as well as for a better understanding of the problems ‘of 

energy conservation« Unfortunately the complex systems involved and the 

instrumental limitations for probing molecular level interactions in 

intact biological systems have made progress difficult <,

One of the problems encountered in investigations of these sys

tems is that the bulk of the biological electron transport components 

are membrane bound*, making observations of the intact individual compo

nents difficulto An exception to this condition is the jc-type class of 

cytochromeso These proteins can generally be solubilized in apparently 

native form with aqueous buffers0 Thus it is possible to study this 

isolated component of electron transport chains under a variety of 

carefully controlled conditionso The ultimate goal of the research of. 

which this work is a part is to elucidate the mechanism of electron 

transfer involving c-type cytochromes«,

Cytochromes of the c-type occur in both photosynthetic and res

piratory electron transport chains and function to carry electrons from 

one component to another with minimal loss of potential<> It has been 

demonstrated for many cytochromes that the iron atom* which is in the 

center of a porphyrin ring and is the ultimate site of oxidation-re

duction activity* is buried in the body of the protein chain and is not 

solvent accessible* The precise mechanism by which electrons are

1



2
transferred between reaction sites on the surface of the protein and the 

iron atom has yet to be determinedo Numerous models have been proposed 

based on structural studies of these proteins but the lack of direct 

experimental evidence has prevented a resolution of the debate«

For this study a c^-type9 flavin-containing cytochrome from the 

photosynthetic bacterium Chromatium. vino sum was utilized® This protein 

offers an unusual opportunity to investigate intramolecular electron 

transport due to the presence of three, covalently-bound chromophores® 

Analysis of the interactions between the various chromophores should 

bear on the nature of the electron transport mechanism involved® 

Chromatium vinosum was first reported to contain a c-type 

cytochrome with an alpha-peak at 552 nm by Newton and Kamen (1955, 1956) 

Bartsch and Kamen (1960) were the first to purify and characterize this 

protein® Bartsch, Meyer and Robinson (1968) reported the molecular . 

weight to be 72,000 daltons, the isoelectric point as 5 ®1 and the 

oxidation-reduction midpoint potential at pH 7 to be +10 mV, NHE®

Vorkink (1972) obtained slightly different values for the midpoint 

potential: +29 mV for the heme and +24 mV for the flavin at pH 7®3®

Case and Parsons (1973) reported that the midpoint potential for the 

heme was pH dependent and had a value of +20 mV at pH 7*0®

Bartsch (1961) first reported the presence in this protein of a 

covalently bound flavin moiety which was later identified as a substi

tuted 8-=-FAD (Hendricks, et al® 1972)® This flavin appears to be 

attached to the protein via a thioether linkage to a cystein residue on 

the protein (Kenney and Singer, 1977)® Kenney, et al® (1973) obtained
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a flavin-containing tetrapeptide from peptic digestion of the flavo- 

cytochromeo The sequence of this peptide was determined by Edman 

degradation to be tyr-thr-cys(flavin)-tyr„ Further studies showed the 

y value for this peptide to be -187 mV (Edmondson and Singer, 1973)« 

Bartsch, et alo (1968) concluded that the heme of the flavo- 

cytochrome was mesoheme of the kind found in c-type cytochromes and 

that the stoichiometry was two hemes per one FAD per 72,000 molecular 

weighte Both hemes appeared to be chemically identical„

Kennel and Kaxnen (1971) observed that the flavocytochrome could 

be separated in 8 M urea by G-200 into heme and flavin containing sub

units o The flavin subunit was observed to consist of a single poly

peptide chain of 45,000 dalton molecular weight0 The other subunit was 

also a single polypeptide chain having two hemes per molecular weight 

of 22,000o Meyer (1970) and Vorkink (1972) also achieved this separa

tion into submits with: 8 M urea but encountered a great deal of diffi

culty obtaining flavin fractions free of any heme content <, In addition 

to urea, Vorkink obtained separation with 4 M guanidine, and at a pH of 

lie Vorkink confirmed the molecular weight of the flavin peptide as 

45,000 but reported the diheme subunit as having a value of 33,000.

More recently, Fukumori and Yamanaka (1979) have reported successful 

preparation of the peptides. They obtained a heme-containing peptide 

of 21,000 dalton molecular weight from 6 M urea at pH 8.5. They also 

obtained a heme-free flavin peptide of 46,000 dalton molecular weight 

by isoelectric focusing of a 6 M urea, 1% g-mercaptoethanol solution 

of the flavocytochrome. Their value for the molecular weight of the 

intact protein, determined by gel filtration on G-100, was 53,000 dalton.
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Chroraatium flavocytochrome has been shown to bind a number of 

small inorganic species0 The heme moieties of ferroflavocytochrome, 
unlike respiratory cytochromes, bind carbon monoxide (Vorkink, 1972)o 
The ferriflavocytochrome reacts with a variety of ligands including 

HSOg , ? CN and reduced glutathione (Meyer, 1970) <> The forma

tion of the ligand-bound form is accompanied by the bleaching of 60 to 

75% of the flavin absorbance (at 475 nm) with the appearance of a broad 

absorption maximum centered at 670 nmo These effects can be reversed, 

by dialysis, indicating that the complex is formed reversibly0 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„

Spectral studies of the flavocytochrome have provided much in

formation due to the presence of the three covalently bound chromophores 

The visible-near UV absorbance spectra, shown in Figure 1, appear very 

similar to those of other e-type cytochromes except for the peaks 

attributed to the flavin which have maximum and minima similar to other 

flavoproteinSo The fact that the flavocytochrome absorbance spectra 

can readily be resolved into typical e-type cytochrome and flavoprotein 

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

that the absorbance spectra are not affected* In addition, the heme- 

containing subunit spectra (Vorkink, 1972) are even more like the 

typical e-type cytochrome spectra, while the flavin subunit spectra 

(Meyer, 1970; Fukumori and Yamanaka, 1979) resemble most flavoprotein 

spectra. Thus absorption spectroscopy provides a useful tool for 

observation of these chromophores under various experimental conditions.



Figure 1« Visible and Near-Ultraviolet Absorbance Spectra of 
Chromatium Flavocytochrome <>

The abosrbance values are for a 6o7 pM solution of 
the protein in a 20 mM solution of Tris-Cl, pH 7o3o 
The solid line represents the oxidized spectrum; the 
dashed line* the reduced spectrum*
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Figure 1. Visible and Near-Ultraviolet Absorbance Spectra of Chromatium Flavocytochrome.
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Yong and King (1970) examined the OKS and CD spectra of the 

ferri* ferro and ferro-CO forms of the flavocytochrome0 They inter

preted the spectra in the .Soret region to be due to an interaction be

tween 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 * Bartsch, et al* (1968) also investi-^ 

gated the CD spectra of these three forms of the flavocytochrome* They 

concluded that the Soret spectra were the result of a heme-heme inter

action* In contrast to Yong and King they attributed the ferro-CO 

spectrum to the CO being shared by the two closely oriented hemes*

In a later study, Vorkink (1972) 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 CN complex spectrum,, along with other data, led him to propose an 

interaction between the flavin and at least one of the hemes*

Electron paramagnetic resonance and magnetic susceptibility 

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

interactions* Strekas (1976) obtained EPR results on the ferriflavo- 

cytochrome and on the purified heme subunit at temperatures below 45°

K* Based, on these studies he concluded that the two hemes exist in 

magnetically distinct environments* For the intact flavocytochrome he 

observed that one heme underwent a change in environment when .going 

from pH 5*5 to 10*5 but the other heme remained unchanged* He sug

gested that one heme exists in a rather rigid environment that is 

unaffected by subunit separation while the other heme has a more 

flexible environment that may have two interchangeable out-of-plane
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ligands on one side of the heme0 One curious observation that Stxekas 
reported was that the binding of CN to the flavin caused the variable 

heme to change from the high pH form to the low pH forme Dialysis to 

remove the bound CN resulted in the return of most of the flavin 

absorbance9 as was reported by earlier researchers9 but the heme re

mained in the low pH configurationo Thus it would appear that the 

formation of the CN complex is not completely reversible as had been 

previously reported (Meyer, 1970 and Vorkink, 1972)0

Some information bearing on the surface structure of the flavo- 

cytochrome is available» Vorkink (1972) measured the rates of oxidation 

and reduction of flavocytochrome _c with a number of non-biological 

electron donors and acceptors0 He 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» He postulated, a negative recognition 

site for reduction of both the heme and flavin which would require a 

region of negative charge on the protein surface.

Fukumori and Yamanaka (1979) have shown that the flavocytochrome 

exhibits sulfide-cytochrome c reductase activity with some non-Chroma- 

tium cytochromes _c9 however, cytochrome c/, isolated from jC. vinosum, 

showed no activity with the flavocytochrome. They were able to 

demonstrate a limited degree of sulfur reductase activity.

The function of Chromatium flavocytochrome has been the subject 

of much investigation. The works of Chance, et al. (1976); Olsen and 

Chance (1960); Morita (1967); Morita, Edwards.and Gibson (1965);
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Gusanovich9 Bartsch and Kamen (1968) and Gasanovich and Kamen (1967) 

seem to .imply that this flavocytochrome mediates the non-cyclic trans

fer of electrons from reduced sulfur compounds (S~9 S2°3^  to t l̂e active 
center (P890) of the photosynthetic apparatus« Kennel and Kamen (1971b) 
however9 obtained a water-solubles membrane-bound cytochrome having 

spectral properties very similar to the water-soluble flavdcy to chrome <, 

They suggested that this membrane-bound cytochrome is the mediator the 

above researchers were actually observing0

Proposed Research

The bulk of the information available on Chromatium flavo cyto

chrome comes from spectral studies of either sub-cellular systems or 

purified protein« The fact that this protein is an oxidation-reduction 

protein implies that studies of its oxidation-reduction properties 

should bear on its mechanism of action as. well as on its physiological 

function. Yet9 aside from measurement of the midpoint potentials near 

pH 79 little work has been done in this area. Only Vorkink?s 1972 . 

kinetic experiments relate directly to the oxidation-reduction behavior 

of this protein.

As was mentioned earlier9 the presence of three chromophores 

provides an excellent opportunity to study the mechanism of electron 

transfer between these components. The fact that the protein can be 

separated into peptides containing only heme or flavin provides an 

additional tool for such a study. Comparison of—the oxidation-reduction 

properties of the intact flavocytochrome with those of the isolated
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peptides should lead to a better understanding of the problem of 

electron transfer0

Kusai and Yamanaka (1973) have shown that the monoheme flavo- 

cytochrome from Chlorobium thiosulfatophilum exhibits sulfide-cytochrome 

reductase activity« Fukumari and Yamanaka (1979.1 have shown similar 

activity for the Chromatium flavocytochromeo In conjunction with the 

above studies9 investigation of the sulfide oxidase activity of this 

flavocytochrome should shed some'light on the nature of the chromophore 

interactions and provide another possible explanation for the physiolog

ical function of the protein.

The work presented here is centered on the oxidation-reduction 

properties of Chromat ium flavocytochrome. It involves the measurement 

of midpoint potentials of the intact, protein and its purified, subunits. 

Associated with this is the determination of the ligand binding9 pH and 

structural dependence of the sulfide oxidase activity of the flavo

cytochrome.



MATERIALS & METHODS

Flavocytochrome c-552 was isolated from heterotrophically.grown 

Chromatium.vinosums strain Do The photosynthetic bacteria were grown 

in 70-liter batches in 1 liter prescription bottles by the method of 

Cusanovich (1967) and were harvested by centrifugation in a Sharpies 

motor-driven centrifuge at 20*000 RPMo The packed cells were stored at 

-10°C until neededo The protein was isolated by a modification of the 

method of Bartsch & Kamen (I960) and involved the following steps:

lo The frozen cells were suspended in four volumes of 100 mM 

phosphate buffer and the pH adjusted to 7o0o The pH was periodically 

checked and adjusted* when necessary* during the preparation to prevent ̂  

the irreversible denaturation of the protein that occurs below pH 6o0 

(Vorkink* 1972)e The suspension was stirred overnight at 4°C to insure 

a homogeneous slurry. Alternately* the cells could be suspended in 

100 mM Tris-chloride and the pH adjusted to 7.3 with no apparent change 

in the yield or purity of the protein.

2. The cells were broken with a Ribi cell fractionator* model 

RF-1 (Sorvall) at a pressure of 20*000 psi and a temperature below 20°G. 

The contents of the cell could also be released by suspending the packed 

cells in a 10 mM EDTA solution* pH 7.0* and stirring for 12 hours at 

5°C. The yield from the EDTA treatment* however* was only about half 

that of the Ribi fractionation.

