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RIFICATION AND PROPERTIES OF CYTOCHROME b-555

1. Cytochrome b-555 was highly purified Ifrom larvae of

the housefly, Musca domestica L, The absorption spectra of

the purified cytochrome b-555 showed peaks'at 358-360, 414,

an

530 wu in the oxidized form, and at 424, 528 and 555 mu

e}

in the reduced. The a-band of the reduced form was asymmet-
ric at room teuperature and at neutral pH, but split into two
distinct peaks at 552 and 556 mp at liguid nitrogen tempera-
ture., The purified 6ytochrome contained prdtoheme as the
prosthetic group and combined neither with carbon monoxide
nor with cyanide. '

2. In the ultracentrifugation, the cytochrome prepa-
ration shdwed.a symanetrical and‘monodispersed pattern and
'its sedimentation constant, 520, W was.l.43 S. The molecu-
lar weight was determined to be l},?OQ,by the gel filtratibn
method., ‘

3. C&tochrome b-555 was reduced readily by sodium di-
thionite, slowly by cysteine, and anaerobically by ascorbate,

but was not reduced non~-enzymatically by NADH. The reduced



fora was oxidized by potassiuu ferricyanide, bveefl hcart ferri-
cytochroue ¢, ¢nd very siowly by air (the apparent first-order
velocity constant was 0.0045 sec"l). The uidpoint redox poten-

tial (Z2)) of cytochroue b=-555 was + 0.006 velt at pH 7.0 and

4. Purified cyvochroue b-555 was reduced by NADH in tne

ence of the larval microsomal fraction or NADH-cytochroume
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35 reductase (EC.1.6.2.2) purified from rat liver microsqmes.
The reaction was inhivited neither by antimycin A nor by
rotenone as in the case of microsomal NADH—-cytochrome~_’95 reduc-
tase systems of housefly larvae and mémmalian liver.

5. 2urified cytochrome b~555 secemed to be a solubilized
form of cytochroume 25 which existed both in the mitochondrial
and microsonal Ifractlons prepared from the larvae., Solubili- .
zatiqn of larval cytochrome 95 from the cytoplasmic membranes

was dilscussed.

It nes been found-that cytochrome components change quali-
tatively and quantitatively during the metawmorphosis of cecro-
pia woth (1) and honey bee (2). Much attempts have been made

to elucidate the differences in properties among larval, pupal,
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and adult cytocharomes of insccts for clarifying their physio-
logical functions., Yamezneka et al. (3) have reported that

three cybvochrowe components, cytochromes ¢, b-563% and b~-555,

~are rcadily extracted with a salt solution frow tne larval

‘and pupal nouogenates of the housefly, Musca domestica L.,

while cytochromes p-563 and ©-555 are not isolated from adult
flies Ly the same procedures as used for the larvae and pupaec.
Fgrtheremore, they have observed that although the cytochrone

¢ content varies greatly during the metamorpnotic stages tThere

H
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is no .di ence among larval, pupal and adult cytochroumes ¢,

dged from the reactivities of ‘the cytochrome ¢ preparations

.
o

“ .

with cytochrome oxidases (EC 1.9.3.1 and 1.9.3.2). Ohnishi

) has crystallized larval cytochrome b-563% and investigated
i¢s chemical properties. Cytocarone b-555 among the three
cytocnroues described above has not been hignhly purified and
hencé its properties have been obscurec.

The prescnt communication deals with the purification

(0]

and some properties of larval cytochrome b-555 of the housefly.

The results obtained here suggest that the purified cytochrome

B

ay be a solubilized form of cytochronme b. which exists in the
4 .

larval particulate fraction but not in the soluble. Solubi-

lization of membrane-bound cytochrome_gs of the larvae is also-

discussed.



NATARIALS AND MIETHODS

Maverizls —— Third instar larvae of thne housefly,

Mucca ¢omestica L., were stored at -15°C until sufficient

~

wounts of the uaterials were collected. Phenylthioured, one

|2

ar
of tyrosinase (BC 1.10.3%.1) inhibitors (5), was synthesized
according . to the uwethod of Kurzer (6). NADH was prepared by
reduction of NADY with yeast alcohol dehydro*enaée (EC 1.1.1.1)
and ethanol according to the method ol Rafter and QQ%?W%Q@
(7). ZEcef heart cytochrouze ¢ was prepared by the method of
Hagihara ¢t al. (8). NAD", rotenone and crystalline bovine
pancreatic ribonuclease (EC 2.7;7;16) were purchased froun
Sigma Chemnical Coumpany, U.S.A. -Anﬁimycin A was purchased

from Xyowa Fermentation Industry Co. Ltd., Tokyo. Crystalliue
trypsin (EC 3.4.4.4) was a product of Nutritional Biochemicals’
Corporation, Ohio, U.S.A. Purified rat liver microsomal |
NADH-cytochrome 25 reductase and sperm whale nyoglobin were
'supplied througn the courtesy of Mrs. Y. Takesue {(Institute

for Protein Research, Osaka University, Osaka) and

¥r. G. Miyazaki (Laboratory of Biophysics, Faculty of Engi-

neering Science, Osaka University, Osaka), respectively.

Physical licasurements The concentrations of NADH,

NADPH, antimycin A, larval cytochrome b-555, and beef heart

cysochrome ¢ were determined spectrophotometrically (9-13).

The wmeasurewments of low temperature absorption.spectra'



were performed according to the method of Kawai (14).
Spectropaoctometric measurements were carried out with a
, wodel 15 and 14, a Shimadzu spectro-

photometer, type 2B-50, a Hitachi Perkin~Elmer spectrophoto-

metver, wmodel 139, aud a split-beam recording spectrophoto-
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Ultracentrifugal analyses were performed in a Hitachi
UCA-1 analytical ultracentrifuge.

Molecular weight of cytochrome b-555 was determined by
the methods of Archidald (15) and Andrews (16) with slight

wodifications. .
The midpbint redox potential (EL) of the cytochiomé was
deternined by the method of‘§@§q@% and $§9g§§§ (LZ) with
slight wodifications. The reaction mixture in the main com—
partuent of a Thunberg-type cuvette contained 250 mM potassium
oxalate, 66 ull phosphate buffer of pH 7.0, 7.15 uM purified
'larval.cytochrome =555 and 1.0 mM iron (III) ammonium sulfate
in a total volume of 0,97 ml, and 0.03 ml of various concentrq—
tions of freshly prepared iron (II) amwonium sulfate solution
‘was placed in the side arm of the cuvette. The reference'
‘cuvette contained the same constituents ~s the sample cuvette

except that iron (II) ammoniuﬂ'sulfate was omitted, Arlter

the reaction mixture was made anaerobic by the evacuation of

v



the atmosphere in the cuvette and the subsequent filling the
cuvette with argon; iron (II) ammonium sulfate in the side aru
was %tlpped in the solution in the main compartment. The differ-

ence absorption spectra (the sample reduced by iron (II) ammonium

?
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ate minus reference) were recorded in the wavelength
region between 500 and 600 mu after S5 min eguilidbrium period».-
at 12°C, The fully reduced level of cytochrome b-555 was
determined by adding a trace amount of sodiﬁm dithionite to
the sauple cuvette. Tac ratio of reduced (§?+) to oxidized

(35+) cytochrome b-555 was calculated from the following fér-

mula.

%t . (edfcg . with iron (II)) |

3 . T — .
b (aA555 oy With dithionite) ; CdAsSS gy With iron (11))

et e . . 24 5 3+
E; of the pigment was determined from a plot of log (g.+/23 )
versus log (Fe2+/FeB+) assuuing that Ei of ferri-ferro oxalate

system was 0.0 volt (18, 19).

Determination of Protein Concentration of protein

was determined b the method of Lowry et al. (20), using

LA I T

bovine serum albumin as standard.

Oxidation of Larval Cytochrome b-555 by Beef Heart Ferri-

cytochrome ¢ Oxidation of the reduced larval cytochrome

b-555 by beef heart ferricytochrome ¢ was measured spectro-

phptometrically by the increasg in the absorbance at 550 nmu

I3 M ’

at 19°C. The assay mixture contained purified rat livenr

* A: absorbance. ' Lo



sicrosomal NADI-cytochrome 35 reductase (final 0.8 ug protvain),
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buffer ' (pH 7.4) in 2 total volume of 2.0 ml. The reaction was

by addivion of 1 ul of 107 wi purified larval ferri-

%)
£

starte
cytochroue 0-555.

The differential

}\

B

actionation of Larval Homomenate

centrifugal fractionations of the larval homogenates were per-—
formed as described in the following: Batches of 30 g of the

fresh larvae were roughly minced with a razor and thoroughly

s .

wounogenized using a Pottor—Elvehjem_glass homogenizer in 270
ml of ice-cold 0.25 X sucrose-l mil EDTA (pH 7.4) solution.

ivl
—

The following procedures were outlined in Fig. 1.

D B s S G s e St Gt ey Y et S . St

The operations were always carried out at 0-4°C. Both "mito-
chondrial" and "microsomal" fractions were washed once more

)

7 .
with 1/2 of the initial volume of the sucrose-EDTA solution

and suspended in the same medium at 0-2°C.

Determinatvion of the Content of the CybLochrome 25 in

arval Subcellular Fractions The content of cytochrome

(agl

o

c in The fractions prepared from larval homojenate was de-
7 . . :

eraine

ct
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bascd on the differenpe.abéorption spectrum (NADH-
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or NADPH-rcduccd minus oxidized) in the presence of rotenone
with a split-beam recording spéctrophotometer. The assay mix-
ture containcd 50 mi pﬁosphate buffer  (pH 7.4), 1 ml potassium'
reyanide, 25.4 ul rotemone, an appropriéte amount of each frac-
tion, and 100 pgiﬁADH or NADPH, in a total volume of 3.0 ml.
The rceference cuvette contained the same constituents as the
sauple cuvette except that the reducing_agent was omitted.

The particulate fractioﬁ-was allowed to stand overnight at 0°C
in order to make endogeneous substrates exhausﬁed. Before
édding the reductaht, oxygen was bubbled through a reaction
}mixture Tor 2 or % ain to oxidize! the cytochrome components

in the fraction. The spectra were recorded approximately

1 win after the reaction was initigted by the addition of

the electron donor to the sample cuvette.

RESULTS

I. Purification of Cybtochrome b-555

About 500 g Qf lervae was homogeniied with a Waring
blendor in 1 liter of 50 mM phosphate buffer (pH ?7.0) con-
taining 2 w{ EDTA and 5-10 mylphenylthiourea at O§4°C. The
lafter reégent is an inhibitor of tyrosinase (5). The follow=

ing operations were carried out at 0-4°C unless otherwise indi-

-8 -



cated. To vie nouogenatc was added solid ammonium sulfate to

"

40 9% saturation. After bveing éllowed to stand overnight, the
nixture was Ifiltered through a layer of Celite in a Blchaer
funnel., The {iltrate was Iractionated by ammonium sulfate,
the precijitate\which appeared between 90 and 90 % saturation
of the salt ﬁas dissolved in an appropriate volume of distill-

ulting solution was dialyzed overnight:
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putv on an Amberlite CG-50 column which had been equilibrated
with 0.02 M phosphate buffer (pH 7.0), cytochrome ¢ and other
basic proteins were adsorbed on the resin.

