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EFFECT OF pH INDICATORS ON' VARIOUS ACTIVITIES BY CHROMATOPHORES

OF RHODOSPIRILLUM RUBRUM

by Kazuo HOSOI

1. The effects of pH indicators on activities for ATP formation

'in:the light, ATP hydrolysis in the dark and ATP-Pi exchange in

the dark,with'Chromatophores from Rhodospirillum rubrum were

: examiﬁéd;fof thirtY'one kinds of pH indicatorsrtested, eleven
'kinds (metanil yellow,,z 4—d1nitrophenol, ethyl orange, bromo—
-cresol green, resazurln, neutral red, bromthymol blue, o-naphthol-

'phthalein, o-cresolphthaleln, phenolphthaleln and alizarin yellow G)

'yalmost completely lnhlblted the act1v1t1es for ATP formatlon and

‘ATP-PI exchange at 1 mM, and were studled further.

2 Of the eleven klnds pH 1ndlcators, the PH 1nd1cators other

- than a-naphtholphthaleln, o-cresolphthaleln and phenolphthaleln,ﬁ
_when assayed at approprlate concentratlons of the dyes, 1nh1b1ted
| the ATP-Pi exchange, but not the ATP hydrolysis. In the ATP-P1
exchange, these elght kinds of pH indicators at the concentratlons
described above were competltlve agalnst P1, and non-competltlve

eagainst ATP The remalnlng three klnds of pH 1nd1cators were

non—compet;tive agalnst either Pi or ATP, when assayed at the



concentratlons of the dyes that 1nh1b1ted both activities.

Z3 The amounts of pH 1ndlcators bound with chromatophores were
'ft”measured No c0rrelatlon was seen between the amounts of the
*;bound dyes and the extents of thelr 1nh1b1tlons on elther the
'LATP formation or the ATP-Pi exchange. R | |
l'4 Ethyl orange (pK = 4 1) and 2 4-d1n1trophenol (pK = 3.9) were
-:able to stlmulate the ATP hydrolysxs to thher extents than those
"giiof hlgher PKa values.. f
"7f5 The stimulatory effects of . pH 1nd1cators on the ATP hydroly51s
-were hardly 1nfluenced by extractlon of qulnones from chromatophores.

v'6 Most of the pH 1nd1cators were able to stlmulate both succ1nate-"

cytochrome c2 and NADH-cytochrome c2 reductlons in the dark

' f‘ *7 The mechanlsm for uncoupllng the electron transfer system and
' ‘fthe phosphorylatlon system by pH 1nd1cators was dlscussed, and

“s°hypothetical mechanlsm for the coupllng was proposed.~

‘"scﬁrama£§p£¢£ésfff§m”RhAaospirilluﬁ'rubruﬁ are able to catalyze
the formaitio'n of ATP £rom ‘app and Pi, -which is coupled to the

' ‘photosynthetic, cycllc electron transport system (1,2). Okayama
ofet al. (3) found that ub1qu1none-lO 1s one of the essentlal

»7Vcomponents for the photosynthetlc ATP formatlon. Kakuno et al. '(i)a”»J

'ishowed that heavy water lnhlblts the ATP formatlon in the llght,"




fthe ATP-Pi exchange 1n the dark and the ATP hydroly51s in the

;dark. They showed also that the reductlon of ublqulnone-lo is

i inhiblted by heavy water, but other ox1datlon—reduct10n reactlons

'vare not. The results descrlbed above suggest the pos31b111ty that

'the protons incorporated from water to ublqulnone-lo smmultaneously

.”ﬁdon reductlon of the qulnone by electrons and then llberated

b'-31multaneously on ox1datlon of the qulnone may glve rise the ATP
‘fformatron.v-_" | | |

| The present paper deals with studles on effects of many kinds
;“of pH indlcators on ATP formatlon in the llght, ATP hydrolys1s

an the dark, ATP-Pl exchange in the dark, and cytochrome =P8

“'freductlons by succ;nate and by NADH in the dark w1th chromatophores.y:

'5from R.rubrum.vfj o

ERSERESES Rem EmsNemE=

. Cell culture and chromatophore preparatlon

» The carotenord-less mutant of R. rubrum (G-9) was used The
:*bacterial cells were 1ncubated at, 30° for a day anaeroblcally in p ,
: -the dark and- then grown for 4 days under contlnuous illumination

1(150-foot candles) from tungsten 1amps. The grown cells were

b'l.(harVested, washed w1th 0 l M Tr1s—HCl buffer (pH 8.0) contalnlng

'Hp10% sucrose and then dlsrupted by grlndlng w1th aluminum ox1de

: 'powder (5)~ The disrupted cells Were suspended in ‘the buffer




. (4) s .

xidesCribedvabove;.and'chromatophores'were'COllected by means of
,,idlfferentlal centrlfugatlon descrlbed prev1ously (1, 5) The
.:chromatophores thus collected were suspended in such a volume of

0. 1 M glycylglyclne—NaOH buffer (pH 8.0) contalnlng 10% sucrose
'pthat the suspension would show A873nm = 50, which corresponds to t'f
’hka concentratlon of 0 355 mmole of bacterlochlorophyll/ml

' kd~Act1v1ty assay of ATP formatlon, ATP hydroly51s and ATP~Pi exchange

Act1V1ties for ATP formatlon 1n the 11ght, ATP hydrolys1s in

- the dark and ATP-P1 exchange 1n the dark were measured by the

rfsame methods as descrlbed prev1ously (5 )

The standard reactlon mixture for the act1v1ty assay of ATP

'fiformatlon was composed of 0 50 ml of 0. 6 glycylglyclne-NaOH
'“fhfbuffer (pH 8 0) contalnlng 10% sucrose, 0 10 ml of 0.1 M MgCl,,
| tO 10 ml of O 1 ADP 0. 10 ml of 0.1°M [ P]Pi (approximately
dﬁ[«ul X 10 cpm), 0 10 ml of l M ascorbate, 0 15 ml of chromatophore
Plsuspens1on (A873 /ml 50) and water to make the total volume "
hvl 50 ml The reactlon was started by addlng the chromatophore
‘:*;suspen31on, carrled out at 30° for 4 min in the 1lght (2, OOO—foot
“:*candles), and stopped by addlng O 50 ml of 30% trlchloroacetlc
- acid, prev1ously cooled. The amount of ATP thus: formed was estlmated
'.kby measurlng the radloact1v1ty of [ P]P1 1ncorporated into
: organlc phosphate fractlon accordlng to the method of Nlelsen and |

k‘.Lehnlnger (7) modlfled by Avron (8)

The standard reactlon mixture for act1v1ty assay of ATP

'hydrolysas was composed of 0.50 ml of 0.6 M glycylglyclne-NaOH




f&“{h'y buffer (pH 8 0) contalnlng 10% sucrose, 0. 10 ml of 1 5 mM [y~ P]ATP‘

'f@pprox1mately 1 x 106 cpm), 0.10 ml of 0. 1 M MgCl 0. 15 ml of

27
”'~Achromatophore suspens1on (A873 /ml : 50) and water to make the,
total volume l 50 ml The reactlon was started by adding the
’chromatophore suspen51on, carried out at 30°-for 4 min in the dark,
i :and stopped by addlng 0. 50 ml of 30% trlchloroacetlc ac1d, prev1ously
“’cooled. The amount of P1 11berated from ‘ATP was estlmated by
i measurlng the radioact1v1ty of the [ P]P1 extracted in the organlc
\i.fractlon.‘_ ‘ |
The - standard reactlon mlxture for the act1v1ty assay of ATP-Pi
‘exchange was the same as for the act1v1ty assay of ATP formatlon,
T,t,except that the radloact1v1ty of [ P]P1 was. approx1mately

7

1 x 10 cpm and 50 ATP was added 1nstead of 0 1M ADP In some

[32

‘_cases, P]Pi concentratlons were varled at a fixed concentration

;‘of ATP and ATP concentratlons were varled at a flxed concentratlon

32P]P1. The other experlmental condltlons were the same as

s -'.o‘f 3
those for the act1v1ty assay of ATP formatlon, except that the
::'V_reaction was carrled out in the dark.