3. The Ribi effluent was centrifuged at 18*000 RPM in a Beckman 

1-21 refrigerated centrifuge at 5°C for 30 minutes to remove large

10
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particleso The pellets were washed by resuspension in four volumes of 

100 mM phosphate buffer, pH 7o0, for 12 hours at 5°G followed by re

centrifugation o The supernatants were combined and the pellets from 

the wash discarded. Small particles were removed from the J-21 super

natant by centrifugation at 35,000 KPM in a Spinco L3-50 preparative 

ultracentrifuge at 5°C for 120 minutes. The pellets were washed as 

described for the J-21 pellets, The L3-50 supernatants were combined 

and desalted by gel filtration on Sephadex G-25 (Pharmacia) and then 

buffered with Tris-chloride to a final concentration of"20 mM and a 

pH of 7,3,

4, The "particle^-free, desalted crude extract was then chroma

tographed on DEAE Cellulose Type 40 (Brown Company.) , The column was 

equilibrated with 20 mM Tris-chloride, pH 7,3, and the Chromatium 

extract charged onto the column. The first wash consisted of 20 mM 

Tris-chloride, pH 7,3 and removed residual bacterial chlorophyll- 

containing material along with cytochrome c-552.-c-556, The second wash 

of 40 mM NaCl, 20 mM Tris-Cl, pH 7,3, eluted high-potential iron pro

tein (HIPIP), Cytochrome _c? was removed by the third wash which 

consisted of 100 mM NaCl, 20 mM Tris-Cl, pH 7,3, This wash was con

tinued until no further protein was observed eluting from the column as 

indicated by the absorbance of the effluent at 280 nm. The fourth wash, 

consisting of 120 to 150 mM NaCl, 20 mM Tris-Chl,. pH .7,3, removed the 

flavocytochrome. The index of purity used was that established by 

Bartsch et al, (1968), They reported that, for the purified protein, 

the absorbance due to the. protein (measured at 280 ran) divided by the
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heme Soret absorbance (A28c/A410> termed p/s) was. 0.53 and that the 
ratio of the flavin absorbance to the heme absorbance (^475/^-5259 termed 
F/H) was 1,25. The material eluted with 120 to 150 mM NaCl, 20 mM 

Tris-Cl* pH 7.3) usually had a P/S value of from 1.0 to 2.0 and a F/H 

value of 1,20 to 1.30. Additional flavocytochrome could be obtained by 

washing the column with higher salt concentrations, but this material
had P/S values greater than 2»5 and was generally discarded.

)
5. The cytochrome was further purified by ammonium sulfate 

fractionation. This procedure involved adding sufficient solid enzyme 

grade ammonium sulfate (Bio-Rad) to obtain the desired concentration, 

stirring for 10 minutes to ensure saturation, and centrifugation of the 

slury at 10,000 RPM on the Beckman.J-21 centrifuge for 20 minutes to 

remove the protein-containing precipitate. The initial aliquot of 

(NH^^SO^ was added to produce 50% saturation. The above procedure was 

then repeated, increasing the percent saturation in steps, until all 

colored material had been removed from the supernatant. The flavo- 

cytochrome precipitated between 75 and 85% saturation, depending on the 

protein concentration of the initial solution.

The pellets were redissolved in 20 mM Tris-Gl, pH 7.3, and 

checked for purity. Those fractions having, a P/S of less than 0.60 and 

a F/H of greater than 1.20 were pooled and stored as pure protein.

Those having a P/S between 0.60 and 1.20 were pooled and saved for 

later purification. Those pellets having a P/S greater than 1.20 were 

discarded. The protein was then desalted by gel filtration on G-25 and 

buffered with Tris-Gl to 20 mM, pH 7.3.
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60 Further purification, where necessary, was achieved by gel 

filtration on Sephadex G-100 (Pharmacia) using a 20 mM Tris-Cl, pH 7e3, 

solution as the elutant«> The fractions were pooled as described above 

for the (NH^^SO^ fractionation6 The purified protein samples were 

finally concentrated by pressure dialysis in a stirred ultrafiltration 

cell (Amicon) using a UM 10 membrane under a nitrogen atmosphere at a 

pressure of 60 psio All samples were stored in the dark at -10°C until 

neededo

Preparation of Chromatium 
Flavocytochrome Subunits

Due to the nature of the flavocytochrome. and its quaternary 

structure, it was necessary to use two different techniques to obtain 

the purified subunits6

lo The heme peptide was obtained using a technique described 

by Vorkink (1972) „ A 3 ml sample of 0o 5 mM flavocytochrome in 50 mM 

Tris-Cl, pH 7o3, was made 8 M in urea and incubated for 12 hours in 

the dark at 50Co This solution was then subjected to gel filtration 

on a 500 ml column of Sephadex G-100 at 5°C to separate the subunits0 

The flavin-containing peptide moved with the solvent front and the heme 

peptide followed well behind0 The criterion of purity used for the heme 

fractions was a P/S value of Qo20 or less. All such fractions were 

pooled as pure heme peptide6 All other fractions were discarded«

Roughly 40-50% of the original heme could be obtained as purified pep

tide by this techniqueo

The flavin peptide fractions contained from 5 to 20% residual 

heme as indicated by the Soret absorbance• This residual heme could not
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be removed by further urea treatment and gel filtration., In fact this 
peptide, would aggregate and precipitate within 6 hours of the first 

filtration and could not be resolvated0

20 Pure flavin peptide was obtained in the following manner»

A 3 ml sample of 0.5 niM flavocytochrome in 20 mM Tris-Cl was made 5% 

in formic acid and 1% in g-mercaptoethanol and incubated for 12 hours at 

5°Co The resultant solution was subjected to gel filtration on a 500 

ml column of Sephadex G-100, also at 5°C9 after equilibration of the 

column with a solution of 20.mM Tris-Chl9 5% formic acid and 1% g- 

mercaptoethanol. As with the urea, preparation^ the flavin peptide 

moved with the solvent front 9 followed by the heme subunit. The flavin- 

containing fractions whose spectra contained no Soret peak (412 nm) were 

pooled and concentrated by pressure dialysis. The purity of this 

material was demonstrated by the appearance of a single band correspond

ing to a molecular weight of 459000 when subjected! to SDS electrophoresis
<(see below)o The flavin peptide obtained by this technique was stable 

for about a week at 5°C after which it precipitated from solution. All 

heme-containing fractions had P/S values greater than .30 and were 

discarded as being impure.

Electrophoresis

The purity and molecular weights of the flavo cytochrome sub

unit preparations were determined by sodium dodecyl sulfate (SDS) 

polyacrylamide gel electrophoresis. The procedure used was a modifica

tion of 'that of Weber and Osborn (.1969) and Involved the following

steps.
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le The gel tubes were cut from glass tubing, having an inner 

diameter of 6 nm, to a length of 10 cmo The ends of the tubes were 

ground9 rather than being fire, polished9 to maintain a constant inside 

diameter for ease of gel removal0 Prior to use the tubes were cleaned9 

rinsed and then rinsed with photoflow solution (Kodak) to prevent the 

formation of air bubbles when the tubes were loaded with the acrylamide 

solutione The bottoms of the tubes were capped with rubber septa se

lected to fit the outside diameter of the tubes and then arranged in 

a plexiglas holder in an upright position0

20 The gels were prepared by mixing 15oQ ml of gel buffer 

(20 mM sodium phosphate* pH 7*0; 0o2% SDS) with 13<>5 ml of acrylamide 

solution (22 o 2% (w/v) acrylamide * 0o6% (w/v) methylenebisacrylamide) 

and deoxygenating as described in the spectroscopy section,. Next 0o045 

ml of N N N VN ? tetramethylethylene diamine and 1*5 ml of freshly pre

pared 30 mM ammonium persulfate solution were added» For these experi

ments* 30 mM ammonium persulfate was used rather than the 100 mM solu

tion called for by Weber and Osborn to increase, the time required for 

polymerization so that the following step did not have to be rushed0 

The amounts given here were sufficient for the preparation of 12 gels. 

The gel tubes were filled to within 0*5 cm of the top with the 

gel solution using a micropipet« Before the gel set a small amount of 

water was layered on top of the gel solution using a microsyringe to 

ensure formation of a flat surfaceo The gels were then allowed to set 

for at least one hour after which the water layer was removed0

Protein samples were prepared in the following manner0 For each 

sample sufficient protein was dissolved in an incubation buffer (10 mM
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phosphate9 pH 7,0; 1% SDS; 1% 3-mercaptoethanol) to give a final con

centration of 1 mg per ml. The resultant solutions were incubated for 

12 hours in the dark at 25°Co A loading buffer was prepared by mixing 

700 pi of 20 mM phosphate buffer* pH 7,0; 75 pi of bromophenol blue 

(the tracking dye) and 6 drops of glycerol. For each gel a sample was 

prepared by mixing 75 pi of loading buffer, and about 20 pi of each 

protein sample desired on a spot plate. The exact amount of protein 

solution used varied with the protein in question and was determined 

by trial and error so as to produce the sharpest band possible,

4, The gel tubes were arranged in the electrophoresis apparatus 

and the bottom chamber filled with sufficient gel buffer* diluted 1 :1 

with distilled, water* to ensure contact with all the gel tubes. The 

protein samples from step 3 were layered oh the gels and diluted gel . 

buffer was layered on top of the samples to fill the tubes. Sufficient 

diluted gel buffer was added to the upper chamber to ensure contact with 

the electrode,

5, Electrical connections were made to a Heathkit High Voltage 

Power Supply* model IF-17 (Heathkit)* the bottom chamber being connectedi
to the positive terminal and the top chamber to the negative terminal. 

Power was turned.on and the voltage adjusted to achieve a current of 

about 7 milliamps per tube. The current was checked periodically and 

adjusted when, necessary. The current was maintained until the tracking 

dye had traveled to the bottom of the tube* generally 3,5 to 4 hours.

At this point the power was shut off and the chamber disassembled»

6, The gels were removed from the tubes with the aid of a 

positive air pressure and a microsyringe inserted between the gel and
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the tube in order to inject water which acted as a lubricant» The 

over-all length of the gel and the distance the marker dye moved were 

measured with the aid of a light box and the values recorded»

7o Staining was performed by placing the gels in small plastic 

trays and covering them with the staining solution; a 2 <,5% Coomassie 

brillant blue, 10% acetic acid, 50% methanol solution* The gels were 

allowed to incubate for from 2 to 5 hours* After this time the gels 

were removed and rinsed with distilled water*

8* Destaining was performed with a plexiglas device designed 

and constructed specifically for this purpose* The apparatus consisted 

of a rectangular chamber with, a removable divider situated lengthwise 

down the middle* The divider consisted of two sheets of plexiglas that 

had slots milled in them such that when the gels were sandwiched between 

them the gels were exposed on both sides* The gels were loaded into the 

divider and the divider was inserted into the chamber* Both sides of 

the chamber were then filled with enough destaining solution (7*5% 

acetic acid, 5% methanol) to cover the gels* The plexiglas destainer 

was then hooked up to a destaining power supply and current applied 

until the gels were sufficiently destained*

9* The gels were removed from the destainer and the overall 

length and distance the protein samples, moved were measured and 

recorded*

The standard proteins used for the molecular weight determina

tions were horse heart cytochrome _c (Cal* Bio*), bovine serum albumin



18
(Sigma)s yeast alcohol dehydrogenase (Sigma), trypsin (Sigma)5 ovalbumin 
(Sigma) and myoglobin (Sigma)o

Mobilities were determined from the following expression

d o JL
mobility = " (1)

a 0 m

where d^ is the distance the protein moved9 is the overall length 

of the gel before staining* is the overall length of the gel after 

staining and d^ is the distance that the marker dye moved e The use of 

this equation is necessary because the gels swell about 18% on staining 

and destaining*

Spectroscopy

Absorption spectra were recorded on a Cary 118 recording spec- 

tropho tome ter*, Aerobic spectra were taken from 0o 7 ml volume * lo0 cm 

pathlength quartz cuvets0 Anaerobic spectra were taken from Pyrex 

Thunberg cuvets fitted with quartz windows» The cuvet was filled* 

closed* evacuated and flushed with purified argon to achieve anerobic- 

ity0 Purified argon was obtained, by passing commercial argon through a 

column of BASF catalyst R3-1T (Wyandotte Corp0) to remove 0^* then 

through two gas trap bottles filled with deionized water to humidify the 

gaso The special spectral cell used for the oxidation-^reduction titra

tions will be described later0

Kinetic Measurements

The reactions studied in this work were slow enough to be 

measured with the Cary 118* Anaerobic reduction rates were determined
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using the Thunberg cuvet« Measured amounts of the oxidized protein 

and the reductant were placed in the cuvet body and the side arm 

respectively,, The cuvet was then degassed as described in the 

spectroscopy section and placed in the spectrophotometer. After re

cording the initial absorbance the cuvet was removed, manually inverted 

3 or 4 times to mix the reactants, and then replaced.in the spectro

photometer, The chart recorder was started simultaneously with the 

first inversion of the cuvet and provided a plot of the change in 

absorbance at a constant wavelength against 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 that 

particular set of experimental conditions.

