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I, Introduction
I-1 History of cytochromes

As early as 1886, MacMunn observed the spectral absorp-
tion bands of the cytochromes in large variety of organisms
and tissues}) But these MacMunn's discoveries had been
ignored until Keilin rediscovered the four-band spectrumz).
and confirmed MucMunn's spectroscopic observations. Keilin
showed that these proteins were repeatedly oxidized and
reduced during cellular respiration, and that the sequence
of electron transfer to oxygen is as follows,

substrate——> dehydrogenase———> cytochromes
-~ cytochrome oxidase———> 0, -
Biological and chemical studies about cytochromes have been
started by the Keilin's rediscovery.

About 250 species of cytochromes have been discovered,
Cytochrome ¢ is most precisely investigated in all the types
of cytochromes. In 1961, amino acid sequence was fully
established for horse heart cytochrome ¢ by two groupsBS#)
Since then the primary structures of cytochrome ¢ have been
determined for about 40 speciesS). The serial studies of the
primary structure of the protein have pioneered comparative
biochemistry at molecular level. The study of tertiary struc-
ture coupled with chemical modification and spectroscopic

studies is revealing the oxidation-reduction mechanism of

the protein.

I-2 Chemical and physical properties of cytochrome ¢

Proteins containing heme ¢ (Fig.l) with absorption bands



of d,P. and 7" are named cytochrome C., Cytochrome C's of
animals, yeast and others, with X-band at 550mp are named
cytochrome c¢c. The protein has an isoelectric point of pH 10.
and their molecular weights are about 12,500,

All the proteins from vertebrate species are 104 or 103
residues long, and lack a free ((-amino group at amino ter-
minal residue, the chain invariably starting with N-acetyl-
glycine., To contrast with this situation, the proteins from
every non-vertebrate species so far examined have peptide
chains longer than 104 residues and carry, in place of acetyl
group, several extra amino acids, the terminal ({-amino group
being free. In Fig.3 amino acid sequences are shown forv38
species of cytochrome 352 It can be seen in the sequences
the residues of 32 positions being completely invariant, and
other 22 positions remaining phylogenetic constancy of struc-
ture expressed in so-called "conservative" substitution.

This substitution occurs in the residues which are considered
mutually interchangeable, in the sense that their chemical
structures are similar to the éxtent that they are capable

of the same structural ro}e. The residues in above 54 posi-
tions could be considered particularly important for the
appearance of physiological functions.

Many authors have observed conformational differences
of the protein brought about by oxidation or reduction of
heme iron., Zeile and Reuter showed that the oxidized protein
was adsorbed more readily on kaolin than the reduoedB).
Jonxis\found a difference in the surface tension of mono-

molecular layer of the protein between the two oxidation



states9). The spectroscopic tyrosyl ionization curves of

the two oxidation states indicated for the reduced protein

to have greater structural rigidity.lo) Chemical reactivity
of the protein moiety itself is also quite different. Diges-
tion of polypeptide chain by proteolytic enzymes is slower

11) Other

with the reduced than it is with the oxidized.
differences in the physico-chemical properties between the
two oxidation states have been detected by nuclear magnetic

resonance,IZ) M8ssbauer effect.lj) CDh spectralu’ls) and ORD

16)

spectra. The differences of physico-chemical and biolo-~

gical properties are summarized in Table 1.

I-3 Physiological function of cytochrome ¢

Cytochrome ¢ is an electron carrier in the oxidation-
reduction system of respiratory chain in the cell mitochon-
dria. The protein oxidizes cytochrome €4 and reduces oxygen

22) The electron

molecule in co-operation with cytochrome a.
transport is coupled with phosphorylation of ADP(oxidative
phosphorylafion). The oxidative phosphorylation and the
sequence of electron transfer are shown in Fig.5. It is
one of the purposes of present study to show the mechanism
of electron transfer by the protein.

Recently, another possible pnysiological function was

proposed by Margoliash et al.21)

It was suggested by similarity
between ion binding properties of cytochrome ¢ and permea-
bility properties of mitochondrial membrane that the protein

may be an ion transport carrier of the inner mitochondrial

membrane. The other purposes of the present work are to



indicate ion binding scheme of the oxidized protein and the

reduced, and it's physiological meanings.



---(Lysl)g— CyS. —

14 —~(Ala.)
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Fig. 1. Chemical structure of heme c¢. The heme is covalently
linked to the protein through two thioether bonds to the two
cysteinyl residues in the invariable sequence, —Cys—X—Y—
—Cys—His—, which is formed by the residues 14 through 18.
In this paper four pyrrole rings are named "a", "b", "“a'",

and "b'" for convenience sake, respectively.



x 10’ cm% mole

10+

Fig. 2 Absorption spectra of oxidized (dotted line) and
reduced (full line) cytochrome c's from horse heart; this
preparation contained 0.45% iron.é) The specific (l-band

of the reduced protein disappears in the spectrum of

the oxidized one. Molar absorption coefficient of‘fzband

is about 28 mM Ytom™ .
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CHB-CO-NH-QLX—Asp-Val—Ala—LYS-GLY-LYS-LYS—Thr-Phe~Va1~ 11

-Gln-LYS-Cys~-Ala~-Gln-Cys-His~Thr-Val-Glu~-Asn~-GLY-GLY- 24

-LYS-His-LYS~Val-GLY-Pro-Asn-Leu~-Trp-GLY~Leu-Phe-GLY~ 37
-Arg-LYS~-Thr-GLY-GIn~Ala~Glu-GLY-Tyr-Ser-Tyr-Thr-Asp- 50
-Ala-Asn-LYS-Ser-LYS-GLY-Ilu-Val-Trp-Asn-Glu-Asn-Thr- 63
-Leu-Met—Glu-Tyr~Leu-Glu-Asn—Pro-L1§-L§§¢Tyr-11u~Pfo- 76
~GLY-Thr-LYS-Met-Ilu-Phe-Ala~GLY-Ilu-LYS~-LYS-LYS~Gly~- 89
~-Glu-Arg-Gln-Asp-Leu-Val-Ala-Tyr-Leu-LYS~Ser-Ala-Thr- 102

~-Ser~-COCH

Fig. 4. Amino acid sequence of bonito heart cytochrome c. 7)

The underlined residues expressed with capital letters are
glycines and lysines which are evolutionally conservative.
The molecule lacks a free pfamino group at the amino terminal
residue, the chain starting with N-acetylglycine as detected
in all other vertebrate cytochrome c¢c. The protein as that
of tuna fish is 103 residues long, lacking one of the lysyl
residues in position 99-100. The cytochrome ¢ is basic,and
contains a preponderance of lysyl residues. These residues
tend to occur in distinet cluster along the protein chain.
Glycyl residues are also contained in cytochrome ¢ more than
other species of proteins. Most of these lysyl and glycyl

residues are evolutionally invariable.



Table 1. Difference of properties between two oxidation states

adsorption by kaolin

viscosity in 10% saturated
ammonium salfate solution

surface tension of monolayer

pKa of Tyr
digestion by proteinase

carboxy-methylation of
Met (80

cyanogenation

Cotton effect arising from
*vand

hydrogen~-deuterium exchange
of peptide hydrogens within
5 minutes

dessociation of cyan from
cyano-cytochrome ¢

oxidized
readily

high

high
12.1
readily

possible

possible in
physiological
condition

positive

68%

AH=15 Kcal/mole
A S"’—BO eu.

contribution to coordination 10%
bonds of 45 electrons in iron

absorption spectra

c1”
2+

ion binding

; Ca

7-band

one more than
reduced form

reduced

less readilys)

low

1ow9)

12.610)

slowlyli)

impossible17)

possible onlyls)

at high temp.
and high pH

negativelh’15)

50%9)

21.4 Kcal/molezo)

2.1 eu.

