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ABSTRACT

The spectral, kinetic and redox properties of 
cytochrome 2 I from Rhodopseudomonas capsulata were in
vestigated and found to be characteristic of the cytochrome 
c* class. However, distinct differences from other ex
amples of cytochrome c]_ were noted and serve to extend the 
diversity of this class of proteins. Most notably, these 
differences were manifest in the. kinetics of oxidation 
and reduction, solvent perturbation studies and the effect 
of pH on the oxidation-reduction potential.

The monomeric weight of Rps. capsulata cytochrome 
c1 was determined to be approximately 12,000 daltons by 
SDS gel electrophoresis and amino acid composition. The 
cytochrome preparation contained two isocytochromes with 
the major fraction focused at pH 4.65. The minor fraction, 
representing 7% of the total cytochrome had an isoelectric 
point of 4.35 and differed considerably in amino acid 
content from the P-j- 4.65 fraction which suggested separate 
genetic origin.

Rps. capsulata cytochrome c_*_ did not react with 
oxidants or reductants in a kinetically simple fashion 
and suggested that access, to the heme and or participation

ix



of the protein moiety in.the electron transfer process 
is. complex.

The reported properties of Cp-c' used in. conjunc
tion with the three dimensional structure (in progress) 
may serve as a basis for the interpretation of the struc
ture function relationship for the cj_ class of cytochromes



CHAPTER 1 

INTRODUCTION

The cytochromes ĉ _ represent an unusual group of 
bacterial cytochromes in that they have the properties of 
two distinct types of heme proteins, the c-type cytochromes 
and the globins, with heme as the common link among these 
proteins. The cytochromes cj_ are high spin heme proteins 
at physiological pH, like myoglobin and hemoglobin (Ehren- 
berg and Kamen, 1965? Tasaki, Otsuka, and Kotani, 1967) 
but with the heme covalently bound to the peptide chain 
through thioether linkages (Kamen and Bartsch, 1961), 
characteristic of. c-type cytochromes» The visible absorp
tion spectra of cytochrome ĉ _ is similar to myoglobin, 
having absorption peaks at 630 and 490 nm in the ferri- 
form, and 547 nm in the reduced form (Horio, Kamen, and 
de Klerk, 1961)» However, unlike myoglobin or c-type 
cytochromes, ferrocytochrome c" has a split peak in the 
Soret region with a maximum at 425 nm and a shoulder at 
434 nm (Horio et al», 1961).

Notably, cytochrome c_L differs from the various low 
spin c-type cytochromes in that the heme is located near 
the carboxyl terminus of the protein with the binding
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sequence similar to cytochrome £, i,e.Cys-x-y-Cys-His 
(Kennel et'al., 1972? Ambler,. 1973? Meyer et al., 1975).
This sequence suggests by analogy to c-type cytochromes 
that histidine is the fifth heme ligand in cytochrome c 1.
The identity of the sixth ligand remains unknown, however, 
based on sequence data and spin properties, a carboxyl 
containing residue has been suggested (Meyer, 1970? Rawlings 
et al., 1977)o

The ligand binding properties of cytochrome cj_ share 
some similarity to myoglobin. Ferrocytochrome c* binds 
carbon monoxide as does myoglobin but with a much lower 
affinity, however, ferricytochrome c* does not bind anionic 
ligands such as azide, fluoride or cyanide (Taniguchi and 
Kamen, 1963? Cusanovich and Gibson, 1973). The redox 
properties of cytochrome cj_ are different from cytochrome 
c in that cytochrome cj_ is autoxidizable but cytochrome c 
is not (Taniguchi and Kamen, 1963? Bartsch, 1968? Kamen 
et al., 1971). The uncovering of the characteristics of 
cytochrome cj_ has paralleled the continuous classification 
and reclassification of this unusual protein. Cytochrome 
C 1 has been variously described as pseudohemoglobin (Vernon 
and Kamen, 1955), Rhodospirillum heme protein (RHP) (Kamen 
and Bartsch, 1961), cryptocytochrome c (Suzuki and Iwasaki, 
1962), cytochromoid c (Kamen, .1963), cytochrome cc8 (Dus, 
et al., 1967) and presently cytochrome ci (Kennel et al., 
1972).
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The structural unit of cytochrome c/_ is a monoheme 

single polypeptide chain, ranging from 124 to 131 amino 
acid residues, commonly isolated under physiological condi
tions as dimers of molecular weight ranging from 24,000 
daltons to 30,000 daltons (Cusanovich, 1971; Kennel et al., 
1972; Ambler, 1973; Meyer, 1970.) » However, two naturally 
occurring monomeric forms of cytochrome c_*_ with molecular 
weight of 14,000 and 11,000, and a polymeric form of 170,000 
molecular weight, have been reported (de Klerk, Bartsch 
and Kamen, 1965; Dus et al«, 1962; Meyer et al., 1973; 
Yamanaka and Imai, 1972)„ The nature of the binding forces 
responsible for the polymeric forms of cytochrome cj_ at 
pH 7.0 are unknown and have no measurable effect on the 
absorption spectra or oxidation-reduction properties.
Table 1 compares and contrasts the physical-chemical 
properties of cytochrome c_L isolated from a variety of 
sources.

Inspection of the data presented in Table 1 demon
strates the wide variety of bacteria which contain cyto
chrome ĉ . and the wide range of oxidation-reduction po
tentials and isoelectric points. The similarity of spectra 
indicating the high spin nature of cytochrome cj_ and domi
nant dimer form of the protein can also be noted„ The 
diverse physical-chemical properties of cytochrome cj_ are 
striking in contrast to eucaryotic cytochrome c which always



Table 1. Physical-chemical properties of cytochrome c'„

Source
Mol» Weight 
x 10-3 pi

No. of 
Subunits

No. of Amino 
Acids/Heme

Rhodospirilium 
rubruma 29.8 5.6 -8 2 126b

Rhodospirillum^ 
molischianum 36.0 7.2 ? 2 133

Rhodopseudomonas
gelatinosaa 36.0 9.6 ? 2 ---

Rhodopseudomonas
palustrisa 15.0 9.4 150 1 125

Rhodopseudomonas
sphaeroidesa 25.0 4,6 30 2 —

Rhodopseudomonas
capsulatac 22.4 4.65 52 2 116

Chromatiurn 
vinosuma 28.0 4.6 20 2 127

Thiocapsa , 
pfennigii H H O ? ? ? — —

Azotobacter ^ 
vinelandii 170.0 4.7 ? ?

Alcalegenes species6 K> O 8.9 132 127f



Table 1 (continued)

a. i Kamen et alo, 1971.
b. Meyer et al., 1975.
c. This study.
d. Dickerson and Timkovich, 1975.
e. Cusanovich, Tedro and Kamen, 1970.
f. Ambler, 1973.

m
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has a midpoint potential of approximately 260 ± 5 mV and 
a pi of 10,4 ± 0,4 irrespective of source.

Cytochrome c * has been isolated from most but not 
all of Rhodopsirillaceae and Chromatraceae (Kamen et al,, 
1971; Bartsch, 1969), Further cytochrome cj_ has been found 
in. the strictly aerobic bacterium Azotbacter vinelandii 
(Yamanaka and Imai, 1972) and in the denitrifying.bacteria 
Alcalegenes species (Suzuki and Iwasaki, 1962? Iwasaki 
and Shidara, 1969; Ambler, 1973), Cytochrome c*_ is gen
erally thought to participate in the light-induced electron 
transport sequence in photosynthetic bacteria, however the . 
function in non-photosynthetic.organisms is not clear at 
this time. Thus, the exact role of cytochrome cj_ in cel
lular metabolism is uncertain. These observations may 
suggest that cytochrome c_|_ represents a functionally diverse 
class of proteins„

The absorption spectra of cytochrome c_]_ undergoes 
reversible changes as a function of pH and organic solvents 
(Horio and Kamen, 1961; Taniguchi and Kamen, 1963; Imai 
et al., 1969a; Cusanovich et al., 1970; Miller, 1973).
These pH and solvent induced spectral changes are also 
reflected in the electron spin resonance (EPR), circular . 
dichrpism (CD), magnetic circular dichroism (MCD). and 
near infrared spectra (Maltempo, Moss and Cusanovich,
1974; Maltempo, 1976; Yong and King, 1970; Imai et al,,
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1969b; Kamen et,- al, , 1973; Rawlings , et al.r 1977) . Three 
spectral states are recognized for oxidized cytochrome c*; 
the neutral form. Type I, the intermediate form. Type II, 
the alkaline form. Type III (Imai et al., 1969a). Simi
larly, two spectral states have been proposed for the 
reduced form. Type a (alkaline) and Type n (normal) (Imai 
et al., 1969b). Figure 1 presents typical ferri and ferro 
cytochrome c_[_ spectra in the Soret region at various pH 
values. Organic solvents cause the conversion from Type I 
to Type III without the appearance of Type II spectra.
Type III spectra have been identified as characteristic of 
a low spin heme iron as found in typical c-type cytochromes 
(Cusanovich et al., 1970). Circular dichroism studies 
(Imai et al., 1969a) on cytochrome c1 suggest that the 
change in absorption spectrum from neutral (Type I) to the 
alkaline (Type III) induced by organic solvents is not 
accompanied by an appreciable change in the backbone struc
ture of protein and that the environment surrounding the 
heme . is considerably more asymmetric than that of cytochrome 
£. Imai et al. (1969b) also calculated a high content of 
helical structure (63%) for both monomeric and dimeric 
cytochrome c * similar to the helical content for myoglobin 
(64%) and. significantly higher than that of cytochrome c 
(34%). Results obtained from ORD spectra have not yet been . 
interpreted in terms of structure but show considerable
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40 0 4 5 0 4 0 EW A V E L E N G T H  (urn)

Figure 1. Soret absorption spectrum of oxidized and re
duced R. rubrum cytochrome c'.
The heme concentration was 2.64 yM. (a) ferri 
form; (b) ferro form (sodium dithionite).
(----), pH 7, 50 mM potassium phosphate;
(---), pH 10, 50 mM sodium carbonate; (-----),pH 13, 50 mM disodium hydrogen phosphate plus 
NaOH. The spectrum of the reduced form at pH 
10 was identical with that at pH 7.
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fine structure correlating well with the regions of strong 
absorption (Yong and King, 1970). However, substantial 
differences in ORD spectra were observed among the cyto
chrome c ! which were attributed to subtle differences of 
environment in the vicinity of the heme (Yong and King,
1970) .

A variety of methods have been used to study the 
nature of the spin state in cytochromes c * «■ These include 
EPR, magnetic susceptibility,, Mossbauer spectroscopy, 
Resonance Raman spectroscopy, and MCD (Ehrenberg and Kamen, 
1965; Tasaki et al., 1967; Maltempo et al», 1974; Maitempo, 
1976; Moss et al=, 1968; Spiro and Strekas, 1974; Rawlings 
et al,, 1977)= The contrasting results of these experiments 
emphasize the difficulty in understanding the nature of 
cytochrome ĉ _ in terms of its relation to normal high 
spin myoglobin and low spin cytochrome c» There is a 
continuing controversy as.to the nature of the spin state 
cytochrome cj_ at physiological pH in regard to a novel 
admixture of intermediate and high spin components Or more . 
simpler high spin ground state (Maltempo, 1974; Maltempo 
and Moss, 1976; Rawlings et al,, 1977), Although the spin 
state is not readily resolved, the present lack of under
standing points to the uniqueness of this class of heme 
proteins,
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Several kinetic studies on the oxidation-reduction 

properties, and ligand binding properties have been re
ported, Gibson and Kamen (1966) investigated the reduc
tion of Chromatiurn vinos urn cytochrome c_̂  by sodium ascorbate 
and found a kinetically complex reaction that they did not 
resolve. Their initial studies on the mechanism of carbon 
monoxide binding by cytochrome c_L suggested the reaction 
of ferrous cytochrome cj_ with carbon monoxide could not be 
explained by a simple one step reversible reaction and that 
the restricted character of ligand binding exhibited by 
cytochrome cj_ may be attributed to. stereochemical factors 
peculiar to this type of heme protein. Also they observed 
that ferricyanide oxidation of reduced cytochrome, c1 
approached diffusion controlled kinetics, suggesting that 
the movement of electrons from the interior of the protein 
to the periphery could be effected almost instantaneously 
and direct contact from the iron atom with redox reagents 
was unnecessary, Cusanovich and Gibson (1973) extended 
this work and demonstrated that carbon monoxide binding to 
reduced cytochrome cproceeds through a five step mech
anism, involving an access controlled step and subsequent 
binding of two molecules of carbon monoxide per heme.
Their results suggested that the heme group is situated 
in a pocket in the interior of the molecule and that a



channel which is. lined with charged amino acids controls 
access of the solvent and dissolved ligands to the binding 
sites.