Initial rates of reaction were determined for an electron donor 

and acceptor pair first in the absence and then in the presence of the 

flavocytochrome. The rate of the flavocytochrome catalyzed reaction 

was obtained by subtracting these two rates. Acceptors used ini these 

experiments were horse heart cytochrome jz (HHC) (Sigma) and dichloro- 

phenolindophenol (DCPTP) (Matheson), Buffers.used were 50 mM Tris- 

chloride, 50 mM potassium phosphate or 50 mM TAP (Tris-acetate-phos- 

phate) where the pH was adjusted, to the particular experimental value 

with either 1 M HC1 or 1 M NaOH, The electron donor used in all ex

periments was a 5 mM solution of NagS prepared in the specially de

signed test tube picture in Figure 2„. Typically, 10 ml of the appro

priate buffer solution was placed in the body of the test tube and 

thoroughly degassed, 12,0 mg of solid Na^S'gH^O was next placed in
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Figure 2. Anaerobic Test Tube Used for the Preparation of 
Sodium Sulfide Solutions.
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the side arm and the whole assembly evacuated and filled with Argon«

The tube was sealed and inverted numerous times to mix the contents»

For each experimental run an appropriate amount of this solution was 

removed with a Hamilton microsyringe through the septum at the top.

For studies at various pH values a solution of 10 pM acceptor 

in 50 mM TAP buffer* pH 7,0* was placed in an ice bath on a stir plate 

with a pH electrode positioned in the beaker. Samples (5 ml) were re

moved with a pipet for each experiment performed at a given pH value; 

first a control fun (no flavocytochrome) and then an enzymatic run with 

20 yl of a 0.3 mM solution of the flavocytochrome being added. After 

each pair of. experiments a few drops of either 1 M HC1 or 1 M NaOH was 

added to the beaker to adjust the pH and another pair of experiments 

performed.

Potentiometric Titrations

The potentiometric titration of a protein requires the reaction

of the protein with a suitable titrant according to equation 2, 

P0X + TRED PRED + T0X (2)

where represents the oxidized protein, the reduced protein and

T-.,, and the oxidized and reduced titrant, respectively. A re-,

ductive titration is generally performed by starting with completely 

oxidized protein and adding increments of reduced titrant in a stepwise 

manner until the protein is totally reduced. After the addition of 

each increment of titrant the system is.allowed to come to equilibrium 

and the potential and relative amounts of P ^  anĉ  ^RED are ineasure<  ̂^or 
use in the construction of a Nernst plot. Performance of the titration
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in the opposite direction would be an oxidative titration0 The extent 

of reduction of proteins that exhibit different absorbance spectra in 

their oxidized and reduced forms can be determined by performing the 

titration in a spectral cell and recording the change in absorbance 

at characteristic wavelengths after each addition of titrant«

Stable and meaningful potential measurements can only be ob

tained if the electron transfer rates of the solution components with 

each other and the electrode surface are sufficiently rapid in both 

directions to attain equilibrium during the measurement„ Unfortunately9 

most proteins do not establish stable potentials because their electron 

transfer rates to electrode surfaces are too low0 Thus a third 

component5 a mediator, is required0 The mediator will make reliable 

potential measurements possible if its electron transfer rates with the 

protein and electrode are sufficiently fast in both directions0 This 

in turn is only possible if both the oxidized and reduced forms of the 

mediator are present in sufficiently high concentrations at all times 

during the titration« To.insure this condition a suitable mediator 

will itself have a midpoint potential within 60/n mV of that of the 

protein where n is the number of electrons per mole that the oxidized 

mediator gains on reduction. Furthermore, the mediator must be 

chemically stable and serve only to transfer electrons without complex- 

ing or otherwise interacting with the other components so as to affect 

their electrochemical behavior,

Patentiometric titrations of the Chromatium flavocytochrome 

performed prior to this study have all been reductive titrations done
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in the presence of a suitable mediator where the titrant is added 

using a microburet or a syringe. This technique9 hereafter referred 

to as a chemical titration* provides data that has a rather limited 

reliability. This is because the addition of titrant solution causes 

a dilution of the reaction components which limits the number of data 

points that can be collected without performing complicated corrections 

for the dilution. Addition of a titrant solution also increases, the 

chance of oxygen leakage into the system. Since the flavocytochrome 

is oxygen-sensitive this must "be avoided. Finally:*^theftstoichiometry... 

of the titration reaction (equation 2) cannot be determined unless the 

degree of reduction of each component in the system can be monitored* 

which requires the use of colored mediators and titrants and the 

laborious collection of spectral data.

In order to avoid these problems the coulometric titration 

described by Wilson (1978) was employed. With this technique the 

titrant is initially included in the reaction solution along with the 

protein and mediator. The oxidation state of the titrant is varied by 

an electrochemical perturbation applied to an electrode. Thus titrant 

is coulometrically generated directly in the sealed reaction chamber. 

This technqiue has major advantages over the chemical titration. (1) 

The apparatus is a closed system requiring no addition to the reaction 

chamber thereby reducing environmental effects (oxygen leakage). (2) 

The system is completely reversible. The protein under study may be 

alternately oxidized and reduced until it denatures providing a means 

for observing the reproducibility of the reaction. (3) Control of the
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amount of titrant added in each step is much greater than in a chemical 

titration allowing for the collection of a larger number of data points0 

Thus aspects of the reaction that are reflected in the Nernst plots as 

minor perturbations are more easily detected., (4) There is no dilution 

of the sample by tirrant and therefore no change in the concentration 

of the components, (5) If the reaction of the tirrant with the protein 

involves complete9 well-defined stoichiometry and if the titrant is 

generated at a known current efficiency5 then the charge passed into 

the system can be related to the degree of protein reduction enabling an 

exact determination of the number of electrons, being transferred to or 

from the protein.

The Goulometric Titration

The titration is performed by generating reductant or oxidant 

directly in the sealed spectral cell by applying a constant potential 

to an appropriate electrode (see the section, on "electrodes11), The 

reaction mixture contains five components: the pH buffer9 the protein*

a suitable mediator and two titrants* an oxidant and a reductant, 

Titrants are chosen whose midpoint potentials are more than +,4V from 

the midpoint potentials of the mediator and protein. This is to insure 

complete and rapid reaction between the titrant and the other solution 

components. As with the mediator* the titrant species must be chem-̂ . 

ically stable and serve only to transfer electrons without complexing 

or otherwise interacting with, the other components in a manner that_ 

affects their electrochemical behavior.
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Figure 3 is a schematic representation of the potentiometrie 

relationship between the various titration components. To illustrate 

the electron flow that occurs during the course of a titration consider 

a reaction mixture having an initial potential of Beginning with

Tq totally reduced and all other components totally oxidized, the 

electrode can be charged to a potential of and current will flow 

from the electrode to and M thus reducing these components. This 

reduction is a charge transfer reaction from the electrode to the 

electroactive species in the charged Double Layer that exists surround

ing the electrode (Bockris, 1973)« The rate of reduction in a solution 

being stirred at a constant rate is dependent on the rate of diffusion 

of the components between the electrode and the bulk solution which is 

in turn dependent on the component concentrations. Note that the 

mediator cannot also be a titrant o If the titrations were attempted 

in the absence of T^, stepping the electrode potential to would 

cause the reduction of M followed by the establishment of electro

chemical equilibrium amongst the various solution components. At the 

start of the next reduction cycle the concentration of oxidized M would 

be smaller and therefore the rate of electron transfer from the 

electrode to the mediator would be slower. This situation would 

continue throughout the titration making a complete titration thermo

dynamically impossible. Furthermore, near the end of the titration 

only reduced M would be present preventing establishment of a stable 

potential at the measuring electrode.

Current will continue to flow from the electrode to T^ and 

the potential of the solution components will become more negative
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Figure 3. Schematic of the Electrochemical Relationships in a 
Coulometric Oxidation-Reduction Titration.

M is the mediator, P is the protein, Tq and TR are the 
oxidative and reductive titrants, respectively. E
o f o  t t u

Ep , and E^ are the midpoint potentials at pH 7 of

the various components. E^, E^, E^ and E^ are described 
in the text.

o
h
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until the potential$ E^r9 is removed from the electrodeo If the 

mediator and titrants have heterogeneous electron transfer rates that 

are sufficiently large* potentiometric equilibrium will be rapidly 

established; for example* in figure 3„ At this point the solution 

potential can be recorded and a spectral scan made in order to de

termine the degree of reduction of the protein« In additon* the total 

charge introduced into the system can be measured» This charge is 

essentially the sum of two components.

qT = qDL + qS . (3)

where is the total charge * q ^  the charge on the Double Layer and 

q<2 the charge introduced to the solution components. Since q^ is the 

term that relates to the degree of reduction of the protein* a correc

tion must be made for q^. In electrochemical studies of small mol

ecules at high concentrations* qDL is usually small compared to q^ and 

can bezneglected. Titrations of proteins* however* are done at con

centrations that are sufficiently low that q ^  is significant.

The correction for q ^  is made by recording the integrated 

current output (net charge) of the potentiostat (q^) against time. A 

typical trace is presented in figure 4. At t=0 the applied electrode 

potential is stepped to a value where reduced is generated at a 

diffusion controlled rate. Charge begins to flow into the system 

according to the following equations.

1 ox + * T,ed

Pox + V d  + Pred + 1 ox

(4)

(5)
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TIME(t)

Figure 4. Current Output of the Potentiostat Integrator 
Versus Time.
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where P and P , are the oxidized and. reduced forms of the protein px red
respectively and T and T , are the oxidized and reduced forms ofox red
the reducing titrant respectively0 Since equation 5 is strongly fa

vored to proceed to the right, the concentration of Tre^ in solution 

remains very small» At time A the applied potential is stepped back to 

(figure 3) and the double layer beings to discharge causing the 

observed decrease in the net charge0 Since [T^^] is very small, 

equation 4 does not proceed readily to the left preventing reoxidation 

of the solution components0 Thus the only significant current flow 

(qD) is the discharge of the double layer0

%  = (6)

Once the double layer: has been totally discharged there is no further 

current, flow and the integrated current reaches a stable value (t=B)„

At this point the charge represented by the integrated current (q^) 

is given by

qIC = qT + qD = qS + qDL - qDL qS (7) ^

and is equivalent to the charge introduced into the system*

The stepwise titration is repeated until the spectral scans, 

show no further change indicating that the protein has been totally 

reduced* At this point TR is still completely oxidized while all other 

components are completely reduced* An oxidative titration can now be 

performed by stepping the electrode potential to The reactions

that occur are the same as described above for the reductive titration 

except that the current flow is from the solution to the electrode.
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Performance of a coulometric potentiometric titration requires 

(1) a spectral cell/sample compartment(2) four different electrodes9 
(3) a potentiostat5 (4) a potentiometers (5) a spectrophotometer and 

(6) three or more mediators0 Each of these components will be dis

cussed separately below and then a description of the procedure used 

for the experiments conducted for this work will follow0

The Cell

The cell was a specially constructed device designed to 

anaerobically contain the sample solution and to fit into the spectro

photometer 0 It is illustrated in figure 5» The. body of the cell was 

machined from a 105 inch diameter Kel-F rod (Antex Plasticss Inc0 9 
Phoenix9 Arizona) which was chosen for its chemical inertness and ease 

of machining,. The internal compartment was machined to a diameter of 

3/8 inches except for a flat section on the bottom that was designed 
to accommodate a 0*8 mm long stirring bar. The stirring bar was con

structed by sealing a 0o5 mm long magnet in a glass capillary tube0 A 

1/8 inch thick, quartz window (Precision Cells9 Inc.9 Hicksville9 NoY0) 
was epoxied to the back of the cell with Armstrong A-34 epoxy (Arm
strong Products9 Inco 9 Warsaw9 Indo) which was chosen for its low 

priority and solvent characteristics0 This epoxy was used throughout 

the construction of the cello The front of the cell was milled to 

hold a Neoprene o-ring. of 3/8 inch inner diameter (I.oDo) and 1/16 inch 
thicknesso Four holes were tapped into the front face of the cell to 

accommodate screws o The front window of the cell was an Sb-doped SnO^ 

optically transparent electrode (OTE) having a resistance of 10 to 50
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Figure 5. Assembled Spectral Cell Used in the Coulometric 
Potentiometric Titrations.
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ohms per square (Infrared Reflecting Glass, Corning, or NESA Glass, 

Pittsburg Plate. Glass), This electrode was held against the o-ring 

by a 1% inch diameter, h inch thick plexiglass disk that had a 3/8 

inch diameter hole in the center to allow the light beam to pass into 

the cell, and four holes to accommodate the screws, A % inch hole was 

cut in a 1 inch by 2 inch piece of copper foil and this was placed 

between the electrode and the cell, body, and around the o-ring, in 

order to make electrical contact with the SnO^ electrode. The cell 

was assembled as shown in Figure 6 with the screws being tightened 

sufficiently to make the inner chamber airtight.

Four holes were drilled that extended from the circumference 

of the cell body to the inner chamber. Into one of these holes was 

epoxied a length of 16 gauge Ft wire that extended 1 cm into the cell 

arid 2 cm outside. The short end was fitted around the inner chamber 

so as to avoid interfering with the stirring bar and the light beam.