1. First Chromatography on DEAE-Cellulose Column’

DE4Z-cellulose was washed in turn with N HCl, N NaOH,

a large volume of distilled water, and 0.05 M phosphate buffexr
(pE 7.0). When the effluent from the Amberlite CG-50 resin
described above was put on a column of the DEAE-cellulose,

. cytochrome b-555 and the most of the dark brown pigments were
adsorved at the top of the column to make a dark brown band,
out cytochrome b-563 passed through the cellulose column.

The adsorbed cytochrome was eluted with 0.2 )M phosphate buffer
(pE 7.0).

2. Annoniunm Sulfate Fractionation

The dark brown eluate obtained above was fractionated

‘with ammonium sulfate. The precipitate obbained between 70



and 100 % saturation of the salt was collected Dy ceantrifuga-

tion and dissolved in a ninimal volume of distilled water.
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Duolite A-2 resin of 100-200 mesh was washned with N NaOE
and then with a large volume of watér. The resin was suspend-
ed in 0.1 M phosphate buffer (piH 7.Q) and fine resin particles
were ciscarded by repeating decantation. Finally, the resin
was equilidbrated with 0.1 Mephosphate buffer (pH 7.0). The
dialyzed solution mentioncd above was charged on a column of
the Duolite A-2. The most of the brown pigments was adsorbed
on tne column, while cytochrome §:555 unadsorbed.

"4, Sccond Chromatozrapny on DEAE~Cellulose Column

The effluent from the Duolite A-2 column was -again charged

on & DBAZ-cellulose colunn which had been buffered with 0.1 U

phosphate buffer (pH 7.0).\ In this case, cytochrome 9}555 was'
weaxly adsorbed making a broad red-band, which migrated down
vgradually on thevqolumn by developing with 0.1 M phosphate
buffer (pH 7.0). Yellowish brown band of melanin pigments
.moved down faster than the red one of cybtochrome b-555 under

the conditions.

5. Concentration and Ammonium Sulfate Fractionation

TTVA T

After the reddish yellow eluate from the DEAE-cellulose

column obtained above was dialyzed against 0.02 M phosphate

- 10 -



buffer (pH 7.0) overnignt, the solutioa was again charged on

a DEAE-cellulose coluan egquilibrated wivih 0.05 il phosphate
buffer (pH 7.0). Cysochrome 3—555.adsorbed on the column was
glutod with'C.Z ii phosphate buffer (pE 7.0). TFinely powder-~
ed ammonium sulfate was gradually added to the above red
eluate with a gentle sbtirring until a slight turbidity appear-
ed. After the mixture was allowed to stand overnigat, the

precipitatve was collected by centrifugation. With the super-

o

atant obtained above, the same procedures were repeaved
scveral times. The precipitates obtained above were combined
and dissolved in 0.1 M phosphate buffer (pH 7.0). The solu-
tion thus obtained was used as the purified cytochrome 1-555
preparation. The purification procedures are summarized in

Table I.

-

II. ZProperties of Purified Cytochrome b-555

1. Absorpntion Spectra

The absorption spectra of the purified cytochroume b=555
are shown in Fig. 2. The absorption spectrum of the oxidized

form showed a sharp peak at 414 mu, and two smaller bands at
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58-% :nd 530 mi with a shoulder at 558 mu, besides the

!

gak at 278 mu due to protein absorption. The reduced foru

(o]

" had major absorpbtion peaks at 424, 528, and 555 umu, and the
';a~baﬁd at 555 mu was asymumetric with a pronounced shoulder at
560 mu, The ratios in the absorbance among the peaks are as
follows: Ao, mu(red.)/ﬁsss mu(red.) =6.8, Agss mp(red.)/
beog mu(red.) = 1.8, Aoy mu(red.)/A414 mu(ox.) = 1.5, and
A555 mu(red.)/A278 mu(ox.) = 1.2.

At liquid nitrogen temperature (-196°C), the asymmetric
“a-pand of the reduced form split into two distinct. peaks at
556 and 552'mu (Fig. 3).},Although the PB-band showed a more
complex structure than the a-band, the Soret band did not

split and . only shifted from 424 to 422 mu at the temperature.

in nelther the reduced nor the oxidized form the absorp-

tion spectra of purified cytochrome b-555 were altered in

- l2 -



the prescnce of carboa wmonoxide and potassium cyanide at

k)

Foms
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~would suggest that the cytochrome did not

e
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e reagents. Since the absorption spectrunm
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of the oxidized formbwas obtained when air was bubbled'through
the dithionite-reduced preparétion, cytocnrome b-555 was auto-
¥idizeble. This aubtoxidation reaction was not influenced by
carbon monoxide and cyanide.

2. Prosthetic Group

The absorption specfrum 0f the pyridine hemochrome de-
rived from the purified cytochrome b-~555 preparation (finalw>
concentrations of pyridine and NaOE were 30 % and 0.2 N, res-
pectively) had maxima at 557, 525, and 417-420 mu. From
'this'result it is concluded that ?he cytochrome contained
protoheme as the prosthetic group, as previously reported'(j).

3. Molecular Veignt

The most purified cytochrome t-555 preparation (the ratio
. of A555 mu(rea.)/A278 mu(ox.) = 1.2) showed a symmetrical
and monodispersed pattern in an ultracentrifugal field as

shown in Fig. 4. The sedimentation. con:tant, Son . w»r Was
) ?

calculated to be 1.43 S, The molecular weight of the larval

- 13 =



cytochrome was esvimated by gel filtration on a column of
Sephadex G-100, by a slight wodification of the method of

Lndrews (16), as shown in Fig. 5. From the position of the

> St A S e G G Tt St i i B s S GRS S S

celution volume of the pigument on the standard curve, the mole-
cular weight was calculated to be 13%,700. By the method of
Asrchibald (15), the molecular weight of cytochrome »-555 was

determined to be 18;000, asSuming the paftial specific volume

to be 0.720 (Fig. 6). The apparcnt molecular weight became

lower when the centrifugal run proceeded. This nay indicate
that the preparation was contaminated with a trace of impure
protein(s) of higher molecular weight than the cytochrome.

Therefore the value of 13,700 obtained by the gel filtration
method seems to be more accurate for the molecular weight of

the cytochroue %hgn that estimated from the Archibald run.

- 14 -



4, TReduction and Oxidation

The purified cytochrome b-555 was feduced readily by
sodiun dithionite-and slowly dy cysteine (reduced to 21 %
er the addition of the reducing agent under aerobic
cenditions). It was anaerobically reduced very slowly by

ascorbate. (approximately 60 % reduced 12 hr after the reduc-

¢t

tant was added), but not reduced nonenzymatically by NADH
even under anaerobic conditions. The reduced pigment was
reoxidized by potassium ferricyaniaq, beef heart ferri-
cytochrome ¢, and wmore slowly by air. The above facts
suggest that the midpoint redox potential (BY) of the puri-
fied cytochrome is approximately O volt. This interpretation
vias confirmed by the following experiment. In ferric-ferrous

. oxalate redox systems, the extent in the reduction of the

cytochrome varies with the ratio of Fe2+/F_e5+ (Fig. 7).

From the results shown in Fig. 7, the E} value of cytochrome
1-555 was calculated to be + 0.006 volt at pH 7.0 and at

12°C, assuming the E{ value of ferric-ferrous oxalate system

to be 0.0 volé\xla 19).

—— ) n

\
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Intiracellular Localization

N
. -

The fact that-larval cytochrome b-555 is extracvable
with a salbd solution suggests that the cytochrome b-555 exists

in the cells as a soluvle protein. In order to elucidate thne

i3

ode of exisbtence of cytochrome b-555 in the cells, intracellu-
lar localization of the cytochrome was studied on the basis
of the difference absorption spectra of the subcellular frac-

. <

tions obtained,by differential centrifugation. Table II shows

the various enzymic activities contained in larval mitochon-

drial, umicrosomal, and soluble fractions (for.preparation pro-

cedures of these fractions, see "METHODS AND MATERIALS", and
Fig. 1). The exclusive localization of the cytochrome oxidase
and succinate-cytochrome ¢ reductase activities in the mito-
chondrial fraction isolated from larval homogenate indicates
~that the microsomal fraction was scarcely contaminated with

the mitochordria. Whether the larvai mitochondrial fraction
was contaminated with the uwicrosomes was not investigated in
the present study. NADPH- and NADH-cytochrome ¢ reductase

activities of the larval microsomal- fraction were about five

- 16 -



to three (sometimes two) times as high as the respective ac-—
tivitics of the ultochondrial one. In the larval particulate
fraction NADPH-cytochrome ¢ reductase activity was about one-
tcnth.aS'high as NADH~cytochrome ¢ reductase. activity. On
“he other hand, nelther the cybtochrome oxidase nor succinate-
cysochrome ¢ reductvase activity was detected in the soluble
fraction. However, the NADH~- and NADPHécytochrome ¢ reduc-
tase activities found in the soluble fraction were 1 and 10

% of the respective activities in the microsomal one. These
relationships among the var%éus kinds of enzyunic activities
ovserved with the three larval fractions were guite similar to -
those found in mammalian liver.

- It has been well known that antimycin A and rotenone in-
hibit the electron transfer in the.respiratory chain specifi-~
cally Ifrom cytochrome b %o cytochrbmekgl and from NADH: to
NADH dehydrogenase (21), respectively. Thus, both the re-
agents inhibit the respiratory chain-linked pyridine nucleo-
tide 'oxidizing system of liver mitochondria but not the NADI-

Q

H

NADPH-cytochrome ¢ reductase system mediated by the NADH~
or NADPH~-cybtochroume gs reductase system in‘the uicrosomes

and outer membranes of the mitochondria (22). In the larvae
of housefly, as shown in‘Table III, NADH-cytochrome ¢ reduc-
tase activity in the aitochondrial fraction was 39.and 33 %

.

inhibited by antimycin A and rotenone, respectivély., With

- 17 -



the wmicrosomal Ifraction, eilther of the poisons scarcely in-
nibited NADH-cytochrome ¢ reductase activity. Succinate-
cytochrome ¢ reductase activity was completely inhibited by
both the reageﬁts. It is uncertain at prsent why succinate-
cytochroume ¢ rcductvase activity was inhibited by rotenone.
Both>cyanide and azide inhibited completely the cytochrome
oxidase activity; Theée effects of the inhibitors indicate
that both mitochondrial and microsomal fractions isolated
Irom larval nowmogenate correspond Fo the respective fraétions
frow mammalian livers.,

Both'antimycin A and rotenone stopped the electron flow
from succinate to cytochrome ¢ in the larval mitochondria,
while the NADHE~cytochrome ¢ reductase‘sysﬁems of liver parti-
culate fractions via the NADH-—cy:tochrome'p_5 reductase systen,
and the NADH—cytbchrome ¢ reductase of larval microsomes
were insensitive to the above reagents. Therefore, the cyto-
chrome‘g5 coantent in a larval fraction could be determined in
the presence of the above inhibitors without being affected
by the respiratory pigments in the inner membfanes of the mito-

chondria. The NADH~ o NADPH—re@uded minus oxidized difference



[

bsorpbion spectrum obtained both with the larval mitochondrial

[

nd microsomal fractions in the presence of rotenone were the
same as that obtaimed with liver microsomal cytochrome 35 (23,
24); i.e. absorption mexima were at 556, 527 and 424 mu and

a shouider'at 560 wp (Fiz.. 8). As expected, the same differ-

ence absorption spectra as those exhibited in Pig. 8 were ob-

P A Gt ey s G, g W S W G St Ve S

tained when antiaycin A was added to the réaction mixture in
'place of rotvenone. The cytochroune 25 contents estimated on
the basis of the difference absorétion spectra shown in Fig.
8 were 0.20-0.25 and 0.04~0.06 mumoles/mg protein in the lerval
microsomal and mitochondrial fractions, respectively. The
ratio of cytochrome 25 content in the larval witochondrial
fraction to that in the microsomal cne was four to five.
This.was in good agreement with that in rat liver as reported
by Sottacasa of al. (22).

