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ABSTRACT

The reduction of ferricytochrome 95 was investi-
gated as a function of ionic strength, specific ions and

temperature. The interaction between cytochromes b, and ¢

5
was studied to ascertain if the formation of a complex
occurred and the binding constant of such a complex between
the two cytochromes.

The reduction of cytochrome b, by sodium dithionite

5
demonstrated that~SOE was the dominant reducing species for
the conditions studied. In addition it was observed from
second order plots of the data that no long-lived complex
formed between cytochrome 25 and SOE at the experimental
conditions used. The ionic strength studies indicated that

the site of electron transfer on cytochrome b. was negative.

5

Although the net charge of cytochrome b, at these experi-

5
mental conditions was negative the "apparent" charge at the
site of electron transfer was of a lower magnitude. This
suggested a specific site and not the average charge on the
protein was involved in the reaction. Témperature experi-
ments yielded thermodynaﬁic activation pérameters which
demonstrated the reduction éf cytochrome 95 by SOE was
entropically driven suggesting a major role for electro-

static interactions in cytochrome 95 reduction.

vii



viii
The rate constants for the reduction of cytochrome
.g alone and in the presénce of cytochrome 95 by sodiﬁm
ascorbate were appreciably different. The differences in
rate constants suggested the cytochrome 95 interacted with
cytochrome ¢ and likely competes with sodium ascorbate for
the site of electron transfer on cytochrome c. Similarly
the equilibrium between cytochrome c and the iron hexa-
cyanides is altered when cytochrome 95 is present. This
results in cytochrome ¢ having an apparent midpoint poten-
tial lower than cytochrome ¢ in the absence of cytochrome
b

_5°
reasonable complex forms between the two ferricytochromés°

Analysis of this data indicates a physiologically

It cannot be unambiguously determined, however data does
suggest the complex forms in the region of the heme edges

of the respective cytochromes.



‘ INTRODUCTION

{

The goal of this work was to acquire data clarify-
ing the mechanism and site of electron transfer between
cytochromes, as presently there is a lack of understanding
as to the mechanism of biological electron'trgnsfera In
general there are three plausible mechanisms for biological
electron transport: (1) inner sphere electron transfer,

(2) outer sphere electron transfer, and (3) electron tun-
neling, Innér sphere electron transfer requires the shar-
ing of a bridging ligand in the coordination sphere of the
reactants (Cusanovich, 1978). Outer sphere electron trans-
fer requires no sharing of ligands, but the molecules are
oriented in such a manner as to permit orbital overlap.,

In molecules with heme groups this would involve the o&er-
lap of the 7 orbitals. The maximum distance allowable for
outer sphere electron transfer is approximately 3 R as
calculated from classical mechanics (Salemme, 1977).
Electron tunneling is similar to outer sphere electron
transfer except that it is a quantum mechanical phenomenon,
In gquantum mechanical tunneling, the same criteria exists
in terms of orbital overlap, but the difference is the
electron can tunnel through the potential energy barrier.
described by classical mechanics. The transfer of electrons
by quantum.mechanical tunneling can, in principle, oécur

1



over longer, but as yet to be quantitated, distances
(Marcus, 1963):°

To derive the mechanism for biological electron
transfer, the various parameters involved and the extent
of their involvement mﬁst be delineated. From the Marcus-
Hush theory (Basolo and Pearson, 1967), a formalized ver-
sion of outer sphere electron transfer, the rate of elec-
tron transfer can be .calculated as given by Equation 1

+.
pkI .- (AG*/RT)

k= E=c

(1)
where AGF is a sum of free energy of Activation involved

in electron transfer. This discussion will not delve’into
the equations to determine the various free energy terms as
they are examined extensively in articles by Marcus (1963)
and Basolo‘and Pearson (1967). The various parameters

that may be involved in the process of biological electron
transfer will be mentioned, reserving comment at this time
as to the degree of invoivement of any one parameter. The
possible variables in protein-protein interactions leadiné
to electron transfer are: electrostatic interaction (repul-
sion and attraction), steric restrictions, nonpolar inter-
actions, solveht rearrangement of the inner coordination
shells and differences in oxidation-reduction potential.

It is assumed that delineating the involvement in biological



electron transfer of these parameters, the rate of electron

transfer could be.calculated thus demonstrating'an under-
stahding of the ﬁechanism of electron transfer.

A number of different approaches are being used to
ascertain the variables in the mechanism of electron trans-
fer and the specific site of eleétron transfer. In general

the approaches involve the use of nonphysiological, physi-

3

14

ological, and biological oxidants and reductants. The ideal

approach would be to determine the mechanism of electron
transfer by cytochrome ¢ with its physiological oxidant
(cytochrome ¢ oxidase) and reductant (cytochrome c¢c reduc-
tase) . However, this approach has had 1imited success

in yielding a quantitétive mec_:hanism° A myriad of techni-
cal problems have arisen as the physiological reactants
are not water soluble. Further, due to an absence of
‘structural information for the physiological oxidant and
reductant, there are serious difficulties in interpreting'
the data obtained.

Studies with nonphysiological reac%ants have
included the use of the iron hexacyanides, cobalt phenan-
throline, iron EDTA, etc., to ascertain mechanisms of elec-
tron transfer by c¢ type cytochromes. The data obtained to
date has been interpreted to yield a rélatively simple
mechanism of electron transfer and coupled with ionic

strength studies have pointed to an apparent specific site



for electron transfer on cytochrome c. The interpretétibn
of thesé studies is limited as the reactants are consider?
ably smaller than the physiological ones and the rate con-
stants freqﬁently slower than those obtained with physio-
logical reactants.

The use of biological oxidants and reductants is
another approach that can be applied to delineate the
mechanism and site of electron transfer on cytochrome c.
The advantage of gsing a biological reactant is that bne
can circumvent some of the problems and limitations of the
other two methods (physiological and nonphysiological).

In using the biological oxidants and reductants, one can
use a much more eclectic approach, that is, a protein can
be chosen which is water soluble with a known structure,
vet with a siée and rate constant for electron transfer
éomparable with the physiological situation.

| The biological reactant which has been chosén for
this study is microsomal cytochrome b. from calf liver.

The structure of cytochrome b, is known to 2.0 A as deter-

5
mined by Argos and Mathews (1975). Preliminary kinetic

studies by Strittmatter (1964) have shown that the second-

order rate for reduction of cytochrome ¢ by cytochrome 95 is

7yl s—l which is comparable with physiological

4.7 x 10"
rate constants. Further, Salemme (1976) has proposed a
hypothetical complex between cytochrome ¢ and cytochrome

bs.



Computer analysis of the coordinates of cytochromes ¢ and
gs, specifically the éharged groups around the heme crevice,
were calculated to determine the quality of a complementary
fit. The data obtained showed four principle complementary
charée interactions involving lysines 13, 27, 72 and 79 on
'cytéchrome ¢ and glutamate 44, aspartate 48, aspartate 60,
and the heme propionate of cytochrome bg. The computer
analysis showed that the éharge interaction fit the dihedral
angle for the two heme groups at approximately 15 degrees
with distance of 8.4 A between the heterocyclic 7 bonds of
the heme groups. The absence of informétion concerning the
extent of delocalization of heme group 7 orbitals made it
difficult to suggest whether the méchanism of electron
transferjis classical outer sphere or short-range tunneling.
However, structural and physical chemical studies on cyto-
chrome ¢ and cytochrome by now available provide sufficient
information to design specific experiments to determine

the possible mechamisms and site of electron transfer.

‘Horse Heart Cytochrome ¢

Mammalian cytochrome c is a component of the mito-
chondrial electron transport system. ’Its primary biolog-
ical function is to transfer electrons between cytochrome
¢ reductase (cytochromes 9fgl) and cytochrome oxidase
(cytochromes a;-a3). The cytochromes ¢ oxidase and reduc-

tase, when coupled with ATPase, are responsible for the



conservation of energy as adenosine triphosphate. Cyto-
chrome ¢ is water soluble and easily isolated, in contrast
to its physiological oxidase and reductase, which each con-
tain several subunits and are lipid soluble. Due to the
solubility and availability of cytochrome c, it has been
the subject of extensive structural and chemical studies
designed to determine its mechanism of action.

Horse heart cytochrome ¢ is a single polypeptide of
104 amino acids with an approximate molecular weight of
12,500'daltons° Its midpoint potential at pH 7.0 is +260
mV (Table 1). The absorption'spectfa (Figure 1) is typical
for cytochromes ¢ with o and B bands around 550 and 520,
respectively, in the ferro form, a Soret band above 400,
typiéal for low spin heme irons, and é peak at 695 nm,
which has been shown to be a sensitive probe of the struc;
tural integrity of the protein (Schejter and George, 1964).
The présence of 31 charged groups, 19 lysines, 2 arginines
and 12 acidic groups gives rise to a basic isocelectric
point (pI = 10.1). The amino acid sequence of approxi-
mately 67 eucaryotic and 8 bacterial (photosynthetic bac~-
teria) cytochromes ¢ show that of the 80 to 130 amino acid
residues, 12 are invariant. These invariant side chains
occur in areas of sharp bends, heme binding, and the aro-
matic residues packed about the heme moiety.

}Structural‘studies with horse heart cytochrome c

have shown it to be a prolate sphere with dimensions of



Table 1. Properties of Cytochromes b

5.

and c.

Calf Liver

Cytochrome b

Horse Heart
Cytochrome ¢

Molecular Weight
Amino Acids.
Isoelectric Point

Midpoint Potential

12,500/16,700

. 93/133

pPH 6.5

+30 mv -

12,500
104
pH 10.1

+262 mvv

Heme Protoporphyrin IX Protoporphyrin IX

Ligands Histidine 39 Histidine .18
Histidine 63 Methionine 80

Location Endoplasmic Reticulum Mitochbndria‘

Spectra Cytochrome b Cytochromé'g
AnM emM”* AnM- e+

Absolute 412 (ox) 117.0 408 (ox) 97.0
424 (red) 171.0 417 (red) 125.0
520 (red) 13.4 520 (red) 15.9
556 (red) 25.6 550 (red) 27.7

Difference 424 115.0 417 52.8
556 16.8

' 550 19.6
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400 5#0

Horse heart cytochrome c¢ absorption spectra. -—
Cytochrome concentration of 2.8 yM in .01 M Tris
cacodylate, pH 7.0.



30 X 34 % 34 & (Dickerson and Timkovich, 1975). The heme
group is an iﬁon containing protoporphynin IX dovalently
bound to the polypeptide chain by thioether linkages
resulting from condensation of the heme vinyl groups with
the sulfur groups on cysteinyl residues 14 and 17 (horse
heart cytochrome Cc sequence numbers). The heme iron is an
octahedral complex with four pyrrolé nitrogens forming the
in plane ligands and the imidazole nitrogen of histidine
18 and sulfur atom of methionine 80 forming, respectively,
the right and left out-of-plane ligands (Figure 2). The
methionine 80—heme iron bond has been proposed to be
responsible for the 695 nm band in the absorption spectra
(Schejter and George, 1964) and the strong field out-of-
plane iigands are responsible for the low spin charaéter—
istic of the mammalian c-type cytochromes.

