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ABSTRACT

Atthough it has been known that the purple sulfur bacterium,

Chromatium vinosum, acquires energy and reducing power by photo-

synthetic oxidation of inorganic sulfur compound.s such as thio-
sulfate a:rd. sulf id.e, little was known about the oxidation mechanisms

of the sulfur compounds in the organism. From C.vinosum a flavo-
cytochrome c, cytochrome c-552 has been isolated. The cytochrome

possesses two molecules of heme c and one molecule of covalently-
bound FAD per molecule. Although the physical and chemical pro-

perties of the cytochrome have been clarified to some extent,
its function was unknown

In Part I, the function and structural features of Chromat,ium

cytochrome c-552 have been investigated. Cytochrome c=552 has

a sulfide-cytochrome c reductase activity and also catalyzes

reduction of "f"*"rrt.ly sulfur to sulfide with reduced benzylvio-

logen as the electron donor. In the sulfide-cytochrome reduction,

horse cytochrome c and yeast cytochrome c act as good. electron

acceptors, but cytochrome c' or cytochrome c-553(550) purified 
-

from the organism d.oes not,' Further, it has become clear that
cytochrome c-552 is much more rapidly reduced with sulfide than

other cytochromes c such as horse cytochrome g and that electrons

are sequentially transported in the cytochrome molecule from

flavin to heme c in the oxidation of sulfide
The subunit structure of cytochrome c-552 has been studied.

The cytochrome is split by 6 M urea into cytochrome and flavoprotein
moieties with molecular weights of 21r000 and 46r000, respectively.
The flavoproLein moiety is obtained by isoelectric focusing in the
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presence oF 6 M urea and O.■  2 針merCaptoethano■ ′ whi■e the hemoニ

protein moiety isiobtained by ge■ fi■tration with sephacry■  S-200

in the presencё  6f 6 M urea and O.■  M KC■ 。  Nёither of the subunits

has ithe su■ fide二cytochrOmo■ reduCtase activitye  Attempts tO re―

constitute the Or■ gュ na■ f■avocytochrome' c from the subunits have

been unsuccessfu■ .

In Part II, the reactions between reduced Chromatium cyto-

chrome g-552 and carbon monoxid.e have been studied by stopped-

flow and flash-photolysis. It has been found that two hemes in

cytochrome c-552 reacts with carbon monoxide with different

affinities and CO-cytochrome c-552 is fairly light senstive.

In Part III, some enzymatic propert.ies of a thiosulfate-

oxidizing enzyme have been studied.. The enzl'me, partially purified

from Chromatium vinosum, reduces rapidllr HiPIP (high potential

nonheme iron protein) in the presence of thiosulfate. Cytochromes c

of yeast and tuna, and ferricyanid.e act also as good electron

acceptors. Cytochrome c-552, cytochrome c' or cytochrome c-553(550)

does not act as electron acceptor. The enzyme is inhibited by

cyanid.e and sulfite. On the basis of the stoichiometry in reduction

of ferrS-cyanide catalyzed by the enzyme in the presence of thio-

sulfate, the oxidized product of thiosulfate is inferred to be

tetrathionate

ｔ

“
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TNTRODUCTTON

Photosynthetic bacteria are classified. into three groups;

green sulfur bacteria, purple sulfur bacteria and'non-sulfur
purple bacteria. Among these bacteria, purple and green sulfur
bacteria obtain energy and reducing power by photosynthetic oxi-
dation of thiosulfate and sulfide (1). These organisms inhabit
lakes and swamps, where the sulfate-reducing bacteria produce

sulfide in the mud (2).

Van Niel has d.emonstrated that oxidation of sulfid.e by Chro-

matiaceae (purple sulfur bacteria) and..Chlorobiaceae (green sul-
fur bacteria) is in stoichiometrical relationship with fixation
of carbon dioxide;

2H2S  +  C°
2

2S  +  H2°   +  (CH20)

Various workers later studied. the electron transfer path-

ways in the chromatophore of Chromatium vinosum. Olson et al.
(3,4r50) have suggested that cytochromes e-552, c-553 and c'

-
in Chromatium are involved in two different electron-transfer
pathways and that cytochrome c-552 may function in the non-cyclic
electron transport chain as'a link between inorganic electron

.)-)-donors (S- , S, SZO| ) and the main photosynthetic electron
transport system. This suggestion was supported.by Morita et
aI. (5). These authors have found that cytochrome 9-552 in an-

aerobically starved cells is in the oxidized state but is reduced,

on addition of Hrr 52- and 
"r}r'-. 

More recently, evidence has

been presented by cusanovitch et al. (6) that high-potentiar
cytochrome c-553 and low-potentiar cytochrome c-552 appear to
be oxid.ized by different reaction centers and each reaction

●
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center is associated with a specLrally d^ifferent array of light

harvesting chlorophyll (7). Takamiya et. al. have suggested. the

possibility of the presence of two types of association between

the cytochromes and reaction-center bacteriochlorophyll (8).

On the other hand, Parson (9) .and Thronber (10) rr*ave argued

that both the cytochromes are oxj-dized by the same photosystem.

This system has been studied in some d.etail witlr g.vinogum;it

is the cyclic electron transport system which is driven by the

P-883-P-800 reaction center complex. Tied.e et aI. stud.ied the

magnetic properties of the cytochrome and bacteriochlorophyll
of the reaction center i* g.vinosum and proposed a structural
organization of the g.vinosum reaction center and the associated

cytochromes g (11).

Several kinds of C-type cytochrome have been purified from

Chromatium vinosum; cytochrome c-552 (L2-L6l, cytochrome c-553

(17), cytochrome c'(formerly caIIed cytochrome g'l (tZ). and

a cholate-solubilized cytochrome complex (18). Chromatium

cytochrome c-552 possesses two molecules of heme g and one more-
cure of covalentry-bound, FAD per molecule (13r19-21). Arthough
the physical and chemical properties of the cytochrome have been

clarified to some extent, its function was unknown. Fravocyto-
chrome c have been found in two genera of photosynthetic sulfur
bacteri-a, chromatium and chrorobium (13). rn these org:anisms

sulfide is known to be oxidized to sulfate via erementary sur-
fur (22,23) .

rn the present investigation, the author has found. the
purified' cytochrome c-552 has a sulfide-cytochrome c reductase

●
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activity and that electrons are sequentially transported. in the

cytochrome molecule from flavin to heme c in the oxidation of

su1fid.e. Further, it has been found that cytochrome c-552 cata-

lyzes also red.uction of elementary sul.fur with an appropriate

electron donor; e.g. with reduced benzylviologen. This suggests

that the cytochrome may also participate in red.uction of e1e-

mentary sulfur to sulfide in vivor a's whole. celIs of g.vinosum

(27) and C.liraicola f. thiosulfatoph.ilum (25) have been known

to be catalyzed reduction of elementary sulfur to sulfide under

some conditions.

It is interesting that C.vinosum cytochrome c-552 possesses

two molecules of heme g and one molecule of FAD in one molecule

(13) rwhile the counterpart in C.limicola f. thiosulfatophilum,

cytochrome c-553 has one molecule each of heme c and flavin

in one molecule (13). We have succeeded in unveiling to some

extent the structural features of cytochrome c-552; the cyto-.

chrome molecule is split into two subunits with molecular;weight

of 46,000 and 211000. The larger subunit contains flavin, and

the smaller one heme. Some. properties of each subunit have bedn

studied.

MATERIALS AND METHODS

Cultivation of the Organis*

A strain of Chromatium vinosum was kindty supplied. by

Drs.R.G.Bartsch and T.Meyer ( University of California, San Diego,

U.S.A. ) and large-scale culture of the organism was performed

as described by Bartsch and I(amen (12). The cultivation medium

●
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contained in I liter: 10.09 NaCl, 0.59 K2HPO4, 0.59 ir.H2POA, 1.09

NH4C1, 0.59 MgClr6H2O, 0.059 CaCLr, 2.0g NaHCOr, 0.0059 FeClr6H2O,

2.0g NarSrOrSHzO, 1,0g NarSgHrO. Deionized urater was used' to 
i

d.issolve these reagients. The pH of the med.ium was adjusted' to 
'

8.0 with II3PO4. About 20 glass botttes ( 10 liters in volume )

were completely filled with medium and stoppered. with Parafilm.

The medium in each bottle was inoculated with 200 ml of the seed

culture of the organism, and the bottles were illuminated by

100 watt incandescent lamps from a distance of 30 cm at about

3OoC. Cells were harvested after growth for 5 days and stored

aL -20oc before use.

Reaqents

Cytochrome c-552 and cytochrome c' were purified by the

methods of Bartsch and Kamen (12113) and of Bartsch (L2), res-

pectively, with slight modifications, and clttochrome c-553(550)

by the method of Cusanovich and Bartsch (17). Cytochrome c (

555′ ⊆.■ i血 iCO■ a f. thiosu■ fatophi■u■ ) (28)′  cytOChrome ■ (552′

J         NitrosomonaS eurOpaea ) (29)′  and CytOchrome ■  (554′ IPseudomona■

agruginosa ) (30) were purified by the methods previously esta-

blished in our laboratory, and cytochrome c, ( Rhodospirillum

rubrum ) was kindly supplied by Dr.Horio ( Institute for Protein

Research, Osaka University ). Horse cytochrome I ( type vr )

was purchased from Sigma Chemical Co., U.S.A.. Elementary sul-

fur was prepared by the method of Roy and Trudinger (31) -

Various chemicals vtere reagent grade and Purchased from Wako

Pure Chemical Industries, Ltd. ( Osaka ) and Nakarai Chemicals,

Ltd. ( Kyoto ).

0
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θ Absorption spectra at rOom temperature were determュ ned in

a Cary recording spectrophotometer′  model ■5 or ■6。  Thё  FediC―

tion Of cyto9hrome ■ With Na2S ln the presence of cytoChrome c―

552 was fo■■owed spё ctr9photometrica■■y in terms 6f the increase

of the absorbance at the α―peak of each cytochrё 平9。  The reduc…

tion of e■ ementary su■ fur with reduced benzy■ vi。■Ogen was per―

fOrmed anaerobica■■y us■ ng a Thunberg― type cuvette′  and fo■■owed

in terms of the decrease of the absorbance at 550 nm:

Po■yacrylam■ de Ge■ E■ectrophoresis in the Presence of Sodium

podecyl Su■ fat9                                       .

Polyacry■ amide gel e■ ectrophoreSis in the presencё of

SDS was performёd by the methOd Of Weber and Osborn (32)with

s■ ight modifiCations, a s■ ab gel′ ■4。 3 x ■O x O.■  cm′ was made

by po■ymelization of 7。 5 2 acry■amide and soaked overnight in

O=■ M Tris― HC■ buffer′ pH 8.5 containing O。 5 2 SDS′  6M urea′

and ■ t 卜mёrcoptoethano■ .  After e■ ectrophoresis hao been

performed for ■e5 h′  the ge■ was stained with Coomassie bri■ ■i―

ant blue R-250 in a mixture of 30 % methano■  and ■0 % trich■oro‐

acetic acid and then deco■ orized with a mixture of 7 t acetic

acttd and 30 % methano■ .

Isoe■ectric Point Determination

Isoelectric point was determined by isoelectric focusing

as described by Vesterberg and Svensson (34), using an apparatus

with a volume of 110 mI and carrier ampholyte ( f,Xe, Sweden )

in the pH range 3-6 or 3-10. The temperature of the column was

maintained, at 4oC and the electric power at about 1.8 watts.

申
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E■ eCtrophOresis waS performed for about two dayS.

Ana■ ysis of the_Am■ no__Terttinal seque■ 9es

The am■ no term■ na■ sequences were determ■ ned by the Edman

degradation proced■ re (35).  Identttfication of the PTH― derivatives

of amttno acids was Carried Out by thin― ■ayer 9hromatography (36),

pete二lll.natiOn of Amino Ac■ dS Composition             l

The sam_p■ e was hydro■ yzed with 6 N HC■  for 24 h or 72 h at

■■0°C in a sea■ed tube after evacuation.  The hydro■ ysate thus

6btained was dried and ana■ yzed in a Beckman― spinco amino acid

ana■ yzer′  mode■  ■20B′ with an acce■ eration system according to   ・

the method of Spackman et a■ e (37).  The amOunt of cysteine wag

determined With a performic acid-Oxidi2ed samp■ e (38)′  and that

of the cyste■ ne res■ due bound tO heme by the method of Fontana

Ot al. (39).