However, the difference absorption spectra obtgined with
the larval soluble fraction in the same way as with the par-
ticulate fraction showed no peaks even in the presence of a

trace of the larval micrbsomal fraction, while on addition

- 19 -



of sodium dithionibte, two absorption maxima appeared at 560
and 425 mu. At low temperature (~196°C), the microsomal and -
soluble fractions prepared from larval homogenate exhibited

the difference absorption spectra shown in Fig. 9. The

n

spectrun of the larval microsomal fraction showed two distinc?
peaks at 552 and 556 mu, and Soret baﬁd at 422 uu, which was
identical ia position and pattern with that of the purified
larval cybochrome b-555 (Fig. 3). On the other hand, that of
thé soluble fraction showed a sinélg peak at 556-558 mu and
Y-band atv 425 unp. It is uncertain at present to what a cou-
pdnent or components this spedtrum is attributable except

the cytdchrome -555. |

7. Reduction of Purified Cytochrome b-555 in the Presence

of Microsomal NADI~Cytochrome 95 Reductase Systen

Curve A of Pig. 10 shows a typicalv”cyclic process" con-
sisting in the reduction of purified larval cytochrome b-555
by NADH in the presence of 3he micrpsomal fraction prepared
from. larval homogenate and in its subsequent reoxidation by

air. Thi§ proved that pﬁrified cytochroune Q¢555 preparation

- 20 -
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was enzyuically active. The reduction of the purified cytd—
chrome was not inhibited by antimycin A and rotenone as in

the case of liver and housefly'larval microsomal NADH-cyto-
chrome 25 reductase systems, The reduction of the purified
cytochrone by NADH was also catalyzed by microsomal NADH-cyto=
chrome 25 reductase purified from rat liver (Fig. 10, curve B),
which has been xnown to react specifically with cytochrome 25
(25). The larval cytochrome b-555 was almost completely peduced
(95 % reduced) by the enzjme under* anaerobic conditions.

The apparent first-order velocity constant for the autoxi-
dation of purified cytochrome b-555 was calculated to be
0.0046 sec-l directly from the curves such as shown in Fig.

.10 (curve A). The value obtained here was in good agreepent
with those of ratv liver and rabbit brain microsomal cytochromes
35 which have been reported to be 0.00466 and 0.0056 seg_l;
respectively (firota, Omura, Nishibayashi, and Sato, perso-

nal communication, 26).

Chance and Williams (27), and Chance and Pappenheimer

¢ s e pe e o . a
¢« e 0 0 LA L S ¢ 6o s W a s e s as e

(28) have studied the NADH-cytochrome bg reductase systems of
rat liver and cecropia'mrdgut, and derived a formula to cal-

culate- turnover number of an enzyme-substrate complex. They
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have assumed that the reaction proceeds as shown in eq. (1,

SE.§ — 2 SF 4+ P (1)

147}
/)

I
a4 +

ol

where, B represcnts oxidized cytochroume 95’ S NADH, and ES

reduced cytochroame. The velocity constant, 53 is expressed
by the following equation (29),
Xo

K, = = | (2)

. 4
Bpax ¥ %} off

where, X, represents initial concentration of NADH, Prax
the maximum steady state concentration of reduced cytochromo,

and E% the period between half-formation and half-decay

off

of n. 4s the values of 55 for the cyclic reduction and re-

oxidation reaction of cytochrome b5, Mordirzadeh and Kamin

-;‘o’cu--- ® o o0 ~»

(30) have obtained by application of eq. (2) 0.03 sec tand

0.008 sec™ with rat liver nicrosomes and Wltn "solubilized
preparation" prepared from lipase (EC 3.1.1.3) treated calf
liver microsomes, respectively. With cecropia midgut homo-

genate Chance and Pappenheimer (28) have obtained 0.09-0. LB

s 4 S w LA B R Y

sec (in the absence of cyanide) and 0.02 sec -1 (in the

pLeoencc of cyanide) as the k3 ‘values, and Chance and Williams

A e vt ey aae

(27) 0.06 sec™t and 0.02 sec™t with rat liver microsomes in

the absence and in the presence of the inhibitor, respective-

. .

',_J

v
However, these 35 values cited above are obtained only

with the mewmbrane-dbound cytochrome 25.' It seems important'
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physiological role and mechaniswm of The oxi-

9]

ies ©

H

“
sou

s
i0

e

~ dation reaction of “microsomal cytochrone 25 to determine the
rate'constant wich the solubilized cytochrome 95 system., By
appiying eq. (2) to tho cxperiments such as shown in Fig. 10
(curve A), a straight line was obtained when %, was plotted
against 3- L indicating the applicability of this
equation to the NADH-cytochrome QS;reductase systean studied
in the present inﬁestigation. Thu§, g; was determined to

1

be 0.0045 sec”— with the system of larval microsomal fraction

and soludle cytochrome b-555. This value is consistent with

lcalculated directly from the curve 4 in

that of 040046 sec”
Fig. 10. Tkhe discrepancy in the EB values between the otherx
authors' and the present studies may be due to various causes;
use of external or internal cytochrome, difference in sources
of microsomes, prcsence or absénce of an inhibitor such as

cyanide, use of intact or "solubilized" microsomes, or pres-

ence of any other oxidizing component in microsomes than air.

DISCUSSION

The fact

Homogeneity of Purified Cytochrome b-i55

- 23 -



thet %he purified cytochrome b-555 preparation obtained in
the prescnt investigation has shown an asymmetric a-band in
Athé reduced form wmay suggest that the preparation has con-
tainced more than one cytochrome components. Howevcr no

-

cybochrome couponents other than CJuochrome =555 have been
detected in the preparation by the electrophoretlc and ultra-
centrifugal analyses, and chromatographies of the crude cyto-
chrome preparation on a DEAE-cellulose column and on a DEAE-
Sephadex A-50 column under various conditions (to be publish-
ed). 'Highly purified preparations of mammallian microsomal
ferrocytochroue 95 also show an asymmetric a-band (31-33)
'whioh-resembles that of the reduced larval cybtochrome b-555.
Further, the asymmetric a-band in the reduced form of the
larval cytochrome b-555 splits int; two distinct peaks at
552 and 556 uu at low temperature (Fig. %) just as has been
found with liver microsomal ferrocytochrome p5 which exhibit-
ed two split peaks at 552 and 558 mp in the low temperature
absorption spectrum (33-2%8). Furthermore, Estabrook (35) has

reported that at low temperature two distinct peaks of the

split a~band of rat liver ferrocytochrome b bound to cyto-

, >
plasmic membranes appear simultaneously when various amounts

of NADH are added. The similar spectrum has been ovbtained

by Shichi and Hackett (39) with purified and particle bound

a4 ¢ 0 s Csece

reduced cytochromes b-555 of mung bean. Therefore, the.asym—}
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mesric a-band is onc of characteristics of the larval cyto-

_Chromc b-555. It.is uncertain what gives rise to differecnce
amoné manzalian, plant, and insect cytochromes with respect

to the positions of the two peaks formed by splitting of the
 a~-bané at low temperature (556 and 558 mu).

Relationship between Purified Cytochrome b-555 and Larval

Membrance-bound Cytochrone 95 The following lines of evi-

dence indicate that the purified larval cytochrome b-555 1is
similar to, or identical with cytochrome 25 which is detect-
ed spectrophotometrically in both the mitochondrial and micro-
somal fractions isolated from larval homogenate (Fig. ‘8).

(1) Dotk the cybtochromes showed difference absorption spec—
tra similar to each other at room tehperature (Figs. 2 and 8).
(2) Even at low temperature (-l9é°C) absorption spectra of
both the reduced hemoproteins were virtually identical with
each other (Figs. 3 andé 9).

(5} With the soluble fraction prepared ffomllarval homoge-~
nave, any peak was not detected in; the difference absorption
;spectra (NADH- or NADPH~reduced minus oxidized) in the pre-
sence of a trace of the larval microsomal fraction (under
aerobic conditions) or of purified rat liver microsomal -NADE-
cytochrome Ds reluctase (under anaerobic conditions) (unpud-
lisned obscrvafions). The low temperature difference absorp-
tion spectrum of the soluble ffacfion (reduced b& dithionite)

showed a single peak at the a-band (Fig. 9).



(4) VWhen the soluble fraction of larvae was subjected to
pass throﬁgh a DEiB-cellulose column cquilibrated with 20 mlf
phosphate oduffer (pH 7.0), no cytochrome component was adsorb-
cd on the cellulose column (unpublished observations).
(5) Purified larval cytochrome b-535 was reduced by NADH
~under the catalytic action of larval microsomal fraction or
.of purified rat liver microsomal NADH-cytochrome 25 reductase.
Trhis enzyme has been known to react specifically with cyto-
chroue 95 (Fig. 10).