A detailed study on the reduction kinetics of 
Chromatium vinosum cytochrome cj_ has been reported (Miller 
1973; Miller and Cusanovich, 1974)= By studying the ef
fects of pH, ionic strength, and solvent perturbation on 
the rate of reduction of Chromatium vinosum cytochrome cj_ 
by dithionite and organic dyes,,the following conclusions 
were obtained: (1) the site(s) of electron transport is
removed from the heme iron; (2) the site of electron
transfer is in the vicinity of positively charged amino 
acid side chains; and (3) steric restrictions are involved 
in the mediation of electron transport. No correlation 
between solvent or pH induced spin state changes and rate 
of reduction by dithionite was found„ Finally, mechan
istically (with non-physiological reductants) cytochrome 
o' was found to be similar to c-type cytochromes in terms 
of reduction kinetics by sodium dithionite but unlike 
myoglobino

• '

Although it is evident that a considerable, amount 
of information is available concerning cytochrome ĉ _ in 
general, very little has been reported on cytochrome cj_ 
for Rhodopseudomonas capsulata was first noted through 
difference spectroscopy of acid washed cell extracts
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(Vernon and Kamen, 1955), and subsequent isolation and 
purification of Rps.. capsulata cytochrome c_̂  was reported 
by Meyer (1970). Rps. capsulata cytochrome c_[_ was char
acterized as a diheme cytochrome of molecular weight 
27,720 daltons with an isoelectric point of 4.7 and a 
midpoint potential of 0 mV at pH 7 (Kamen et al., 1971). 
Amino acid composition of Rps. capsulata cytochrome c* 
suggested that the protein consisted of 129 residues per 
heme with 23% of the residues consisting of alanine (Kamen 
et al., 1971). Sedimentation equilibrium studies indicated 
that Rps. capsulata cytochrome cj_ has a molecular weight 
of 11,250 daltons per heme or a diheme weight of 22,500 
daltons, inconsistent with the results reported based on 
amino acid composition (Cusanovich, 1971). EPR studies on 
Rps. capsulata cytochrome c/_ demonstrated a strong signal 
at a g value of 4.3 which was found to be temperature 
dependent over the range of 50 to 200°K suggesting a 
thermal mixture of high and low spin forms (Ehrenberg and 
Kamen, 1965). The. carbon monoxide binding properties of 
reduced Rps. capsulata cytochrome cj_ suggest that ligand 
binding is an access controlled process as found for other 
cytochrome sc' (Cusanovich and Gibson, 1973).

To summarize, examples of cytochrome o' have been 
isolated from a wide variety of organisms. Although the 
cytochromes cj_ have similar structural and spectral
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properties, they also show a wide range of molecular 
weights,.subunit structure, oxidation-reduction potentials 
and net charges (pi)« Clearly a limitation on inter
preting available physical—chemical data is the lack of 
structural information concerning cytochrome cj_. However, 
recently an effort has been undertaken to determine the 
three dimensional structure of Rps. capsulata cytochrome 
c* with the present expectation that the structure will be 
available in the near future (P. Weber and F, R„ Salemme, 
Chemistry Department, University of Arizona, 1978, per
sonal communication)„

In view of the foregoing discussion, the work to 
be reported here with Rps. capsulata cytochrome cj_ was 
undertaken. Specifically, the studies described here were 
designed to characterize cytochrome ĉ _ from Rps, capsulata 
in anticipation of the availability of structural informa
tion and to compare and contrast this example of cytochrome 
ce with those already characterized.



CHAPTER 2

MATERIALS AND METHODS 

Materials
Rhodopseudoxnonas capsulata (St. Louis strain) was 

grown photoheterotrophically on a modified Hutner media. 
Intact cells. (500 grams wet weight) were suspended to 10% 
(w/v) in 1 mM EDTA, pH 7.0 at 4°C for 36 hours, with con
stant stirring. The suspension was centrifuged (30,000 
x g) for 15 minutes and the resultant supernatant, essen
tially free of chromatophores, was absorbed On coarse DEAE 
cellulose (Brown and Company) equilibrated with 10 mM 
Tris-Cl, pH 7.3. The column was stripped with a minimum 
volume of phosphate buffer, 0.5 M NaCl, pH 7.0, with 10 mM 
potassium phosphate, pH 7.0. This material was then 
charged on a DEAE-Sephadex (A-25) column equilibrated with 
10 mM potassium phosphate buffer, pH 7.0. The column was 
washed with increasing concentration of potassium phos
phate with the major portion of cytochrome cj_ eluting with 
30 mM potassium phosphate. The protein was then passed 
over a G-25 Sephadex equilibrated with 10 mM potassium 
phosphate, pH 7.0, and concentrated by pressure dialysis 
using a UM-10 membrane (Amicon) to approximately 13 mg/ml.

14
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Ammonium sulfate fractionation was performed at 4°C, and 
the cytochrome precipitating between (85-95%) ammonium 
sulfate with a purity index (ratio of absorbance at 280 nm 
to absorbance at 398 nm of the oxidized protein) of 0.30 
was pooled. The pure protein solution was desalted on G-25 
Sephadex equilibrated with 10 mM potassium phosphate, 
pH 7.0, and stored in 2 ml aliquiots at 4°C. A yield of 
approximately 22 umoles was obtained from 500 gm of wet 
weight cells. Rhodopseudomonas capsulata cytochrome c' 
will be referred to as Cp-c1 throughout the following 
discussion.

All chemicals were reagent grade, unless otherwise 
specified. Dioxane (99.99%, spectrophotometric grade) 
was purchased from Aldrich Chemical Company. Electro
phoretic materials were purchased from Bio-Rad Laboratories 
and LKB products. Proteins used for standards on sodium 
dodecyl sulfate polyacrylamide gels were purchased from 
Sigma Chemical Corporation.

Heme content, pH titrations, oxidation-reduction 
titrations, ionic strength studies and solvent studies 
were performed on a Cary Model 118 spectrophotometer. 
Circular dichroism studies were carried out on a Cary 60 
spectrophotometer equipped with a Cary 6001 CD attachment. 
Amino acid analyses were performed on a Beckman model 120-C 
amino acid analyzer.



16
Methods.

Heme content was determined spectrophotometrically 
by formation of the alkaline pyridine hemochrome with the 
protein dissolved in 25% pyridine and 0.2 M NaOH, using a 
millimolar extinction coefficient of 29.1 for the reduced 
sample (sodium dithionite) at 550 nm.

Oxidation-reduction and pH titrations were carried 
out anaerobically in a modified Thunburg cuvet (Cusanovich, 
1967) using an instrumentation model pH meter with an IL 
#15023 combination platinum silver-silver chloride and a 
MI-140 miniature combination pH electrode respectively^ 
Oxidation-reduction potentials were corrected to the 
standard hydrogen electrode by calibrating the electrode 
with a saturated solution of guinhydrone (Clark, 1960).
The midpoint potentials of Cp-c* were determined in 10 mM 
TAGP (10 mM Tris, 10 mM acetate, 10 mM glycine, 10 mM

-4potassium phosphate) containing 0.2 M NaCl, with 5 x 10 M
_ 2ferric chloride, 5 x 10 M sodium oxalate as the mediator. 

Solutions of io mM sodium dithionite and 10 mM potassium 
ferricyanide in 10 mM TAGP were used as reductant and 
oxidant, respectively. All solutions were exhaustively 
bubbled with argon for approximately 1 hour prior to use, 
and the cuvet flushed with nitrogen during the titrations. 
The protein concentrations for these titrations were 
approximately 8 yM.,
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J

Aerobic pH titration was performed using the above 
mentioned vessel, pH meter, and pH electrode for oxidized 
cytochrome cj_. Anaerobic conditions were warranted for 
titration of the reduced protein. Studies for pH range from 
4 to 9 were performed in 5 mM TAGP containing 0,5 M NaCl, 
Experiments at pH 11 through 13 were performed in standard 
solutions of sodium hydroxide. The protein concentration 
was approximately 6 yM for these titrations.

The effect of ionic strength on the oxidation- 
reduction potential was investigated anaerobically in 
10 mM TAGP, pH 7, containing 1 x 10 ferric chloride and 
1 x 10  ̂M sodium oxalate. The protein was partially re
duced with sodium dithionite and potentials were recorded 
after each addition of sodium chloride to 10 mM TAGP,
The protein concentration was approximately 8. viM.-

Solvent perturbation studies were conducted in 
10 mM potassium phosphate buffer at pH 7, supplemented with 
various amounts of organic solvents. Changes in the junc
tion potential of the pH electrode necessitated applica
tion of a correction factor (Miller, 1973)» Effects of 
sodium chloride and sucrose on the absorption spectra of 
cytochrome cj_ were investigated in 1.0 mM potassium phos
phate, pH 7,

CD spectra were obtained in 10 mM TAGP buffer, pH 
6.3 and 10.3. Cytochrome c' solutions used for CD
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measurements had absorbances between 0.5 and 1.5 absorbance 
units in the spectral regions investigated. Cytochrome 
was reduced by the addition of a minimal amount of sodium 
dithionite to the cuvette. The CD data are reported as 
molecular ellipticity ([6] ) where [ 6 = , 0 ° -M/IO•c»1 with 
0° the measured ellipticity; M the molecular weight per 
heme (13,860), c the concentration in grams per ml, and 
1 the pathlength. A one centimeter cell was used for the . 
region 650-250 nm. Mean residue ellipticity [0] was ob
tained by dividing the molecular ellipticity by the number 
of amino acid residues per heme (129). Spectra were plotted 
by a Data General Nova... 11 computer on a Hewlett-Packard 
7040A X-Y plotter.

Molecular weights were determined by sodium dodecyl 
sulfate electrophoresis, as described by Weber and Osborn 
(1969), with both 10% and 15% polyacylamide gels. The 
following proteins were used as markers; horse heart 
cytochrome c (1.2,500 daltons) , Chromatium vino sum HIP IP 
(10,100 daltons), sperm whale myoglobin (17,000 daltons), 
bovine pancrease RNAase (13,700 daltons), trypsin (23,300 
daltons), yeast alcohol dehydrogenase (37,000 daltons), 
and bovine serum albumin (67,000 daltons).

The isoelectric point of cytochrome cj_ was de
termined by analytical disc gel isoelectric focusing, using 
gels containing 7.5% acylamide, 0.5% bis acylamide with a
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total ampholyte concentration of 2%, The procedure used 
was that given by Bio—Rad Laboratories, using a narrow 
range ampholyte (pH 3 to 5). The pH gradient was determined 
at 4°C on two millimeter slices of gel eluted in 10 mM 
sodium chloride.

For amino acid .analyses, acid hydrolysis was per
formed on desalted and freeze dried cytochrome cj_ in 6 M 
HC1 for 22 and 48 hours at 110°C, Sample sizes ranged 
from 2 to 50 nmoles, Performic acid oxidation was performed 
by dissolving 1,5 mg of cytochrome ĉ . in 0,5 ml formic 
acid (stirred for 40 minutes) and incubating for 1 hour 
at 0°C, The sample was twice freeze dried and redissolved 
in 0,5 ml deionized water. Samples from isoelectrofocusing 
gels were eluted from the gel, as previously mentioned, 
and exhaustively dialyzed against deionized water and 
treated for acid hydrolysis as described above.

