BIGCHIMICA ET BIOPHYSICA ACTA 37G

BBA I2I39
CRYSTALLINE PSEUDOMONAS CYTOCHROME OXIDASE
I ENZYMIC PROPERTICS WITH SPECIAL REFIERENCE
TO THE BIOLOGICAL SPECIFICITY

T, YAMANAKA axve K ORUNURKLT
Department of Riology, Facully of Scrence. Uni:crsdfy of (35 tha,
Nakarosinupiu, Qsake { fapan,

[Hecerved July yth, 102

SUMMARY

The crystalline preparation of Pseudomonas cytochrome oxidase has two activities:
a cytochrome oxidase and a nitrite reductase activity. One mole of the enzyme
aerohically oxidizes 154 1moles and 6Hoo moles of reduced Pscudomonas cytochrome
¢-551 per min, at 16 and 27°, respectively. Anacrobically, 250 mules of reduced
Pseudomonas cytochrome c-551 were oxidized per min per mole of enzyme, in the
presence of nitrite, at 1g”. The absorption spectrum of the enzyme showed that
both haem «, and a ¢-type buem are present on the molecule. The enzyme has a
strict biological specificity : it oxidizes rednced Pseudomonas cytochrome ¢-551. but
scarcely acts on reduced mammalian cvtochrome ¢. These propertics of the enzving
were used to <letect slight differences between ¢-tvpe cytochromes. Reduced tunny-
fish cytochrome ¢ was oxidized by the enzyme more rapidly than reduced beef
cytochrome ¢, The reducea form of Physarum polycephalum cytochrome ¢ was not cxi-
dized by the enzyme, but wis oxidized by cytochrome 2. Reduced wheat cvtochrome ¢
was oxidized faster by cytochrome a than by Psecudemonas cvtochrome oxidase.
Reduced Porphyra tenera cytochrome-553 was oxidized by Psendomonas cvtochrome:
oxidase, but not by cytochrome @. It is suggested that the oxidizability ot the c-type
cytochromes by Pseudomonas cytochrome oxidase offers a molecular basis for the
taxonomy and evulution of organisms.

INTRODUCTION

Pseudomonas cytochrome oxidase was isolated from the cells of Psewdomonas acre-
ginosa grown anaerobically in the presence of nitrate. It was purified to an ultra-
centrifugally hoinogeneous statel. It possesses two baems, haem e, and a ¢-type
haem in its molecule, but no copper. The enzyine shows the general properties of a
cytochrome oxidase ; aerobically it oxidizes ascorbate, hydroquinene and the reduced
form of Psendomonas cytochrome ¢-55T (see ref. 2) which is known to function in
the organism just like cvtochrome ¢ does in animal tissues®. These reactions are
strongly inhibited in the presence of cvanide and carbon monoxidet. It is nuteworthy
that the enzyme is extremely labile in the presence of hvdrogen peroxide®.

It was found thai the cnzyme acts as a nitrite reductases.?, it reduces nitrite
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to nitric oxide with reduced Pseudomonas cytochrome ¢-551 as the electron donor,
under anacrohic conditions. This reaction is strongly inhibited in the presence of
cvanide but not in the presence of carbon meicxide, As the enzyme has not been
isulated from cells grown acrobically in the abscence of nitrate, it is very likely that
the enzvme is the chemical entity of the nitrite reductase of the organism.

It was uncertain whether P'scudomonas cytochrome oxidase itself has two
activitivs, a cvtochrome oxidase and a nitrite reductase activity, or whether two
distinct enzymes are present in the enzyme preparation. The enzyme has recently
been obtained in a crystalline state®, and as described briefly in the previous papers,
was shiown clearly that the crystalline enzyme has the two functions and contains the
twn haems described above. This fact strongly supports the idea that the Pseudomo-
nas cytochrome oxidase acts as both a nitrite reductase and a cytochrome oxidase.

It has been reported briefly that Pseudomonas cytochrome oxidase oxidizes
reiduced Pseudomonas cytochrome ¢-551I but not reduced mammalian cytochrome ¢
(sce ref. g). That is, the oxidation reaction of the reduced form of ¢-type cytochromes
by Pscudomonas cyvtochrome oxidase, shows a definite bivlogical specificity.

This paper reports on the enzymic properties of the crystalline preparation of
Pscudomonas-cytochrome exidase with special reference to its biological specificity.
It speciral properties are described in the next paper!®, and the properties of its
prosthetic groups in the third paper of this series!!. '

PREPARATIONS AND MATERIALS
Psendomonas cytockrome oxidase

The extraction and the partiai purification of Pseudomunas cvtochrome oxidase
were performed approximately according to the method of Honrio ef al.l, and the
preparation ot the crvstals ot the enzyme according tu the previous methad® with
a shght modification.