Ana■ ys■ s of Sulfide

To 3。 O ml of the reaction mixture which contained su■ fide′

was added a 面ixture of O.5 m■ each of Na29°
3 (・

0 %),nd znS047耳,0

(20 を).  :The resu■ ting suspension was stirred for ■ min and

centrifuged at 9′ 000 g for ■O mino  To the precipitate thus

co■■ected was added ■.O m■ of 6N HC■ ′ and H2S gOs generated w,s

trapped in ■.O ml o= 0.■ N NaOHo  The a■ ka■ ine so■ ution thus

obtained was analyzed by the ■ethy■ ene b■ue method (40).     ‐

Measurements of Ox■ dation―ReduCtion POtentia■

In order to titrate oxygen-senstive organrc red.ox systems

with reducing agents in solution (41), a special cuvette as

shown in Figure I was designed. The flask used. for preparation

of the titrant is shown in Figure 2. These units were connected

●
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Figure 1. Cuvette unit: (A) High-vacuum stopcock, jointed to
A-SGJ l4/L5 stand.ard. taper male joint. (B) A-SGJ L4/LS standard
taper female joint , fitted with a combined. micro platinum elebt-
rode (8Ar234, METROHM Ltd..). (C) A rubber gas chromatography septum.
(D) The gas-lock fitting, through which oxygen free argon gas passes
via an inret and exit tube. (E) A rubber gas chromatography septum.
(F) A female L0/24 standard taper joint. (c) The cuvette is made of
glass.

`
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Figure 2. The flhsk: (A - F) are identical to those describe.d for
the cuvette unit in Figure l.
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to the argon g?s line and vacuum line and arranged as shown in

Figure 3. After the redox system to be studied had been placed

in the cuvet'ue and a1l free m.olecular oxygen purged from the

system by evacuatioril , a smal1 amount of the titrating solution

which had been evacuated and flushed with an argon gas was deli-

vered from a Hamilton Gas-tight syringe through a rubber system.

To determine the redox potential a combined. micro platinum

electrode (EA 234, Metrohm Ltd. , Switzerland) and Hitachi-

Horiba pH meter were used. In the redox system, a catalytic

amount of various dyes was added as a mediator between the sys-

tem and the platinum electrode. A11 optical measurements were

carried out in a Cary recording spectrophotometer, model L6, or

a Union SM-401, high-sensitivity spectrophotometer, dt 20oC.

photoreduction of Chromatium cytochrome c-552 in tfte presgnce

of EDTA

Chromatiutt CytoChrome c-552 was placed in the main chamber

of Thunbergi cuvet,te and made anaerobic by repeated cycles of

evacuation and flushing with an argon gas. Added flavin or

EDTA was maintained in the side arm during this process. After

the anaerobic conditions in the cuvette had been completed,

the solution in the side arm was mixed with that in the main

chamber before irradiation. The cuvette was then illuminated

with a 100 watt incandescent lamp at a distance of 10 cm from

the sample and, at. 25oc. Light was transmitted by water

Experiments by the "stopped-Flow" Method

Stopped-flow kinetic measurements of reduction of cyto-

chrome c-552 and horse cytochrome c by suliide or dithionite

●
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Figure 3' connections to gas and vacuum lines. The method used
to make the system anaerobic is as forlows: The d.ithionite solu-
tion was prepared. in the titrant flask (Figure Z). 50 ml of 20
mM K2HPO4' pII 10, was placed in the flask. After all free more-
cular oxygen had been purged from the solution with a vacuum
pump, it was flushed. with argon 9ds, stirring continuously with
the magnetic stirrer. After two such purging cycles, the flask
was opened and the required amount of dithionj-te (other red.ucing
agent) was then added as the solid.. The flask was quickly colsed
and the solution was evacuated with the same method agai-n.
The solution to be titrated was prepared in the cuvette by the
proced.ure like that used flask.

`
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were performed in a Un■ on stopped― f■ow rapid scan ana■ y2er′

model RA-60■ .  Data ana■ySes were made using a uniOn microcom―

puter syste平  77.  The temperature was contro■ ■ed at 25°C.

単9a,ureme,ts‐ o二 Raman ,pedtra

Raman spectra were obtained u,ing the 5■ 415 nm ■ine and l

457。 9 nm ■iine Of an argon ion ■aser (Spectra Physics′  mode■  ■64)

and a 」EOL-400D Raman spectrometer equipped with an HTV― R649  1  :

photomu■ tiplieF・   The frequency ca■ ibration of the Raman Spectro―

meter was perfOrmed with indene (52).

RESULTS

Cu■tivation of Chromatium vinosum

A typical growth curve of C.yangffi is shown in Figure 4.

At' the log phase, a few globules of elemental sulfur accumulated

were seen inside each cell (Figure 5). They disappeared at the

stationary phase

Oxidation of Sulfide with Chromatium cytochrome c-552

C.vinosum cytochrome c-552 purified in the present investi-

gation by the method of Bartsch and Kamen (12113) showed the

absorption spectrum as shown in Figure 6. The absorption bands

or shoulders aL 450 and 475 nm in the oxidized. form were attri-

butable to the flavin. On reduction with NarSrOn, the absorp-

tion spectrum of usual cytochrome c was seen. The purified

cytochrome c-552 was homogeneous as judged from the electro-

phoretic pattern; when it was subject.ed to polyacrylamide geI

electrophoresis in the absence of SDS a single band was observed.

Fr.rrther, when the cytochrome preparation vras subjected to iso-

゛
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Figure 4. Growth curve of chromati.up vinosum. The bacterium
was cultivated in the medium under the cond.itions as described
in "MATERTALS AND METHODS". The turbidity was d.etermined. by
the absorbance at 660 nm. Cells were harvested at the stationary
phase after cultivation for 5 days.

-L2- .



●

゛

●

Stotionory Phose

Figure 5. Pase-contrast photomicrographs of Chromatium vinosum
cells at various phases, (a11 photographs, x I1000). (f),narly-
exponential- phase (Figure A-al i (II),Late-exponential- phase
(Figure 4-b); (.ltII) rstationary phase (Figure 4-cl; (rVl rstationary
phase (Figure 4-d). Cells contain the intracellular sulfur gra-
nules (I,II). With the growth of the bacterium, the granules
disappear (IIITIV).●
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electric focusing, only a single band was detected as determined

from the absorbances at 280 nm and 410 nm of the eluate (Figure -l).

This highly purified preparation of cytochrome c-552 showed a

sulfid.e-cyfochrome g reductase activity

As shown in Figure 8, reductio.n of horse cytochrome 9 by

NarS,*r" greatly accelerated by the addition of a very small

amount of cytochrome c-552. Cytochrome g was scarcely reduced

by Na"S at the concentration used in the present experiment-z

unless cytochrome c-552 r*as added. The optimum pH of the reac-

tion was B. 3 and Km of the f lavocytochr.ome for sulf ide was

12.5 pM. The reduction of cytochrome c with NarS in the presence

of cytochrome c-552 was strongly inhibited by KCN. When the

cytochrome was heated at 80oC for 2 min, its catalytic actS-vity

greatly decreased. CO slightly affected the catalytic activity
of the cytochrome. Some of the catalytic pfoperties of cyto-
chrome 97552 are summarized. in Table I. Free FAD or r'MN did

not show the sulfid.e-cytochrome c reductase activ'ty.

As shown in Table II, several 9-type cytochromes were examined.

if they had the ability to act as electron acceptors in 'place

of horse cytochrome c in the sulfide-cytoch'rome g reduction cata-

l.yzed by cytochrome c-552. Cytochrome c, ( R.rubrum, F;mrT =

0.320 volt ) and cytochrome c (552, N.europaea, Em,1 = 0.250

volt ) acted as electron acceptors as efficiently as horse cyto-

chrome c, while cytochrome c (554t P.qeruginosa, F;mrT = 0.225

volt ) and. cytochrome s (555, 9.limicola f . thjrosulfatophilum,
EmrT = 0.145 volt ) were not reduced under the same experimental

conditions. Cytochrome g' ( EmrT = 0.005 volt ) and cytochrome

●
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6.0

Figure 7. (A) Elution pattern of cytochrome c-552 after isoelec-
tric fractionation. Isoelectric focusing was performed for 2 days
with I ? carrier ampholyte of pH range 3-10 using an apparatus
with a volume of 110 ml. Although a peak was usually seen in
the elution curve around pH 3.5 when the eluate was monitored
in terms of the absorbance at 280 DRr it appeared to be attribut-
able to materials derived from the carrier ampholyte used.
(B) Polyacrylamide ge1 electrophoretic patterns of the purified
preparation of cytochrome c-552. The gel was prepared from 7.5 A

acrylamid.e. The electrophoresis was performed in 0.1 M Tris-HCI
buffer, pH 8.5, for 2 h at 20 mA and 150 voIt, and at aOC.

The trvo electrophoretic patterns were obtained from cytochrome
c-552 at d.ifferent concentrations. The cyt.ochrome was stained
rvith Coomassie brilliant blue.
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Figure 8. Time course of the reduction of horse cytochrome c
by cytochrome c-552 with NarS. The reaction mixture containla
0.2 M Tris-maleate buffer, pH 8.3, 19 UM horse ferricytochrome c,
40 nM cytochrome 9-552, and 10 uM NarS, and performed in air at
23oc. A, complete reaction system; B, in the absence of cytochrome
c-552 o
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Table I. The sulride-cytochrome c reductase activity of cyto-
chrome c-552. The experimental cond.itions were as descrj-bed
in the legend for Figure 8, except for the concentration of
NarS. The molecular activity was calculated from Vmax.

●

- r 1- - L: --- Mo1ecular activityuonoLtl-ons or Ene reactaon (mol of horse cytochiome c
reduced/mol of cytochrom6 c-
552/min)

Comp■ ete

+KCN  22口 M

670 11M

7′ ■40

4′ 2■ 0

■′790

■′790
:る
も
8:hう

°
1:n ~55: heated at

Under CO atmosphere (1 atm.) 61500
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Table I1. Reduction of several kinds of C-type cytochromes by
cytochrome c-552 with itlarS. The reaction mixture contained I0.mM
Tris-HCl buffer, pH 8.5, 10 UM Na2S, and'each cytochrome with (+)

or without (_) 20 nM c.vinosum cytochrome c_552 in a totar volume
of 1.0 m}. The reactions were started. by adding NarS and performed
at 20oC. The increase in the absorbance at the o-peak of each cyto-

a chrome was foll-ovred spectrophotometrically.

Cytochromes c

'd:;:::lr:ie£

:製 1  'ytli‖

:♀りlil,'u:'1Source s -Peak

 ヽ      HOrSe             550

Rhodospirillum rubrum  550

lPseudomonas aeruginOsa 554

°             C:l:争
::l半岩

limiC° la f. 555

Nitlqsolqolas europaea 552

¨
　

＋
　
　
¨
　

＋
　
　
一
　

＋
　
　
一
　

＋
　
　
一
　

＋

7.0

37。 2

5。 0

24.8

5。 7

6。 1

116

2.0

1。 4

12.0
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c-553(550) ( nm,7 = 0,330 volt ) purified. from C.vinosum did

not act as electron acceptors for cytochrome c-552, either.
Tab1e III shows the stoichiometry in the reduction of horse

cytochrome c catalyzed by the cytochrome c-552 with sulfide.
The ratio of horse cytochrome c reduced. to sulfide added was

2 z 1. In this experiment, horse cytochrome c was added. in

fide. These results sussest thr; sulfide is oxidi-excess of sulfide. These results sugges

zed to elemental sulfur by the cytochrome c-552.

The reduction of Chromatium cytochrome c-552 and horse cyto-

chrome c with d.ithionite was folIowed. with a stopped-flow appa-

raLus. The results are shown in Figure 9. The apparent first-

order rate constant for reduction of heme was obtained by plotting

log(a - A-) against time. The rate constants in reduction oft'

cytochrome c-552 and horse cytochrome c urere 263 
"""-1 

and Ig2
-1sec *, respectively. Reduction of cytochrome c-552 with sulfide

was also measured. by stopped-flow (Figure 10). However, the

red.uction r^ras very fast so that the apparent first order rate cons-

tant could not be d.etermined by the method as described above.