.lAct1v1ty assay of reductlons of cytochrome czlby succinate and

ff_b N | |
| The standard reactlon mlxture for the act1v1ty assay of cyto-’
”_ chrome 02 reductlon by succ1nate was’ composed of 0.30 ml of 0.6 M
mglycylglyclne-NaOH buffer (pH 8.0) contalnlng 10% sucrose, 50 ul
A"-of l mM cytochrome c2 1n the ox1dlzed form, 10 ul of 1 M succinate

(succinate-cytochrome c2 reductlon), 20 ul of chromatophore




VH_XG);}\ded

aeh-' fp suspen51on (A873 /ml =.50), and water tomake the total volume
| ”“rzhjil 0 ml. For the act1v1ty assay of cytochrome 02 reduction by NADH,'
_ 20 ul of 0 25 M NADH was added lnstead of succ1nate. The standard
»freactlon mlxture contalnlng other than cytochrome c, was 1ncubated_
dfor 5 m1n 1n the dark at room temperature (24°), and the reactlon R
't]was then started by addlng cytochrome Sy .The absorbace - 1ncrease
“4_at 550 5 nm (the a-peak of cytochrome 2‘in the reduced form) was
h%git”s?measured. | | |

‘Estimatlon of amount of pH 1nd1cator bound w1th chromatcphores

The amount of a pH 1nd1cator bound w1th chromatophores was
»estimated as follows. Chromatophores were mixed with a pH indicator
‘h'HW1th the same components as the reactlon mlxture for assay of |
l'”‘photosynthetlc ATP formatlon, except that ADP and Pi were omltted.
: The mixture was centrifuged at- 105 000 x g for 60 min at room
”hdfi‘temperature.‘The resultlng suppernatant was measured of the
'iabsorbance at the wavelength for a. peak of the pH 1nd1cator.

: Some of the pH 1ndlcators such as o-cresolphthaleln and phenol-
y~[f45ud phthaleln.were bleached at pH 8.0. In these cases, an equal volume :
- j‘of 5 N NaOH was added to the suppernatant descrlbed above, and the

Qabsorbance was measured. : |

*,*Preparatlon of qulnone-free chromatophores

Qulnone-free chromatophores were prepared accordlng to the
‘fmethod of Okayama et al. (3) w1th some modlflcatlons. Chromatophores
”:fcwere washed tw1ce w1th;water, suspended in water to give A873nm 200!:)

”_and lycphilized in the dark. The lyophlllzed chromatophores were




873nm/m1 would

,'be 20 1f they were suspended in the same volume of water. The

;éj, i ”suspended in such a volume of ‘isooctane that the A

vresultlng suspension was stlrred at 0° for one hr. The other

,procedures were the same as those desch.bed by Okayama et al (}_}) .

‘~of pH 1nd1cators
| Respectlve pH- 1nd1cator (20 - 40 mg) was dried under vacuum in
la da51ccator w1th phosphorus pentoxlde untll 1ts weight became
constant. The_dye thus drled was.welghed:and‘dlssolved in water
"with the use of a 100-ml VOlumetric ‘flask. The resulting solution
was measured of absorbance spectrum at v151ble reglon in 90 mM

GTA. buffer* (9) of various pH values.

Absorbance'and absorbance spectrum-Were measured at room temperature
’_‘(24°) by a Cary model 17 spectrophotometer w1th the use of cuvettes
1<‘of l-cm opt1ca1 path B |

FReagents used

1 - 7': ADP and ATP were commerc1a1 preparatlons from Slgma Chemlcal

,Co., St.Louls, Missouri. NADH was purchased from Oriental Yeast

x Mlxture of equimolar concentration of 3 3-d1methyl glutarlc acid,
'tris(hydroxymethyl)amlnomethane and 2—am1no-2—methyl 1 3-propandlol X
hwas adjusted by NaOH or HC1l to desired pH value. The concentratlon ‘,5@
;of the buffer was represented by the total concentratlon of the

;components, except for that of NaOH or HCl.




(8)

.’5t55 .Co., Ltd., Osaka. Isooctane was. commecially obtalned from E.Merk

o ,_;Ag, Darmstadt..{ P]P1 obtained from Instltute of Atomic Energy, Japan,_
_hwas used w1thout further purlflcatlon. All of the pH indicators - ’

- were obtalned from BDH Chemlcals Ltd., Poole, through Da11ch1

;xPure Chemicals Co., Ltd., Osaka.

[Y 32

P]ATP was prepared accordlng to the method of Hor1ut1
et al.:(10). Cytochrome c2 was prepared from llght grown cells of
fR rubrum accordlng to the method of Bartsch et al. (11). It was
*n({oxldlzed-by mlxlng w1th'an excess amount of potassium ferricyanide.
The resultlng mlxture was passed through a column of sephadex G~25,

",and the cytochrome in the ox1dlzed form was separated from the

voxidizing reagent.

RESULTS

. -=======

i ‘fT_Effects of several pH 1nd1cators on act1v1ty for ATP formatlon_
"’"-'f.j'l‘+« . in light S
T It is known that w1th a mlxture of bromthymol blue and chromato-.
phores in a buffer of suff1c1ent1y hlgh concentratlon, the |
vabsorbance at 615 nm of the dye decreases to some extent in the’
:1lght and then~1ncreases to the original level in the -dark (12 —f15).ld
' The cause for thls phenomenon has been 1nterpreted malnly by the
1 following two ways. 1) The absorbance decrease is due to the

f*associatxon of ‘the dye w1th protons lncorporated into chromatophre




leidtffjffE':f 1d17;;dfdifiifif%:flf:aﬁ d;

j:;fﬁ?lff;f:nbff 5;?;;;7 jf(Q):‘j .