Kinetic studies were performed in a Durrum-Gibson 
stopped-flow spectrophotometer with a mixing time of 3.5 
msec. The driving syringes were gas tight via o-ring seals, 
The temperature was 20°C and all kinetic data were taken in 
at least duplicate. Prior to use, all solutions were 
exhaustively deoxygenated by bubbling for 1 hour with water 
saturated argon gas purified.by passage over a column of 
BASF R3-11 catalyst (Wyandotte Corporation), Solid sodium 
dithionite, or potassium ferricyanide, was added to
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deoxygenated buffer via a side arm. Alb kinetic experiments 
were conducted at pH 6.3 with changes in oxidation state 
monitored at 425 run where A E ^  (red-ox) is 73. Anaerobic 
reservoir vessels for the stopped-flow spectrophotometer, 
constructed according to the design of Fox and Shenkklam 
(1970), were used for the reactions of Cp-c" and oxidants. 
Cp-c1 was reduced directly in the vessel with dithionite 
or hydrogen gas using platinum on asbestos as a catalyst 
and benzyl viologen as a mediator. The concentration of 
mediator was equal to the concentration of protein. As
corbate reduction of Cp-c’ was monitored on the Cary 118 
spectrophotometer, in 10 mM potassium phosphate buffer, 
pH 6.3 under anaerobic conditions.



CHAPTER 3

RESULTS

Purity, Molecular Weight and Amino Acid Composition 
of Rhodopseudomonas capsulata Cytochrome o'
Isoelectric electric focusing on polyacrylamide 

gels was performed on Cp—c1 with a purity ratio (280 nm/
398 nm) of 0,30. Three colored bands were found at pH. 
4.35, 4.55, and 4.65. The bands were identified as cyto
chrome cj_ by absorption spectroscopy following elution 
from the gel. The bands at pH 4.55 and 4.65 were found to 
be the ferro and ferri form, of cytochrome c]_ based on the 
color of the band after isoelectric focusing, red and brown 
respectively. The band at 4.35 when focused was red 
(reduced) and represented 7% of the total cytochrome 
present and like the band at 4.55 became oxidized within 
30 minutes after completion of electrophoresis. , A control 
was run to determine if the minor band was a result of 
deamidation by incubating Cp-c' at pH 2, 7 and 12, at 40°C 
for 1 hour. Following isoelectric, focusing and excising 
the bands, it was found that the band at pH 4.35 contained 
the same fraction of total heme (7%) in all cases. Figure 
2 presents typical gels for pH 2, 7 and 12 pretreatment,. 
and for oxidized and reduced material. In Figure 2, the

21
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Figure 2. Gel isoelectric focusing of Cp-c1.
Reading from left to right, the gels represent 
pretreatment at pH 2, 7, and 12, and ferri and 
ferro Cp-c' (sodium dithionite). The small 
upper band is at pH 4.35, the middle band pH 
at 4.55 (ferro Cp-c'), and the lower band at 
pH 4.65 (ferri Cp-c').
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upper band is at 4.35, the lower band at 4.65. and the middle 
band due to reduced cytochrome visible in the photograph 
in only one gel.

Polyacrylamide gel electrophoresis was performed 
and two bands were visualized both prior to and after 
staining. The migration of the major band and minor band 
was consistent with the overall charge determined by iso
electro focusing. Based on these results, the cytochrome 
c1 used in this work was essentially free of nonheme pro
teins however two isocytochromes were present with the 
minor component representing 7% of the total cytochrome.

The molecular weight of Cp-c* was determined by 
sodium dodecyl sulfate (SDS) electrophoresis in 10%. and 15% 
polyacrylamide gels. Figure 3 presents plots of log molecu
lar weight versus mobility for standard proteins and for 
Cp-c'. From this data a molecular weight of approximately 
12,300 daltons was determined. Anomalous bands of higher 
molecular weight were found and appear to be reassociation 
products of a dimeric nature.

The amino acid composition of Cp-c' is given in 
Table 2. From the amino acid composition, including the 
contribution of heme (576 daltons), a molecular weight of 
12,000 ± 100 per heme was obtained, consistent with the 
SDS electrophoresis results. The data presented in Table 2 
indicate there are 115-116 amino acid residues ' per heme
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(X), 10% gel; (o), 15% gel, (*), Cp-c'. The 
standards used for 10% gel were horse heart 
cytochrome c, sperm whale myoglobin, bovine 
pancrease trypsin, yeast alcohol dehydrogenase, 
and bovine serum albumin. The standards used 
for 15% gel were Chromatium vinosum HIPIP, 
horse heart cytochrome c, and bovine pancrease 
RNAase.
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Table 2. Amino acid composition 

chrome c1. of Bps. capsulata cyto-

Amino
Acid

Digestion Time Proposed 
Composition 
Per Hemec24 hra 48 hra CN

Lys 5,7 5.6 6.3 12
His 1.0 1.0 1.0 2
Arg 1.2 1.2 1.4 3
Asp 2.9 2.6 3.0 12
Thr 1.2 1.3 1.4 6
Ser 0.8 0.9 1.0 4
Glu 2.5 2.6 2.5 10
Pro 0.8 0.8 1.0 4
Gly 2.9 2.9 2.9 12
Alad 5.8 5.6 5.8 24
Cysd ND ND 0.5 2
Val 1,1 1.1 1.2 4—5
Met 0.7 0.7 0.7 3
lieu 0.7 0.8 0.8 3
Leu 1,8 1.8 1.8 7
Tyr 0.5 0.4 ND 2
Phe_ . 1.0 1.0 1.0 4
Trpe 1

Total Residues/Heme 115-116

a. Incubated at 107°C in 6N HC1 for indicated time
b o Treated with performic acid prior to digestion.

as described in the Methods Section.
C o Based on 2-His and 4--Phe/heme.
d o Determined as cysteic acid.
e o Assumed from spectral properties (Soret to 280

ran absorbance).
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with 23% of the total residues alanine» This high content 
of alanine is typical of cytochrome cj_ from all sources 
investigated (Kamen et al., 1971). Samples of Cp-c1 which 
were isoelectrically focused and the bands at pH 4,35 and 
4o65 cut out where hydrolyzed after desalting, and their 
amino acid composition determined. As shown in Table 3 the 
major band had essentially the same amino acid composition 
of the protein prior to isoelectric focusing (Table 2),
Most notably, there was a difference in the number of charged 
amino acids between the pH 4,35 and 4,65 fractions with the 
pH 4.35 fraction having two more glutamic acids and two 
less lysine residues (Table 4).

Spectral Properties
The spectral, properties of Cp-c1 were investigated 

as a function of.pH and perturbing solvents in order to 
characterize the high Spin to low spin transition which 
has been shown to occur in other cytochromes c1 (Horio and 
Kamen, 1961? Imai et al., 1969a; Cusanovich et al., 1970). 
Further the heme linked pH perturbations in the absorption 
spectra are compared to induced asymmetries in cytochrome 
c’ as revealed by circular dichroism spectra at pH 6.3
and 10.3.
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Table 3„ Amino acid composition of pH 4.35 fraction from 

isoelectric focusing.
Conditions as. described in Table 2.

Proposed Composition
Amino Acid 24 Hours Hydrolysis Per Heme

Lys 4.9 10
His 1.0 2
Arg 1.1 2 ■’-3
Asp 3.1 12-13
Thr 1.4 6
Ser 1.6 7
Glu 3.0 12,Pro ND 4a
Gly 3.5 14
Ala 5.7 23b
Cys ND 2b
Val 1.0 4-Met ND 3
lieu 0.52 4
Leu 1.4 7
Tyr 0.5 2
*hecTrp

1.0

Total Residues/Heme

4
1

118-119

a. Assumed from overall amino /acid composition of
Table 2.

b. Assumed to be two residues/heme.
c. As in Table 2.
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Table 4. Amino acid composition of pH 4.65 fraction from 

isoelectric focusing.
Conditions as given in Table 2,

Amino Acid
Hydrolysis Times 
24 hrs 48 hrs

Overall
Composition/Heme

Lys 5,7 5.9 12
His 1,0 1.0 2
Arg 1,5 1.2 3
Asp 2.9 2.9 12
Thr 0.81 1.5 6
Ser 0.81 0.9 4
Glu 2.4 2.5 10 .
Pro 0.7 0.8 4
Gly 2.9 2.9 12
Ala 6.2 5.8 24
Cys ND ND 2
Val 0.98 1.0 4
Met 0.2 0.3 2
lieu 0.5 0.4 3
Leu 1.6 1.7 7
Tyr 0.4 0.4 2
Phe, 1.0 1.0 4
Trp 1

Total Residues/Heme 114-115

a. Assumed to be two residues/heme.
b. As in Table 2



Absorption Spectra
Figure 4 presents the absorption spectra of oxi

dized and reduced Cp-c' in 10 mM potassium phosphate 
buffer, pH 7 from 650 nm to 250 niru Figure 5 presents 
the difference spectra of Cp-c1 for the same conditions 
from 650 nm to 350 nm. These spectra are typical of cyto
chrome c_|_ in that ferro-cytochrome c_V exhibits a split 
Soret peak in the region of 434 to 424 nm and the oxidized 
form has a hematin band at 633 nm. The absorbance majcima 
and millimolar extinction coefficients are summarized 
in Table 5.

Figure 6 presents the absorption spectre of ferri 
and ferro Cp-c* at pH 7, 10, and 13. The complex changes 
in the Soret region are consistent with the conversion of 
the predominantly high spin Cp-c * (ferri peak at 398 nm, 
ferro peak at 424 nm) at neutral pH to an intermediate 
form (new maxima at 408 nm with shoulder at 369 nm for the 
ferri-form, no change in ferro maxima) to a predominantly 
low spin form at pH 13 (increase in absorption at 408 nm 
with the shoulder 376 nm decreasing and shifting to 351 
nm, ferro peak maxima at 417 nm). The conversion to low 
spin form was approximately 80% Complete at pH 13 based on 
spectra at higher pH values (>13). The shift in visible 
maxima from. 496 nm to 533 nm with a shoulder at 575 nm and 
an increase of the extinction of the hematin band at pH 10
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Figure 4. Absorption spectra of Cp-c1.
-----, Ferri Cp-c';-----, Ferro Cp-c'.
yM in .01 M potassium phosphate, pH 7.

Heme concentration was 16.2
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Figure 5. Difference spectra of Cp-c'.
Heme concentration was 1.43 pM in 0.01 M potassium phosphate buffer, 
pH 7 (oxidized-reduced).
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Table 5. Wavelength maxima and millimolar extinction

coefficients for Rps«, capsulata cytochrome c'..

Oxidized Reduced Reduced-•Oxidized
X EmM X EmM X AEmM

633 2.65 640 -1.5
496 10.5 548 10.1 560 +7.0
398 00 00 00 424 100.9 473 o1

277 26.8 426 +73.0
397 -42.0
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Figure 6. Absorption spectra of Cp-c' at various pH 
values. .
a. Ferri Cp-c'. b. Ferro Cp-c'. The heme 
concentration was 6.0 yM. The spectrum of 
ferro Cp-c' at pH 10 was identical with that
at pH 7. ----, pH 7, 5 mM TAGP buffer at 0.5 M
NaCl; ...--..., pH 10, 5 mM TAGP buffer at 0.5
M NaCl; --- , pH 13, .1 M NaOH.
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Figure 6. (continued)
b. Ferro Cp-c'.
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and subsequent disappearance at pH 13 for the ferri-fora 
are also consistent with high to low spin conversion» 
Finally, the increased extinction and sharp bands at 550 
nm and 520 nm observed at pH 13 in the ferro Cp-c' spectra 
further establish the presence of a low .spin fora. The 
ultraviolet region of the spectra at pH 13 becomes lower 
in extinction and the peak maxima, shifts.to longer wave- • 
lengths with further resolution into two distinct peaks 
at 280 nm and 288 nm.