The polypeptide. chain which surrounds the heme
groups can be viewed as consisting of three regions; rgsi—
dues. 1-47 on the right, 48-91 on the left, and 92-104 and
helical region théﬁ extends over the top and down the-
back of thé heme. This polyeptide arfangement places. the
hydrophobic residues primarily on the inside, forming
hydrophobic channels to the left and right of the heme
group. This leaves only an edge of the heme-ring consist-
ing of pyrrole ring two and the methine bridge between

pyrrole rings two and three exposed to the solvent. The



Figure 2.

Structure of ferricytochrome c¢. — Residue
82 (phenylalanine) should be rotated into
the unoccupied space at the upper left of
the heme.

10
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. propionic acid side chains of protoheme IX are located

below rings three and four at what is defined as the "bot-
tom" of the heme crevice. Those propionate carboxylvgroups
interact with. tyrosine 48, tryptophanel59, and with the
polypeptide backbone at threonine 40. The hydrophillic
reéidues of the polypeptide chain are located to the outside
forming a surface of charges. . A large portion of the sol-
vent accessible lysines are located around the heme edge

and acidic groups are absent from this region. Althoﬁgh
there are clusters of negative charges on the protein,
charges around‘the hemeledge are believed to be responsible
for oxidant and reductant binding in electron transfer
(Cusanovich, 1978; Salemme, 1977; Pettigrew, 1978; Xang

e£ al., 1978) with the significance of other positive
.charged clusters unknown. The étructures of all c type
cytochromes determined to date have the same general

overall tertiary-configuration (Salémme, 1977) .

The x-ray crystallographic data to 2.8 R for both
oxidized and reduced horse heart cytochrome ¢ have shown no
alteration in the static conformatioh on change in
oxidation-reduction state (Salemme, 1977; Dickerson and
Timkovich, 1975).  Physical chemical data from extrinsic
ligand studies and kiﬁetic experiments using azide, pyri-
dine, imidazole and.cyanidé have shown'that in the case of

oxidized cytochrome ¢ the methionine 80 ligand is replaced



12
by one of these extrinsic ligands (Sutin and Yandell, 1972;
George and Tsou, 1953). The rate limiting step iﬁ all reac-
tions was a first-order rate constant of 30 to 60 secTl,
Given the differences in the size, solubility and strength
of binding to the heme iron, the rate limiting step is
thoﬁght to be the result of a conformational change by the
molecule (Sutin and Yandell, 1972). In the case of the
kinetic studies, biphasic reduction kinetics are attributed
to the existence of two conformers at low ionic strength,
one relative and the other unreactive with ascorbate
(Goldkorn and Schejter, 1977). A similar result is noted for
ascorbate and ferrocyanide reduction of cytochrome ¢ at
alkaline pH where the initial fast phaée is dependent on
695 nm band (Goldkorn and Schejter, 1977), The interpreta-
Greenwood and Palmer, 1965). With increasing pH, the 695
nm band is lost; however, in the case of low ionic strength
experiments, there wés no change in the extinction of the
695 nm band (Goldkorn and Schejtef, 1977). The interpreta-
‘tion as to the different conformations in solution is specﬁ—
lative at best. One hypothesis is that the "conformational
change" is due to a change in‘either the frequenéy or the
amplitude of the vibrational modes of the structure. This
change is defined as a dynamié'conformational change as
opposed to a static conformational change and is dﬁe’to a

concerted change in the relative configuration of parts of
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the molecule which should be structurally observable
(Salemme, 1977).

In an attempt to understand what parameters are
involved in electron transfer by cytochromes, attention has
been focused on the kinetic properties of cytoch;omés C.
Among the kinetic studies reported to date are those reac-
ting purified horse heart cytochrome ¢ with various physi-
ological, nonphysiological and biologiqal oxidants and
reducténts, The most extensively studied reactions have
been those with nonphysiological reductants, in particular
the iron hexacyanides.

Kinetic experiments, cémplementéd by NMR studies,
have shown that hdrse heart éytochrome ¢ and iron hexaéya-
nides react through the fqrmation of a complex prior to
electron transfer (Cusanovich, 1978; Greenwood and Palmer,
1965;_Miller'and Cusanovich, 1975; Stellwagen and Schulman,
1973). The simplest possible mechanism which can be used

to describe the process is given by Equation 2

4 ,
C + FICN (2)

Ionic strength affects the rate constants for oxidation and
reduction and yields an apparent charge of approximately

+1.3 for oxidized and reduced préteins when analyzed using
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vASimple Debye-Huckel theory (Miller and Cusanovich, 1975).
This is noticeably different from the overall charge on the
protein at pH 7.0 (+7 and +8) and suggests that only a
specific site on the protein surface ié involved in electron
transport (Cusanovich, 1978) . Protein mapping studies to
include amino acid side chain modification (Pettigrew, 1978;
Kéng et al., 1978) and dipole moment calculations (Koppenol,
Vroonland and Braams, 1978) are consistent with this model.

Sodium dithiohite is an bften used nénphysiological
reductant (Miiler and Cusanovich, 1975; Lambeth and Palmer,
1973; Cruetz and Sutin, 1973) . It has the advantage of a
low oxidation-reduction potential enabling itvto completely
reduce cytochromes with a wide variety of oxidation-
reduction potentials. The mechanisms proposed by Lambeth
and Palmer (19273) involves a rapid equilibrium between

reducing species and is given by Equations 3-5

) K
= 7 -
5,07 * 280, (3)
cytott? + SZOZ ST cytolT + Products (4)
I1X - k2 IT

Cyto + SO +~ Cyto + Products (5)
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\

The more reactive species is the 802 radical which has an
oxidation reduction potential of -700 mv, and is responsible
for the oxygen scavenging éharacteristic of dithionite
(Cusanovich, 1978) SZOZ molecule has an oxidation=-
reduction potential of +150 mv.

The rate of reduction of cytochrome ¢ by 5,0 and
SOE is dependent on ionic strength with the rate constant
for reduction decreasing as the ionic strength increases.
This is consistent with a reaction in which the reactants
are oppositely charged. The Debye-Huckel analysis of this
‘data yields an apparent charge at the site of electron
transfer of +1.3 and +2.4 SO3 and S,03, respectively,
further evidence that the net protein charge is not con-
trolling the reaction (Miller and Cusanovich, 1975).

The reduction of denatured forms of cytochrome c
have been investigated to determine the importance of the
integrity of the tertiary structure of the pfotein on elec-
tron transfer. Sodium dithionite was the reductant of
choice due to its low oxidation—reduction potential as
denatured cytochromes have lower oxidation-reduction poten-
tials [< 200 mV] (Stellwagen, 1978). Native cytochrome
c hés been treated with a variety of chemicals to induce
denaturétion (Koppenol et al., 1978). The denatured spe-
cies reacted readily with SZOZ and SOE giving rate con-v

stants which did not vary by more than a factor of 5
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relative to native cytochrome c. These observations argue
against the pafticipation of a highly ordered mbleéular
arrangement in the transfer of electrons and again point to
the heme edge as the site of electrén transfer (Kang et
al., 1978)°h

Ascorbate has been a popular reductant of cytochrome
c because of its slow second?order rate (37 vt sec'l; 20°¢C,
pH 7.0, I = .035) with the rate of reduction ionic strength
dependent as observed with dithionite and ferrocyanide
(Millexr, 1974; Mochan and Nicholls, 1972). Other oxidants
and reductants yield similar information as to the apparent
chafge at the electron transfer site with existing data
summarized in Table 2,

One of the major problems in studying the interac4
tions between mitochondrial electron transport proteins is
that the majority of pfoteins are membrane bound and are
water insoluble., In order to circumvent this situation,
studies have been conducted between cytochrome ¢ and water

soluble oxidants and reductants. The interaction of horse

heart cytochrome ¢ and Pseudomonas aeruginosa cytochrome

Cggpr an acidic protein has been investigated (Morton,
Overneel and Harbury, 1970). The rates :0of oxidation and
reduction by horse heart cytochrome c were found to be

4,9 x 104 M1 g1, The rate constant for electron tfansfer
was not effected by changes in ionic strength, indicétiné

at least one of the reactants is uncharged at the site of



Table 2. Rate Constants for Variety of Nonphysiological Oxidants and Reductants
with Cytochrome ¢ ,

Tem- Calculated?
per- Rate

-1 -1) ature Conitant Apparent

Reactant (mv) (M s I pH (°c) (M~tsL) Charge
Reductants

Ru (NH,) °* 78 3.8 x 10° o0.10 7.0 25 3.6 x 10° +

503 ~740 5.8 X 10’ 0.10 7.0 20  =—mm- 41,3

502" 180 9.0 x 10* 0.088 7.0 20  --——- +2.4

Ru(NH,) . benzimidazol 150 5.8 X 10° 0.10 6.9 25 ? S

Sodium ascorbate 58 - 34 - 0.035 7.0 20 - +

Fe (EDTA) 2 117 2.5 x 104 o0.10 7.0 25 ? +0.4
Oxidants

Tris (1,l0-phenanthro-
line) 3+

cobalt (III) 3 3

420 1.5 X 10 0.10 7.2 25 1l.2-2,7 X 10 +0.4

a. Calculated from relative Marcus theory.

A
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electron transferv(Cusanovich, 1978). This suggests that
the overall charge is not involved in electron transfer,
Sedimentation velocity studies showed no evidence of complex
formation at cytochrome concentrations of 100 uM (I = 0.2).

The oxidation of horse heart cytochrome ¢ using
high potenfial iron sulfur proteins (HIPIP) has also been
studied (Mizrahi,.l978)e These experiments gave average
second order rate constants of 8,7 X 10% M_l s_l and

2.6 X 104 M1 s~1 for oxidation by Chromatium vinosum and

Rhodopseudomonas gelatinosa HIPIPs. The reduction of HIPIP

by cytochrome c was independent of ionic strength. This
differs from potassium ferrocyanide reduction of those
same HIPIPg wher; an ionic dependence was ﬁoted° This
disagreement is believed to arise as a result of differ-
‘ences in the points of contact between proteins and a
protein and a nonphysiological reductant. The observation
couid also indicate the importance of nonpolar interac-
tions (Migrahi, 1978). The second order rate constants
were linear‘ovér the reductant concentrations wused, sug-
. gesting no long-lived complexes form between the cyto-
chromes and HIPIP.

The physiological reductant of bovine cytochrome c,

cytochrome has been solubilized (Yu, Yu and King, 1976).

Sy
Cytochrome < exists in aqueous solution as a pentamer with
attempts to prepare monomeric forms leading to' denatura-

tion. Kinetic studies on the oxidation and reduction of
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cytochrome ¢ by cytochrome ¢ have given second order rate

17
constants of 3.3 X 106 M™L s-1 and 1 x 106 m~1 s™1, respec-
tively, at 10°C in 50 mM potassium phosphate pH 7.4. These
‘rates are in excellent agreement with the oxidation of
cytochrome c; purified in succinate cytochrome c reductase.
The equilibrium constant of 3.3 from the rate constants is
in agreement with spectrophotometric measurements of the
egquilibrium constant (Chiang, Kamiﬁski and King, 1976).