Therfore, the constant was calculated by use of k =. 9'693 ,
'L/2

where t, ,., was half-value period. The constant, k thus obtainedL/z
-'lwas 530 sec-'. The reduction rate of horse cytochrome c with

sulfide was determined and compared with that of cytochrome c-552.

The results are shown in Figure 11. As seen clearly from the

results shown in Figure 11, the reduction rate of cytochrome g.

552 rvith sulfide is much faster than that of horse cytochrome c.

However, the kinetic relationship in the red.uction between flavin

and heme c of cytochrome c-552 could not be clarifieC because

●

●
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Table rrr- stoichiometry in reduction of horse cytochrome c
cataryzed by 9lfgqqlivq cytochrome c-552 in. the presence of Na.,s.z
The reaction mixture contained 10 mIvI Tris-HCl buffer, pH 8.5,
9;1pM horse cytochrome c, and 0.19 plt ch,romatium cytochrome g-
552 in a total volume of 3.1 mI.

,I:?rimelt    l‐   ]2ini:::' 
‐
    1 1°

rse Fγ
l:,1五二晋呈eテ re,IC''

■

2

3

4

5

2。 5

5.0

7.5

10。 0

12.5

5。 0

8。 7

■4。 0

■8.0

24。 9
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Figure 10. Red.uctj-on of Chromatium cytochrome c-552 with sulfide'
followed in a stopped-flow apparatus. The experimental conditions
were as described in the legend for Figure 9, except that sufide
in place of dithionite was added. The concentrations of Chromatium
cytochrome c-552 and sulfid.e in the reaction mixture were 1.4 uM

and 1 mlq, respectively.
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I

Figure 1I. Reduction of horse cytochrome g with sulfide, fol-lowedl
in a stopped-flow apparatus. The experimental conCitions were as

described in the legend for Figure 9, except that sulfide was

add.ed in place of dithionite and that the concentrations of horse
cytochrome g and sulfide were 2.'7 VM and l- mM, respectively.
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of the very fast reduction of the cytochrome with sulfid.e and

of overlapping of the absorption spectrum of flavin with that

of heme

Interaction- of Sutfite and Cyanidg with CytochSgme c-552

Massey et al. found (42) that.an interesting reaction of

flavoproteins with sulfite. They showed that a number of flavo-

proteins were bleached on add,ition of sulfite and that the rea-

gent bound. covalently and reversibly with N-5 of the flavin

nucleus (43). As Meyer et aI. (53) have shown, the flavin of

cytochrome c-552 also reacts with sulfite and cyanid'e. In

the present i-nvestigation, their findings were confirmed by

measuring resonance Raman spectra. Figure L2 shows ttre resonance

Raman spectra of cytochrome g'-552 in the presence of sulfite

and cyanide. Addition of sulfite or cyanide to cytochrome c.-

552 resulted in change of Raman lines attributable to the flavin

ofcytochromec-552,whi1eitaianotaffectRamanscattering

by the heme groups of the cytochrome. The characterization of

the Raman lines are summarized. in reference (54r55).

Reduction of Elementary Sulfur with Chromatium cvtochrome c-552

Cytochrome 9-552 also catalyzed anaerobically reduction of

elementary sulfur with reduced benzylviologen as the electron

d.onor (Figure 13) . The reaction was inhibited by cyanide

The reaction mixture smelled of hydrogen sulfide and changed the

color of lead acetate test paper to brown after the reaction

had proceeded to some extent.. Further, production of hydrogen

sulfide was confirmed by the methlene blue formation method

with slight modifications as d.escribed in "TVIATERTALS AND METHODS"

●
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Figure 12. Resonance Raman spectra of cytochrome c-552 in the
presence of sulfite and c1'ranide, Reaction mixture contained 0.1 M

sodium phosphate buffer, pH 6.5r 30 uM cytochrome c-552 and sulfite
or cyanid.e at the concentrations indicated in the figure. A total
volume of the reaction mixture was 60 U 1. (A) When cytochrome
c-552 was excited at 514.5 nm in the presence of sulfite and"

cyanide, Raman lines attributable to heme c did not change.
(B) When excited at 457.9 nm under the same experimental conditions
as (A) , four Raman lines at 1628 , lr54g, L348, and 1246 "*-1 dis-
appeared. These lines are attributable to flavin molecule (55).
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△A=0.2
(A)′

Figure 13. Anaerobic oxidation of reduced benzylviologen by
elementary sulfur catalyzed by cytochrome c-552. The reactions
r.rTere preformed in Thunberg-type cuvettes. The reaction mixture
in the main chamber contained 10 mM Tris-HCl buffer, pH 8.5,
A.67 mM benzylviologen, and O.g4 pM cytochrome in a total volume
of 3.0 ml, and in the side chamber I.2 UmoI NarSrOn was ad.d.ed as
a mixture with glucose (NarS ZOA.glucose, 1:50). The reaction
was started by tipping the NarSrOn into the reaction mixture in
the main chamber. Benzylviologen was reduced instantly when
NarSrOn was mixed with the reaction mixture, and then the reduced
pigment was oxidized in the presence of elementary sulfur.
Although the purple color of reduced benzylviologen was unchanged,
for more than 30 nrin in the absence of the cytochrome, the absor-
bance of the reaction mixture decreased gradually as elementary
sulfur precipitated readily. Elementary sulfur remained in the
suspension for more than several hours in the presence of cyto-
chrome c-552 . The reference cuvette contained, all the components
except for NarSZOd. When cyanide was add,ed to the reaction mixture,
the reaction rates decreased.
(A), In the absence of cytochrome c-552; (D), Complete reaction
system; (B) and (C), 12.2 and 6.1 mM KCN were added, respectively.
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to avoid. the inhibitory effect of dithionite on the analysis (4+1.

However, a stoichiometric relationship between consumption of

the reduced. b'enzylviologen and sulfide formation has not yet

been estab.lished.; as far as tested the molar ratio of reduced

benzylviolog:en consumed to sulfide.formed was about I0, although

the ratio should theoretically be 2.'

Photoreduction of Chromatium cytochrome c-552

Free flavin or some of the enzyme-bound flavin are photo'

reduced und.er anaerobic cond.itions in the presence of ad.equate

elecfron d.onors e.g. EDTA, while C-typg cytochromes are not

reduced under sane conditions. Chromatium cytochrome c-552

was slightly photoreduced in the presence of EDTA as shown in

Figure L4, while addition of free FAD or FMN stimulated greatly

the photoreducLion as shown in Figure 15. The absorption spec-

trum of photoreduced cytochrome c-552 was the same as that of

the dithionite reduced cytochrome. Figure 16 illustrates the

resonance Raman spectra of the cytochrome c-552 preparations i

these preparations involve the cytochrome as purified and.

the cytochrome d.ialyzed, reduced with dithionite, and irradiated
with or without EDTA before the determinations of the spectra.

When the oxidized cytochrome c-552 was anaerobically exposed to

laser illumination (60 milliwatt, 35 min) in the absence of EDTA,

its Raman spectrum did not change. When the resting enzyme was

anaerobically subjected to laser illumination (60 ilW, 35 min)

-1in the presence of EDTA, the Raman lines at L347 cm ^ and. L246

-'lcrl -, which were attributable to oxidized flavin, disappeared,

while the Rarnan line at L364.*-1, which was attributable to

●
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Figure 14. Photoreduction of Chromptium cytochrome c-552.
The reactions were performed in Thunberg-type. cuvettes. The main
chamber contained 3.9 pM cytochrome c-552 dissolved in 3.2 ml
of 0.1 M sodium-phosphate buffer, pH 7.0, and the side charnber

0.15 mI of 0.1 M EDTA. Experimental conditions were as described
in "MATERTALS AND METHoDS". (A) , before illumination; (a) , after
24 h illumination; (C) after 120 h illumination

●

{A)二一-Oh
(3}一―-24h
iC}¨ ¨̈・:・・120h

-29-
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450     500     550     600
WAVELENGTH inm)

a Figure 15. Photoreduction of Chromatium cytochrome c-552 tn
. the presence of FAD. The reactions were performed. in Thunberg-

type cuvettes. The main chamber contained. 3.7 UM cytochrome c-
552 and 0.29 pM FAD dissolved in 3.2 mI of 0.1 M sodium-phosphate
buffer, pH 7.0. The side chamber contained 0.1 rnl of 0.1 M EDTA.

Experimental conditions were as described. in "I4ATERfALS AND METHODS".
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Resting

Irrodiated
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rradioted

:600  :500  1400  1300  1200

RAMAN SHIFT (cm~:)

Figure 16. Resonance Raman spectra of oxidized., reduced and

a irradiated preparations of cytochrome c-552. "Dialyzed" means

the cytochrome which vras dialyzed. against 0.1 M Tris-HCl buffer, 
;

pH 8.5 for L2 h. "Resting" means the cytochrome as purified.
"Irradiated" means the cyt,ochrome which was irradiated with laser ;

in the absence of EDTA. "Irraidated + EDTA" means the cytochrome ',

which was irradiated with laser in the presence of EDTA. The reac-
tion mixture contained 0.1 iul Tris-HCI buffer, pH 8.5, 70 uM cyto-
chrome c-552, and 5 mM EDTA in a total volume of 60 Ul. These l

cytochromepreparationswereexcitedat457.9nm.
Laser powers are common to five spectra; 60 mll for irradiation i

a tA - -, --J ^A-r-tu.5 h) and 20mW for measurements.
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reduced heme c, appeared.. The resonance Raman spectrum of cyto-
chrome c-552 irradiated in the presence of EDTA was the same as

that of cytochrome c-552 reduced with dithionite. As flavoprotein
is reduced by irradiation in the presence of EDTA but cytochrome

g is not, these results suggest that electron is transferred
from flavin to heme c in the molecule of cytochrome c-552.

:  Ttte OXidation― rёduction potentia■  9f cytochrome c-552 was

meaSured by the method as described in "MATERIALS AND METHODS".

FirSt′  the mldpoint potential of phOnoSafFanュ n (Em,7 圭 .o.252

v61t)waS determined iDy dithiOAttte titratiOn tO standirdize the

e■ёctr9de in a spectropotё nti6metrica1 9e■ l as shown in Fユ gure l. ‐ |

Second■ y′  the m■ dpo■nt pOtential at pH 7 of horse cytOch■ Ome c

waS determined by using thё  standardizё d e■ectrode.  In determi―

natェ On 9f the potential of hOrse cytochrome gン  a catalytic amOunt i

O「 ID911P Was´added in the redOtt systett at the concentratiOn where

its‐ abs9rptiOn speむ trum of neithё r ithe oxidized nor reduced form  ‐

ユnterfered with the‐ ,pё Ctrum of hOF,e 9ytOChrOme gI  FiguFe ■7(A)

S,OWS the ch● nge of t'e abSё rptiOn spectra of hOrse cy10chrOIne c

during titration with dithi9niteo  The Em′ 7 of lorSё  Cytochiome   l

■ WaS Oetermined tp ibe O。 252 vO■ t (FiOtre 17(B)).  ihis Oa■ ue was

l■
199。 , agrさёment ttith ltiat rep61tё dl b, other wor、 ers:  lhe pOtる n二  |.‐

til■ Of ChrOmatium cyt9chr6me£-552 was dete.111■ ned by the game methё d

as ■n th9 case Of hOrse cytOё hrOme ■ 9xc,pt that PCIP IユnO 平V

Were addod as mediat6rslin the redo挙 .,yste血。  The rёstitL 。。tainea

With ,c,tochrOme c二 5_52 ale shOwn itt Figure 18(A).  Thё ‐

=血
,7 valte

l                    l ‐  
‐
        1

of cytochrome c_5521轟 as determinei t6.:さ  ■o.o■  volt よ五五
‐
i:n ti was

●

oxidation-Red.uction potential of cytochrome c-552
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unity (Figure 18(B)). However, the Em,7 value obtained above

is the apparent one because cytochrome 9-552 contains two mole-

cules of heme g in one molecule. Therefore, 
-the 

midpoint potentials
of the two heme molecules in the cytochrome c-552 molecule were

determined. It is necessary-to assume that the potentials of two

hemes obey independently the Nernst equation' and, the.extinction
coefficients at 552 nm of'two hemes are the same values. both in
the fully reduced and fully oxid.ized, forms. On such assumptions,

the relationship between the oxidation-reduction potential of
the system and the absorbance at 552 nrn of the cytochrome may be

written as follows:

2( Aヽ― A。 )

■ + さΨ 耳上      . + e軍蜃鐸
=FLI

ヽ

“

 ― A。

where, E, oxidation-reduction potential of the system (measured

Va■ u9)' lH′ EL′ mldpOint potentia■ s Of each heme c molecu■ e in

the cytochrome c'552 molecule; F, Faradayts constant = 23062.4
O

cal/volt; R, gas constant = 1.987 cal/d,egi T, measured ternpera-

ture = 2g3 degree; A, absorbance at 552 nmi AO, absorbance at
552 nm of fully oxid.ized cytochrome c-552i A-, absorbance at 552 nm

res of Eg and E1

satj-sfied this equation were obtained by substituting the mea=

sured values for the other variables; Eg and E" obtained were 16.1mV

■    and …32。 7 mv′ rёlpectiVe■ y. ‐み theOrё tica■ titratioi curve Obtained

,        usinむ  thege vi■ues is sh6wn in Figur9 ■9。   Thё theoretical curve

‐l     a■ mOSt C9incユ ded wil●  the exper■menta■ oneo  This confirms that

●
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Figure 19. Theoretical absorbance changes of cytochrome c-552
in reduction with sodium dithionite. The theoretical titration
curve was obtained. assuming that midpoint potentials of two hemes
of cytochrome c-552 were 16 mv and -33 mv, respectively and that
rrJl't was one. (o), observed. points, (---), theoretical curve.
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the midpoint potentials of the two hemes are about 16 mV and

-33 mV, respectivellzr orr the assumptions,as described above.