Into the remaining three holes were epoxied two-way cheminert valves 

(Hamilton valves #lMfl) , Two of these valves were for electrodes and 

the third provided access to the cell after it had been assembled.

Electrodes

Operation of the cell required the use of four electrodes.

These were constructed as followss

1, The reference electrode, a silver-silver cholride electrode, 

was made by epoxying a 3 inch length of 16 gauge Ag wire into a male 

ground glass joint, 7/25$, so that % inch of the wire extended above 

the joint as illustrated in Figure 7, The lower part of the wire was
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HAMILTON VALVE

COPPER FOIL

PLEXIGLAS DISK

"O" RING

STIR BAR

QUARTZ DISK

K E L-F  CELL BODY

Figure 6. Spectroelectrochemical Cell Assembly.
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REFERENCE ELECTRODE

X

• \

COUNTER ELECTRODE

Figure 7. Reference and Counter Electrodes.
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coated with AgCl by immersing the wire in a beaker of 6 M HC1 and 

connecting it to the positive terminal of a 6 volt dry cell battery*

The negative terminal of the battery was connected to a short length of 

platinum wire which was also immersed in the b e a k e r W h e n  sufficient 

AgCl had been deposited on the Ag wire the battery was disconnected, 

the Ag wire removed and rinsed with distilled water* Next a reference 

electrode junction (Leeds and Northrup Co*, Phoenix, Arizona) was cub 

to a length of 2 inches, filled with a saturated AgCl/KCl solution and 

placed over the coated end of the wire* The junction was held in place 

by bending the Ag wire a little bit to create a snug f it * This entire 

assembly fit into a 7/25$ female joint that had been attached to the 

end of a glass side arm* The other end of this side-arm was fitted 

with a Luer joint (#7602-35, Ace Glass Co*, Vineland, N*J*) that 

attached to the cell valves (Figure 5)* The reference electrode was 

calibrated against a saturated calomel electrode (SCE) after each 

experiment giving a valve of about 200 mV*
2* The counter electrode together with the indicator electrode 

make up the electrochemical cell* During the titration the counter 

electrode takes on a charge that is opposite in sign from that on the 

indicator electrode* It is located in. a side arm attached to one of 

the Hamilton valves on the cell body* It was made by epoxying a 3 inch 

length of 16 gauge Ft wire into a male ground glass joint, 7/25$, and 

fit into a side-arm similar to the one described for the reference 

electrode* This assembly is:also illustrated in Figure 7*

3* The indicator electrode is the Sb-doped, SnO^-OTE mentioned
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in the cell construction section,, This is an n-type semiconductor that 

is deposited on a glass square and having an optical window of about 

400-700 nm„ At pH 7 it may be used at applied potentials in the range 

-Ho5 V to -0»65 V vso NHEo It was chosen because of its large surface 

area which helps create a rapid rate of electron transfer» One dis

advantage of this electrode is that at potentials more negative than 

-o65 V vso NHE the tin is reduced to tin metal which causes the glass 

to darken and9 of course9 destroys the electrode function»

4e The electrode used to determine the cell potential was the 

Pt wire embedded in the cell bodyo

Potentiostat/Integrator

This device was designed to charge the indicator electrode to 

a constant potential, relative to the reference electrode, regardless 

of the resistance of the cell solution0 It also contained the cir

cuitry for measuring the total charge introduced into the system,, The 

design was provided by Dr„ G„ Wilson (Professor of Chemistry, Universi

ty of Arizona, Tucson, Arizona, 1976) and is schematically presented 

in Figure 8 and Table 1„ The current flowing into or out of the cell 

was determined from the potential difference between the "current put"

terminal and ground according to the following expression„
V

Iout
c_____

1x10
(8)

where I _ is the current in, amps, V is the measured voltage and x is out c
the setting of the current sensitivity switch (see figure 10)„ The 

integrator circuitry consisted of operational amplifier (op„ amp„) I
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SUBCIRCUIT

'SUBCIRCUIT i

SUBCIRCUIT i

Figure 8. Potentiostat Schematic.

The various components are identified in table 1.
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Identification of the Potentiostat Components

All resistors (IL) are % Watt and have a reliability of 5%0 
For resistors Rg through the value in parenthesis is the
"I Range” setting (Sg) that engages that resistor. (See 
figure 10o)

TABLE 1
II 11 Kfi Rg = 5 m R15 — 1 K̂ 2

11 2 K£2 Rg (5) = 1000 R16 = 12 variable

II i m R10 (4) = 1 K0 potentiometer

II 1 SB R11 (3) = 10 “17 = 1 * 10-turn

ii 2 m R12 X 2) = 100 E0 potentiometer

of II 10 Kfi r13 (!) " i mb Cl =: 100 pfd

IIp
P io m R ^  = 1 M2 C2 ": 4.5 mfd (> X io'

Integrated Circuits 

All are Burr-Brown 

CA = 3269/14 

CF = 3269/14 

F1 = 3542 

F2 = 741 M 

I = 3500 C

Switches (also see figure 10„)

S^ = DPDT : Subcircuit Polarity 

S-2 ? SPDT : Sub circuit Voltage Range 

Sg = DP3T : Subcircuit Selector

S, = SPDT : Function 
Position 1 = "or cell charging
Position 2 = standby

Sg = SPST : Integrator On/Off

Sg = SPST* Normally Open* Spring-Loaded 
Pushbutton : Integrator Reset

Sy = SP5.T Current Sensitivity or

"I Range"
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and capacitor C^o The total charge (qT)«, in coulombs9 introduced into 

the cell was related to the output voltage of this op, amp, relative 

to ground according to the following expression.

(9)

where is the measure voltage 9 and C2 are the values of these

potentiostat components and IL is the value of the particular resistor 

(Rg-K^) engaged by the current sensitivity switch. Substituting 
values from Table 1 yields

qT = Vic (4"5x10 Cx 7)) (.10)

where x has the same meaning as in equation 8. The integrator reset 

switch reset the op. amp. output to 0 volts by discharging capacitor

Potentiometer
iThe potential of the cell contents relative to the reference 

electrode was measured using high impedance pH meters. Two different 

models were utilized at various times during these experiments. They 

were a Corning Digital 1109 expanded scale pH meter and a Instrumenta

tion Laboratory Inc, model 205 pH meter.

Spectrophotometer

Progress of. the reaction was monitored with a Cary 118 record

ing spectrophotometer. The sample holder, was modified to accommodate 

the special spectral cell and to include a stirring motor for the stir
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bar in the cello Ah extension box was also required for the sample 

compartment .to accommodate the side arms on the cello

Titration Procedure

The cell was assembled as shown in Figure 6 and connected to 

the degassing chamber (Figure 9) which had been filled with 3 to 5 ml 

of the solution to be titrated0 This whole arrangement was then 

connected to a gas line that could be alternately evacuated and flushed 

with purified argon (see the spectroscopy section)o This degassing 

operation (evacuation and flushing) was performed a minimum of three 

times to remove as much oxygen as possible0 Finally the cell and 

chamberj with all valves open5 were evacuated to about 0o5 atmosphere 

pressure, the whole arrangement inverted, and argon pressure applied 

to force the solution into the cell. This last operation had to be 

done with care to prevent bubble formation in the. cell, valves and 

side arms. With a very slight positive pressure, in the system, the 

valve leading to the degassing chamber was closed and the cell assembly 

removed. Before continuing, the electrical contacts between the side 

arms and the cell body were checked by measuring the resistances be

tween the various electrodes. The values of these resistances were 

generally between 10 and 100 Kto. Infinite or near-infinite resistances 

usually resulted from air bubbles in the valves and required the 

repetition of the loading procedure.

The loaded cell was then secured in the spectrophotometer and 

the operation of the stir-bar checked. Masking of that portion of the 

cell window intersected by the sitr-bar, with a piece of electrical
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Figure 9. Degassing Apparatus.
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tape j, was required to prevent the stir-bar from chopping the light 

beam® The sample compartment was closed5 all electrical connections 

made and an initial spectral scan made to check the alignment of the 

cello

Relative to the following discussion9 the reader is referred to

Figure 10 for a schematic representation of the apparatus0 The poten-

tiostat was turned on after making sure the cell switch was in the

"standby" position0 The reference electrode selector switch was placed

on "measure" and the potential of the cell recorded» It is important

to note that the potentials set on the potentiostat and the measured .

cell potentials were relative to the Ag/AgCl reference electrode6 As

a result the true potentials* relative to NHE9. were 200 mV more positive

than the measured or set values0 The described method of preparing the

sample generally produced a solution having a potential of +400 to +500

mV, NHEo Since the E n values for the proteins studies were all lessm 9 /
than +300 mV, NHE, the first titration of each sample was a reduction0 

The following is a step-wise description of a reduction titration;.

lo The polarity and potential (dial E) controls of subcircuit 

A were adjusted to a value of -650 mV (-45Q mV, EHE)0 This subcircuit 

provided the reducing potential to the cell. It was necessary that the

reducing potential chosen be large enough to provide appreciable re

duction of the mediator dye being used as the reductant. For these 

experiments the reducing dye was methyl viologen which has a E^  ̂value 

of —440 mV, NHE.
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Figure 10. Schematic of the Potentiometric Titration Set-Up.



2o The polarity and potential (dial E) controls of subcircuit 
B were adjusted to the estimated final potential of the cell after the 

charging step. The nI range11 switch was adjusted to reflect the ex

pected current flow into the cello The integrator was rezeroed by 

pushing the integrator reset button,

3o The reference electrode selector switch was set to "potent- 

iostat”9 the subcircuit selector switch set on circuit B and the cell 

switch turned,to "on", Immediately the subcircuit selector switch was 

turned to subcircuit A, beginning the charging phase» It was useful 

to monitor the current flow to the cell as electrical problems would 

generally be expressed as a below average current« Also,, for the first 

few potential application cycles9 it was useful to monitor the pro

duction of reduced methyl viologen at 600 nm* This is due to the fact 

that the residual oxygen in the sample solution is slowly reduced first 

to peroxide9 then to water and the generation of large amounts of re

duced methyl viologen while oxygen is still present results in the 

temporary accumulation of hydrogen peroxide in the cello This must be 

avoided to prevent the resultant destruction of protein0

4, At the end of the charging phase the subcircular selector 

switch was changed to circuit B and the current flow to the cell moni

tored until it stabilized near zero. The current selector switch was 

changed to the integrator circuit mode (figure 10) and the integrator 

output voltage recorded. Next the cell switch was returned to "stand

by" and the reference electrode selector switch returned to "measure," 

The potential was monitored until it stabilized, indicating the

44
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establishment of equilibriunio The stir motor was shut off, a spectral 

scan made of the region of interest (usually 450 to 600 nm), the stir 

motor turned back on and the potential recorded for later correlation 

to the appropriate spectral scan and to the integrator voltage 

measurement„

Steps 2 through 4 were.repeated until changes in the cell 

potential produced no further change in the protein spectrum indicating 

complete reduction.of the protein0

On completion of the reduction titration the procedure was re

versed and an oxidation titration performed on the same sample e The 

oxidation titrations were performed in the same manner as the re

ductions except that, in step 1, the polarity and potential controls of 

subcircuit A were adjusted to a value of +350 mV0 Again, this was to 

provide a large enough potential to oxidize the mediator being used as 

the oxidantc For these experiments this mediator was ferricyanide,

which has an E - of +350 mV, NHE0 m, /
Reduction and oxidation titrations were alternately performed 

on the same sample as many times as possible until spectral evidence 

of protein denaturation was observed* . As many as four pairs of these 

titrations were possible before such denaturation occurred* Due to 

residual traces of oxygen in the reaction mixture, the initial re

ductive titration did not always provide reliable data and was usually 

ignored* More titrations of a sample would be possible if a 

potentiostat capable of providing larger charging voltages were em-



ployed or if a refrigerated sample compartment were available to 

increase the length of time before the protein denaturesc



RESULTS

Isolation, and Characterization of the 
Flavocytochrome Subunits

Flavin and heme peptides were prepared as described in the 

Materials and Methods section® Purified samples of both peptides were 

subjected to SDS electrophoresis to determine purity and molecular 

weight o In both cases the electrophoresis produced a single band im

plying that the samples consisted of only one polypeptide chain® Mo

lecular weights were obtained by determining the mobilities of a number 

of proteins of known molecular weights and then plotting these mobili

ties against molecular weight as is shown in Figure 11® The proteins 

used were horse heart cytochrome £  (M® W® = 129 400) * myoglobin (M® W® = 

17,200), trypsin (M® W® = 23,000), yeast alcohol dehydrogenase (M® W® = 

379000), ovalbumin (M® W® = 43,000) and bovine serum albumin (M® W® = 

68,000)® Interpolation of the mobilities for the peptides yielded 

molecular weights of 15,000 for the heme peptide and. 45,000 for the 

flavin peptide® It was also found that SDS treatment of the whole pro

tein would cause dissociation into subunits® Samples so treated pro

duced only two bands having the same mobilities as the purified pep

tides ® No evidence of any remaining undissociated protein was 

observed®

The urea subunit preparation technique yielded as much as 50% 

tif the original heme as purified heme peptide as determined by the 

Soret absorbance (412 nm)« The flavin peptide obtained by this
/

47
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Figure 11. Molecular Weights of the Flavocytochrome Peptides.