7ve51cles (14), and 2) 1t 1s brought about by conformatlonal change51“

",of chromatophore membrane (15)

The effect of buffer concentratlons on the absorbance change

"ffof bromthymol blue bound with chromatophores was measured at pPH 8.0

n;-_(Fig.fl). It was found that the extent of the absorbance decrease

.. Fig. 1

’«bof the dye at 615.nm reached a maximum when the concentration of
vi.the buffer was 0 1 M, was lowered at hlgher ‘concentrations, and
.fbecame constant at 0 3 M. It seems llkely that the rise and fall
i in the extent of absorbance change at the 1ow concentratlons of
ddfthe buffer were mostly invoked by bromthymol blue present at the

"vdﬁfree form 1n the medlum, and that the absorbance change at 0.3 M

hor hlgher concentratlons was mostly, 1f not all, due to the dye.

g bound with chromatophore membrane On the other hand, it was found
‘,that bromthymol blue was a potent 1nh1b1tor on the act1v1ty for
':QATP formatlon:ulthe light w1th chromatophores, as well as with

“ chloroplasts (16) Effect of other pH 1nd1cators than bromthymol

. 'blue were also examlned (Table I)- of the thlrty one kinds of -

Table I

H_pH indlcator tested, about half the klnds of pH 1ndlcator were

v’inhibltory on the actlvzty for ATP formatlon in the llght at pH 8 o'f,,




Cao

Effects of pH lndlcators on the act1v1ty for ATP-P1 exchange in

the dark were also examlned at pH 8. 0 (Table I). Most of. the pH

':1nd1cators lnfluenced both actlvitles for ATP formatlon and ATP-P1 ]
fexchange in s1m11ar manners, However, for instance of exceptions,
4bromophenol blue (1 mM) 1nh1bited the activities for ATP formation
_‘and ATP-PL exchange to 57% ‘and 7%, respectlvely, whereas resazurln

’-(1 mM) to 7% and 48%, reSpectlvely. The eleven klnds of pH 1nd1cator,

metanll yellow, 2 4-d1n1trophenol, ethyl orange, bromocresol green, s

';7 fneutral red, bromthymol blue, a-naphtholphthaleln, resazurln,
"phenolphthaleln, o-cresolphthaleln and allzarln yellow G, which
_almost completely 1nh1b1ted.both act1v1t1es at 1 mM, were used in
"further experlments. These pH 1nd1cators have only one anionic

't~f,group capable of dlssoc1at1ng one proton.

_SOme physical constants of pH 1nd1cators

v, The absorbance spectra of eleven kinds of pH 1nd1cator descrlbed

- above were measured in GTA buffer of varlous PH values. On the
'bas1s of the absorbance spectra thus measured, ‘the percentage
'f(vamounts of the pH 1nd1cators in the d135001ated form were estlmated,

;and plotted as a functlon of pH value (Flg. 2) The,dlssoc1atlon

. Fig. 2

constants (pKa) of pH 1ndicators, whlch correspond to the PH values

sVat which 50% of the dyes are in the d1ssoc1ated form, were determlned.yf

The molar extznctlon coeff1c1ents of pH 1ndlcators were determlned




'”f¢jii)g

"';as described above. Thelr physlcal constants are summarlzed in

’_Table II.vThese values were used in the present study.

‘Table II

'*fInhlbltory effects of pH 1nd1cators on acthLtles for ATP formatlon o

“-eiin light and ATP P1 exchange 1n dark

"_¥ The eleven klnds of pH indlcator,‘at varlous concentratlons,
_fwere measured of effect on the act1v1ty for ATP formatlon 1n the

”ff‘light at pH 8 0 with chromatophores (Flg. 3). All the pH 1nd1cators

‘hhexcept for 2 4-din1trophenol almost completely lnhlblted the e
diiactivity at l #. Neutral red is known to be a pH 1nd1cator and
hfmalso an oxidatlon-reductlon dye. Thls dye sllghtly stimulate and
'T';?signlficantly depressed the act1v1ty at low concentratlons and at-
'tl!;high concentratlons, respectlvely. Any correlation is not seen .f
: f{_between the pKa values and the extents of 1nh1b1t10n. The pH
..1nd1cators descrlbed above inhlblted also the act1v1ty for ATP-P1

| ‘nexchange in the dark at pH 8 0 (Flg. 4). Agaln, any correlatlon

Flg.,4

’ris not seen between the pKa values and extents of 1nh1b1tlon.

The amounts of pH indlcators bound w1th chromatophores were




oaa

':>measured by means of centrlfugatlon of the mlxture of chromato-"
b;phores and respectlve pH 1nd1cators at pH 8. 0, accordlng to the“
iimethod of Jackson and Crofts (14) The amounts of pH indicators ;
' bound w1th chromatophores per. mole of bacterlochlorophyll are -

ldri“plotted as a function of concentratlons of added pH indicators

'7ff(Fig. 5). Slnce stralght llnes can be drawn in the cases with all

'n:the pH 1nd1cators used, 1t seems 11kely that the ratios of the
h'amount of a pH indlcator bound w1th chromatophores to the total
'*;amount of the dye added 1n the mlxture were practlcally constant
' ?;at the range of 1ts concentratlons tested. Any correlatlon is not
*fseen between the ratlos and the extents of the 1nh1b1t10n on elther
”J‘fﬁthe act1v1ty for ATP formatlon or the act1v1ty for ATP-P1 exchange.
”:fg:It may be worth notlclng that 2 4-d1n1trophenol was ‘not detectable )

" to be bound w1th chromatophores.

The act1v1ty for ATP formatlon in the llght was measured in

V_the presence and absence of the pH-lndlcaors with various concen-
_:trations of Pi and a flxed concentratlon (6 7 mM) of ADP (Fig. 6).
j_It was found that all the eleven kinds of pH 1nd1cator descrlbed

',above were non-competltlve 1nhib1tors agalnst Pi.




?1f7 {~f With a-naphtholphthalein, o—cresolphthaleln and phenolphthaleln,
| .k‘.}.fgthe minlmum concentrations required for the 1nh1b1t10n on the
'activity for ATP-Pl exchange were the same as those for the 1nh1b1tion
. on the act1v1ty for ATP hydrolys1s (cf Figs. 4 and 9), On the
;h}fother hand, w1th the other elght kinds of pH 1nd1cator, the minlmum |
'Jkﬁfconcentrations required for the inhlbitlon on the actrv;ty for
‘i‘iATP-Pi exchange were lower than those required for the 1nhib1tion
’h“on_thebactivity.for ATP hydrolysis. At-such‘concentrations of the
i-f;;¥:7'*ph*indicators"that the‘actiﬁity for ATPePi exchange'would be |
e ylinhlbited, but not the act1v1ty for ATP hydroly31s, the activity
',_for ATP-Pi exchange was measured in the presence and absence of
fo:the eight klnds of pH 1nd1cator with varlous concentrations of

‘fjipi and a fixed concentration (3 3 mM) of ATP (Fig. 7), and with
i Fig. 7

",variousiconcentrations of ATP'and'a fixed concentration (6.7 mM) -

_ 1_f+ . of Pi (Fig. 8). It was found that all these pH indicators were
. Fig. 8

ﬁcompetitive inhibitors agalnst P1 and non-competltlve 1nh1b1tors :'
EE against ATP This 1nd1cates that these pH 1nd1cators interacted
’1;awith the same site in chromatophores as ‘that for Pl. At such

ihconcentrations cf pH 1nd1cators that the activ1ty for ATP hydrolysls C;




Sy

?;jfj ?F,'was 1nh1b1ted, the former three’ klnds of PH 1nd1cator were non-'

fd‘fflcompetltive agalnst P1 as well as agalnst ATP. Although it was
7prev1ously reported that they are ‘also competltlve lnhlbltors
5aga1nst P1 (6), repeated experlments revealed that this was not

'the case._.'