359 13)

7,0~ ,p-bands

21)

one more than
oxidized one



succlinate
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Fumzrateg ¥ FADH2
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M SN NapHD PAD & TCoot, 2Fe’ zFez”, 2Fe
' '
{ E
' NADH
dehydrogenase reductase
redox -0.32 -0.22 0.00 0,26 0.29 0,81 V
potential
[ N Pi Pi
ATP ATP ATP

Fig. 5. Hydrogen and electron transport systems and oxi-
dative phosphorylation in cellular respiration. An elect-
ron is transferred from a substrate exhibiting low redox
potential to oxygen having higher redox potential through
flavoproteins, cytochromes and other substances. The elec-
tron transport is coupled with ATP synthesis at three sites
of the respiratory chain. The ATP is a high energy compound

in the mitochondria.
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II. Crystal structure analysis of bonito ferrocytochrome ¢

II-1 Experimental

Purificatieon and crystallization of the protein

The protein was extracted from benito hearts by the
method of Margoliash and Walasek.zB) Desalting was carried
out by the use of a Sephadex G-25 column, instead of dialysis.
The main steps of purificatioh and extraction are shown in
Table 2. At the final step of the purification the protein
charged to Amberlite IRC-50 was eluted with 10% saturated
ammonium sulfate solution(10% AS, pH 8.0). The crystalli-
zation précess of bonito ferrocytochrome ¢ was observed by
use of photographs, and is shewn in Fig.6. At the begining
of the crystallization, amorphous turbidity appeared and
red color of the solution gradually disappeared. This pheno-
menon shows that the protein is diluted in the solution and
concentrated in the amorphous. After one or two days very
small crystals were found among the amorphous. These crys-
tals eat the amorphous and gradually grow. If we give a shock
to a test tube containing the protein solution, the amorphous
substances are precipitated and crystal growth stops. The
precipitation may disturb the crystal growth.

In order to get suitable crystals for the structure
analysis it is a key point that the extraction and purification
should be done quickly at most within two weeks, and the

crystallization should be undertaken carefully.

Modified flow cell

-11-



A modified flow cell is devised for the determination
of soaking condition of heavy atoms. The new version of the
flow cell is schematically shown in Fig.7. A equatorial
type of the aluminium arm was designed in order to lower the
height of a crystal to the position of the incident x~-ray beamn.
The polyethylene tube between the arms in earlier version by

Wyckoff et al.2¥)

was replaced by a thin wall (10p) quartz
capillary. A crystal was fixed by Sephadex chunks(G-25 coarse),
and the chunks were folded by cotton linter. This unit has the
advantages of the eliminating the diffraction pattern of
polyethylene crystal and lowering background as shown in Fig.8.
The structural change of the crystal caused by soaking
solution was investigated by this modified flow cell. The solu-
tions were continuously flowed in the capillary, and at the same
time intensities and profiles of several reflections were
observed. The changes of the intensities and profiles were
not caused by the solution in the pH region between 5.0 and
8.0, so that all the preparations of heavy atom derivatives
were undertaken in this pH region. Drastic change of the
diffraction pattern was observed in the case where the solu-
tion of K3U02F5(pH 6.2) was flowed 10 ml per day. The change

was accomplished and the mosaicity of the crystal was not

increased within 2 or 3 days.

Preparation of isomorphous heavy atom derivatives

All the heavy atom derivatives were prepared by soaking

method. The chemical modification method was not applied

-12-



successfully. The soaking condition for each heavy atom
derivative is listed in Table 4. The soaking solution were

ad justed to pH 6.0 with phosphate buffer except that of
potassium uranyl fluoride, KBUOZFS' In this case, since a
precipitate is formed by phosphate, the buffer was excluded
from the solution which was adjusted to pH 6.2 by concentrated
agquous ammonia. These derivatives have approximately the

same crystal lattice as the native. The heavy atom sites

of all the derivatives are assigned, but only three deri-
vatives were finally used for the calculation of phase angles

for the reasons described in the following section.

Data collection

The crystal is orthorhombic, space group being P212121
with eight molecules in the unit cell of dimensions: a=57.54,
b=84,71, and c=37.748, Intensity data were collected by a
computer-controled four-circle diffractometer with target-
to-crystal distance of 28 cm and crystal-to-counter distance
of 20 cm. All the measﬁrements were undertaken with moving-
crystal stationary-counter method W-scan), by using nickel
filtered Cu-Ko radiation. The moving-crystal moving-counter
method was not employed, because the method can not avoid
decrease of observed intensity of reflections from same heavy
atom derivatives whose mosaicity increase than the native
crystal. In all the cases of the measurements, crystals of
approximate dimensions, O.le.?xO.?mm3 were mounted with the
c-axis parallel to the ?-axis of the diffractometer. Absorption

correctionswere carried out by Furnas' method.zS)

-13-



During the measurements, three monitored reflections of
(0 4 2), (4L 20 5), and (0 15 6) were inserted every fifty
reflections. When the intensity change of these reflections
effected by the oxidation of the crystal or the intensity
decrease by x~-ray damage of the crystal were observed, the
measurement was terminated.

The averaged differences of structure amplitude among
three sets of the data of reduced crystals are below 2 or 3%
in F, and that between a reduced crystal and 50% oxidized

crystals is about 6%.

1I-2 Phase determination

Location of heavy atoms and refinement of their parameters

The difference Patterson function calculated with the
coefficient of (Ith|~|Fp])2 and the difference Fourier
syntheses with (|th|-|Fp|)exp(i¢p) showed heavy atom sites.
Where Fph is the structure factor of a heavy atom derivative,
Fp and ¢p are the structure factor and the phase angle of
the native crystal, respectively. The parameters of heavy
atoms were refined by the least-squares calculations minimi-
zing the sumi of

m(lehlobs"kincbs*icalc‘ exp(—AB(sine/A)z))z.
where

Fh =.G.fexp(2ni(hxj+ky.+lzj))exp(—Bj(sinQ/A)2).

cale j~j J

m : figure of merit defined as following section,
T :+ unitary structure factor,

st occupancy of heavy atom in electron.

The final parameters for these derivatives are listed in

-1l



Table 5. The derivative of Hg14= was not used for the phase
determination, because the reagent deteriorated the crystal
structure. The derivative of PtC14= was used only in the
early stage of the calculation because of low isomorphism.

In the crystal Hg14= ion is located closely at the sulfur
atom of Cys(17), which links the heme group to the polypeptide
chain. This ion binding may initiate the hydrolysis of the

26) The mechanism of the

thioether bond by mercurial salts.
hydrolysis seems to be reasonable, because the other sulfur
atom of thioether bond is buried in the protein. The ion of
PtClu= is located closely at Met(65) as in the case of horse
férricytochrome c. The U02F5= ion is surrounded by lysyl groups

of Lys 13, 86, 87 and 88,

Calculation of electron density map

The phase angles and the figure of merit of the native

crystal were determined according to the following equations%7’28)

ggn P(®) cos(d) ad / Sg"’ P() a¢,
5" »@) sin@) ag/ (3T () ag,

m cos($p)

L

m sin(¢p)'
where

1 - 2 2

P@) = exp( -JE(P) / 2E,°),

Ej lack of closure ,

2 - Fp - Fh,| %,

E; =<[thj

these relation are shown in Fig.8, and Ej was determined by
use of all the reflections.