Abont s00 g of acctone-dried cells of Psewdomonas aeruginosa, which weve
grown anaercbically in the presence of KNO,, were well mixed with 101 of 0.1 M
sodium citrate {pH 7.0) in a Waring blendor. The mixture was heated at 40° for
10 min, and then allowed to stand overnight at 5° in a retrigerator. The mixture was
filtered through a Biichner funnel with the aid of Celite. To the filtrate, 4%, aqueous
rivanol was added to a final co.centration of 0.29,, and the viscous precipitates
formed were removed by filtration. The filtrate was saturated with {(NH,);50,, and
the resulting precipitate was collected. The brown precipitate was suspended in 2
minimum volume of water, and the suspension was dialysed against tay. water for one
day at 5% in a refiigerator. During the dialysis, the outside water was rhanged
frequently. The dialysis was continued for one more day, against 0.01 M* ammonium
phosphate buffer {pH 6.0). The dialysed solution was then passed through an Am-
berlite CG-50, type I, column (2 em x 30 cm), which bad been equilibrated with the
same buffer as used in tue final dialysis, and the Pseudomonas cytochrome oxidase
was 2dsorbed at the top part of the column, fonming a green zone. The adsorbed

" In this paper, the concentration of ammouinw plioiphate bLufler is expressed with regard

to the NI~ conceutraiion. For example, o.01 M ammonium phosphate buffer contains o.ot g
ion of NH*/.
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Pseudomonas cytochrume oxidase was eluted with 1 M ammoniuin phosphate buffer
{pH 7.0). The cytochrome oxidase in the elusre was precipitated by the addition of
(NH,) 504 to 9o%, saturation, and collected by centrifugation at 15000 < g for
10 min. The precipitate, after being dissolved in a minimum volume of water, was
dialysed against o.1 M ammonium phosphate bufier (pH 6.5) and the cvtochrome
was again adsorbed on an Amberlite CG-50 column wlich bad been equilibrated
with the same buffer as used for the final dialysis, The Pseudomonas cytochrome
oxidase adsorbed on the column forming a broad green zone, was developed with
the same buffer.

When the column volume of the bulfer had been passed through the ion-ex-
changer column, Pseudomonas cytochrome-354 which contaminated the 'scudo-
monas cytochrome oxidase preparation begar tu be eluted. This part of the cluate
was about 37 ml in volume. Next, the cytochrame oxidase was gradually elirted.
The frst 3z ml of this eluate which contained Pseudomonas cytochrume oxidase as
well was discarded. To the next 160 ml of eluate was added (NH,),50, 1o go?o,
saturation, and the precipitate formed was collect=d by centrifugation at 15 0vo x 2
for 10 min. The precipitate was dissolved in a minimum volume of v.e2 M phosphate
buffer {(pH 6.0) and the insoluble matter was removed by centrifugation at 5000 x g
for 10 min. To the brownish green supernatlant was added finely powdered (NH),50,
until the solution becamne slightly turbid. Then, the precipitate was discarded by
centrifugation at 5000 x g for 10 min and the supernatant was alowed to stand at
room tcmperature [approx. 20°) for 30-60 min. Diamond shaped crystals appeared.
The crystals were collected by centrifugation at soon X g for 10 min, and dissolved
in o.02 M phosphate buffer (pH 6.0). Recrystallization was carried out in a sirmlar
way to the first crystallizetion. Twice recrystallized crystals, which are shown in
Fig. 1, were used as the crystalline preparation of the Pseudomonas cvtochrome
oxidase.

Various c-ty pe cylochromes

Crystalline preparations of beel cytochrome ¢ and tunnyv cyvtochrome ¢ were
prepared from corresponding heart muscles, and pigeon cytochrome ¢ from pigeon-
skeletal muscle according to the mechod of HAGIHARA ¢f @l '3~ Crystalline veist
cytochrome ¢ was prepared from baker's yeaet according to the method of Nozawi
ef 2118 Wheat ¢y tochrome ¢ was purified from wheat gorm te go©, pur:h according
to the method of HaGIHARA ¢ @15 Psecudomonas cytochrome ¢-551 was obtained
in a crystalline state from Pseudomonas aeruginosa cultivated anaemlm..;ll} by the
method of Horio et al.?. Porphyra cvtochrome-553 was obtained in a crystalline
state from Porphyra tenera by the method of Yarusurjr e al.?. Physaram oy lo-
chrome ¢ was purified from the plasmodium of Physaruin polycephalion aceording to
the method of YAMANAKA gf al 18,

The reduced forme of Jhese e-type eytochromes were prepared by the addition
of a small armount of Na,5,0); to the solutions and subsequent dialysis overnight
against 2.04 M. sodium phosphate bufter (pH 6.5) containing approx. ro~* M EDTA.