Titration of the spectral changes in the Soret 
region as a function of pH for ferri and ferro Cp-c' over 
the pH range of 4.5 to 13 is presented in Figure 7. As the 
pH of ferri Cp-c' is raised, two transitions with pK 
values of approximately 8.3 and 12.9 are noted. Ferro 
Cp-c1 has only one transition with a pK of 12.9. Figure 8 
presents a plot of log A /HA versus pH and shows that the 
low pK transition has a slope of one while the high pH 
transitions have a slope greater than one (ferri Cp-c1,
1.8? ferro Cp-c1, 2.4). There is no spectral change 
between pH 4.5 and 6 in the ferri— form and none,between 
4.5 and 11 in the ferro-form.

Figure 9 presents the effect of ethanol, u- 
propanol, dioxane and dimethylforaamide on ferro dnd ferri 
Cp-c' in the Soret region at pH 7. The wavelength of 
ferri Cp-c' shifts to the red (398 nm to 408 ran) and the



Figure 7. pH titration of Cp-c1.
e, Ferri Cp-c1 monitored at 407 nm; A, Ferro Cp-c', monitored at 
550 nm. The conditions were as given in Figure 6.
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Plots
— *— , theoretical (n=l); o, ferri Cp-c1;
--- , ferro Cp-c1. The conditions were as
given in Figure 6.
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Figure 9. Effect of organic solvents on Cp-c'.
a. Ferri Cp-c'. b. Ferro Cp-c'. Heme con
centration was 5.6 uM in .01 M potassium phos
phate , pH 7. --— -- - native; ----, 50%
ethanol;--- , 30% n-propanol;------- , 50%
dimethyIformamide; ..., 50% dioxane.
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Figure 9.
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(continued) 
b. Ferro Cp-c1.
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extinction greatly increases on addition of organic solvent. 
The effect of solvent on the ferro form is more complex.
On the addition of sodium dithionite the peak at 424 nm 
immediately shifts to 417 nm with a large increase in 
extinction and then gradually declines with a shoulder 
developing, around .434 nm. This complex kinetic process 
occurs both anaerobically and aerobically. Further, in 
the presence of molecular oxygen, a rapid reoxidation of 
the cytochrome was observed. The perturbation induced by 
the organic solvent was reversible in that the removal of 
the solvent by gel filtration on G-̂ 25 Sephadex yielded 
cytochrome cJL with spectral properties identical to the 
untreated material.

Titration of the Soret absorbance of Cp-c' by 
ethanol, n-propanol, dioxane, and dimethylformamide are 
summarized in Figure 10. A single transition is observed 
in the conversion to the perturbed form of the cytochrome. 
Generally, slightly higher concentrations of perturbants 
were necessary to produce a spectral change in the ferro 
Cp-c*, although the data is difficult to quantitate as the 
spectral change was transient and the protein was easily 
oxidized.

The effect of sodium chloride and sucrose on ferri 
and ferro Cp-c11 was investigated and no spectra change was
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Organic solvent titration of Cp-c1.
a. Ferri Cp-c1. B. Ferro Cp-c1. (o), n-
propanol; (■), dimethyIformamide; (□), ethanol,
(*), dioxane. Conditions as given in Figure 9.

Figure 10.
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Figure 10. (continued)

b. Ferro Cp-c1.
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observed at pH 7 for perturbant concentrations up to 2 M 
and 60% (W/V) sodium chloride and sucrosef respectively.

Circular Dichroism Studies
Figures 11-13 present the CD spectra, of Cp-c' for 

the wavelength region 650 nm to 250 nm at pH 6,3 and 10.3, 
as these are the pH regions prior to or between spectral 
transitions (Figure. 7), hence likely represent single 
molecular species of Cp-c'. A comparison of ferri Cp-c' 
at pH 6.3 and 10.3 indicated only slight differences in the 
visible region as expected from the absorbance spectra 
(Figure 7), with the exception that the slight shoulder at 
530 nm in the absorption spectrum became more prominent in 
CD while the 496 nm peak in the visible spectrum appears 
only as a shoulder in the CD spectrum. More dramatic 
changes are noted in the near UV (300-250 nm). The CD 
spectra of ferro Cp-c' is essentially identical at pH 6.3 
and 10.3 in the visible and Soret, however, slight dif
ferences are again noted in the near UV. Table 6 summarizes 
the major bands and their corresponding ellipticities for 
the oxidized and reduced Cp-c'.

Figure 14 presents the far UV (200-250 nm) CD 
spectra of Cp-c' at pH 6.3 and 10.3. At pH 6.3 little or 
no change in the CD spectra was noted between the oxidized 
or reduced spectra, suggesting that there are no changes in 
the peptide backbone conformation on changing the oxidation
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Figure 11. CD spectra of Cp-c' in the visible region.
Heme concentration was 4.9 yM and 4.5 yM in 0.01 M TAGP, pH 6.3, and
pH 10.3, respectively. ----, ferri Cp-c'; — *— -, ferro Cp-c', pH 6.3;
-----, ferri Cp-c',-----, ferro Cp-c', pH 10.3. The ellipticity was
calculated on a molar heme basis.



Figure 12 o CD spectra of Cp-c6 in the S'oret. region,
Heine concentration was 14,2 viM and 13,5 pM in ,01 M TAGP, pH 6.3 
and pH 10.3 respectively. The captions are the same as those 
given in Figure 11.
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Figure 12. CD spectra of Cp-c' in the Soret region.
ui
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CD spectra of Cp-c' in the ultraviolet region.
Heme concentration was .045 mM and .051 mM in .01 M TAGP at pH 6.3 
and 10.3 respectively. The captions are the same as those given in 
Figure 11.

Figure 13.



Table 6 - Wavelength maxima and molecular ellipticities of Rps. capsulata 
cytochrome c’»

pH 6 o 3 pH 10.3
Oxidized ____ Reduced Oxidized Reduced

X, [9]xl0"3 X [e]xio"3 X [8]xl0 3 X [0]xlO

625 2.7 635 5.8
530 11=2 560 13.2 535 14.2 560 12.9
500 9.1 510 s 4.0 480 5.2 510 4.1
405 104 422 126 407 112 422 125
331 -65 308 — 54 327 -73 306 — 56
270 — 1.8 263 +5.3 270 +0.7 265 +3.5
220* -27 220 -27 220* -30 220 -28
207* -28 207 -27 207* -28 207 -26

= mean residue ellipticity.*C6'3



220 230
W A V E L E N G T H  (nm)

Figure 14. CD spectra of Cp-c1 in the far UV region.
Heme concentration was 2 pM and 1.8 yM in .01 M TAGP at pH 6.3 and 
10.3 respectively. The captions are the same as those given in 
Figure 11.
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state. At pH 10.3., some differences are noted in the far 
UV CD spectra of ferri and ferro Cp-c1, however, these 
are small and their significance cannot be assessed. Com
parison of the far UV CD spectra of CP-c' at pH 6.3 and 10.3 
(Figure 14), suggests that slight changes have taken place 
in the peptide backbone.

Oxidation-Reduction Properties 
Figure 15A presents the results of typical oxidation- 

reduction titrations of Cp-c* at various pH values. The 
solid lines in the figure are theoretical as derived from 
the Hernst equation for a one electron transfer. At pH 
7.0 and an ionic strength of 0.40 M, a midpoint potential 
of 52 mV was obtained. In general, the oxidation-reduction 
titrations were found to be reversible and have slopes 
indicating a one electron transfer. However, at pH 8 and 
above some deviation from reversibility was noted. Figure 
15B presents the oxidation-reduction potential of Cp-c’ 
as a function of pH.. In the pH region 4 to 7, there is a 
slope of 20 mV per pH unit, above pH 7, the slope is on the 
order of 10 mV per pH unit. The complex pH profile ob
tained indicates one or more pK values for both ferri and 
ferro cytochrome c*_, however, quantative analysis of avail
able data is not possible due to a lack of information at 
pH values below 4 and above 9.
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Figure 15. Effect of pH on the oxidation-reduction poten
tial of Cp-c1.
A. Oxidation-reduction titrations at different 
pH values. o, pH 4; e, pH 5; D , pH 6; ■ , pH 
1 i T̂ C , pH 8; *, pH 9. B. Midpoint potential 
vs. pH.
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Figure 15. (continued)
B. Midpoint potential vs. pH.
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Figure 16 presents the effect of ionic strength on 

the oxidation-reduction potential at pH 7 over the ionic 
strength range 0„0175 to 0.17 M„ Over this, ionic strength 
range, there is approximately a 20 mV decrease in the mid
point potential suggesting either differential ion binding 
by the two redox states, or an ionic strength induced per
turbation of the heme environments resulting in an altered 
oxidation-reduction potential.

Kinetic Studies
The reduction of Chromatium vinosum cytochrome c1 

(Miller, 1973) by sodium dithionite was found to be con
sistent with the mechanism of sodium dithionite reduction 
of horse heart cytochrome c, as described by equations 1-3

(1 ) 

(2) 

(3)

products of and SOg, respectively with 0 and R repre
senting oxidized and reduced protein. The rate law for 
equations 1-3 is given by equation 4:

(Miller and Cusanovich, 1974):

S2°4 ZS02

= ki0 + S204 ==A= R + p

0 + S02 ===== R + P"

In the above equations, P and P* represent oxidation



(m
V)

Figure 16. Effect of ionic strength on the oxidation-reduction potential of 
Cp-c' at pH 7.
The.heme concentration was 8 yM in^lO mM TAGP, pH 7 with 1 x 
10" M ferric chloride and 1 x 10 M sodium oxalate. mU)
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kobs = ki ^ 2 04] + k2KeqCS20P (4)

In order to determine the rate constants for the reduction 
of Cp-c1 by sodium dithionite, three methods of graphical 
analysis were used: (1) vs» CS2°4 -1' (2) kobs vs.
[S0o"]% ;. and (3) k  , V S 90T v s .  [S_0%]~^. If is the'2V4J ' "" “obs7 "2V4 v"° L"2V4-1 ° *- 2 4
sole reductant, plots according to (1 ) will be linear?
if SC>2 is the sole reduct ant f plots according to (2 ) will
be linear? and if both SO^ and are reducing cytochrome
c1, plots according to (3) will be linear.

Figure 17 presents typical semilog plots of AA 
versus time for the reduction of ferri Cp-c' by sodium 
dithionite. The observed rate constant for reduction of 
ferri Cp-c1 was determined from the slope of the InAA vs. 
time plots. This is demonstrated in Figure ISA which pre
sents plots of kQks vs. concentration. These plots
are linear and yield a rate constant for reduction.of ferri 
Cp-C1 by 8 2 0 ^ (10 mM potassium phosphate, pH 6.3) of 1.36 
x 106 M ^sec Figures 18B and 18C present plots of k

--hvs. and vs. 1/[S204] which are non
linear and with a zero slope, respectively, as expected

=when the reduction of Cp-c8 is by only.
Ascorbate reduction of Cp-c' was found to be bi- 

phasic at ascorbate concentrations 1000 and 100 times that 
of the cytochrome. The reaction was complex in that an



55

T I ME ( m s e c )

Figure 17. Semilog plots of AA versus time for sodium 
dithionite reduction of Cp-c1.
The heme concentration was 2 yM in 10 mM 
potassium phosphate, pH 6.3. The reaction 
was monitored at 426 nm. a, 40 yM; b , 120 yM; 
c, 200 yM, sodium dithioniate, respectively 
(typical kinetic runs).
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Figure 18. Graphical analysis of sodium dithionite reduction of Cp-c1.
Conditions are the same as in Figure 17. A. kgbs vs. [S2O4 ]. 
B. kobs vs. [S20|],5. C. kobs/ S20| vs. [S20%]%. □ , 2 pM 
Cp-c'; ■ , 4 pM Cp-c'. uicn



Figure 18. (continued)
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initial rapid reaction was observed and a very slow reaction 
followed (Figure 19). Complete reduction of the protein 
under these conditions took between 3-5 hours. Further 
study on these reactions were not conducted due to their 
complexity and slow rates.