Circles are the proteins of known molecular weight, 
squares are the flavocytochrome peptides.
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technique always contained at least 10% residual heme as determined 

by the presence of a Soret peak at 412 nm„

The mercaptoethanol/formic acid subunit preparation technique 

yielded as much as 40%.of the original flavin as purified peptide as 

determined by the flavin absorbance at 475 nnu Figure 12 presents the 

absorption spectra of the flavin peptidee The typical flavin appear

ance of this spectrum (maxima at 305 mn and 450 nm; minima at 400 nm 

and above 500 nm) along with the absence of any peak in the Soret re

gion (400 - 430 nm) are further evidence of the purity of this prep

aration 0 These spectra agree well with those reported by Meyer (1970) 

and Fukumori and Yamanaka (1979) „ The peptide obtained was unstable 

and precipitated from solution after six days at 5°Co The heme ob

tained by this technique eluted from the G-100 .over a very large volume0 

One sample of flavocytochrome that had been subjected to the mercapto

ethanol/ formic acid treatments but not gel filtration, was subjected to 

SDS electrophoresiso This sample produced bands having mobilities 

corresponding to 31,000; 45,000; 62,000; 77,000; 95,000 and 114,000 

molecular weight as is illustrated in Figure 13o The strongest bands 

were the 31,000 and 45,000 with each succeeding band being weaker than 

the previous ones0 The large elution, volume and the series of bands 

produced both imply that this technique produces a heme peptide of 

about 15,500 molecular weight that is capable of polymerizationo

Neither mercaptoethanol alone nor formic acid alone produced a 

flavin fraction void of heme absorbance0 Furthermore, attempts to re

combine the peptides by dialysis against various buffers and gel
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After Treatment with Mercaptoethanol/Formic Acid.
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filtration on Sephadex G-25 to remove small molecules all failede This 

implies that the separation techniques employed cause irreversible 
changes in the polypeptides.

Kinetic Observations

Kusai and Yamanaka (1973) have shown that the flavocytochrome 

from Chlorobium thiosulfatophilum is capable of enhancing the rate of 

reduction of certain cytochromes £  by sulfide. More recently, Fukumori 

and Yamanaka (1979) have demonstrated similar sulfide-cytochrome _c 

reductase activity for the Chromatium flavocytochrome. Since such 

activity could be of importance in the physiological function of this 

protein as well as informative as to the protein?s electron transfer 

mechanismg further investigation was undertaken.

Kusai an<d Yamanaka (1973) and Fukumori and Yamanaka (1979) 

determined sulfide-cytochrome c_ reductase activity by measuring the 

rate of reaction of sulfide with a variety of cytochromes c. both in the 

presence and absence of the flavocytochromes. The difference in rate 

was attributed to the sulfide-cytochrome ĉ reductase activity of the 

f lavo cy t o chrome. The experiments presented in this, work were performed 

in a similar manner. The acceptors employed were horse heart cytochrome 

2  (HRC) and the organic dye dichlorophenol indophenol (DCPIP). Rates 

were determined by monitoring the change in absorbance of the acceptor 

at a suitable wavelength with time. Since both an organic dye and a 

cytochrome were used as acceptors in this study the apparent enzymatic 

activity will be refereed to as a sulfide oxidase activity rather than 

a sulfide-cytochrome c_ reductase activity.
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Table 2 presents the results of this study along with those 

obtained, by Yamanaka and co-workers» The enzymatic rate is defined as 

the difference between the rate of reaction in the presence and ab

sence of the flavocytochrome« The percent activities were obtained by 

comparison of the enzymatic rate for a particular set of conditions 

with the enzymatic rate for the intact flavocyto chrome 6 As can be 

seen from this table, both flavo cyt o chrome s behave as sulfide oxidases 

whose activities can be altered by various treatments9

For the Chromatium f lavo cytochrome the enzymatic rate was 

measured under a variety of initial sulfide concentrations and the re

sults plotted as a Lineweaver - Burk plot* The results are presented 

in Figures 14-16* was obtained from the intercept on the ~  axis

and the classical Michaelis-ftfenten constant5 from the slope accord

ing to the following equation*

K = V 0 slope m max (11)

The results of these experiments are summarized in Table 3*

In order to compare the absolute activities of the two flavo- 

cytochromes5 turnover rates were computed for each* The turnover rate 

is defined as the moles of acceptor reduced per minute per mole of 

flavo cyto chrome at a constant concentration of sulfide* The results 

of this comparison are presented in Table 4*

Finallythe effect of pH on the reaction system was investiga

ted* This involved two separate studies: first* the effect of pH on

the uncatalyzed reaction rate and second* the effect of pH on the . 

enzymatic rate*
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Table 2 <, Sulfide Oxidase Activities of Chlorobium and 
Chromatium FI avocy to chrome So

All activities were computed as a percentage of the 
intact flavocytochrome activities.

Conditions 
(all experiments 
performed at 
25° C)

Chromatium 
FIavocytochrome

(this work)

Chromatium ^
Flavocytochrome

(Fukumori and 
Yamanaka, 1979)

Chlorobium
Flavocytochrome0

(Kusai and 
Yamanaka9 1973)

Intact Flavo- 
cytochrome 100%d$e 100% 100%

+ Saturated 
CO (1 atm.) 13%d 88% 100%

+ 1 liM KCN - 45%
(22 uM KCN)

20% .

+ .1 pM KCN 50%e,f

0%e,g

0%
(670 yM KCN)

50%

+ 1 liM Na2S03h 77%e - -

Heat denatura- 
tion of the 
flavocytochrome o%e 0% 0%

Heme peptide o 0% -

Flavin peptide o 0% -

a 5 nM flavocytochrome; 50 mM TAP (Tris-acetate-phosphate) «> pH 7,0;
5 to 40 pM Na0So . 

b ^40 nM flavocytochrome; 200 mM. Tris-maleate9 pH 8,3; 19 pM HHC;
10 pM Na2So •

C 34 nM flavocytochrome; 100 mM Tris-CT, pH 7,4; 50 pM Yeast Cyto, _c; 
50 pM Na2S, • -

d 10 liM HHC. 
e 5 pM DCPIP.
f oincubation of the flavo cyto chrome with KCN for 12 hrs, at 5 C,

incubation of the flavocytochrome with KCN for 10 days at 5° C,
k incubation of the flavo cyto chrome with Na2S02 for 30 min.
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Figure 14. Lineweaver-Burk Plot of the Flavocytochrome-mediated 
Reduction of DCPIP by Sulfide.
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Figure 15. Lineweaver-Burk. Plot of the Reduction of DCPIP by
Sulfide, Mediated by Cyanide-Bound Flavocytochrome.
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Figure 16. Lineweaver-Burk Plot of the Flavocytochrome-Mediated 
Reduction of HHC by Sulfide.
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Table 3: V and K Values for Chromatium Flavocytochrome Sulfidemax m ----------

Oxidase e

Acceptor & Conditions Km Vmax

5 pH DCPIP, 100 mM potassium phosphate., 
pH 7.0, 5 nM F-C

3.3XL0-5M 4.1 gmoles/min

5 pM DCPIP, 50 mM Tris-Cl, * 
pH 7.0, 5 nM F-C

3.3X10'"'3M 4.1 ymoles/min

5 pM DCPIP, 50 mM Tris-Cl, 
pH 7,0, 5 nM F-C 
incubated for 2 hrs. with 
0.1 mM KCN

1.2X10-5M 1.3 ymoles/min

10 pM HHC, 50 mM TAPa, 
pH 7.0, 15 nM F-C

1.5XL0-5M 0.8 pmoles/min

50 mM TAP buffer consists of 50 mM Tris, 50 mM sodium acetate and 
50 mM potassium phosphateo

a
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Table 4„ Comparative Turnover Rates for Chromatium Flavocytochrome6

The molecular activity is the moles of acceptor reduced
per minute per mole of flavocytochrome present as
calculated from V values„ max

Acceptor and Conditions Molecular Activity

Results of This Work

5 yM DCPIP; 100 mM Phosphate buffer?
pH 7o0; 5 nM Flavocyto chrome „ , o „ „ , * „ „ „ « „ 408

5 yM DCPIP; 50 mM Tris-Cl buffer,
pH 7e0, 5 nM Flavocyto chrome „ 0 e «> <> <> <, <> * » » «> » 408

5 yM DCPIP; 50 mM Tris-Cl buffer, 
pH 7o0, 5 nM KCN-treated
Flavocytochrome o © © © © © © © © © © © © © © © © © © 132

10pM HHC; 50 mM TAP3 buffer,
pH 7©0; 5 nM FIavocytochrome © © © © © © © • © © © » © 78z

Results Reported by Fukumori and Yamanaka (1979)

19yM HHC; 200 mM Tris-maleate buffer,
pH 8© 3; 40 nM FI avo cytochrome © © © © © .© © © © © © © 7,140

19yM HHC; 200 mM Tris-maleate buffer, 
pH 8©3; 40 nM KCN-treated
FIavocytochrome © © . © © © © © © © © © © © © © ©  « o ©  1,790

a 50 mM TAP buffer consists of 50 mM Tris, 50 mM sodium acetate 
and 50 mM potassium Phosphate©
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The reaction between oxidized horse heart cytochrome cy and 

sulfide would be dependent on pH.if the three possible sulfide species 

(S «, HS 9 H^S) did not react at the same rate* To investigate this 

possibility the rate of reaction of EEC with sodium sulfide was 

measured at various values of pH* The results5 presented in Figure 179 
indicate a slow rate predominating below pH 6.0 and a fast rate above 

8o0o For each point on this plot a ratio of the fast rate to the slow 

rate was computed from the following expressions

F V1 ~ Vs 
S Vf " Vi

(12)
where is the rate at a particular pH, vg is the slow rate (pH 5.68

value) and is the fast rate (pH 9.04 value). Figure 18 is a plot
Fof the log of these—  values against pHo The .slope of this line (l.O) 

indicates that a single proton is effecting the change from the fast 

rate to the slow rate:

HX i H+ + x“ (13)

where "X” represents the pH dependent species. The pK for this pro

tonation appears to be 7.45. One likely possibility for this pH- 

dependent reaction is the first ionization of hydrogen sulfide.

H2S ? H+ + HS“ pK = 7.04 (14)

The difference in observed pKs most likely results from the buffers, 

ionic strengths and temperature used in this work. The possibility 

that the EEC itself is responsible for the observed behavior seems 

unlikely as a pH dependence has never been observed for the reduction 

of EEC in. the pH range 6.0 - 8.0.



7-r o

Figure 17. Rate of Reduction of HHC by Sulfide as a Function of pH.
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Figure 18. Plot of the Log (Fast Rate/Slow Rate) Versus pH for the Data Presented in 
Figure 17.
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Figure 19 is a plot of the Chromatium flavocyt ochrome enzymatic 

rate versus pH with HHG as the acceptor0 Maximal activity occurs at 

pH 7,0 with a rapid tailing off at higher pH values„ The decrease in 

activity below pH 7,0 is possibly also a function of the bisulfide ion 

being the primary reactive sulfide species0

Potentiometric Titrations

Little is known about the oxidation-reduction properties of 

Chromatium flavocytochrome c_ beyond the formal midpoint potentials 

presented in the introduction., Vorkink (1972) determined values of 

"n", the number of electrons transferred in the reaction, for both the 

heme and flavin chrombphores from Nernst equation plots of his titra

tion datao The heme is a one-electron acceptor and Vorkinkvs result 

of lo05 is reasonableo . The flavin, however, requires two electrons 

for complete reduction0 In general, flavins have been observed f o 

under go either one, two-electron transfer or two, one-electron trans

fers with a semiquinone being the intermediate product0 Using dithio- 

nite, a two-electron reductant, Vorkink obtained an n-value for the 

flavin of 2,0 indicating a two-electron transfer0 With the one-electron 

reductant benzyl viologen he determined n for the flavin to be l023o 

Vorkink presented no data on the discrepancy between the two mediators„ 

To gain a better understanding of the oxidation-reduction properties 

of this protein a detailed examination of the flavocytochrome? s mid

point potentials was undertaken»

The midpoint potentials and values for n mentioned to this point 

were all determined by chemical titrations of oxidized flavocytochrome



Figure 19. Plot of the Flavocytochrome Sulfide Oxidase Rate Versus pH.
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with a suitable reductant» No oxidative titrations of the reduced 

flavocytochrome were performed in any of these studies 0 In order to 

obtain reproducible potentiometric titration data for the flavocyto

chrome the coulometric technique described in the "potentiometric 

titration" section was employed«

The potentiometric titration data obtained from these ex

periments was analyzed using the Nernst equation.