The electron density of the native crystal was calculated

-15-



. . . 2
at 2.3 8 resolution with the coefficient of m[FpIexp(r¢p). 7,28)

No modification to minimize termination of series errors was
not applied. The map calculated with four derivatives
including PtClu= derivative seemed to give some unreasonable
features in the vicinity of Pt-position. Therefore the
derivative was not used for the final calculation of the
electron density mép at 2.38 resolution.
The root mean squares of error in electron density,
§(9), estimated by the following equation.27’28)
0% (9)=2% |Fp |2 (1-n?) /v
was 0.0759/?3, where V is the volume of the unit cell of the

crystal. An averaged figure of merit was 0.67.

II-3 Main chain folding, heme and some residues

The highest peak of the electron density of 2.3e/R3
indicates the iron atom of the heme. The electron density
map of successive section including the peak is shown in
Fig.11., The fifth and sixth ligands of the heme iron are
clearly visible. These are the same residues of His(18)
and Met(80) as those of the horse oxidized protein.29)
All the foﬁr pyrrole rings are also revealed in the electron
density map as stereoscopically shown in Fig.12. One of
the propionic groups of the heme is buried in the molecule
and bound to the indole group of Trp(59) through a N-H---0
hydrogen bond (Fig.13). All the 103 residues were assigned
in the map. At the present stage the positional parameters

of the residues have not been refined yet.

The amino-terminal ten residues and the carboxyl-

-16-



terminal fourteen residues construct {~helices. Whole
structure of the protein is shown in Figs. 14 and 17-a by
stereoscopic pictures. These two helical segments and heme ¢
show up clearly in the electron density map (Fig.15).

The atomic position of the residues 20 through 25, -Val-Glu-
Asn-Gly- Gly-Lys=-, are shown in Fig,16 together with Fourier
map. In the region the conformation of the bonito ferrocyto-

chrome ¢ is different from that of the tuna ferrocytochrome ¢,
30,31)

and similar to that of the horse ferricytochrome
in Figs. 17-a, b, and c¢. This structural variation among the
molecules in the crystals may be caused by the difference of
molecular packing in the crystals. This fact seems to show that

the molecule has a few stable conformations in the solution.

Most of the aromatic groups were well defined in the
map. The phenyl group of Phe(82) closes the heme crevice in
the bonito ferrocytochrome ¢ as in the tuna ferrocytochrome Ce
The group in the horse ferricytochrome ¢, however, is exposed
to outside of the molecule. The indole group of Trp(59) is
favorable to bind to the propionic group of the heme through
a hydrogen bond as that of the tuna ferrocytochrome Ce 30,31)
The orientation of the group in the bonito ferrocytochrome c
is schematically shown in Fig.13.

The amino group of Lys(99) seems to bind to carboxylic
group of Glu(61) as in Fig.18. There is not a similar inter-

action between the groups in the horse ferricytochrome c.

-17-



Table 2.

Flow diagram for extraction and purification of
cytochrome ¢ from bonitc heart muscle

Frozen bonito hearts

Remove bonding tissues.
Mince

Homogenize in a waring blender for 5 sec. with
three volumes of 0.3% AlZ(SO@)3°

Add 5N HZSOMQ
Stand for 2 hours at below 10°C.

Filter using a suction bottle.

Extract

N

V

Add aqueous NH3 to pH 8.2 — 8.5,

"Filter with the aid of 10g celite per liter of

the extract.
Add acetic acid to pH 7.5,
Pass through a column of Amberlite IRC=-50.

Scrape off the red part of the resin and wash with
ten fold of 0,02M ammonium phosphate buffer(APB,pH7.5)

Elute with 0.05M APB containing 0.5M NaCl(pH 7.5).
Add minimal amount of KBFe(CN)6,
Add solid (NHu)zSOu to 50% saturation.

Centrifuge at 8,000 r.p.m. for 20 min.

Supernatant solution

Desalt by passing through a column of Sephadex G-25,

Wash with 0.02M APB.

Elute with minimal amount of 0.05M APB containing
0.5M NaCl.

Desalt by passing through a column of Sephadex G-25,
Pass through a column of Amberite IRC-50(pH 7.5).

-18 =



Charged column

\\%

Develop with 0.2 or 0.25M APB (pH 7.5).

Cytochrome ¢ fraction

v

Concentrate by the same method as the first
chromatography, and elute with 10% saturated
ammonium sulfate solution (pH 8.0).

Concentrated cytochrome ¢ solution

Table 3.

Flow diagram for the crystallization of bonito
ferrocytochrome c

10 ml of 7% ferricytochrome ¢ solution

\'%

Add finely powdered (NH4)2804 to 60% saturation,
Add 5 fold molar excess of ascorbic acid.
Bring the pH to 8.2-8.5 aqueous NHB'

Add finely powdered (NHu)zsou in small portions
until a faint turbidity appears.

Cetrifuge at 8,000 r.p.m. for 20 min.

Supernatant solution

v

Add finely powdered (NH4)2304 in small portions
until a faint haze appears.

Cool the solution in ice-water and dissolve the
amorphous turbidity.

Repeat the above two procedures till uniform,
cotton-like amorphous turbidity appears.

Keep at room temperature without any mechanical
shock.

Large crystals after 1 to 2 weeks

-19-



6.5% solution of the protein
75% saturated AS
a faint turbidity

i 2 days

viscid amorphous

3days

very small crystals

1 week

crystals eat amorphous
and grow

Fig. 6. The pathway of crystal growth. About 10 ml of the
protein solution containing 5 fold molar excess of ascorbic
acid is added powdered (NHu)Zsou to 60% saturation and the
pH of the solution is brought to 8.2-8.5 with conc. NHB'
Another finely powdered ammonium sulfate is added in small
portions until a faint turbidity appears. The solution is
kept still at about 20°C. After a few days viscid émorphous
substance appears. It takes another few days until very
femall crystals are found. The crystals grow and the amor-
phous disappears gradually. After one week or more

the viscosity of the solution decreases and the crystal

growth stops.
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Solution
Sephadex Quartz
Crystal
\ ST . . y‘ 2

Anm

i)

Goaniometer
head

Fig. 7. A modified flow cell. A crystal in a quartz capi-
llary is fixed by Sephadex G-25coarse. Soaking solution

is flowed in the capillary.

gos B AR R S e Coge 20

Fig. 8. The background scattering from the flow cell filléd
with the Sephadex chunks and 87% saturated ammonium sulfate

solution.
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Table 4., Preparation of isomorphous derivatives

reagents concentration# soaking period
K3UO,F | 100mg/5ml . 2 days
(CH3)28n012 3mg/5ml 4 days
Pt(SCN)¢ 5mg/5ml 5 days
K3IrClg 50mg/ 5ml 5 days
K,PtCL, 1.2mg/5ml 6 days
K,Hgl), 0.1mg/5ml 8 days

# The concentration of reagents in 87% saturated
ammonium sulfate solution containing a small amount

of ascorbic acid.

— ;

Fig. 9. Crystal shape of the bonito ferrocytochrome c

and the orientation of axes.
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Fig, 10. The relationship between the structure factors of
native crystal and derivative one, Where 'Fp' and ,thjl
represent the structure amplitudes of the native and j-th
derivative crystals, th is the structure factor for the
heavy atoms in the derivative.#’is the phase angle of the

native, and Ej is a lack of closure.