;‘Properties of Pg;indicators as,unéouplers'of photosYnthetic ATP
tiv}formatlon 8 “ o | | ) RS |
In the case of oxldatlve phosphorylatlon, reagents such as
”72 4-d1n1trophenol are c1a551f1ed 1nto "uncoupler (uncoupllng
’~bagent)" because of thelr characterlstlc property, in which the
't_’phosphorylatlon of ADP 1s 1nh1b1ted w1thout ‘greately affectlng
‘1f_fthe rate of electron transfer (19) Uncouplers stlmulate the
‘hfinormally latent ATPase act1v1ty of 1ntact mltochondrla but 1nh1b1t
'5i;the other part1a1 reactlons of ox1dat1ve phosphorylatlon such as -
vboi;7ATP—Pi exchange.; Wlth chromatophores of R rubrum, it is ‘known
:‘inftthat 2 4-d1nitrophenol 1nh1b1ts both act1v1t1es for ox1dat1ve and
dzvd;tphotosynthetic ATP formatlons and the act1v1ty for ATP-P1 exchange
'i.bfbut stlmulates both act1v1t1es for ATP hydrolys;s and electron p“"
';fetransfer (5, 10, 20) o , |
S The effects of the eleven klnds of pH 1nd1cator on the act1v1ty

v’;i jfor ATP hydrolys;s in the dark was examlned at pH 8. 0 (Fig. 9).
CUFige9

dit_ﬁaskfoundfthafathehactivity'was stimulated by ethyl orange,




"‘7‘i5’75t :

‘ 2, 4-din1trophenol, resazurin and metanil yellow hlgher than that
51n the absence of the dyes..Ethyl orange of pKa = 4,1 stimulated
E the activ1ty to the hlghest extent at 1 mM, the act1v1ty was three

o times as high as that in the absence of the dye.

Earlier, Yamamoto et al (21) reported that when chromatophoreS‘v'

hh?iare depleted of the quinones, ubiquinone—lo and rhodoqulnone, the
"activ1ty for ATP hydrolysrs in the dark ‘is depressed to some extent, .
h:;and that the activity remaining after extraction of the quinones
iis no longer influenced by the oxmdation-reduction potential of

t”‘the reaction mixture.

”g It was found that the act1v1ty for ATP hydroly51s in the dark |

lwas significantly stimulated at pH 8 0 by: metanil yellow, 2, 4-
“vlffdinitrophenol and ethyl orange, regardless of the extraction of

'1gthe bound quinones and the readdition of ubiquinone-lo (Table I11).

Table III

Parker (22) and Hemker (23, 24) reported that the effec1enc1es

Vof reagents for uncoupling depend on their dissociation constants
Fviand solubilities in llpld. The former auther showed that with
bi’ﬁrat—11Ver mitochondrla, the derivatlves of nltro- and halogeno-.
.iiphenols hav1ng 1ow PKy values 1nh1b1t the ox1dat1ve phosphorylationai"
"5,;and stimulate the ATPase act1v1ty to higher extent than those

5f;5having high pKa values.

With chromatophores, all the eleven kinds of pH indicator Eas




_fdescribed'above5inhibited the'aCtivity for ATP-Pi exchange to
‘Vhigher extents than the activity for ATP hydrolysis (cf Figs.s4.

’fhand 9) Doubtless, both actiVities originate from the same

'lu'-gintermediary state of ‘an enzyme. It is probable, therefore, that

hythe actiVity for ATP hydrolySis remaining after the inhibition of
3ﬁthe actiVity for ATP-Pi exchange by a pH indicator was resulted
7i7from the stimulation of the former actiVity by the dye. Of such
:'lthe~remainingﬂactivities for ATP_hydroly51stin‘the presence of -

- various concentrations of a pH indicator, the maximum remaining

activity7was'plotted asga.function of pKy (Fig. 10). It may be

:*fyseen that all the pH indicators stimulated the actiVity, regardless o ‘

kof their pKa values, low or high However, the extents of

stimulation appears to have an intimate correlation with the pKa

:;values of pH indicators. The pH indicators tested have different
Tchemical structures from one another, but they are common in havingf

'}one group for diSSOCiation-aSSOCiation of one proton. It is
;conceivable, therefore, that their pK values play an important |

i{ﬁrole for the stimulation of the actiVity for ATP hydrolySis.

Jackson and Crofts (14) measured the ratios of the dissoc1ated

"}form to the total ("dissoc1ated" p u "assoCiated") of bromthymol

7[blue in the presence and absence of chromatophores at various pH

77“.,va1ues. and found that the “apparent" pKa value of the dye :




ooan

“ag}'f!f7 ("chromatophore—bound" pl s "free") Shlfts to a more alkaline
(hlgher) pH value. It ‘was found that bromthymol blue was bound
_vwith chromatophores to“decreas1ng extents»wlth 1ncreas1ng (more

alkaline) pH values (Fig. 11). The "true" pK, value of the
Fig. 11

- bromthymol blue bound wrth chromatophores was estlmated as follows.-""

;iff=i*,‘ ;The dlfference spectra,»"chromatophores + bromthymol blue™ E&EEE
o "."chromatophores”, were measured at varlous pH values. The resulting
| spectra showed a peak at 615 nm due to the dye in the dlSSOClated
'v;hform. leferences 1n the dlfference spectra around 615 nm between
”J‘sﬁtthe presence and absence of the dye were not detectable. Under the
lt}l'assumptlon that bromthymol blue would have the same molar extlnctlony ,
»bcoefflclent at 615 nm for the chromatophore—bound and the free |
’ ;f;forms, the percentage ratlos of the amounts of the bound dye 1n
'dilf:the dlssoc1ated form to the total amount of the added dye at varlous

f‘\*jfr}pﬁ values were calculated by the following equatlons.

S A= (A - A x =t x 100

100 - F

=P 4100
¥ S 2 100

" where the abbreviation used are




{}ft?-ff;:,yhAb, absorbance at 615 nm of dye bound w1th chromatophores
£ "“‘hfgb; (bound dYe), | o
f; absorbance at 615 nm of dye 1n the free form (free dye) ;
‘:}Ab+f' total absorbance at 615 T o free E___ bound dye (total
dye) P | . | ‘
“'1F, percentage ratlo in mole of free dye to total dye;
u“gP, percentage ratlo in mole of bound dye in the dissociated
3f4¥ j."d’ : form to total bound dye ("dlssoc1ated" E__g “assoc1ated”),
o 'A, absorbance at 615 nm of the dye at a hlghly alkaline pH value,'[~
_y' R at whlch all the dye is in the dlssoc1ated form, |
| bh'Bromthymol blue in the free form has a pKa value of 7.3 (Flg. 2)
“5n_,In the absence of ohromatophores, approxxmately 90% of the dye is ! e
»- s_gffln the d155001ated form at pH 8 0 The pKa value of the dye bound =
Nw"wfffdw1th chromatophores was obtalned to be 8. 8 (Flg.,ll) At pH 8.0, h
:”?20% of the added dye was bound w1th chromatophores, and only 3.2% o
'4ifiof the bound dye wae in the dlssoclated form at pH 8 0 (Talbe IV).li.f!