Em + HF ln <Co/CR> (15)

where is the observed solution potential, is the midpoint poten

tial, R is the gas constant, T is the absolute temperature (°K), n is
.

the apparent number of electrons involved in the reaction, F is 

Faraday?s constant, Cq is the concentration of the oxidized species 

and is the concentration of the reduced species» The concentra

tions of the oxidized and reduced species were obtained from the 

spectral transitions recorded during the titration,, A wavelength was 

chosen that showed a large difference in abosrbance between the oxi

dized and reduced specieso The ratio of Cq to was obtained from 

the following expression:

«V cT). Atr ~ Ai
0 R i A. - A.i to

(16)

where is the absorbance of the totally reduced species, is the 

absorbance of the totally oxidized species, and A^ is the absorbance of 

data point i„ —

A plot of the observed solution potential versus the log 

(C^/Cn) will yield a value for E at the x-intercept0 The slope of
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this plot can be used to obtain a value for n from the following ex

pression

n _ 2.303 RT 
FS (17)

where S is the slope of the line.

In order to ascertain the reliability of the apparatus a pre

liminary titration of a protein having well established oxidation-re

duction properties was performed. The protein chosen for this titra

tion was horse heart cytochrome _c (HHC). The pH was maintained at a 

value of 7.3 with a Tris-chloride buffer (50 iriM). Since it was ob

served that the HHC was capable of rapidly establishing chemical 

equilibrium with the other oxidation-reduction components as well as 

with the electrodesno mediator buffer was included. The spectral 

transition observed for the HHC reaction mixture at various degrees 

of reduction is shown in Figure 20. The presence of all four known 

isosbestic points in the recorded spectral range implies that only the 

transition between oxidized and reduced HHC was observed.

Using equation 169 a plot of the observed solution potential 

as a function of log (Cq /C^) was obtained. This plot is shown in 

Figure 21. The x-intercept corresponds to the y ^ (midpoint 

potential at pH 7.3) of HHC.^ This value of +262 millivolts corresponds 

well with the accepted value of y for HHC (260 mV). The value of 

n was obtained from the slope according to equation 17 and was computed 

to be 1.09 the expected result for the one-electron reactant HHC. The 

agreement of. these experimentally determined values with the accepted 

and theoretical values confirms the reliability of the titration method.
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Figure 20. A Typical Spectral Transition Recorded for the HHC 
Potentiometric Titration.

The sample solution was 10 yM in HHC, 1 mM in Methyl- 
Viologen, 1 mM in Potassium Ferrocyanide, and 50 mM 
in Tris-chloride, pH 7.3.
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Figure 21. Nemst Equation Plot of the HHC Potentioraetric Titration Data.

The open circles represent oxidative titration data, the closed 
circles, reductive titration data.
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The analysis of the spectral transitions obtained from the 

flavocytochrome titrations is more complex than for HHCo In order to 

use equation 16 to compute CGq /Cr) a wavelength must be chosen where 

only the molecular component under investigation absorbs« For HHC 

this condition presents no problem as only the heme absorbs in the 

visible region. But the flavocytochrome contains two different 

chromophores that both abosrb in the visible spectral region. Since 

the flavin exhibits no absorbance above ^520 nm the degree of reduction 

of the heme was obtained from its alpha peak (552 nm), The maximum 

flavin spectral transition occurs in the region of 450 to 485 nm. Since 

the heme also shows absorbance changes in this region a correction for 

this heme contribution was required. The computation of this correction 

is detailed in Appendix A,

Figure 22 presents typical spectral transitions recorded during 

the titration of Chromatium flavocytochrome showing the three isosbestic 

points which were maintained in all the titrations reported here. The 

midpoint potentials and values of n for both the heme and flavin 

chromophores were determined as described for HHC after correcting for 

the heme absorbance as discussed in Appendix A,

A major discrepancy discovered after the completion of the 

titration experiments is illustrated in figure 22, "A” is the spectral

transition recorded for the initial reductive titration of a sample 

(see the figure for the sample composition), ,?B,? is the transition 

recorded for the subsequent initial oxidative titration of the same 

sample. As can be seen, the absorbance at 475 nm did not return to its
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Figure 22. Typical Spectral Transitions Recorded for the 
Flavocytochrome Potentiometric Titrations.
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original value when the sample was reoxidized» Since the heme portion 

of the spectrum returned to its original absorption, the observed 

effect was attributed to loss of flavin abosrbancee After correction 

for the heme contribution, it was discovered that about 50% of the 

original flavin absorbance was lost» Further reductive and oxidative 

titrations all yielded spectral transitions similar to "B" while main

taining the three isosbestic points0

This behavior (loss of flavin.absorbance with the retention of 

isosbestic points) is characteristic of the binding of small molecules, 

especially those containing sulfur, to the reduced flavin moiety (Meyer 

1970)o The potential mediator used in these titrations, phenazine 

ethosulfate (PES), is such a sulfur-containing small moleculeo Thus 

the possibility exists that the reduced f1avocytochrome formed an 

essentially irreversible, complex with the PES0

Unfortunately, there are two problems with this hypothesise 

The first is that the magnitude of the flavin absorbance loss was 

independent of the flavocytochrome-to-PES ratio employed in the titra

tion 0 The observed abosrbance loss was always about 50% whereas the 

ratio varied from 2 to 025o If the complex-formation reaction was 

reversible, the maximum absorbance should not change since the complex 

would dissociate as the reduced flavin was "removed" from the reaction 

mixture due to oxidation0 Since the complex formation reaction can not 

be reversible, the amount of complex formed-in the reaction mixture 

should be proportional to the amount of PES present«
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The second problem is that the coulometric measurements dis

cussed in the next section indicate that sufficient current was in

troduced into the cell to supply two electrons to every flavin species 

present or, in the case of oxidation, remove two electrons from every 

reduced flavin species present (see table 6), If the PES were to 

irreversibly form a complex with the reduced flavin that prevented its 

subsequent oxidation as appears to be the case with other small
molecules (Meyer * 19.70),. then.;,the measured number of electrons.intro- _
duced into or removed from the cell should be 25% less than the 

theoretical number required for complete reaction of the flavocyto

chrome o

Of course, other explanations are ̂ dasibie for t̂ hese observa

tions, One is that the PES forms an irreversible complex with the 

flavin that still allows the flavin to undergo oxidation and reduction, 

but strongly affects the spectral transition* Whatever the reason for 

these observations, the Nernst equation plots of the data obtained seem 

to be unaffected. In all experiments where sufficient data was availa

ble, the Nernst plot of the initial reductive titration data was 

identical in shape, slope and intercepts to the plots obtained using 

the observed spectral transitions from all the other reductive titra

tions performed on the same sample. Thus the spectral effect was 

ignored for the purpose of computing midpoint potentials and n values,

Flavo cytochrome Potentials

Midpoint potentials were determined for the flavocytochrome at 

pH values of 6,95, 7,30, 7,45, 7,85, and 8,76, In all cases the pH
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was maintained with a Tris-acetate-phosphate (TAP) buffer (50 mM in 

each component with KOH.being used to obtain the desired pH) except 

for the pH 7o30 experiment where a 50 mM Tris-chloride buffer was 

employede Phenazine ethosulfate (PES) was the mediator buffer used in 

all experiments except for the pH 8,76 titrations where Thionin was 

employed. The Nernst equation analyses of the titration data obtained 

are presented in Appendix B, The results of these titrations are 

summarized in Table 5,

Flavocytochrome Subunit Potentials

Midpoint potentials were alsd obtained for the purified heme
and flavin peptides. For the heme peptide the pH was maintained at a
value of 7,3 with a Tris - chi or ide buffer (50 mM), The potential

mediator was phenazine ethosulfate. Figure 23 is a plot of the Nernst

equation analysis of the data obtained. The values of y  ̂an^ n
obtained from this plot are presented in Table 5, The results obtained

for the heme peptide do not differ much from those, obtained for the

heme in the intact flavocytochrome at the same pH, In contrast the

flavin peptide was found to behave very differently from the flavin in

the intact protein. The midpoint potential of the flavin peptide was
determined at pH 7,3 in a 50 mM Tris-chloride buffer with indigodi-

sulfonate (10 pM* E 7 = -125 mV) the mediator buffer. The Nernstm ? /
equation plot of the data obtained is presented in Figure 24, The 

behavior of this peptide will be discussed in the section on oxidation- 

reduction properties.



Table 5: ■ Potent iome t r ic Properties o f -. Chroma tiuitr Flavocy to chrome jc0

PH Eheme (mV)m n (heme)a E flavln(mV) m n (flavin)a

6.95 +46 mV 1.0 +18 mV 0.66

7.30 +32 mV 1.0 +35 mV 0.63

7.45 +25 mV 1.0 -19 mV 0.63

7.85 +2 mV (ox) . 
-8 mV (red)

0.94
0.98

-33 mV 0.66

8.76 -7 mV (ox) 0.78 -26 mV (red) 0.73
+19 mV (red) 0.72 -87 mV (ox). 0.56

heme peptide 
7.3

+33 mV 0.98 - -

flavin peptide 'v—240 mV complex

_ 59 mVa from n slope



Figure 23o Nemst Equation Plot of the Heme Peptide Pdtentiometric 
Titration Data*

The open circles represent oxidative titration data, the 
closed circles* reductive titration data.
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Coulometry

The total charge passed into or out of the cell during each 

potential application step was determined as described in the potentio- 

raetric titration sectiono Table 6 presents the results of a typical 

titration comparing the measured charge with the charge theoretically 

required to achieve the observed change in potential of the various 

reaction mixture components. This theoretical charge5 previously 

referred to as q^, was given by

qS qH + qF + qM (18)

where q^9 q? and q^ are the charge required to react the heme* flavin 

and mediator respectively,

The moles of heme and flavin reacted were obtained from

m (19)

where is the observed absorbance change* is the absorbance

change between the totally oxidized and totally reduced species* and

is the total moles of flavocytochrome present in the cell proper

(not including the side arms)„

Since the degree of reduction of the mediator could not be

observed directly it was necessary to use a Nernst analysis, Using

equation 15 (the Nernst equation)* the midpoint potential of the

mediator and the observed potential it was possible to compute CL/CL,u K
for the mediator at each step, was then obtained from

V
r (C0/CR)+1 (20)
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where is the total moles of mediator present in the cell proper* 

Finally AM^ was determined for each step*

The moles of electrons required to achieve the observed 
potential change for each step of the titration was obtained from

i
e - md + h + 2f (21)

where e*~ is the moles of electrons and md* h and f* the moles of. 

mediator* heme and flavin observed to react during that step* Finally 

the charge theoretically required to supply or remove this quantity of 

electrons was computed*

Table 6 presents typical data for a reductive titration* Each 

successive titration step resulted in a more negative solution, poten

tial* • For the first six. steps the measured charge agrees well with the 

theoretically required charge* Steps 7 through 9 had larger measured 

charges than what was theoretically required* This is because the 

solution reductant* methyl viologen* was beginning to remain reduced 

at these potentials * Since this component was present at 200 times the 

concentration of the mediator1 and the flavocytochrome* the fraction of 

methyl viologen reduced, by the excess charge measured in these steps 

was quite small* consistent with the fact that methyl viologen1s mid

point potential is about 200 mV more negative than the final solution 

potentials achieved in these steps*

Other factors that could have contributed to the observed 
differences in measured, and theoretical charge are inaccurate measure
ment of the solution component concentrations and the cell volume* lack



Table 6. Coulometric Data from a Typical Potentiometric Titration

step

nanomoles
heme
reacted

nanomoles
flavin
reacted

nanomoles
PES
reacted

nanomoles
electrons
required3

theoretical
coulombs

(xlO4)

measured
coulombs
(xlO4)

1 . .26 .16 .65 1.88 1.81 1.71

2 .75 .27 .98 3.25 3.14 2.88

3 ' 1.13 .38 .72 3.33 3.21 3.19

4 1.18 .41 .33 2.66 2.57 2.84

5 1.32 .35 .22 2.46 2.37 3.01

6 1.77 .70 .11 3.39 3.27 3.46

7 1.63 .32 .05 2.37 2.29 3.55

8 1.01 .65 .02 2.35 2.27 3.11

9 .97 .34 .00 1.65 1.59 3.01

obtained from equation 21 as described in the texto

VO
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of equilibrium in the sample cell and leakage of charge through the 

cell valves into the side arms*

Coulometric measurements were made for the flavocytochrome at 

pH values of 6«95 and 7„85o In both cases the average results 

indicate that four electrons are required to completely reduce the 

oxidized f lavocy to chrome <> The coulometric measurements were con

sistent with the four-electron reaction for all oxidative and re

ductive titrations performed on the two sampleso



DISCUSSION

Qtiatenary Structure

Meyer (.1970) 9 Kennel and Kamen (1971a) 5 Vorkink (1972) and 

Fukumori and Yamanaka (1979) have achieved varying degrees of separa

tion of Chromatium flavocytochrome e into subunits0 Thus 8 M urea,

4 M guanidine, incubation at pH 11, 5% formic acid - 1% g-mercapto- 
ethanol and SDS-g-mercaptoethanol all yield peptides from flavo- 

cytochrome c.* However, because of the diverse nature of the various 

procedures utilized it is not possible at this time to derive a clear 

understanding of the interactions maintaining the quatenary structure 

of Chromatium flavocytochrome g 0 Nevertheless the studies reported 

here coupled with previous work are consistent with the view that 

flavocytochrome jc consists of a flavin-containing peptide of MoWo = 

45,000 and a diheme peptide of MoWo^lS$>000-16,0000 Table 7 summarizes 

the various values reported for the flavocytochrome heme peptide 

molecular weight0 From the results reported here it would appear that 

the discrepancies noted in Table 7 arise from the apparent tendency 

of the heme peptide to aggregate0 Thus treatment with formic acid-g- 

mercaptoethanol but omitting the gel filtration step yielded bands 

on SDS electrophoresis of 31, 45, 62, 77, 95 and 114 K; roughly 
multiples of 15,000o Further, the bulk of procedures used to date 

to prepare the pure flavin peptide (with the exception of mercapto- 

ethanol-formic acid) yield flavin peptides still contaminated with

81
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Table 7: Molecular Weight of the Chromatium Flavocytochrome Heme Peptide

Study Reported Molecular Wt.