The direct spectrophotometric measurement Keq was observed:
to be independent of temperature and ionic strength for

the conditions studied while ﬁhe kinetics of oxidation of
cytochrome c, was dependent on temperature and ionic
strength. Increasing ionic strength decreased the ratei
constant indicating a plus=-minus interaction at the elec-
tron transport site. Potassium ferrocyanide oxidation as

a fuhctioh of ionic strength showed cytochrome S had an
apparent positive charge at the site of electron transfer.
This différénce between protein-protein and protein-
nonphysiological reactants ié similar to that described
previously for HIPIP, suggesting a similar explanation
(Mizrahi, 1978); however, exactuinterpretation of the data
is difficult at this time in view of the lack of structural
information concerning cytochrome Cy-

Complex formation between cytochrome ¢ and two

physiologicalnreactants have been investigated. Studies of
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the interaction of cytochrome ¢ with cytochrome c. peroxidase
(Mochan and Nicholls, 1972) and cytochrome ¢ with cytochrome
=2 (Chiang et al., 1976) have given association constants
(KA) of 106 to 107ﬂand 107, respectively. The complex
formed between cytochromes ¢ and c, was shown to be-inde—
pendent of oxidation state. The complex dissociated at pH
values > 10 and ionic strengths > .07 M but only partially
dissociatéd iq 8 M urea. Modifications of 65% of the lysine
residues on cytochrome ¢ by acetylation or photooxidation of
the two methionine residues disrupted the complex. It was

concluded from these studies that the cytochrome c- com—

£1
plex was dependent on Ionic interactions and the conforma-

tion of the cytochromes (Chiang et al., 1976).

-Cytochrome-g5

Calf liver cytochrome bg is an amphipathic protein.

he hydrophobic portion of the protein anchors it to the
membrane and the hydrophillic portion is.the-catalytic poly-
peptide containing the heme moiety° The heme is noncova-
lently bound to the protein backbone through two histidines.
The prosthetic group is a low‘spin protoheme IX, which is
largely buried in the hydrophobic interior of the protein
with the edges of pyrrole rings 2 and 3 partially exposed

to the solvent. The heme edge formed by these rings

defines the "front" -of the protein.
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Immunohistochemical techniques have shown cytochrome
25 to be present in the centri lobular areas of the liver,
distal tﬁbes and connecting ducts of the kidnéy, and absorp-
ﬁive cells of the villa in the small intestine (Tavassoli et
al., 1976). In the circulatory system, étudies have placed

cytochrome b, in the red blood cells and neutroophillic gran-

5
ules of rabbit leukocytes (Passon, Reed and Hultquist, 1972).

In the cell, cytochrome b, is found in the golgi bodies,

5
outer portion of the inner membrane of mitochondria, and on
"the smooth endoplasmic reticulum (Passon et al., 1972;
Sottocasa et al., 1967). The microsomes, -from which cyto-

chrome b. is extracted, are artifacts in the isolation of

=5
endoplasmic reticulum (see Materials and Methods) .

The exact role of cytochrome g5pis at present incom-
plete. 1In erythrocytes, cytochrome Qs'has been shown to be
responsible for the reduction of methemoglobin. In the
5 accepts an eléctroﬁ from NADH via cyto;
reductase to be used in tﬂe desaturation of fatty

liver, cytochrome b
- chrome 25
acids (Strittmatter, Rogers and Spatz, 1972). Studies of
‘the monoxygenase system have implicated cytochrome 25 as .a
primary and/or backup electron donor, with NADPH cytochrome
¢ reductase, to P450 (Fujita and Peisach, 1977). Cyto-
chrome P450_iﬁ turn is involved with hydroxylation, methyla-
tion and/or amination of aromatic carcinogens, drugs and

' steroids (Oshino and Omura, 1973; Lu, et al., 1975; Hrycay

and Prough, 1974; Figure 3).



Og desaturase 270

ROOM ROH+H"O
Cyto
NADH Cvto b Cyto P450
Reductase y ’ Y
ACH- 'AH4C 02
Hydroxyl amine
Reductase
R3NH-OH R3NH-H

Figure 3. Biological function of cytochrome b



23

As an amphipathic protein, cytochrome bs has hydro-
phobic and hydrophillic portions (Spatz and Strittmatter,
l97i)° The entire protein has been extracted from the mem-
brane by Spatz and Strittmatter (1971) and others, using
detergents (Enomoto and Sato, 1977; Calbro, Katz and
Holloway, 1976). The detergent solubilized cytochrome 25
(MW = 16,700) is capable of rebinding to the membrane.
This binding is specific and ‘apparently depends on the*
composition of the membrane. In studies using asymmetric
membranes of red blood cell ghosts (Fisher, 1976), detergent
isolated cytochrome bg binds to the inner membrane, but not
the outer membrane (Ito and Sato, 1968). However, Enomoto
énd Sato (1977) found that cytochrome bg could bind to the
outer membrane if chlolesterol was femovede

Treating the detergent solubilized cytochroﬁe bg
with trypsin eliminates the membrane binding capacity
(Strittmatter et al., 1972). Spatzrand Strittmatter (1971)
showed that the trypsin treated rabbit liver cytochrome bg
has 44 fewer amino acids than the detergent solubilized |
form, Forty of these are from the carboxyl end (Ozols,
1972) and are apparently responsible for the membrane bind-
ing caéacity of cytochrome bs (Strittmatter. et al., 1972).
The presence of these 40 amino acids in the detergent
solubilized cytochrome by facilitates the formation of

aggregates in solution, with the formation of these
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complexes dependent on the ionic strength and concentration
of protein (Spaﬁz and Strittmatter, 1971; Calbro et al.,
1976) . Trypsin treated cytochrbme b remains a monomer under
the same conditions. Trypsin treated cytochrome 25 (MW =
12,500) has the same spectroscopic properties as detefgent
solubilized and native protein (membrane bound). Enzymatic
studies using detergent and trypsin extracted cytochrome b
~suggest the trypsin treatment does not alter its functional
properties in any way (Imai and Sato, 1977). However, oxida-
tion-reduction potentials of the cytochrome may be dependent
on whether the protein is detergent extracted or trypsih
‘extracted (Iyanagi, 1977). Table 1 summarizes the physical
characteristics of both forms of cytochrome 25,

Complefe and partial amino acid sequences have been
reported for cytochrome 25 from seven species [6 mammalian
and 1 avian] (Tsugita et al., 1970; Mathews, Argos and
Levin, 1972) és shown in Table 3. The amino acid sequences
for horse, bovine, human and rabbit liver cytochrome b
have been reporﬁed (Spatz and Strittmatter, 1971; Ozols,
Gerard and Nobrega, 1976; Ozolé and Gerard, 1977; Ozols,
1972; Tsugita et’al,, 1970; Flemming et al., 1978). The
structure for the hydrophobic region of horse and bovine
hés.been inferred using circular dichrdism (Tsugita et al.,

- 1970; Flemming et al., 1978). The sequence of the hydro-

phillic (catalytic) region has been reported (Nobrega and



Table 3.

Amino Acid Sequence for Seven Species of Cytochrome bg
-4 -3 -2 -1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21-

Calf s K A VvV X Y Y T L B E I K H N N S K S T
Rabbit Q A S D X P V K Y Y T 1L E E I K K H N H S K S T
Man Q A s E E A V X Y Y T L E E I E. K H N H S K S T
Monkey i v K Y Y T L Q E I E K H N N S K s T
Pig A V ¥ Y Y T L Q@ E 1 E K H N N S K S T
Chicken ¢ R Y Y R L E E V Q K H N N S E S§ T
Horse A K E

22 23 24 25 26 27 28 29 30 31 32 33 3 35 36 37 38 39 40 41 42 43 44k 45  46-
Calf ¥ . 1 L ® Y K ¥ Y D L T X F L E E H P 6 ‘6 E E V L
Rabbit w L. I L. H H®H ¥ VvV Y D L T X F L E E H P 6 G E E V L
Man W . I L H H K VvV Y D L T K F L E E ®H P G G E E V L
Monkey ¥w° L. I I HH H® X Vv Y D L T XK F L E E ®H P 6 G E E V L
Pig ¥w . 1 I ® ® K Vv Y D»D L T X F 1L E E H P 56 6 E E V L
Chicken ¥w 1 I Vv H 4 ®RR 1 Y D I, T K F L D E H P ¢ ¢ E E V L
Horse H l E

47 48 49 50 51 52 53 54 55 - 56 57 58 59 60 61 62 63 -64 65 66 67 68 69 70 7L
Calf R E Q A G ¢ A T E D F - E D VY G H S T D A R E L S
Rabbit R E Q A G G A T E Dp F¥ E D V ¢ H S T D A R_E L §
Man T E Q A G A T E - F E D VvV 6 H S T D A R E M S
Monkey R E Q A 6 . A T E F E D VvV 6 ® S T D A R E L S
Chicken R E Q@ A G A T E - ¥ E D VvV G H S T D A R A L S
Horse E D 1 H

72 73 74 75 76 77 78 79 80 81 82 8 8 85 8 87 8 8 90 91 92 93
Calf K T Ff .,I I ¢ E L H P D D R S K. T < P s E 8
Rabbit XK T FfF I I 6 E L H P D D R S K L S P M E T
Man kK T Ff I I ¢ E L H P D D K P R
Monkey K T F I I G E L H P D D K P R
Pig kK T -F I I 6 E L HH P D D R
Chicken E T Ff I I ¢ E L H®H P D D R .P K I R

The abbreviated amino acid code is as follows: A, Ala; D, Asp; D”, Asx; E, Glu; E”, Glx; F, Phe; G, Gly: H, His; I, Ile, K, Lys; L, Leu;

M, Met; N, Asn; P, Pro; Q, Gln;
‘Asn or Glu and Gln, Asx and Glx

Argos and Mathews (1975: 747).

Source:

R, Arg; S, Ser; T, Thr;
were assigned to that residue.

v, Val; W, Trp; Y, Tyr.

In cases where-two references disagree between Asp and

Y4



Ozols, 1971; Tsugita et al., 1970) for monkey, mouse and

chicken cytochrome b The amino acid sequence of the hydro-

5 -
phillic segment (1-90) shows that 58 out of 90 groups are
invariant or approximately 64% homology. This contrasts
with the ¢ cytochromes, whichrhave a homology of épproxi-
mately 85% for thevspecies discussed. |

The majority of the changes which occur in the pri-
mary structure are in the terminal segments of the protéin,
No sequence changes occur in the five short B-pleated sheet
segments (0zols et al., 1976). One-half of all the changes
occur in>regions with no ordered secondary structure, the
other half occur in the five helical regions. Since no
helical region poséesses complete o helical geometry (Mathews
et al., 1972), introductioﬁ'of conservative substitutions
can occur without profound changes in secondary structure
(Ozols et al., 1976; Table 3; Figure 4).