The studies on intracellular localization of larval
cytochromes have made it sure that cytochrome 35 exists in
the particulate fraction of the larval cells but not in the
soluble, in contrast with mung bean cytochrome b-555 which
is known to e present voth in the soluble and particulate
fractions (ﬁg). Several causes will be considered that have
made the larval meumbrane-bound cybtochrome 25 solubilized:
(1) Prcezing and thawing treatment of larvae has released
tae cytochrome from the membranes.
(2)  During the extraction procedures of cytochrome hydro-
lytic ‘enzyme{s) such as proteinase(s) and lipase(s) present
.in the larvae have solubilized the membrane-bound hemoprotein.
(3) The ionic linkage by which the cytochrome is 5ound to
the membranes has been cleaved by the effect.of such high ionic
strength as 40 % saturated ammonium sulfate. |

(4) When the membranes in which the.cytochrome is buried has
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becn decstroyed by vigorous homogenization in the hypotonic

medium (50 mi phosphate buffer solution), release of the pig-
rent has occurred,

No proteinaco activity has beon dotoctod in tho qxtracf
of the larval homoZenate with 40 % satﬁrated ammonium sulfate
(unpublisned observations). Thus, it is unlikely that larval

cytochrouae ES has been solubilized by the action of proteolytic

Relationship bebtween Purified Larval Cytochrome b-555

and Other Cytochrone 25~like Hemoproteins from Various Sources”

In Table IV, b-type cybochromes isolated from various

sources are compared with one another. They are very similar
to one another with respect to their chemical and phyéiological
properties. It has been reported that a crude preparation of
calf liver micrOSfmal‘cytochrome 25 solubilized by lipase.
.treatment is separated into two parts by DEAE-Sephadex 4—25
column chrdmatography or starch gel electrophoresis (41),

‘and a cytochrome 95 preparation solubilized with the aid

of Nagarse (BC 3.4.4.16) or trypsin from rabbit liver micro-
someé is also divided into two bands by a DEAE-cellulose colunn
chroumatography (42). %?Q%@%f? and 5?%%???? (41) have thought
Two possibilities for the solubilization of particle-boundf
cytochrome 25 by the proteolytic edzymes'and that any pre-

parations of cytochroume 35 liberated by proteases may not

- 27 -



consist of the native cytochrome molecules dut heme-peptide

fragments. Rccentiy, without the aid of proteolytic enzyme

Ito and Sato (43) has succeecded in solubilizing cytochroﬁe

frpm rabbit liver wmicrosomes by deéxygho;ate and, triton %Z-100

trecatuents. The preparation obtaiged by_them is found to be

homogencous ultracentrifugally‘and electropnoretically, and

its molecular weight is determined to be about 25,000 on the

basis of heme content and of behavior on dextran gel. TFurther,

by trypsia digestion they have converted cytochrome ES solubi-

lized Dby the above détergents to the’cytochrome 95 of lower

molecular welght which is found to be identical with the

cytochroue 25 obtained directly by trypsin digestion of

rabbit liver amicrosomes., .
On the other hand, throughout the purification steps the.

crude preparation of larval cytochrone 27555 has not been

separated into two or wore cytochrome ébmpénents. Ffurther

the purified éytochrome b-555 preparation has been f&und to

be homogencous ultracentrifugally, electrophoretically, and

chrowatographically. It has been also reported that the.

érude wung bean cytochroume b-555 preparatiqn is not separated

into two or more cytochrome components and highly purified

"preparation is pure on the basis of ultracentrifugal'patterns_

and chemical analysis, of N-terminal amino acid (17, 44).

These facts would suggest that bpth‘the larval and mung bean

cytochrome preparations consist of intact hemoprotein molecules.



P
45) have found that treatment of pig liver

tochondria with 10 % ethanol releases cytochrome Qs-like
nemoprotein frow the wembranes, whereas the same treatment
oi the microsomes does not release any eytoehrome Dg.
‘59??99%59 et al. (22) have reported the similar observation;
namely; hypotonic treatment solubilizes most part of the cyto-
chrome.gs—like heuoprotein from rat liver mitochondria, but
not cytochrome Qs from the microsomes., Furthermore, Raw et
2l. (45) have observed that a mitochondrial cytochroue bg-
like hemoprotein purified from pig liver is not redﬁced by
cysteine, While‘§§@i§§@§§§§? (2&) has found that microsomal
cytochroue 35 purified from rabbit liver is reduced by the
reagent. In our experiments, when the microsomal fraction
isolated from larval homogenate was incubated for 15 hr in
50 qﬁ phosphate buffe: (pH 7.0) containing aummonium sulfate
(40 % saturated) and the mixture was centrifuged, cytochrome
b~-555 was not deteoted spectrophotometrically in the result-
ing supernatént (unpublished observations). In the case of
larval cytochrome b-555 the purified:pigment has been slowly
reduced by cysteine (21 % reduced 5 hr after the addition of
the reducing agent under aerobic conditions). In comparison
with the mitochondrial cytochroue QS—Iike hemoprotéin and
‘the.microsomal cytocaroune gs describod by other authors in

respect to their properties, further investigations are

- 29 -



H

0~555 originates from m*tochondria% cytochroue Qs—like hemo-
nrotein or microsomal cytochrome 25, or botn.
The Mitochondrial and Micresomnl Eleotron Iransfer Systems

of Larvae and Adult of the Housellw By our preliminary

experiments, the larval mitochondria have not possessed any
.appreciadble a~glycerophosphate~cytochrome ¢ reductase activity
" which is found with adults flies by other workers (45), and
cytochromé P;45O has been detected in the larval microsémes

(0.13 mumoles/mg protein) but not in the mitochondria. In

icrosomes of adult housefly (Musca vicina L.) Ray (47) has
reported the existence of microsomal electron transfer hemo-
proteins, cytochromes 95 and P-450. Further experimepté are
necessary fo dlarify the aspects of changes‘in cytochrome|g5
content, in the mode of existence of the cytochﬁomes in
membréneous étructure, and in activities of the microsomal

-and mltochondrial electron transfer systems during the'meta;~

morphosis of the housefly. N
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Taole I

Summary of purification procedure of cytocnrome

material.

2)

method of Lowry et al. (20).

©-555 of housefly 1arvael)
" Fraction Potal 2) Total . Specific
protein~” cytochro%e %ontent
. 3 “(umoles
(ng) =555 cytochrone
(umoles) /g protein)
1. Extract 105,000 P —
..CNH4)2804
S0-90 % sat. 93,600 ——— ————
5. CG-50 treated 73,200 ——— ———
4, lst DEAE-cellulose
eluate 5,020 1.66 0.550.
70-100 % sat. 408 l.42 3.48
6. Duolite A-2
treated 316 1.%34 4,24
7. 204 DEAE-cellulose |
eluate 2%,8 .0.697 29.3%
1)

About 3.0 kg of larvae was used as the starting

Concentration of protein was determined by the



3>. Cytochrone L-55> content Was estimated s?ectro-
photometrically (12).
| ) With these frgctions, the presence of cytochromes ¢
and h-563 prevented the determination of oytochrome bH-555

contents.



Table II

Activities of cytochiome ¢ reductases and oxidase in various

 fractions of larval homogehatel)
Fraction Reductase activity2) (pmoles - cyt. Cyt. 3>' Total 4)
¢ red./ng protein/min) oxidase protein
. . , (sec™Ll/ (mg)
ng protein
, ‘ | | /2 ml cuve-
NADH-cyt. ¢ NADPH-cyt. ¢ succ.=cyt. c vte)
ditochondrial ‘
fraction"  0.154 0.0109 0.121 . 0.534 108
¥icrosomal - | |
fraction" . 0.543 0.0533 0.000 0.0767 71 .4
Soluble ’
fraction" 0.0048 0.0051 0.000 ‘ 0.000 120G

1) Figures show a typical experimental results of seven K
~ experiments.

2) The activities were measured spectrophotometrically
= étv24°0‘by following the reduction rate of beef heart ferri-
"cytochrome g. The assay mixture consisted of an appropri- |
ate a@ount of each fraction (4.2 ug-1.0 mg protein), 50 mﬂ |
- phosphate buffer (pH 7.4), 50 uM ferricytochrome ¢, and l‘mM
‘potéséium cyanide, ‘The total #oluﬁq of the'reaction mixture

"was 2.0 ml, The reaction was started by the addition of'



100 Wi NADE, NADPH, or 10 ml succinate. The activities were

-y
H
o]
£

calculated the- inivial reaction velocities and express-—

3

ed as umoles cytochrome ¢ reduced/mg protein/min.

3)

decrease in the absorbance at 550 nu of beef heart ferrocyto-

[y

The activities were assayed at 24°C by following <the

chrome c¢. .The reaction mixture contained 15 uM ferrocyto-
chrome ¢ in 2.0 ul of SO mi phosphate buffer (pH 7.4). The
" reaction was started by the addition of each fraction (23 nugz-
1.0 ng protein).. The activities were expressed as the firstL
order velocity constant (sec-l)/mg protein/2 ml cuvette accord-
ing to the method of Swith and Conrad (48).

) Concentration of protein was determined by the:

method of %owry et al. (20).



Table III

Effect of inhibitors on the varicus enzymic activities

of larval fractions

Figures indicate tne inhibition in percentage. Ixperi-
mental conditions were the same as for Table II, except that
the inhibitor (25.4 uli rotenone, 5.87 ul antimycin‘A, 1 ul
cyanide or azide, or an appropriate amount of ethanol) was
further added and thét the reaction was started after incu-
bation with the inhibitor or ethanol for 5 min at 24°C. To

calculate per cent of inhibition, the activities in the pre-

‘sence of ethanol were taken as 100 %.

Fraction NADH-cyt. ¢ NADPH~cyt. ¢ Succ.~cyt. ¢ Cyt.

oxidase

Anti~- Rotenone Anti-‘Rotenone Anti- Rotenone XCN NaN
mycin nycin - mycin
A ' A
"Iiitochondri-~ ’
al fraction” 29 33 34 e 100 100 100 100
"Microsomal
100

fraction" 6 Ty 20 3 | 100




Table IV

ervies of laxrval cytochrome b-555 with

X}
-
»

cytochrome b.-like hemoproteins from various sources

O

@, B, Y, and Y, mean positions of &-, 8-, and y-Dands
of the reduced cytochrome and Y-band of the oxidized, res-
pectively, M.W. molecular weight, Es; midpoint redox poten-
tial of the hemoprotein, + positive, and - negative. Mt, Ms,
and Scl. are mitochondrial, microsomal, and soluble f{ractiouns,

respectively.



references (11,

Microsomal Mitochondrial Plant Housefly
cytochrgme cytochrom§ cytochro?e cytocnronme
1 el o cec? D-555
b b-556 =555 |
Source Rabbit Pig liver Mung bean Housefly
liver Mt seedlings larvae
Ms
Extrac- Lipase Freezing~ = Water Buffer
tion treatment thawing + .
~ in 10 % NH4>2504
ethanol ' '
a, B, 556, 526 555, 528 555, 527 555, 528
Y (Yo 423 (413) 423 (412) 423 (K13) s24 (414)
M. W, 16,900 15,000 - . 13,500 . 13,700
B} - + 0.02 + 0.014 - 0.03 + 0.006
Reduction ' ' g '
by cysteine + - o + (slow)
Isoelectric o S g o
point Acidic Acidic - Acidic , Acxdlg‘
cAutoxida-~ .
Tion + + | + +
Reactivity
with CO and - - - -
cyanide
Intracellu- ‘
lar locali- s Mt ) Mt, Ms Mt, Ms
zation , : - Sol. '
Reducibi- ,
lity by
NADH oxidase * * * *
systeu
1)

25, 49) 2? references (45, 50)

3) references (17, 29, 40, 44, 51),



Fresh larvae %0 g

minced with a razof

suspended in 270 wl of 0.25 M
guorose~1l ml EZDTA (pH 7.4)
solution |

homogenized by Pottor—Elvehjem
type homogenizer

centrifuged (900 x g, 10 min)

| Ppt | Supérn.
| centrifuged (8,000 x g,

‘iO win)
Pét , ' Supgrn.
“Mitochondrial fraction"® \ lcentrifuged (60,000 x g,
| i9o min) |
Pﬁt 'Sﬁpérn.
"Microsomal fraction" "Soluble fraction"

'
f

Fig. 1. Preparation of various fractions from larval

homogenate.



