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STUDIE3 ON CHEMICALLY MODIFIED CYTOCHROME c.

Part I. The Trinitrophenylated Cytochrome c.

When bovine cytochrome ¢ was trinitrophenylated with
trinitrdbenzene sulfonate (TNBS) under the specific conditions,
the trinitrophenylated (TNP-) cytochrome c prevarations,
in which 1- to 5-TNP-groups were incorporatng}nto the g~amino
groups of lysine residues, were obtained in’homogeneous
state. Several properties of the TNP-cytochrome c were
examined as compared with those of the acetylated (1) and
native cytochrome c¢c. It was found that the enzymatic activity
of TNP-cytochrome ¢ iﬁ the cytochrome oxidase [E.C. 1.9.3.1)
reaction was less than half of that of native one, even
when only one TNP-group was incorporated into cytochrome ¢
molecule, ‘ |

From the amino acid analyses of these' preparations of
TNP-cytochrome ¢, it was found that the 13th lysine residue
from the amino terminus of the protein was most reactive
with TNBS and the 22nd lysine residue secondly reactive.

The remarkable loss in activity of TNP-cytochrome ¢ in the

cytochrome oxidase reaction was discussed as compared with



the case of acetyl-cytochrome c.

Cytochrome ¢ is very basic protein (pI = 10.8) and
a total of lysine (18), histidine (3), and arginine (2)
residues occuples more than 20 % of all the constituent
amino acids 104 residues in bovine cytochrome c.

It has been reported that the biologieal and the
physicochemical properties of cytochrome ¢ are altered by
the chemical modifications of e-~amino groups of lysine
residues of the molecule with the various reagents (2-5).
Cytochrome ¢ loses partially or completely the biological
function with ccetylation or succinylation, but éuanidination
does scarcely affect the function. We have attempted
another chemical modification (trinitrophenylation) of
lysine residues in cytochrome ¢ molecule in order to obtain
new information about the contribution of e-amino groups
of lysine residues to the blological function of the protein,
Trinitrophenylation of amino acids was already reported
by Hirayama (6) in 1909, before dinitrophenylation by
Abderhalden et al. (7). Trinitrobenzene sulfonate (TNBS)

has been used by Okuyama and Satake (8) as a reagent of
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the chemical modification to amino groups in protein., The
reagent is soluble in water and reacts specifically with
a- and e-amino groups in protein,

It has been found that one trinitrophenyl (TNP) group
is incorporated into a certain g-amino group of the protein
molecule, when cytochrome ¢ is modified by TNBS under the
specific conditions, and that the modified cytochrome ¢
preparation thus obtained (1-TNP-cytochrome ¢) possesses
less than 50 % acfivity of native cytochrome ¢ in the
cytochrome oxidase reaction, On the other hand, as reported
in the previous paper (1), l-acetyl-cytochrome g, in which
one acetyl group was incorporated into 22nd lysine residue
of cytochrome ¢ molecule, is as almost active as native
protein., It seems interesting to investigate;the difference
in the action between 1-TNP-cytochrome ¢ and l;acetyl-cytochrome
¢ in the cytochrome oxidase reaction, In the present paper,
several properties of the TNP-cytochrome ¢ préparations and
the lysine residue thch is the most reactive with TNBS

have been reported.

MATERIALS AND METHODS

Cytochrome ¢ was prepared from bovine heart muscle

by the method of Hagihara et al. (9). The amount of cyto-
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chrome ¢ was determined spectrophotometrically using the
extinction coefficient at 550 mp of the reduced form, 27.7
mM‘l-cm‘l.

Cytochrome z[E. G. 1.9.3.1) was prepared from bovine
heart muscle according to the method of Okunuki et al.
(10). The amount of cytochrome a was determined spectropho-
tometrically using the difference extinction coefficient between
605 mp and 630 mp of the reduced form, 16.5 mM’locm‘l.

Proteolytic enzymes: Twice crystallized trypsin

(E.C. 3.4.4.4) was purchased from Worthington Biochemical

Corporation, Thermolysin isolated from Bacillus thermopréteo—

lyticus was kindly supplied by Daiwa Kasei Co. Osaka, and
used after four crystallization. Specific activity of this
enzyme was 7736 PU/ng.

2, 4,\6-Trinitrdbenzene sulfonate (TNBS) was purchased
from Weko Pure Chemical Industries, Ltd.

Trinitrophenylated cytochrome c: TNBS (5 molar excess

to free ¢-amino group of lysine) was added to cytochrome ¢
dissolved in 0.1 M phoéphate buffer (pH 7.4). After incubation
for an houf at 0°C, the reaction mixture was dialyzed against
0.01 M phosphate buffer (pH 7.4) for 12 hr. To remove native

cytochrome ¢, the dialyzate was treated by an Amberlite
IRC~-50 column, Cytochrome ¢ which had been trinitrophenylated

to a considerable extent was not adsorbed on the column,
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while native protein was adsorbed. To obtain a homogeneous
preparation, the unadsorbed solution was further chromato-
graphed on & column of DEAE-cellulose. In the case of the
TNP-cytochrome ¢ prepared as described above, more than three
moles of TNP groups per mole were bound to the protein.

When TNBS was added at a ratio of 1 mole per mole of free
e-amino group of lysine in cytochrome ¢ molecule and the
reaction was performed for 15 or 30 min, TNP-cytochrome ¢
preparafions which contained one to two TNP-groups in the
protein molecule were obtained in chromatogravhically
homogeneous state. Using the extinction coefficient at 345
ma, 14.5 mM"l-cm‘l, the number of €~mono-TNP-lysine residues
in the modified cytochrome ¢ preparations were calculated

according to the fcllowing egquation.

N A%‘imu - 0.8X A:‘g%gmu X 27.7
= 14.5
Ared
550mp

Assay of cytochrome oxidase activity was carried out
spectrophotometrically as described in the previous paper
().

Measurement 9£ oxidation-reduction potentials 9£ TNP-

cytochrome c¢; Oxidation-reduction potentials were measured
according to the method of Davenport and Hill (ll) with

ferri-ferrocyanide system., Thirty mpmoles of cytochrome
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¢ was dissolved in 2 ml of 0,05 M sodium phosphate buffer
(pH 7.0) containing 1.5 mmoles of ferrocyanide, and then the
resulting solution was titrated with an apopropriate amount
of ferricyanide, The amounts of reduced and oxidized forms
of cytochrome ¢ in the solution were calculated by the
equation described in the previous paper (1), and were
corrected for the volume change by the addition of ferri-
cyanide solution, RNormal oxidation-reduction potential (Eé)
of the modified cytochrome ¢ was detefmined assuming the
Ey value of ferri-ferrocyanide system to be 0.430 volt
at 20°C, pH 4 - 10 (12).

Paper eléctrOphoresis and measurement of the intrinsic
viscosity‘and digestion of cytochrome ¢ by thermolysin
were performed as reported previously (1).

Removal of heme group from heme peotide: Removal

of heme from heme peptide were carried out according to the
method of Ambler (13) with the slight modification as described
previously (1).

Digestion of cytochrome ¢ by Nagerse (bacterial protei-

nase): After equilibrated st 30°C, 20 ml of cytochrome

¢ solution (0.1% %) and 10 ml of Nagarse solution (0,015 %
in 0.05 M phosphute buffer, pH 7.4) were mixed., Then, 3 ml
of the reaction mixture was withdrawn after a definite

period and blown into 2 ml of 1.25 M trichloroacetic acid
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solution. The resulting suspension was allowed to stand for
30 min or more at 40°C and then filtered through filter paper.
One ml of the filtrate thus obtained was used to determine

the amount of acid soluble peptides according to the Folin's
method., In order to calculate the degree of digestion,

the value obtained without TCA precipitation was taken as

the control.

Amino acid analysis: The purified TNP-peptides were

hydrolyzed in twice distilled 5.7 N HCl for 20 - 24 hr at
110°C. All analyses were performed by the method of Spackman
et al. (14) using Beckman Amino Acid Analyzer Model 120B

with the accerelated system,

RESULTS

1. Trinitrophenylation of cytochrome c.

fihen cytochrome ¢ was treated for an hour with TNBS
of five molaf excess to e-amino group of lysine residue,
the resulting modified.protein preparation was not adsorbed
on the column of Amberlite IRC~-50 equilibrated with 0.1 M
ammonium phosphate buffer (pH 7.2), while native cytochrome ¢
was adsorbed on the column under the experimental conditions.