-23-



Table 5 Final parameters of heavy atom derivatives

x/a v/b z/c B occopancy
. _ . . .
haUOZF5 derivative (4B=0.390)
U-1 0.08862 0.13113 0.04700 26.30 1.8
U-2 0.58833 0.14118 0.08073 25.77 70.5
(GH3)28n012-derivative (AB=-0.400)
Sn-1 0.88693 0.24386 0.05111 13.94 12.3
Sn-2 0.35445 0.47465 0.17323 13.96 5.7
Sn-3 0.81728 0. 4L459L 0.19766 12.03 62.6

KyIrClg-derivative (48=0.020)

Ir-1 0.42400 0.256500 0.21400 15.00 13.5
Ir-2 0.93433 0.256077 0.20620 15.00 13.4

KZPtClu—derivative (4B=5,400)

Ft-1 0.24179 0.27008 0.23432 12.30 28.2
Bt-2 0.783L6 0.26303 0.17378 13.80 33.2
Rk Re

3,0-2.3 =-3.0 =4,04A 3,0-2.3 =3.0 -4.0A
KJUU, ¥ 5.7%  b.6% 5.0% 547 Loy 35%
(CHB)ZSnCl? 9.3 7.5 7.6 69 61 54
K31r016 5,0 3.8 3.8 76 63 57
K, PECL), 5.9 51

Where Rk and Rc represent Kraut's R and centric R,fespectively.
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(His 18)

Fig. 11. A composite drawing of three successive electron
density sections near the heme iron. The contours are
drawn in an arbitrary scale. The iron shows up at the peak
of 2.3e/23. The location of 5th (His 18) and 6th (Met 80)
ligands, and the sulfur atom of Cys(17) are also clearly

indicated with high electron density peaks.
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Fig. 12. Stereoscopic drawing of electron density contours
(2=9/38-17/38) with Kendrew-like model, looking down from the
top of the molecule. Redish part of the model shows heme.
Four pyrrole rings, 5th and 6th ligands clearly appear in

the map.

e T2

Trp 59

Heme

Fig. 13. A composite electron density contours (2Z=14/38-17/38)
with the model. An indole ring of Trp(59) bound to a propionic

group from the heme is clearly revealed in the contours.
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Fig. 14, A pair of stereoscopic picturesof the model. Two
helical segments are in the upper part of the molecule.
Small colored balls represent heavy atoms bound to the pro-

tein in derivative crystals.

Fig. 15. Stereoscopic drawing of electron density contours
(z=-1/38-4/38) with the model. A helical segment at carboxyl

terminal is clearly shown by specific contours.
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Fig, 16. Stereoscopic drawing of electron density contours
(z=6/38-14/38) with the model. The residues 20 through 25,

-Val-Glu-Asn-Gly-Gly-Lys-, are clearly shown in the map.

Fig., 17-a. Stereoscopic drawing of the backbone of the
bonito ferrocytochrome c. Large circles represent [-carbons
and iron, and small ones are some other atoms. The confor-
mation of the residues 20 through 25 is different from the
tuna ferrocytochrome c. The phenyl ring of Phe(82) is buried

in the heme crevice,
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Fig. 17-b. The structure of the tuna ferrocytochrome 9.47)

29)
Fig.17-c. The backbone of the horse ferricytochrome c.

The phenyl ring of Phe(82) is exposed to the molecular
surface. The residues 20 through 25 are in the same con-

formational states as the bonito ferrocytochrome c.
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GLU(61)

O

Fig. 18. A part of composite electron density map.

Contours are drawn at the interval of O.30e/R3 starting at

: 0.33e/33. Atomic positions of Lys(99) and Glu(61) are
superposed on the map. The broken lines show a hydrogen
bond between the amino and the carboxyl groups. The interac-

tion has not been found in the horse ferricytochrome c.
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III. Structural change of cytochrome ¢ upon oxidation of the
heme iron atom in crystalline state
III-1 Experimental

Oxidation of the crystals

The crystals of ferrocytochrome ¢ have been preserved
in the 87% satu—-ated ammonium sulfate solution(87% AS, pH 8.0)
containing a sufficient amount of ascorbic acid. The crystals
were oxidized by two methods. The oxidation with oxygen
molecule (auto-oxidation) was carried out in the solution
saturated with oxygen by air-bubbling (pH 5.8). It took
fifty days or more before the oxidized molecules were inc-
reased to 50% of whole the molecules in the crystal. The
oxidation with ferric ion was carried out in the solution
of about 10 ml containing a few drop of 0.5M potassium ferri-
cyanide, It took a few days until half of the molecules
were oxidized., Auto-oxidation gave more rigid crystals than
the oxidation with ferric ion, perhaps because the former
seems to change the conformation more gradually than the
latter.

The degree of oxidation was estimated by the following
formula after the measurement of optical density of g -band
at 550§P. |

op¥-op°S
opT (1-0p°/0D%)

where 0D° is the optical density of the sample solution, op¥
is that after complete reduction with sodium dithionite.

In the present case the value of ODr/ODO was determined as
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3,605 beforehand. The percentage oxidation for three parti-
ally oxidized crystals of OXI 1, OXI 2, and OXI 3 were esti-

mated to be 55, 60 and 65%, respectively.

Data collection

Intensity data of about 1,500 and 3,500 reflections
were collected at 48 and 33 resolutions, respectively, using
a four-circle diffractometer. These intensity measurements
and absorption corrections for three kinds of partially
oxidized crystals were undertaken by the same method described
in the previous section. These crystals may be isomorphous
with the native reduced crystal, because there were no sig-
nificant differences in cell dimensions. In order to estimate
the experimental errors, three set of intensity data were
collected from the three reduced crystals (RED 1, RED 2, and
RED 3, respectively). RED 1 is the data as used in the pre-

vious section.

III-2 Change of observed structure amplitudes by oxidation
of the crystal

The similar change of the structure amplitude was
given by the two methods of oxidation of the crystal.

The degree of change of the structure amplitudes observed
on the oxidation are summarized in Table 6, and the intensity
distribution of (0k0) for each oxidation state (RED 1, OXI 1
and OXI 3) is also shown in Fig.19. This change in the
structure amplitudes may be due to the oxidation of the

protein, because the difference in the structure amplitudes
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is proportional to the oxidation degree as in Table 6 and
Fig.19., During the air-bubbling into the soaking solution,
the concentration of ammonium sulfate might be increased due
to the evaporation of a small amount of water. But the
increased concentration does not seem to disturb the distriQ
bution of intensity, because‘the amplitude did not change in
the reduced crystal soaked in 100% AS solutioh (pH 5.5)

instead of 87% AS.

I1I-3 Theory of difference Fourier synthesis

The difference Fourier synthesis is calculated with the
coefficient,

(| Fphl -|Fpl ) exp(iPp) ,

where Fp 1s the observed structure factor of the native
crystal, and Fph is that of the modified crystal whose electron
density is a little different from that in the native crystal,
and &p is the phase angle of the native crystal (see Fig.20).
The coefficient can be rewritten as follows,32’33)

(|th|-|Fpl)exp(i¢p)=(IFhIexp(L#h)#]Fh|exp(i(2¢p'¢h)))/2

=Fh/2+( |Fhlexp(i2ép)exp(-idh))/2.
The Fourier transform (F.T.) of the first term gives the
difference electron density between the modified and the
native crystals. The F.T. of the second term is the convolu-
tion of the inverse of the F.T. of the firét term and the
F.T. of exp(i2¢p). The latter gives sometimes small but
systematic error. However, the Fourier synthesis has been

carried out successfully to reveal the difference in the
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electron density. In the present case Fp is nearly equal to

Fph, so that the error may be negligible.