On the cter hand, the midpoint potential of flavin of cytochrome

c-552 coul-d. not be determined by the same method as in case of
hemer ds the percentage of the flavin in the reduced form could

not be estimated. from the absorbance change at an appropriate

wavelength in the absorption spectrum. Singer et al. reported

that the midpoint potential of flavin-peptide d.erived from

cytochrome c-552 was -187 mV (47).

Reductive Titration of Chromatium cytochrome c-5?2 with Sulfid.e

The red.uctive titration of cytochrome c-552 was performed

with its substrate, sodium sulfj-de. Figure 20 illustrates the

change of the absorption spectra of cytochrome c-552 during

titration with sodium sulfide. Figure 2L shows the absorbance

changes at 55,2 nm and 480 nm in the spectrum of the cytochrome

during reduction with sulfide. The changes in terms of percent-

age of total absorbance were plotted against the amount of sul-
fide add.ed. The lag in the titration curve was attributed to
traces of oxygen remained in the system. The absorbance at 552

nm was mainly attributable to heme, while 30 ? of the absorbance

at 480 nm to flavin. The contribution in the absorbance at 480

nm by the flavin was calculated on the basis of the extinction
coefficient at the wavelength of free FAD. It was difficult Lo

determine spectrophotometrically the respective oxidation-reduc-

tion states of the two kinds of prosthetic aroups in cytochrome

c-552, because of overlap of the absorption spectra attributable

to the flavin and heme. Although there were such difficulties,

●

●

●

-37-



●

０

Ш
Ｏ
Ｚ
＜
口
∝
○
∽
ｍ
＜

●

500     550
WAVELENGTHinふ 〕

Figure 20.  Anaёrobic reductive tilFation oF Chromatium cytochrome

c-552 青ith su■ fidee  Sulfide (■ .O IrlM_)as titrant was digs。■ved ‐

in Ool N NaOH.  Tho reaction mixture contained O.■  M Tris― HC■   ■

buffer′ pH 8.5, and 5:7 11M cytochrome c… 552 in a tota■  vo■ume of

3.2 m■ ◆  The titration was performed by the method as describeo
in ':MATERIALS AND METHODS".
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Figure 2L. Absorbance changes at 552 nm and 480 nm observed auring i

reductive titration of cytochrome c-552 (5.3 uM) with sulfide
(0.6 mM). Absorbance is plottea in terms of percentage of ihe 

,

total absorbance change. Experimental conditions titere as described.
in "MATERIALS AND IvIETHODS".
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the present experimental results suggested. the possibility that
the red.uction percentage of the henre was always higher than that
of the f'lavin. This is expectable from the rnid.point potentials
of heme c and flavj-n. rf the midpoint potential of the fravin
was higher than that of the two hemes, the absorbance change

reverse to that shown in Figure 21 should be obtained.
Molecu1ar Feature,s

Cytochrome c-552 possesses one molecu■ e of FAD and two mo■ e―

cu■ es of heme tt per lnO■ecule (■ 9-2■ ).  sp■itting the cytochrome

c「 552 mo■ ecu■e intO subunits wa, tried to e■ ucidate the relation―

Ship between its cata■ ytic actiヤity and structur91  whё n cyto―

chrome c-552 ■as subjected tO po■ yacry■ amide ge■  e■ ectrophOresis

in the presence of O。 5 2 Sps7 6M urea′  and ■ t ttmerCapt6ethano■ :

two ma]or bands and ttto minor bands were observed in ge■  stained

with coomassie bri■ ■iant b■ ue R-250 (Figure 22).  The mo■ ecu■ ar  ‐

weights 9f the two major bands were 46′ 000 and 2■ ′000′  respective■ y′

(Figure 23).  Thё  prot.eins included in the twO bands‐ with mo■ e■

cu■ ar weights of 46′ 000 and 2■ ′000 were identified as thё  f■ avo―

prOte■n and cytochrome mo■ eties′  respective■ y′  by separate e■ ectro―

PhOrOS■ S Of the preparations of these two mo■ eties obtaュ ned as

described be■ owo  The other two minor bands were attributed to

cOntaminants 9r irregu■ arity ■n the staining`  As described

be■ow′ this was supported by ana■yses of the N―termina■  aln■ nO acュ d i

and the amino acid compositions of the intact cytOchr6me c-552 and i

two lno■ eties.

When the cytochrome was subjected to isoe■ ectric focusing

for 2 days ■n the presence of 6M urea and ■ t ttmerCaptoethano■
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Fig,re 22。   E■ ectr9phoretiC profi■ es of cytochrome c-552 and
■ts subun■ tse  ElectrOphores■ s was perfOrmed in the presence of
O。 5 t SDS′  6 M urea′  and ■ t ttmerCaptoethano■ e  When the intact
Cyt09hrome c-552 was subjected to electrOphOresis′  two major and
two rn■nor bands were observed in the gel.  The mo■ ecu■ar spec■ es

in the twO ma30r bands were idёntified as the cytoch_rome and f■ avo―

protein lnoieties′  rё ,peetive■ y′ by separate e■ ectrophoresis of these
moieties (B and c).  壼he twO minor bands wё re attributed to some
contaminants Or irregu■ arity in the staining (see the text)。

(A)′ cytochrome c… 552, (B)′  the f■ avoprotein lnoiety, (C)′  the eytO―

chrome moiety.
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Figure 23.  ytO■ ecu■ar weight estimatiOns Of the cytochrome and
f■ avёprotein moieties dё riOed from cytochr9me C~552 ●y pO■yacry■ ―

am■de ge■ e■ ectrophores■ s ■n the preSence of O.5 2 SDS′  6 M urea′
and‐ 1 2 針merCaptoethan01。   Their mo■ ecu■ ar we■ghts were found to
be 46′ 000 and 2■ ′o00′  respective■ yo  The proteins used as markers
to determ■ ne the mo■ ecu■ar weights of these mo■ eties: horse. yto―

chrome ■ (mo■ OWte ■2′ 300)′  egg a■bumin (mO■ 。wt. 43′ 000)′ and
bovine serum a■ bumin (mo■ 。wte 68′ 000).
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in addition to sucrOSe and Carrier ampho■ yte′  twO peaks were

found in the e■ ution curve as mon■ tored in terms Of the absor―

bance at 280 nm (Figure 24).  One peak was ■ocated at pH 5.3

and the other at pH 5。 6.  The e■ uate with pH I.6 was ye■ ■ow in

color and showed absorption peaks at 276′  335′ and 453 nm in thё

oxidized foニュ:I(F二gure 25).  .On reduction with dithionite′  the

absorption peak at 453 nm disappeared, while no peak was observed

around 4■ O nm.  Thege spectral properties show that the ye■ ■ow

e■uate contains flavoprOteiniout nOt helnoproteino  Thё  ratio of

A276 nm/仝453 nm  as 8。 9 with thiS fractiOne  The y■ eld of the

f■aVOpFOtein moiety was more than 95 2 on the basis of the absoF―

bance at 450 nm.  The f■ avoprotein moiety was n6t reduced with

su■ fideo  The cytochrome mo■ ety cou■d not be obta■ ned by the ■so―

eleCtr■ c fOcusing as mentioned above.  In the presence of 針

mercaptOethanol, the heme of the cytochrome moiety was very quick■ y

destrёyed′ so that no red band was seen as wou■ d be expected if

the CytOChro“ e moiety was present in the ё■ectrophoretic co■ umn:

The CytOChrOme mO■ ety was obta■ ned by ge■ fi■ tration w■th

Sephacry■  s-200 in O.■ M TriS― HC■  buffer′  pH 8。 5′  conta■ning 6M

urea and ooltt KCle  The ёlution pattё ri is shown in Figure 26。

The cytochrome ■
-552 preparation was dia■ yzed against O。 ■M Tris―

HCl buffer′ ‐pH 8。 5′ containing 6M urea and O.■M KC■ ′ for ■2 h

before being subjected to ge■  fi■tration.  As shown in Figure 261

essential■ y two peaks were found in thё  e■ution curve as monitored

in termS Of the absorbance at 280 nme  The first and Second peaks

Of the elution curve contained the f■ avoprotein moiety p■ us un―   ‐

sp■ it flavoCytoChrome ■ and the cytochrOme moiety′  respective■y′

●
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Figure 24. :Isoelectric focusing of cytochrome c-552 tn the pre-
sence of 6 M urea and 1 Z ftmercaptoethanol. The el.ectrophor-esis
was performed with 1 eo carrier ampholyte of pH range 3-6 for 16 h
at 1.7 mA and 800 volt using the apparatus with a volume of 110 mI.
The amount of cytochrome c-552 applied was 71 nmol. Each fraction
of the eluate was 2.0 ml. The absorbance was measured at 280 nm

(o), 450 nm(o), and 410 nm(o).
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Figure 26。   E■utiOn pattern of the cytochrome moiety derived from

cytochrome c‐ 552.  Cytochrome c-552 which had been dia■ yZed againSt

O.■  M Tris― Hc■ buffer′  pH 8。 5′  containing O.ュ M KCl and 6 M urea
was chFomatOgraphed On a Sephacry■  s-20o co■umn (2 X 62 cm)equi―

■ibrated with the same buffer used iOr the dia■ ys■s,               ‐
‐_―――――′ 280 nm,        ′ 4■ O nm。
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as judged from their absorption spectra and the eJ.ectrograms

obtained on polyacryl.amide gel electrophoresj-s in the presence

of SDS. In this procedure, the cytochrome moiety was obtained.

in a pure state, while the flavoprotein moiety was eluted to-

gether with the intact cytochrome which survived the procedure.

Figure 27 shows the absorption spectrum of the cytochrome moiety.

There were absorpt.ion peaks at 552 | 523, and 416 nm in its reduced

form. The pyridine ferrohemochrome of the moiety showed absorp-

tion peaks at 550, 520, and 414 nm. The absorbance of the peak

around 280 nm of the cytochrome moieLy.was consid.erably low as

compared. with that of the peak of the intact flavocytochrome;

lhe ratl°  9f A275 nm(?挙 |。
iZeO)/Asoiet(° lidiZed)Was O。

■8 with

the cyt6chrome mOiety, whi■ e the ratiO With the intact cytochrome

was O,56。   The yie■ d of the cytochrome moiё ty was ao9ut‐ 70 を On

the bas■s of the absorbance at 552 im.    :           :

The ettistende Of thё two subunitも  in the Chrё

“

atium cyto―  i l

chrome c-552 molecule was confirmed by analysis of the N-terminal

amino acid residues. The first step of the Edman degradation

procedure gave alanine and glutamic acid and the second step

proline and glycine with the intact flavocytochrome. N-terminal

arnino acid. analysis of the flavoprotein moiety gave alanj-ne followed

by glycine, while that of the cytochrome moiety gave glutamic

acid followed by proline. In the analyses of the N-terminal

residues, amino acids other than those described were practically

indectable.