When the preparation unadsorbed on the cation exchanger

column was subjected to the chromatography by a DEAE-cellulose
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column, three fractions were obtained; 3-, 4- and 5-TNP-
cytochrome ¢ preparations. When cytochrome ¢ incubated with
an equimolar amount of TNBS for 15 min was chromatographed
by the Amberlite IRC-50 column equilibrated with 0.1 M
ammonium phosphate buffer, the unadsorbed fraction was less
than 2 % (See Table I) of the initially used amount of the

protein, and three bands observed on the column.

Table I

About 40 % (the fraction corresponding to peak 4 in Pig., 1)
of the protein in the reaction mixture consisted of cytochrome

¢ without any TNP-group (zero-TNP-cytochrome g).'

Fig. 1

This fraction showed the same Ry value as native cytochrome ¢

on Amberlite IRC-50 column chromatography and did not show

the spectral change as compared with native cytochrome ¢

both in visible and ultraviolet regions, And the remaining
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fractions peaks 2 and 1 were one- znd two-TNP-cytochrome ¢,
respectively. vPeak 3 (minor component) also consisted of
one~-TNP-cytochrome ¢, suggesting that the compound was possibly
an isomer of that included in peak 2.

When cytochrome c was reacted with TNBS for 30 min,
about 30 % of the reaction mixture was composed of the
molecular species which were not adsorbed on the Amberlite
IRC~-50 in the first chromatography. It was evident from
Table I that the proportion of fraction adsorbed on the
column to the unadsorbed fraction decreased with the reaction

period,

2. Preperties of TNP-cytochrome ¢

Spectral properties of TNP-cytochrome c: e-Mono-TNP-

lysine shows &n absofption maximum at %45 mp and a shoulder
around 420 mp, With ferri-TNP-cytochrome ¢, changes in the
absorption spectrum were observed in the region of shorter

wavelengths than 500 mp., Fig. 2 illustrates the absorption

spectra of TNP-cytochrome ¢ preparations,

Pig, 2
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An appreciable change of absorption spectrum was observed

in the region from 330 mp to 380 mp. The spectral change

in this region was evidently due to the incorporation of
TNP-groups into cytochrome ¢ molecule. Therefore, it was
found that an absorbance around 350 mp increased linearly
with increase of the TNP-group incorporated and the peak

of the absorption band shifted slightly to shorter wave-
lengths, and the absorbance of Soret band increased., These
spectral changes had been also observed by Okuyama and Shino
(15) during progressive trinitrophenylation of hemoglobin,
Their results were very similar to the present results with
TNP-cytochrome c. No change was observed in the ultraviolet
region shorter than 300 mp with the trinitrophenylation

of cytochrome c.

The extinction coefficients of TNP-ferrocytochrome ¢
preparations at 550 mp were not altered on the assumption that
there was no difference in the extinction coefficients at
550 mp of the pyridine hemochromes of the chemically modified
and native cytochrome ¢, The ratio of the absorbance at 550
mp of ferrocytochrome ¢ to that of the byridine hemochrome
did not vary with the TNP-cytochrome ¢ preparations. 1I%
was concluded from the above results that the extinction
coefficients of 550 mp of TNP-ferrocytochrome ¢ preparations

were the same values as that of native cytochrome ¢.
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This was also confirmed by a relation of native cytochrome
¢ to TNP-cytochrome ¢ in the absorbance of the pyridine
hemochrome on the molar basis as calculated from amino
acid analyses, |

Structural properties of TNP-cytochrome c.

When the g-amino groups of lysine residues in cytochrome

c are chemically modified, the conformation of the protein

molecule is expected to be altered in some faéhion. Among

the many methods to investigate the conformational change

in protein molecule, the viscometric measurement and the

digestion by Nagarse (1l6) were used in the present study;
The intrinsic viscosities of 1- and 2-TNP-cytochrome

¢ preparations were smaller than that of native one, as

observed with guanidinated cytochrome c. While 1- and 2-

TNP-ferricytochrome ¢ preparations were slowly digested by

Nagarse like native ferricytochrome c. However, the TNP-

cytochrome ¢ preparations which had five or more TNP-groups

per molecule were slightly soluble in water and were digested

as rapidly as the TCA-treated (17), the 18-succinylated (1)

and the heat Ireateg preparations of cytochrome c. It

seemed from these results that the conformational changes

in the TNP-cytochrome ¢ molecule hardly occurfed, so far as

only a few lysine residues were modified,

Electrostatic properties of TNP-cytochrome c,
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The TNP-cytochrome ¢ preparations were subjected to paper
électrophoresis to detect the changes in the electrostatic
properties of cytochrome ¢ caused by the trinitrophenylation,
Fig. 3 shows paper electrophoretic diagrams of the TNP-

cytochrome ¢ preparations at pH 7.2.

rxi

‘_J.
0g

W

The electrophoretic mobility of these preparations to the
cathode at this pH decreased with the degree of the modi-
fication. The preparation which contained three TNP- groups
per molecule did not migrate to either direction at pH 7.2.
When 4 and more e-amino groups of the protein mofecule were
trinitrophenylated, the modified cytochrome ¢ migratéd to
the anode., Therefore, it was evident that the net positive
charges of cytochrome ¢ molecule were lost with the trinitro-
phenylation of the amino groups. Moreover, it was found
that fhere was a linear relationship between the number of
trinitrophenylated amino group and the distance in migra-
tion of the corresponding cytochrome ¢ preparationé, as
observed with acetylated cytochrome ¢ preparations»(l).

Oxidation-reduction potentials of TNP-cytochrome c.
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The oxidation-reduction potentials of TNP-cytochrome ¢
preparations were measured at pH 7.0 aécording to the method
of Davenport and Hill (1ll) with the ferri-ferrocyanide system.
As shown in Fig. 4, plots of log ﬂ?errocyanide)/(Ferricyanideﬂ
versus‘log @ﬂerrocytochrome c) / (Ferricytochrome gg)showed

linear,

The normal oxidation-reduction potential Eé of TNP-cytochrome

g preparations was calculated to be about 255 mv from the
values of log ((’E‘errocyanide) / (Ferricyanide)) at half
reduction of the modified cytochrome ¢c. Under the same experi-
mental conditions, the Eé value of the native cytochrome ¢
preparation was found to be the same as that of the modified
cytochrome ¢ preparation. Therefore, it seemed from these
results that Eé of cytochrome ¢ was not altered by trinitro-

phenylation of a few g-amino groups in the molecule,

3. Catalytic activity.
~As reported previously (1), some modified cytochrome ¢

preparations which contained many €-amino groups chemically
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modified, except for guanidinated cytochrome ¢, can act as
an electron donor to cytochrome z, but cannot interact
with cytochrome a resulting in the loss of cytochrome
oxidase activity. It has been found that when a few
¢-amino groups of cytochrome ¢ molecule are acetylated,
the cytochrome g-activating function of the modified cyto-
chrome ¢ decreases linearly and gradually with the number
of the amino group acetylated.

With TNP-cytochrome ¢, the decrease of the cytochrome a-
activating function was not in linear relation to the
number‘of TNP-group incorporated into the pfotein molecule, -

as shown in PFig. 5 and Table II,

Pfig. 5

" Table II

The modified cytochrome ¢ preparation in which only one
TNP~group was incorporated into the protein molecule had less

than 50 % of the cytochrome a-activating function observed
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with native cytochrome c unlike l-acetyl-cytochrome ¢
preparation and the activity decreaséd gradually with the
mocdified cytochrome ¢ preparations in which two or more
TNP-groups were incorporated per molecule, The cytochrome
a-activating function was completely lost with 5- or 6-TNP-
cytochrome ¢ preparation,

To clarify the mechanisms by which cytochrome ¢ lost
the activity with trinitrophenylation, the reactions with
cytochrome a of native cytochrome ¢ and the modified proteins
were anélyzed by the methods of Lineweaver and Burk. The
réaction rates obtained with various concentration of native
cytochrome ¢ and TNP-cytochrome ¢ preparations were plotted
by the double reciprocal procedure. It was evident from the
results shown in Fig, 6 that Ky value for 1-TNP-cytochrome ¢
was about three times larger than that of native éytochrome
c (6.6 X 10~ M) and the maximum reaction velocity of this

modified preparations was lower than that of native one,

kg
I..J.
0g
(@)

Zero-TNP-cytochrome ¢ (cytochrome ¢ preparation which had

no TNP-group although it had been treated with TNBS) possessed

16—



the same catalytic activity as native cytochrome c.

