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SUMMARY 

Mutants of Escherichia coli defective in coupling electron transport to synthesis 
of ATP (unc- )  were isolated and screened for Mg2+-ATPase activity using a rapid 
and sensitive Millipore filtration assay. An episome (F'16) carrying ATPase genes 
was used to map the unc-  mutations near the ilv (isoleucine-valine) operon. Mutants 
missing membrane ATPase activity do not multiply anaerobically on glucose as 
energy source unless supplied with exogenous electron acceptors such as NO3- .  
Likewise, in the absence of exogenous electron acceptors anaerobic active transport 
of  proline is blocked. These observations suggest that membrane ATPase has an 
essential role in membrane functions linked to glycolysis and thus may play an 
important role in energy conversion in the anaerobic membrane. 

INTRODUCTION 

Bacterial membranes in general are now recognized as sites for essential cellular 
processes such as respiration coupled to oxidative phosphorylation, photophosphory- 
lation, and active transport 1. In recent years the biochemistry of bacterial membrane 
function has been studied in considerable detail. However, relatively little is known 
regarding the genetic basis of membrane functions such as oxidative phosphorylation 
in bacteria. Butlin et al. 2 have recently started a biochemical-genetical study of a class 
of  mutants defective in oxidative phosphorylation for which they suggest the term 
uric- (uncoupled). The genetic lesion was mapped on the Escherichia coli chromosome 
near the ilv operon. These mutants produce little if any membrane bound coupling 
factor activity (Mg 2 +-ATPase). Butlin et al. 2 conclude that coupling factor activity 
is essential for oxidative phosphorylation. Respiratory linked active transport of 
amino acids was found.to occur at normal levels a in the unc-  mutant of Butlin et al. 2, 
but in reduced levels in the case of an unc-  mutant isolated by Simoni and Shallen- 
berger 4. Schairer and Haddock 5 have shown that fl-galactoside accumulation in 
whole cells of uric- strains is abolished by respiratory poisons, leading to their 
conclusion that ATPase activity is necessary for nonrespiratory driven fl-galactoside 
accumulation. Our studies with ATPase defective mutants show that membrane- 
associated ATPase activity is also essential for anaerobic growth on glucose and 



268 T.H. YAMAMOTO et al. 

that ATPase negative mutants are blocked in active transport of proline under 
anaerobic conditions. 

MATERIALS AND METHODS 

Unc- mutants 
Spontaneous unc- mutants of E. coli K12 (W3110), F - ,  were isolated using the 

neomycin selection procedure of Kanner and Gutnick 6. Several mutants were also 
isolated using streptomycin (SM) sulfate (20/~g/ml) in place of neomycin sulfate. 
The SM r strains were resistant to neomycin and had other properties similar to the 
neomycin resistant strains. Mutants were maintained aerobically on L-broth agar 
plates 7 or L-broth supplemented with 0.5% glucose. Starter liquid cultures were 
inoculated with colonies from L-broth plates and were grown in flasks of L-broth or 
minimal medium using a shaker bath at 37 °C. No more than one serial transfer was 
made from these starter flasks because of accumulation of spontaneous wild type 
revertants as described below. 

Anaerobic growth experiments 
Fresh L-broth cultures were started each day using as inoculum colonies from 

L-broth plates. Exponentially growing cells (0.5 ml) were used to inoculate screw cap 
tubes which were completely filled with L-broth supplemented with 0.5~o glucose; 
no attempt was made to remove dissolved oxygen prior to inoculation. This may 
account for the small amount of growth observed with ATPase-  mutants (see below). 
Incubation was at 37 °C. Growth was measured using a Klett colorimeter. Spontane- 
ous revertants ( u n c ~ u n c  +) present at the end of the experiment were tested by 
streaking a sample of cells on succinate plates. If reversion of the culture were sus- 
pected, samples were assayed for ATPase activity using the Millipore filter assay as 
described below. 