Cylochrome a

Cytochrome a was prepared from beef-heart muscie by means of cholic acic and
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Fig. 1. Crystals of Pscudomonas cytochrome oxidase after two recrystallizations. A x go,
B: ¥ 1ho (phase contrast).

fractionated with ammonium sulphate according to the method of OKUNUKI et al.'?.

When reduced cyvtochrome ¢ was oxidized in the presence of cytochrome a, the
addition of a4 non-ionic detergent *‘Emasol” activated the reaction. However, as it
was observed that reduced Pseulomoras cytochrome ¢-551 was rapidly oxidized
non-enzymically, on addition of Emasol, the detergent was not added in experiments
with cytochrome a to avoid any :nfluences which might znpear on other c-type
cytochromes besides mammalian ¢ytochrome o

METHODS
Spectrophotometric measuremends

Spectrophotometric measurements were performed in a Cary recording spectro-
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photometer, model 14, using a cuvette of -um vptical path. For anaerobic work, a
Thunberg-tvpe cuvette was used. Anaerobiosis was attained by evacuaticn of the
cuvette and introduction of an atmosphere of N,. This process was repeated at least
5 times.

RESULTS
Absorplion spectra

As shown in Fig. 2, the absorption spectrum of the crvstalline preparation of
Pscudomonas cytochrome oxidase was very similar to that of the crude preparation
of the enzyme previously reported’. There were peaks at 280 mp, 412 mg, 525 my
and 635 mg in the exidized form, and at 418 mp. 523 my, 549 mu and 554 M in the

! 1
400 450 500 550 600 650 700
Wavslongth {my)

Fig. 2. The absarption snectrum of the crvstalbine IPseudomonas cytochrome oxidase. The crysals
were dissolved in 0.2 M phosphate butier (pll 7.0}, - - - - oxidiced; -———, reduced with
Na, 5,03,

reduced form, The remarkable difference between the spectrum of the crude prepa-
ration and that of the crystalline preparation is, that in the crude preparation tl.ore
was a peak at 625 my after reduction with Na,5,0,, while in the crystalline prepara-
tion the peak at 03% mu in the oxidized form was depressed by Na,%,04-reduction
and there appeared a plateau from 620 mu to 650 mu accompanied by a bump
around 650 mu in the reduced form. On reoxidaticrn with E_;Fe(CN}),, the absorption
peak at 635 mu reappeared. Thus, the depression of the 635 mu-peak on Na,5,0,-
reduction was not due to decomposition of the corresponding haem, haem a,.

On treatment with acetone containing o0.12 N HCl, the protein moiety was
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precipitated and the acetone layer became green in colour. The protein moiety
precipitated showed the absorption spectrum of a ¢-tvpe cytochrome. The haem
extracted in the acetone layer was shown to be hasm a, by formation of its pyridine
haemochromogen!, The facis mentioned above indicate that crystalline Pseudomonas
eytochrome vxidase has two haems, haem a; and a c-type haem in the molecule, or
that the enzyme consists of a strong combination of a cytochrome 4, and a ¢-iype
cyvtochrume, The fact that the enzyme was obtained in a crystailine state strongly
supports the former idea.

On reduction, there appeared a bump at 460 mg which may represent the -
band of haem a,. It has been mentioned that the ratio of 4,/4, of the cytochrome a,
15 very low?e. This was confirmed with crystalline Psendomonas cytochrome oxidase,
as shown in Fig. 2, although cytochrome a, which has only hacm a, in its molecule
has not heen isolated. In the crystalline preparation, A4 omaf/Agems *as 1.2 which
was very high and not comparable with 4 0gmuf A szamu = 0.87 in the crude prepara-
tion. Mcre detailed observations with respect to the spectral properties of the Pseu-
domonas cvtnchrome oxulase will be presented in the next paper of this series!®,

Crtochrome oxidase activity

As shown in Fig. 3, reduced Pseudomonas cytochrome ¢-551 was rapidly oxi-
dized by Pscudomonas cytechrome oxidase under aerobic conditions. This reaction
was gh%, inhibited in the presence of 3-10 4+ M KCN, and was almost completely
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Fig 3. The acrobic oxidation of reduced Pseudomonas cytochrome ¢-551 by Psoudomonas
cytochrome oxidase, The standard reaction mixture consisted of 1.5 ml of ~.03 M nhosphate
butter, 0.3 ml of 1.4-10-* M reduced Psepdomonas cytochrome ¢-551 and o0.03 ml of 8.7 - 107% M
Pseudomonas cytochrome oxidase. A, control; B, c.o3 ml of 2.10-"M KCN added {final concen-
tration. j.z-107f M) €, under the gas mixture, CO-N; O, {50 : 30 0). For C, a Thunberg-

type cuvette was used.