III-4 Difference electron density between the oxidized and

the reduced crystals. |

Five difference maps were calculated at 42 resolution.
They were OXI1-RED1, OXI2-RED1, OXI3-RED1, RED2-RED1, and
RED3-RED1. And at BR resolution, three difference maps of
0XI2-RED1, RED2~RED1, and RED3~RED1 were synthesized., These
difference density were computed using above coefficient
weighted by individual figure of merit to minimize the errors
due to the ambiguity of phase angles of the native crystal.
Some details of the maps are summarized in Table 6. To avoid
the confusion of the reasonable peaks with noises, all these
maps were compared with one another, and the noise levels
were estimated by

a§max<aFoxi>/KaFred)>,
where apmax is the maxmum peak height in the difference
map between two reduced crystals, and <aFoxi> and {aFred)
are averaged differences of structure amplitudes between the
reduced (RED 1) and the oxidized crystals, and between the
reduced (RED 1) and the other reduced crystals, respectively.
The difference maps between the oxidized crystals and the
reduced one (RED 1) give only one reasonable peak at (0.43
0.26 0.21) whose height satisfies following two conditions,
(1) The peak is higher than the noise level in all the
difference maps between the oxidized and the reduced

crystals.,
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(2) The peak has the same sign in all the difference maps.
The peak at (0.14:3 0.26 0.21) is as high as 0.045(0XI1-RED1),
0.065(0XI2~REDL), and 0.115e¢/8° (0XI3-RED1), respectively,
for 48 resolution, and O.lBSe/XB(OXIZ—REDl) for 3% resolution.
Fig.21 shows the peak in the map at 32 resolution. There
is no negative region which is comparable to this prominent
peak in these maps, so that the peak may indicate a newly
fixed substance from the solution in the crystal. Judging
from the shape and size of the peak, it may be due to
a sulfate anion. This is consistent with the result
from the biochemical experiment which shows the oxidized
protein binds one more anion such as a chloride anion than
the reduced protein.21)

The sulfate anion is in the same regicn as the carboxyl
group of Glu(61) of the reduced crystal which is bound to
the amino group of Lys(99) in the reduced érystal, so that
the carboxyl group seems to move elsewhere by the oxidation
of the crystal. The movement of the carboxyl group could
not be indicated in the difference maps, because the peak
height of the carboxyl group is expected to be lower than
the noises in the difference maps. The expected height of
the peak is estimated as follows,

4950y )e(c0,7)/e(s50,7),
where A9(50u=) is the peak height of the sulfate anion in
the difference map, e(COzn) and e(SOuz) are electron numbers
contained within the carboxyl and the sulfate groups, respec-
tively. The expected value is O.O51e/g3 for the difference
map of (OXI2-RED1) at 3R resolution.
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In other regions, thereis no significant difference
density in the maps. This fact shows that the molecule
oxidized in crystalline state may be in a different confor-
mational state from the horse ferricytochrome ¢, and that
the molecule may be in a conformational state intermediate

between ferro- and ferricytochrome ¢ in the solution.
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RED1
fOXI1
'J /\ A L_J /\OXI3

20 18 16 14 12 10 8 6 4 2

Fig. 19. Intensity change for (0kO) reflections upon oxida=
tion of the crystal. Heavy line shows the profile of the
reduced crystal(RED 1), other thin lines are those of the
oxidized crystals(C0XI 1 and OXI 3). The higher oxidation

ratio is, the larger intensity change is.
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2¢p" cbh :
/(lehI—lel)e'qu

IFphl

Fig. 20. A difference Fourier synthesis in the general
non-centrosymmetric case. (|Fphl-|Fpl)exp(i¢p) is the
coefficient. Where |Fp| and<bp repreanrtthe structure
amplitude and the phase angle of the native crystal, and
|Fph! ie the structure amplitude of the derivative, and ¢h
is the phase angle of the structure factor of the difference
electron density between the derivative and the native

crystals.
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Table 6. Summary of difference Fourier syntheses

percentage “ ) highest*2) other”3) noise*})
oxidation ([aF|W/IF|)" /' peak peak level

D o G s G Wb Gnn W N W D SR S T A S MU WS SO W Gy S VIR N W Mg S W e S W D W A . D D WSS GV N W W ey GAD G B e NS G WO M AMS WS W0

4R resolution

OXI 1 55% 5.1% 0.045¢/83  0.04506/87 0.042e/8>
0XI 2 60 5.6 0.065 0.055 0.0L46

0XI 3 65 7.6 0:115 0:060 0.062

RED 2 20 2.6 0.012 0.022

RED 3 20 2.7 0.012 0.022

38 resolution

0XI 2 60 7.k 0.135 0.070 0.067
RED 2 20 3.4 0.015 0.030

RED 3 20 3.3 0.020 04030

G A TR N D WD S S W S SHR o UOR D S NS WY R D AT Gt SR AV S M D WS AL NS VL GBS WD SR WD SRS GRS WML WS W W AL GRS A S W S WS WD SUD T W W Sh WV 4O KA GuN ame WS

*1) ddFl} is the averaged value of the difference of stru-
cture amplitude between the oxidized and the reduced
crystals, OIH} is the averaged value of the structure
amplitude of the reduced crystal.

¥2) Electron density at (0.43 0.26 0.21) in the difference
map. The highest peak in the difference map between the
oxidized and the reduced crystals is appears at this
position.

¥3) The next highest peak in the difference map between the
oxidized and the reduced crystals, and the highest peak
in the difference map between two reduced crystals.

*h) The values were estimated by the formula described in

section II-4,.
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0 5A
| 1

Fig. 21. A part of composite difference electron density
map of OXI1-RED1 at 3R resolution (heavy lines), together
with the normal electron density contours which are also

shown in Fig.18., The contours»for the difference map are

drawn at intervals of 0.025e/R3. starting at 0.025e/ﬁ3.
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IV. Discussion

An electron removed from substrates in a respiratory
chain is not directly transferred to oxygen but through flavo-
proteins, cytochromes and other substances as described in
the first section. The electron transfer is conjugated with
ATP synthesis at three sites in the respiratory chain and
seems to couple with other physiological functions. In this
respect it is interesting to show the relationship between
the oxidation-reduction mechanism of cytochrome ¢ and the

tertiary structure.

IV-1 Oxidation-reduction mechanism of cytochrome ¢

Cyclic oxidation-reduction

It has been indicated in the previous section that the
bonito and the tuna ferrocytochrome c's are in different
conformational states from each other, and that the protein
oxidized in crystalline state is also in a different confor-
mational state from that of the horse ferricytochrome c.
These structural differences are summarized in Table 7.
These facts suggest that the protein is able to have several
conformations within each oxidation state.