Kennel & Kamen (1971) 

Fukumori & Yamanaka (1979) 

Meyer (1970)

Vorkink (1972)

22,000
21,000

10-15,000

33,000

this work 15,000
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heme® Thus it must be concluded that the heme and flavin peptides 
interact strongly and have a strong tendency to aggregate contributing 
to the confusion concerning the molecular weight of the individual 
peptides®

Sulfide Oxidase Activity

The results of the measurements of the rate of reduction of various 

acceptors by sulfide in the presence and absence of the Chromatium 

flavocytochrome (Tables 2 and 3) show clearly that this protein 

exhibits sulfide oxidase activity® The kinetics for sulfide oxidation 

reported here are in good agreement with the results obtained by 

Fukumori and Yananaka (1979)® Further it is clear that the.intact 

flavocytochrome is required for sulfide oxidase activity (Table 2)® 

Neither purified peptide showed any sulfide oxidase activity® Binding 

of small molecules (CO, CN ) and heat denaturaMon all alter the appar

ent enzymatic activity® Data presented in Table 3 demonstrates that 

the partial reduction in activity created by the short-term incubation

of the protein with CN results in the lowering of both K and V 9 r m max
indicating that CN is a non-competitive inhibitor of the sulfide- 

oxidase activity® Since CN is known to cause a bleaching of the 

oxidized flavin absorbance, this is further conformation that both the 

heme and flavin are required for sulfide-oxidase activity®

The value for obtained using HHC as the acceptor (15 yM, 

Table 3) agrees well with the value reported by Fukumori and Yamanaka 

(1979) of 12®5 yM® There are, however, two significant differences 

between the work of Fukumori and Yamanaka (1979) and this work®. First
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is the pH of maximal sulfide oxidase activity0 Fukumori and Yamanaka 

(1979) reported maximal activity at a pH of 8*3 in.contrast to the pH 

profile obtained in this work (Figure 19)• Maximal activity occurred 

at pH 7o0 with a decline observed up to pH 8,0 where no activity was 

observed. The second major difference is in the turnover numbers 

summarized in Table 4, Fukumori and Yamanaka (1979) obtained turnover 

numbers that were more than one order of magnitude greater than those 

from this work. To date we have been unable to determine the origin 

of the discrepancies noted above. The only experimental differences 

between Fukumori and Yamanaka (1979) and this work was the anaerobic 

conditions used in this work. The presence of oxygen could increase 

the apparent turnover number; however9 it is not clear how this would 

shift the pH optimum 1,3 pH units.

The effect of pH on the sulfide oxidase activity of flavocyto

chrome _c is complex. The increasing activity observed as the pH is 

raised from 5 to 7 probably results in part from the.interconversion of 

H^S and HS being the more active species. However the decrease in 

activity in the pH region 7 to 8 suggests a protein-linked ionization 

which influences the reaction. No effort has been made to deconvolute 

the pH profile to identify the operative pK values as the pH profile 

is clearly complex and the data obtained are not of sufficiently high 

resolution (±20%), This results from the fact that and HS both 

react with oxygen with rate constants that are pH dependent. Thus 

uncertainties in the apparent activity exist due to problems in
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completely removing oxygens hence in knowing the actual concentration

of H9S and HS in different experiments«4
In summary Chromatium flavocytochrome can function as a sulfide 

oxidase with a quite respectable and Further9 the intact

protein is required for activity and the presence of molecules which 

effect the heme (CO) or the flavin (HSO^ , CN ) inhibit the enzymatic 

activityo

Oxidation-Reduction Properties 

Early work on the oxidation-reduction properties of flavo- 

cytochrome _c has been incomplete and somewhat inconsistent<, Midpoint 

potentials of 10-30 mV have been reported for both the heme and flavin 

moieties with n values of land 2 respectively0 However9 these titra^ 

tions were carried out using dithionite as the reductant (Bartsch* et0 

al9 1968 and Vorkink^ 1972) 0 Although reasonable results were ob

tained these studies were suspect as the oxidation products of 

include a variety of sulfur containing compounds known to bind to the 

flavin moiety of flavocytochrome c/(Meyer and Bartsch, 1976)» When 

flavocytochrome _c was titrated with benzyl viologen as the reductant 

non-integral values of n were obtained for the flavin moiety (Vorkink, 

1972) suggesting that the entire system should be reevaluated0 To 

address this problem we turned to a coulometric procedure as described 

by Wilson (1978) so that detailed* repetitive titrations could be 

conducted on the oxygen-sensitive f1avocytochrome ĉ from Chromatiumo 

The coulometric approach utilized here offers the advantage of allowing 

convenient* careful titrations of both the oxidized and reduced form
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of the protein without the requirement to expose the sample to the 

atmosphere or make additions by using septa* .

The results of the oxidation-reduction titrations carried out 
are summarized in Table 5, Generally speaking9 monitoring the titra

tion at wavelengths where only the heme absorbed yielded consistent 

valuese The midpoint potential of the heme moiety was found to be 45 

mV at pH 7.0 and decreased with increasing pH. As is shown in Figure 

259 the effect of pH between pH 7 and 8 has a slope of 60 mV/pH unit 

consistent with protonation: of the. oxidized protein on reduction.

Some difficulties were encountered at pH 7.85 and above where the 

oxidative and reductive titrations yielded somewhat different midpoint 

potentials. Further at pH 8.8 the observed n values are not integral 

suggesting that the protein (heme peptides) has been altered in some 

way. Nevertheless) titrations'of the heme moiety are generally 

straightforward and appear to indicate that at least below pH 89 the 

two heme moieties present in the intact molecule have identical oxida

tion-reduction potentials. It is most striking that the purified heme 

peptide has a midpoint potential identical with the midpoint potential 

of the heme peptide in the intact flavocytochrome jc suggesting that 

preparation of the heme peptide does not alter the heme environment.

The hysteresis and nonintegral n values observed above pH 7.5 

are given graphically in Appendix B. The hysteresis was reproducible 

in repeated titrations and appears to result from some alterations in 

the protein rather than being due to the experimental procedures. It 

should be noted that the pH induced alterations in the heme redox



(m
V

)
87

0  -  -

Em

- 4 0

o

- 8 0 - -

▲

7 . 0  8 . 0  9 . 0

pH

Figure 25. Effect of pH on the Observed Flavocytochrome Midpoint 
Potentials.



88

properties roughly correlate with the loss of sulfide oxidase activity 

and would be consistent with the formation of an alkaline conformer 

of the heme peptide in equilibrium with the active conformer0

The situation with the oxidation-reduction properties of the 

flavin moiety of -flavocytochrome _c is more complex than that observed 

with the heme moiety0 The apparent midpoint potential at pH 7*3 is 

very similar, to that reported by Vorkink (1972); however9 the apparent 

n value is clearly non-integral0 At pH 800 the titration of the flavin 

moiety shows hysteresis as observed with the heme titration and 

probably results from multiple conformers or some other alteration in 

the protein as discussed above0 This particular point will not be 

pursued in the subsequent discussion» In the extremes two situations 

could be expected to arise on titration of the flavin moietyo First9 

the titration could yield a linear Hernst plot having a slope corre-r 

spending to an apparent n value of 2o09 consistent with a two-electron 

reduction of the flavino The second possibility is that the reaction 

occurs in two, one-electron steps with the formation of a semiquinone 

intermediateo This situation is described by equation 22 and 23, where 

R is the fully reduced species, S the semiquinone and T the fully 

oxidized species0 and Eg represent the corresponding midpoint 

potentialso

R ? S + e~ : E1 (22)

s t  T + e~ 2 E2 (23)

In this case the Nernst plot would be nonlinear with the portions above 

Eg and. below E^, having slopes giving n-values approaching one.
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Clearly neither case was applicable to the flavocytochrome c_ 

datae Further9 formation of a neutral flavin semiquinone is generally 

coupled with an increase in absorption above 550 nms a situation not 

observed in the titrations presented hereo. A third possibility is 

that we are obtaining incomplete reduction hence the anomalous n values 

However as shown in Table 6 four electrons were required for complete 

reduction consistent with the stoichiometry of two hemes and one flavin 

per molecule of flavocytochromeo Michaelis (1959) has analyzed the 

expected behavior of bivalent reactants with the extreme cases as 

described above0 Moreover* Michaelis (1959) has also shown that an 

intermediate case can occur0 This results from the fact that there is 

a region in the titration of a flavin undergoing two 9 one-electron 

reductions where the two9 oner-electron steps are not resolvable* Thus 

the reduction (or oxidation) can be described in terms of a nsemi- 

quin one formation constant", K* as given by equation 24 (derived from 

eqso 22 and 23)*

[T] [R] (24)

Analysis of the equations of Michaelis (see Appendix C* for 

derivation and analysis) demonstrates that if K falls in the range one 

to approximately twenty the oxidation-reduction titration* when 

plotted in terms of the Nernst equation* will give apparent straight 

lines with slopes yielding non^integral values of the apparent n* As 

shown in Appendix C analysis of the flavocytochrome jz data at wave

lengths where the flavin makes a major contribution to the observed 

absorbance change yield a value of.21 for K assuming that As for the
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semiqulnone formation is half that of the complete reduction. Further, 

Michaelis (1959) has shown that the maximum amount of semiqulnone (S) 

that can exist in solution is related to K and to total flavin present 

as given in equation 25,

(•
max -) . Kh

FlavinTotal 2 +K% (25)

Using a K of 21 we find that at the midpoint of the titration 

of the flavin moiety of flavocytochrome Cj 70% of the total flavin will 

exist as the semiquinone with lesser amounts at higher or lower oxida

tion-reduction potentialso Finally equations 26 and 27 relate K 9 the 

apparent midpoint potential and the actual midpoint potentials (E^ and 

Eg) of the two9 one-electron steps.

E1 = Em ~ ̂  ln K (26 )

E2. = Em + " T "  ln K (27)

As can be seen from these equations, the difference between

E^ and Eg depends only on the value of K, K in turn is derived from

the slope of the Nernst plots of the titration data. The n values

presented in table 5 and therefore the Nernst plot slopes were, within

experimental error, the same for all flavin, titrations showing no

hysteresiso . Thus K is constant over the pH range studied implying that

both E^ and Eg vary with pH witH apparent slopes of 60 mV/pH unit. For

a K value of 21 the differences between E and En and E and E0 are -79m l m 2
and +79 mV respectively. Thus a plot of E^ or Eg as a function of pH
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would be identical to the flavin E plot of figure 25 except that the - m
potential axis would be displaced.+ 79 mV0

The flavin data obtained in these titrations has substantially 

more scatter than the heme data* This results from the greater un

certainty in the midpoint potentials, for the flavin titrations which in 

turn is related to the problems encountered in collecting the flavin 

data, A major difficulty that arises in the analysis of the titration 

of the flavin is the fact that there exists no wavelength in the 

visible region where the flavin moiety is the sole species contributing 

to the absorption spectrao As.a result the flavin data must be cor

rected for the heme contribution at the particular wavelength usedo 

This presents serious problems as there exists, no direct means to 

quantitate the heme absorption in the presence of flavin0 This problem 

has been addressed in Appendix A where it was found that assuming a 

contribution of 36% at 475 nm offered the best compromise relative to 

known cytochrome spectral properties and obtaining reasonable Nernst 

plots for the flavin titrations0 Based.on our analysis the reported 

K values probably represent an upper limit and could be as much as 

20-30% lesso Thus the reported midpoint potentials for and Eg could 

be somewhat closer to the apparent flavin midpoint potential (E^) but 

are not further away0 A.further problem arises in that the extinction 

coefficients of the semiquinone are not known0 In fact, as discussed 

earlier it was expected that if a semiquinone existed it would have 

absorbance above 550 nm typical of a neutral semiquinone radicalo This 

was found not to be the case and requires that an anion semiquinone
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radical must be formed0 This, is an unusual situation; howevers re

cently Cusanovich and Tollin. (.1980) have demonstrated through flash 

photolysis studies that an anion semiquinone radical is apparently 

present when flavocytochrome _c. is partially reduced and that this 

species does not appear to absorb above 540 nme In the absence of 

extinction coefficients for the anion semiquinone we cannot directly 

correct the data for its presence0 Hence9 the reported values of K 

could be perturbed, by this variable* For the analysis presented it has 

been assumed that the delta extinction coefficient at 475 nm for the 

anion semiquinone is ^0*5 that of the fully reduced species (oxidized 

to reduced)»