The amino acid compositions of cytochrome 9-552 and of the

cytochrome and flavoprotein moieties derived from it are shown

●
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Figure 27. Absorption spectrum of the cytochrome moiety derived
from cytochrome c-552. The moiety was dissolved in 0.1 M Tris-HCl
buffer, pH 8.5, containing 6 M urea
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in Table IV. The amino acid compositions shown in Table IV were

determined on the basis of the molecular weights of the respective
proteins, The molecular weights of the intact cytochrome c-552

and of the iwo moieti-es were determined on the basis of the heme

content and by SDS-gel electrophoresis, respectively. The com-

positions calculated on the basis of mol of heme and. FAD pr'esent

in the preparations gave molecular weights of 62rOO0 and 34,000

for the native cytochrome c-552 and the flavoprotein moiety,

respectively. The FAD content was determined assuming the milti-
molar extinction coefficient at 453 nm of the flavoprotein-moiety
to be 11, and the heme content was determined using a coefficient i

at 550 nm of the pyrid.ine hemochrome of heme c of 2g.I. . The

molecular weight thus obtained of the flavoprotein moiety differs
consj-derably from that determined by SDS-gel electrophoresis.

This discrepancy suggests that the assumed value of the extinction
coefficient of the flavoprotein moiety is incorrect. The mole-

cular weight of the hemoprotein moiety was determined to be 13,000

on the basis of the heme content, while it was determined to be

2L,000 by SDS-geI electrophoresis. Therfore, it was concluded

that the hemoprotein moiety as obtained by the above method

contained two molecules of heme 9 per molecule. This is in good

ag'reement with the results obtained by Bartsch et aI. that: Chro-

nqlluq cytochrome c-552 has one molecule of FAD and two molecules

of heme 9 per molecule, although they reported that the molecular

weight is 72,000 + 6,000. The molecular weight of cyt,ochrome 
:

c-552 was determined to be 53r000 by ge1 filtration with Sephadex

G-100 in the tr>resent study. In any case, the amino acid compo-
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Tab■e IVe

chrome and

ca■cu■ ated

determ■ ned

■ntegers。

Amino acid compositions of cytochrome c-552 and of the cyto-
fravoprotein moieties. Numbers of amino acid resid-ues were
on the basis of the molecular weights of each component
as Cescribed in the text, and are expressed. as the nearest
Tryptophan resid.ues were not est,imated.

Amino acid residue Cytochrome
552

C‐ 士
:首 ,° ,hl°1°

 £「 Flavoprotein Cytochrome
moiety moiety

３

５

８

５

０

１

４

９

７

２

３

６

７

８

２

６

８

１

　

・

１

１

１

２

　

１

２

　

　

　

　

１

●

●

Lys

His

Arg

Asp

Thr

Ser

Gl u

Pro

Gly

Al a

Cys

Val

Met

I]e

Leu

Tyr

Phe

39

14

16

48

25

32

58

37

56

67

7

38

14

31

31

26

17

42

16

18

52

26

33

63

39

63

74

8

40

15

36

35

29

19

29

10

13

38

19

27

39

27

46

51

6

33

5

27

23

20

11

Total
★士mol.wti

556

619800

608

67,400

424

44,700

184

21,800

*Calculated on the basis

molecular weights of the

of the mo'lecular weight
two moieties. ** Values

obtained by summation of the
including heme and/or flavin.
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sition of the intact cytochrome c-552 was in good agreement with

the sum of Lhese of the two moieties:

After the two subunits obtained above had been separately

dialyzed against j.0 mM Tris-HCl buffer, pH 8.5, their sulfide-

cytochrone g red.uctase activity waq measured. Neither subunit

showed the activity. Further, the activity was not restored

even when a mixture of the two subunits was dialyzed against 10

mM Tris-HCl bufferr pH 8.5.

Photored.uction of the cytochrome subunit and flavin protein

subunit was studred. By a preliminary experiment, the cytochrome

subunit was not photoreduced but the flavin protein subunit seemed

to be photoreduced in the presence of EDTA.

DISCUSSION

Chromatium cytochd.rome c-552 markedly accelerates the reduc-

tion of cytochrome c by NarS at very low concentrations. The

enzymatic activiLy of the cytochrome could be of physiological

significance, since the organism photosynthetically oxidizes

sulfide to acquire energy and reducing power for its growth.

Although, in general, cytochrome g is rapid.ly reduced. non-enzy-

matically by sulfide, cytochrome c-552 accelerates the reduction

of cytochrome c even when the concentration of sulfid.e is so

low that cytochrome c is not spontaneously red.uced. Further,

as the organism has to take up electrons into cells from sulfid.e

present in the med.ium, the biological reduction of the cytochromes

or other redox proteins in the cells by sulfide could be different

from the chemical reduction which occurs when cytochrome c is

●
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mixed. with sulfide in solution. The findings that cytochrome

a c-552 is extraordinarily rapidly reduced with sulfid-e as compared.

witi: other cytochrome. c such as horse cytochrome g will support

the id,ea tlrai the cytolnro*" is an enzyme, i.e. sulfide-cytochrome

c reductase.

ft is of interest to clarify which protein is the electron

acceptor for sulfide oxidation catalyzed by. cyt,ochrome c-552 in
vivo. Cytochroine g' or cytochrome c-553 (550) purified from

C.vinosum does not act as the electron acceptor in the oxidation
of sulfide by cytochrome c-552. Although a few kind.s of C-type

cytochromes exist in the organism in addition to the above proteins,

the quantity in the ceIls seems to be too small f<rr them Lo act

as electron acceptors in the active oxidation of sulfid.e. Yamanaka

a.nd. Kusai have reported that a flavocytochrome, cytochrome c-553

derived from C.l-imicola f. thiosulfatophilum functions in the

oxidation of sulfide and cytochrome c-555 of the organism acts

as the electron acceptor in the oxidation of sulfide, Chromatiury

cytochrome c-553 (550) resembles C.limico1a f. thiosul fatophilum

cytochrome c-555; both cytochromes seem to be c.-type cytochrorie

(I7, unpublished data). Therefore, it was expected that.cyto-
chrome c-553(550) would acL as the electron acceptor for sulfide
oxj-d,ation with cytochrome c-552 in g.vinosym just as ir g.limico1a

f . thiosulfatophilum. However, cytochrome c-553 (550) d.oes not

act as the electron acceptor. Morita et aI. (5) have suggested

that chromatium cytochrome c-553(550)may participate in a photo―

synthetic pathway different from that in which cytochrome c-552

functions, and it has been reported by other workers (3ra)

●
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that Chromatiu+l cytochrome c-552 is implicated in the electron
transfer between red.uced inorganic sulfur substr:ate and. the photo-

reaction center. Further, it has been claimed that the two hemes

of cytochrome c-552 can be d.istinguished by EPR method (18).

Therefore, it seems likely that one of the two hemes in the cyto-
chrome c-552 moiecule plays the same role as Chlorobi um cyLochrome

c-555r so that the electrons from sulfide may be directly trans-
ported to the light-excited bacteriochlorophylls in the active
centers.

C.vinosum cel1s accumulate granules of elementary sulfur
photosynthitically in cells while sulfid.e or thiosulfate is pre-

sent in the medium. The elementary sulfur thus accumulated, is
finally oxidized to sulfate (23). Therefore, an oxid.ized system

of elementary sulfur should exist in ChormatiuTn and Chlorobium.

However, nothing has been known of the molcular mechanism in the

sulfur oxid.ation in these sulfur photosynthetic bacteria, although

it has been found that an oxygenase participates in the oxidation
of the sulfur in Thiobacilli (56). It seems very interesting and

important to elucidate the oxidation mechanisms of elementary

sulfur under the photo-anaeribic cond.itions in the sulfur photo-

synthetic bacteria.
Under the dark-anaerobic conditions, the Chromatiaceae excrete

sulfide which originates from the intracellular sulfur globules (24)

This has been found with C.vinosum (24,25). Van Gemerden (261271

has demonstrated that it g.vinosum, there exists a strict stoichio-
metric coupling between sutfide formation from sulfur and trans-
forrnation of poly-glucose into poly- g-hydroxybutyrate under the
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dark-anaerobic conditions. This means that elemental storage

sulfur under these circumstances serves as a sink for electrons,'

the sulfid.e is excreted and ATP is formed gle glycglysis. Namely,

an electron flow from NAD(P)H torvard. elementary sulfur must be

possible. As cytochrome c-552 acts also as a reductase of eIe-

mentary sulfur as has been found. in the present investigati-on,

the cytochrome probably participate in the electron transfer to

elementary sulfur, although the direct electron donor for the

cytochrome U vivo has not yet been known

It is necessary to elucidate the order in which an electron

is transported between the prosthetic groups in the cytochrome

c-552 molecule to clarify the physiblogical roles of Lhe two

hemes and FAD. The reductive titration curve of cytochrome c-552

coincides with the theoretical titration curve with n=I, as shown

in Figure 18. This ind.icates that the two hemes of cytochrome

c-552 d.o not accept electrons at the same time. Namely, it seems

probable that electrons transfer sequentially from the low-poten-

tial heme c molecule to the high-potential heme c molecule.

The change in the absorption spectrum of cytochrome c-552 during

its red.uction with sulfider dS shown in Figure 20, is the same

as that is observed during it reduction with dithionite. Therefore,

it seems probable that electrons from sulfid.e are also transported

between two hemes sequentially, although the reductive titration

of cytochrome c-552 was performed only with NarSrOn as sulfide

damages the electrod.e.

Further, it has been found that electron is transported.

between heme c and flavin in the molecule of Chromatium cytochrome
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c-552. Although cytochrome c-552 is slightly reduced. in the

presence of EDTA by irradiation with a 100 watt incand.escent

1ampfor24hasshowninFigureI2,cytochromec-552israpid1y
photored.uced wi*"h EDTA as the photosubstrate in the presence of

free flavins such as FAD or FMN. Massey et aI. (46) have demon-

strated that free flavins catalyze very efficiently the phto-

reduction of a wide variety of flavoproteins. The catalytic
effect of flavins is ascribed to their photoreduction followed

by dark reactions between the free dihydroflavin. formed and the

flavoproteins. An aged cytochrome 9-552 preparation is more

rapidly photoreduced than the fresh one. This is presumably

attributable to the presence of free flavin, which is caused by

hydrolysis of the flavin bound of the cytochrome in the aged

preparation.

When cytochrome s-552 was subjected to laser illumination
in the presence of EDTA for 30 min under anaerobic conditions,

the Raman lines attribuLable to oxidzed flavin disappear and.

those to red.uced heme c appear. These findings confirm occurrence

of electron transport from flavin to heme in the molecule of cyto-
chrome c-552r ds heme g in the cytochrome is not directly reduced

by the laser illumination under the conditions mentioned above.

On the basis of the findings described above, the following
schemes may be thought for the reduction mechanism of cytochrome

c-552 with su■ fide,
{1}

●

●
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It is difficult to determine from the static stud.ies whether

electrons are transported by the pathway (1) or by the pathway

(2') . AlthouEh kinetic studies should be necessary 'for elucidation
of the question, reduction of cytochrome 9-552 with sulfide was

too fast to be followed in the stopped-flow apparatus.

Meanwhile, cyani de binds to the flavin of cytochrome c-552 (Figure

L2) and inhibits the su1,fid,e-cytochrome g red.uctase activity of
Lhe flavocytochrome. These results suggest that electrons from

sulfide are transferred to cytochrome g via the flavin of cyto-

chrome c-552. This electron transport sequence in the cytochrome

c-552 molecule will be supported by another finding. Yong et al.

have:concluded on the basis of the ORD of cytochrome c-552 that

the two heme molecules and one flavin molecule in the cytochrome

moLecule are located very closely to one another (15). Further,

the sequential electron transport from flavoprotein to cytochrome

b in the mitochondrial respiratory chain seems to be favorable

to the idea mentioned above about the relatioship in the electron

transport between the flavin and hemes of the cytochrome 9'552
molecule. On the basis of the findings and discussions mentioned

above, it seems difficult to accept the electron transport path-

way in the above scheme (1). Therefore, I would. like to propose

the following scheme for the reduction of cytochrome c-552 with

sulfide:
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工f the reouctiOn Of cytochrome c-552 with su■ fide fo■■ows the

mechanis五  described above′  the se平 ■quinone of f■ avin would b9

formed dur■ng the reduction of the cytochrome w■ th su■ fide.