ahibited under CO-N;-0, (50 © 40 : 10} in a Thunberg-type cuvette. The turnover
nember (consumption of redured r-tupe cytochrome in molesimole of Pseudomonas
cytochrome oxidase) per min, at 16° was 154 with reduced Pseudomonas cytochrome
¢ 551 as the electron donor. The concentration of Pscudomonas cytochrome oxidase
was determined from Agom, - 39.2 10 M~/cm in the crude preparatior? sssuming
that the absorbancy around 550 mu was not affected by the impurities which might
be present in the crude preparation. The turnover number was considerably increased

Biochim. Biophys. Acta, 67 (1963) 379-393



CRYSTALLINE PSEUDOMONAS CYTOCHROME OXIDASE, [

TL T T
. Essim_ E i 1
: +

s

1

I B —_E' 117
- - l : oa |
l , L amin~ |
b | P - .03 -H
t_j L Time : P

Fig. 4. Temperature dependence of the aerobic oxudation of reduced Pseudomonas cytochronw

¢e-551 by l'scudomonas cytachrome oxidasc. The reaction mixture was the same as for Fig. 3,

except that the concentration of the Pscudomonas cyvtochrome oxidase was 3.7-10 ¥ M A, at
167, 15, at 27 |

at 27°; it was 600 per min . The activation energy for the reaction was calculated az
18.3 kcal. However, the temperature in the reactinn mixture was not very preciscly
countrolled and the figure for the activation energy obtuined represents oniv a rough
value.

Nitrite reductase activity

It has been established that the crude preparaticn of the Pseudornonas cyio-
chrame oxidase reduces NO, - to NO with reduced Prudomonas cytochrome c-551
as the electron donor. However, there was some doubt as to whether ihe Psenndo-
monas cytochrome oxidase itsell functions as a nitrite reductase or whether ihe
nitrite-reducing activity wias dae 1o another cnzyvme, niirite reductase, contaminating
the Pscudomonas cytochrome oxidase preparation. As shown in Tig. 5, crystaliine
Pscudomonas cvtocbrome oxidase also functiovned as a nitrite reductase. This sup-

ILl_:_._LL_i.-..l.ll.a:lll.Lxl.lJ
Fig. 5. The anacrobic oxicdation of reduce Fscudomonas vywxhrome ¢-551 by Pseudomonas
cytochrome oxidase in the proscnce of NOi,  ilie standard reaction mixture consisted of 2.0 ml
of 0.04 M phosphate Luffer, (pH 6.5). o¢ ml of 1 4-107* M reduced Pscudomonas cvtochrome
¢-551. 0.03 ml! of 0.2 M KNO, and 0.2 ml of 8.7-10-7 M Pscudomonas cytochrome oxidasc.
Reactions wes= casried out in Thunburg-type cuvettes which had two side chambers. At the
point E, Preudomunas-cvtochrome oxidase was added and the fact that the absorbancy at 558 mu
did not decrcase with time showed that the anacrebicsis was complete. On aililition of NO,-,
reducrd FPsendomonas cytochrome ¢-551 was rapidly oxidized in A and C. The time required for
mixing of NO,- with the reaction mixture in the main chamber was approx. 15 sec. Reactions
ware carried out at 19°, and pH 6.5. &, ronwrol; B, oxmi of 21072 M KCN was added (final

conceniration, 8-10-4 M): C. under 100% CO.
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ports the idea that Pseudomonas ovtachrome oxidase is the chemical entity of the
nitrite reductase of Psendomonas aersginosa. The nitrite-reducing activity was 949
inhibited by 8 109 M KCN. As shown in Fig. 5, the anaerobic oxidation of reduced
Peendomoras cvtochrome ¢-351 by the Pseudomonas-cytochrome oxidase with NO, -
as the electron acceptor proceeded repidly in the early phase of the reaction but the
reaction velocity saon becarae greatly depressed. In the initial stage of the reaction,
the turnover number was 250 per min at 19°. When a Thunberg-type cuvette was used,
the temperature was not controlled appreciably. Therefore, the reaction was carried
out only at roum temperature, and the effect of temperature on the reaction velocity
was not examined, Nitrite reduction by the crystalline preparation of Pscudomonas
cvtochrome oxidase was not inhibited under an atmosphere of 1o¢?%;, CO. This was
in good accerdance with results obtained with the crude preparation’

Biological specifcity of the reaction calalysed by Pscudowonas cytochrome vxidase