. Table IV b

The activity for ATP hydrolys1s ln ‘the dark was measured at
:fpr 8 0, 8. 5 9 0 and 9.5 1n the presence and absence of varlousb
hconcentratlon of bromthymol blue. The act1v1t1es in the absence o
',br‘of the dye were respectlvely regarded as 100, and the dlfference |
f%fpercentage activ1t1es,'"pH 8 5" mlnus "pH 8 0" "pH 9 0" minus |

: pH 8 0” and “pH 9 5" mlnus pH 8 0", were plotted as a functlon :




N

'V“i;ofhthevconcentrations'of the"der(Elg.ll2). Although the actiVity},

‘Fig. 12

ﬁfor ATP hydrolysis at pH 8 0 was stlmulated by bromthymol blue
Adto a sllght extent (see above), the extent of stlmulatlon was
"ftincreased wzth increa31ng pH values. Elther “the amount of the )
i!"bound dye in the d133001ated form or that of the free dye in thev;t
-bldlssoc1ated form 1ncreased w1th 1ncres1ng pH values (Table Iv).
',These findlngs suggest that the dye in the dlssoclated form, but
‘ynot the dye 1n the assoclated form, was respon81ble for the
Q-.stlmulation of the act1v1ty for ATP hydroly31s. wWith bromthymol
sn?blue, it 1s not certain whlch was ‘more effectlve for the stlmulatlon,t,
;ﬁthe bound dye,‘ or free dye. However, the flndlng that 2, 4—d1n1tro-"‘;n
'htphenol was hardly bound w1th chromatophores but stlmulated the
*._activity for ATP hydrolys1s to a remarkable extent, 1nd1cates that
;at least the dye in the dlssoc1ated form was effectzve for the o
"Jstimulatlon. | . |

: Effect of pH 1ndlcators on electron transfer systems in dark

'3 Chromatophores catalyze the reductlons of added cytochrome S,
by succ1nate and by NADH (25) Accordlng to Kakuno et al. (4),

the cytochrome cz, cc and B and non-heme 1ron proteln bound w1th

”_ltchromatophores are of l—electron transfer, whereas the ublqulnone— _V7 :
7_*;10 bound w1th chromatophores is 2- hydrogen transfer, thus, the'

‘oxidation~reductlon between one qulnone molecule and two non—heme _:




?iton'atoms;theSides.eleotron tfansfet; inooporates'and liherates
'7two protons from and ‘to water, so that heavy water inhibits the
”‘reactions 1nvolv1ng the ox1datlon-reduct10n of ublqulnone-lo

AIt was found that not only pH 1ndlcators hav1ng low pK, values but
ftpnalso those hav1ng high pKa values stlmulated the activities for
{fsucc1nate-cytochrome c2 reductlon and NADchytochrome S, reductlon."“

vf1w1th chromatophores (Figs. 13 and 14) of‘the;eleven kinds of

B N N
! ORI S

‘Fig. 13 v

Fig. 14

'pH 1ndicator tested, metanll yellow stlmulated the activity for };ﬁf.-»f7

'fsucclnate-cytochrome 02 reductlon to the hlghest extent, whlch

k"ﬂﬂwas three tlmes as hlgh as the act1v1ty in the absence of the

’dye, whereas o-cresolphthaleln stlmulated the act1v1ty for NADH-
- cytochrome c2 reductlon to the hlghest extent, whlch was ten times
“"as high as the act1v1ty in the absence of the dye. Any correlation

'7t51s not seen between the PKy values and the extents of stlmulatlon

'“1' 'of both aotiv;tles for cytochrome c2 reductlpnp




‘;rle(zlii:jf;:f}f'r"

‘i The competition between Pl and several kinds of pH indicator in

ﬂ-,the ATP-Pi exchange reaction in the dark ‘with chromatophores (Fig.~-

L ;7) indicates that the Pl and dyes competed to each other for the

:’active center of the enzyme cataly21ng the reaction. The chemical

‘vfrstructures of these pH 1ndicators are Significantly different

| {ﬁfrom one another, suggesting that the dissociation—assoc1ation

;fof proton, which 1s characteristic of the pH indicator, is

B ’respon31ble for the competition w1th Pl. The reaction mechanism

'f'{in the active center may be represented by equatlons 1 and 2. ‘
. ERH + POH ——— ERnP + H20 B .

ERI-I+I ———-—-—-——>ER +HI 2)

’h};where ER v ERH, ERﬁP,>If, HI and POH are active center, protonated |

c”pactive center, phosphorylated active center, pH 1nd1cator in the‘
'idissociated form, pH 1nd1cator in the assoc1ated form and ortho-"

d.'phosphate, respectively. Some of the pH 1nd1cators haVing high

"fHPKa values such as alizarin yellow G (pKa = 10 9) were also

'hh;ccmpetitive inhibitors against Pi. 2&poss1ble explanation for this

*,jimay be that such pH indicators in the dissoc1ated form present in
oA trace at’ pH 8 0, at which the reaction was carried out, were |
tfunctional as described above. : |

It was prev1ously reported by Yamamoto et al (26) that when

,¢chromatophores are 1lluminated in. the presence of Pi w1thout addition -

'f:of ADP, the ADP tightly bound w1th chromatophores is phosphorylated




C(22)

fifyd;&f? to bound ATP, and when ADP is added, the bound ATP thus formed
.'btransphosphorylates the added ADP They’prov1ded also ev1dences
| byvshowing that the transphosphorylatlon 1s catalyzed by the NTP-NDP
1k1nase (nucleos1detr1phosphate nuc1e051ded1phosphate phosphotrans~.
dferase) bound w1th chromatophores. In addltlon, Yamamoto et al.
-f!a;f(27) hlghly purlfled the enzyme, and proved that the phosphoryl
‘*enzyme 1s formed as a reactlon 1ntermed1ate and hydrolyzed at rate.
‘as slow as the half 11fe t1me 1s 6 m1n at 20°

The mechanlsm for the formatlon of ER~P from ER and ATP (ADP—O-P)

;fﬁ ‘f«vand that of the d1ssoc1at10n of ERH may be represented by

bx;‘ 4'¥ﬁequat10ns 3 and 1, and by equatlon 4,_respect1vely. ATP-ADP exchange .
o 2 ER o+ ADP-O-P -—~——='ER~P + ADP-O R ) I |

‘ ERNP ¥ H20 -.=-------———-—-'------——-----—-~= ERH + POH - & 1)

7 ERH e ER + 5 4)

i}fﬁy-bfylzs brought about by equatlon 3, ATP-Pi exchange by equatlon 3 and l,
fl:_ ifand ATP hydroly51s by equatlon 3, 1 and 4 These mechanisms suggest i
f;': W'that in chromatophores, the 1nh1b1t10n of the ATP—P1 exchange by

:dkthe pH lndlcators competltlve agalnst P1 was brought about by the
ibl stlmulation of the ATP hydrolys1s by them. It may be worth not1c1ngg
".bthat all these pH 1nd1cators 1nh1b1ted the ATP-Pi exchange to »

'Lghigher extents than the ATP hydroly81s, and that the competltlon N

fbetween Pi and pH indlcators vas obtalned at such concentratlons ,?.