It is a future prob■ em to examine by ESR if the Semiquinone of

f■avin is fo二llled in the cytochrome c-552 mo■ ecu■ ee

lt is c■eAr that Chromatium cytochrome c-552 consists Of     '

tWo subunits′  a f■avoprOtein mOiety with a 興o■ ecu■ar weight of

46′ 000 and a cytochrome moiety with a mO■ ect■ar weight Of 2■ ′000。

The f■avoprotein subunit can be Obtained by isoe■ ectric focusing

in the presence Of 6M urea and ■ 2 β―merCaptoethanO■ ′ Whi■e the  :

cytёchrome subun■ t Oou■d not be obta■ ned by the same methodo   l

This may be attr■butab■ e to the ■nstabi■ity to 卜mercaptoethanol

of the heme of cytochrome C-552。    ・In the abSence of ttmerCapto―

ethanol′  cytochrome c-552 was not cottp■ ete■ y sp■it into the two

mOietieso  Thus′  even ェn po■yacryam■ de ge■  e■ectrophOres■ s three

bands were detected in thё  preSence of 6M urea but absence of

針merCaptoethano■ ′ whi■e two bands Wё re detected in the presence

of bOth ■ t ttmё rcaptoethano■  Ond 6M urea.  Thё  excess band

obsёrved in the absence of β―mercaptoethano■ seetts tO be due to

origila■ cytOChrome c-552 ■hich has‐ strvived the e■ectrophoretiC

Proceduree  Therefore′  針mёrcaptoё thano■ is essentia■  to obtain

pure flavOpFotein subunite  Accordi■ g■y′  ■n order to obtain the

cyt6chrome rnoiety′  a mi■ der progedure is necessary whё re the f■ avo―

prot9■n moiety ■s not comp■ete■y separated from the ■ntact f■ avo―

Cy109hrOme ■。  Attempts to obta■ n both subun■ ts sipu■taneous■ y

have so far been unsuccessfu■ 。  However′  it appears tO be correCt

that the lno■ ecu■e oF cytOChrome c-552 ig composed 6f‐ tw9 kinds of

●

●

●

…57-



●

subunits, since N-terminal analysis of the cytochrome has gi-ven

two amino acid residues, alanine and glutamic acid, while the

flavoprotein moieties

has been f,ounC to be glutamic acid and. alanine, respectively.
Themo1ecu1arweightofcytochrome.g-552is53,o00aSdetermined

by gel fiiiration on Sephadex c-100 in the present study. This

value differ,s a tittle from that reported by Bartsch et al. (13).

fn any caser ds jr:Cged from the molecular weights of cytochrome

c-552 and its two subunitsr w€ can conclude that the molecule

of the flavoclztochrorne is composed of one rnolecule each of the

cytochrome and flavoprotein subunits

Yamanaka has reported. that the flavocytochrome c of C.limicola
f. thiogplfatphilun also consist,s of two subunits, a flavoprotein
subunit with a molecular weight of 47 .OOO and a hemoprotein sub-

unit with a molecular weight of 1lrooo (51). Flavocytochromes c

such as C.l-imicola f. tbiosul{atophilum cytochrome c-553 and

C.vinosum cytochrorne c-552 are isolated from very Limited groups

of photoslznthetic bacteria which oxid.i-ze sulfide photosynthetically.
I'urther, both cytochromes have sulfide-cytochrome c reductase

activity and similar molecular features as shown in Figure 28.

It will be interesting to study the evolutionary relationship
between the two flavocytochromes c r €.g. by comparison of the

amino acid sequences, and hence that between chlorobium and

Chromatium.

●

●

●
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INTRODUCTION

Chromatium vinosum cytochrome c-552 possesses two mole-

cules of heroe c and one molecure of covalently bound FAD per

molecuie (li. Fukumori and Yamanaka have reported that ghr"-
matium cytochrome c-552 acts as sulfide-cytochrome c reductase

and probabLy participates in the photosynthetic oxidation of
sulfide in the organism (2) . Usually ftype cytochromes do not

react with carbon monoxide (co), and as rare cases chromatium

cytochrome c-552 (1), cytochro*e 93 (3) and cytochrome c, (4)

have been reported to react with co. Bartsch et al. speculated

that only one of the two hemes of cytochrome c-552 is involved

in the CO-complex formation. In the present investgationr w€

carried out stopped-flow and flash photolysis measurements on

the reaction between red.uced Chromatium cytochrome e-552 and

CO, and tried to analyze the experimental data based on a proposed

reaction scheme. A good agreement between the experimental and

calculation data prompted us to propose that the two hemes in

) cytochrome c-552 react with CO with clifferent affinities and

that the'CO complex is fairly light sensitive.

MATERIALS AND I.,IETHODS

Chromatiqm vinosum cytochrome c-552 was purified as described

by Bartsch and Kamen (1r4) r and dj-ssolved in 10 mM Tris-HCl buffer,
pH 8.5. The concentration of cytochrome c-552 was determined

spectrophotometrically using e*"n of 54 at 552 nm (1). To prepare
o - mIVl

CO-cyLochrome c-552, the cytochrome was reduced. with a small amount

of sodium dithionite and the solution was bublled with CO gas.

●
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CO gas was obtained commercially and used without further puri-
fication. Absorption spectra were record.ed. on a computer-controlled

single beam spectrophotometer constructed of Union Giken spectro-
photometer r*od.ul-es. The whole machine was run by a microcomputer,

systern 71, Kineiic studies were cond.ucted on a union stopped-

flow rapid. scan analyzer, model RA-601, equipped with flash-photo-
lysis acces'sorles. Data analyses were made on a Union inicrocom-

puter system 77. The temperature was maintained at ZS0C, unless

otherwise stated., by use of a Haake K and Fw and. it was monitored

with a thermister.

RESULTS AND DISCUSS10N

Chromatium vinosum cytochrome c-552 formed a carbon monoxide

complex in the reduced. state. upon the comprex formation the

Soret peak at 4L6 nm of the red.uced cytochrome shifted to 4L4 nm

accompanying a increase in absorbance (Figure 1-A) in accordance

with the original observation by Bartsch et al. (l). A difference
spectrum of the CO complex versus the reduced. cytochrcme showed

a peak and. a trough at 415 and 425 rrrnr respectivelyr ds werl as

a small peak at 394 nm (Figure 1-B). rn the visible region the

ct- and $-peaks diminished. in intensity and a difference spectrum

was characterized by peaks at 566 and 539 nm and troughs at 554

and 522 nm (Figure 2) i that is, carbon monoxid,e displaced these

peaks toward.s red contrary to the blue shift of the soret peak.

When a solution of CO-cytochrome c-552 was bubbled through

with argon gdsrthe reduced form was restored

●

●

●

Carbon Monoxide Complex of Chromatium cvtochrome c-552
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Figure I. (A) Abscrption spectra of reduced cytochrome c-552
(1.4 uM) and CO-cytochrome c-552. Cytochrome 9-552 was dissolved
in 10 ml4 Tris-HCl buffer, pH 8.5, and. reduced with a small amount
of sod.ium dithionite. CO-cytochrome c-552 complex was prepared,
by the following method. After cytochrome c-552 was completely
reduced with dithionite, CO gas was bubbled through the solution
for a few minutes.
(B) A difference spectrum between CO-cytochrome 9-552 and the reduced
cytochrome in the Soret region. Reduced cytochrome c-552 (L.4 UM)

and CO-cytochrome c-552 were prepared by the method as described
aboveo 

;
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Figure 2. Difference spectra between CO-cytochrome c-552 and

the reduced clztochrome in the visible region. Reduced cytochrome
c-552 (2.8 UIvI) and CO-cytochrome c-552 r{ere prepared by the method

as described in the legend to Figure I.
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St9pped―Flowl ExpeF■黎entsi On the RealctiOn

c・ 55‐ 2 with carbon MOnoxide

When the reaction of reduced Chromati_um cytochrome c-552

with co was followed on a stopped-fIow apparatus, an absorbance

change did not follow an apparent first order kinetics (Figure 3).
A semilogarithmic plot of the absorbance change due to a decrease

in the concentration of the red.uced. cytochrome apparently was

biphasic in contrast with the result obtained by using bovine

heart cytochrome oxidase (5), in which the reaction proceeded

monophasically. As chromatium cytochrome c-552 contains two c-
type hemes in a molecule, it is specul-ated easily that both of
thern react with co but in d.if f erent manners. Therefore r w€ at-
tempted to explain the observed results based on the simprest
reaction scheme as follows,

)+ ?+. kl , )+ .)+e(Fei', F.i.' ) + co =-- n(ref--co , rel-)----(r)
o-l

2+ ')t k, .rn1ref+-co,v"f*)+"o*-E(Fei+-co,te|+-co)---(2)

t+ )J-where F"i'and Fel'signify each of the two hemes. At an infinite
time after initiation of the reaction equilibrium will established
among E, E'co, and E' (co) r; in the meantime a decrease of E with
time j-s expressed by

[E]'t=[E]0(co+c1exp(-k.t)+c2exp(-k''t))

●

●

where [Ela and te]O are the concentration of reduced.

cytochrome c-552 aL tirne = t and 0, respectively, and

●
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C0  05mM

Figure 3. The absorbance change of reduced cytochrome c-552
after mixing with CO. Reduced cytochrome c-552 was dissolved
in 10 mM Tris-HCl buffer, pH 8.5, and placed in one of the reser-
voires of a stopped-flow apparatus. CO saturated buffer containing
a small amount of sodium dithionite was placed in the other reser-
voir. The two solutions of an equal volume were drived into a

mixing charnJrer under a pressure of 5 kg/cmz. The absorbance change
was followed at 4I5 nm. The concentration of cytochrome c-552
i-n the reaction mixture were 2.8 uM and temperatu::e 25oC.

●
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CZ = constant --------(4)

ku =ol- ----- ( 6 )k' = e+ 67-g

α =与 (k.iCOl + k_1 +

β= k■ k2'C° ]2 + klk_.

CO =
k―

■
k=2

β
'crt

---- ( s)

●

αand β are finctiois of k.′ k_.′ k2′ k-2 and a concentration Of cO′

ICO]′  as fO■ ■ows:

k2[C°l + k_2)~………………――――-7~~(7)

[CO]+ k_lkぅ ICO]――――――
「
……………(8)

●

If assume that tCOl is sufficiently high enough to convert the

reduced cytochrone into the CO complex completely, k' and k" will
o

become

kt = k■ iC° ] +  卜_.  ―――
‐―――――-7~‐ ~~~――――=~~~~(9)

k" 〒 k2[C° ] +  k_2  ~・ ~~二………~~―――――■■―■―_“ __(■ 0)

and 90 Can be regarded to be O.  Consequent■ y′  an absorbance

Changё  after ■n■tiation of the reaction is ettpressed by the fol■ow―

ュng equatiOn if a fractiona■  absorbance change due to E  
―

E・ CO

is dё fined as R′             .

A今t= △A∞ [ ■ + (R・ k・

exp(―k:'t)

一
　

‥

k“ )/(k:: 一 k')exP(― ktt) +  (■ ― R)k./(k"― k.)

―――――̈ ………………‐―………………………………………………(■ ■)

rt'here AA- is the total absorbance change determined experimentally,
The stopped-fIow apparatus which we employed in the present

study was designed to allow mixing of two solutions onty in an

equal volume, accordingly a maximal concentration of CO after
mixing was not higher than 0.5 mM. Although this concentration

turned out not to be sufficient to saturate all of the reduced

hemesras will be shown by subsequent experiments, we tentat.ively
supposed that this would satisfy the above requirement. Figure 4

indicates clearly that an agreement between the experimentar

●
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Figure 4. Ca1culated. absorbance changes of reduced. cytochrome g-
552 after mixing with CO. The experimental data in Figure 3 were
compared with computer generated poj-nts. The calculated curve
which best fitted with the experimental data was obtained by assum-
ing that the absorbance change at 415 nm obeyed the equation.(11)
(see "RESULTS AND DrScuSSroN"). The best fitted curve was obtained
by using the following values for k'j k', and R: k".= o.24 =""-1,
k' = 0.83 """-Ir dnd R = 0.5. :

(o), Experimental data; (o), . calculated values.