Figures 20 and 21 present semilog plots of AA 
versus time for the reaction of reduced Cp-c' with oxygen 
and ferricyanide, respectively. The reaction of Cp-c’ 
with oxygen is. autocatalytic with an initial slow phase 
of the reaction which is independent of oxygen concentra
tion while the major portion of this reaction is dependent 
on oxygen concentration, Although the reaction of Cp-c' 
with ferricyanide is also complex, it is different in form 
from the reaction with oxygen in that the rate of oxidation 
is independent of ferricyanide concentration and is linear 
(semi-log plot) over the entire course of the reaction. 
However, the amount of protein (i.e., AA at t = 0) which 
reacts with ferricyanide is dependent on the ferricyanide 
concentration and decreases with decreasing concentration. 
When the rate of ferricyanide oxidation is measured using 
dithionite as the cytochrome reductant, the reaction was 
found to occur within the mixing time of the stopped flow. 
Thus, it is clear that the oxidation of reduced cytochrome 
c' is dependent on the means used to obtain the reduced
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Figure 19. Reduction of Cp-c' by sodium ascorbate.
Heme concentration was 2 yM in 10 mM potassium 
phosphate, pH 6.3. s , 2 mM sodium ascorbate, 
B, .2 mM sodium ascorbate. The reaction was 
monitored at 424 nm.
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400TIME (sec )

Figure 20. Oxidation of Cp-c' by molecular oxygen.
Heme concentration was 4 yM in 10 mM po
tassium phosphate buffer, pH 6.3. The reaction 
was monitored at 426 nm. ■ , 1.34 x 10“  ̂M 
oxygen; □ , 2.23 x 10“  ̂M oxygen.
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T I ME (sec)
potassium ferricyanideOxidation

Heme concentration was 4 yM in 10 mM potassium 
phosphate, pH 6.3. The reaction was monitored 
at 426 nm. Ferricyanide concentration: a,
400 yM; b , 320 yM; c, 260 yM; d, 160 yM.



protein. The results, of the oxidation experiments will 
be discussed in more detail in the following section.



CHAPTER 4

DISCUSSION

In discussing the properties of Rps. capsulata 
cytochrome c_% it is important to establish the degree, of 
purity of the protein. The cytochrome cj_ used in this study 
has a P/S ^atio of 0.30 suggesting a more pure
sample than reported previously (0.38* Bartsch* 1968). 
Studies on polyacrylamide gels revealed two.heme containing 
bands, in agreement with the isoelectric focusing results. 
Thus the Cp-c1 used in this work contained no detectable 
colorless contaminants. The sample * however, consisted 
of two forms of cytochrome c_L (isocytochromes) , the major 
species (pi 4.65) representing 93% of the total cytochrome 
present. The major component of cytochrome cj_ was focused 
in the oxidized state with an isoelectric point of 4.65, 
in good agreement with the previously reported value of 4.7 
(Kamen et al., 1971). The reduced form of cytochrome c\ 
also appeared during the process of focusing, but rapidly 
autooxidized when removed from the electric field. The 
reduced form had an isoelectric point of 4.55, consistent 
with the net decrease in the formal charge on the heme from 
plus one to zero for the oxidized and reduced species. The
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minor component (7 % of the total cytochrome present) was 
always focused in the reduced, form, but autooxidized when 
eluted from the gel. This species theoretically could be 
a result of deamidation of asparagine or glutamine. How
ever, it was found that deamidation of the pi 4.65 species 
could not be induced by incubation of the protein at pH 
2, or 12 at 40°C. Isoelectric focusing of R. rubrum cyto
chrome c_L (Sletten and Kamen, 1968) revealed eight dif^ 
ferent species, the major component consisting of 78%
(pi 5.5) of the total cytochrome present, with fractions 
having isoelectric points ranging from 4.3 to 6.6.

The amino acid composition of the isocytochromes 
revealed no major differences between the pi 4.65 component 
and the original sample. However, the amino acid composi
tion of the minor component establishes distinct dif
ferences in composition consistent with an increase in the 
overall negative charge of this component. The difference 
in composition of the pH factions 4.35 and 4.65 suggest, 
that they are synthesized independently to the bacterial 
cell, thus under separate genetic expression.

The molecular weight of Cp-c' determined by SDS 
was found to be 12,300 + 1000 daltons per heme, or 24,600 
± 2000 daltons per dimer. This value is in good agreement 
with the molecular weight determined by amino acid composi
tion in this study and. with the molecular weight determined
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by sedimentation equilibrium (Cusanovich, 1971). The 
molecular weights determined by SDS electrophoresis and 
ultracentrifugation are low compared to the computed values 
based on amino acid composition reported by Kamen et al. 
(1971)* Table 7 presents a summary of the molecular 
weights of Cp-c*« Based on the similarity of the molecular 
weights determined by amino acid composition and SDS 
electrophoresis reported here and sedimentation equilibrium 
Centrifugation (Cusanovich, 1971) reported previously, it 
is concluded that the report of Kamen et al. (1971) is in 
error.

A comparison of the amino acid composition of Cp-c' 
and other examples of cytochrome c_l are given in Table 8.
A characteristic feature of cytochrome c_*_ is high content 
of alanine. This unusually high amount of alanine is 
suggestive of a considerable amount of helical structure, 
which was observed in the CD spectrum of Cp-c' in this 
study and previously reported for R. rubrum and Rps. 
palustris cytochrome c_L (Imai et al., 1969b) . The amino 
acid composition of Cp-c' although generally similar to 
other examples of cytochrome c8 shows distinct differences.

Absorption Speptra
Analysis of the absorption bands in heme proteins 

can reveal much about the environment of the heme, the
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Table 7. Molecular weight of Rps. capsulata cytochrome c' 

determined by various methods„

Method
No, of
Residues/Heme Molecular Weight

Amino Acid Composition 12 9 a 13,860a

Amino Acid Composition 115-116b 12,000 ± 100b

Ultracentrifuge . —— — 22,200 ± 2000C

SDS — — — 12,300 ± 2000b

a, Kamen et al,, 1971,
b» This study,
G, Cusanovich, 1971,



Table 8. Amino acid. composition of various cytochromesi c' per heme.

Amino Rps. R” a d Alcaligenes —* d Rsp.
Acid capsulata rubrum" Chromatium |£7b molishianium palustris

Lys 12 15 8-9 13 12-13 18
His 2 2 1 2 1-2 1
Arg 3 1 4 5 4-5 2
Asp+Asn 12 9 11-12 12 11 15
Thr 6 8 6 4 7 7
Ser 4 7 3-4 7 5-6 5
Glu+Gln 10 12 17 12 15-16 10
Pro 4 4 3 6 . 7-8 4
Gly 12 7 14 9 10-11 8
Ala 24 30 23-24 24 22-23 25
Cys 2 2 2-3 2 2 2
Val 4-5 4 10 7 6-7 4
Met 3 2 3-4 2 3—4 2
lieu 3 7 5 3 3 — 4 6
Leu . 7 8 4 8 12 10Tyr 2 3 4 2 1-2 0
Phe 4 4 5 6 4-5 5
Trp 1 1 1 . . 2 2 1

a. Meyer et al», 1975.
b. Ambler,1973.
e. CusanoviGh, personal communication, 
d. Kamen et al., 1971.
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nature of the spin state and within limits the identity of 
the axial ligands. The absorption bands for heme proteins 
in the visible region can be grouped into three major 
categories based on their origins, that is, the Soret, a 
and 3 bands and charge transfer bands. Briefly, the charge 
transfer bands (600 to 650 nm) are associated with an 
electronic excitation in which an electron is partially 
or completely transferred from the vicinity of an atom or 
group of atoms to another such group. The extinction 
of these bands is larger for high spin heme proteins and 
very low or zero in low spin heme proteins. The Soret bands 
(400-450 nm) represent the excitation of delocalized elec
trons in the u orbitals of the porphyrin ring to unoccupied 
levels of similar angular momentum (t-ir* transitions) . The 
absorption in the a region (550-604 nm) and 3 region (520- 
546 nm) in the ferro-form arise from similar excitations 
to levels of different angular momentum and are weaker 
than the Soret absorbance since these transitions are nearly 
forbidden.

The absorption bands of ferri Cp-c* are in good 
agreement with the absorption maxima for high spin heme- 
proteins . In particular, Cp-c' has a characteristic hematin 
or charge transfer band at 633 nm which disappears upon 
reduction. The Soret band of ferro Cp-c* is complex and 
displays a persistent shoulder approximately 10 nm on the
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long wavelength aide of the maximum absorbance of 424 ran. 
This is a unique characteristic of the cytochrome cj_ class 
and presently cannot be explained. The alpha component of 
the reduced form is diffuse and appears to consist of at 
least two transitions, with a maximum absorbance at 548 nm 
and a shoulder at approximately 560 nm. The absence of the 
6 band in the usual region (520-525 nm) is typical of cyto
chromes cj_. Overall, the spectra of Cp—c* at neutral pH 
resembles myoglobin more than cytochrome c, however, the 
Soret band of both the ferri and ferro Cp-c* are broader 
than those of myoglobin and shifted towards shorter wave
lengths, indicating that the same transitions are involved, 
but in Cp-c * they are less degenerate, and that Cp-c’ 
has somewhat more low spin character than myoglobin. Thus, 
the visible spectrum of Cp-c* suggests a mixture of both 
high and low spin states. This mixture can be readily seen 
by comparison of the reduced forms of HHC, Mb and Cp-c* 
(Figure 22A). The shoulder of ferro Cp-c* in the Soret. 
region correlates well with the absorption maximum of 
myoglobin. In the a region, the maxima of Cp-c* is about 
the same wavelength maxima as the a peak of HHC, but the 
absence of a 6 peak .and wide absorbance of Cp-c * clearly 
is closer to myoglobin than HHC. In ferri Cp-c* the Soret 
maximum is at much shorter wavelengths than either HHC 
or myoglobin. This blue shift of ferri Cp̂ -c* relative to
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Figure 22. Absorption spectrum of various heme proteins.
а. Ferri form. b . Ferro form. Heme concentrations were 9.2 yM,
б. 8 yM, 1.23 yM, horse heart cytochrome c, sperm whale myoglobin
(-- ) and Cp-c* (--- ) in .01 M potassium phosphate buffer, pH 7.

H



4 5 0W AV EL E NGT H (nm)
Figure 22. (continued)
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myoglobin (Figure 22B), may be due to the effect of the 
saturation of vinyl side chains of the heme of Cp-c’ by the 
thioether linkages to the peptide chain (Falk, 1964), 
Although spectra analysis of Cp-c' suggests a high and low 
spin equilibria at neutral pH, recent studies using EPR 
and MCD on a variety of cytochromes c_[_ support an admixture 
of high spin and intermediate spin states or an unusual 
high spin state (Maltempo, 1976; Rawlings et al«, 1977).

Both ferri and ferro forms of Cp-c' displayed 
reversible transitions from high to low spin as the pH 
was increased. Ferri Cp-c' was found to undergo two transi
tions in the pH range 4.5 to 13. The pH 7, 10, and 13 
forms of ferri Cp-c' are analogous to Type I, Type II, 
and Type III spectral forms reported by Imai et al= (1969a). 
Table 9 presents the pK values for the spectral transitions 
of Cp-c' and a variety of cytochromes, c' for comparison.

Type I spectra (low pH) of ferri Cp-c' with major 
bands at 633 nm and 496 nm indicative of high spin bands 
and a shoulder at 530 nm to 540 nm, characteristic of low 
spin bands, suggest a high spin low. spin equilibrium at 
room temperature as discussed, in the previous section. 
Magnetic susceptibilities of Cp-c' also indicate a high- 
low spin equilibrium at low -pH (Ehrenberg and Kamen, 1965) . 
As the pH is raised through the first spectral transition 
(pK 8.3) to the Type II form, the 496 nm band decreases in
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Table 9. pK values for pH induced spectral changes for 

cytochrome c 1.