Fig., 1. ?reparation of various fractions from larval
~honogeunate, -
| Zoth "Mitochondrial" and "Microsomal' fractions were
washed ewew more vith 1/2 of the initial velums of 0.25 M
sucrose-1 mi{ EDTA (pH 7.4) solution and suspended in the

same medium at 0-2°C,
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Pig., 2. Absorption spectra of purified larval cytochrome

9—555 .



I'ig. 2. Absorption spectra of pufified larval cytochroue

b-555. ' -

The spectra were measured in 0.1 M phosphate buffer (pH

7,0) at 24°C, ===~ Oxidized form; , dithionite-reduced.



852

866

—e e,

ABSORBANCE
0.1

400 450 500 550 ' 600 .- '
WAVELENGTH (mp) ' :

Pig. 3. Low temwperature absorption spectra of puri-

fied larval cytochrome 2-555.



a2
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. %. Low tvemperature absorption spectra of pufi—
fied larval cytochrome b-555. |

The purified cytochrome b-555 preparation (soout 10 pﬁ)
which had beon dialyzod againet O.1 M phosphatae buffaer (pH
?.4) was mixed with an equal volume;of glycerol and reduced
with sodium dithionite. The reference cuvette contained ah
egual volume mixture of glyéeroi and buffer. The sample
and reference cuvettes were first cooied in liquid nitrogen,
secondly warmed to induce devitrification of the glycerol
- wmixtures, and fiﬁally recooled in liquid nitrogen. Absérp;
ion spectra were recorded with a Cary.model 14 spectrophoto-
meter. Optical path of cuvettes was 1 mm. The insert shows
the spectrum when cuvettes of 2 wn. 1light path were used.

The effective band widths were 0.5 mu.
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Sedimentation patterhs of purified .larval cyto-

&,

Fig.

chrome b-555 preparation at 54,700 rpm in 0.2 M phosphate -

buffer (pH 7.0) and at 16.5°C,



Fig. 4. ©Sedimentation patterns of purified larval
cytochrome b-555 preparation at 54,700 rpm in 0.2 M phosphate -
vuffer (pH 7.0) and at 16.5°C.

The protvein concentration was approximately 0.3 %. . The
phofographs were taken at 30 min (A), 60 min (B), 90 min (C),

and 105 min (D) after the velocity had reached the maximgm.
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Fig. 5. Estimation of molecular weight of larval cyto-

carome b-555 by gel filtration.



Fig. 5. Lstimation of molecular weight of larval cyto-
chrome ©-555 Dby gel_ filtration.

The following proteins were dissolved in 1.0 wml of the
‘equilibration buifer and were applied to the Sephadex G-100
coluun (1.5 X 74 cm): Crystalline beef heart cytochrﬁme [

5 ng (mol wt, 12,400); crystalline bovine pancreatic ribo-
nuclease 5 mg (wmol wt 13,700); sperm whale myoglobin 5 mg.

(mol wt 17,800); trypsin 5 mg (mol wt 24,000). The gel column
was equilibrated with 0.2 ) phosphate dbuffer (pH 7.0), and
used at—5—5°C. Elutions were carried out with the same buffer
as used for equilibrating the gel at a flow rate of about

12 ml per hr, and 2,0 wl fraction was collected. The hold-

up #olume (V,) of the column was determined with blue dextran
2000 (Pharmacia), which has an averége molecular weight of
2,000,000. Ribonulease and trypsin in column effluents were -
estimated by absorbance at 230 myu, cytochrome c at 530 mu,
myoglobin at 582 mp, and cytochrome b=555 at 414 mi o Cyt.

£; cytochrome ¢, RNase, rlbonuclease, Cyt. b=-555; cytochrome
b=555, lb; wyoglobin.
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Fig. 6. Changes in apparent molecular weight of puri--

fied cytochrome b-555 preparation during an Archibald run.



Fig. 5. Changes in dpparent molecular weight of puri- .
fied cytochrome 1-555 preparation during an Archibald run.

Apparent wolecular weight was ploﬁted against period
of contrifugation. The initial protein concentration was
10.21 % in 0.1 M Tris-HC1l buffer (pH 7.5). The run was per-

formed at 20,600 _rpm and at 17.1°C.
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of the concent-

rations of ferrous to ferric ions (Fe2+/Fe3+) and the extent

of reduction of larval cytochrome b-555 (Q?+/Q5+) at pH 7.0

and at 12°C,



Fig. 7. Relavionship tetween the ratio of the concent-
rations of ferrous to ferric ions (Fe2+/Fe3+) and the extent
of reductionlof larval cytochrome b-555 (§2+/93+) at pH 7.0
.and at 12°C.

The reaction mixture consisted of 250 mlM potassium oxa-

" late, 66 wM phosphate buffer (pH 7.0), 7.15 uM purified cyto-
chrome »-555 and 1.0 ml ferric ammonium sulfate in a total
voiume of 0.97 ml in the main compartment of a Thunberg-type
cuvette. TIreshly prepared ferrous amwmonium sulfate solution
(0.03 ml) with various concentrations was placed in the side
ari. The reference cuvette contained the same components as
the sample cuvette except for ferrous ammonium sulfate. Under
anaerobic conditions the extent of reduction of the cytochrome
was determined on the basis of the difference absorption
spectrum after the ferrous ammonium sulfate solution had been
tipped in the reaction mixture of the main compartment and

the equilibrium in the reaction had been estaﬁlished, The
fully reduced level of the cytochrome was determined by add-

ing a trace amount of sodium dithionite to the sample cuvette.
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‘Fig. 8. NADH- or NADPH-reduced minus oxidized differ-
ence a‘bsorption'spectra of larval mitochondrial and micro-

somal fractions at room temperature.



Fipg. 8. NADH- or NADPH-reduced minus oxidized differ-
ence absorption spectra of larval mitochondrial and microsomnal
fractions at rooum temperature.

AsSay:mixtufe consisted of‘5O mM phosphate 5uffer (pH"
7.4), 1 mli potassium cyanide, 25.4 uM rotenone, an appropri-
ate amount of each fraction, and 100 uli NADH or NADPH. The
total volume of the reaction mixture was 3.0 ml. The refer~
eance cuvette contained the same constituents as the sample
cuvette except that the reducing agent was omitted. The
particulate fraction was allowed to stand overnighf at 0°C
in order to consume endogeneous substra%es. Before adding
the reductant oxygen was bubbled through the reaction mix-
ture for 2 or 5 wmin to make cytochrome cowponents oxidized
in the fraction; Spectra were recorded with a split-bean
recqrding spectrophotometer at room témperature approximate-
1y 1 min after the reaction was initiated By the addition of
the electron donor to sample.cuyette. (4) shows the differ-

‘ence absorption spectra of mitochondrial fraction and (B)

those of microsomal one, ,» NADH-reduced minus oxidized;

~—-~, NADPH-reduced minus oxidized.
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Reduced minus oxidized difference absorption

spectra at ;196°C.of larval mibrdsomal and soluble fractions.



Fig. 9. Reduced minus oxidized difference absorption
spectra at -196°C of larval microsomal'and soluble fractions.

(4) represents NADH-reduced minus oxidized difference
absorption spectra of the larval migrosomali Iraction.

Curve 1l: The sauple cuvette contained 0.5 wl of larval
microsomal fraction (18 mg protein/ml), 1.5 ml of 0.25 M
sucrose-0.05 M phosphate buffer (pH 7.4), 0.02 ml of 2.54 mi
rotenone, and 0.01 ml of 30 mM NADH,
Curve 2: The sample cuvette contained 1.0 ml of the micro-
somal fraction (20 mg protein/ul, cytochrome §5 content of
this fraction was higher than that of microsomal fraction
used for curve 1), 1.0 ml of the sucrose-phosphate buffe:
solution, 0.02 ml of 2;54 mM'rotenone, and 0.0l mwl of 30 mi
NADH., .

Both in curves 1 and 2 the reference{cuvette contained
a mixture of an egual volume of the nicrosomal fraction, an
inhibitor and sucrose-phosphate buffer,

(B) represents dithionite~reduced minus oxidized differ—
ence absorption spectrum of larval soluble fraction. The'
fsample and reference cuvettes contained 2.0 ml of ﬁhe sdlu—
ble fraction (final 6 mg protein).

The particuiate fractlon was allowed to stand overn*bat
at 0°C in order to exhaust endogeneous substrates. Before

adding the reducing agent, oxygen was bubbled through a



reaction mixture for 2 or 3 min to oxidize cytochrome com-
" ponents in the fraction. The sample cuvette was cooled in
liquid nitrogen approximately 1 min after addition of the
reductant, and absorption speetra were recerded with é Cary
spectrophotcneter, wodel 14. Optical péth'of cuvettes was

2.0 mm. The effective band widths were 0.5 'au.
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- Fig. 10. Reduction of purified larval cytochrome b-555
by NADH in the presence of larval microsomal fraction and
purified rat llver microsomal NADH—cytochrome b5 reductase,

and reoxn.datlon of the reduced cytochrome by air.



Fig. 10. Recduction of purified iarval cytochrome b-555
by NADH in the presence of larval microsomal fraction and
purified rat liver uicrosonal NADH-cytochrome 25 reductase,
and reoxidation of the reduced cytochrome by air.

Curve A: The sample cuvette contained larval microsomes

(final 0.3%0 mg protein; NADH-cytochrome ¢ reductase activity,
0.115 umoles cytochrome ¢ reduced/ug protein/min), 4.28 HM‘
purified ferricytochrome b-555, 1>my§potassium cyanide, and

50 wl phosphate buffer (pH 7.4) in a total volume of 2.0 ml.
The reaction was started by adding 0.890 uli NADH (at the arrow
on the figure). The change in the absorbance at 424 mu was |
traced with time under aerobic conditions at'24°c.

Curve (B)ﬁ The sample cuvette contained purifiéd rat liver
‘microsomal NADH-cytochrome Q5 reductase (final 0.8 ug protein),
1.07 uM purified ferricytochrome b-555, and 100 mM phosphate
buffer (pH 7.4) in a total volume of 2.0 ml. The rcaction was
.started by adding 100 uM NADH (at the arrow on the figure).

The increase in the absorbance at 424‘mu.was followed under

anaerobic cénditions at 24°C,
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STUDIES ON CYTOCHROME b~555 FROM LARVAR OF THE HOUSEFLY,

MUSCA DOMFSTICA L., d#

II. ISOELECTRIC POINT, AMINO ACID COMPOSITIQN AND CIRCULAR

DICHROIC SPECTHA

1. A crude larval cytochrome b-555 prevaration was sepa-
'rated into two or three components by the method of isoelectric
focuslng."The two main components had much the same or the same
absorption spectra,;catalytic activity, molecular weleht, amino
acid:composition. and circular dichrolc spectrs in the Soret
region.  For three components the pl values at 0-2°C were 4.24,
4,28, and 4.32, respectively. A number ofleXplanations was
suggested for the heterogenelity of 1arva1;§ytochrome b~555.