●
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and  ca■ cu■ation data is satisfactOry.  The theOretiCa■  Curvё

was obtained by using kt二 0。 83 sed~・  ind i,1=0。 24 sec‐ l′  ana the

best fit was obtained when R = 0.5。   The expё rimenta■ rosu■ts

that were cbtained. at d.ifferent concentrations of cytochrome c-552

between A.7 and 2.8 UM were also analyzed. in the same way, giving

the same kinetic parameters as illustrated in Figure 5.. On the

contrary, when the reactions were carried. out in the presence of

CO lower than 0.5 mM, the experimental data could not be explained

by Equation (11), probably because the requirement for the carbon

monoxide concentration d.id. not' hold any more in a practical sense.

The agreement between the experiment and theory strongly indicates

that both heme c'S in Chromatium cytochromё  c-552 react with CO

and that the extent of a spectral change for conversion of E to

E'CO is half that for a change of E to E-(CO)2. In accordance

with this, the absorption spect,ra recorded by rapid scanning

spectrophotometer during the CO complex formation did not shov

any sign for an appearance of any new spectral species.

a In order to determine the equilibrium constants K, and K,

for the reactions expressed by equations (1) and (2') it is

neceaary to know the concentrations of E′  E,CO′ and E・ (CO)2 at

different concentrations of CO. When reduced Chromatium cyto-

chrome c--552 was mixed with an equal volume of a solution con-

taining CO on a stopped flow apparatus, an absorbance change

approached. a certain level depending on the concentrations of CO.

The change was completed within 30 sec even when the CO concent-

ration was 0. I mM, the lowest ever used. This result indicates

that equilibrium was attained. in this time range. The extent

●
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Figure 5. Dependence of k' and k" on the concentration of cyto-
chrom.e c-552. The experimental conditions were as described in
the legenC to Figure 3, except that the concentration of cytochrome
c-552 was changed between 0,7 pM and 2.8 ulrl, The values of k' and
k" were obtained by the method as described in the text.
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of the total absorbance change due to complete conversion of E

into E. (CO) 2 was estirnated by extrapolating a plot of L/LOD

against I/tCOj to I,/ICOI = O. Consequently, the relationship

among a fraclional absorbance change and the concentrations of
E, E.CO, and. E'(CO)2 is expressed by

[E(CO)]+ 2[E(CO)21

2[E]t

and

[平 lt = [E] +  [E(CO)] +  〔E(99)2] ‐ ~~~==二……T~(■ 3)

The coefficient of 2 in equation (■ 2)was dёrived from R=0。 5。

Thon equatiOn (■2)leads to
K2 tcol + 2[co12

●

F =

F=

2 (K...kz + K2 [co] + tcol 2 
)

This ■s transformed into

2[CO](1 - F) 2F

●

(2F-1)
~  

不2 + K.K2
[CO](2F ― ■)

At various carbon monoxide concentrations the corresponding

values of F can be obtained by calculation. A plot of 2 tCOl (L-E') /
(2F-1) against 2F/ ( tcol. (2F-1) ) then would. give a straight line
wj-th an intercept of K, and a slope of KrKr. The values of K,

and K, thus determined were 2.4 x l0-4ttt and 4.2 x 10-41,i, respectively.
Using these values and equation (la1, a theoretical curve was

obtained fitting satisfactorily well with the experimental values

(Figure 6). This agreement further supports the previous proposal

that the two heme c molecules react with CO, The kinetic para-

meters in equat,ions (1) and (2) were calculated. as follows:

●
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a Figure 6. The effect of CO concentration on the extent of an absor-
bance change at 415 nm on reaction of reduced. cytochrome c-552 with
CO. The experimental conditions were as described. in the legend. to
Figure 3, except the concentration of CO.

0

E + co= 
K'! - e.co
v

E.Co + CO= "2 r E(C0)2

0

Kt =2.37 *1dL M

Kz=t.2O*t0aM

Cyiochrome c-552 1.4 pM
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kl = r.2 x l03t-1=""'1, kz = 3.2 x r02tui-1se"-1, k-t = o.2g =""-1
-'land k_, = 0.I3 sec -.

rt is also noteworthy that the extent of. saturation of heme g 
:

in chromatirlm cytochrome c-552 with co was 0.65 at 0.5 mM co

and 0.8 even at i mM CO.

Photoche-micai Properties of co-chromatium cytochrome c-552

A flash photolysis apparatus employed in the present study

was designed. so that a monitoring light from the source entered

a sample cuvette through a neutral filter and the transmitted
light was d.ispersed in the monochrometer. Consequently, when

the intensity of the monitoring light was strong, littIe absorbance

change was observed. after firing of a flash tube. However, by

diminishing the light intensity the photodissociation was observed

spectrophotometrically. Since the photodissociation of a carbon

monoxide complex of mammalian cytochrome oxidase did not occur

appreciably by a monitor light under a similar condition, it
was conclud.ed that the CO complex of Chromatium cytochrome c-552

is fairly light, sensitive. In fact, even a monochromatic light,
incident on the CO complex was found to photodissociate the sample

especially when the light, intencity was strong. Further photod.i-sso- i

ciation was achived by illuminating the sample cuvette at a right
angle to the monitor beam.

The recombination process of CO following the photodissociation

was cornpleted usually within 10 seconds at d,ifferent temperatures

examined (Figure 7). This process was biphasic and again contrasted.

with the monophasic recombination process observed, with mammalian

cytochrome oxidase, However, difference spectra obtained during this

●

●

●

-76-



●

●

●

●

Figure 7. Spectral changes during the reaction of red.uced cyto-
chrome c-552 with CO. Reduced cytochrome c-552 (1.1 uM) was

dissolved in 10 mM Tris-HCl buffer, pH 8.5, saturated with CO.

After the sample was irradiated with a flashtube, the absorbance
change at a wavelength between 380 and 440 nm was followed on the 

I

stopped-flow apparatus equipped with the flash-photolysis accesories.f
I

2.2
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change sugEested the occurrence of only two spectral species.

The exlent of an absorbance change by photodissociation increased

appreciably as ihe temperature was increased, although no explana-

tion for this phenomenon was made at the present tj-me. This pheno-

menon was not observed with mammalian cytochrome oxid.ase. By using

apparent first order reaction constants obtained for the initial
changes at d.ifrerent temperatures, a straight Arrhenius plot was

obtained as il-iustrated in Figure 8, giving the activation energy

of 4.8 Kcal.mol-l. This value was comparable to that for the

recombination of CO with a hot type of mammalian cytochrome oxi-
dase, 5.3 Kcal'mol-l (5), An absorbance change during the recom-

bination process at ZS}C was also analyzed as was done previously

for the stopped-flow data. The best fit was obtained. when R=0.5,

and k' and k" were 3.96 
"".-l and L.42 

""a'1, respectively.
These values were larger than the corresponding values of k'=0.9

"""-1 and, k"=O.2g =".-1 (Figure 6). rn the stopped-flow experi-
ments a part of the increase can be explained. by an increase in
the carbon monoxide concentration in the reaction mixture (0.5 m},l

-- 1.0 mM), although only this factor does not explain the increase.

Therefore, it is conceivable that k, and k-, also increased re-

flecting a change in the intensity of a monitor light, because

the flash photolysis and stopped,-flow apparatus had d.ifferent

instrumental geometries. Consequently K, and K, would become

larger as the light intensity is increased, whereas they would

become smaller as the light intensity is d.iminished. At any rate,
it is apparent that equation (11) also holds for the flash photo-

lysis data in accordance with the previous proposal.
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31     3.2     3.3     34     3.5

1ノ T{x103K)

Figure 8. An Arrhenius plot for the CO-cytochrome 9-552 complex
formation. The experimental condj-tions were as described in the
legend to Figure 7 except that the concentration of cytochrome
c-552 was 2.8 pl4. The absorbance change was followed at 415 nm.

Tenperature was raised stepwise and it was kept constant during
measurement. The apparent. first-order rate constants were obtained
by the m-ethod as d.escribed. in "RESULTS AND DrScUSSroN".
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Bartsch et al. noticed. that an extinction coefficient in the
Soret region for a carbon monoxide complex of Chromatium cytochrome

. c-552 'a-as smali er than the value that was expected. for the com-

plexing of t.he two hemes in that cytochrome with CO, ,4n4 speculated
that only one of them reacted with. CO. Hovreverr ds we described
in the preced.ing section, even I mM co was not high enough to
saturate aII of the hemes and, furthermore, the extent of the co

codtplex formation was diminished to a certain extent by an incident
monitoring light on the sample. Thus, it is highly probable that
the d.iminished soret peak of the co complex observed by them is
only apparent due to an incomplete comprex formationrtheir pro-
posal being rendered untenable. In conclusionr w€ would like to
propose, alternatively, that both heme c's in Chromatlulq cytochrome

c-552 combine with co wiLh different affinities, although the
d.ifference is small.
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INTRODUCT工 ON

Chromatium vinosum acquires energy necesSary fOr its pro―

cesses by pbotosynthetic oxi.dation of sulfide and. .thicisulfate (1).

Therefore, pi:ctosynthetic oxidation pathways of sulfide and thio-
sulfate should occur in the organism. Our previous studies have

revealed that cytochrome c-552 of the organism acts as sulfide-
cytochtome c reductase and probably participates in the photo-

synthetic oxidation of the salt in the organism (2-4). Van Niel
(5) es.tablished the overall stoichiometry in thiosulfate oxid.ation

by Chromatium v■nO,um:

2NarSro, + ACO2 2HZS04 + 2NarSon + 4(H2o)

As for the oxidation of thiosulfate in Chromatium, three

mechanisms as shown in Figure I have been reported: (I) reductive

cleavage (6), (II) cleavage by an enzyme having the rhodanese

activity (7) , (III) oxidation by withdrawing electrons (8).

However, details of the enzymatic mechanisms have not been known

in either case. Further, our attempts to find. the rhodanese

activity in the celI free-extracts of g.vino:ium have so far bden

unsuccessful.

Previously, Kusai and Yamanaka have purified. from Chlorobium

limicola f. thiosulfatophilum a thiosulfate-oxidizing enzyme which

is classified in the third group as mentioned above (2). As

Ch]-orobium and Chromatium resemble physiologically each other (1),

it is expected that such a thiosulfate-oxidizing enzyme as obtained,

from C.limicola f. thiosulfatophilum participates in thiosulfate
oxidation also in C.vinosum.
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In the present investgation, a thiosulfate-oxidizing enzyme

! has been partially purified and its reaction with various electron
acceptors studied. ft has been found. that HiPfP (high potential
nonhemo* iron protein) of the organism acts as good electron ac-

ceptor for the enzyme in thiosulfate oxidation,

‐                   MATERIALS ANTD lrlETHODS

,peCia■  reagents

Cytochrome c-552 (9)′  cytochrome ■
. (19), cytochrome c-553

`         (,50) (■

0)and HiPttP (■ 1)were purified by the meth9ds estab■iShda

by Kamen and Bartsche  Tuna cytochrome 
■ Was purified by the

l        methOd Of Hagihara et al。  (■ 2)′  and yea,t (Saccharomyce, OvifbrmiS)

.         cytochrome ■ was kindly supp■ ied by sankyo coo Ltd. (Tokyo′ 」apan).

|,         Cu■tures

A stra■ n of chromatium v■nosum was kind■y ,upp■ュed by Drs.