The twenty-one percent of the conservative residues of
the protein are glycine. This unusually high content of
glycine residues compared with other proteins seems to enable

the protein to be in multiple conformational states

within each oxidation state, because a glycine residue increa-

ses flexibility of a main chain. Especially the residues 23,

24, 34, 37, 45, 56, 77 and 84 seem to be important for the
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main chain fluctuation. The residues of 29 and 41, however,
cannot rotate the main chain due to the steric hindrance

with the heme group. The residues 6 and 89 are in the helical
regions so that the rotation about the residues is almost
impossible. The main chain flexibility is schematically

shown in Fig.22. 1In the region including the residues of 23
and 24 the conformational difference was observed between |
the bonito and the tuna ferrocytochrome c¢'s, and the migration
of Phe(82) at the near site of Gly(84) was also revealed
crystallographically.

The presence of the multiple conformational states is also
supported by the following experiments. The ferricytochrome ¢
is cyanized and carbon-monoxidized at room temperature, however,
the ferrocytochrome ¢ reacts with cyan and carbon-monoxide only
at high temperature%B) The reduced protein at high temperature,
therefore, may be in the similar conformational state to that
of the ferricytochrome c. Within the oxidized state two |
different conformational states have been also reported?u) they
are called "cold type" and "hot type", respectively. In
physiological condition 6% of ferricytochrome ¢ are “hot type"
whose entropy is higher than "cold type" by 43.2 entropy
L)

. 3
unit per mole. The reduced protein is in lower entropic
state than the oxidized. In a course of the reduction of
ferricytochrome ¢ by chromous ion, the conformational change

to lower entropic state is followed by the reduction of the

heme iron.35)
These multiple conformational states suggest "cyclic

oxidation-reduction® mechanism as shown in Fig.23. Where
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the change of the conformational state and the electronic one
do not occur at the same time, one of them is followed by

the other. In Fig.23 "R" and "0" represent the conformations
of the reduced and the oxidized states, respectively, "R" and
"O0'" represent the conformations similar to the reduced and
the oxidized states, and the iron atoms are in the ferric and
ferrous states, respectively. The conformational states of
"R" and "O" may be in an equjljplium state of two or more
conformations. There are two possible oxidation schemes.

One of them is "R—» R'—> 0", and the other is "R—> 0'—> 0",
in the former scheme the change of electronic state is fol-
lowed by the conformational change, whereas in the latter
case the structural change is followed by the oxidation of
the iron atom. At the present stage it cannot, however, be
described which is a reasonable mechanism for the oxidation.
Similar procedure can be proposed for the reduction_scheme
of the protein. The fact that the conformational change is
followed by the electronic change of the iron upon the reduc-
tion by the chromous ion35) shows that the reduction scheme
is "0~ 0'—> R" in this case.

In the cyclic mechanism the conformational change of the
protein must be concerted with the change of electronic state
of the iron atom. In the physiological condition cytochrome ¢
is in contact with other proteins such as cytochromes )
and a. The concerted change of the conformational state and
the electronic one of cytochrome ¢ may be effectively caused

by the inter-molecular interaction among these proteins.
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Pathway of an electron at reduction

Another question about the mechanism of the oxidation-
reduction of the protein is what residues of the molecule
mediates the electron transfer between the molecular surface

and the iron atom. As described in the previous section

cytochrome ¢ accepts an electron from cytochrome ¢4 and donates

the one to cytochrome a (Fig.5). It has been generally agreed

36,37) that the passage of an

with biochemical experiments
electron through the mammalian cytochromes cannot take place
by direct interaction between heme groups. This conclusion
appears to be substantiated by the structural investigations
of cytochrome ¢ which show that the heme group is buried in
the molecule in both oxidation state338’39).

Some authors have been discussed whether the inter-
molecular electron transfer is accomplished through a single
surface site of cytochrome ¢ molecule or not. Chance and
Williamsuo) had suggested that a single acceptor area can
perform the function of accepting and donating an electron
by rotation of the molecule (Fig. 24). Okunuki, on the other
hand, proposed that one path from the surface to the heme
iron atom is not sufficient in the cytochromes which are
fixed with a neighbour in the respiratory chain as in the

particles of Pseudomonas cytochrome oxidase.ul)

This is
supported by a few experiments. A chemical modification of
the protein does not block the oxidase activity but the reduc-

k2,43)

tase activity. The binding of an antibody to the

protein disturbs only the oxidase activity.uu)

e
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In cytochrome €5 molecule which resembles cytochrome ¢
in tertiary structure, a single path of a electron flow upon
the oxido-reduction has been proposed from crystal structue
investigation.as} The different mechanism of the electron
transfer, however, may be permissible among those of cyto-
chromes ¢ and ¢, because cytochrome ¢ is in contact with
the protein molecules such as cytochromes €4 and a, whereas
the cytochrome <, appears to interact with a bacteriochloro-~

phyll a molecule whose chemical formula is as follows.

From these facts it should‘be concluded that an electron
is transferred by different pathways in cytochrome ¢ molecule
on the oxidation and reduction.

Recently Myer reported several results from the speci-

fic modification of Trp(59) with N-bromosuccinimide (NBS)

as follows,42’43)
0o
|
%o NBr fo 0
H?— CH; NH . H(':—CHZ N
HT i HT

The modification does not decrease the succinate oxidase

activity but NADH reductase activity. He found no differences

between the native and the modified cytochrome c’'s except in
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the Soret CD band, suggesting that the chemical structure
change causes small but significant conformational change
of the prothetic group or its vicinity, and the electronic
interaction of the heme and protein chain is altered by the
conformational change.

As described in the previous sections, the evolutionally
invariant residue of Trp(59) is bound to the propionic group
of the heme through a hydrogen bond (Fig.16), and migrates
during the oxidation and reduction of the protein.

These facts suggest that Trp(59) plays an important role
in the reduction of cytochrome c¢. These may be two possible
ways, that is,

1. the indole ring plays a key role in constructing the
pathway of an electron from the surface to the iron atom,
for instance by hydrogen bond network,

2. the indole ring itself is in the pathway of an electron,

for instance by electron transfer as follows.

(e

_— l —

Fe3+ Fe3+ FeZ+

_J _J _J

In the first case the chemical modification of the indole

ring may disturb the hydrogen bond network in the lower part

of the molecule, so that the electron transfer is blocked.
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In the second case, an electron transfer from Trp(59)
to heme must be disturbed by the oxidation of the indole
ring by NBS. This is supported by the molecular orbital
calculation which show the energy level of the lowest
unoccupied orbital to be lowered by the oxidation as shown
in Fig.26. An electron trapped in the lowered orbital of
the oxidized indole fing may become impossible to move else-
where, so that the heme iron is not reduced. The calculations
were carried out by a’simple LCAO molecular orbital treatment
for the T[~electron system alone (simple Htickel's method).
The sets of Coulomb and exchange integral values suggested

Lo)

by Ladik were used. These are:
d(C)=ghys ok5C*-N)=f+0.07f,, A(ZC*=N)=¢+0.07f,,
oL (ON=)=d570.906y, K(=N-)=0h10. 58, ol(C*=0)=(¢;+0.23R,.,
o((=o)=o(0+1.3o'30, P(c-c>=ﬁ), ;P(C-N()=1.1of30,
B(c=N-)=F,, and P(C=0)=2.0PO.
where o% and FO are Coulomb integral of the carbon atom and
the exhange integral of C-C bond in benzerering, respectively.
Takano et al. proposed the following sequence of an
electron transfer: reductase— Tyr(74)— Trp(59)— Tyr(67)
— heme, from the specific location of the aromatic groups
and the heme in the ferri- and ferrocytochrome c's (Fig.27).
Inrorder to transfer an electron the rotation of the phenol
ring of Tyr(74) about (x-Cs bond seems to be necessary for
thé overlapping of the T-electron cloud of the ring with
that of the indole ring of Trp(59) as in Fig.28. The rotation

seems to be possible.