It has been brieAy reported that Pseudomonas cvtochrome oxidase oxidized re-
duced Pseudomnnas evtochrome ¢-551 but did not reduce mammalian cvtochrome ¢
Inee ref. g1, As shown in Fig. 6, Pseudomonas cvtochrome oxidase oxidized reduced
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I'ipp. 6. Influence of a4 small amount of Pseudomonas cvtochrome e-551 and yeust eytochrome ¢
on the aecrobic uxidation of reduced yeast cytochrome ¢ by Pscudomonas cytochrome oxiclase (A),
an<l that of reduced Pscudomonas cytochrome ¢-551 by cytochrome a (B), respectively, In A,
the reaction mixture consisted of 3.0 mi of o.04 M phosphate Luffer (pH 6.5), 0.1 ml of g.7-10=4 M
reduced yeast cytochrame ¢, 0.03 inl of 8.7 107* M Pscudomonas eyvtochrome oxidase and 0.03 ml
of 1.3-10 *M oxidized Pscudomonas cvtochrome ¢-351. At the points indicated Ly ay and ¢-351
in the fivure. were added Dsendomonas cytochrome oxidase and Pscudomonas cytochrome c-551,
respectively. The reaction was carried out at 157, and phi .50 In B, the reaclon misiure con-
sisted of 1.3 ml of c.04 M phosphato buffer, 0.3 ml of .4 10-* M rceduced Pseudomonas <y lo-
chrome ¢-551, co3mi of 5.2-10°*M cviochrome g and ov.o3m) of g.7:-107* M oxidized ycast
cytochrome . At the points indicated by @ and ¢ in the figure, were added cytochrome a and

yeast cvtoechrome ¢, respectively. The reaction was carried out at 157, and pH 6.5.

veast cvtochrome ¢ very slowly, while it oxidized reduced Pseudomonas cytochrome
¢-551 very rapidly. The oxidation of reduced veast cytochrome ¢ by Pseudomonas
cytochrome oxidase was highly accelerated by the addition of a small amount of
Pseudomonas cytochrome c-551 (Fig. 6A). As Fig. 6B shows, cytochrome a did not
oxidize reduced Psevdomonas cytochrome ¢-551 at all. But on the addition uf a small
ammunt of yeast ¢. cochrome ¢, reduced Pseuadomonas cytochrome ¢-551 was rapidly
oxidized by cyrochrome a. Reduced yeast cytochrome ¢ was not oxidized by Pseudo-
mioias cvtochrome oxidase in the presence of NO,~ under anaerobic conaitions,

Bivckim. Biophys. Acta, 67 (1963} 379-393
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Enzvimic oxidation of reduced cvtocire e o's obtained trom variows sources by Pseudo-
monas cytochrov.e oxiduse

As already meationed, Piendomonuss evtochoome oxidase rapidly oxidized re-
duced Pscudomoras cytochrome ¢-551 but oxidized reduced yeast eytochrome ¢ very
slowly. Other e-type cvtochromes were tested to sec if they were oxidized hy Pseado-
monas cytochromie oxidase. The results are shown in Figs. 7 12, Reduced beef and
pigeon cvtochrome ¢'s were oxidized less rapidly than reduced veast cvtochrome e,
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Fig. 7. Oxidavion of the reduced form of Phvsarum polcoplddion cytochrome ¢ by Pseudomonas
cvtochrome oxidase and cytucliome a4 The reacuon mixtare consisted of 1.5 ml of reduaced
Physarum polveephaliim cvtiaonrame ¢ dissolved in oz M phosphate butfer (pH 7.0), .03 ml of
8.7 10 * M Pseudomonas cyvtochrome oxidase amd cojnl of 1.2-107° M cyvtochrome 4. At the
points indicated by ay and @ in the tigure, were added i'scudomoenas cyvtochrome oxidase amd
cyvtochronme a, respectively. The reaction was carnied out at 20" andd pH 7.0

It is noteworthy, however, that reduced tunny cvtochrome ¢ was oxidized more
rapidly tiian reduced beel and pigeon cvtochrome ¢’s. Reduced wheat cvtochirome ¢
was verv slowly oxidized by Pseudomonas cvtochrome oxidase. The reduced form
of Phvsarum polvcephalum cvtochrome ¢ was oxidized fairlv rapidly by cytochroms «,
but scarcely oxidized bv Preudvmonas cvtochrome oxidase. Previously YakusHif1
et al¥? showed qualitativelv that reduced Porphiyra fencra cvtochrome-s53 was
oxidized by Pseudomonas cvtochrome oxidase, but not by cvtochrome . In Fig. §,
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Fig. 8. Oxidation of the reduced form of Porphira fenerg cytocatome-3353 by cytachrome a and

P’scudomonas cytochrome oxidase The reaction mixture consisted of 2.0 ml of .04 M phasphate

butfer (pH n.5), 0.4 m! of reduced Porphyra tenera cytochrome-353. 0.03 ml ot 8.7-107* M Pscudo-

monas cytochrome oxidase and o.03 mil of 5 2-10 ¢ 3 ¢ytochrome g, At the points indicated by