R.G.Bartsch and T.Meyer (university of ca■ if6rnia′  sai Di9gO′

U.S.A.)and ■arge― scole Cu■ tivation of the organism was performOd

as descttibed Bartsch and Kamen (9).  Cel■ s were harvested after

growth for 5 days′  and stored at -209c be16re use。

p。■yacryiam.とo ge■ e■ ectrop19rさ 豊is  l
The electrophoresis was performed with S■aO ge■ prepared

from 7.5 t acrylamide in the absence of sOdium dodecy■  sulfate。  |

After the e■ ectrophores■ s had been carr■ ed out for 2 h at 20 mA

and 150 volt′  the sa■ b ge■ was cut into three strips′  and these

were separate■y sta■ned by Coomass■e br■■liant b■ ue′ by the heme―

staining reagents (■ 3)′  and by the use of ferricyanide reduction

activit, (14)。
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コnZyme assay

:    The standard reaction mixture contained ■O rnM_ phosphate buffer′

pH 6.2′  0.‐ 33 КttI Na2'2°
3′

 
・

0~35 11M ё■ectron accept9r′  and 22 11g enニ

zyme in a tota■  vo■urne of 3。 O mlo  when ferricyanide was used as

the e■ectron acceptor′  its concentration was O.3 mM.  After the

enzyme was added to the reaction mixture′  the reduction of the

e■ectron acceptors was fol■ Owed spectrophotometr■ ca■■y w■ th time.

FnZyme preparation

The Ce■ ■S (abott ■00 g in wet weュ ght)were suspended in 200

m■ of ■9 mpl TiS― HC■ buffer′  pH 8。 5′ the resu■ ting suspension     ‐

was homogenized, and treated with sonic osci■ ■ator (20 kc′  500

watts, Blackstone′ u`s.A:)`  After a■ ■owёd to stattd for l h′  the

suspens■on was centrifuged at ■0′ 000 x g for 30 m■n to remove ce■ ■

debr■ so  The supernatant Obta■ ned here was centr■ fuged at ■00′ 000

x g for 60 min′  and the resu■ting supernatant was dialyzed fOr

2 days against ■O mM Tr■ s― HC■ buffё r′  pH 8。 5 with severa■  changes

of the outer so■utione  The dia■yzed extract was fractionated with

(NH4)2S94 and the precipitate formed between 30 t and 50 2 satu―

ration was col■ ected by centr■ fugation at ■o′ o00 x g for 30 m■ n

and disso■ ved in a minimal vO■ ume of 10 mM Tris― Hc■ buffeF' pH 8.5。

The resulting solution was dialyzed against O.■  M Tris―童c■ biffer′

pH 8.5′ ‐and Charged on a DEAE― ce■ lu■ o,e co■ umn which had been equi―

librated with the same buffer as used fOr the dia■ ysiso  The enzymё

was adsorbed on the co■ ulnn.  After the co■ uFrm had been washed with

O。 ■ M Tris―Hcl buffer′ pH 8.5′ the enzyme was eluted by the line,r

gradient so■ ution which was produced from 300 ml each of Ool,M

Tr■ s… Hc■ buFfer′  pH 8.5 9onta■ n■ng O.5 M NaC■ e  The e■uate obta■ ned

●
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with 0.15 to 0"20 M NaCl had the activity to oxidize thiosulfate.

By repeating the chromatography with DEAE-cellulose columnr' a

very actj-ve enzyme preparation was obtained although it purity

was stili low as checked by polyacrylamide 9e1 electrophoresis.

The partially purified preparation.was used to determine the reac-

tion mechanism of the emzYme.

RESULTS

The enzyme preparation was still crude as checked by poly-

acrylamide gel electrophoresis. However, the enzyme did not con-

tain heme; when the electrophoresis was perforrned at pH 4.0, the

enz)rme moved to anod.e while the heme protein moved to cathode

(Figure 2) . Therefore, it is ,improbable that some cytochrome

present as a contaminant in the present preparation functions as a

mediator in the oxidation of NarSrOt. The enzyme preparation

reduced rapidly HiPIP and cytochromes c of yeast and tuna in the

presence of NarSrOr. Figure 3 shows reduction of HiPIP with

Na,.,S,.,O" in the presence of the thiosulfate-oxidLzLng enzyme.
z4J_

The reduction of HiPIP was increased with increase of phos-

phate concentration qrntil the salt concentration reached about

80 mM, while that of luna cytochrome c was decreased rapidly

with increase of the salt concentration (Figure 4) ' fn the case

of yeast cytochrorTt€ 9.r the reaction rate was first increased with

increase of the salt concentration and then decreased. with further

increase of the salt concentration. Horse cytochrome c was poor

electron acceptor for the enzyme even in 5 mM phosphate buffer.

Ferricyanide was good electron acceptor, and the dependency of

●
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1°  S2032- + 2e ―   s2- + s032-

:]3)」 ]&Pfenni g

Smith & Las cel les

(1966)

Smi th

(_1966)

?. seog2- + cN

3" zsror?- --
-> scN- + sorz-

?l

s4o6t- + ze

゛

Figure 1. Three meehaniims proposed for the oxidation of thio-
suLfate in Chromati'uur vino's.um. (t) Reductive cleavdg€r el cJ.eavage
by an enzlme having the rhodanese activity, (3) oxidation by with-
drawing eleetrons.

臨

Eigure i. ecrylamide geJ- electrophoretic profiLes of, the thio-
sulfate-oxidizing enzyme preparation obtained from 9.9{!55gg1.
The' gel was prepared from 7.5 I acryJ.amide. The electrophore-sis
was performed in 0.I M citrate buffer, pH 4.A, for 2 h at 20 rnA

and 150 volt, and at 4oc.
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Figure 3.  Time course of reduction of HiPIP by the thiosu■ fate―

OXldi7ino ёnZymさ wlth N五
2S2ё 3・

  The reaction mixture contained
50 mM sodium― phosphate buffer′  pH 6。 ■′ ■O ll平 早

iPIP′  ■.7 mM N,2S2°
3′

and 22 μg of the enzyme.
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0       50      1oo

Phosphole Concentrotion(mM)

Figure 4. Depend.ency on phosphate concentration of reduction rates
of various electron acceptors catalyzed by C.vinosum thiosulfate-
oxidj-zing enzyme. The concentrations of thiosulfate, HiPrP, yeast
cytochrome c, tuna cytochrome !r and horse cytochrome c rrere
330 pM, 9 UM, I0 pM and 10 pM, respectively. The amount of the
enzlrme preparation used for each reaction was 20 Vg. A total volume
of the reacLion mixture was 1.0 mI and the reactions were performed.
at pH 6.2.
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its reduction rate catalyzed by the enzlzme was similar to that
of the reCuction rate of HiPIP as-shown in Figure 5. .Cytochrome

c-552, cytochrome c-553(550) or cytochrome c'd.erived f,rom C.vinosum

did not act as the electron acceptor for the enzlzme (Table I).
Km values of the enzyme vTere determined. to be 130 pM for HiPIP

(Figure 6) and 3,3 mM for ferricyaniCe, As shown in Table II,
the enzlzme was 50 I inhibited by 1.3 mM cyanide and 1.7 mM "rrlfit".
This means that the enzyme differs completely from rhodanese.

When the enzyme was heated at IOOoC for 1 min, it lost the activity
completely.

Table III shows the stoichiometry in the reduction of ferri-
cyanj-de catalyzed by the enzlzme in the presence of lj"mited. amounts

of thiosulfate. In this experiment, ferricyanide was add.ed in
excess of thiosulfate. The ratio of ferricyanide reduced. to thio-
sulfate added was un5-ty. From the result, it seems likely that
thiosutfate was oxidized to tetrathionate by the enzyme; 2SrOr2-

+ 2Fe (cl.r) 3- 
--->- 

, qoe'- + 2Fe (CN) 4-. Both sulf ite and

sulfate as the prod.uct in the reaction were not detected by the

qualitative analysis (19) .

DISCUSSION

The present work has revealed that in C.vinosurn the thio-
sulfate-oxidizing enzyme occurs which resembles the enzyme de-

rived from C.limicola f. thiosulfatophilum (2). One of the

differences between the two enzymes is that the Chlorobium enzyme

utilizes cytochrome c-555 as the electron acceptor, while the

Chrom● tium enzyme d9es not react with cytOChrOme c-553(55o)。
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Figure 5. (left) Dependency on phosphate concentration of red.uction
rate of ferricyanide catalyzed by C.vinosum thiosulfate-oxidizing
enzyme. The reaction mixture contained 0.3 mM ferricyanide, 330 Utti

thiosulfate, and 2A Vg enzyme preparation.
Figure 6. (right) Lineveaver-Burk plot for the reduction of HiPIP
with thiosulfate catalyzed by the thiosulfate-oxidj,zj:ng enz)rme.

The reaction mixture contained 50 mM sod.ium-phosphate buffer, pH 6.!,
11 ullt HiPIP, 20 ttg enzyme, and thiosulfate at the concentrations
indicated..
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Table I. Reactivity with various electron acceptors of thiosul-
fate-oxidizing enzyme. Experimental conditions were as d.escribed
in the legend for Figure 4.

Electron acceptor Electron acceptor red.uced
(nmoles/min)

10'mM phosphate maximum

●

Chromatium HiPIP

Chromatium cytochrome c-552 0

Chromatium cvtochrome c-553 0

throryatium cytochrome c' 0

Yeast cytochrome c
Tuna cytochrome g
Horse cytochrome c

4.04

5.62

7。 07

0。 560

■033

0

0

0

5。 62

■0.2

0。 560

●

Table rr. Effects of sulfite, cyanide, and heating on the reduc-
tj-on of HiPrP catalyzed by thiosulfate-oxidLzlng enzyme with
Narsror. The reaction mixture contained. 50 mM sodium phosphate
buffer, pH 6.L, 3.3 mM Narsroy and 20 vg enzyme preparation.

Cond.itions HiPIP reduced. ( nmoles/min)

Comp■ete                     7。 6

+KCN (■ 。3 mM)                312

(2。 O mM)            2.2

+S6:~(・ 07 mII)      316
Heated (■ 00° c′  ■ iin)       o

|●
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Table III. Sioichiometry in reductiori of ferricyanide catalyzed
by C.vinogum tiriosulfate-oxidizing enzyme .in the presence of thj.o-
sulfate. The concentration of ferricyanid.e was 1.5 mM, while
that of thiosulfate was maxmally 0.67 mM. A total volume of the
reaction mixture was 3.0 mI.

|● Experiment NarSrO, ad.ded

(pmo1e)
K3Fe(CN)6 reduCed

(ll mo■ e)

■

２

３

４

５

01400

0.800

■。20

■。60

2.00

0.430

0.8■ 0

1。 20

1.58

■,98

●
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This cytochrome is thought to correspond. to Chlorobium cytochrome

c-555 in functional sense (2r10). However, the glr,romatium enzyme

utilizes HiPIP as the electron acceptor. The structure of HiPIP

isolated from C.vinosum have been extensively studied (15r16).

However, its physiological role was not found. although its par-

ticipation in the photosynthetic electron transfer of the organism

has been suggested (17). In the present work we have shown that

the protein acts as the electron acceptor for the thiosulfate-
oxidizing enzyme. HiPIP has been purified mainly from purple

photosynthetic bacteria (18). As nonsulfur purple bacteria do not

utilize thiosulfate as the photosynthetic electron donor, it may

be that the function of HiPIP as the electron acceptor for the

thiosulfate-oxidizing enzyme is not sole physiological role of

the protein, In any case, it may be said that the present inves-

tigation has revealed at least one of the functions of the protein.

As the oxidation product of thiosulfate by the enzyme seems

to be tetrathionate, it nay be concluded that the present work

has also confirmed the results obtained by Smith (8) with partially

purified. enzyme and native electron acceptor. ChTomatium vinosum

accumulates elementary sulfur in the cells even when the organism

was cultivated. in the presence of thiosulfate but in the absence

of sulfide. Therefore, the organism. should possess an enzyme system

which prod.uces elementary sulfur from thiosulfate directly or yia

tetrathionate. If elemental sulfur is produced directly from

thiosulfate, the organism should have another enzyme which par-

ticipates in oxidatj-on of thiosulfate. Thus, it has been reported

that an enzyme with the rhodanese activity exists in the organism.

伊
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However, in the present investigation, the rhodanese activity
I has not been detected with the cell free extract from'the organism.

If elemental sulfur is prod.uced via tetrathionate, the tfrio=ifeate-
oxidizing enzyne obtaj-ned in the present investigation can be a

main enzrme in the oxidation of thiosulfate in the organism.

In any case, it has been found in the present investigation that
HiPrP can participate in oxid.ation of thiosulf,ate in Chromatium.

vinosum.
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