';of the dyes that the ATP-P1 exchange, but not the ATP hydroly51s,

fwould be inhlblted Recently, Yoshlmura et al (unpubllshed data) -

”f-found, usxng chromatophores, that the ATP-P1 exchange is stlmulatedld;‘f




"by addlng ADP and that 1t does not proceed when all the ADP
’?jjpresent, exther bound or free, has been converted 1nto ATP by the
Vlsystem of phosphoenol pyruvate and pyruvate kinase [EC 2 7 1 40]‘_:f
R All the pH indlcators tested stlmulated more or 1ess the ATP
1j._hydrolys1s, regardless of the1r pK values, aC1d1c or alkallnev
C(Flg. 10) There is a tendency suggestlng that when the reactlon
: f{ﬁcarried out at pH 8 0, pH 1nd1cators hav1ng pKa values s1gn1flcantly
“:flower than 8 stlmulated the ATP hydroly51s to hlgher extents than 3
‘zpthe-other pH 1ndlcators._Th1s 1nd1cates that the pH lndlcators in
,che dissoc1ated form were functlonal in the stlmulatlon as shown
fby equatmon 1. When bromthymol blue was bound w1th chromatophores,;
”d,tlts pKa value shlfted from 7.3 to 8 8 (Flg. 11). In fact, it was
uﬂ_?vfound that the stlmulatlon of the ATP hydroly51s is 51gn1f1cantly :
iincreased w1th 1ncreasing (more alkallne) pH values of the reactlon

“"mixture (Fzg. 12).'

~ Earller, 1t was reported that when qulnones are extracted from

B ;chromatophores, the ATP-P1 exchange and the ATP hydrolys1s are.
3decreased, and that when ub1qu1none-10 1s readded, these act1v1t1es
v;zare restored to the orlglnal levels (21) The activities with
.°>non~treated and readded chromatophores are 1nfluenced by ox1dat10n-_;f
freductlon potentlals of the reactxon medlum, but not those with
',;extracted chromatophores. Th1s suggest that ub1qu1none-10 is the
Hh<coup11ng factor for the energy transductlon. Kakuno et al. ‘(i)
ffreported, studylng the electron transfer system, that two protons

”_are incorporated from water to one molecule of bound ublqulnone-lo i




RRCTIIE

i&id;"bﬂ5_.at the‘samemtime-as the quinone\moiecnle accepts twotelectrons
Tt:from two atoms of the bound non-heme 1ron, and they are then
:’.jliberated from the qulnone molecule to the reactlon medlum at the"
5‘same tlme as the qulnone molecule glves two electrons to another
.'bﬂypair of the non-heme 1ron atoms. ThlS suggests that pH indlcators
;hﬁare able to medlate the proton transport to and from the qulnone,
‘»b<iso that pH 1ndlcators strmulate the rate of the electron transfer.~*
;i' dfmlbIt was found that most of the pH 1nd1cators tested significantly
- 'tstlmulated the rate, the relatlve extents of stimulation by varlons,:
:h pH 1ndicators were remarkably dlfferent among the cytochrome S5
‘"fsreduction by suc01nate, the cytochrome c2.reductlon by NADH and
v:fl_ATP hydroly51s (Flgs. 13 and 14) Together'with the'finding that
.¢the systems for the cytochrome c2 reductlon by succlnate and by
vnsNADH involve ubiquinone—lo (21), the present flndlng suggest that i
y pH: 1nd1cators were functlonal as proton medlators at the two
hdlfferent SlteS‘ one was the enzyme cata1y21ng the ATP hydrolys1s -
”31(possib1y, NTP~NDP klnase) and ‘the other the ublqulnone-lo The
S ; »;“reason why there are dlfferences 1n the relatlve ‘extents of stimu- .
. | lation by pH 1nd1cators between the cytochrome c2 reductions by ;ka
c;succ1nate and by NADH is not known.
k : The reaction mechanlsm for coupllng of the energy conservation
~system to the electron transport system is schematlcally shown in

V'tpig. 15.v_
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TABLE I Effect of pH lndlcators on’ act1v1t1es for ATP formatlon 1n llght and ATP-Pl
exchange in. dark The experlmental condltlons were descrxbed:xlthe text, except that
"the 1ndlcated amounts of various klnds of pH 1nd1cator were added. The pKy values of
‘pH lndlcators referred from the catalogue of BDH laboratory chemlcals (15) were used,
vexcept for those 1lsted in Table II The act1v1t1es for ATP formation in the llght
and ATP-Pi exchange in the dark in the absence ‘of pH 1nd1cator were 4.8 moles of ATP
‘formed/m01e Bchl-mln, and 0.55 mole of [ P]P1 exchanged/mole Bchlwmln, respectively.

. Abbreviation used; Bchl, bacteriochlorophyll.

‘.\ATPvformation (%)-' ' :ATP-Pi exchange k%)
- pH indiaator I PK, 0.1 mM lmM S 0lmM 0 1mM
‘_ Metanil yellow _ 1.3 . 68 o 0 o } j764 o _"H4
Tropaeolin’ool - 1.0 -‘2.8(1129) o _53‘ 3 o vh61 '_' - h “QO’
Quinaldine red 1.4 - 3.2( 2:3) 53 | i .':‘ 9z _ | B
Methyl orange 2.8 - 4.6( 3.7) 108 90 S8 B | 0
| Bromophenol blue 3.0 - 4.6(°3.8) 95 - 57 v_h§7 o  .!7
2,4-Dinitrophenol - 3.9 87 36 . | 26
Congo red 3.0 - 5.0( 4.0) 55 BT R d o3 o |
Ethyl orange _,-;. - ihr’:4.1 = _ghf 80 - r3 h . o a N _ 3
?14sﬁ:":'-‘v Bromocresol creen 46 : ‘7“i§?“;597_;i . 0 . 28 1
B 2)5-Dinitropheho1.j" *-;:;,5,5@ 4.8) 'g 110 o ;' 108 - - 97 a o 54
Gallein | » X -5'6.8(a5.1). 108 74 . 1_90', - ‘ ,37 -
" Methyl red 4.2 - 6.3(5.3) 10 el el e
Ethyl red . as-es(s5) %8 - 10
- Resazurin 56 .13 7 o101 48
Bromophenol red 5;2 - 6.8( 6.0) f 99 - 60"'_ 93 : o | 24
~ Bromocresol purple 5.2 - 6.8( 6.0) 105 ; - 66 e "73t' 1
4-Nitrophenol 5.7 - 7.0( 6.0) 84 25 7 L 12
Neutral reda - _fh"6;7 . 7‘ s a7 71 57
0 Bromthymol hlue | o 7.3 - ‘ 5 o | 0; :_ 41.1 L ~‘:-6 :
3-Nitrophenol 6.8 - 8.4( 7.6) f 99 | 19 88 16
‘Phenol red 6.8 -8.4(7.6) w06 20 82 3
‘a-Naphtholphthalein 8.0 58 .d"t o . 0 i 59
o-Cresolphthalein  es s o 29 0
Phenolphthalein : _ 9.7 . E 70 ' - 57 R Ai“
Thymolphthalein 9.3 -10.5( 9.9) 106 88 w3 92
Alizarin yellow G = 10.9 . %0 6 o 47 - 0
SR * Alizarin yellow GG  10.0 -12.0(11.0) 61 9 - f E 47 Lo
Tropaeolin 0 | 11.i -12.7(11.9) 97 106 ' ; 102 L 0
. Tropaeolin 000 11.0 -13.0(12.0) 93 | 14 70 o
Alizarin | 11.0 -13.0(12.0) 111 | 82 102 | 33
Titan yellow ~12.0 -13.0(12.5) 94 62 - 89 3 - 36