The pH-activity curves of the TNP-cytochrome c prepa-
rations were investigated in citrate-phosphate buffer,
The optimal pH in cytochrome oxidase reaction, as shown
in Pig. 7, was about 5,2 for native cytochrome ¢, while
that for the TNP-cytochrome c pfeparations seemed to shift

slightly to lower pH values as the number of TNP-groups

incorporated into the protein molecule increased.

g
H.
03
-3

4, Determination of the lysine residue trinitrophénylated;
The lysine residues trinitrophenylated at first or
secondly during the chemical modification were determined
with the purified preparations of TNP-cytochrome c. About
three pmoles of the modified cytochrome ¢ were transferred
into 4.0 ml of 0.04 ¥ Tris-HCl buffer (pH 8.0) containing
0.002 M CaCl,, and incubated with one mg of thermolysin.
The digested cytochrome ¢ solutions were lyophilized and
éhromatographed by the phospho-cellulose column equilibrated

with 0.05 M acetate : pyridine buffer (pH 3.91) (18).
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Some yellow TNP-peptides and heme peptide were eluted from

the coiumn by the stepwise elution from 0.05 M acetate :
pyridine buffer (pH 3.91) to 0.45 ¥ acetate : pyridine

buffer (pH 5.40) (18). After the heme peptide was rechromato-
graphed by the phospho-cellulose column equilibrated with

the buffer used above, heme molety was removed by the method
described by Ambler (13) and then oxidized with performic

acid prepared previously (19). When heme moiéty was removed
from the heme peptide the resulting peptide showed the yellow
color due  to TNP-lysine residue. It was not clear whether
these heme peptides contained TNP-groups before the removal

of heme group. Each yellow peptide containing TNP-group was
further purified by paper chromatography (n-butanol : pyridine
: acetic acid : water = 15 : 10 ¢+ 3 : 12 (v/v)) and/or

the high voltage paper electrophoresis.

Table IIT shows the amino acid compositions and the
yields of the TNP-peptides which was isolated from 1-TNP-
cytochrome ¢, In addition to the heme peptide containing
TNP-group, there were three yellow peptides; Y-I, Y-II and

Y-IIT,

Table III
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Y-II and Y-III were N-terminzl sznd 68th to T4th peptides,
respectivelyj Y-I was not analyzed. The amino acid compo-
sition of the heme peptide was the same as that of the
peptide which was isolated from l—écetyl—cytochrome c (1)
or isolated by Matsubara et al. (20) from the thermolytic
digests -of bovine native cytochrome c¢. The heme peptide was |
thé main TNP-peptide which contained 88.4 # of the TNP-
groups iancorporated into the protein molecule-and three
lysine residﬁes in addition to e~-TNP-lysine residue., After
removal of heme moiety it was digested by trypsin, and
seven peptides were obtained as shown in Table 1V and Fig.
8. The main TNP-peptide (YT-1) contained one e—TNP—lysiné
residue and was recognized to correspond to the peptide

from the 9th isoleucine to the 22nd lysine residue,

Table IV

Fig. 8

As the lysyl<cysteyl bond (Fig. 8) was not attacked by
trypsin, it was decided that about 90 % of the TNP~-group which
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was found in the modified protein molecule was incorporated
into the 13th lysine residue. The Y-III peptide was the
minor TNP-peptide (3ee below).

When 2-ThP-cytochrome ¢ was analyzed in the same way
as 1-TNP-cytochrome ¢ described ahove, seven yellow peptides
and heme peptide were isolated (Table V). Three of the yellow
peptides (2¥-I, 2Y-III-b and 2Y-V) were not analyzed. The
main TNP-peptide (2Y[-2) was obtained from the tryptic
digests of the heme peptide from which heme moiety had been
removed before the digestion, The TNP-peptide (2YT—2)
contained two moles of TNP-groups per mole (Table VI and Fig.

9).

Table V

Table VI

reg
B

0a

(So]

'In the 2-TNP-cytochrome ¢ preparation the 1%th and the 22nd
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lysine residues were malnly trinitropheanylated. However,
it seemed that the 2-TiP-cytocarome ¢ preparation was a
nixture of the two molecular species; one species was tri-
nitrophenylated both in the 1%th and 22nd lysine residues;
the other, both in the 17th and another lysine residues,
respectively. Because, the peptide (2YT-3) in which only
one TNP-group was incorporated and the 22nd lysine residue
was not modified was found in a small amount.

It was concluded from these results that TNBS reacted
with specific g-amino groups of the lysine residues in
cytochrome ¢ molecule, Wamely, the 1%th lysine residue
was trinitrophenylated at first, and the 22nd was modified
secondly, while the 72ad or 73rd, the 5th, 7th or 8th, and
the 99th or 100th lysine residues were slightly médified

with the reagent.

DISCUSSION
It has been found that the trinitrovhenylation of lysine
residues in cytochrome ¢ molecule is also controllable by
the reaction conditions under which the chemical modification
of the protein in performed, as suggested in acetylation
and succinylation (1). In the present investigation,

several properties of TNP-cytochrome ¢ have been examined,
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It is reasounable that the trinitrophenylation of lysine
residues which charge positively at neutrsl pH results in
the gradual decrease of the basicity of cytochrome ¢ with
the increase of trinitropnenylated lysine residues (Fig. 3).
Thds, some TNP-cytochrome c preparations are easily separated
from native cytochrome ¢ on an Amberlite IRC-50 zs indicated
in Pig. 1. The absorption spectra of TNP-cytochrome ¢
differ from these of the native protein in the wavelength
region below 500 mp and this mey be explained as the sum of
the spectra due to cytochrome ¢ and those to TNP-lysine.

It hds been confirmed by the measurement of viscosity
énd the susceptibility to proteinases that the trinitropheay-
lation of a few amino groups in cytocnrome ¢ molecule hardly
affects the conformation of cytochrome ¢ molecule,

On the other hand, it is very interesting tﬁat trinitro-
phenylation of one lysine residue of cytochrome ¢ results
in loss of more than 50 % of the activity of native cytochrome
¢, unlike acetylation of the protein. (1l). Cytochrome &
possessed K value for 1-TNP-cytochrome c about three times
larger than for native cytochrome ¢ and the maximum reaction
velocity in the cytochrome oxidase reaction with the modified
protein is smaller than that with the native protein.

Sﬁch a drastic change in the catalytic property of cytochrome

c as described above has not been observed in any chemical
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modification of g-amino groups of the lysine residues in the
protein molecule other than trinitrophenylation, It has
been elucidated that the 13th lysine residue of cytochrome ¢
molecule 1s the most reactive with TH¥B3 and the 22nd lysine
residue secondly reactive, wnile thelr reactivity with acetic
anhydride is reversed as reported previously (1).

We reported previously that the 72nd or [3rd lysine
residue was the most reactive with TNBS (21). The result
vas qualitatively obtained from a portion of tryptic digests
exclusive of heme peptide, because TNP-lysine residue coulad
not be detected spectrophotometrically in heme peptide
without removal of neme molety. The previous result has to
be corrected at the present time, However, the TNP-peptide
containing the 72nd or 73rd lysine residue has been recovered
at about 5 % yield in the present study. . |

The results obtained in the present study do not agree
with the data reported by Sato et al. (22) about the reactive
lysine residues in yeast cytochrome ¢, DNamely, they have
reported with yeast cytbchrome ¢ that a-amino group of
threonine residue in N-terminus is the most reactive with TNBS,
and the 4th, the 39th and the 100th lysine residues are
relatively reactive. In bovine cytochrome c, N—terminus
is acetylated, and glutamic acid and glycine residues are

substituted for the 4th and the 89th lysine residues, resvective-
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ly. However, the 4th and the 100th lysine residues in yeast
cytochrome ¢ appear to correspond to the 5th and the ¢9th or
100th lysine residues which are a little reactive with TNBS3
in boevine cytochrome c.

It may be assumed that the most reactive lysine residue
toward TNBS is not identical with that towzrd acetic anhydride
as a benavior of 1-TkP-cytochrome ¢ in the cytochrome oxidase
reaction is different from that of l-acetyl-cytochrome c.