The shortest pathway from the surface to Trp(59) is the
way of Glu(61)—> Asn(60)— Trp(59) whose peptide chain is
rather extended. This is one of the possible pathway of an
electron. In this case an electron is accepted from the
reductase by the carboxyl group of Glu(61) or the peptide
bond between the residues 60 and 61. A similar electron
transfer mediated by polypeptide chain has been observed
in the reduction of N-acetylglycylglycinatopentammine

cobalt(III) complex by Cr(II) as follows.49)

o
o

cH, N y: & o, N g ¢
\/\/\/\ \/\/\/\
C (o] N C=0 —4/m> o] C N =
g H, H | “ H, H
crll) Lclio(lll) (NH3)5 cri Colll(NH;)s

However, it has not yet been indicated that the extended
structure of polypeptide chain is favorable for the electron
transfer.

With respect to the way of electron flow from Trp(59)
to the heme, MyeruB) has been proposed the mechanism of
direct transfer from the indole ring to a pyrrole ring of
the heme by [[-electron overlapping. This Myer's scheme
seems to be unreasonable, because the location and the
orientation of the indole and the heme planes are not appro-
priate for M-electron overlapping in both ferri- and ferro-
cytochrome Q}S.BO) Another possible mechanism is the electron
transfer mediated by the propionic group bound to the indole

ring through a hydrogen bond. A weak point of this scheme
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is for the pathway to include two methylene group which may

disturb the electron transfer.
Another reduction scheme has also been proposed by

0) In the case of the reduction by chromous ion

Kowalsky.5
the reduction seems to be achieved by direct attack of the
ion to the sulfur atom of Cys(17) which is exposed to the
molecular surface, that is, an electron is transferred from
Cr(II) to the iron atom mediated by the exposed sulfur atom

and the pyrrole ring "b" as in Fig.30. The scheme, however,

may be different from that in the physiological condition.

Degradation of the oxidase activity upon chemical modifications

and a possible oxidation mechanism of the protein

The oxidase activity of cytochrome c degrades propor-
tionally to the number of acetylated or succinylated lysyl
groups.sl) The succinylation which produces negative charges
decreases the activity more effectively than the acetylation
which neutralizes positive chage of the group.51'52) The
degree of guanizylation of €-amino groups which increases
positive charges is proportional to the increase of the
activity. These facts are shown in Fig.31 and suggest that

the positively charged lysyl groups may take part in the

complex formation of the protein with cytochrome a whose

surface is negatively charged as proposed by Takemori et 31.53)
These chemical modifications seem to alter Michaelis constant,

Km=k _,/k_;,» in the following equation.
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reduced Cyt.c + oxidized Cyt.a

k
£ Cyt.c - Cyt.a) complex
;:E:%:i (Cyt.c yt.a) p

K
—*2 | oxidized Cyt.c -+ reduced Cyt.a .

Although trinitrophenyl(TNP) modification of lysyl
groups also decreases the activity, it is different from
the modifications mentioned above in the sense that the first
trinitrophenylation gives a drastic degradation of the activity
ag shown in Fig.31. In this case Lys(13) is modified at
first.sl) The result suggests that the modification affects
not only the complex formation (Km) but also the second step
of the reduction (k+2). As in Figs. 14 and 32, the amino
group of Lys(13) is at the vicinity of the phenyl ring of
Phe(82) which is converted to outside of the molecule upon
the oxidation. The aromatic group of TNP-Lys(13), therefore,
is expected to have comparatively stronger interaction than
the aliphatic groups such as the acetyl group with the phenyl
ring of Phe(82). The interaction appears to disturb the
conformational change of Phe(82) on the oxidation with cyto-
chrome a, that is, the sequence of "R—> 0'" is blocked in
the cyclic oxidation-reduction mechanism described previously.

This process is shown in Fig.32.

IV-2 Anion catching and its physiological meanings

Anion catching scheme and oxidation mechanism of the protein

In the previous section it has been shown that the ferri-
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cytochrome c oxidized in crystalline state catches one more
anion than the reduced one. This is schematically shown in
Fig.33. In the reduced protein the amino group of Lys(99)
ig linked to the carboxyl group of Glu(61) by a hydrogen
bond. On the other hand the amino group of the oxidized
protein is linked to a sulfate anion instead of the carboxyl
group of Glﬁ(él). In the residues Trp(59) through Asn(62)
the conformational difference of the main chain between two
oxidation states has been indicated by the crystal structure
analysis of the reduced and the oxidized proteins.BO) The
conformational change relating to the electron distribution
change in the pyrrole ring "a" is also expected from Myer's
results.42'43)
From these facts two possible ways are considered for
the scheme of the conformational and electronic changes of
the protein from the reduced to the oxidized state as follows.
Case 1 The hydrogen bond between Glu(61) and Lys(99) in
the reduced protein is broken by the attack of a
sulfate anion to the amino group of Lys(99), and
the structure is converted into a conformation
similar to that of the oxidized protein, so that
the molecule is easily oxidized. The mechanism is

also shown by the following equation.

Ly;s 99 Lys 99 7 Lys 99
i i
NHT  _ NHT NH;
SO i= 0. =
— so; — 2 SO;
cl:oo
Glu 6! Gllu 61 Gllu 61
Fe() Fell) COO"~ Fe(l) COO~



Case 2 As the first step , the heme iron atom is oxidized,
and the conformational state changesfrom the
reduced to an oxidized state in which the carboxyl
group of Glu(61) is not linked to the amino group
of Lys(99). The conformational change enable a
sulfate anion to bind to the amino group, as shown

in the following eguation.

L\l/s 99 Ly'/s 99 Lylls 99
NH3 Ny - NH
: 0, SO, -
> ) SO,
?00- 00~
lu 61 Giu 6} Glu 61
Fell) Fellll) Fe(ll coo

In case 1, the attack of a sulfate anion to the amino
group of Lys(99) takes part in the oxidation., This is
supported by the result that the auto-oxidation of ferro-
cytochrome ¢ is substantially hastened by the presence of
halogenated carboxylic acid which are more acidic than the

carboxyl group of glutamic acid,

L;':s 39 LYs 9_'5_; L}/s 93
NH, i ~NH; NH;
: _+ XLC00 X3C600  — X3CéOO
00
Glu6l G:u 6! Gllu 61
Fe(ll) Fel COO Fe() COO

The mechanism is also supported by the experiments reported
by Kitahara et al.54) and by NichoHs.SS) Kitahara et al.
showed that a few sulfate anions bind to the oxidized protein
and all the sulfate anions are substituted by the same number

of phosphate anions. Nicholls reported that the lower
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the concentration of phosphate anion, the slower the oxidation
velocity of cytochrome ¢ by the oxidase is, in spite of
increase of the concentration of the Michaelis complex.

The binding of a phosphate anion to the amino group may
be one of the most important step of the oxidation in vivo.
Besides the conformatiohal change of Phe(82) may be also very

31) These two steps

important condition for the oxidation.
may cooperatively take place.
This process may be "R—> 0'—> 0" in the cyclic mechanism

degscribed before.