The chanées in the primary structure of the amino
and carboxyl terminus havé no apparent affect on the second-
ary of tertiary structure of the protein (Mathews et al.,
1972). Iﬁ addition; the absorbance spectra (0Ozols and
Strittmatter, 1966; Figure 5) and the catalytic activity

with cytochrome b_. reductase are unaffected by the trypsin

5
cleavage of these terminal groups. This suggests that these
segments, mainly the carboxy terminus, are more involved

with linking the catalytic portion of the protein to the



Figure 4. Structure of ferricytochrome b o 2.0 A
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membrane than with formation or stability of the tertiary
structure of the catalytic»portion°

The tertiary structure of-oxidized calf liver cyto-
Chromé bg has been detérmined to a resolution of 2.0 A by
Mathews et al. (1972). The protein crystals are in an
orthorhombic spacé group P2, P2, P2, with a unit cell dimen-
sion:(a = 64.54 &, b = 46.04 A, ¢ = 29.91 & and 1 protein
molecule per cell. Rabbit liver cytochrome b- has been
crystallized by Tsugitabet al. (1970), it also is orthorhom-
bic and has the same space group. Its crystals differ from
those of calf liver in that rabbit liver contains two
molecules of protein per unit cell with dimensions of
a=111.1 &, b = 36.3 &, ¢ = 51.4 &,

Oxidized cytochrome bg crystals from calf liver have
. been reduced by the addition of dithionite (Argos and
Mathews, 1975). The tertiary structure of the reduced
crystal has been determined to a resoiution of 2.8 R with
the structure of the reduced cytochrome bg crystals being
isomorphous with the oxidized crystals. The only changes
noticed by Argos and Mathéws (1975) on reduction were
changes in the orientation of the side chain of'lysine 5 to
accommodate the positive ion introduced at the heme edge of
the protein. This positive ion associates with the car-
boxyl group of one of the propionic side chain, which is

hydrogen bonded to serine 64, The conformational change
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of the lysine 5 side chain and the binding of the positive
ion circa serine 64 has no apparent affect on the backbone
structure of calf livef cytochrome gso

The heme group of cytochrome b. is located in a
hydrophobic crevice with one edge exposed to the solvent.
The iron of the protoporphyrin IX is bound by the pyrrole
nitrogens of thé porphyrin which made up four of the octo-
hedrel complex ligands. The two out of plane ligands are
vhistidines 39 and 63. The imidazole nitrogens of the
histidines are strong field ligands which give cytochrome
25 its characteristic low spin absorbance and EPR spectra.
However, EPR and absorbance studies by Ikeda, Izuka and
Hagihara (1974) and Bois-Poltoratsky and Ehrenberg (1967)
give g values of 4.3 ands6,2 at pH 6.2 which are character-
istic of a high spin iron. Piesachs and Mims (1977) have
attributed this high spin characteristic to protonatibn and
deprotonation of imidazole nitrogens on the histidine
rings. The interpretation of this‘phenomena-bf a 5% high
spin characteristic is at present unclear in the absence
of complete model systems,

The heme iron is tigﬁtly bonded to histidine resi-
dues 39 aﬁd 63 (calf liver cytodhfome 25 sequence numbers)
as evidenced by studies which have demonstrated the histi-

dine ligands do not readily exchange with CO or HCN (Ikeda

et al., 1974). The stability OF the iron histidine bond is
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attributed to histidines being held firmly in place fhrough
the rigidity of the protein bgékbone and by a variety of
interactions with main and side chain residues° Histidine
39 is hydrog%n bonded through its nitrogen to the main chain
carbonyl of glufamic acid 42, The main chain nitrogen from
histidine 39 is hydrogen boﬁded to the main chain carbonyl
of phenylalanine 25. Glutamic acid 41 provides the amide
group which hydrogen bonds to the histidyl carbonyl group,
thus the backbone structure holds histidine 39 into place
with three hydrogen bonds plus the nitrogen'iron interac-
tion, Histidineb63 is held in place with two hydrogen bonds
bonds—--one to the aspartate 60-carbonyl group and the other
to thé carbonyl group of phenylalanine 58. Phenylalanine
Sé and histidiﬁe 63 are close and parallel, suggesting the
pbssibility of an additional interaction through I = I over-
lap. In addition, histidine 63 may be held in place through
the backbone structure of the protein due to its location
between the two helical segments 55-62 and 64-74.

The heme prosthetic group is additionally bonded to
the peptide chain through one of its propionic acid groups
with the other group positioned outward into solution. The
propioﬂic acid group is hydrogen bonded to the peptide
through the main chain amide and-side chain hydroxyl group

of serine 64. This binding arrangement places one of the

carbonyl oxygens in the hydrophobic heme crevice about
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5.4 R from the heme iron with a solvent contact area of 0.00
(Shrake and Rupley, 1973). When the iron is oxidized, there
is a positive chérge ipside the hydrophobic heme crevice.
The heme crevice has a very low dialectic, thus an unstable
environment is created due to the inability of the residues
in the crevice to neutralize the charge. The heme propano-
ate carbonyl oxygen, bonded to serine 64 through the forma-
tion of a salt bridge, may be respohsible for the thermo-
dynamic stability of the oxidized cytochrome 25 (Mathews
et al., 1972), in addition to binding the heme to the
protein. |

The aromatic groups in calf liver cytochrome bsg,
tryptophan.22 and tyroSines 6, 7, 27 and 30 have been shown
not to be in direct contact with the heme group through
x-ray crystallographic studies and chemical modification
experiments. The modification studiesAgave data indicating
possible involvement of fhese groups in protein stability.,.
Solvent perturbation studies and fluorescent experiments on
the modified groups showed unfolding occurring at low con-
centrations of thé denaturants. The analysis of the modi-
fication experiments using heme absorption and circular
dichroism show no change in the heme region, but perturba-
tions in the aromatic regioh were observed'(Huntley aﬁd
Sﬁrittmatter, 1972).

Kinetic studies on cytochrome by to determine the

rate constants and possible mechanisms for oxidation and



33
reduction have been restricted to a steady state approach.
The reduction studies of Eytochrome bs have used as the pri-
mary reductant NADH cytochrome 25 reductase, an amphipathic
flavoprotein. Studies using solubilized cytochrome bs and
cytochrome 95 reductase have given a rate limiting step in
reduction of cytochrome by of 1.5 X 104 moles bs/min/mole
enzyme withvrates varying by a factor of two, depending on
the buffer and pH (Loverde and Strittmatter, 1968). Similar
studies using erythrocyte cytochrome bg and cytochrqne-g
reductase have demonstrated the rate of reduction of cyto-
chrome bg was dependent on the ionic strength of the buffers
and the type of buffers used (Passon and Hultquist, 1972).
‘These experiments :suggested that K" and Tris™ iﬁteracted with
one or both proteins and that an electrostatic interaction
was necessa?y in the electron transfer reaction mechanism.
Temperatufe studies between + 3 and - 25°C have showﬁ freé
cytochrome bg and its reductase ha&e an E5 = 7 * .05 kcal/
mole (Leon, Bonfilé and Debye, 1978).

»Additional interaction studiés, in which lysine
residues of cytochrome 95 reductase were modified, indicated
that lysine groups were involved in the cytochrome by inter-
action with its electron donor. In these studies the
lysines were modified with acetic anhydride, succinic anhy-
dride and ethylacytimidate which replace an amine group with

a neutral, negative or positive group, respectively, and
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were of such size to not produce substantial steric altera-
tions. The most profound change observed on the modifying
lysines of the reductase is the reduced rate for cytochrome
by reduction which drops to less than 1% when nine'amino
groups have been succinylated or 14 amino groups acylated
out of the 20 lysines on the reductase. (Loverde and
Strittmatter, 1968). The loss of cytochrome bg reductase
activity in these derivatives appears to be a conseguence
of a decrease in the affinity of cytochrome bs for the
‘reduced flavoprotein, since the turnover number of the
enzyme with ferricyénide as an electron acceptor is
unchanged. Studies. have been reported where the carboxyl
-groups of cytochrome by were modified (Dailey and Stritt-
matter, 1979).- Thié work establishes that the apparent
Ky, values of 8.8 uM (native cytochrome 95) increased as the
carboxyl groups of glutamates 48, 43 and 42 were modified,
suggesting involvement of these groups in complex formation
between cytochrome by and cytochrome bg reductase. The -
absence of any structural data indicating the location of
the lysine groups on the NADH cytochrome by reductase make
determination of the mechanism of flavin-heme electron
transfer and the interaction of cytochrome bg and its
reductase imposéible at this time.

Cytochrome ¢ has traditionally been the oxidant of

choice in steady state studies of cytochrome bg reduction.
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Cytochrome ¢ is used to keep the protein oxidized in order
to have a reaction in»which the reductién'of éytochrome bg
by its reductase is the rate limiting step. XKinetic
(Strittmatter, 1964; Ng et al., 1977) and crystallographic
(Argos and Mathews, 1975; Mathews et al., 1972) data com-
piled to date have made the study of the interaction of
these two proteins more significant as a model in determin-
ing a mechanism of electron transfer., Kinetic studies of
the reduction of cytochrome ¢ by cytochromevg5 yields a
rate of reduction (4 X 107 m-1 sec_l) similar to physiologi-
cal rate of reduction of-cytochrome ¢ by cytochrome ¢ reduc-
tase (Daily and Strittmatter, 1979). The similarity of
reduction rates indicates that the mechanism for cytochrome
bs reduction of cytochrome ¢ may reflect the same interac-
tions as reduction by their respectivé physiological elec-
tron donors and acceptors. Lysine modification studies of
cytochromé ¢ and the effects of this modification on its
interaction with cytochrome by have been reported (Ng et
al., 1977) with a decréase in the rate constant noted.
Whether this alteration was due’to an absence of complemen-
tary éharge or to steric interference could not be deter-
mined. The Vimax andem values from the experiments reported
to date are not adequate, nor can they be separated in the
treatment of the data to determine thevaffect of lysine

modification on complex formation or electron transfer.,



METHODS AND MATERIALS

Materials

Cytochrome bg was prepared from calf liver using a
modification of procedures developed by Strittmatter and
Velick (1956) and Omura and Takesue. (1970). The approach
invblves isolating microsomes from calf liver, followed by
the enzymatic solubilization of cytochrome bg. Microsomes
were isolated by homogenization of ground calf liver (Waring
blender at high speed, 30 sec) in 250 mM sucrose to a
final concentration of 1 gm liver per 3 ml sucrose. The
homogenate was centriﬁuged for 15 minutes at 10,000 xg
" (Beckman J21, JAl4 rotor) to remove unlysed cells, nuclei
particles and large membrane frégmentsa The resulting
supernatanf was then centrifuged 90 minutes at 78,000 xg
(Spinco Model L350, type 35 rotor). The pellet was then
resuspended in 150 mM KCl and 1 mM EDTA at a concentration
of 1 gm of liver per ml and centrifgged at 78,000 xg for
60 minutes. The washed pellet was resuspended in 100 mM
potassium phosphate, pH 7.5 and centrifuged at 78,000 xg for
60 minutes. .The pellet was then resuspended in 100 mM Tﬁis
HCl, pH 810 (4°C) at 10~15 mg protein/ml as determined from
the Biuret assay using a BSA standard.