Episomes carrying ATPase genes 
A series of strains harboring various F'-ilv episomes, kindly supplied by Dr 

B. J. Bachmann of Yale University, were used as presumptive F' donors of ATPase 
genes. An unc- recipient strain, unable to utilize succinate as energy source, was 
cross-streaked on minimal-succinate plates against the series of presumptive F' donors 
of ATPase, which are multiple auxotrophs unable to multiply on the succinate plates. 
Confluent colonies appearing at the point of the cross-streak of donor and recipient 
were scored as presumptive evidence of F'-mediated transfer of ATPase genes. The 
presence of the F-factor in newly sired unc+ males, an indication of F' rather than 
Hfr transfer of ATPase, was monitored by testing unc + recombinants for sensitivity 
to the male phages f2 and Qfl or for donor ability of the F'-ilv episome. Quantitative 
mating of liquid cultures for transfer of ATPase was by standard procedures 7. 

Assay of  membrane-bound ATPase activity 
A modification of the ATPase assay procedure of Evans 8 was used. ATPase 

reaction mixtures contained, in a final volume of 0.2 ml, 3/~moles ATP adjusted to 
pH 7.0 with dilute NaOH, 20 #moles Tris-HC1 buffer at pH 9.5, and 1.0 #mole 
MgC12. The ATPase reaction was initiated by addition of enzyme and terminated, 
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after 30 min incubation at 37 °C in a water bath, by addition of 0.05 ml of 24% 
trichloroacetic acid and 1.75 ml FeSO~ reagent. If necessary, denatured protein was 
removed at this stage by centrifugation for 5 min at 12000 × g in a Sorvall centrifuge. 
Inorganic phosphate was determined by a modification of the Fiske and SubbaRow 9 
procedure as described by Shapiro and Stadtman 1° using a Gilford 3000 spectro- 
photometer for color analysis. Protein was determined by the procedure of Lowry 
et al. H with bovine albumin as standard. 

For screening large numbers of presumptive ATPase-  mutants a rapid Milli- 
pore membrane filtration assay was developed. Suitable amounts of cells (e.g. approx. 
5.107 cells) were transferred to a bank of Millipore filters with each Millipore funnel 
containing approx. 10 ml of lysozyme solution composed of 20/zg/ml lysozyme, 
0.15 M Tris-HCl buffer at pH 6.5, 0.6 M sucrose, 1.0 mM EDTA 8. After 10 min of 
incubation at 25 °C for partial cell wall digestion the cells were collected on cellulose 
nitrate membrane filters (approx. 4500 A pore size) and washed using about 10 ml of 
Mg2+-Tris solution containing 0.02 M Tris buffer at pH 7.5, 1.0 mM MgC12 (ref. 8); 
reagents contained in plastic squeeze bottles are convenient for these steps. The filter 
pads were removed to 5-ml test tubes containing the assay reagents; a small glass rod 
was used to immerse the disks in assay reagent. Release of inorganic phosphate was 
analyzed as above. 

Uptake of  proline by whole cells 
The cells were grown on Davis' glucose salts medium 7. L-broth (0.2 ml/10 ml) 

was routinely added to culture media to increase the growth of E. coli 3110. Nitrate- 
grown cells were cultured anaerobically (filled stationary flasks) in similar medium 
supplemented with 0.2% KNO 3. For  uptake experiments cells were suspended in 
buffer solution (50 mM potassium phosphate at pH 7.5, 0.2% (NH4)2SO 4 and 0.01% 
MgSO4) to a density equivalent to a Klett reading (540 mm filter) of 800 (about 5 mg 
dry weight/ml). Each transport incubation mixture contained 0.5 ml cells, 5 ml buffer 
solution, and glucose to a final concentration of 0.1%. The cells were preincubated 
for 15 min at 25 °C; radioactive [14C ]proline (251 Ci/mole, New England Nuclear) 
was diluted in unlabeled proline and added to a final concentration of 50/~M. Samples 
of 0.5 ml (about 0.1 mg dry weight) were removed at each time point, filtered on 
Millipore filters (0.45/~m) and washed three times with 1 ml of salts solution, all at 
25 °C. The filters were dried and counted in toluene liquid scintillation fluid. For 
anaerobic active transport experiments cell samples were placed in 10-ml flasks 
fitted with rubber serum stoppers, flushed and evacuated via syringe needles through 
the stopper several times with nitrogen to remove oxygen. Reagents and samples 
were added and removed anaerobically through the serum stopper using small syringes 
and needles. 