Source Oxidized 
P*! PK2

Reduced
pK1

R. rubruma 8.2 11.9 12.0

bRps. palustric 00 13.0-14.0 13.0-14.0

Alcaligenes Sp.C 7.1 2 N NaOH 2 N NaOH

Chromatium vinosum^ 9.1 10.8 H O 00

Rps. capsulata6 CO w 12.9f 12.9f

a. Horio and Kamen, 1961.
b. Imai et al., 1969a.
c. Cusanovich et al.f 1970.
d. Miller, 1973.
e. This work.
f. Estimated
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intensity and the 530^-540 nm band region increases in in
tensity. The Soret maxima shifts from 398 nm to 408 nm on 
raising the pH from 7 to 10. These observations are con
sistent with titration of an out-of-plane ligand to the 
heme from a water molecule to an hydroxide and a concurrent 
decrease in high spin character analogous to myoglobin. 
However, the Cp-c" band at 633 nm, rather than bleaching 
as in myoglobin, increases and shifts slightly to longer 
wavelengths. Similar observations have been made with 
R. rubrum cytochrome c_% Chromatium vinosum cytochrome c1, 
and Pseudomonas dentrificans cytochrome cj_ where the in
crease in the 633 region was attributed to an ionization 
of one of the axial heme ligands (Horio and Kamen, 1961; 
Cusanovich, unpublished observations; Cusanovich et al.,
1970; Kamen et al., 1973). The second transition at pH 
12.9 to the Type III form corresponds to a replacement of 
the sixth ligand by a strong field ligand.. The nature of 
this ligand is unknown, but possible candidates for this 
replacement include the e-amino group of a lysine, arginine 
or an a-amino group.

Ferro Cp-c * has only one transition in the alkaline 
pH region with a pK of 12.9. The pH 7 and 13 forms of ferro 
Cp-c' are analogous to Type a and Type n spectral forms 
reported by Imai et al. (1969a). Both Type III and Type n 
spectra are similar to normal c-type cytochromes indicating 
a transition to a low spin form.
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Titrations of the Soret absorbance of ferri and. 

ferro Cp-c1 yielded a nonintegral value for the slope (1.8 
and 2.4, respectively) for the high pH transition, sug
gesting that a complex process is occurring. A slope of 
1.0 for the first spectral transition is consistent with 
a simple heme ligand ionization in this region. Kinetic 
studies on.ligand binding by cytochrome c_L at high pH, 
show complex behavior, which has been interpreted as due 
to multiple molecular forms being present and may provide 
an explanation for the. nonintegral slopes observed in this 
region (Cusanovich and Gibson, 1973). The pH titrations 
on Chromatium vinosum Cytochrome c_L (Miller, 1973) yielded 
nonintegral values of the slope for the alkaline transition 
(0.3) i The dissociation of dimeric cytochrome cj_ at high 
pH has been reported (Kamen et al., 1973; Cusanovich, 1971) 
offering a further explanation of the observed complexity. 
Table 10 presents wavelength maxima and millimolar extinc
tion coefficients in the Soret region for Cp-c' at pH 7 
and 13, and typical low and high spin heme proteins.

It is interesting to note here, that high concen
trations of salt effect the pH induced spectral conversion. 
Imai et al. (1969a) reported that high salt (2M) completely 
inhibits, the spectral transition from Type II to III and 
Type a to Type n, however, the first transition (Type I to 
Type II) was not effected.
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Table 10. Wavelength, maxima and millimolar extinction

coefficients for various heme proteins in the 
Soret region.

Cytochrome pH Oxidized Reduced
X EmM X EmM

Rps. capsulata
cytochrome c* 7 398 000000 424 100.9

13 408 127 417 151

Myoglobin^* 7 409 170 434 120

Horseheart ,
cytochrome c 7 410 106 416 129

a. This work.
b. Miller, 1973.
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The absorption spectra of Cp-c * in the UV region 

also changed as the pH was increased between 7 to 13.
Ferro Cp-c' at pH 7 has. an absorption maxima at 276 nm 
which can be attributed to the aromatic residues tryptophan 
and tyrosine known to be present. As the pH is increased 
the maxima decreases, in intensity with a shift to longer 
wavelength (280 nm to 288 nm) with the latter peak dominating 
at pH 13, consistent with an ionization of a tyrosine resi
due.

In summary, Rps. capsulata cytochrome c * manifests 
the spectral properties characteristic of the cytochrome 
c1 class. This includes Type I, II and III and Type a 
and n spectra, a split Soret in the reduced form at neutral 
pH, and an increase in extinction at approximately 630 nm 
at pH 10. However, as can be seen from the data presented, 
Rps. capsulata cytochrome cj_ has spectral properties dis
tinct from other examples of cytochrome cj_ further extending 
the diversity of this class of proteins.

By studying the effect of organic solvents on 
macromolecules., a better understanding may be obtained 
concerning the role of various stabilizing and destabilizing 
forces, which are responsible for the unique folded struc
ture of the. protein in solution. The relative importance 
of these forces (hydrophobic, hydrogen, and ionic bonds) 
can be measured in terms of percent (by volume), of organic
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solvents needed to perturb the system, which reflects the 
hydrophobic character of the perturbant, the structure of 
the solvent, and ability to solubilize hydrophobic amino 
acid side chains. Generally, the ability of the solvent 
to promote protein denaturation (exposure of the inside of 
the native structure) parallels its hydrophobicity.

The solvents used in this study were chosen on the 
basis of previous reports on cytochrome c_[_ (Miller, 1973; 
Imai et al., 1969a; Cusanovich et al., 1970), and provide 
additional data for comparison purposes of. the effectiveness 
of a.particular solvent in promoting spectral changes in 
Cp-c *.

Treatment of ferri Cp-c' with ethanol, propanol, 
dioxane, and dimethylformamide, at pH 7, caused the direct 
conversion from Type I (high spin) to Type III (low spin) 
without formation of Type II (intermediate) spectrum. These 
results suggest that the ionization of one of the axial 
ligands (HgO) is not essential for conversion of Type I to 
Type III and that Type III spectrum results from the dis
ruption of the unique hydrophobic environment about the 
heme by these, solvents. The degree and type of effect 
produced by perturbing solvents varies among the different 
cytochromes cj_ studied. Treatment of Chromatium vinosum 
ferricytochrome ĉ _ by similar solvents showed no change in 
the position of the Soret bands, although an increase in
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extinction was observed (Miller, 1973). Thus, in this 
case, the organic solvents did not appear to induce a con
version to a low spin ferri Chromatium cytochrome cj_. A 
similar increase in extinction without a wavelength change 
was observed for ferri horse heart cytochrome c, which was 
followed by a decrease in extinction at higher concentra
tions of perturbants (Kaminsky and Davidson, 1963; Hersko- 
vits, Jaillet and Gadegbeku, 1970)- In contrast, an in
crease in organic solvent concentration produced a decrease 
in the Soret absorbance Of myoglobin (Herskovits 
et al., 1970). Kaminsky and Davidson (1963) interpreted
the differences in solvent behavior of horse heart cyto
chrome £ and myoglobin to differences in accessibility of 
the heme in the two molecules. They proposed that an 
increase in the Soret absorbance of cytochrome c parallels 
the increase in accessibility, of the heme, which is caused 
by addition of organic solvents. The heme is then more 
exposed to more aqueous solvents as compared to the origi
nal hydrophobic pocket. At higher concentrations of 
organic solvent, the exposed heme becomes less aqueous 
and more hydrophobic which causes a decrease in absorbance. 
In myoglobin, the decrease in Soret absorbance is due to 
the increase in the hydrophobic environment of the heme, 
as the heme is already accessible to solvent, and any 
addition of organic solvent increases the hydrophobic



environment. The behavior of cytochrome c_ and solvent 
pattern of myoglobin may offer an explanation for the 
anomalous, behavior in the Soret region of Cp-c8 at high 
concentrations of solvents.

A conversion to low spin (Type III) spectrum by 
organic solvents at pH 7 was reported for R. rubrum ferri- 
cytochrome Cy_ and Bps. palustris cytochrome. cj_ (Imai et al 
1969a). Presently, it is difficult to establish a pattern 
for the solvent behavior of cytochromes c_L end more in
formation concerning solvent effects must be obtained. In 
very general terms, the solvent effects on ferri Cp-c, can 
be related to the hydrophobicity of the solvent? the more 
hydrophobic the solvent the less solvent required for 
perturbation„ Table 11 compares V* (amount of solvent 
[V/Vj necessary to produce one half the maximum spectral 
change) of various heme proteins, Overall higher amounts 
of solvents are necessary to produce spectral changes in 
ferri Cp-c1 than for Chromatium vinosum cytochrome c *, 
horse heart cytochrome c, or myoglobin suggesting that the 
heme crevice of ferri Cp-c' has a slightly more closed 
structure. The differences in solvent effects among the 
cytochromes c8 as a class may reflect subtle differences 
in the hydrophobic environment about the heme, steric 
factors which determine the accessibility of the heme, 
and nature of the forces controlling the stability of the 
protein.



Table 11. Effect of organic solvents on various heme proteins.

Va

Solvent
R. capsulata ^ 
Cytochrome c9

Chromatium 
Cytochrome c9

Horse Heart ^ 
Cytochrome c

Sperm Whale 
Myoglobin6

Ethanol 45 40 14 31
n-Propanol 27 23 20 15
Dioxane 46 33 29 ND
Dimethylformamide 50 ND 40 60

a. V represents the amount of solvent (% V/V) necessary to produce 
one half the observed spectral change.

b. This study.
c. Miller, 1973.
d. Kaminsky and Davison, 1963.
e. Herskovits et al., 1970.
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Solvent perturbation of ferro Cp-c’- displayed com

plex behavior in that a transient Type n spectra was ob
served immediately, followed by a gradual conversion to an 
unstable incomplete low spin form readily susceptible to 
oxidation, A similar pattern was observed with n-propanol 
under anaerobic conditions in that the transient high spin 
form was present (peak at 417 nm) followed by a gradual 
conversion to an incomplete low spin state (decrease in 
intensity at 417 nm with a shoulder at 434 nm), It is 
interesting to note here, the time dependency of the Cp-c' 
response to perturbing solvents, in that the conversion to 
Type III was not immediate but stable, whereas the con
version to Type 11 was immediate but transitory, Ferro 
Cp-c' is similar to ferro Chromatium vinosurn cytochrome cj_ 
in that conversion to the low spin form was incomplete 
but different in that no transient high spin state was 
observed (Miller., 1973) . Imai et al. (1969a) reported a 
stable Type n spectra for reduced R. rubrum cytochrome c' 
and Rps, palustris cytochrome c"> with higher concentrations 
of solvents being necessary to perturb both ferri and ferro 
Rsp, palustris cytochrome c1, In general, the reduced 
form of Cp-c' required a slightly higher amount of organic 
solvent to produce the appearance of the transient species 
(Type n) spectra as compared to the oxidized form which is 
consistent with the results reported for other Cytochromes
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c1 (Miller, 1973? Imai et al., 1969a), These results sug
gest that the heme in the ferro form of cytochromes cj_ is 
less solvent accessible than in the ferri form. Higher 
concentrations are also required to produce spectral changes 
in ferro horse heart cytochrome £ as compared to the ferri 
form (Kaminsky, Yong, and King, 1972)» Further, enhance
ment of the rate of autooxidation of ferro cytochrome c by 
organic solvents have been observed (Kaminsky, Wright and 
Davison, 1971)» These results suggest that the Conforma
tional changes produced by perturbing solvents render the 
heme more accessible to oxygen and that the ferro form of 
cytochrome c^ and cytochrome c possess a more rigid en
vironment in the vicinity, of the heme crevice. Further, 
the differences observed among the various cytochrome c_|_, • 
in regard to perturbation by organic solvents, may reflect 
differences in the nature of the forces controlling the 
three dimensional structure.