The microsomal suspension could be stored.at -10°C
until used with no loss of cytéchome bs. To extract the

36
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cytochrbme 95 microsomes were sonicated (Heat Systems
Sonifer W-350) at 50% load for 4 minutes in ice, the tempera-
ture of the microsome solution maintained at 8°C or less.
The sonicated microsomes were then incubated with 2% trypsin
(type III, Sigma Chemical Corporafion) for 2 hrs .at 4°C. The
suspension was centrifuged at 19,000 rpm in a Spinco 19
rotor for 6 hours. The cytochrome b. was soluble at this
stage with the pellet being discarded. The 100 mM Tris HC1
buffer was exchanged by passing the supernatant over a
Sephadex G-25 column equilibrated with water. A stock
potassium phosphate solution was added to eluate to give a
final concentration of 50 mM, pH 7.5. The protein solution
waé then loaded\oﬁ a coarse DEAE cellulose énion exchange
column (2.4 X 10 cm per 100 gm liver), equilibrated with 50
mM potassium phosphate pH 7.5. The cytochrome 95 was eluted
using a continuous salt gradient from 0-350 mM KC1-50 mM
potassium phosphate, PH 7.5, The effluent was collected in
10 ml samples using a Gibson Microfractionator. Fractions
containing cytochrome 95 were pooled and the salt and buffer
removed by passage over a Sephadex G-25 column equilibrated
with 20 mM potassium phosphate pH 7.5. The éluate was then
concentrated using pressure dialysis (Amicon UM-10 Diaflow
membrane) .

Cytochrome b, was further purified by chromatography

_ 5
or Sephadex G-75 column (4 X 75 cm) equilibrated with 20
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mM KCl1, pH 7.5. Cytochrome 95 aliquots having a protein
absorbance (280 nm) to oxidized Soret absorbance (413 nm)
ration P/S of .18 were combined, conéentrated and dialyzed
against 20 mM Tris-cacodylate, pH 7.0. The purified samples
were stored at -80°C in 0.5 ml aliquots. The approximate
concentrations of the stored aliquots was 400 uM. Figure 6
summarizes the procedufe for the preparation of cytochrome
bs- |

The horse heart cytochrome ¢ (HHC, typé III) was
purchased from Sigma Chemical Corporation. The lyophollized
protein was dissolved to 1 mM in 100 mM Tris, pH 10.0 incu~
bated for 1 hour and then passed over a G-75 column (4 X 75
cm) équilibrated with 20 mM potassium phosphate, 20 mM KC1l
pH 7.5 to remove any dimers. The protein to Soret ratio
(290 mn/409 nm) was determined and tubes with a P/S ratio of
less than 0.2 pooled, concentrated and dialyzed against 20 -

mM Tris cacodylate pH 7.0. Aliquots were stored at -80°C.

Methods
Kinetic studies were conducted on a Durrum-Gibson
stopped~-flow ‘spectrophotometer equipped with a 150 watt
Xenon lamp and interfaced to a Data General Nova II computer.
The drive syrihges were modified to permit the back side to
be purged‘with argon to limit oxygen diffusion. The tempera-
ture in the water bath surrounding the drive syringes was

controlled using a NESLAB RTE-4 Refrigerated Circulating Bath.
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All stopped-flow experiments involving cytochrome 95

and cytochrome ¢ were conducted in anaerobic buffers obtained
by purging wiéh argon for 30 minutes. The argon gas was
deoxygenated by passage over a BASF-11 catalyst (Wyandote
Corporation) and saturated with water prior to purging sdlu-
tions. Solid reactants,were added to buffer after it was
deoxygenated via a side arm on a triple necked flask. A pH
electrode was pléced through one neck when pPH corrections
Were required. The protein was always added after the buf-
fer was deoxygenated, Following addition of a protein the
solution was bubbled for approximately 15 seconds to remove‘
oxygen in the protein solution but no longer to avoid.
denatu_rations° The protein solution was kept under an argon
atmosphere by flowing argon over the top of the solution.
Oxidation-reduction titrations of cytochrome ¢ in
.the presence of cytochrome 95 using the iron hexacyanide
oxidation-reduction couple to reduce.were conducted aero-
bically and monitored with a Cary 118 Recording Spectro-
photometer. A stock solution of Cytochrome ¢ was prepared
to ensure cohsténcy of horse heart cytochrome ¢ concentra-
tions throughout. Aliguots of cytochromé QS-were added to
achieve the particular raﬁio of cytochrome 95 to cytochrome
c. All stock solutions were stored in ide during the

experiment. The solutions were temperature equilibrated for

several minutes in the cuvettes prior to starting the
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individual experiments. The experiment involved making four
to six additions of 5-10 ul of 10 mM potassium ferrocyanide
to the cytochrome solutions. The absorption spectra was
scanned from 600-500 mm after each addition. Sodium
dithionite was added to obtain complete reduction of cyto-
chrome c solutions without cytochrome 95 to verify total
cytochrome ¢ concentration. Corrections were made for
oxidation—reducﬁion potentials of the ferré/ferricyanide

couple at different ionic strengths (O'Reilly, 1973).



RESULTS

Preliminary studies on the oxidation and reduction
of cytochrome 25 were designed to parallel and supplement
studies on the interaction of calf liver cytochrome 25 with
horse heart cytochrome c. Tranéient kinetic studies were

conducted with ferricytochrome 95 and the reductants sodium
dithionite and sodium ascorbate. The'nonphysiologiéal—
reductants were used at a variety of ionic strengths to
ascertain the apparent charge at the site of electron trans-

fer on cytochrome b Different buffers were utilized to

50
ascertain if specific ions affect the rate constants for the
reduction of cytochrome gso Finally, temperature studies

were conducted to determine the thermodynamic activation

parameters for the reduction of cytochrome 950

Reduction of Cytochrome b_.by Sodium Dithionite

The reaction of cytochrome ES with sodium dithionite
can be, in principle, complex (Miller and Cusanovich, 1975;
Lambeth and Palmer, 1973) with the wvarious reactions pos-

sible given by Equations 6-9.

(6)
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, kl
I1I = ' '
Cyto™; 95 + 8204 + Cyto b. + P (7)

k
CytoIII b, + SOE >2 CytoII b. + P~ (8)

The rate law for the total reaction (both 5,0, and SO

2

reducing cytochrome 95) is given by Equation

(o B S |
N

Kops = Ky [8504] + KoK o, [550,] 9)

w

According to Equation 9, a plot of kobs/SZO Vs [8204]“

4

will yield k., as the y intercept and kZKeq% as the slope,

1

Keq can be determined by EPR, by measuring and concentra-

tion of SOE radical in equilibrium with a known concentra-

tion of dithionite (Miller, 1974). The equilibrium con-
stants for sodium dithionite dissociation for the reaction
conditions used in this work are summarized in Table 4.
Typical ln AA vs time plots are given in Figﬁre 7 and demo-

strate that the reduction of cytochrome b, by sodium

5

dithionite is a pseudo first-order process with no evidence

for kinetic heterogeneity. Further, in all cases investi-

-4

gated it was found that plots of kobs/s2o4 Vs [8204] " were

linear with a zero intercept (Figure 8). Thus it can be

5 is capable of reducing cytochrome

concluded that only SO



Table 4, Equilibrium Constants for Sodium Dithionite
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Dissociation

Buffer . 10
Concentration (mM) Keq X 1077 (M)
Tris cacodylate, pH 7.0

10 : 13.4

20 ‘ 12.1

30 | 10.2

40 ' | 8.8

60 6.6

20 plus 9mM KCL 10.1

20 plus 34mM KC1 : 6.5

20 plus 59mM KC1 , ‘ 5.6
Potassium phosphate pH 7.0

10 ) _ 7.5

50 6.5

100 _ ' 5.4
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Figure 7.

24

Plot of In A versus time for sodium
dithionite reduction of ferricytochrome
b5. — The cytochrome concentration was
T.2 yM in 20 mM Tris cacodylate KC1l at

pPH 7.0, y= .050, T = 20°C. The reaction
was monitored at 423 nm sodium dithionite
concentration, a. 10“* M; b. 7.5 X 10~4 M;
c. 5.63 X 10-4 M; d. 3.16 X 10*4 M;

e. 1.78 X 10-4 M.
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Figure

8 .

2 4 6
(S At 2 x1(31

A plot of kobs/S0204 versus for sodium dithionite reduction
of ferricytochrome bs in different buffers. — a. 30 mM Tris cacody-

late pH 7.0, y= .024 , T =200C? b. 20 mM Tris cacodylate with KC1l pH

7.0, ii= .025, T = 20°C; c. 10 mM potassium phosphate pH 7.0,y = .017,
T°C.
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25 under the conditions studied in this work. All subse-

quent discussion will be in terms of k2 (equation 8).

The rate of reduction of cytochrome 25 increases as
a function of increasing ionickstrength for the three dif-
feren£ buffers (Table 5). This indicates that both

reactants carry the -same charge, thus cytochrome 25 has a

negative charge at the side of electron transfer as the SO

2

is negatively charged.
The simplified Debye-Huckel relation was used to

determine the appafent charge on cytochrome b. (Equation 10)

5

1n k2 = 1ln kw + 20 ZAZB 4 (10)

where k_ is the rate constant at infinite dilution, 20 is a
constant where o = 1.17 for ageuous solutions (Wherland and

Gray 1976) and ZAZB the product of the charges on the reac-

ting molecules. Thus, a plot of 1n k2 vs Yu gives 1n k, as

the y intercept and 2o ZAZB as the slope from which the

"apparent charge" on cytochrome 25 can be calculated. Quan-

titative determination of the charge from 2a % is valid

A’B
ohly at low ionic strength (u<.0l1 M) and in the absence of
any complex between reactants and ions of opposite charge.
Thus-Equation 10 is only useful for estimating rélative
charges on Cytochrome b..

The application of the -Debye-Huckel theory to the

data obtained yielded an "apparent charge" on ferricytochrome
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Table 5. Second Order Rate Constants _
for Cytochrome 25 Reduction by SO2

. Buffer . , -6 -1 -1
Concentration (mM) u (mM) k2 X 10 (M "s 7)
Tris cacodylate, pH 7.0

10 .8 0.88
20 16 1.40
30 24 1.64
40 ‘ 32 ‘ 2,20
60 48 2.54
20 plus 9mM KC1 25 1.61
20 plus 34 mM KC1 50 2.48
20 plus 59 mM KC1l - 75 : 3.08
Potassium phosphate, pH 7.0 |
10 17.6 1.50
50 88 2,82
100 176 | 4,22

a. 20°C.
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25 of -3.1 and -5.9 for SOE reduction in potassium phosphate’

and Tris cacodylate buffers respectively (Figure 9). The
Debye-Huckel plots indicate Tris-cacodylate and Tris-

cacodylate with potassium chloride have the same rate con-

stant at infinite dilution (5.4 x 10° M T s™1) indicating

no effect due to chloride ion. The rate of reduction of

/

cytochrome b. in potassium phosphate buffer is almost a

5
factor of two faster yielding a k_ of 9.3 x 105 Mfl s_l
(Table 6). The data suggests that potassium phosphate

2

radical allbwing the overall rate of electron transfér to

masks a portion of the charge seen by the'approaching SO

occur more rapidly.

Table 6. Parameters from Debye-Huckel Plot

Apparent Charge

Buffer ' Cytochrome bg k, X 10~

Tris—-cacodylate or
Tris—-cacodylate .
plus XC1 -5.9 5.4

Potassium phosphater -3.1 : 9.3

Affect of Temperature

The affect of temperature on the reduction of cyto-

chrome 25 by SOE weré conducted in 60 mM Tris-cacodylate

buffer pH 7.0. The pH of the buffer was readjusted at each



k

15.