6 and a; were added cytochrome g and Pseudomonas c¢vtochrome oxidase, respectively. The
reaction was carricd out at 187 and pkl 6.5.
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their findings zre shown quantitatively. In Figs. 7-12, the oxidation of these re-
duced ¢ type oytochromes by cytochiome a are also showr. It is apparent that
reduced beef eytochronie ¢ was oxidized less rapidly than reduced pigeon, tunny and
yeast evtochrome ¢'s,

It wis shown, in the case of tunny cytochrome ¢, that the oxidation velocity of

Fig. 9. Oxidation of redue :d wheat ¢vtochrome ¢ by Pseudomonas cytochrome oxidase and

cytuchiome a. The reaction mixtuce consisted of 2 o ml of 0.04 M phosphate buffer (pH 6.3),

0.6 ml of reduced wheat cytochrome ¢, 0.03 ml of 8.7 10-% M Picudomenas cytochrome oxidase,

c.u3 ml of 5.2-10 * 12 cytochrome a. At the points indicated in the figure by a, and a. were

added Pscudomonas cvtochrame oxidase and cvtochrome a, respectively. The reaction was camicd
cut at 18°,

reduced cytochrome ¢ in the presence of both Pseudomanas cvtochrome oxidase and
cvtochrome @ was not the suan of the activities of the two anzymes, but was approx-
imatiely thc same as tha. ot cytochrome a onlv Therefore, it mav be that the rate
of oxidation of the reduced form of beef, pigeon and Phvsarum polycephalum cyto-
chrome ¢'s by cytochrome 2 was scarcely affected by the co-existence of Psev-domonas
cvtochrome oxidase. The tumover numbers of some ¢-type ~ytochromes in the oxi-
dation reaction are presented in Table [. The molar extinction coefficient of beef and
veust cvtochrome ¢'s at 550 g is known to be 27.8-10° M-'em (see ref, 21), and

TABLE ]

THE GNIDATION OF VARIOUS £ TUDE CVYTOOHMNOMEG
BY PSEUDCMONAS CYTOCHROME OXIDASE ANXD CYTOCHROME o

Tin. niiinie s in the paranthess? sopreoent the temperature vwader which tho experiments were
carried out.

Turnnver muntber (moltifmole
of enzymefmin)

Suwrce Preudomoncs
cyfocheome Cytochreme a
viidase

Psendomonas aernginosg 154 {16°) o (157)
Porpphyra teneru 4.1 (1871 Tracc (18Y)
Physarum polvecephalum o0 (2u') 3.8 (20"
Yeast (baker's) 6.8 (15% §0.3 {16%)
Wheat 1.2 (18%) 13.2 187
Tunny 4.8 {189 21.7 (187
Pigeon o.68 {18%) 35.3 1180
Beef o.81 (187} 200 (18%)

Liochim. Biophys. Acta, b7 (1963) 379-393
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that of Psendomonas cvicchrome c-3551 at 551 mg i< 23.3- 10" M Y/em. However, as
the molar extinction coeificients for Physarwm polveephalum, wheat, and tunny
cytachrome ¢’: were not determined, the turnover numbers in Table I are ~alculaied
assuming that the molar extinction coefhcients of the a-bands of all ¢-type ouce
chromes are all 28 -1o? M-Yem. This assumption is perhaps reasonable. In the case
of Physariem polycephalum cytochrorer ¢, the concentration of cytochrome a was
10-times that used in the case of other eyvtochrome ¢'x. However, 1t was found thar
in the oxidation of reduced Psendomonas cyvtuchrome ¢ 551 by the Psendomonas

[ [Essom [T ] 0]
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Fig. 16. Uxidation of reduced Leef cytochrome ¢ by Pscudomonas-eytochroiie oxidase and cyto-

chrome a. {he reaction mixture consisted of 2 o ml of o.oy M phusphate buffer (pH 6.3), 0.2 ml

of reduced beef cytochroine ¢, 0.3t of B.7-10 ¢ M I’'scudomonas cytochrom= oxidase, and

o003 mlof 5.2-10 * M cyvtochrome a. .\t the points indicated in the figure by a, and @, Pscudo-

monas cytochrome oxidase and cvtochrame g were added, respectively. The reaction was carnied
out at 18?