Some CD studies have been performed on the solvent 
perturbed cytochromes c2_ in their relation to changes in 
the secondary and tertiary structure (Miller, 1973? Imai 
et al., 196.9b) . No change in the CD spectrum of R. rubrum 
cytochrome cl was. reported in the far ultraviolet region 
at concentrations of n-propanol which cause conversion to 
Type III spectra (Imai et al., 1969b). Thus the backbone 
structure of R. rubrum cytochrome cj_ was not affected by
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Type III conversion. A. general decrease in ellipticity 
was observed in the far ultraviolet region of the CD 
spectrum of Chromatium vinosum cytochrome cj_ in the range 
between 5 to 50% n-propanol and interpreted as disruptions 
in the tertiary structure at concentrations which produce 
Type III spectra (Miller, 1973). Again, these results 
indicate differences in the hydrophobic environment of 
cytochromes cj_ as a class.

Sucrose and sodium chloride at pH 7 produced ho 
spectral changes in Cp-c’• up to 60% and 2 M, respectively. 
Comparable studies on R. rubrum cytochrome c_[_ indicate 
no spectra change of Type I or. Type a spectra by 2 M KCl 
or 25% glycerol (Imai et al., 1969a), One study on the 
effect of sucrose on horse heart cytochrome c has been 
reported (Stellwagen, 1967). The conclusion from this 
study is that a portion of the heme moiety of horse heart 
cytochrome c is exposed to the solvent and that the ferro 
cytochrome c retains a more rigid structure than the ferri 
form (Stellwagen, 1967). Neither Cp-c' or cytochrome c 
(Cusanovich, personal communication) are spectrally affected 
by high salt concentration at. pH 7. These results may 
suggest that ionic species.are unable to penetrate to the 
heme, thereby causing no spectral change and further support 
the view that the heme in Cp-c' is buried within the protein 
in a hydrophobic pocket, which is also consistent with
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ligand binding studies on cytochromes c' by Cusanovich 
and Gibson (1973).

In summary, the organic solvents used in this study 
induced the conversion from Type I to Type III without 
appearance of Type II spectra for ferri Cp-ce, although 
the observed conversion occurred slowly. The conversion 
of Type a to Type n spectra induced by these organic 
solvents for ferro. Cp-c1 was complex. An immediate con
version to Type n was observed at concentrations necessary 
to produce Type III spectra for the oxidized protein. 
However, since this conversion was transient, it appears 
that generally a greater, amount of solvent is necessary 
to produce a permanent transition in the ferro Cp-c'.

Therefore, Cp-c', in comparison to other cytochromes 
c1, appears to be more resistent to solvent induced changes 
and implies that Cp-c' has differences in the native struc
ture of the hydrophobic environment surrounding its heme.

Circular Djchrpism Studies
Circular dichroism is a technique which in prin

ciple can provide, information on the conformation of macro- 
molecules. Circular dichroism measures the differential 
absorption of right and left circularly polarized light of 
an optically active chromophore. In heme proteins the 
major sources of optically active transitions are the 
induced asymmetries in the heme group, the aromatic side
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chains and the peptide backbone = The principle advantage 
of CD lies in its ability to resolve bands due to different 
optically active transitions, sometimes masked in the ab
sorbance spectrum,. A complication which arises frequently 
in the interpretation of CD data of proteins is that the 
peptide bond exists in many conformations depending on its 
location in the protein, thus the spectra is an average 
of various conformational parameters. However, CD used in 
conjunction with the absorption spectra can yield empirical 
information about the nature of the environment of the 
Chromophore, and the secondary structure of the protein.

The CD spectra of Cp-c* was investigated, at pH 6,3 
and 10.3 representing two stable forms of the cytochrome 
(i.e,, two pH units above and below the first pH spectral 
transition). The two forms were investigated to establish 
whether conformational changes were associated with the 
conversion of Type I to Type II or occurred upon oxidation 
and reduction.

In the wavelength region between 650 nm and 450 nm, 
the CD spectrum consists of both charge transfer bands and 
a and 6 bands due to weaker tt- tt*  transitions of the heme 
and represent heme—ligand, interactions (Vinogradov and 
Zand, 1968), At pH 6,3, ferri Cp-c' has a maximum 
ellipticity at 625 nm which correlates well with the ab
sorption spectra, and reflects the high spin nature of
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Cp-c*. However, the CD spectra shows a dominant peak at 
530 nm with a shoulder in the 490 ran region, in contrast 
to the maxima at 496 nm in the absorbance spectrum. The 
530 nm band would suggest considerable low spin character 
of Cp-c8 at pH 6.3, whereas the absorption spectra with 
maxima at both 496 nm and 635 nm indicate high spin char
acter. Further,. the quantum mechanical spin state proposed 
by Maltempo et al.(1974) (low temperature EPR.studies) 
would argue that no low spin component is present at low 
pH. At pH 10.3, the CD spectrum of ferri Cp-c' shows an 
increase in ellipticity and peak at both 635 nm and 535 
nm. The increase and slight red shift of the 635 nm peak 
at pH 10.3 is. also seen in the absorption spectra of Cp-c' 
and other cytochromes c_|_ (Horio and Kamen, 1961; Cusanovich 
et al., 1970). The increase in 633-635 nm peak and con- 
commit ant decrease to 480 nm in the CD is consistent with 
a decrease in high spin character, analogous to the visible 
spectrum. Ferro Cp-c' at both pH 6,3 and 10.3 have nearly 
identical spectra with the 633 peak bleached and a maximum 
at 560 nm with a shoulder at 610 rim. These characteristics, 
are similar to deoxymyoblobin (Sugita, Nagai and Yonegama, 
1971).

The Soret and delta bands of ferri and fefro Cp-c' 
at pH 6.3 can be identified, as positive and negative, 
respectively. The Soret ellipticities of ferri and ferro
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consist of single positive peaks at 405 and 422 nm re
spectively. The ferri CD spectrum of Cp-c* is quite 
similar to deoxymyoblobin (Sugita et al„, 1971) whereas 
the Soret spectrum in ferri horse heart cytochrome c 
consists of positive and negative transition (Myer, 1968). 
The ellipticity of. cytochrome c_[_ is very large compared 
to other heme proteins (Urry, 1967; Myer, 1968) and suggest 
a very large assymmetry in the vicinity of the heme, per
haps due to the interaction between aromatic amino acid 
side chains and the heme (Hsu and Woody, 1971). At pH 
10.3, the 405.peak was red shifted and increased in in
tensity while the ferro Cp-c1 spectrum remained unchanged. 
The delta bands in the regions 300 nm to 350 nm of both 
ferri and ferro Cp-c' reflect heme transitions. These 
bands, are both sensitive to valence state and pH, however, 
interpretations of these changes are not yet available. 
Similar results have been reported for R. rubrum cytochrome 
c1 , Rps. palustris cytochrome c_[_ (Imai et al«, 1969b)
(see Table 12).

The CD spectrum in the aromatic region (300-250 
nm) is complex, in that it reflects not only the aromatic 
amino acid side chains, but also the environment of the 
heme chromophore (Urry, 1967; Flatmark and Robinson,
1968). Ferri and ferro Cp-c' have very small negative
and positive ellipticities respectively in the region 270 nm
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Table 12. Circular dichroism of cytochrome c *.

Oxidized Reduced
Cytochrome c' Xnm [«mxl0'4 ^nm [e]mxio"4

R. rubruma 407 14 ■ 430-435 19
pH 7

330 -7.5 312 -10
-222d -2.5

Rps. palustrisa 408 12 427-435 12.5
pH 7

336 -12 310 -9
222d -2.5

Chromatium
vinosum-b

403 14 425 +16
pH 7 330. in1 310 -4

222d -2.7

Cp-c1C 405 o 1—1 422 12.5
pH 6.3

331 -6.5 308 -5.4
222° -2.6

a. Imai et al., 1969b.
b. Miller, 1973.
c. This study.
a. [6Jr
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to 260 nm. The. ferri maxima at 270 nm shifted to 263 nm 
when reduced at both pH 6=3 and 10=3= In this region, the 
histidine-iron ligand, and tyrosine residues are known to 
absorb (Flatmark and Robinson, 1968). However, the spectra 
in this region is difficult to resolve due to the small 
changes observed.

The CD spectrum of Cp-c' in the region between 
200 nm and 250 nm is characteristic of peptide bond transi
tions. The major bands of both ferri and ferro Cp-c' are 
located at 220 and 207 nm. Numerous studies have been 
made on synthetic polypeptides and proteins which have cal
culated structural data.with marker bands for secondary 
structure in the far UV region (Vinogradov and Zand, 1968? 
Townsend et al., 1966; Beychok and Fasman, 1964). These 
studies report that the most prominent bands for a helical 
and 6 pleated sheet and random coil are +190, -207; -221, 
+195, -217; and -235, -217, +202, +197 nm, respectively. 
Using the criteria of Imai et al. (1969b), (values of [6] 
at 222 nm Of helical and random coils of poly-L-lysine and 
poly-L-glutamate as reference), and assuming no contribu
tion of heme chromophore to this band, the percent alpha 
helix in Cp-c' was calculated to be 67%. This value agrees 
well with, the helical content calculated for R. rubrum 
cytochrome c_L of 63%. However, using the same parameters 
for horse heart cytochrome c, and myoglobin, the alpha



helical content was determined to be 24% and 73%, respec
tively, which are different from those as determined from 
crystallographic data of 34% and 64%. Due to the CD band 
at 220 nm (indicative of beta pleated sheet) and high con
tent of alanine and lysine, the secondary structure of 
Cp-c* may be a mixture of both alpha helical and beta 
pleated sheet with a larger portion of alpha helix.

In summary, the region of the Soret absorption of 
ferri Cp-c* yields CD spectra which are similar to myo
globin, but broader. The markedly greater ellipticity 
observed in the UV and Soret region for Cp-c* relative to 
horse heart cytochrome c and myoglobin suggests that a 
very ordered arrangement between the aromatic residues and 
heme moiety exist allowing for considerable interaction. 
The secondary structure of Cp-c* appears to have a con
siderable alpha helical content, based on CD analysis.
The lack of change in far UV region with valence state and 
pH suggest that the conformational changes that do occur 
are in the vicinity of the heme and have no measurable 
effect on the secondary structure.