Figure ©9.

0.2

Debye-Huckel plot of 1lnk2 versus /u.
Tris cacodylate pH 7.0;

0.4

VET

with KCl pH 7.0;

7.0,

all at 20°cC.

0.6 0.8

0— Tris cacodylate
A— potassium phosphate pH

50



temperature as the pK of Tris is temperature sensitive.
_ . .
. ) ¢ =. 3
Flgure‘lO presents a plot of kobs Vs [5204] at four
temperatures studied. The rate constants at various

temperatures are summarized in Table 7. Application of

Table 7. Affect of Temperature on the Rate Constants of
Cytochrome b. Reduction by SOE°

Temperature (°K) ' k, X 1076 (M—l s_l)
288.15 1.67
293.15 : : 2,32
298.15 3.73
303.15 | 4.04

transition state theory as given by Equation 11 yields the

various thermodynamic activation parameters,

pst - pmt 1

51

in (kz/T) = 1n (k/h) + == S () (11)

R T

where k represents Boltzman's constant and h is Planck's

constant. A plot of 1n (kz/T) vs (1/T) has a slope_equal

to AHi/R and a y intercept of 1ln (k/h) + ASi/R (Figure 11).

Thus values for the enthalpy of activation (9.7 kcal/mole)

1

and entropy of activation (3.1l6 e.u.) were obtained. The



1 2 3 (Xc|) /%102 1 2

Figure 10. Plot of koKs vs [S204] for the reduction of
ferricytochrome bg by sodium dithionite at
various temperatures. -- The buffer was 60 mM
Tris cacodylate pH 7.0; a. 15°, b. 20°, c. 25°
d. 30°.
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Figure 11.

3.2 34 3.6 3.8
1/T x i3

Transition state plot In k2/T vs 1/T for
the data given in Figure 9
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free energy of activation for the reaction can be calcu-

-lated from Equation 12.

act = ap¥ - mast (12)

Thus, a free energy of activition for the reduction

5 2

obtained with the enthalpic term dominating.

of ferricytochrome b. by SO, of 8.77 kcal at 20°C is

Reduction of Cytochrome b
by Sodium Ascorbate

5

The reduction of cytochrome 25 by sodium ascorbate
was investigated as a control for subsequent studies hence
not studied extensively. The oxidation reduction potentials

for sodium ascorbate and cytochrome b, are 78 mV and

5

approximately 20 mV, respectively; however, in the presence

of excess sodium ascorbate, cytochrome b. is completely

5
vs [ascorbate] gives a second-

bs
order rate constant of 2 x lO—l M_l s"l for the reduction of

reduced. A plot of kO

ferricytochrome b_. by sodium ascorbate (Figure 12).

5

Protein-Protein Interaction

Kinetic Experiments

The model presented by Salemme (1976) for inter-
action of cytochromes br and ¢ proposes the interaction
occurs at the heme edge. Initial studies were conducted

to determine if a complex is formed, if so does it involve



Figure 12.

6 10 14
Asc x103

A plot of k bg versus [sodium
ascorbate] for the reduction of
ferricytochrome bg. — The heme
concentration was 1.5 yM and the
reduction was monitored at 423
nm, 20°.
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the heme edges and what is the binding constant (KA) of the
complex. The method used for these studies focused on
determining the effect of the presence of one cytochrome
on the prOperties of the other. The conditions were estab-
lished such that only one of the cytochromes would be
reactive with a particular feagent with the other essen-~
tially nonreactive during the course of the experiment°

| The reduction of ferricytochrome ¢ by excess sodium
ascorbate waé studied at different ratios of ferricyto-
chrome 25 to ferricytochrome c. The same SOdium ascorbate
stock solution was used to reduce cytochrome c alone and
cytochrome ¢ in the presence of cytochrome 95° ‘The sécond-
order rate constant for the reduction of cytochrome C was
found to be 60 M~ s™% for the conditions used (30 mM Tris-

cacodylate, pH 7.0) in the absence of cytochrome b Cyto-

5 °
chrome 25 reduction by sédium ascorbate had a seéond—order
rate constant of 2 x 107 % M™% s™! which is approximately

300 times slower than that for cytochrome ¢ reduction. Thus
under these experimentai conditions, essentially all the
cytochrome c is reduéed before any reduction of cytochrome

b. takes place.

5
The rate of reduction of cytochrome ¢ alone and in
the presence of excess cytochrome 95 showed appreciable

differences in the rate constants for reduction at 10 mM

sodium ascorbate concentrations (Figure 13). Kinetic studies
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A semilog plot of AA versus time for cyto-
chrome c alone and with different concentra-
tions of ferricytochrome . — a. cytochrome
c alone; b. cytochromes be and c at a ratio of
2:1; c. cytochromes bs and c at a ratio of 5 :1;
d. cytochrome bg and ¢ at a ratio of 10:1. The

buffer was 30 mM Tris cacodylate pH 7.0 and the
experiment was monitored at 550 nm.
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at different ratios of cytochrome 95 to cytochrome ¢ at 10

mM sodium ascorbate concentrations are summarized in Table 8.

Table 8. Rate Constants for Reduction of Ferricytochrome
c with 10 mM Ascorbate in the Presence of
Ferricytochrome b :

5
+ . . -
[cyto. ¢l X 10 6 (M) [Cyto. b:] X 1070 (M) k (S;l)
2.50 0.0 0.600
2.41 4,80 0.461
2.28 10.80 0.392
2,10 . 21.23 0.323

a. Buffer, 30 mM Tris-cacodylate, pH 7.0, 20°C [sodium
ascorbate] = 10 mM

The data shows the rate of reduction of cytochrome c

decreases as the cytochrome b, concentration increases.

5
Computer analysis of the data byvnonlinear least squares
alogrithms for single and double exponential decay showed
that the observed rate constants were monophasic for dif—
ferent ratios of cytochrome 95 to cytochrome ¢ and at dif-
ferent sodium ascorbate concentrations. The difference in
rate constants suggests that cytochrome 95 interacts with

cytochrome ¢ and likely competes with sodium ascorbate for

the site of electron transfer. Equation 13 presents a
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simple mechanism consistent with the experimental evidence
for the reduction of ferricytochrome c by sodium ascorbate

in the presence of ferricytochrome 95

k k
bgn_ JIII 12 \CIII 23[ASC}> oII
R T—— i .
. ITI
kZl[b5 1 (13)

Solving the expression given by Equation 13 for the

I

formation of reduced cytochrome c (CI ) A2 or A3, Equation

14 is obtained.

C = c - ae - be (14)

where ¢, a and b are constants and k2 and A, represent the

3

apparent rate constants describing the reaction. Further,
we can define Xz = L4(p + g) and x3 = L (g - gq) where p and

q represenﬁ the relationship among the actual rate constants

2

(Equation 13), p = (k12 + kzl[bs] + k [Asc]) and g = p

23

-4 (k12 k22 [Asc])™. The experimental values for kO k

bs’ <23
(Asc) and the total concentration of cytochromes ¢ or b
were fit to a least squares equation using steepest deécent

fitting procedure on the Data General Nova II computer. To

fit the mechanism, values for kl2 and k2l are estimated and

the program allowed to find the minimum. Table 9 summarizes
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Table 9. Analysis of the Affect of Cytochrome bg on
Cytochrome c¢ Reduction by Sodium Ascorbate
K., =1 -1 k.. (s™%) K
12wt s 21 a (M)
Exper-
iment Initial Final Initial Final
1 10  2.65 5 x 107 1.07 x 10° 2.48 x 107°
2 10  9.35 5 % 10°  4.19 X 10° 2,23 X 107°
3 10 22,17 5 x 10° 1.02 x 10®  2.18 x 1073
4 10 57.76 5 x 10’ 2.68 x 10°  2.16 x 107°
5 10 2.35 x 10* 5 x10° 1.15x10° 2.08 x 107°
Bxper- cyto. by x 10° (m) kobs(s_l) ko (s™h
1 4.8 .401 .485
11.00 .392 .394
21,24 .323 .304
2 4.80 .461 .489
11.00 .352 .391
21.24 .323 .302
3 4.80 .481 .490
11.00 .392 .396
21,24 .323 .302
4 4.90 ,461 . 460
11.00 ,392 .386
21,24 .323 .302
5 4.80 .461 .490
11.00 .392 .392
21,24 .323 .301
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the least square error values calculated for kobs’ XZ’AB and

the pre-exponentials a and b. The values for ko Sand kc

b al
are in good agreement with the rate constants being mono-
phasic are for A3 within experimental error at the concentra-

tions studied. No absolute values can be given to k12 and

k21 from the available data. However, data analysis does
yvield a consistent value for the ratio klz/kZl (2.23 =%
5 +1

0.62 x 10 ° M ).

Equilibrium Experiments
Experiments were conducted to determine if the

presence of ferricytochrome b, affected the equilibrium

5
between cytochrome ¢ and the iron hexacyanides represented

in its simplest form by Equation 15

Cyto cIII + FOCN cyto cII + FICN (15)

where FOCN and FICN represent ferrocyanide and ferricyanide,
respectively. The affect of ferricytochrome Qs'on this
equilibrium was determined by titrating stock solutions of
cytochrome ¢ alone and cytochromes ¢ and 95 with ferrof
cyanide (Figures l4a~b). The equilibrium values (Keq) were
determined from the data and substituted into the Nerst
equation. The shifts in equilibrium due to different ratios

of cytochromes ¢ and 25 are reflected as changes in the



Figure 14.

Equilibrium experiments: Spectra of cytochrome
c (A) and cytochrome ¢ with cytochrome b. (B)

reduced by successive additions of ferroéyanide.

Graph A. a. 1Initial cytochrome ¢ peak at 550
nm; b-d. Peaks of reduced cytochrome c after
each addition of 10 A of 10-¢ M ferrocyanide;
e. Complete reduction of cytochrome c¢ by
sodium dithionite.

Graph B. a. Initial cytochrome c peak in the
presence of cytochrome bg; b-d. Peaks of
reduced cytochrome ¢ after the addition of 10 A
aliquots of 10-2 M ferrocyanide.

The cytochrome ¢ concentration is 18.5 um,
cytochrome bg is 17.01 um. The cytochrome ¢
concentration is calculated assuming a Eggg
= 19.3 mM~l. The buffer is 20 mM Tris
cacodylate pH 7.0, T = 25°C.
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oxidation-reduction potential. Data presented in Table 10
demonstrates that as the concentration of cytochrome
relative to cytochrome c¢ is increased the apparent dif-
ference in oxidation-reduction potential increases.