N mn(e) PH . welght

© Metanil yellow 1.3 = 468 (20.0) 435 (23.7) 7.7 375

. 2,4-Dinitrophemol - 3.9 - 323 ( 6.6) 360  (16.1) 184

"'iftEtth otange. - 'jﬁ_l; ftf.4}1f .f512¥ ’(21§6)" ‘474'f (35-4) ' 3390

. Bromocresol green 4.6 510 (7.2) 617 (47.4) 6.8 698
 Neutral red 6.7 475 (14.6) 452 (17.5) 12.6 288

" vBromthme1'blue  -“ ;, ‘=f1.3~~?t493vf‘( 6.6)' 615  (42.5) 13 624 R e
:;’a—Naphﬁholphthaléin fﬂffé;d, .  iﬁ  -;*;j‘ ,;{fa53 fﬁ(22;o$"‘li‘v_‘.” ‘419 _._._'i,{';'j ig5
N Q‘Cresolpht.haleinv T 9..'6 '. R R ,566 S S : 346 T
fh_enolphthaiein : 97 , | e 552 e . 318
. Alizarin yellow G 10.9 410  (10.3) 372 (15.1) - 9.8 287

. 478 (18.2) 13




HTABLE III Stlmulatory effect of pH 1ndlcators on. activity for
__ATP hydrolys1s 1n dark w1th lyophlllzed, w1th extracted and w1th

a:reconstructed chromatophores. The preparatlon of various klnds

of chromatophores and the method of act1v1ty assay for ATP ‘hydrolysis

»lwere described 1n the text The concentratlons of pH indicators
lwere l The act1v1t1es for ATP formatlon in the light thh
'vlyoph111zed, w1th extracted and with reconstructed chromatophores

_wereA0.73, 0.04 and 0.51 mole qf ATP formed/mole Bchl.min, respectively. -

'ATP hYdrelySis'(mole of ATP hydrolyzed/mole Bchl-min)

| _pﬁ‘indicator ‘,;_ Lyophilized ‘d Extracted | Reconstructed
‘ '”;'}fijxxrdafffchrpmatcpherea'ﬁu _chromatOphores e chromatcphcres
B _'- ﬁo:“aaaiﬁ’idh-x?‘ IRROEE 0.025 - 0.0111" . 0.021
Metanil yellow - 0.074 .02 . 0.064
2 4-Din1trophencl 0.054 1 0.052 . 0.057
S 'Ethyl orange .}'[ ;;? d;27.t - o 0.30 o 0.22




TABLE IV. Amounts of free and chromatophore—bound bromthymol

i The amounts were calculated on the ba51s of Fig. 11.

u-blue in dissoc1ated form present in mlxture ‘with chromatophores.

iAmouht of bound

'dye per total

vamount of added

Caye (3)

_1267ﬂf_ |
Rt
e

.Amount of free_

dye in dissociated

. form per tota |

' amount of added

58
77
87

o1

.Amount of bound
- dfe in dissociated
form éer total |
amount ef added

dye ()

3.2%
6.4
6.6
7.1

_.f-ihiajﬁaiu;ie:ﬁét'éo”preeise,ae the others.



‘ﬁié; l.lEffect of buffer conCentrations on light—induced absorbance
)."change of bromthymol blue w1th chromatophores. The reactlon mlxture
v,,comprlsed 67 ascorbate, 6.7 mM MgClz, 3.3% sucrose, chromatophore

 suspens1on (A873nm v 5f_;n flnal concentratlon), indicated ‘concen-

-r trations of glycylglycine-NaOH buffer (pH 8 0),; and water to make

"»fﬂthe total volume 3.0. ml. Absorbance at 615 nm was measured at room

h‘vtemperature (24° C) w1th a Cary model 17 spectrophotometer w1th

devxces which enabled us to 1llum1nate the sample cuvette crosswise

'w1th the measurlng and the act1n1c light beams, the actinic llght

: jillumlnated the whole sample solutlon unlformly. The actinic 880 nm

-_llght was obtalned by means of an 1nterference filter (the half
»_bandw1dth = 10 nm) Cuvettes used for cross illumlnatlon were made .

'fof quartz, belng transparent at four s1des (1 x 1 x 4 cm). The

“:reactlon was started by 1llum1nat1ng the actlnlc 880 nm light of

1 x- 103 erg/sec-cmz.i—C:}-, with 50 uM bromthymol blue, |}

‘without bromthymol blue. l : 0.028 [y ~ . S —

 o.020f

o015k 4
e '
‘ I | . , .
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o osoewF S T
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VF:Lg. 2 Tltratlon curves for pH :|.ndicators. Tltratlons were performed
~in 90 GTA buffer. The other exper:.mental condltlons and the
me'th_ods_»-for calculation -were descr:-.bed _J.n the text. 1, metanil
yelleW} 2, 2, 4V-dinitropheno~1, 3, ethy»l»: ofange‘; ‘4, bromocresol green,

5, resazurln, 6, neutral red, 7, bromthymol blue; 8, a-naphthol-

vphthale:Ln; 9, o-cresolphthale:.n' 10', p,henolphthalein, 11, alizarin

yellow G.

100 =

.o

‘c'o
Y1

20

.Persontage disseclation .




‘ f'B, pH indicators having hlgh pKa values.

'Flg. 3. Effect of concentrations of pH 1nd1cators on activity

for ATP format:.on in l:Lght. The exper1menta1 condltlons were

N descrlbed in the text,-except ‘that the indicated amounts of

.pH 1nd3.cators were added. A, pH 1ndlcators hav:.ng low PK, values;

I3

$ mi— —T = ‘ 1

. Ethyt orange ' g
/ (pKasd.l) 1
2,4-Dinitrophenol ‘
; {pKg=3.9)

_. 'Metanit yollb(
- (pKasl.3)

Bromocresol green
(PKQ =2 4.6)

v ;Rouz'u‘rln :
- (pKgeS.8)

. Moles o!“nTP_ form_ocflmoio B}:M /mln S
v L ‘ :
i

Cee

‘tog (pH iﬁ&ic__of_o‘v‘,‘- M): '

T T
Neutral red (pKq=6.7) -

7 Moetes of ATP formed/mole Behi/min .- T
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F:Lg. 4 Effect of concentrat:.ons of pH 1nd1cators on activity

for ATP-Pi exchange in dark. 'I'he experlmental condltlons were

descxbed in the text, except that indicated amounts of pH

J.ndlcators were added A, pI-I J.ndJ.cators hav:.ng low PKai -

'B, pH indicators hav1ng high pKa values.,v’
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"Fig; 5. Effect of concentrations of pH*indicators on their amounts
, bound with chromatophores. The exper1menta1 condltlons were desc1bed
1n the text. A, pH 1ndlcators hav1ng low pK, values, B, pH 1ndlcatorsv