If the 13th lysine residue, however, are essential for the
cytochrome oxidase reaction, the radical lcss of the activity
should be observed with 2-acetyl-cytochrome ¢ which has two
modified lysine residues at the site of the 13%3th and the 22nd
(1), being similar to 2-TW¥P-cytochrome ¢ (Fig. 9). Nevertheless,
2-acetyl-cytochrome ¢ is as 74 % active as native cytochrome

¢ in the cytochrome oxidase reaction (1), slthough the 13th
lysine residue 1s acetylated. Therefore, it seems probable

that the enzymatic activity of cytochrome ¢ is lost byitrinitro—
phenylation, but not by acetylation, in the 13th lysine

residue. As suggested in the previous vaper (1), it appears
that the radical loss of the activity of cytochrome c is

caused when the tertiary structure around the 13th lysine
residue in cytochrome ¢ molecule is disturbed by the hydro-
ohobicity or the bulkness of TWP-group. This seems to be

gulite reasonable assumgtion. The 13th lysine residue
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neighbors on the cysteine residue to which heme is bound.
According to Dickerson et al. (gi), the 13th lysine residue
resides actoss the top of the crevice of cytochrome ¢

molecule. When the 13th lysine residue is modified by TNBS,

the planely spreaded structure of TNP-group may pasrtially

cover the entrance to the crevice of the molecule. Thus,

it is expected that cytochrome ¢ loses the activity by trinitro-
phenylation although there is no appreciable change in the

viscosity and the susceptibility to proteinase of the protein.
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Chromatogram of the TNP-cytochrome ¢ preparations
adsorbed on Amberlite IRC-50 column.

This chromatography was carried out using Ainberlite
IRC-50 column eguilibrated with 0.2 M ammonium phosphate
buffer (pH 7.4). The curves indicate the fractions obtained

by different of reaction periods with TNBS., ---=-v-=, 15 min

reaction; , 30 min reaction; and —-—-—-— 60 min

reaction. (See Table I).
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Absorption spectra of TNP-cytochrome ¢ preparations.
Absorption spectra were measured with the oxidized forms of
the preparations in 0.02 M sodium phosphate buffer (pE 7.2).
The curves in the figure indicate , from the too to the bottom,

the sbsorption spectra of 5-, 4-, 3-, 2- and 1-TNP-cytochrome C
and native cytochrome ¢.



(=) «~mobility (cm) —(+)

No. of e-TNP-Lysine / mole

Relationship between the number of amino groups trinitro-
phenylated and paper elecfrophoretic mobility (em) in native
cytochrome ¢ and TNP-cytochrome c.

The electrophoresis was performed in 0.025 M potassium
phosphate buffer at pH 7.2 for 5 hr using Toyo filter paper

No. 51 which was pretreated with Quatamin 24P.



Fig. 4
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Fig. 5
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Relationship between the number of trinitrophenylated
g~amino group and the activity of TiNP-cytochrome ¢ in the
cy tochrome oxidase system. | |

Cytochrome oxidése activity was measured spectrophoto-
wetrically. The reaction mixture consisted of 15 uM TNP- and
native ferrocytochrome ¢,0.05 M NaoHPO, and 0.025 M citric
acid (pH 6.0). The reaction was initiated by the addition of
3muM cytochrome a to the reaction mixture (final 2.0 ml).

Cytochrome oxidase activity was expressed in terms of the

first order rate constant relative to that for native cytochrome

cC.



Pig. 6

The analysis of cytochrome oxidase reaction with TNP-

cytochrome ¢ by the method of Lineweaver and Burk.

The reaction conditions used were the same as for Fig.

5

except for the concentration of cytochrome ¢c. —a—~

cytochrome ¢; —e— , 0-TNP-cytochrome ¢; and ~o~ , native

oytochrome c¢.
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pH-activity curves in the cytochrome oxidase reaction
with TNP-cytochrome ¢ preparations,

Oxidation of the reduced cytochrome ¢ by cytochrome g
was followed spectrophotometrically at various pH values
under the same conditions as in PFig. 5. —0—~, Native cyto-
chrbme c; —w~, 1-TNP-cytochrome ¢; ~0©~— , 2-TNP-cytochrome c;

—g— , 3-TNP-cytochrome ¢ and —e—, 4-TNP-cytochrome c.



Fig, 8 Amino acid sequénces of the p.eptides isolated from the digests of
1-TNP-~cytochrome ¢ by thermolysin and trypsin.
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Fig., 9 Amino acid sequences of the peptides isolated from the digests of

2-TNP-cytochrome ¢ by thermolysin and trypsin.

10 — 15 20 NP 25 | %0
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Teble I ~ THP-cytochrome c preparations and their recoveries.

. Reaction . No, of THP-lysine residues

period (min)  fraction Expected Found Recovery (%)
15 1 3 - less than 2
-2 2 - 1¢.5
3 ] 0.56 40.0
4 0 0.00 36.7
30 1* 4 4,283 1C.3
2 3 2.75 18.2
3 2 1.96 45,4
4 1 0.97 17.0
60 1" 4 4,17 21.6
2 3 2.99 53 .7
3 2 2.14 23.9
4 1 -

less than 1

* Preparations contained THP-cytochrome ¢ which possessed

4 or more TNP-groups in the molecule.



Table II Enzymatic activity on chemically modified cytochrome ¢

Preparation  Wo. of masxed Relatlve cytochromef Time reguired

lysine oxidase activity (% for nalf reduction
residues of cytochrome 3
(sec)**
Native cyt. ¢ 0 100 15
- 0-TNP- 0 100 15
1-THD- 1 : 50 | 25
2-TH2- | 2 39 40
3~ THP- 3 23 | -
4-~TNP- 4 14 -
5-THP- 5 3 ~
1-Acetyl-*¥* 1 90 -
D_hcetylHEF 2 74 | -
3-Acetyl-#%¥R 3 - 61 -
4-Succinyl-*** 4 0 225
9-Guanid-*#* 8.8 110 -
13-Guanid-#s* 12.6 116 -
17-Guania-##% 16.6 123 -

X Pnzymatic activity of each preparation of the chemically modified
cytochrome ¢ wes measured spectrophotometrically as described in
the legend of *1g. 5.

xx The tine requ;rbd for half reduction of cytochrome a were measured
by trecing the zbsorbance at 605 : Lp The assay oyotem contained
0.1 ¥ ohosphate buffer (pH 7.4), 1 % Emasol 1170, 1 ml XCN, 30 nll
cyt tochrome g, 1 md hyurOQuln@ne and 10 plM ohew*cally Todified
cytochrome ¢ and Latlve cytochrome ¢, inm a total volume of 3.0 ul.
The reaction was 1nltlateu by the agdition of hydroguinone,

% &% These data were cited from the previous peper of this series ( 1 ).



Table III Amino acid coumpositions of TiP-pepti

ides and yields
of the peptides Irom thermolytic digests of 1-TNP- -
~cytocnreme ¢, :
Amino acids = ¥Y-1 Y11 Y-I1T1 Heme Deptidé*
\P-LJT** + 0.92 1.02 0.23
Lys - 2.06 1.40 3,27
His : .- - = 1.80
Asp . - 1.C0 1.08 1.1&
Thr - - .10 2.0¢
Glu - 1.C6 1.08 3.26
Pro - - 0.88 0.92
Gly - 1.98 0.30 2.94
Ala , - - - 1.02
Val - .90 .10 2.02
Ile - - C.16 0.71
Leu . - - 0.85 .10
Tyr - - 0.72 -
Phe - - - 0.77
Cysteic acid - - - 1.67
(3% ) i
Yield (umoles) 0.003% C.031 0,150 . 2.65
(52) .1 1.0 5.0 88.4
Site of - 1-8 68-74 0-31
peptide
Probable
site of ~ 5, 1, 75 or T3 13,.22, 25
TNP-LyS | or 8 : or 27

¢ Lach value was calculated after the removal of heme group
except for TEP-lysine residue. :

x%x TNP-lysine resicdues were measured spectrovhotometrically
using the absorbance at 345 mp vefore acid nydrolysis.

£#%#These values were calculated using the amount of the starting
material as a standard.



Table IV amlno acid compositions of TkP-veptides and yleldo
the peptides from tryotic digests of the neme free
TJD-ﬁeWque prepared from 1-THP-cytochreme ¢

Amino ecids YI-1*  yo-2*  yo-3% -t Tt =k ¥
T5P-Lys** 0.20 0.97% 1.13 - - - -
Lys 1.26 3,46 1.25 - 1.98 1.00 1,10
His 0.84 1.62 0.77 - C.62 - 0.88
Asp - 1.20 - 0.99 - - -
Thy 1.04 2.01 1.15 1.12 - - -
Glu 3,26 3,42 2.4% - - - -
Pro - 0.89 - 0.67 - - -
Gly C.%2 2.99 2.40 1.24 2.38 2.40 -
Ala 1.01 1.11 1.15 - - - ~
Val 1.90 2.14 1.04 - - - -
Ile 0.86 0.76 - - - - -
Phe 0.84 c.79 - - - - -
Cysteic acid 1,76 1.61 1.78 - - - -

e
Yield (umoles) 2.0 0.3 0.02 2.2 0.2 2.0 1.8
(% 6.7 10.0 0.7 73.3 6.7 66.7 £C.0

Site of o v

peptide Q-22 9-%1 14-25  28-31 23-27 23-25  26-27
Probable .

site of 13 1%, 22,25 22 - - - -

TEP-LyS. or 27

% Each peptide was obtained from the heme free TNP-veptide by
tryptic¢c digestion at 35°C and pl 8.0 for 2 hr, and purified
by paper chromatobraphy and paper electrophoresis.