cytochrome oxidase, 10o-times the concentration of enzvme onlv accelerated the
oxidation of the reduced Pseudomonas cytochrome ¢-551, s-times at most, when
the concentrations of the Pseudomonas cvtochrome oxidase and Pseudomonas
cytochrome ¢-551 were approx. 108 M. Thus, the turnover number in the oxidation
of the reduced forma of Phsycavian poivcephaliem cytochrome ¢ is probably twice that
calculated from the results shown in Fig. 7. In Table I, the value of the turnover
number corrected is shown as faor Physavien: folvcephalusn cytochrome ¢,

| N B 1 N
' _Essomy ___‘L 5 j
Ry Pl %2 1]
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I 41—11mc Lo
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Fig. r1. Oxidation of reduced pigeon cvtochrome ¢ by Pseudamonas cytochrome oxidase and
cytochrome a. The reaction mixture consisted of 2.0 ml of 0.04 M phosphate bufier, 0.6 ml of
reduced pigeon cytochreme ¢ o3 mi of S.7-107* M DPscudomonus cytochroiie oxidase, and
5.2-10-* M cytochrome a. At the points indicated in the tigure by a, and a, were added Pscudlo-
monas cytochrome oxidase and cytochrome a, respectively. The reaction was carried out at 18°

Riochim., Biophys. Acta, o7 (1063) 370-333
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Fig 12, Oxidaton of rxzduced tunny cytochrome ¢ by Pseudomonas cvtnchrome oxidase. In A\,

the reaction mixture consisted of 2.0 ml of 0.04 M phosphate buficr {pH 6.5), .6 ml af reduced

pigecon cytochrome ¢, 0.03 mi of 8.7-10-* M Pscudomonas-cytochrome uxidase and o.03 ml of

5.2-107% 3 cvtochrome 4. In B, the reaction mixture was the same as for A, except that Pscudo-

monas cvtochrome oxidase was omitted. At the points indicated in the figures by a; and a. were

added Pscudotnonas cytochrome oxidasce and cytochrome a, respectively. The reactions were
carried out at 18°,

DISCUSSION

It has been established with a crude preparation of Pseudomonas cyiochrome
oxidase that it has two haems, haem a, and a ¢-type haem, in the molecule, and that
it has two activities: cytochrome oxidase and nitrite reductase activity. These
propertics have been confirmed using a crystalline preparation of the enzyvme.
However, it was doubtful whether the Pseudomonas cvtochrome oxidase molecule
had two haems in the one molecule or whether it consisted of a strong combination
of two proteins; a haem a,-containing protein and a haem c-containing onc, The
former seemed the more probable because Pseudomonas cytochrome oxidase was
obtained in a crvstalline state with both hacms. There are the same two possibilities
with regard to the two functions of the enzyme. Two enzymes, a cytochrome oxidase
and a nitrite reductase, might represent the strong combination of two protein
molecules. This possibility is apparently supported by the fact that the cytochrome
oxidase activity of the snzyme was inhibited in the presence of cyanide and carbon
monoxide, whereas the nitrite reductase activity was inhibited in the presence of
cyvanide but not of carbon monoxide. However, spectral studies showed that nitrite
has a stronger affinity for the enzyme than carbon monoxide!. The fact that Pseudo-
monas eytochrome axidase was obtained in crystalline state supports the idea that
the Psendomonas cytochrome oxidase itself functions both as a nitrite reductase and
as a cytochrome nxidase.

WALKER AND NicHOLAS?? obtained a nitrite reductase from Pseudomonas
acruginesa. Although their enzyme was still very crude, its absorption spectrum was
very similar to that of Pseadomonas cytochrome oxidase. The chemical entity of
their enzyme preparation perhaps corresponds to Pscudomonas-cvtochrome oxidase.
As already indicuted®, Pseudomonas cytochrome oxidase has not been obtained
from cells of the mganism grown aerobically in the absence of nitrate. Recently we
have shown that Pseudomonas cytochrome oxidase is an adaptive enzvme and that
nitrate is an essential factor for its biosynthesis®. The facts mentioned above strongly

Biochim. Biophys. Acta, 67 (1903) 379-393
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support the idea that Pseurlomonas cvtochrome oxidase 15 the chemical ontity of
the nitrite reductase ot Psendomonas aerginesa, and also acts as a cytochrome
oxidase. Thus, it will be concluded that the nitrite reductase of Psendonmonas aeru-
ginnsa, and if two tvpes exist, especially the enzyme of the respiratory tvpe, is a
cytochrome and it is this which was obtained in @ crvstalline state.

The turnover numbers in the aerobic oxidation of reduced Pseundomonas
cytaochrome ¢-551 by the Pseudomonis eyvtochrome oxidase were 154 and 606 per min,
at 16° and 27° respectively From these data, the turnover number at 377 is calculated
to be 2400. This correspunds 1o Hioo moles of oxvgen consumption, and consequently
tu 13 440 | oxygen consumption/mole of PPseudomaonas cvtochrome oxidascinun, ai
37°. In nitrite reduction, 250 moles of reduced Pscudomonas eviochrame o-551
were oxidized anaerobically per mole of Pscude mona~ evtochrome oxidu-c in the
presence of nitrite, at 197, As reported previouslv?. one mole of nitrite s reduced
with consequent oxidation of one mole of reduced Pseudomonas cyvtochrome ¢-351.
If the temperature dependence of the reaction velocity is the <ame as that in the
acrobic oxidation of reduced Pseudomonas cvtochrome c-551, about guoo moles of
nitrite are reduced;mole of the Pseodomonas-cvtochrome oxidase/min, at 377, at
normal growth temperature.