The affect of cytochrome b” on the oxidation-
reduction potential of cytochrome c can be expressed quanti-
tatively if the Nerst equation is solved in terms of the

equilibrium expression given below

K.
b*x11 - cll11
, Keq (16)
bIII .11 ,11 + bIII
K.
where and are the dissociation constants for the for-

mation of the complex in the two cytochrome c¢ oxidation-
reduction states. Substituting the components of the model
mechanism into the Nerst equation a relationship between
AEm and free ferricytochrome b”* is derived (Clark, 1960).
The derivation is presented in Appendix A with the resulting

relationships presented in Equations 17-20
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Table 10. Apparent Change in the Cytochrome c Oxidation
Reduction Potential in the presence of
Cytochrome b '

5

[cyto. ¢l x 10°() [cyto. bl x 10% () %%%%f—%é' AE_(mv)
18.8 17.99 1.05 ~22.5
18.6 9,25 2.01 -11.0
19.5 | 0.94 20.74 - 9.8
18.5 17.01 1.09 -21.0
18.5 8.6 2,15  -15.0
18.5 5.6 3.33 - 6.0
18.5 3.4 . 5.44 - 3.0
13.0 ) 16.5 , ©0.79 -29.0
13.0 ‘ 10.5 1.24 -24,.-

a. Buffer 20 mM Tris-cacodylate, pH 7.0 (u = 0.024), 25°C
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when no binding occurs or binding is the same in both

oxidation~reduction states,

(18)

= = u
Em El Em
thus if cytochrome ¢ is saturated with cytochrome 95,
Equation 15 is applicable.
_ .5 _ RT , ' :
The intermediate cases are represented by Equation 20.
, K, + [b_.]
_ S v _ RT RT 2 5

Analysis of the model using a steepest descent procedure and

estimating values for K, and K, yields calculated AEm, K

1 2 1
and K2 are présénted in Table 11. The calculated values
for K, and K, from the model are 7.19 x 107 ° M™' for X,.

The values for the dissociation of the complex cal-
culated from the kinetic studies and the equilibrium studies
differ by a factor of 3. Although conditions of pH, buffer
and ionic strength were identical for both experiments, the
two studies were conducted at different temperatures. The

kinetic studies were done at 20°C whereas the equilibrium
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Table ll; Analysis of the Affects of Cytochrome b, on the
Oxidation Reduction Potential of CytochTome ESa

BEDP® (mv) sES? (mv)
~29.0 .
~24.0 | ~16.0
-22.5 24.9
-21.0 241
~15.0 119
~11.0 151
- 0.0 ~10.3
- 3.0 ‘ 7.1
- 0.8 P

a. K, = 7.20 x 107%™, K, = 4.2 X 1074 M

1
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studies were at T = 25°C. This temperature difference may
be partially responsible for the difference in the calcu-~

lated wvalues for Kl“



DISCUSSION

Affects of Ionic Strength, Specific Ions
And Temperature on the Reduction of Fer-
ricytochrome b_. by Sodium Dithionite

The mechanism for the reduction of cytochrome ¢ by

sodium dithionite as proposed by Lambeth and Palmer (1973)

and Miller and Cusanovich (1975) that is, formation of 802

from szoz, controls the reduction of cytochrome c. How-

ever, cytochrome b

5 is reduced only by 802 under conditions

studied. The rate constant for reduction of cytochrome 95

2

c reduction under similar conditions of pH, buffer and -ionic

by S0, are a factor of 10 smaller than those for cytochrome
strength. The second order rate constants are linear indi-
cating a simple second-order relationship thus, over the con-
centration range studied, no long-lived complex forms

between SOS and cytochrome b,

The ionic strength studies reported demonstrate that

cytochrome b has a negative charge at the site of electron

5
" transfer when reduced by SO,. A simple Debye—Huckel‘anal—
yvsis of the data gives an "apparent qharge".at the site of
electron transfer of -3.1 to -5.9 for potassiuﬁ phosphate
and Tris cacodylate buffers, respectively.

inspection of the structure of cytochrome 95 shows

a cluster of 7 negative charges in the vicinity of the heme

edge. This suggests that the negative charge the SOE

68
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~radical encounteré during reduction of ferricytochrome 25
is at the heme edge. Modification studies of the cytochrome
95 carboxyl groups by Dailey and Strittmatter (1979) showed
that the "apparent Km" increased when garboxyl groups in the.
vicinity of the heme edge were modified, an indication that
the heme edge is involved in electron transfer. The rate
constant at infinite dilution and charge at the site of
electron transfer reported suggests a dependence on the
ionic composition of the buffer. Experiments conducted in
potassium phosphate ga&e rate cénstants at infinite dilution
twice those observed in Tris cacodylate and Tris cacodylate
with KCl. The charge at the site of electron transfer in
potassium phosphate appears to be one half that calculated
for experiments done in Tris cacadylate buffers. Comparison
of second order rate constants and K+ concentrations
obtained from experiments in Tris cacodylate and potassium
phosphate buffers did not indicate KT as being responsible
for the reduced charge at the site of electron transfer.
Thus, it is suggested the phosphate anion is involved in
reducing the charge at the site of electron transfer. At
present it is difficult to offer a model of phosphate bind-
ing to cytochrome 25 which could explain the observations.
However, one possible explanation is that there is no real
difference between.the reduction in cytochrome 95 in

potassium phosphate and Tris cacodylate buffers, but

the use of the simplified Debye-Huckel theory is not
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applicable to’potassium phosphate buffers, particularly at
high ionic st#engths° If this is the case, additional
studies could be conducted at phosphate concentrations less
than 10 mM to determine'if the second order rate constants
are similar to those observed for Tris cacodylate at low
ionie strength.

Thermodynamic parameters for the reduction of cyto-
chrome 25 by sodium dithionite were calculated from tran—v
sition state theory. The values obtained show a small con-
tribution of the entropic term and a large contribution of
the enthalpic term to the free energy of Activation. The
relationship between tﬁese two parameters indicates a lesser
role of the factors associated with the entropic term, i.e.,
solvent rearrangement, steric factors, etc. and armore
important role for enthalpic associated factors, iae.,
electrostatic interactions. Thermodynamic studies of cyto-
5 by sodium dithionite demonstrated a similar
relationship between the entropic and enthalpic éarameters
in contributing to the enefgy.of activation (Wood, 1974).
These studies suggest that the mechanism for reduction ef
the two cytochromes by SOE is similar.

Reduction of free cytochrome ES by its physiological
feductant cytochrome 25 reducﬁase as a function of tempera-

ture yields an energy of activation of 7.0 *0.5 kcal/mole

(Leon et al., 1978). Although no breakdown was given as to



the contribution of enthalpic and entropic parameters, the
value is close to that calculated for cytochrome by sc#

@AG~ = 8.77 kcal/mole).

Protein-Protein Interaction

The rate constants for the reduction of cytochrome
c by sodium ascorbate in the presence of cytochrome b#* are
slower than for the reduction of cytochrome c alone. This
suggests a complex forms between the cytochromes which
affects the reduction of cytochrome c. Similarly the
equilibrium between cytochrome ¢ and the iron hexacyanides
is altered when cytochrome b” is present. This results in
cytochrome c¢ having an apparent midpoint potential 1lower
than cytochrome ¢ in the absence of cytochrome b

To explain the kinetic equilibrium observations a

mechanism can be proposed and is presented in Equation 21.
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where [R] represehts the reductant concentration, sodium
ascorbate in the kinetic experiments and potassium ferro-
cyanide in the equilibrium experiment. The [0] represents
the oxidant concentration, potassium ferricyanide in the
equilibrium experiments. The sodium ascorbate reduction of
cytochrome ¢ is not reversible because of large differences
in the oxidation—reductionipotentials,of the reactants, thus

k [0] and k

32 45 [0] equal zero.

The mechanism given by Equation 21 suggests several
possible situations for the reductién of cytochrome ¢
dependent on how the two cytochromes interact. The possible
interaction models include:

1. Cytochromes 95 and ¢ bind at their respective sites
of electron transfer, presumably their heme eages,
thus making the site of electron transfer inacces-
sible torrreductantso In this case ascorbate would be
ﬁnable tokreduce cytochrome ¢ when complexed cyto-
chrome 25 (k54[R] = 0).

2. <Cytochromes 95 and ¢ form complgx but the cytochrome
25 binds at a site removed from the site of electron
transfer on cytochrome ¢. The bound cytochrome 95
then alters the site of electron transfer on cyto-
chrome~g preventing the reduction of cytochromé Co.
This would be mathematically identical to that given

in Model 1.
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3. The cytochrome gs-g complex forms as in Model 2, but
- cytochrome ¢ is only hindered in its interaction with

ascorbate, thus cytochrome b, binding merely impedes

5
cytochrome ¢ interaction with the reductant. There-

fore, k54[R] % 0, but is less than k [R].

23
The interaction conformation proposed in Model 1 was
based on available data with nonphysiological reactants which
suggest that electron transfer in cytochromes occurs at the
heme edge (Cusanovich, 1978; Salemmé, 1977). The reac-
- tions studied to date at various ionic strengths indicate
that a change at the site of electron transfer on the cyto-
chrome is localized and independent of the net charge of the
protein (Miller and Cusanovich, 1975). Structuralrdata and
amino acid sequence information demonstrate that the viéinity
of the heme edge is evolutionarily conserved in both éyto—
chromes (Miller énd Cusanovich, 1}975). Chemical modification
studies of cytochrome ¢ (Ng et al., 1977; Staudenmeyer et al.,

1977) and cytochrome b, (Dailey and Strittmatter, 1979) and

5
subSequent steady state kinetic experiments have demonstrated
that alteration of the charged groups in the vicinity of the

heme edge affect either the Km or the Vm of the reaction,

ax
depending on the type of modification (stéric or electro-
static). Further, modification of the ecamino groups of
lysines by TFA (trifluoroacetic acid) and TFC (trifluoro-
methyl phenyl carbamoyl) in the vicinity of the heme edge on

cytochrome ¢ result in a reduced rate of reduction of
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cytochrome ¢ by cytochrome 95 (Ng et al., 1977). Modifica-
tions with TFA and TFC resﬁlt in loss of charge with TFA
causing less steric alterations than TFC. The steady state
studies were conducted under conditiéns which did not allow-
the separation of Km and Vmax'to ascertain which parameter
. was affected by lysine modifications. However, it was
found that modifications whiéh increased K, values for the
interaction of cytochrome c¢ and cytochrome ¢ oxidase
(Staudenmeyer et al., 1977) decreased the rate of reaction
between cytochromes 25 and ¢. This suggests that K.
increased when modifications of € amino groups of lysine
resulted in loss of pdsitive charge.

Steady state studies of modified c?tochrome 25 with.
native cytochrome 95 reductase have also shown the Km value
increases when modifications are such that they change the
charge of the carboxyl groups in the vicinity of the heme
edge (Dailey and Strittmatter, 1979). The size of the
uncharged modifying molecule does not effect Vmax nor does
size seem to be as important to the L value as the fact
that there is a loss of charge., Modification of carboxyl
groups in the vicinity of the heme'edgé which result in
steric changes, but not a change in charge do not effect L
values, but Vmax'is decreased. This suggests that the rate
limiting step represented by V is decreésed° This sug-

max.

gests theée rate limiting step represented by Vm xis affected

a
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by the distance to the heme edge, which is increased)from»
~ 82 to 123 (Dailey and Strittmatter, 1979). Thus previous
studies on cytochromes ES and ¢ indicate the heme edge as
the site of‘complex formation and electron transfer with the
biological and physiological reactants studied.

