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INTRODUCTION

The main function of cytochrome c is electron
transport in the mitochondrial respiratory chain from
complex III to complex IV. Accepting an electron
from complex III, cytochrome c turns into the
reduced form, while giving an electron to complex IV,
it turns into the oxidized form. The oxidized and
reduced horse cytochrome c forms differ in resonance
chromophore raman spectra characterizing redistri�
bution of electron density of heme porphyrin [1].
According to the protein informational theory, cyto�
chrome c and hemoglobin may have a common mech�
anism of functioning due to the common cofactor.
There are works devoted to the analysis of conforma�
tion of α and β hemoglobin subunits in different func�
tional forms using the roentgen�structural analysis [2].
Change of hemoporphyrin ring stereochemistry of
every subunit of hemoglobin when it comes from one
form to another is characterized by iron atom shift rel�
ative to the macrocycle plane [2]. Cofactor restructur�
ing related to the iron atom exit form the heme plane
can be suggested to occur also in cytochrome c when
an electron is transported in the respiratory chain.

According to the analysis of the cytochrome c
informational structure, we suggested that the cyto�
chrome c cofactor activity possibly related to the iron
atom shift, the 76�83 amino acid sequence of cyto�
chrome c is of principle significance. This area con�
tains heme ligand Met�80 and, according to the calcu�
lated data, serves as a flexible connection for N� and C�

terminal cytochrome c sequences providing flexibility
of Met�80 and coordinated iron atom. To verify this
suggestion on the basis of the ANIS method data, we
constructed several mutant horse cytochrome c vari�
ants. Cytochrome c mutations were aimed to reduce
the conformational flexibility of 76�83 amino acid
sequence of the protein which must lead to the reduc�
tion of its electron transport activity.

MATERIALS AND METHODS

The ANIS method was used to investigate cyto�
chrome c informational structure. Principal points of
the method are shown on the ANIS�trees web server [3].
The introduction of the mutations in cytochrome c gene
included in pBP(CYCS) plasmid vector was performed
by site�directed mutagenesis QuikChangeTM Mutagene�
sis Kit (Stratagene, United States). Escherichia coli
JM109 strain was used for the expression of the
obtained cytochrome c mutant genes. Cytochrome c
mutant variants were isolated using ion�exchange and
adsorption chromatography. Mitoplasts from rat liver
mitochondria were obtained using Johnson and
Lardy’s method. Cytochrome c removal from liver
mitochondria was performed by washing with a solu�
tion of high ionic strength [5]. Succinate and cyto�
chrome c reductase activity of rat liver mitoplasts lack�
ing cytochrome c was measured photometrically at
550 nm. The activities were expressed in μmole of
reduced cytochrome c per min per mg of mitoplasts’
protein. Cytochrome c oxidize activity of rat liver
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mitoplasts lacking cytochrome c was measured using
an amperemeter with a closed platinum electrode.
Activities were expressed in μmole of oxidated cyto�
chrome c per min per mg of mitoplasts’ protein [6].

RESULTS AND DISCUSSION

Investigation of the cytochrome c amino acid
sequence by the ANIS method showed that the infor�
mational structure of cytochrome c is formed by two
hierarchical elements of the informational structure
(ELIS) of the highest rank: 1–58 a.a. and 59–104 a.a.
(Fig. 1A) [3, 7]. Corresponding elements of the spatial
organization are shown in Fig. 1B. In addition, one
site with abnormally low density of ELIS (ADD�site)
is marked out in the informational structure of cyto�
chrome c (Fig. 1C) [3, 8]. The low density site is a part
of one of two ELIS of the higher rank 59–104 a.a. and
is interfacial between ELIS of the lower rank 59–79 a.a.
and 80–104 a.a. The ADD�site contains the residuals
76–83, including iron ligand Met�80 (Fig. 1C). The
second iron ligand His�18 is situated on the ELIS of
the highest rank 1–58 a.a. Thus, the amino acid iron
ligands are included in different ELIS of the highest
rank which correspond to the extensive parts of cyto�
chrome c polypeptide chain.