It has been reported bricflv by Horto® that the Pscudomonas evtochrome oxidase
preparation oxidizes reduced Preudomonas cviochrome e-331 but not reduced
mammalian cytochrome ¢, and that cyvtochrome @ oxidizes reduced mammalian
cytochrome ¢ but not reduced Preudomonas cvtochrame ¢-551. Similar results have
been presented by KAMEN aND VerNox? for crude preparations of bacterial and
mammalian c¢ytochrom. oxidases. The present experiments extend the results of
Horto. It was clearly shown in this paper, that, in order to prove the biclogical
specificity of the oxidation of reduced c-tvpe evrochromes by cytochrome oxidase,
the cvtochrome nxidase preparation should be free of c-tvpe cvtochrome present in
the organism from which the cytochrome oxidase was isolated. Thus, it is very -
portant to purify each component, in order to demanstrate biological specificity in
the oxidation of c-type cvtochromes by the cyvtochrome oxidase. Fig. 6 also shows
that, if there re other kinds of c-type cytochromes in the cvtochrome ¢ preparation
isolated from one organism. the oxidation velocity of the cvtochrome ¢'s by ¢vto-
chrome oxidase is the same as that of the oy tochivome ¢ which reacts most ripidly
with the cytochrome oxidase.

A cle r difference was found between the rawe of oxidation of reduced tunny
and beel cvivchrome ¢'s, by the Pseudomonas evtachrome oxidase. This suggests
that there is a great difference hetween the enzymic properties of tunny and beef
cvischrome c¢'s, although there was no difference in their absorption spectra, ad-
sorbability on a cation-exchange resin, and both appeared in the same ammonium
sulphate fraction. The difference in the rate ot oxidution ot these c-type cytochromes
by Psendomonas cvtochrome oxidase, therefore, detected more delicate differences
in their molecular structures than the techningnes mentioned above.

Reduced pigeon cytochrome ¢ was oxidized by Pseudomaonas-cytochronie
oxidase at ahnosi the same velocity as reduced heef rytachrome ¢ Reduved veast
cvtochrume ¢ was oxidized by Pseudomonas-cvtochrome oxidase comsiderably
faster than reduced beef cyvtochrome ¢ This seems natural, since yeast is closer to
bacteria phylogeneticallv than to animals. [t is verv curious, however, that the
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reduced forms of veast, pigeon and tunny cytochrome c¢’s were oxidized faster than
reduced heef cytachrome ¢ by cytochrome 4, although the cytochrome e was isolated
from beef heart. From the viewpoint of comparative biochernistry, the fact that re-
duced tunnyv cvtochrome ¢ was more rap:dly oxidized by the Psendomonas cyto-
chrome oxidasc than reduced pigeon and beef cvtochrome c's is in good accord: nce
with the fact that fish is more primitive than birds and animals.

[1 15 very noteworthy that the reduced form of Physarum polycephalum cyto-
chrome ¢ was rapidly oxidized by cytochrome a, whereas it was oxidized very slowly
by Pseudomonas cytochrome oxidase. In present taxonomies, slime mould is classified
as a plant. The oxidation of the reduced furm of Physarum polveephalum cytochrome
¢ by cytochrome a, however, strongly suggests that the slime mould is more closely
related to animals than to plants in its biochemical properties, at least in the plas-
maodial form. This is supported in part by the fact found by NaKaT1Ma2" that actomyo-
cin isolated from the slime mould behaved in a similar manner to the enzyme isolated
from the muscle of vertebrates.

It seems natural that the reduced form of Porphyra tenera cvtochroine-553 was
oxidized by Pseudomunas cvtochrome oxidase whereas it was scarcely oxidized by
cyvtochrome a, since algae are more closely relaied te bacteria than to animals.

We are purifyving various c-type cvtochromes other than those cited in the
present paper, and are studying the reactivity of these cytochrome ¢’s with Pseudo-
monas ¢ytochrome oxidase and cytochrome @, from the viewpoint of comparative
biochemistry. It may give a molecular basis to the taxonomy and the cvolution of
these organisms to studv the enzymic oxidizability of ¢-type cytochromes from
varivus organisms catalysed by the Psecudomonas cytochrome oxidase and cyto-
chrome a.
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