The complex formation as proposed in Models 2 and
3 réquires the site of interaction on cytochrome c be
different than the site of electron transfer. In Model 2
the affect on the conformation of cytochrome ¢ would have
to be of such'magnitude as to prevent sﬁall molecule inter-
action at the éite of electron transfer. Kinetic studies
of the reduction of denatured cytochrome ¢ have shown that
the denatured species reacted with SOE and S2OZ with rate
constants which did not vary by more than a factor of 5,
~relative to the native cytochrgme c (Miller and Cusanovich,
1975); These observations suggest access to the heme edge
by a small molecule of appropriate redox potential would
result in reduction. Thus a rather large. conformative
change would be required to prevent reduction. At present
there is no structural data to suggest an event of this
magnitude occurs, although it cannot be totally discounted.
The interaction proposed in Model 3 would:require relatively
smaller conformational perturbations at the site of electron
transfer when cytochrome b_. binds to cytochrome ¢ but is
a more difficult model to evéluate° This effect would thus

be manifested by a change in the rate of ascorbate reduction
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of cytochrome c¢ due to decreased accessibility to the heme
edge and not to inaccessibility as proposed in Model 1.

The resolution of the general mechanism will be an
indication of the reaction pathways involved in the cyto-
chrome bg-c complex. Thus determination of the equilibrium
and rate constants for the various paths provides informa-
tion about the nature of the cytochrome complex.

Analysis of the equilibrium and kinetic data was
done using a "steepest descent" procedure. The program fit
the data according to the mechanisms shown in Equations 13

and 16 of Chapter 3, presented again as Equation 22.

K:
I11 III % pAIT g T
k32 t0] @2)
b;ll I A b~11 + c11
K;

Where Kf£ is the dissociation constant for the ferricyto-
chrome c¢ ferricytochrome b”* complex and K' is the dissocia-
tion constant for the ferrocytochrome c-ferricytochrome b,
complex. The rate constant describes the reduction of
cytochrome c¢ in the absence of cytochrome b” in the kinetic

experiments. The Keq value of #23%32 calculated from
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the oxidation-reduction titrations. This analysis of the
data by Equation 22 assumes k45 = 0 (Equation 21).

The association constants for the ferricytochrome

Qs—ferricytochrome c complex obtained for the kinetic and

4 -1 5 1,

equilibrium studies were 4.5 x 10 M - and 1.4 x 10° M

respectively. These values for the association constant of
the complex are somewhat smaller than those determined from
cytochrome ¢ complexing with its physiological reactants.
For example, complex formation between cytochrome ¢ and
cytochrome ¢ peroxidase (Mochan and Nicholls, 1972) and

cytochromes c-¢; (Yu et al., 1973; Chiang et al., 1976)

6 7

yield K, values of 10  to 10 and 107, respectively.

A

Nevertheless, the values for the association constants of

cytochromes b.-c are substantial. Studies of the inter-

5
action of cytochrome 25 and cytochrome 95 reductase (Dailey
and Strittmatter, 1979) have given Km values for the non-
6

membrane bound proteins of 8.8 x 10 ° M. The interpreta-

tion of l/Km as an association constant for cytochrome 25

with its reductase is limited because of the rapid rate

of reduction of cytochrome b. by the reductase, however it

5
may serve as a lower bound for an association constant for
the two proteins. This lower bound (1.15 x 10° ML) is

similar to the_Kl value calculated for the interaction of

cytochromes b.-c in this work.
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Computer modeling of the Keq values calculated from
"steepest descent" analysis of the kinetic and equilibrium
studies were used fo evaluate the possible cases discussed
above. The Keq values for the cytochrome gs—cytochrome c
complex and the rate constant for ascorbate reduction of
cytochrome ¢ alone were substituted into a program which
explicitly fit the rate constants to the mechanism presented

in Equation 21. Since values for kl2 and k 1 Were not pro-

2
vided from "steepest descent" analysis reasonable values were
selected empirically as follows. Analysis of the data shows
that the reaction to be monophasic (1lnAA vs time plots) as
obsérved experimentally.thus k12 must be sl setting a lower
limit on k12 such that k

vides some latitude in the selection of wvalues for k
1

12 > k23 [R]. This observation pro-

127 as

calculation of kobs using k values of 20'sec— and 200

12
1

sec” ~ (Table 12) demonstrate that the magnitude of k,, is not

 critical providing the kzl/k12 ratio yields a constant value

for Kl° Fixing the value of these rate constants leaves only

k54 as a variable. Examples of typical results are summa-

rized in Table 12,

The first series of fits (Table 12) were conducted

using a value of 5 x 104 v for kzl/kl2 (K;) as calculated

from a least square fit using a "steepest descent" analysis

of the ascorbate reduction data. When k54 = 0 the program

generated kcal = kobs further values of k54‘rang1ng from
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Table 12. Analysis of the Affects on k at Various

Values of k obs

54
cyto 95 k21 kl2 k54[R] kcal cyto ¢
uM M_1 s'.l s_l rs-l uM
4.8 1 20 0 .49 2.4

1 20 .10 .50
1 20 .20 .526
1 20. .25 .53
2 20 0 .42
2 20 .10 .45
2 20 .20 .48
10 200 0 .49
10.8 1 30 0 .39 2.28
1 20 .10 .43
1 20 .20 465
1 20 .25 .48
2 20 0 .29
2 20 .10 .35
2 20 .20 .396
10 200 . 0 .399
22.23 1 20 0 .29 2,1
1 20 .10 .34
1 20 .10 .34
1 20 .20 .398
1 20 .25 42
2 20 0 .198
2 20 .10 .26
2 20 .20 .33
10 200 0 .298
a. R =Asc = 1 X 1072M, k,, = 57,2 X 10°M *s™T, Ky = 20s7%,
_ B 3. -1 _ _ 10
ky = kqay/kyq = 286 X 10°M 7, Ky = ky1/K1y =55 - 5 x 104,
_ S _ 2% 10 _ 5 '
Ky = kyy/kyy = =55— =1 X 10
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-1 -1 -1 -1 .
10 M s to 25 M s gave kcal > kobs” However, using

values of k < 10 M-l s_l reasonable values of kcal as com-

54

pared to kO were obtained, thus establishing an upper

bs
. -1 -1
limit for k54 of 10 M s .
The value of K = 1 x 10° Mt at 25°C was determined

from "steepest descent" analysis of the oxidation reduction

titration studies. This calculated Kl value was derived
X ‘

from conditions of higher temperature than the kinetically

derived value for Kl° Studies of the interaction of cyto-

chromes c-c. gave an association constant which was indepen-

1
dent of temperature (Chiang et al., 1976). Since the affect

of temperature on the association constant Kl was not

determined, it was considered worthwhile to investigate the

affect of the larger Kl value on kc The K. value of

al® 1
a1 < kobs when k54 = 0. Varying the

value of k54 anq calculating kcal showed that a k54 =
1

- -1 _
20 M ] was necessary to produce a kcal = kObs° From

1 x 10° M7 yields k_

bs it can be seen that k54 is

sensiti#e to the value of Kl‘ However, the values for k

£he analysis of values for ko

54

were calculated assuming k23 is only slightly temperature
dependent or temperature independent. Further experiments

may be necessary to determine k and ko at 25°C and’

23 bs

recaiculating k This might give values for k54 similar

54,
to those obtained from the experiments done at 20°C. Addi-
tional studies to determine the value of Kl possibly employ-

ing light scattering or sedimentation equilibrium techniques
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are required to narrow the range of values for Kl thus

allowing further refinement on the value of k54° Without

definitive information as to the value of k the confor- '

54°
mation of the complex as proposed by Models 1 and 3 cannot
be unambiguously determined.

The results of these studies supplemented with
available data demonstrate the viability of the model com-

plex formed between cytochromes b, and c. Although there is

5
still discussion as to the physiological significance of
this interaction, the calculated association constant and

the kinetic rates indicate that the reaction is comparable

to those for known physiological reactants.



CONCLUSIONS

v

Ionic strength studies analyzed using simple Debye-
Huckel theory indicate cytochrome 25 to have a
negatiVe_charge at the site of. electron transfer.
There is a cluster of negative charges around the
heme edge making this region a convenient candidate
for thé site of electron transfer,

Specific ion studies indicate K" and Tris' do not

interact with cytochrome b. nor affect its rate of

5

radical. Potassium phosphate has

2

a lower "apparent charge" at the site of electron

reduction by SO

transfer as compared to Tris buffers.
The effect of studies on the reduction of cyto-

chrome b, by sodium dithionite temperature show that

5
the thermodynamic activation parameters are domi-
nated by the enthalpic term (AH{). The free energy
of activation is similar for sodium dithionite and

cytochrome b. reductase reduction of cytochrome b

5 5°

A physiologically reasonable complex is formed

between ferricytochrome b _and ferricytochrome c.

5
Although its structure cannot be unambigiously
determined, it appears the complex forms in the
regions of the heme edges of the respective

cytochromes.
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APPENDIX A

AFFECT OF COMPLEX FORMATION ON
OXIDATION-REDUCTION POTENTIALS

The interaction of cytochrome with cytochrome < is given by

Equations i and ii

Clll ¢ £5"s=~ cll + t5 @)
K2
cll e« b5 Cll + bS5 (ii)
where and represent ferri and ferrocytochrome c respectively

and b* represents ferricytochrome b*. Thus the dissociation constants

can be defined as given by Equations iii and iv

[EHI]Db ]

KL = (111)
[c"][b_]

K2 = [c1ll . b5) (iV)

Further the expressions given by Equations v-viii can be written

to relate the concentrations of the various species present

83
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I I '
cTII = ¢ty + [ttt bs] ' (v)
IT IT,- IT
c. =1[cT]+[cC b1l - (vi)
T 5
P S Y & | s
€p=Cp *C - (vid)
I11 ; '
b = [bg] + [¢TTT bl + €™ b, (viit)
III 11 . .
where CT and CT represent the total amount of ferri and ferrocyto-

chrome ¢ respectively, CT represents the total cytochrome ¢ and bg the

total cytochrome b Since from the Nernst equation

50

III

E, =E +—1 [C ]/[C ] ’ : (ix)

h 1 hF

where El is the midpoint potential of cytochrome ¢ in the absence of

cytocﬂrome 2_5 and Eh is the imposed potential., We can solve Equation ix

in terms of Equation i-viii and obtain Equation x.

\

et . Cr g rr Ky * [
Eh=El+-II§lnCII +-logK/K + lnm-]—)— (%)

T

thus in presence of saturating amounts of ligand [bS] >> K2 and K1 we

can write

_p LRI
E- = El + 5 log K1/K2
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where E: = E_. represents the midpoint potential when saturated. Further

1

as defined earlier E: = E,, that is, E; is the midpoint potential in the

absence of ligand. Thus we can write the general expression

' (K, + [b.D
- RT 4 RT 2 5
Em = E1 + =5 log Kl/K2 + 5 log (Kl T [bS])

and AEm the difference in potential observes, is equal to Em - E:,

Finally, using the relations given by Equations i~viii, we can solve for

[b5] in terms of the various constants and obtain

T 0.5C (XK, HK, ) 0.5C (RR ¥R ) o

(b—K,- = + Ry = ~b,) +4b§K
= 1 ™M

2
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