The informational structure of the other heme�
containing protein hemoglobin with the amino acid

ligands His�58 and His�87 is studied. The hemoglobin
informational structure is shown to consist of two
ELIS of the highest rank and each of these ELIS con�
tains one amino acid iron ligand.

Therefore, the position of the iron ligands as func�
tionally significant a.a. on different ELIS of the highest
rank is typical for the informational structure of hemo�
globin as well as cytochrome c and hydrolases [9]. In our
opinion, iron atom shift accompanying the cofactor’s
work in hemoglobin is a result of movement of two big
elements of the protein spatial structure corresponding
to ELIS of the highest rank, each of which contains one
iron amino acid ligand. Therefore, the heme ligands are
located in different ELIS of the highest rank.

Presence of the mechanism analogous to hemoglo�
bin and providing cofactor work in cytochrome c was
assumed. The movement of ELIS of the highest and
the lower rank relative to one another in cytochrome c
can be provided by the flexibility of the 76–83 a.a. site
(ADD�site) in the protein located interfacial between
ELIS of the lower rank within one of ELIS of the high�
est rank. Thus, using a new theoretical idea about the
cytochrome c structural organization, we proposed a
model of functioning of this protein built with the
ANIS method.

On the basis of the proposed model of cytochrome
c functioning and calculated data obtained by the ANIS
method, the cytochrome c mutant variants containing
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Fig. 1. A—Cytochrome c informational structure: X�axis—size of the site for which the function was calculated which describes
the value of a.a. correlation; Y�axis—a.a. number in the cytochrome c sequence; Z�axis (tints of gray range)—value of function
reflecting the degree of a.a. correlation; B—cytochrome c spatial structure where ELIS of the highest rank is highlighted; C—
cytochrome c spatial structure where ADD�site is highlighted with black. Iron ligands His�18 and Met�80 are shown.
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substitutions in the ADD�site, I18Y/A83Y/G84N,
T78N/K79Y/M80I/I81M/F82N, and T78S/K79P,
were constructed. The mutations were directed to
reduce protein ADD�site flexibility that, in our opin�
ion, could reduce iron movements within heme and
inhibit cytochrome c ability for electron transport in
the respiratory chain. The mutant genes of cyto�
chrome c were obtained and expressed in E. coli cells
and the corresponding recombinant proteins were
extracted in a preparative amount. To study the ability
of the mutant cytochrome c variants to transport of
electron, their interaction with the complexes III and
IV was investigated. The highest decrease of the succi�
nate:cytochrome c reductase activity of mitoplasts (for
97% from the activity in the presence of the wild type
cytochrome c) was observed when the mutant variant
T78S/K79P was added. The highest decrease of
cytchrome c oxidase activity (for 85% from the activity
in the presence of the wild type cytochrome c) was
observed when the mutant variant I18Y/A83Y/G84N
was added. The obtained data are similar to the results
for the cytochrome c mutant variants constricted ear�
lier [6] to eliminate electrostatic interactions of cyto�
chrome c with the respiratory chain complexes. Possi�
bly, a.a. substitutions in the N�terminal sequence of
the single ADD�site are critical for cytochrome c
interaction with complex III, while a.a. substitutions
in the C�terminal sequence of the ADD�site are criti�
cal with complex IV.

Thus, the cytochrome c informational structure rep�
resented by two ELIS of the highest rank was investi�
gated. Cytochrome c variants with the substitutions
I18Y/A83Y/G84N, T78N/K79Y/M80I/I81M/F82N,
and T78S/K79P directed to the decrease of its elec�
tron�transport activity was constructed. The mutant
cytochrome c variants were obtained and investigated.
The biological activity of the mutant variants was sig�
nificantly reduced in comparison with the wild type
cytochrome c.
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