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Introduction

Ruthenium red is a polymucosaccharide stain, which has been used in mito-

chondria as a specific inhibitor of Ca2+ transport (9, 10). The molecular complex of

ruthenium red has been studied by Clausen (7). The crystal structure of the ethyl-

enediamine analog of ruthenium red is shown by Smith et al. (13). The reduction of

acido ruthenium(III) ammine complexes by various cellular components has been

studied by Clarke and associates (5, 6) and as acceptors for NADH dehydrogenases

of plasma membrane by Laliberte, Crane and Clarke (8). In this study we have com-

pared the positively-charged ruthenium ammine complexes with the negatively-

charged methylviologen as electron acceptors in PS I with the purpose of finding

out how local surface charges affect electron transport.

Materials and Methods

Spinach chloroplasts were prepared and assayed as previously described (3).

The isolation and suspension medium was 0.4 M sucrose and 0.05 M NaCl (SN

chloroplasts). Chlorophyll concentrations were determined according to Arnon (1).

Oxygen uptake with methylviologen or oxygen evolution with the ruthenium am-

mine complexes as electron acceptors was measured with a Clark-type electrode.

Reaction rates were recorded with a Sargent-Welch SRG recorder. The ruthenium

ammine complexes were synthesized by Dr. Clarke and associates of Boston Col-

lege with the exception of hexaamine Ru(III) chloride, which was purchased from

Alfa Inorganics and further purified by precipitation and recrystalization from 0.1

M HC1. Ruthenium red was purchased from K and K Laboratories, Inc.

Results and Discussion

It was found that chloroplasts vary in their ability to reduce ruthenium am-

mine complexes and ruthenium red. Figure 1 shows that ruthenium red and chloro-

pentaammine ruthenium(III) gave the lowest electron transport rates in spinach

chloroplasts, while the pyridine pentaammine ruthenium complex, which is not as

readily autooxidizable, gave the highest rates, comparable to those obtained with

methylviologen as the electron acceptor. The differences in rates are also due to

reduction potentials of the various Ru(III) complexes and the ability to reach the

sites of action in the membrane. The pyridine complex has been shown to penetrate

into proteins on account of the pyridine ring (10), thus establishing a closer contact

with the active site on the membrane. The optimum pH for all these reactions is

between pH 7 and 7.5 (Figure 2).

Since ruthenium compounds have not been used as electron acceptors in
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spinach chloroplasts before, it was necessary to establish, if the H 2
0— MV reaction

and the H2
0— ruthenium(III) ammine complexes behaved alike toward various PS
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Figure 1. Electron Transport Rates in Spinach Chloroplasts with Ruthenium
Ammine Complexes and Ruthenium Red as Electron Acceptors. The reaction mix-

tures contained chloroplasts (50 fig chlorophyll), 25 mM Tris-Mes buffer, pH 7,

5mM NH^Cl, 0.5 mM Na azide and ruthenium compounds in concentrations in-

dicated.
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II inhibitors. As Tables I and II show, all reactions tested were inhibited by DCMU,
dibromothymoquinone, bathophenanthroline and polylysine, showing that there

was no difference between these reactions. This provides evidence that

methylviologen and the ruthenium compounds tested act as electron acceptors at

the same site or close to each other in PS I.

Since ions can alter local surface charges of membranes, as shown by Barber

and associates (2, 12), MgCl2 , CaCl2 and bicarbonate ions were tested on the methy-

lviologen and the ruthenium reactions. As Figure 3 shows, Mg2+ and Ca2+ ions

showed very little effect regardless of acceptor used. Bicarbonate, on the other
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Figure 2. The pH Optima of Electron Transport Reactions with Methylviologen

or Ruthenium Compounds as Electron Acceptors. The reaction mixtures were as

in Figure 1, except the pH varied as indicated and the optimum concentrations of

ruthenium compounds were used.
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Table 1. Inhibition of Ruthenium Electron Transport Pathways in Spinach

Chloroplasts

Inhibitor Cone.

MV( + azide

Electron Transport

) [Ru(NH
3

)

6
]Cl

3

rate 1 inhibition rate 1 inhibition

(pM) (%) (%)

None - 496 - 463 -

DCMU 5 100 51 89

DBMIB 2.5 56 89 113 76

Bathophenanthroline 500 109 78 56 88

Polylysine (35,000 M.W.) 0.2 mg 56 89 113 76

1 jtequiv. 02/mg chl • hr

hand, showed less than 25% stimulation of rates with ruthenium compounds as

electron acceptors in PS I in contrast to 50% stimulation with methylviologen as

the acceptor. This may imply that one of the 2 known bicarbonate sites of action in

PS II (4, 14) has been eliminated through the alteration of local membrane surface

charges. An alternate explanation of the observed facts may be that there is an at-

traction between positively-charged ruthenium compounds and negatively-charged

bicarbonate ions, but this appears unlikely, since the bicarbonate ions were bound

to the chloroplast membrane before the addition of the final electron acceptor.

Therefore, the inhibition of ruthenium reduction is chloroplasts by bicarbonate ap-

pears to arise from an alteration of local surface charges or through some unknown
mechanism. Further studies are in progress to define the mechanism of bicarbon-

ate inhibition on the ruthenium but not on the methylviologen pathway in spinach

chloroplasts.

In summary, it was found in this study that ruthenium ammine complexes can

be used as artificial electron acceptors in PS I of spinach chloroplasts and that the

Table 2. Inhibition of Ruthenium Electron Transport Pathways in Spinach

Chloroplasts

Inhibitor Cone. Electron Transport

(Pyridine)

rate*

(NH3)5RuCl3
inhibition

Ru red

rate* inhibition

pM % %
None - 964 - 186 -

DCMU 5 62 94 100

DBMIB 2.5 141 85 100

Bathophenanthroline 500 146 85 65 65

Polylysine (35,000 M.W.) 0.2 mg 146 85 45 76

jiequiv. 02/mg chl • hr
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Figure 3. The Effect of Various Ions on the Methylviologen and Ruthenium Com-

pound Electron Transport Pathway in Spinach Chloroplasts. The reaction mix-

tures contained chloroplasts (50 fig chlorophyll), 25 mM Tris-Mes buffer, pH 7.5

mM NHj^Cl, 0.5 mM Na azide, the optimum concentreation of ruthenium com-

pounds as in Figure 1, and various ions in concentrations indicated.

A-H2
- MV(+ azide); BH2

- [Ru(NH3 ) 6] Cl3 ; C-H2 - [Ru(NH3 ) 5Cl] Cl2 ;

DH
2

- Ru red.

electron transport pathway with methylviologen as the electron acceptor behaves

as the ruthenium pathway toward various inhibitors, except with bicarbonate ions.
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