A Nernst plot for the titration of the purified flavin peptide 

is given in Fig* 24* As can be seen the titration is complex^ con

sistent with the presence of two or more redox species* The more 

negative component,-representing approximately 75% of the flavin, has 
a midpoint potential of -250 mV with a n value of 2*0 (Figure 26)*

These values are approximately what is expected for free flavin and 

argues that 75% of the purified flavin peptide exists in a conformation 

where the protein moiety has little or no influence on the flavin* The 

other 25% of the redox species present have a higher oxidation-reduction 

potential suggesting that these molecules have retained some of oxida

tion-reduction characteristics of the intact flavocytochrome ĉ* Thus 

it must be concluded that preparation of the flavin peptide results in 

substantial denaturation and likely explains why efforts to reconstitute 

native flavocytochrome c, from the purified peptides has failed*
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Conclusions, and Prospects

The results of the kinetic experiments obtained here, along 

with those presented by Fukumori and Tamanaka (1979), clearly demon

strate sulfide oxidase activity for the Chromatium flavocytochrome 

c-552.0 The results are reasonably similar with the differences being 

attributed to the fact that Fukumori and Yamanaka made their kinetic 

measurements in the presence of atmospheric oxygen while the experiments 

presented here were performed anaerobically0 The requirement of both 

flavin and heme chromophores for this activity was demonstrated, by the 

observations that neither the purified peptides nor the whole protein 

treated in such a way as to block one or the other of the chromophores 

showed any activity0 The pH - activity profile suggests that a proton 

is involved in maintaining the proper active conformation of the pro

tein and that the cytochrome reacts much more readily with bisulfide 

than with hydrogen sulfide0 It is not possible to conclude which 

peptide contains the sulfide binding site and which contains the 

acceptor site.

The complex nature of the oxidation-reduction titrations of the 

flavin moiety can be explained by assuming a semiquin one intermediate. 

The lack of an observed absorbance band at 630 nm in the partially 

reduced flavocytochrome indicates an anionic semiquinone in agreement 

with the work of Tollin and Cusanovich (.1980) ,

The oxidation-reduction titrations of the heme moieties demon

strate- that If there is a difference ih - the midpointJpotentials; it is 
smaller than the resolution of these experiments (j- 5 mV), Thus if it
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is true that the hemes have different out-of-plane ligands as has been 

suggested by Ondrias et al„ (.1980) and Streakas (1976) then they must 

be similar enough that the oxidation-reduction chemistry is not 
significantly affectedo

The heme peptide also gave only one value for the midpoint 

potential and that was essentially the same as the value obtained for 

the intact f1avocytochrome„ Thus it appears that the free heme peptide 

has the same oxidation-reduction properties as the intact cytochrome 

which is consistent with the observation of Vorkink (1972) that CO 

binding is virtually the same for both the intact cytochrome and heme 

peptideso

Both the heme and flavin chromophores exhibit a pH dependence 

that is consistent with a protonation on reduction^ This observation 

is in agreement with Case and Parsons (1973) who concluded that the 

heme binds a proton on reduction0 Since all chromophores show the 

same pH dependence it seems reasonable to assume that the number of 

protons acquired on reduction is the same as the number of electrons 

(four). . . . . . . . .
The purified flavin peptide yielded a midpoint potential 

similar to those of free flavins and significantly more negative than 

the flavin in the intact protein* In addition this peptide demonstra

ted an apparent n value of 2 indicating that this form of the flavin 

is reduced via one, two-electron reaction rather than through the 

anionic semiquinone intermediate demonstrated for the intact flavo- 

cytochromeo Both of these observations suggest.that preparation of the
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flavin peptide causes considerable alterations in the flavin 

environment o

Coupling these results with the observations of Tollin and 

Cusanovich (1980) suggests that although electrons can travel rapidly 

between chromophores «> there is no orbital overlap and therefore no 

direct interaction» What needs to be determined next is the sulfide 

binding site (heme or flavin peptide) and the site of interaction 

between the reduced flavocytochrome and the acceptor0 This latter 

point is difficult to address asfthe natural (in vivo) acceptor is 

unknowne Measurement of the rate of oxidation of the reduced flavo- 

cytochrome by various acceptors in the presence and absence of first 

CO then CN should help locate the site of acceptor attack* Since it 

is known that CO binds to the heme and CN to the flavin and that.both 

destroy the sulfide oxidase activity of the protein9 the observation 

of a slower reaction rate in the presence of .one of these small, 

molecules would indicate that the acceptor binding site is on the 

peptide containing the affected chromophore*

The location of the sulfide binding, site could similarly be 

determined by measuring the fate of reduction of the oxidized protein 

by sulfide in the presence and absence of CO and CN * In this case a 

third determination would, be to measure the reaction rate with flavo- 

cytochrome that had been initially reduced9 reacted with CO and then 

oxidized* Since the CO blocks oxidation of the heme* the result would 

be flavo cytochrome with blocked 5 reduced heme and an oxidized flavin*
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If the heme peptide were the binding site of the sulfide then a re

duced rate from the intact protein should be observed0

Finallyg an investigation of the reaction products of the sul
fide oxidation reaction is deemed necessary0 Since the reaction 

solutions failed to exhibit any increase in turbidity it is questionable 

whether molecular sulfur is the product» There is some evidence that 

the actual produce of the sulfide oxidation is thiosulfate (Ulrich 

Fisher, Professor of Microbiology, University of Bonn, West Germany, 

unpublished observations, 1980)0 If this is true then the uptake 

of oxygen is requiredo Under anaerobic conditions the oxygen must be

provided by watero This could be verified by performing the sulfide
18oxidation reaction with the flavocytoehrome in H^O under anaerobic 

conditionso The sulfur-containing product would contain 0 if. water 

is the oxygen sourceo If this is true it would imply a rather complex 

series of reactions being mediated by the flavocytoehrome0



APPENDIX A

i

ANALYSIS OF THE 475 NM ABSORBANCE FOR HEME 
AND FLAVIN CONTRIBUTIONS

Traditionally the oxidation state of the flavin chromophore in 

Chromatium flavocytochrome has been determined by monitoring the 

absorbance at 475 nm* The oxidized flavin shows an absorbance maximum 

at 475 nm that is bleached on reduction« Unfortunately the heme 

chromophore also exhibits a significant bleaching in this region0 For 

the purpose of oxidation-reduction titrations this fact poses a problem,. 

The initial oxidation-reduction titrations performed in this work in

dicated that9 contrary to previously published reports, there were small 

but significant differences in the oxidation-reduction behavior of the 

heme and flavin chromophores „ Thus it was determined that the con

tribution of the heme must be accounted for in order to obtain a true 

picture of the flavin oxidation-reduction behavioro

The easiest way to make this correction would have been to 

determine the change in extinction coefficient (As,) for the heme pep

tide at 475 nm on complete reduction» Unfortunately the extinction 

coefficients for the heme peptide above 520 nm (where there is no 

flavin absorbance) are considerably different than those for the 

intact flavocytochromeo Thus the peptide spectra cannot reliably be 

used to differentiate between the heme and flavin absorbance at 475 nm.

To obtain a more reasonable estimate it was assumed that the 

heme moiety of flavocytochrome c_ had typical spectral properties for , 

c-type cytochromeso A correction factor was computed for a number

98



of typical _c-type cytochromes from the following expression:

_ As at 475 nm (oxidized-reduced)_______  (28)
As of the alpha peak (reduced-oxidized)

The CF values so obtained yielded an average correction factor 

of Oo19±o02o When this factor is applied to the spectral transition 

observed between oxidized and reduced flavocytochrome9 the implication 

is that 36% of the total bleaching at 475 is due to the heme0

This factor was then applied to the spectral transitions re

corded during oxidation-reduction titrationso The change in absorbance 

at 475 nm due to flavin (AA^ 475) was computed for each, spectral trace 
according to the following expression»

AAOBSs475 “ 0’19 AA552 (29)F9475

where AA0Bg is the observed transition at 475 nm and AA^^ is the 
observed transition at 552 nm (the heme alpha peak for flavocytochrome) 

The differences were between the. initial trace and each succeeding 

traceo

Figure 27 shows-the effect of this correction on a typical set 

of titration data. The observed midpoint potential did not change by 

much9 but there is a significant change in the observed slope of the 

plot o This change has a rather dramatic effect on the value of K9 the 

semiquinone formation constant* which is discussed in Appendix Co
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Figure 27. Effect of the Correction for Heme Absorbance on the Nernst Equation Plot 
of the Flavin Titration Data.

Open circles represent the data before the correction, the closed circles 
after the correction. 100



APPENDIX B

NERNST EQUATION PLOTS OF OXIDATION- 
REDUCTION TITRATION DATA

This appendix consists of figures 28 through 37 0 These are 

all Nemst plots of the potentiometric titration data collected from 

the titrations performed on the intact flavo cyto chrome at various pH 

valueso For all of these figures;

o represents the reductive titration data* 

o represents the oxidative titration data*
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Figure 28. Nernst Plot of the pH 6.95 Heme Titration Data.
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Figure 29. Nernst Plot of the pH 6.95 Flavin Titration Data.
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Figure 30. Nernst Plot of the pH 7.30 Heme Titration Data.
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Figure 31. Nernst Plot of the pH 7.30 Flavin Titration Data.
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Figure 32. Nernst Plot of the pH 7.45 Heme Titration Data.

106



80 -  -

4 0 —

0  - -

- 4 0  - -

Figure 33. Nemst Plot of the pH 7.45 Flavin Titration Data.
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Figure 34. Nernst Plot of the pH 7.85 Heme Titration Data.
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Figure 35. Nemst Plot of the pH 7.85 Flavin Titration Data.

109



80 t

4 0 -  -

4 0 -

Figure 36. Nernst Plot of the pH 8.76 Heme Titration Data. 110
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Figure 37. Nernst Plot of the pH 8.76 Flavin Titration Data.
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APPENDIX C

MI.CHAELIS ANALYSIS OF. THE FLAVIN OXIDATION- 
REDUCTION TITRATION RESULTS

In his chapter on the "Theory of Oxidation-Reduction" 

(Michaelis, 1951)9 Michaelis recounts the derivation of an expression 

relating the observed solution potential (E) to the means normal 

potential of a bivalent system (E^) and the semiquinone formation 

constant^ K 0 This expression is:

Em -+ fl ln + #  ln

where (% of total oxidation) - 50 
50

and Y 4-K

(30)

(31)

(32)

Equation 30 was used to generate Nerhst equation plots for a number of 

values of K and the slopes of these plots were computed0 Figure 38 

shows the plots produced by several selected values of K, where E^ was 

defined as being 0 mVo It is apparent that as K increases the plots 

take on more and more non-linear character0 Thus for K = 21 one 

would expect to observe non-linear Nemst plots 0 Due to the diffi

culties encountered in obtaining flavin titration data (see "Oxidation- 

Reduction Properties" and Appendix A) it seems probable that any 

curved nature to the plots was lost in the scatter of the data employed^ 

Table 8 is a compilation of the computed slopes for selected values 

of K along with the experimentally obtained slopes for the flavin 

oxidation-reduction titrations? As can be seen9 a value for K of 21
112
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Figure 38. Nernst Equation Plots Generated from Equation 30 for Various 
Values of K. 113



Table 8

Slopes Generated by Selected Values of K When Analyzed
According to Equations 30. - 32 and Plotted as in Figure 38

K Slope (mV)
Apparent 
'n* value

-41 X 10 30 1.99

1 X 10-1 35 1.72

1 45 1.32

4 5.9 1.00

10 73 .79

. 16 85 .70

21 91 .65

25 96 .62

50 115 .52

Experimental values obtained for the flavin of the intact 
flavocytochrome (from table 5)

£H Slope (mV) ?n f value
6.95 90 .66

7.30 94 .63

7.45 93 . 63

7.85 90 .66

8.76 0 106 .56

8.76 R 81 .73

0 refers to the oxidative titration at this pH

R refers to the reductive titration at this pH
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generates a Nernst equation plot having a slope closest to the 
experimentally obtained slopes0

As was discussed in Appendix A, the slope of the flavin Nernst 

plots was dependent on the correction factor for heme absorbance that 

was employedo The uncorrected flavin titration data produced slopes 

of about 77 mV which is consistent with a value for K of 120 After 

application of the correction factor the resultant increase in the 

slope of the Nernst plots increased the apparent value of K to 210
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