Zﬂ The dlrcular-dichroic spectré of férri-vand ferro-‘
cytochrome b-555 suggested that the‘protein‘moiéty of the molecule’
provided an asymmetrical environment to ali of the chromophores
in the molecul;. With respect to\the sl Bf thg Ch péak in
the Soret region of hemoproteins Qoﬂtainlng protéheme several
hypotheses were presented. | | |
‘ 3. The amino éoid composition of larval cytochrome bh-555
was as follows: Lyss. His,, Argz. Aspy g ThrB, Sér@. Gluy 5,
Proy, Glyys Alag, Valg, Met,, Ile,, Lev,, Tyr,, Phey. The

3

* The previous paper was published in J. Bioshem., éé: 581 (1959)

¥t This'resegrch‘was supoorted in part by a srant-in-ald from

the U.S,:National Institutes of Health (GM 05871-12).



contents of tryptovhan, cystelne and amide wirc not ﬁetermlned.
In csmparison with cytnchrome hslfrom various sources lsrval
cytochrome 3—555 contained the fewest amind_acid residues (65
amino écid resldues other than tryptophan and.cysteine), iower
contents of hlstldine, proline, and leuclne, and hiqher contents

of alanine and valine.

The previous papér (1) reported some of the properties of
purified larval cyégchrome Q~555 and 1t was‘concluded that
this hemoprotein is a solubillzed form of cytochrome b, localized
in the larval particulate fraction. The present investlestion waé
undertaken to obtain 1soe1ec£r1c point, ém;ﬁd.acid compbéition.
and. clrcular‘dichroic (CD*) spectra of this hemoprotein.

I

MATERIALS AND METHODS -

H

Matérialsv———— Alumina C ‘gelxwas prepared by the method of
Wilstdtter (2). All other materials used were as described in

A\

the previous paper -(1).

Preoaratioh of Larval Cytochrome b-585 —— Larval cyto-

chrome b-555 wss isolated from the housefly, Musca domestica

L. essentlally as described pfeviously (;) but several modifi-

¥  The ébbrevlations used are as follows: CD, circular dichréism:

ORD, optical rotatory dispersion; A, absorbence.

C- 2 -



cations were made in the purification nrocedure. The darck

brown eluate from the first DEAE-cellulosé column was fraction-
ated with ammonlum sulfate (see ref. (1) for premaration
procedures). The precipitaﬁé obtained batween 70 and 100 %
saturatlon of.the salt was dissolved in a minimal volume of water
and the resultins solution was dialyzed axainst water. -The dis=-
lyzate was used as the crude cyvtochrome h-555 preparation.

This érude prevaration was charsed on the second DNEAF-cellu-
lose coiumn buffered with 0.1 M phosohate buffer (pH 7.0). When
developed with 0.1 M phosphate buffer (pH 7.0) cytochrome b-555
micrated gradually down the column forming two separaté red hands,
end fractlons df 8 ml were collected. After all the main frac-
tions with reddish yellow color were comb;ned‘and dlalyzed over-
‘nignt against 0}02 M phosphate buffer (pH 7.0) the dialyéate was
aéain apolied to a DEAEioellulose column equilibrated with 0,05
it phosphate buffer (pH 7.0). ;C&tochrome b-555 adsorbed on the
column was eluted with 0.2 ¥ phosbhate buffer (bH 7.0). The
coﬁcentrated solution was diaiyzed azalnst 0.005 M phosphate
buffer (pH 7.0), and then an apprdpriate amount of alumina Cy
el was added to the dlalyzed solution. The sdsorbed cytochrbme
was eluted three ﬁimes by washing the el with 0.005 ﬁ'oﬁosohate
.buffer (pH 7.0). The eluates were combined and used as the
purified larval cytochrome bh-555 prebaretion. in whlch’the ratlo
(reduced)/A |

of A (oxidized) was 1.3.

555 mu 280 my

Mol~r Extinction Coefficients - 'The molar extinction

coefflcients of larval cytochrome b-555 were calculated from



the extinbtlon coefficient of 1ts pyridine hemochrome using

1

5 ValUG of ¢ = 3.7 x 107 m—lcm" for pyridine ferro-

557 mp
protcporpﬂyrin (3.

Pyridine was a;ded to the plazment solution with a knovn
absorbance followed by soﬁium hydroxide solution. Finally a
trace . of dithionite was adled and the sbsorption spectrum was
immediately recorded as rapidily as possible 2t room temnerature.

The final concentrations of pyridine and sodli:m hydroxlde were

30 % (v/v) and O.Z.H.Arespectively.

Iroelectric Focusing For the determinetion of iso-

eleotric polnts the method of ?Y???T?? (&) was emovloyed at 0-2°C, .
usinqu 4 (v/v) amphq}yte solution (LKB-Produkter AB, Spoékholm).‘
The oH gradient was made to cover the range between pH 3 and 5.

A meximum load of strout 1 W was applied fof 48 hours 2t ¢-2°C to
fécus the hemoprotein. Fractions of 30 droos were collected.

The pH value of each fraction was determined at exactly the same
temperature aé that of the'column'during focusing, using a Hlitachi-
Horiba pH-meter equlpped wifh a scale expander, type F-5, which
had been stsndardized st pH U and,7l_ Cytochrome b-555 in the
fractions was estimated from the absorbance at 414 mp.

Mcasurement of Coatelytic Activity —— The cetalytic

activity of cytochrome b-555 was examlned in both the followlnﬁ
systems: (1) a sample cuvette containod purified rat liver

microsomel NADH-cytochrome 35 reductase (EC 1.6.2.2) (0.8 pg' 



protein)f-loo UM NADH, 50 pM ferricyt-chrome o, snd 50 mM
phosphate buffer (bH 7.4) in a tatal volume of 2.0 ml. &he.
reaction was started by addition of 48 muplM larval ferricyto-
chrome ©-555: and the reductioh of beef heart ferricytochfomo &
was followed spectrophotometrically by the-inéreane in the
ahsorbance at 550 mi. (2) An assay mixture contained larval
microsomes (for preparation procedures, see ref. (1)) (42 pg
protein), 3.98 uM ferricytochrome bh-555, 1 ml pbtasslum cygnide.
end 50 mM phosphate buffér (pH 7.4) in a total volume 0f12.0 ml,
The reaction was started by adding 100 uM NADH. The change in
the absorﬁance at.UZQ mu was traced with time under serohic

3
conditions.

Amino Acid Analvses Approximately 400 p% of sample

was hydrolyzed in 0.5 ml of twice distilled 5.7 N HC1 in alsealed

]
tube in vacuo at 110°C. Hydrolysis was conducted for 24 or 72

hours. Analyses wers oerformed by the mot“od of Spackman et al.
600 2o

(&), usinz a Beckman Amino Acid Analy7er 120B

The CD spectra were meaﬂured on a JAUCO/ODD/

ChD Spectra

pv-s spectropolarimeter equloned with a CD attachmpnu at 22-2@°C.
The slit width of the instrument was prbeoremmed to yileld constant
licht intensity throushout the spectrel reglon. Cells with fused.
gquertz wirdows sand of psth lencths from 1.0 to 10 mm were used.
A.samolé dissolved in 0.1 M phosphate buffer (pH 7.0) in a cuvette

was re&uch by addition of solid.sodIUm dithlonite; Fuil'reduc;

' !

Tl
Lo



tion of the cytochrome throuchout the CD measurem~nt wss monitored
by -recording the absorption spectra immediately before snd after
each scan. Bsse lines were recorded and subtrascted from the

dichroism curves. The ellictiéities. CO1, were calculated from

the exvoression,

‘ o - [68] =3300 x (e; = eg)s | .

| 2 -1
and are expressed as dereesscm «decimole .

NDetermination of Concentration The concentrations of

NADH, lérval cyvtochrome bh-555 and beef heart cytochrome ¢ were
'determined spectrophotometrically (ﬁ. 7, see Table II 1n‘ |
"RESULTS“)."The concentration of protein was determinéd Hy the
method of Lowry et £l. (8), usine bovine scrum albhumin sas the

® Sode

standard. -

Snectrophotometric Measurements Spvectronhotometric

measurements were carried out with a Cary spectroohotometer,
model. 15 and a Hitachli Perkin-Elmer spectrophotometer, model
139. The optical path lensgths of cuvettes were from 1.0 to 10 mm.

N ‘ .

v ?
i

|

RRESULTS

Separate Tomporents

At the steady state of isocelectric

!

focusing & crude larvsl cytochrome h§555 preparation showed two

/

L M



or three red bands on the column. On draining, however, only &
single peak was ohtdlined hecause of the close proximity of the

bands (Fig. 1). Assignment of components'to the fromcbions wan

-y e  h . . - — e s oy

- - -

confirmed by dAirect viewing during draining. The'bH'of‘the frac-
tions were determined at 0-2°C to be 4.24, 4,28, snd M4.32, which
were supposed to corresnond to the isoelectric pointslfor the cyto-
chrome components, respectively. The absorption spectra of the
4.2k pnd 4,28 components, which were recorded in the drains both
in the oxidized and reduced forms at room'temperature. were very
similar to those-of memmalisn mlcrosomal cytochrgme ES' Thils
indicates that the crude larval oytoghrqme E-555 preperation
contains one kind . of spectrally unifcerm cyéoohrdme and not
other typves. The approx{mate holaf\ratio of bhe/M.24 component
to the ophef components were estimé%ed to be l:1l:trace assuming
that the components _had the same extinction ooefficient in the
visible region.  There wss only a trace of the 4132 component_‘
so 1t was not étudied further. g

On the other hand, the same crude»prepafation as that uzed

for isnelectric focusing gave two redfbénds (1n sapproximately



equal amounts) on chromatosraphy on a DEAE-cellulose column

{Fig., 2). By sepsrate isoelectric focusinm the isoelactric

e e

point for the component in the first peak (marked nTU gn Fim. 2)
was determined to be 4.28,whilé that for the sscond component
(marked "II" in Fig. 2) was 4,24, The two components revealed

2 sinqle.red band in either focusinz. The 4.28 couvonent 1is
feferred to 2s cytochrome b-555 (I) and,ﬁhe L.24 component as
cytochrome bh-555 (II), hereafter. At this stamge of ourification
(the second DEAE-cellulose chrématoqraphy), the two oomponenté
were spectrally indistin-uishable, and no Aifference was founn
between them in elther their catalytic activitles, or thelr CD
spectra in the Soret reglon in eipher the/oxidized or the reduced
state.

Each component, cytochromes b-555 {(I) and (II) was further
purified sepsrately by chromatosraphy oﬁ a Sephadex G-100 column
(1.1 x 133.5 em), snd by adsorétion on and elutlion from a2lumina
C, =el (see "MATRRIALS AND METHODS"). ‘The_different behavior

Y
in adsnrption and elution on the OY zel between thg'tWO'COmponents

was not ohserved. . The two components pﬁrified by the alumina gel

i



The samples

- et e . - - . -

L R etk e T Y

used for determinstion of the molar extinction coefficient,
measurements of CD spectra, snd amino acid snalysdés were -a mixture

of all ,three components, cytochromes b-555 (I) and (II), ani a

minor component.
In the preparétion described previously (1) there was no

obvious separation of different components on s DEAE-cellulose

column (Fig. 3). Fractions after fractions number 150 to

L00 (not shown in Fig. 3)ﬁcontained ne cytochrome b-555.