¥ % TNP-lysine residues were spectrophotometrically measured using
the absorbance a2t %45 mp before acid hydrolysis.

- xxk These values were calculated using the amount of the stertlng
Aaterlal as standard.



- Table V. Amino acid compositions of TNP-peptides znd yields of the
peptides from thermolytic digests of 2-TXP-cytochrome C.

Anino acids 2V 2Y 2y - 2Y 2Y 2Y 2Y Heme 4 .
I II-a II-b  III-2 TII-b IV V_ peptide
C PNP-Lys*¥ + + .01 1.13 + o+ + 0.64
Lys - 2.19 2.31 1.29 - 1.35 - 2.21
His - - - - - - - 1.8
hsp - 1.15 0.9% 1.02 - - - 1.15
- Thr ' - - - 0.11 - - - 2.14
Glu - 0.2 0.90 1.05 - - - 3.26
Pro - - - C.81 - - - 0.95
Cly -~ 2.20 2,01 . 0.32 - - - 3.8
Ala ' - - - - - - - .0.¢2
- Val - 0.92 0.85 - - - - 1.91
Ile - 0.64 =~ - . - - - . C.70
Ieu - - - 0.85 - 1.00 - 0.18
Tyr - - - 0.70 - - - -
Phe , - - - - -~ B 0.75
Cystelc scid - - - - - - - 1.66
Ylela (umoleo) 0.004 0.005 0.086 0.162 0.005 0.C2 0.C06 2.45
) 0.13 0.2 2.8 5.4 0.2 0.7 0.2 81.6
Site of - 1-¢  1-8 68-74 - 98-100 - C-31
veptide '
Probable e - co . 13 22 )
site of - Tty Plg T2 75 = C0r 100 - T auieh 2O

b
THP-Lys °r

# flach value was calculated after the removal of heme groud
except for TNP-lysine residues.

x £ [NP-lysine residues were specirovhotometrically measyred
using the absorbance at 345 mp before acid hydrolysis,

i~t;These values were calculated using the zamount of the sterting
material as a otanda*a



Table VI Amlno acid compositions of TNP-peotides and yields
of the peptheo from tryotic alﬁects of heme free
IWP-peptide of 2-TNP-cytochrome c.

Amino acids 2YT-—f 2YT—-2* 2YT—‘> o7 ¥ 2T—b* 2‘1‘43"i
TNEw Ly & 1.88  1.97 0.99 - - -

Lys 2.46  1.35  1.29 - ++ 1.28
His . 1.92 0.96 0.87. - - 0.73
AsD - - - 0.08 - -
Thr 0.83 0.85 c.g2 1.11 - -
Glu 3.19 3.20  3.22 - - -
Pro - - - C.69 - -

- Gly 2.43 2.45 0.46 1.24 4+ -
Ala 0.5 0.88 0.95 - : - -
Val 1.84 1.82 1.90 - - -
Ile 0.72 0.71 0.72 - - -
Phe C.70 C.73 0.69 - - -
Cysteic acid . 1.65 1.69 1.71 - - -

, X%
Yield ?umoles) 0.42 1.36 0.04 1.74 - 1.40
(%) 14.0 45.3 1.3 58.0 - 46,6
Site of g-27 g-25 g-22 28-31 23-25 2627
peptide
Probvable
site of '13, €2 13- 13 - - -
TNP-Lys r 25 = or 22

X¥Lach peptide was obtalned from the hewe free TNP-pentide
by tryptic digestion at 35°C and pH 8.0 for 2 hr, and
purified by paper chromatography ua paper electrophoresis

x*ThP—lyolne residues were spcirophotometrically measured
usiag the absorbance at 345 mp before.acid hydroly31o.

#%x%k These values were calculaued using the amount of the star’cln~
material as & standard.
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STUDIRES CN CHEMICALLY MODIFIED CYTOCHROHE c.

Pert II. The 22-Acetyl-Cytochrome c.

SUNMARY

When bovine cytochrome ¢ was modified with a large
excess of acetlc anhydride, was obtained 22-acetyl-cytochrome
¢ in which all of 1ysine (18 moles) and tyrosine (4 moles)
resldues were acetylated. The spectral changes 1n the
oxidized form, the autoxidizability and the easiness in
binding with the externally added ligands such as cyanide
and carbon monoxlide showed that the conformation around
heme in 22-acetyl-cytochrome ¢ mlght be appreciably disturbed.

The transition between the different spin states was
observed with the acetylated cytochrome ¢ in the pH region
below 7. At room temperature, it occurred at pH 5.0, and
at liquid nitrogen temperature below pH 1.0. It was found
that the high spin state at room temperature in the pH region
between 1.0 and 7.0 was converted to the low spin state at
liquid nitrogen temperature, and that they made a thermally

equilibrated mixture between -160°C and -70°C.
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INTRODUCTION

The chemical modifications of e-amino groups of lysine
residues in cytochrome ¢ have been performed by various
reagents (1,2), and are known to affect greatly the catalytic
property of the protein in the cytochrome oxidase reaction
( 1 ). Nevertheless, they hardly affect the spectral
proverty of cytochrome ¢, even when all e-amino groups
of its lysine residues are acetylated ( L ). We have
reported previously ( 1 ) that when four moles of tyrosine
residues besides all e~amino groups of lysine residues are
agetylated, the remarkable changes occur in the absorption
spectrum of cytochrome ¢ in the oxidized form but not in
the reduced form, snd the activity of the protein in the
cytochrome oxidase reaction is completely lost. The modified
cytochrome ¢ in which 18 moles of lysine residues and 4 moles
of tyrosine residues are acetylated (namely, 22-acetyl-
cytochrome ¢) is very autoxidizable and combines easily
with carbon monoxide. In an acidic solution, 22-acetyl-
cytochrome ¢ exhibits the high spin bands at 620 and 495 mu
which are not observed with native ferricytochrome ¢, while
the low spin band at 530 nu is not seen with the modified
profeln.

Theorell and Akesson ( 3 ) have already reported

that in a very acldic solution native cytochrome c¢ in the

- -



oxidized form is brown in color and that there are several
types (type I-V) of natlve ferricytochrome ¢ depending on

the pH value; type I below oH 0.42,type II between pH 0.42
and 2.5, type III between pi 2.5 and 9.35, type IV between
pH 9.35 and 12.76, and type V above pH 12.76.

The transition between the high and low spin states
of 22-acetyl-ferricytochrome ¢ seems to correspond to that
between types III and II of native protein as.reported by
Theorell and Xkesson ( 3 ). Therefore, the conformation
around heme group in 22-acetyl-cytochrome c seems to be similar
to that of native ferricyltochrome ¢ dissolved in the very
acidic solution.

In the present paper, some properties of 22-acetyl-
cytochrome ¢, i.e. pH dependency of the autoxidizability,
reactivity with CO and low temperature spectrum &re reported.
We also describe that not only tyrosine residue but also
nethionine and tryptophan resildues seem to contribute to

the conformation around the heme group.

MATERIALS AND METHODS
The 22-acetyl-cytochroze ¢ in which 22-acetyl groups per

mole of cytochrome ¢ were incorporated was prepared as
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follows: Bovine cytochrome ¢ which was purified by Haglhara's
method ( <4 ) (10 mg/ml) was dissolved in 10 mY sodium
vhosphate buffer (pHE 7.2) and the solutlon was incubated
with the acetic aniydride 20-fold molar excess to e-amino
groups of lysine residues at 0°C. During the reaction, the
PH of the solution was kept at 7.2 with addition of 1 X NaOH.
After the consumption of alkall had ceased, the reaction
mixture was treated with a Sephadex G-25 column to separate
the modified protein from acetate. The acetyl-cytochrome ¢
thus obtained possessed 4.2 moles of O-acetyl-tyrosine residues,
but had no e-amino group which was detectable by Habeeb's
method ( & ). O-Acetyl-tyrosine residues were determinea
by the method of Simpson et 21. ( £ ).