'Ahavipg,hlgh.pKa values; C, pH indicators slightly water-soluble.
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' Fig. 6. Effect Of'Pi'doncentrations on activity for ATP formation

in light in presence and absence of various pH indicators. The

ekpefimehtalgcénditions were'described'in-the text, except that

‘the concentration of {32P]Pi was varied in the presence of 6.7 mM
-'AbP. Métanil yellow, 0.1 mM; 2,44dinitrophenol, 1 mM; ethyl orange,

 'O.2}m§;'bromdcres01vgreen, 0.2 mg; resazurin, 10 uM; neutral red,

0.1 mM; bromthymol blue, 30 uM; o-naphtholphthalein, 0.1 mM;

o-cresolphthalein, 0.1 mM; phenolphthalein, 0.3 mM; alizarin

yellow G, 0.3 mM. A, pH indicators having low pK, values;

B, pH indicators having high pK, values.
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 ,_Fig. 7;'EffeétvOf_Pivconcentratigns on activity for ATP-Pi exchange
in dark in presence ahd absence of various PH indicators. The
expérimental_conditiéns were describédjxxthe text, except that
the concentrations of [32P1Pi.werg varied in the presence of 3.3
:mg ATP‘andythativ3rious pH-indicgtOrs we;evadded. 1, no addition;
2  0'3" =.neu£ra1 red; 3, 0.3 mM resazurin; 4;:0.1 mg ethy1 6range;

'metanil yellow; 7, 50 uM

5 0 3 mM 2 4-d1n1trophenol, 6, 0.1 mM
| bromocresol green; 8, 10 ‘MM bromthymol blue, 9, 0.1 mM alizarin
yellow G. The Km value for Pi in the absence of pH indicator was

' aPPrpximateltvo;Q mM, practically the same as that in ATP formation

~in the light (18).
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 Fig. 8. Effect of ATP concentrations on activity for ATP-Pi exchange

in dark in presence‘and'absence of various pH indicators. The

expérimehtal‘cOnditions were the same as those for Fig. 7, except

~that the concentrations of ATP were varied in-the presence of 6.7 mM

[32P]Pi;.2,4-Dinitrophenol, 0.3 mM; ethyl brahge, 50 uM; bromocresol

green, 50~u§; resazurin, 0.3 mM; neutral red, 0.3 mM; bromthymol

blue, 10 ng} aéhaphtholphthalein, 50 ug;'g—cresolphthalein, 0.1 mM;

pheholphthalein,“0.3 mM; alizarin yellow G, 0.1 mM. Except for the.

case in the presence of o-cresolphthaleln, the Km values were

approx1mately 0. 3 mM, regardless of the presence and absence of

pPH ind1cator. A, pH 1ndlcators having low pKa values, B, pH lndlcators

fhaV1ng hlgh PKy values.
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Fig. 9. Effect of cdncéntrations_qf pH indicators on activity for

_ATP hydrolysis in dark. The experimehtal conditions were described

~in the'text, except that indicated concentrations of various

1 pH indicators were added. A, pH indicators having low pK, values;

B;~pH indicafors having‘high pKa'values,
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Fig. 10 Relation between activities for ATP hydrolysis stimulated

| by pH indicators and their PKy values. The activities for ATP

'hydrolys1s in. the dark which were stimulated by various pH 1nd1cators,

from the data of Flg.j9, were plotted as a function of their pK,

vvalues, as described 1n the text. 1, metanll yellow, 2, 2,4-dinitro-
: phenol; 3, ethyl orange,_4, bromocresol green; 5, resazurin;
:6,»heutral_red;»7,7bremthymol blﬁe} 8, a-naphtholphthalein;
-9,'grcreselphthalein; 10, phenolﬁhthalein; ll, alizarin yellow G.
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Fig. lle_Valﬁes for pK"of bromthYmol blue in free and chromatophore-
fbound forms. Tltratlon of bromthymol blue was performed in GTA
‘buffer of various pH values in the presence and absence of chromato-
'phores. The amounts Of the dye bound with chromatophores were
eStiﬁated aé desdribed in the text. The calculation method for

‘the pKa value of the dye bound with chromatophores was described

‘.in the text.
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Fig.’ 12 Effect of bromthymol blue on act:.v:.ty for ATP hydrolys:.s
at var:.ous pH values. The actJ.VJ.ty for ATP. hydrolysis in the dark
_.was measured as described in the text, except that 0.6 M GTA buffers
'cqntalnlng_ 10% sucrose _(pH' 8.0, 8.5, 9.0 and 9.5) were used instead
| of ’glyc.ylglycl;iv.ne—NaOH buffei:', and t_hat _bforﬁth&mol blue was added

astin‘diciated.', The method for plotting was described in the text. .
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'_Fig, 13;vEfféct of conééntrations.of pH indicators on activity
fof éucéinate-cytochfpme cy réductiOn.vThe experimental conditions‘l
were»dg5¢ribed ih the text, except tha£ indicated concentrationé
of_pH indicators were added. The rate fo; succinate-cytochrome Cy

reduction in the apsencé of-pH-indicator was 0.61 mole of
_thochrOmé cé reduced/mole Bchl-min. A, pH indicators having low

-pK_. values; B, pH'indicators having high pK_ values.
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" Fig. 14. Effect of cqncentrations of pH indicators on activity

for NADH-cytochrome c, reduction. The,experimental conditions were_

vdescrlbed in the text, except that 1nd1cated concentrations of

pH 1ndlcators were added.. The act1v1ty for NADH-cytochrome c,
reduction in the absence of pH indicator was 1.5 mole of

thochrome c, reduced/mole Bchl'min. A, pH indicators having low

PK, values; B, pH indicators having high PK, values.

q—

Ty —

B |
‘ 1100 |- ~
K .
l 000 o=Cresoiphthalein N
1 800 f- -
800 f~ _ -
700 3 il_; Nou"e! _ud .
' , g 700 [ 4
o
§0a>- 2 »
2 "o 690 - N -
s » S -~ Naphthotphthalein
D L .
- 500 | g . ,
’ w. 500 |~ .
& g |
H 400 < Allzarin yellow G
g . ' _;_’ 400 |-
Qo
2 . L&
& 300 |- °
% : 300 }~. Phenolphthalein
e
| ® =
" 200 M o 2
2 200 e 200 -
: N
: % .loo.—-J
e o Ik |
B N -8 -4 -3 -2

— e
i .

tog CpM indicator, M1 - ' L 109 LpH indicator, M3 s

e ' T ) oot : :
N L. AT o



. 6'/\

Fig. 15. Schematic mechanism for coupling of elec_trdn transport

with energizat_ion' of NTP-NDP kinase leading to ATP formation in

chromatophore membrane. uQ, ub:l.qu:.none-lo, Non-heme, non-heme

_J.ron protein; Cyt cz, cytochrome c2, Liac, componeht responsible

for _light;-:.nduced. abosorbance change (28) ; Bchl, antennal bacterio-

~ chlorophyll.
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