Melanin-1ike rigments were eluted in fractlons around the peaks

. . wn " - -~ —

marked "X" in Pig. 3. From the Rf value on chromatozraohy on a

DEAE-cellulose cclumn cytochrome b-555 (I) in this preparation

(marked "I" in Fig. 2) seems to be identical with cytochrome

b-555 preparation purified prevlbusiy (marked "I" in Filz. 3).



Molar Extinction Ceoefficient The extinction coeffi-

clents and absorbance ratlios of larvsl cytochrome h-555 are

£iven in Table II.

- - . Bt Gt - e W - aw me -

- . et e W e . .

Amino Acild Composition The results of aminé acid

analyses of the ourified ssmple sre summarized in Teble III.

e e e o e B e W B n e e A

- mS et U e e - e S e Gne

A larpe excess of acidic amino acids'over basic ones and of
hydrophilic amino acids over hydrdbhobic ones is noticeable.

This feature 1ls in good accordancekwith the low isoelectric pointsy
and solubilities in water and a salt éolution -

(Table III and Fie. 1). From the composition of amino acids
other than.cysteine and trypténhan the formula weicht wes calcu-
lated to be 8,020. On the basis of pfopein and heme cohtents.

the molecular welght of the cytochrome ®ss il,300.

The previous paper (1) has reported that purified larval

cytochrome b=-555 1s a solubilized form of cytochrome 25 localized

- 10 =



in the 1ﬂrva1 particnlate fraction. In comparison with cvtochromes
35 from varlious sources revorted hy other workers (9-12) leorvzl
oytochrome b-555 contains the fewest amino ﬂcid reqidupﬂ'(ﬁs emino
acld residuers other than tryntophan and cystoine). lower contents
of nistidine, proline. and leucine, and hizher contents of alanine

and valine.

The clrculaer dichroic spectra

Circulsr Dichrolc 3Svectra

of larval ferri- and ferrocytochrome b-555 are shown in Fii. b,

G - - 00 e D an fe " o > b -

In the Soret fegion a larze nesative trouzn at 416 mp of ferri-
cytochrome b-555 was prominent feflectinq a;slmple‘optically

active transition of the Soret absorption/band. Posltive peaks

at 483, 391, and 337 mu, a negative trough at 304 mp, and three
brosd negative.troughs in Ehe regibn of metal-lizand trénsition.
from 500 to 600 mp, sugqestvthat the\ﬁrotein moiety provides an
asymmetrical envircnment to the heme in the molecule. ’A broad
nexstive CD band around‘BOO mi, A positive peak at 284 mp and

a nexative trough at 270 mp seem to he éssociated with transltlons
of tﬁe prosthetic sroup, protoheme,‘as\well as of sromatic

éhromophores. In the far-ultraviolet reglon the dichroic spectrum

showed.negative‘trouqhs at 221 and 211 mp. The spectrum charac-

4



teristic of a-heiical proteins and polypentides allows the con-
clusion of the\ﬁresence of 8 rirht-handed a-hellx form in the
vrotein molety of tﬂe cytochréme. When the helzht of the neesitive
ellipticitv band around 221 mu was used to esfimste the a-helix
content, using the value [8],,, n = S 4.0 x 10% for helissl
poly-L-glutamic acid as s standard (13), = value of 21 % for
larval ferricytochrome h-555 was ohtained assumine 6% peptide
chromopbores ver heme (sze> Tseble III). This value for the a-hrlix
content méy be a maximum one because the contrihution of cbmplete-
ly denatured cytochrome to the ellipticity at 221 mp was hot
teken into conslderstion In the calculation. Tt has been est=b-
lished that the neqaﬁive trough at 221 mu involves contrihutions
not only from the a-helix but from ﬁ- and/fandom coilad struc-
tures; Morsover, the prssence of opﬁically active translitions
other thaﬁ those assoclated with the amide transitions of the noly-
nevtlde chain, heme in the case of cytoohrgme. further complli-~
cates £he quantltative interpretation of. the data in tHis wave-
length reqioh. ’Therefore, any e2stimete of the hellcal content of
cytochromes hased on either CD or ORD'messurement may be of
limitea use. |

The dichroic spactrum of thé reduced orotein was simnifi—
cantly different from that ofvthe oxlidized protein. The major
Soret negatlve trough was st about 427 unp insteéd of 415 my 8s
in ferrlcytpchrome. the displécement belng similar to thatv |

observed in the absorption svectra, and the CD spectra of both

- 12 -



oxidiznd and reduced cytochrore represent an svproxitste ref-
lection of the absorption spectra with respect to the wavelenith
axls. Thils promlnent ellipticity at about 427 mu was acoom-
panied by a vositive peak at 413 np and a nezotive btroush st L0O2
mi. In the region between 500 and %70 mp complicated festures

in the CD spectrum were observed. The 2 and £ shsorvtion hanis

43

at 559 and 528 mp, resvnactively, of ferrocytochrome h-555 seemed

,to.exhihlt five distinct negatiﬁe ellipticities at ahout 559, 9§52,

525, 508, and 490 mp. The five newative dlchrolc troushs were

at about the same wavelensths as the absorption maxima of the

low temperature spectrum of ferrocytochrome (l). he present

date sugwsest that the 2 and 3 bands of ferrocytochrome §-555 con-

taln multliple translitlions at room temperature and that circular

dlchroic épectroscopy is en extraordinarily sensitive method to

resolve these transitlons under ordinary conditlions. - In the near
v

ultraviolet regloh there were a nemative’trough st 364 mp, 2

curve at 340 mp and a positive peék at 317 mpn. The neiativé

and posiilve bands at 298 and 28“ mp seem o reflect complex

optically active transitions of both‘éromatic anino acii qfouns

and protoheme. The reduction of the cytochrome sccompanied s

slight decrease in the élllpticity at 222 mp.

- 13 -



DISCOSIICN

Senarate Components —— A Aifferent behavior of larvs]

cytochrome h-555 on a NEAE-cellulose column was noticed from
preoaration to prersration (Fiés. 2 and 3). This différencé

was not ceused by a difference in 2 column size bacause the separs-
tion ogfgwo components was achieved on & shorter column (3.0 ¥x

11.0 cm) than that used for the resﬁlts in Fle. 2 (unoublished
observatiéns). At present there is no satisfactory interoretation
on this difference because of a lack of enouch evidence. Furéher
work 'is required on this heteroseneity amon< preparations.

By isoelectric focuslngtfeorude cytocnrome bh-555 oreparation
was separated,lnto three COmponents. of which components (I) and
(TI) hed the same properties in several résoects. The reason wny -
the crude preparation contained three electropheretically Ailffer-
ent compohents is not clear at present but.several exnlanations
are possibie. Heteroéeneity usuaily devends on differehces in
primsry, secondary, tertiary, ér qparternary structure of proﬁeihs..
Fven with a difference only in thelprimary struéture there are
several possihle exolanations teking Jﬁto account of much the
same samino acid~compoéitions of the two components (Table I).

(1) Tﬁe two components may have approximately the same amino
acld sequence in the molecule: butb (1a) a different distribution
of the amide groups witnin the molequle may cause suffliclent shift

of the dissocliatlion constants of some lonizsble erouns to sccount

for a difference in electrophoretic mobility, ss susesested in the

¢
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case of myoplobin (14) and cytochrome ¢ (15); (1b) therc may he
several édditional amino acid regidues to the molecule of one of
thé components, as in tne case of liver microsomal cytochrome 35
(3%); (le) one or two neutral amino aclids in one of the components
may bé¢ replaced by acidic or bhasic oneg in the other. (2) Occa-‘
slqnally. ihe two components may have the ssme aminc acid cﬁmposl-

tion and very close isoelectric points but have qulte Aifferent

amino scld sequences. Causes for differences in the seconiary,
tertisry, or quarternary structure of hemoprotcins also remain
to be elucideated.

>

Cytochrom=is h=555 (I) and (II)

Amind Acid Comvosition

(Lower purity) had less proline, tyrosine, and phenylalsnine than
2 mixture of both components (most purified) (Tables I and III).
This 1s probably bec2use of the technical difficulty in the
nuantitative énalysis of a small amount of sample (approximately
100 ue protein) and due td destruction of these amino scids
dnurinz acld hydrolysis.

Larval cytochrome b-555 contains the fewest aminb acid
residues amon« cytochromes 25 from Qarious sources reported by
other workers (9-12). This fact may sugwgest. that larval cyto-
chrome is extracted as a heme-peptide, contrary to the previous
conclusion (1).

From smino acld sequence determinatlon snd. chemical modifi-

cation studles Strittmatter has suzzested (12) that two histidine
®p0 00 :

» Tée e v 00

/
/

residues are involved in the heme bindine in cytochrome bs.

The fact that larval cytochrome §Q555 has only two histidine

'

1}
[
AN §
'



residuss is, thereflore, of zreat advantaze 1n locatinz the

]

e
9]

liganding grouns.

Urry hes-revorted (17) that low spla com-

T4

ChH Smectrs

.plexes have large CD bands at 260 mp and that the rotationsl
strenqﬁh and positions of these dichrolic hends wonlid be affected
hy the poslition of the iron with resnect to the heme nlsne snd
by the nsture and relative orientations of the lissnds in the
fifth and sikth coordination position. However, lerval ferri-
cytochrome b-555 of low-spin tyve had no sienificant ellipticity
around 250 myu, while rabbit liver microsomal ferricytochrome b

endogeneous
(low=-spin tyve) solubilized byAcathepsin showed a positive peak

5

at 250-1 mp (unvublished dats). Larval cytochrome b-553 (low-soin

type) from the housefly, Musca domestics L. had no positive neak

in the 250-260 mp region in elther the oxidized or the reduced
CD spectrum (to be published). Althouch these data are incon-
sistent with Urry's squestion. further data on the CD snectra of

other hemoprotéins must be sccumulated berore a definite conclusion
can he safely drawn. | ] | |

Studles on optical rotatory dlspgrsion and clrculer dichrolism
of hemoproteins with protoheme as the prostnetic group, =.z.
hemozlobin, myoglobin, catalase (EC 1.11.1.6), peroxidese (FC
1.11.1.7), and cytochromelg? (EC 1.1.2.3), have been undertaken
by meny workers (18-23). - These studieé will throw light on

elucidation of the different functions of hemoproteins with the

seme prosthetic group. Lerval ferri- and ferrocytochrome b-555

- 16 -~



showed nesative dichroic peaks in the Soretl regisn. O0#D spectra
of another h-type cytochrome, yesast ferri- and ferrocytnchroms 12.
have been reported to exhibit necative Soret Cotton effects (23).
Since o negatlive Cotton effect in an ORD spectrum 1s equivalent
to a neratlive trough In a CD spectrum, the heme in both h-tyne
'cytochrcmes may be in the same steric environment provided b§

the protein molecule. On the other hsnd, many otner workers hasve
otserved that in mynglobin and hemo~lobin which sre oxyeen-carrv-
ing hemoproteins, and in peroxidase, a hydro«en peroxide-bindin@
hémoprotein. the case 1is revérse both in the oxidized and reduced

4
states (18, 19, 21). TFrom these results 1t is sugzested that in

ganersl hotn in the reoduced gnd oxidized forms,s h-tvne cvtochrome

has a necative Cotton effect in the Soret rezxzion whlle non-=h-tvoe

protonemanroteins (hemowlohin, myvoslohin, veroxidese, ate,) have '

2 noslitive onn, On the basls of this hypothesis, the sion of a

Soret Cotton effect may be correlated to the different fHunctions
of the hemopfoteins containing protoheme: a negative Cotton effect
to an electron-transferring function, a positive’one to an oxygén-
2hnd hydrozen peroxide-carrying functiop. Moreover hemovroteins

in the former group do not react with extrinsic ligands (carbon
monoxide.,dyanide. azlde, ete.), while those in the latter do.
Cotalase and lamprey hemoglobin are, however.'exceptional to

this hyvothesis (20, 22). Further studies are required to explain

why this'ls so0.