RESULTS 

Rapid Millipore filtration assay for ATPase 
In initiating this work it was necessary to isolate and screen large numbers of 

presumptive ATPase defective mutants. We have devised a Millipore filtration proce- 
dure suitable for assaying large numbers of strains for ATPase activity, a procedure 
described in Materials and Methods. The Millipore filtration assay saves several 
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hours in the time needed to assay ATPase activity of  whole cells s mainly because of 
the replacement of  several long centrifugation steps by rapid washing of the cells on 
the filter. In essence treatment of small quantities of  whole cells with lysozyme-EDTA 
for short-time periods followed by trapping of the cells on Millipore filters exposes 
the ATPase activity on the filter. This is illustrated in Fig. 1A. Incubation of cells 
with lysozyme for periods longer than 10 min did not appreciably increase ATPase 
activity. Mg2+-ATPase activity is exposed on the filter (approx. 40°/0 of the lyso- 
z y m e - E D T A  treated level) simply by collecting the cells directly on the filter without 
prior  lysozyme treatment (Fig. 1A). Presumably the cells somehow are "shocked" 
on the filter, thus exposing ATPase activity; in this regard ATPase activity was not 
found to be exposed by centrifugation of the cells at 10000 × g  for 5 rain followed by 
resuspension in a Tr i s -HCl  buffer. ATPase activity of membrane ghosts, membrane 
vesicles, as well as solubilized ATPase stick tightly to the cellulose nitrate filter and 
may be assayed accordingly (Fig. IB). Overloading the filter leads to the plateau 
observed in Fig. 1B, an effect not observed with the conventional assay of Evans 8. 
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Fig. 1. (A) Millipore assay of ATPase activity of whole cells of E. coli. Exponentially multiplying 
cells at A55o nm of 0.75 were used. Assay conditions for lysozyme-treated culture as described in 
Materials and Methods. Lysozyme and EDTA were omitted from lysing solution for cells "without 
lysozyme". (B) Comparison of Millipore filter assay of cell-free membrane ATPase activity versus 
"conventional" procedure. Assay conditions as described in Materials and Methods. Cell-free 
membrane "ghosts" with ATPase activity were prepared and stored in the frozen state using the 
method described by Evans 8. 

We have compared the specific activities of  ATPase of cells ruptured in different ways, 
mainly by treatment on Millipore filters, Evans'  treatment a, and sonication. Highest 
ATPase levels were observed after sonication. The filtration procedure gives 80~/o 
of the ATPase activity compared to sonication, an indication that not all ATPase 
activity is exposed on the filter. Lower values (47% compared to sonication) were 
obtained with the lysozyme procedure of  Evans a, perhaps due to partial solubilization 
of ATPase during washing of the membranes. 

U n c -  mutants show little if any ATPase activity, regardless of  the cell breakage 
method we used. However, the presence of an active membrane Mg2+-activated 
ADP hydrolyzing a activity capable of  releasing additional Pi from ADP, the product 
of ATPase action, represents a potential source of error when crude preparations are 
being assayed. This activity is absent from purified ATPase preparations 12. ATPase 
activity exposed by the filter using whole cells is a Mg 2 +->  Mn 2 +-> Ca 2 +-ATPase 
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at pH 9. A number of enteric bacteria including E. coli, Salmonella and Klebsiella 
display ATPase activity using the Millipore method. 

Mapping of  coupling factor ATPase 
PI cotransduction as well as interrupted mating experiments were used by 

Butlin et al. 2 to map ATPase near ilv on the E. coli genetic linkage map. We have 
devised a simple technique for mapping our mutants using the F'16 (F'-ilv) episome 
which we have found carries genetic information for ATPase activity. Strains carrying 
the small episome, F'-ilv (F ' I  6), readily donate this extrachromosomal D N A  element 
to F - ,  uric- recipients genetically converting them to the unc+ phenotype capable of 
growth on succinate and other Krebs cycle intermediates as sole source of energy. 
Newly sired unc÷ males are sensitive to male-specific phages and are themselves 
donors of  F'-ilv suggesting F'  transfer of  coupling factor ATPase genes. The simplest 
explanation of these results is that during the original excision events of  the sex 
factor from its Hfr  integration site some coupling factor ATPase genes were carried 
along with ilv genes on the episome. The cross-streak procedure described in Materials 
and Methods provides a simple device for mapping new unc- isolates; so far all six 
of  our coupling factor mutations are covered by this episome. 