The autoxidation of the modified cytochrome ¢ were
measured with Cary svectronhotometer Model 15 at:21°C. The
reaction mixture was composed of 12 ui ferrocytochrome ¢
or modified ferrocytochrome ¢, 10 m¥ sodium phosphate buffer
and 300 ulf EDTA. One volume of 48 nll ferrocytochrome ¢
solution was mixed with three volumes of 13 uM sodium phosphate
buffer contaeining EZDTA, and the absorption spectra around
550 mp of the mixture were immedliately traced after pH of
the solution was adjusted to a definite value by HCl. The
recording of the spectra was performed repeatedly with a

definite interval. Aftexr the determination of the spectra



was conpleted, pH of the reaction mixture was mesassured.
The autoxidations in various pH's were compared with one
another on the basis of the first ordexr rate constant.

The ferrocytochrome ¢ was preparcd by reduction of
ferricytochrome ¢ with addition of a small amount of socdlum
dithionite. To remove excess dithionite, the resulting
ferrocytochrome ¢ solution was treated with a Sephadex G-25
column equilibrated with 300u4 sodium phosphate buffer (pE
7.4) contalning 300 p¥ IZDTA.

CO-complexes of 22-acetyl-cytochrome c were prepared by
bubbling of CO for 10 min through the modified ferrocytochrome
¢ solution in various oH's.

The absorption spectra at low temperature were measured
with Cary spectrophotometer, Model 14 fitted with the low
temperature spectrophotometry apparatus derived by Kawai ( 7 ).
The solution of oxidized cytochrome ¢ pH of which was adjusted
to a definite value with diluted H3P0y was poured into the
cell of 2 mm light path, and gradually frozen by lmmersing
in liquid nitroazen.

The pH values were determined with Horiba's combination
pH electrode, 6028-107T.

The measurement of magnetic susceptibility ( 8 ) were
carried out with a magnetic torsion balance in the temperature

range from liquid nitrogen temperature to about 0°C.

-5



The lyophilized cytochrome ¢ preparations (330 mg) were

" dissolved in about 1 ml of 0.05 Y4 NafpP0,. After adjusting
pH 3.0 with H3P04’ the cytochrome ¢ solution was transferred
to the sample capsule which held the solution of approx.

0.7 rl and rapidly frozen by immersing in liguid nitrogen.
Then the sample capsule was set in the magnetic torsion
balance, and the susceptibility of the sample was plotted
automatically and continuously as a function.of temperature
on an X-Y recorder. The temperature was neasured by the

use of a thermocounleof Au-Co alloy and Pt.

RESULTS

Absorption spectrum of 22-acetyl-cytochrome ¢

As reported previously ( 1 ), the absorption spectrum
of 22-acetyl-ferricytochromne ¢ at pH 7.0 was different from
that of the native protein in tﬁe several points. With the
modified oytochrome ¢, (1) the low spin band at 530 mp which
was observed with native cytochrome ¢ was lowered, (2)the
high spin bands at 620 and 495 mp appeared, and (3) the
absorbance at the Soret band increased and that at 270-280 mp
decreased except for a small peak at 290 mp which remained

constant. At pH 4.0, the considerably clear appearance
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of the high spin bands was observed. Such a spectrum as
described above was very similar to the absorotion spectrum
of the carboxymethylated cytochrome ¢ (§JLQ) and to that of
the high spin type ferrihemoproteins; e.g. horse radish
peroxidase, cytochrome ¢ peroxidase, catalase and acidic
ferri-hemoglobln and ferri-nyoglobin.

As shown in Fig.l, the absorption spectrum of the 22-
acetyl-cytochrome ¢ preparation varied with pH in the oxidized

form of the protein.

Fig. 1

The presence of isosbestic points at 660, 583, 508 and 485 mp
among the absorption svectra at different oH values indicates
the exlstence of the two components which contribute to the
appearance of the high and low spin bands. Nevertheless, the
absorption spectra of the reduced form did not change above

pH 4.0 and showed the typical ferrohemochrome spectra which
could not be distingulished from that of native ferrocytochrome
c except that the extinction coefficient at 550 mp slightly

decreased (Table I).



Table I

Autoxidation of 22-acetyl-cytochrome c.

Although the 22-acetyl-ferrocytochrome ¢ was little auto-
xidizable at neutral pH values, its autoxidizability depended

on pH as shown in Filg. 2.

Fig. 2

Native cytochrome ¢ was hardly autoxidizable at neutral pH
values but slightly reactive with oxygen of acidic pH values.
The autoxidation of the modiflied preparation was 'very fast
in pH range lower than neutral pH value as compared with
that of native ferrocytochrome ¢. As Fig. 2 shows, the
autoxidation process of 22-acetyl-ferrocytochrome ¢ was_not
monophasic at p¥ 6.1, 5.0 and 4.5. This fact suggests that
reaction system has contained two components; one 1is
responsibvle fér the fast autoxidation and the other the slow

reaction.

Table IT
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Table II shows the first order rate constants of the fast

and slow autoxidations at varlous pH values. They have been
calculated from the results shown in Figz.2. When the amount
of each component was qualitatively estimated from the curves
shown in Fig. 2, it was found that the component which was
responsible for the fast autoxidatlion increased with low-
ering pH. In pH 4.0, most part of the preparétion in the
resction system seemed to be composed of the fast autoxidizable
component. Tﬁe pH-dependent transitlion between the fastly
and slowly autoxidizable components seemed to run parallel
with that between the high spin and low spin bands in spectro-
photometry (Fig. 1).

Effects of external ligcands on absorption swnectrum.

The effects of externally added ligands such as cyanide,
azlde, imldazole and pyridine on the absorption spectrum of
22-acetyl-cytochrome ¢ were examined at a neutral pH. The
effects of cyanlde and azide on the absorption spectrum of
native cytoéhrome ¢ had been studied by Horecker and Xornberg
( 11 ) and Horecker and Stannerdf( 12 ), respectively.

We studied also the effects of the externally added ligands
on native cytochrome ¢ and extended thelr experiments.
When large excesses (0.5 M) of cyanide and azlde were added

to native cytochrome ¢ solutlion, the absorption spectrum

-9-



characteristic of cyanide- and azide-complexes of ferricyto-
chrome ¢ were respectively obtained, and the cyanide-ferri-
cytochrome ¢ complex was found to be considerably stable.
Namely, & mixture which conslsted of 10 p¥ cytochrome ¢

and 0.5 M cyanide was incubated for 60 min at room temperature
and was treated with the Sephadex G-25 column equilibrated
with 0.05 M sodium phosphate buffer (pH 7.0). The cytochrome
¢ solution thus obtained still showed the absorption spectrum
of the cyanide-complex which possessed a broad band at 530

mp and the Soret band at 412 mp in the oxidized form.

When the cyanide-complex was reduced by dithionite, the absorp-
tion bands appeared at 555, 526 and 419 mp and they immediate-~
ly shifted to the positions of the @, § and Soret bands,
respectively, of native ferrocytochrome ¢ (Fig. 3); However,
the presence of cyanide, azide or imidazole equimolar to
cytochrome ¢, or of 2 4 pyridine did not affect the spectrum

of native cytochrome c.

Tig. 3

When 22-acetyl-cytochrome ¢, however, the high splin bands
of the oxidized form were immediately replaced with two bands
of the cyanide-complex on addition of equimolar amount of

cyanide at pH 7.0 and the reduction of the resulting complex
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by dithionite proceeded in the same way as the complex of
native cytochrome ¢ (Fig. 3). Furthermore, when imidazole
equimolar_ﬁo the modified cytochrome ¢ and 2 % pyridine were
added, the 22-acetyl-ferricytochrome ¢ lost the high spin
bands and became spectrally undistinguishable from the
native protein except that the extinction of the Soret band
was larger than that of the native protein.

No appreclable effect of azlde was observed on the
absorption spectrum of the modified cytochrome ¢ so far as
tested.

CO-complex formation of 22-acetyl-cytochrome c.

As described above, the absorption spectra of 22-
acetyl-ferrocytochrome ¢ at various pH values were similar
to that of native preparation . However, as shown in Fig. 4,
the 22-acetyl-ferrocytochrome ¢ prevaration was found to be
mixture of two components; one combdined with CO and the other
was insensitive to the reagent. The CO-binding component

increased with lowering of pH value.

Fig. 4

The absorption spectrum of the CO-complex was quite similar
to that of native prevaration which was measured by Butt

and Keilin ( i3 ) at an alkaline pH; it possessed two broad
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peaks at 560 and $32 nu, a very sharp Soret peak at 414 mp
and a small peak at 395 mu. As the spectrum of the modified
cytochrome ¢ under CO scarcely changed in the pH range |
below 4.5, tﬁe agount of CO-binding component was calculated
at various pH values on the assumption that the preparation

was cémpletely bound with CO in this pH ranse.