Orn the bhasls of the ORD and CD spectra both in the oxidized

g -



and reduced forms of hemoglobin, myorlobin, cytochrome Q?.
_ , )

larval cytochromes b-555 and b-563, and rabhit liver microsomasl

4 ,
cytochrome 35 reported by other authors and in the present in-

vestipation (18, 19, 23, tc be published), another hypothesis is

proposed: protohemanroteins have the sage sion in the Soret CD

‘spectre both in the oxidivzed asnd reduced forms.

Furtnermore, wany other workers nave axeported that myoslobin,
hemozlobin, c;talase, and geroxidase coordinaﬁe with externsl
ligands such as cyanide, azide, oxyzen, or hydrozen veroxide
to form hemovrotelr.-external lisend complexes which exhibit the

seme sign. Cotton effects in the Soret rezion as the original hemo-

proteins (1R-20, 24, 2¢). This fact suggests a tnird hypothesis

Y

that comnlexes of nroto%emoproteins with extrinsic lirend

‘exhibit the ssme glan in the Soret Cotton effects as the sricins)

hemooroheins,

The CD spectra of ferro- and ferricytochrome oxidase (EC
1.9.3.1) exhibit a similar pattefn tb those of 1arve1 ferri-
arid ferrooytochfome b-555 in the Soret regicn, but thelir signs of
ellipticity are oppoSite (gﬁ). Cytobhrome nxidase conéalns neme
o boundvto the protein molety by a non-covaelent linkage Jjust as
in the case of protohemoproteins, and binds an oxyzen molecule
resulting in a stable oxyzenated complex. Noreover it coordinates
both with carbon monoxide and cyanide to form complexes which

exhibit the ssme sign in the Soret Cotton effects as the orizinsl

cytochrome (26). These facts’support the above considerations.

- 18 -



X~Ray diffraction analysis on crystalscof cytochroms 95 end other
studies will prove the above speculations on the Soret CD sign

and olarify the structure of the heme environment.

The author wishes to thank Dr. T. Hiroyoshi (Department of
Genetics, Medical School, Osaka University, Osaka) for cultivation
of houseflles, Mr. Y. Yoshida (Department of Biochemistry.‘Medical
School, Osaka University, Osaka) for his generosity in supplying
purified rabbit liver microsomal cytochrome 25, and ir. M. Salta,
Miss. C. Toyosakl, and Mr. S. Yoshikawa in the author's ;aboratory
for thelr technical assistance in isoelectrophoretic focusing,

amino acid analyses. and measurements of CD spectra, respectively.
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Table I

Amino scid compositions of larval evtochromes h-95% (T) =snd (T7T)

Hydrolysis of both cytochromes h-555 (I) end (II) was per-
formed for 24 hours on a single sample. Cysteine, methionine,
amlde, and'tryptophén_were not analyzed.
The conceitration of cytochrome h-555 wes determined spveatro=-

photometrically on the bsesis of the extinctlon coefficient of

120 x 103_§710m“1‘for the oxidized form at 414 mp (see Tsable II).



_ Cytcehrome h-555 (I) Cytochrome h-555 (II)

-3 A - -

Agss mp(rLd‘)/“zso mp(o"? Ayor

. = 1. = 3 e
Amino acid . } 00 : : 1.05

_moles/heme nesrest intexer moles/heme nearest integer

Lys 5.89 - 6 " 5.75
His 2.2 2 . 1.80 |
Arg . 2.29 2 1.84 2
TSV | S S 11 - 10.b | 10
“Thy C3.81 o 3,54 L
‘Ser ‘ 5.38 - . .5 . 4,65 . : 5
c1ut) 1443 S T 3.5 1h
Pro ‘ + ’ (1) L e (1)
Gly 4,90 - 5 - . 5.08 5
Ala . 6.17 - 6 - 5.99 | 6
Cys o Lou2) - - -
Val a 7.35 7 . 7.09 | 7
Met » .- - | - - -
Ile O 1.73 2 1.87 2
Lev 2.15 2 L2.u 2
Tyr 1.01 1 1.b0 0 1
Phe 2.36 > Co2.45 2
Try - = Vo= .=

vly.Glutémlne‘was not differentiated from glutamic scld, as well
28 asparagineg Trom aspaftic aclid. ' A

- 2)

Noi measured.



Table II

Speatral nroverties of purified larval cyvbtoochrome bh=-457

The molar extiaction coefficients of larval cytochrome

b-555 were determined after 1ts conversion te pyridline nemo-

w1
i
——

: g -1 .
chrome usinyg a value of ¢ = 34,7 x.lOB' cm for the

, 557 mu
molar extinctlion coefficient of pyridine lerroprotovorphyrin

ko

lAbsorption maxima : my
Oxidized form ‘ 278, 360, 414, 530

Reduced form h2l, 528, 555

Extinction’ratios _
A (red., 555 mp)/4a (ox., 278 mu) = 1.3

A (ox., 278 mp)/A (ox., 414 my) =0.18

]
[4)N
(0]

5 (red., Mzb_mp)/'A‘(red.. 555 wp)

A (red., 528 mu)/A {(red., 555 mp) = 0.56

° K4

Molar extinction coefficlents =~~~ = ° ﬂ'lcm°l
- Absolute (ox., 414 mp) | : /120 x 103
(ox.r 530 mp) 11.6 x 107
(red., 42k mp) N 179 x 10°
(red., 528 my) 14.5 x 107
26.3 x‘103,

(rea., 555 mp) -




Table III

Amino acid composition of larval cytochrome h-554

A sin<le sample was_hydrolyzed. Cystelne, amide, anﬂ brypﬁo-

phan were not analyzed. |

| The coﬁcentratioﬁ of cytochrome b-555 was deterhined specLtro-
photometrically on *the basis of the extinntion coefficiznt of

120 x 103 ﬁ—lcm-l for the oxidized form st 414% mpu (s5ee Table II).

Total cytochrome b-555 was a mixture of both cytochromes

b-555 (I) and (II) (rafer to "Japarate Componants® in "RESULTS") .



(‘i~ble L1II)

Total cytochrome r1-553

' ASSS.mu(red.)/Azgo mu(OX.) A555 mu(r€d°)/A2@O mp\oxf)

=0.96 | = 1.3
Amino acld - 2koar | 24 e 72 hr
' hydrolysis hydrolysls hydrolvsie
moles/heme nearest = - moles/heme nearest moles/hame nearcst
integer - : , interer intercer
Lys ‘ 605, 6 U, 56 . 5 C ke 5
His 3007 0 3 2.1 2 1,04 2
| Arg, - 2.67 3 2.03 2 .73 2
Aspt) 1.6 12 9. 9 9,57 10
Thr 2,99 4 2.94" 3 2.9k 3
Ser 5.34 6 3.46 & 3,47 Y
o) 15.3 15 11.6 7 12 11.72 12
Prq 2.56 3, | 1.23 1 0.8%5 1
cly ~  5.97 6 b3l L h.32 b
Ala 5.70 ? 5.5 6 5.77 g
Cys . -2) : - - - - -
val . 7.51 8 .16 6 6.34 f
¥et 1,123) 1 1.194) 1 1.23%) 1
Ile 2.05 2 Cola75 2 2.27 2
Leu 2.7k 3 2.37 2 226 2
Tyr N 2.10 2 2012 2 2.33 2
Phe 307 3 2.56 . 3 2.96 3
Try e - e
Total ' '8Y 6l 65
residues

>1) Glutamine was not differentiated from glutemic acid, as well

25 asparacine from aspartic scid,



({8’ 13
-
2) Not messured.
4) Only free mathionine was calculated. Nerivatives of

methionine were not included in the calculation hacsuse of a2 very

small amount.

.

3)'On1y metHioniné sulfoxide was calculated. Methlonine
and methionine sulfone were not included in the calculation

because of a trace.
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Pie. 1. FElution dilseram of crude

larval cytochrome h-5459
preparation after lscelectric focusi

. The pH eradlent was madq to cover the ranme bHetwenn ph
3 and 5, usinag 5 1 % (v/v) ampholyte solutloﬁ (LKB-Croduk-
ter AB, Stockholm). The hemoprotein was focused st 5 maximum
load of about 1 W for 48 hours at 0-2°C. ¥Fractions of 30 dropsb
were cqllécted. The pH of each fraction was measured at 0-2°C.
Cytocﬁrome §5555 in'tbe‘ffactions was estimated from the sbsor-
vance st 41b M.

© — o

o o .Absorbance at 414 my.
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ABSORSANCE AT 4l4anp

NUMBER

_ R . a _ . .
Pile. 1. Elutlon dlsiram of crude larval cytochrome h-555
‘preparation after isoelectric focusing.
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53

ime 2. Separstion ¢f a arude larvsel cvinchroms
orepmrahion on a DPAE—C&l]w?oue’column.>

A crude lavval cytocnrome h-555 nreparation was develoned
with 0.1 M phosphate tulfer (pH 7.0) on s DREAR-cellulose column

It -~ . ~ la 3 g - 1, . - )
(4.2 ¥ 33.5 cn) which had been equilibhrated with the same huffer.

Practions of 8.0 ml were collaschad,
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ABSORBANCE AT 414 my

{ H 1 1

o 100 200 . 300 400
FRACTION NUMBER

, - 4 ' AN 4
Fiz. 2. Separstion of a crude larval cytochrome H-555

pregaration on a DIEAE-cellulosa column.



Fie.. 3.  RBechrowmszsitorranny of another aoruda larvval sybanhronn
=555 preparation on a NEAL-callinlose colunn.

A crude larval cytocarome =555 nrevaration {for srapara-
tion, see ref. (l)) wza charzed on ¢ DiAk-celinloss column
(3.0 x 11.0 ¢em) bHuffered with 0.1 ¥ phosvhate duff~r (pH 7.0)
buffer. Fractioqs £ appvoximmtely

and developed wlth the sane

4,2 ml were collected.
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Fiw., 3. Rechromatoerschy of anclbher crude larval cyto-.

chrome h=-555 oreparation on a DFAR-cellulose column.
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