Oxidation-Reduction Properties
The oxidation-reduction potentials of Cp-c * gen^ 

erally decreased over the entire pH range studied (4 to 
9). The slope changed at pH 7 to 10 mv/pH approximately 
one half the slope for 4 to 7 pH. This slope is not
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consistent with a single ionization in the pH region 7 
to 9 and implies that the observed spectral change (pK 
8.3) is not solely responsible for the potential change 
between 7 and 9„ However, more data in the high pH region 
is needed before any quantitative interpretation can be 
made. The present lack of.oxidation-reduction data at 
high pH values results from the fact that the mediator 
(iron-oxalate) used begins to behave abnormally above pH 8 
and reversibility of the reaction above pH 8 is not good;
The decrease in oxidation-reduction potential as the ionic 
strength increases, suggests that some type of ionic per
turbation, which is spectrally undetectable, is taking 
place. This could be due to differential ion binding or a 
perturbation of the heme environment. It is interesting to 
note, that under anaerobic conditions, Cp-c*, at pH values 
above 7.5, underwent a rapid autoreduction. At the present 
time.no explanation is available for the autoreduction 
process, however, it has been noted in other examples of 
cytochrome c]_ (Cusanovich, unpublished observations). The 
magnitude of oxidation-reduction potentials are difficult 
to rationalize as many factors are involved. Some of these 
factors are: (1) the nature of the ligands bound to the
iron atom; (2) the strain, imposed by the protein on the iron 
ligand bond which can be different in the ferro and ferri 
form; (3) the nature of the immediate heme environment;
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and (4) the steric constraints imposed on the porphyrin 
ring by the protein. This complex situation is compounded 
in cytochromes cj_ due to the lack of structural data, 
ligand assignments, and unusual spin state. The interpre
tation of data obtained from plots of potential versus pH 
studies and spectrophotometric pH titrations is sometimes 
misleading. Generally both oxidation-reduction potentials 
and spectral changes can be caused by ionizations both near 

^ and remote from the heme. However, at least three types 
of protonation can be postulated in terms of oxidation- 
reduction and spectrophotometric pH titrations (Williams, 
1974) : (1) if large changes are seen in the absorption
spectra, then there is a change in protonation of an iron 
bound group(s) which is usually observed in the midpoint 
potential; (2) if small changes occur in the absorbance 
spectrum, but the midpoint potential changes greatly, then 
changes are occurring in protonation of the groups near the 
heme or in ones that affect groups near the heme; and (3) 
if no change in the spectra is seen and the midpoint po
tential alters, then changes in the groups remote from the 
heme are taking place and can be transmitted by a conforma
tional change or electrostatic alterations. Further, a 
spectral change may occur in both oxidation states, but 
will not affect the redox potential if it occurs with the 
same pK value in both oxidation states.
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Considering the above possibilities for both the 

observed spectral changes and midpoint behavior as a func
tion of pH, the following explanation is tentatively put 
forward. The first spectral change (pK 8.3) is observed 
only in the ferri form implying an ionization of the sixth 
ligand which is. presumed to be water. No spectral change 
is observed in the reduced spectra in this region since 
the sixth position is most likely, vacant. The proposed 
absence of a ligand in the reduced form is based on the 
spectral similarities, in the a regions between Cp-c' and 
myoglobin. Thus, the small change in the midpoint po
tential observed in the pH region 7 to 9 implies addi
tional ionizations are occurring in the reduced form which 
are spectrally undetectable and tend to cancel those in 
the oxidized state resulting in only a slight variation of 
the midpoint potential with pH.

These results are in contrast with those obtained 
for Pseudomonas dentrificans cytochrome cj_ in that the 
slope in the region of spectral change (pH 7 to 10) was 
close to the theoretical value (60 mV/pH) consistent with 
the ionization of an out-of-plane ligand in the oxidized 
form only (Cusanovich et al., 1970).

Kinetic Studies
The rate constant for reduction of Cp-c1 by sodium 

dithionite was found to depend only on the concentration
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of S204. This. result is different from that obtained for 
myoglobin in that the reduction was. found to depend en
tirely on the concentration of SO^ (Miller and Cusanovich, 
1974) . The rate constant for reduction by for Cp-c1
as well as for other cytochromes cj_ reported (Miller, 1973) 
(Table 13) is at least an order of magnitude faster than 
that observed of horse heart cytochrome £. In the case 
of Gp—c ' no reduction by SO^ could be detected, a result 
in sharp contrast to other cytochromes cj_ (Miller, 1973) 
and horse heart heart cytochrome c (Miller and Cusanovich, 
1974). However, the rate constant for SO^ reduction of 
the cytochrome c/_ studied by Miller (1973) varied over a 
50 fold range. Thus the apparent lack of reduction of 
Cp-c1 by SC>2 can be explained by proposing that the SO^ 
rate constant is on the order of 10^-10^ M ^sec . Under 
these conditions we would not expect to observe reduction 
by SO2 as the concentration of this reductant is very small
and Sn0T would dominate„2 4

Reduction of Cp-c1 by sodium ascorbate was found 
to be biphasic, in that an initial rapid reduction was 
observed followed by a slower phase. The reaction of Cp-c1 
with ascorbate was similar to the reaction of R. rubrum 
cytochrome cj_ in that bulk of reaction also proceeded very 
slowly (Gibson and Kamen, 1966). In addition, ascorbate 
reduction of Chromatium vinOsum cytochrome cj_ was found to



Table 13. Reduction of various heme proteins by sodium dithionite.

Source
S00. Rate

-lz ~1 -5(M sec xlO )
S0o Rate

-1  ̂-1 -7(M sec xlO )

Myoglobin9 not detectable 0.44
3dHorse heart cytochrome c .64 6.2

Alcalegenes Sp. cytochrome c1a 50 11
Rps. palustris cytochrome c1a 30 , 3.6
Rps. capsulata cytochrome c ,c 13.6 not detectable
Chromatium vinosum cytochrome c1a 7.3 190
Rps. gelatinosa9 or- 42

d.Rps. sphaerpides O 00 00

a. Miller, 1973.
b. Miller and Cusanovich, 1974.
c. This study.
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be similar to the rate of oxidation and thus corresponded 
to an approach to and departure from a steady state (Gibson 
and. Kamen, 1966), The complex and variable kinetics of 
reduction by ascorbate among the cytochromes c_|_ are not 
understood at this time. However, these results point to 
differences among the cytochromes c 1 and suggest an area 
of future study which may provide useful insight into the 
.structure and function of cytochrome c1.

The rate of oxidation of reduced cytochromes cj_ 
has, to date, been studied only in a qualitative manner 
with respect to the uncomplexed protein, as most experi
ments have performed with the carbon monoxide cytochrome c1 
complex (Gibson and Kamen, 1966). The reactions of R, 
rubrum and Chromatium vinosum cytochrome cj_ with oxygen 
are complex and depend on the nature of both the reducing 
agent, the protein source, and the concentration of oxygen 
(Gibson and Kamen, 1966). The rate of oxidation of Gp-c1 
with oxygen was observed to be autocatalytic and dependent 
on oxygen concentration. The reductant used in this work 
was a hydrogen gas, with platinum on asbestos as a catalyst 
and benzyl viologen as a mediator. The total, time for 
oxidation of Cp-c * reduced as described was on the order 
of five to ten minutes as opposed to approximately one 
minute for R. rubrum and Chromatium vinosum cytochrome c * 
when sodium dithionite was used as a reductant (Gibson and



99

KaiQen, 1966). This difference in reaction time, may suggest 
that the mediator (benzyl viologen) used in. the reaction 
of Cp-c’■ with oxygen interacts with Cp-c' in a manner which 
influences subsequent interaction between oxygen and protein.

The reaction of Cp-c' with ferricyanide when benzyl 
viologen was present is measurably different from the re
action with oxygen. Ferricyanide oxidation proceeds rela
tively slowly, but is first-order and the rate is inde
pendent of ferricyanide concentration. In addition, the 
amount of protein observed to be reacting, decreases with 
the decreasing concentrations of ferricyanide. However, . 
the reaction of Cp-c1 with ferricyanide was found to ap
proach a diffusion controlled process when the protein had 
been reduced with sodium dithionite. Thus, the fate of 
reaction between ferricyanide and Cp-c' is dependent on the 
nature of the reductant used. Ferricyanide oxidation of 
Cp-c1 is complete irrespective of the method of reduction.
As less protein is observed to react in the stopped-flow 
time scale at low concentration of ferricyanide, it ap
pears that the remaining portion of the protein is reacting 
in the dead time of the stopped flow. These observations 
suggest that benzyl viologen and ferricyanide form a con
centration dependent complex which prevents the rapid 
oxidation of Cp-c' by ferricyanide. Hence as the ferri
cyanide concentration is lowered, less of this complex is
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formed and more of th,e reaction occurs at a rapid rate 
(in the dead time of the. stopped-flow).

The kinetic studies reported here, although not 
detailed, point to the unique nature of the cytochrome cj_ 
class of heme proteins. It is clear that cytochrome cj_ 
from different sources have measurably different properties 
in terms of their kinetics of. oxidation and reduction. 
Nevertheless, none react with oxidants and reductants in 
a kinetically simple fashion suggesting that access to the 
heme and/or participation of the protein moiety in the 
electron transfer process is complex. It is interesting 
to note that a similar pattern has. been observed in regard 
to ligand binding (CO) where in all cases the kinetic 
processes observed are complex but quite different de
pending on the cytochrome c 1 source. It is anticipated 
that structural information on the cytochromes c_̂_ will 
provide a basis for extending and interpreting kinetic 
studies on this class of proteins and will clarify our 
understanding of this complex situation.



CHAPTER 5 

SUMMARY

1. Cytochrome cj_ isolated from Rhodopseudomonas 
capsulata (St. Louis strain) is a dimer with monomeric * 2 3 4 5
molecular weight of 12,300 ±. 2000 as determined by SDS 
gel electrophoresis.

2. Amino acid analysis of Cp-c' supported a monomer 
of molecular weight 12,000 ± 100, containing 115-116 amino 
acid residues of which 23% were alanine.

3. The Cp-c' isolated consisted of two isocyto
chromes. The major fraction (93%) was found to have an 
isoelectric point of 4.65. The minor fraction with an 
isoelectric point of 4.35 contained distinct differences
in composition and thus suggested a separate genetic origin.

4. The absorption spectra in the Soret and visible
regions of Cp-c * was found to be similar to myoglobin and 
typical of the cytochrome cj_ class although the bands are 
broader indicating a somewhat different heme environment 
which results in decreased degeneracy of the Cp-c * transi
tions. i

5. The effect of pH on Cp-c' was to induce con
version to a low-spin form of the molecule. Ferri Cp-c *

101
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exhibited two pK. values,' one at 8.3 which corresponded to. 
titration of a water molecule complexed to the heme and 
another at 12.9 which corresponded to a replacement of 
hydroxide with a strong field ligand. Ferro Cp-c1 exhibited 
only one pK at 12.9 which corresponded to the low spin 
transition and may also reflect formation of a multiple 
molecular species.

6. Addition of organic solvents to ferri Cp^-c1 
induced the direct conversion to a low-spin form of the 
molecule. The effect of organic solvents on ferro Cp-c1 
was complex in that a transient low-spin form was observed. 
Generally a greater amount of solvent was necessary to 
produce a permanent transition to low spin form of ferro 
Cp-c1, as compared,to ferri Cp-c1 and suggested a less 
accessible heme environment.

7. The Soret absorption of ferri Cp-c1 yielded 
CD spectra which are similar to myoblobin but broader, 
indicating differences in heme environment resulting in 
less degenerate transitions in ferri Cp-c'.

8. The markedly greater ellipticities observed in 
UV and Soret region of Cp-c’, compared to cytochrome c
or myoglobin, suggests that a very ordered arrangement 
between the aromatic residues and heme moiety exists 
allowing for considerable tt- tt* interaction.



9. Cp-c1 appears to have considerable alpha helical 
content based on CD analysis.

10. The lack of change in the far UV region with 
valence and pH suggested that the conformational changes 
that do occur are in the vicinity of the heme and have
no measurable effect on the secondary structure.

11. The midpoint potential of Cp-c1 at pH 7 is 
52 mV at ionic strength of 0.4 M. A decrease in midpoint 
potential was observed with increasing ionic strength 
which suggested either differential ion binding by the 
two redox states or an ionic strength induced perturbation 
in the heme environments.

12. The effect of pH on midpoint potential indi
cated more than one pK value in the pH region of the first 
spectral transition. The amino acid group(s) involved in 
this transition(s) is remote for the heme since it was 
spectrally undetectable.

13. Reduction of Cp-c1 by sodium dithionite is 
similar to c-type cytochromes rather than myoglobin, however 
ascorbate reduction of Cp-c1 is kinetically complex.

14. Oxidation of Cp-c’ by oxygen and ferricyanide 
appears to depend on the nature of both the oxidant and the 
reductant used to obtain ferro Cp-c1 and indicates complex 
kinetic processes.
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Cytochrome cj_ from Rsp. capsulata has. the physical- 

chemical properties characteristic of the cytochrome cj_ 
class. However, we have noted distinct differences from 
other examples of. cytochrome c/_. It is. anticipated that 
the availability of the three dimensional structure of 
Cp-c1 will provide a basis for understanding the unique 
properties of this cytochrome. Moreover, the studies, 
reported here in terms of the spectral, redox and kinetic 
properties of Cp-c* should, with structural information, 
allow us to understand in greater detail the structure- 
function relationships in other examples of cytochrome c'.
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