Table IIX

Table III shows the rate of the CO-complex in the modified
cytochrome/g preparation at various pH values. From the
figures in the table, 1t is clear that the CO-complex formation
wlth the preparation depends on pH. This runs parallel to

the pH-dependent transition between fastly and slowly auto-

xidizable components as describved above.

Temverature-devendent swectral chancze.

As judged from the absorption spectrum, the 22-acetyl- .
ferricytochrome ¢ prevaration mostly seemed to be consisted
of the high spin species at pH 4.0 and at room temperature
(Fig. 1). Yonetani et al. ( 14 ) have reported the tempera-
ture-dependent transition of the spin states of cytochrome ¢
peroxidase on the baslis of the low temperature spectrophoto-
metry. Therefore, the temperature dependency of the absorp-

tion spectra of 22-acetyl-ferricytochrome ¢ was investigated.
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When the solution of the modified cytochrome ¢ preparation
at pH 4.0 was frozen in liguid nitrozen temperature, brown
color of the solution due to the high s?in bands immediately
changed into red. Thus, the absorbance of the low soin

band at 530 mp increased remarkably in the absorption
spectrum at liquid nitrogen temperature, while that of the
high spin bands at 620 and 495 mp decreased considerably.
However, the high spin bands were Stiil seen at this tempera-

ture (Fig. 5).

Fig. 5

When thé temperature of the modified cytochrome ¢ was
gradually elevated from liquid nitrogen temperature to about
-70°C, the low spin component decreased, and the 'high spin
component increased. The temperature-dependent transition
between the high spin and low spin components was completely
reversible. However, the isosbestic points among the absorp-
tilon spectra at various temperatures was not detected

unlike in the pH-dependent spectral change as shown in Fig.
1. From these results it was expected that 22-acetyl-
ferricytochrome ¢ at pH 4.0 might be in thermal equilibrium
between the high spin and low spin states. Therefore, the

relationship between pH and the spin state was examined also
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at liquid nitrogen temperature. With the modifled cytochrome
¢, the high spin bands began-to appear below pH 2.0, and the
spin state transition occurred at about pH 1.0 (Fig..6),
whereas the high spin bands began to appear below pH 1.0 with
native cytochrome ¢. Temperature-dependent transitions of
spin: states were not detected at the extremely acidlc pH
values in both native cytochrome ¢ and 22-acetyl- ferri-
cytochrome ¢c. These spin states observed above with the
modified cytochrome ¢ seemed to correspond to the different
types (types I, II and III) reported by Theorell and Axesson
( 3 ).

Fig. 6

Magnetic susceptibility of native cytochrome c in acidic pH.

The paramagnetlic susceptibility of native Terricytochrome ¢
was measured at varied temperatures. The vH of the solution
was adjusted to 3.0 at room temperature. At this pH, a part
of native cytochrome ¢ was in thermal eguilibrium between
the high spin and low spin states as judged from the low
temperature spectrophotometry.

The magnetic suceptibilities at varlous temperatures
of native ferricytochrome ¢ were shown in Fig. 7.

It was found that native ferricytochrome ¢ at pH 3.0 was pure
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Pig., 7

low spin compound with an effective Bohr magneton number

(nerr) of 2.02 between -160°C and -196°C. The ngee value

was identical with the value at 22°C reported by Theorell

( 15 ). However, above -160°C, the native cytochrome ¢
prevaration became a thermally ecuilibrated mixture of the
high spin and low spin states and its magnetic susceptibility
deviated gradually from the Curle law asbthe temperature rised.

Acetvlation of tyrosine residues.

It was very interesting that the remarkable changes in
the absorption spectra described above was not observed with
18~acetyl-cytochrome ¢ vrevaration in which 18 moles of acetyl
groups were incorvorated per mole of the protein ( 1 ). |
Therefore, 1t seem=2d that the acetylation of tyrosine
residues of cytochrome ¢ might be responsible for such a
remarkable spectral change as observed with 22-acetyl-cyto-
chrome ¢, To clarify this, the acetylation of lysine and
tyrosine residues were performed by stepwise addition of
acetic anhydrlde to cytochrome ¢ solution under the conditions
as used to vrepare 22-acetyl-cytochrome ¢c. As Table IV shows,
the écetylation of tyrosine residues occurred after all.
lysine residues had been acetylated.

With 18-succinyl-cytochrome ¢ ( 1) in which 18 moles
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of succinyl grouns were incorporated per mole of the protein,
(but tyrosine residues do not react with succinic anhydride

( 16 )), the pH-dependent spectral change as observed with
22-acetyl-cytochrome ¢ was not detected. However, 1l8-succinyl-
L-acetyl-cytochrome ¢ preparation which was obtained by the
treatment of 18-succinyl-cytochrome ¢ preparation with

acetic anhydride showed the pH-dependent spectral change

above pHE 4.5 (below this pH value, the preparation was

little soluble) as 22-acetyl-cytochrome ¢ did.

Table IV

DISCUSSION

The absorption spectrum of native cytochromelg is stable
in a wide range of pH and temperature ( 13 ) and is not
affected in the presence of considerably concentrated
denaturants ( 17 ). The spectral change 1s hardly caused
even by acetylation and succinylation of all e-amino groups
of lysine residues ( 1), The catalytic property of cyto-
chrome ¢ in the cytochrome oxidase reaction 1s considerably
affected by the modifications by various reagents of a few
e-amino groups of the protein molecule. It has been suggested
by the X-ray analysis of the ferricytochrome ¢ crystal ( 18 )

and by the solvent perturbation (. 19 ) that the heme group
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is located in a crevice of the protein molecule and fixed

by the central coordination of ~specific zroups of the amino
aclid residues and by the hydrogen bondings between two
proplonic side chains of the heme and tyrosyl side chailns
situated at the bottom of the crevice, besides by the
thioether bondings. Thus, it is reasonable to consider that
the remarkable spectral change of 22-acetyl-cytochrome ¢

in the oxidized form and the easy binding of externally added
ligands to the heme iron of the protein results from the
modification of tyrosine residues which are buried in the
interior region of molecule before the modification.

The conformation around the hehe group in 22-acetyl-cyto-
chrome ¢ seems to be considerably disturbed. The specula-
tion mentioned above will be further discussed as compared
with the behavior of natlive cytochrome ¢ in the acidic
solution.

As éhown in Fig. 6, the transition of spin states in
native cytochrome ¢ is strongly influenced by pE of the
sample. It 1s reasonable to consider that the heme iron
of cytochrome ¢ in type III 1s coordinated by two ligands
with the strong ligand fleld from the both sides of the heme,
because cytochrome ¢ shows the hemochrome spectrum in a wide

range of pH and temperature and does not easily bind with

the externally added ligands. However, Lumry and Sullivan
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( 20 ) have suggested that one side (6th coordination
position) of the heme is bound more weakly to the ligand from
the protein molecule than the other side.

In type II, such a weakly bound ligzand as supposed in
type III seems to be replaced by water molecule or by a
ligand with the weak ligand field from the proteiln molecule
according to the conformational chanze of the protein molety.
It seems also likely that the vrotonation makes weak the
bond between the heme iron and the ligand group. This comround,
type II, exlsts in a thermal equilibrium between the high
spin and low spin states according to the Boltzman distri-
bution as has been experimentally proved by George et al.
(21 ) (Fig. 5). Namely, it exists as the high spin state
at room temperature and as the low spin state at liquid
nitrogen temperature. 1In the present investigation, we
have not analyzed in detall the results about the thermal
egquilibrium which have been obtained by the measurementé of
magnetic susceptibllity at various temperatures, because
the spin state at the low temperature in the type II was
indistingulishable from that in the type III by the spectro-
photometry. However, two low spin states in the types II
and IiI seems not to be identical in regard to the electro-
nic structure of the heme iron. This point should be eluci-

dated by a future investigation.
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Cytochrome ¢ of the type II changes to the type I by
further lowering of pH value (Fig. 6). Cytochrome ¢ of the
type I exists as the hish spin state even at low temperature
and exhibits no thermal equilibrium, The both ligand may
be split off from the heme iron by the entrance of two
protons as suggested by Boeri et al. (22 ). It seems probable
that the interaction of the heme with protein moiety of
cytochrome ¢ 1s extremely disturbed by the acid denaturation
ol the protein. However, the transition from the typve III
to the type 11 and that from typve II to type I are completely
reversible.