Mitochondrial anion transport of cytochrome ¢

Ferro- and ferricytochrome c's distribute at both sides
of intermembrane space and matrix in inner membrane of mito-
chondria, respectively. The protein adsorbs one more sulfate
anion in the oxidized state than in the reduced, and the anion
is substituted by the phosphate, as described before.54)
These facts suggest that the protein may be a phosphate
carrier in the inner mitochondrial membrane. This assumption
appears to be substantiated by the experiment which indicates
that the mitochondrial transport of the phosphate anion is
blocked by several mercurials which will destroy the tertiary

58-60)

structure of the protein. This physiological function

as a phosphate carrier is schematically shown in Fig.34.

Oxidative phosphorylation

It is well known that one equivalent of ATP is formed

per one atom of oxygen consumed in the oxidation of ferro-
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22,56)

cytochrome ¢ by chytochrome a in the co~existence of 02.
The enzymatic mechanism of ATP synthesis, however, has not
precisely elucidated.

Recently Young et al.57)

reconstituted the complex of
cytochromesa and ¢,which has a respiratory controle index
of 4 without external phospholipid and other factors. The
complex seems to be an enzyme of the oxidative phosphoryla-
tion. The anion binding site of ferricytochrome ¢ indicated
in the present work may be an active site in which the

phosphate group is activated for the ATP synthesis. More

experiments are, however, necessary to confirm this problem.

— 5l



Fig. 22. Main chain flexibility and some conservative
glycine residues are shown. Broken lines represent some
regions which seem to be flexible. In the regions around

84, and 23 and 24, a few confocrmational states have been

observed.
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Table 7. Structural differences among several cytochrome c¢'s

6th ligand side ¥+th ligand side

horse oxidizedzg) open open
bonito oxidized# closed | open
bonito reduced closed open
tuna reduced?) closed closed

* The protein was oxidized in crystalline state.

R R
Felll) Fe(ll)
{

O

|

lT

BONITO RED S TUNA RED

- s

RED AT HIGH TEMPERATURE

003 O

- a

HORSE OX| < SHIGHER
ENTROPIC STATE

F(‘ cQifprmation in activated'state
’ at the reduction by Cr(II)

Fig. 23. Cyclic oxidation and reduction. The conformational
states in "R"™ and "O" are the reduced and the oxidized, res-
pectively, and the electronic states are also the reduced and
the oxidized, respectively. The conformationgof "R'" and "0O'"
are similar to the reduced and the oxidized, and the electro-

nic states are the oxidized and the reduced, respectively.
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Fig, 24. Schematic diagram indicating electron transfer
between adjacent cytochromes and rotation of cytochrome c,
according to Chance et al,uo) “"II" and "III" represent the
heme iron to be in ferrous and ferric states,respectively.

A: An electron is transferred from cytochromes g4 to c.

B; Rotation of cytochrome ¢ occurs.

C: An electron is transferred from cytochromes c to a.

D: Cytochrome (5 accepts an electron and a removes one.

E: Cytochrome c rotates and becomes in the same state as A.
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Thrz®

Fig. 25. Network of hydrogen bonds in the lower part of

the bonito ferrocytochrome c. Dotted lines show hydrogen bonds,
and heavy dotted ones represent the bonds between conservative
residues. Heavy circles show the conservative residues.
Tertiary structure of the protein seems to be kept by these

specific hydrogen bonds.

-58-



H —————————
- 2Bo}~
_po_
Mol === === ===xm - imieeeee-
—_——— ——0—
B o6
ol
—_———— —6—06—
—e_e_.._.
2BoH
— O
———
———

Fig. 26, The diagrams of ff~electron energy level for the
indole and the oxidized indole systems. The calculations
were carried out by a simple Hiickel method using the para-
meters proposed by Ladik%é) Open circles represent elect-
rons in the ground states. Thé energy level of the lowest

Unoccupied orbital in the oxidized indole ring is lower than

that in the unmodified ring.
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 Cytochrome ¢
8 }e-,
=

| m——

| —

=
Fig. 27. One of the possible electron pathways proposed by
Takano et 31.47) for the reduction of the iron atom. An
electron from the reductase is transferred to the heme of
cytochrome ¢ through the aromatic ringsof Tyr(74), Trp(59)
and Tyr(67).

Cu

Tyr 74

Trp 59

Cy
Fig. 28. ZILocation of the aromatic groups of Tyr(74) and
Trp(59) in the horse oxidized protein?8) The rotation
about Cd-C@ bond of Tyr(74) is necessary for the overlap-

ping of the T-electron clouds of the groups.
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Fig. 29. One of the possible electron pathways from the
molecular surface to Trp(59) for the reduction of the heme
iron atom. The way of Glu(61)—> Asn(60)—> Trp(59) which
has a rather extended conformation is the shortest pathway
of the electron along peptide. An electron accepted at
Glu(61) is trapped in the indole ring, and the electron may

be transported to the heme directly or indirectly.
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Fig. 30. An electron pathway for the reduction of the heme
iron atom with chromous ion. The chromous ion is

considered to react with a sulfur atom of Cys(17) which is
exposed to the molecular surface. An electron donated on the

sulfur is transferred to the iron through a pyrrole ring.

Native Cyt.C
TNP—Cyt.C
Succinyi-Cyt.C
Acetyl~Cy1.C

= 0o » OO0

Guanidyl-Cyt.C

O

[+] 5 10 15
Murber of modified €-amino group

Fig. 31. The oxidase activity change by several chemical

modification of lysyl groups.5l)
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Fig. 32. Top, one of the possible oxidation scheme of cyto-
chrome c. The conformational change of the protein is fol-
lowed by the oxidation of the heme iron. In the first step,
the phenyl ring of Phe(82) is converted from the inside of
the molecule to the outside. In the second step, the heme
iron is oxidized. Bottom, an assumed conformation of the
modified cytochrome ¢ whose Lys(13) is trinitrophenylated.
The trinitrophenyl group of the modified protein may inter-
act with the phenyl ring of Phe(82) in the reduced state.
The interaction seems to make the conformational change
difficult, so that the first step of the above oxidation
scheme 1s disturbed. It may be one of the reason for the
decrease of the oxidase activity of the protein by the modi-

fication.
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Fig. 33. Structure change upon oxidation and anion catching
scheme of the protein. In the reduced state the amino group
of Lys(99) is bound to carboxyl group of Lys(99) through a
hydrogen bond. The binding between two groups is broken by
the movement of main chain 59 through 62 upon oxidation of
the iron atom, and then the amino group catches a sulfate

anion.
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MITOCHONDRIA

Matrix
Cristae
~——————Inner Membrane
T—~——0uter Membrane

Matrix

/__ Cytochr&(mig
ase
M'nmr Membrane

e _————Cytochrome
Reductase

Intermembrane
. Space
Outer Membrane
T : e .u aobbee e ' .
l R HERIHT G_L__Pmtein

- Matrix
° Oxidase
3+
Fe \ ¢———————Inner Membrane
7, CIF
2 4L o ___i—-——-—-———-Cytochrome p%o
Fe (4 Cytochrome ¢
== _Reductase
«— Intermembrane

Space

Fig. 34. A diagram of the ultra-structure of a mitochondria
and ion-transport scheme of cytochrome ¢ in the mitochondrial
inner membrane. Top, three dimensional diagram which shows
whole structure of a mitochondria, cristae, inner membrane
and outer membrane. Bottom, the smaller circles in the
cytochrome ¢ pool represent the reduced cytochrome ¢ (lower
circle) and the oxidized (upper circle). The short heavy

lines represnt the heme groups of the protein.
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