Such a relatioship as mentloned above between pH and
the different types of cytochrome ¢ is also observed with the
22-acetyl-cytochrome c. With native cytochrome ¢ the tran-
sition polints at room and liquid nitrogen temperatures have
been found at pH 2.5 and pH 0.42, respectively, whereas they
have shifted to pH 5.0 and pH 1.0, respectively, with the
modified cytochrome ¢ (Fig. 6). The shift of transition
points to the upper pH values indicates that cytochrome ¢
molecule becomes moxre unstable by the chemical modification
than the original protein molecule. Conseguently, the con-
formation around the heme molety is easily affected by the

change of pH and the ligand to the heme iron is easily

Teplaced by the externally added ligands.
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Another important fact is that such a conformational
change around the heme moiety as caused by the chemical
modification of cytochrome ¢ affects the absorption spectrum
in the oxidized form but not in the reduced form. As ferro-
cytochrome ¢ 1s not so easily digested by protelinases as
ferricytochrome ¢ (gg ), the former 1s thousght to be more
rigid in the structure than the latter. Furthermore,
ferrocytochrome ¢ does not exhibit the temperature-effect
and pH-effect in the ORD spectra unlike ferricytochrome c
(gg& ). These facts suggest that the ligand at the 6th
coordination position in cytochrome ¢ molecule is bound to
the heme iron more strongly in the reduced form than in the
oxidized form. Therefore, the type II of cytochrome ¢ is in-
distihguishable from the type III in the absorption spectra
of the reduced form. However, 1t is very interesting that
exilstence of the two molecular specles mentioned above are
clearly observed with the modified ferrocytochrome ¢ in
regard to the autoxidizability and the CO-complex formation
(Figs. 2 and 4). This fact suggests that there is difference
in the strength of the ligand coordination in ferrocyto-
chrome ¢ molecule between the types II and III.

-The remarkable spectral change in the acidic vH region

as observed with 22-acetyl-ferricytochrome ¢ in the present

study 1s also detected with carboxymethylated ferricytochrome
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¢ in which the 80th methionine residue is modified (9.10 ),
and with N-bromosuccinimide-treated cytochrome ¢ in which
the 59th tryptaphan residue ls oxidized (ggi )« Therefore,
it seems likely that not only tyrosine residues but also
the 80th methionine and the 59th tryptophan residues are
important for the maintenance of the conformation around
the heme moiety of cytochrome c.

Fanger et al. ( 26 ) have suggested on the basis of

study on carboxymethylated Pseudomonas cytochrome ¢ that the

61st methionine residue is one ligand to the heme iron of

the protein, and that it 1s probable that the 80th methionine
residue coordinates to the heme iron in the mammalian-type
cytochrome ¢c. It has been reported ( 27 ) that the thio-
ether group of methlonine functions a ligand to the heme iron
resulting in the hemochrome spectra. However, the possi-
bility that another ligand of cytochrome ¢ molecule coor-
dinates to the heme iron can not be roled out, as the hemo-
chrome spectrum formation 1s not completely inhibited by

the carboxymethylation of the 80th methionine residue in

the mammalian-ﬁype cytochrome ¢, although the possibility
that the resulting modified methionine residue can coordi-
nate to the heme iron still remains.

The fact that the modification of amino acid residues

which are located in the interior region of cytochrome ¢
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molecule results in the remarkable spectral changes and the
loss of function of the protein, may lead us to the oconclu-
sion that these residues contribute to the maintenance of

the conformation around the heme moiety or that in the

crevice structure.
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Fig. 1 Effect of pH on the visible &bsorption spectrum of

22-acetyl-ferricytochrome ¢

The sample was dissolved in 0.05 M sodium phosphate buffer
(pH 7.4) and pH of the resulting solution was adjusted a definite
value with HCl. After the measurement, pH was checked by the
combination pH electrode. The numbers in the figure indicate

the pH value at which the respective spectra were determined.
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Fig. 2 Autoxidation of 22-acetyl-ferrocytochrome ¢ at

various pH values.

After the modifled ferrocytochrome g solutions were
diluted with 13 pM sodium phosphate buffer containing 400
pﬂ EDTA and pH of the resulting solution was adjusted a
definite value with HC1l, the decreases in the absorbance at
550 pm were measured. -—e—, Native ferrocytochrome ¢ (pH
4,0); —o—, 22-Acetyl-ferrocytochrome &. The numbers in

the figure indicate the pH value at which the respective

autoxlidatlion were measured.
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Fig. 3 Reduction process of the CN-complex of native cyto-

chrome c.

Native cytochrome ¢ in 0.05 M sodium phosphate buffer
(pE 7.4) was lncubated with 0.1 M KCN for one hour. The pH
of the KCN solution had been adjusted to 7.4 before use.

After the CN-complex spectrum of the oxidized protein was

measured, a small amount of sodium dithionite was added to

the cytochrome ¢ solution. The absorption spectra of the

CN-complex wére recorded at times as indicated in the figure

after the reduction of cytochrome g.
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Fig. 4 Effect of pH on the CO-complex formation of 22-

acetyl-ferrocytochrome c.

The absorption spectra were measured after the modified
ferrocytochrome ¢ solutions at various pH values were bubbled
with CO for 10 min. Curve 1, at pH-b.O and pH 4.5; curves 2
-4, at pH 5.1, pH 6.0 and pH 7.4; curve 5, the spectrum at
differentﬁpH #alues before CO-bubbling.



ABSORBANCE

115-30 min. 0.0.=0.1
1 interval

‘| 22#Acetyl-cyt.c
| Native cyt. ¢

450 l560 ' 55;0 6.00 | 650
WAVELENGTH (my)

Fig. 5 Effect of temperature on the spectrum of 22-acetyl-

ferricytochrome g.

The visible spectra of 22-acetyl-ferricytochrome ¢ (pH
4.0) were traced several times while the temperature rised
from liquid nitrogen temperature (the thin bottom line) to
about -70°C (the thin top line). The thick line shows the
visible spectrum of native ferricytochrome ¢ at liquid

nitrogen temperature.



RELATIONSHIP BETWEEN pH AND SPIN STATES
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Fig. 6 Diagrams of relatlonshlp between pH and the spin

states of native and the modified cytochrome ¢c.

The ratio of the high spin to the low spin was qualltg-
‘tively estimated by the method of Theorell and Zkesson ( 3. )
with the slight modifications. The transition of the spin
states at room temperature was indicated by ------ and

that at liquid nitrogen temperature by —m .
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Table I

Extinction coefficients of 22-acetyl-cytochrome ¢

at various pH values

En
pH Oxidized form Reduced form

620 528 490 Soret 550 534 521 Soret
7.4 2.8 8.0 5.3 117.3 23.9 7.6 4.6 137.5
6.0 3.1 7.5 6.7 130.0 26,0 7.6 4.7 137.0
5.1 3.4 6.8 6.8 135.0 23.8 7.6 4.7  135.0
4.5 3.6 6.8 7.0 139.5 2.4 7.8 4.9  137.0
4.0 3.9 6.1 7.1 142.2 23.8 8.3 15.5 135.0

These values were calculated based on the absorption spectrum

of pyridine hemochrome assuming the extinctlion coefflicient at

550 mp of the hemoclhirome to be 29.0 mM~

1

cm



Table II Effect of pH on autoxidation of 22-acetyl-

cytochrome ¢

First order rate constants: k (seo-l)
B FPast reaction Slow reaction
7.4 - 0.2 X 1077
6.1 1.4 % 1072 0.3 x 1073
5.0 4.8 X 1077 0.9 X 1077
4.5 8.7 x 1073 2.3 X 1073
L. 0 11.5 X 1073 -

These values were calculated from the results shown in Fig. 2.



Table III Effect of pH on CO-binding ability

of 22-acetyl-ferrocytochrome ¢

pH % of CO-conplex
7.4 40
6.1 66
5.5 76
5.0 | 89
L.s 100

4.0 100

These values were calculated from the results shown in Fig. 4.



Table IV Acetylation of 1lysine and tyrosine residues
in cytochrome ¢
Ratio of
Reactlion acetic Free O-Acetyl-
pH enhydride to e~-amino tyrosine
c-amino group grouyp residue
7.0 4 0.6 0.9
8 0.5 2.3
10 0.1 2.4
8.0 2 1.7 0.2
L 0.5 1.3
6 0.3 2.1
8 0.3 2.8

The acetylation of cytochrome ¢ with acetic anhydride were

performed under the same conditions as used to prepare

22-acetyl-cytochrome c.

The amounts of free e-amino groups

and O-acetyl-tyrosine residues were measured by the methods

of Habeeb and Simpson et al., respectively.