Defective anaerobic growth of  ATPase- mutants 
In our initial experiments concerned with the anaerobic growth rates of the 

ATPase-  mutants we have observed that mutants are capable of  actively fermenting 
glucose broth in filled screw capped tubes after overnight incubation at 37 °C sug- 
gesting that ATPase activity was not essential for anaerobic growth. However, shorter 
term growth studies reveal, as shown in Fig. 2, that little growth occurs in anaerobic 
cultures of  the unc- strain during a time period sufficient for the completion of the 
entire growth cycle of wild type or the mutant  growing aerobically. As seen in Fig. 2, 
following inoculation the anaerobic unc- culture first develops a slight turbidity 
perhaps due to traces of  oxygen dissolved in the medium; little further growth is 
observed during this experiment. Similar results have been obtained with four different 
mutants examined. However, after incubation for longer than 5-h revertants are 

2,° I 
200 I 
160 

120 

80 

40 

o f  O- 
'- aerobic growth 

mutont-aerobic 

J o~J~.~ mutonl-onoerob,c 

I 2 3 4 5 
TIME (hrs} 

Fig. 2. Growth curves of wild type (WT) and ATPase defective strains (mutant) in glucose broth 
under aerobic versus anaerobic conditions. Anaerobic growth was carried out in completely filled 
screw-cap tubes adapted to fit the Klett colorimeter (540 filter). See Materials and Methods for 
further details. 
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commonly encountered. It  is of  some interest that addition of NO 3- (0.2%) as ter- 
minal electron acceptor (data not shown) restores active growth to the unc- ,  anaerobic 
culture after a short period of adaptation (approx. 60 min). Note also that the dou- 
bling time of the mutant  is roughly twice that  of  the parent, a finding we have ob- 
served with all of  our mutants. 

Our major conclusion from growth studies is that unc-  mutants defective in 
ATPase activity are unable to multiply anaerobically. The physiological defect(s) 
of  the unc-  strains was next investigated. 

A lesion in active transport 
Experiments in this section are concerned with anaerobic active transport  or 

uptake of [14C ]proline by whole cells. This amino acid was chosen as representative 
of  a series of 16 amino acids known to be taken up by E. coli ~3. As shown in Fig. 3, 
intact cells of  unc-  mutants defective in ATPase are completely blocked in their ability 
to perform active transport  of radioactive proline under strictly anaerobic conditions. 
It  should be emphasized that the defect in active transport  by unc-  strains is "con- 
ditional" with transport  taking place under aerobic conditions, though at somewhat 
reduced levels in comparison to the wild type strain under similar conditions. In four 
different experiments the average values after 10 min of incubation for aerobic uptake 
of  [14C]proline for unc-  mutant  cells was 39% that  of  the wild type strain (100%). 
In these same four experiments anaerobic uptake by wild type cells was 68°/0 that of 
aerobic uptake by wild type cells (100°/0). In comparison anaerobic uptake by unc-  
cells was only about 5% that of  aerobic uptake by unc-  cells (100°/0). In other words, 
the unc-  strain anaerobically transports  [14C]proline at a rate approximately one- 
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Fig. 3. Block of [14C]proline uptake by whole cells of an ATPase defective mutant under strictly 
anaerobic conditions. The experimental conditions of Simoni and Shallenberger 4 were followed. 
Also see text for further details. Cellular dry weights were calculated using the expression of Simoni 
and Shallenberger 4. 

Fig. 4. Coupling of nitrate respiration to anaerobic [14C ]proline uptake in an ATPase defective 
mutant. Conditions similar to Fig. 3, except at the times indicated by arrows 0.2~o NO3-- was 
added by syringe through the serum stopper. 
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twelfth as fast as wild type under similar conditions, a finding we have repeated with 
four different unc-  strains. 

The last experiment is concerned with the role of NO 3- as terminal electron 
acceptor coupled to anaerobic transport. We observed that addition of NO3-  to 
anaerobic glucose-broth cultures of ATPase-  mutants promotes growth while control 
cultures without NO 3- fail to grow. The wild type of course does not require NO 3- 
for anaerobic growth on glucose. As illustrated in Fig. 4, NO 3- is able to effectively 
replace 02 as exogenous electron acceptor in NO3--adapted cells for anaerobic 
respiratory coupled transport of proline. Note that the mutant cells in the absence 
of acceptor (ATPase- mutant, minus NO3-)  display little capacity to take up proline, 
a function that is restored by addition of NO 3- (arrow). On the other hand, the wild 
type cells are able to transport proline anaerobically without the need of NO 3- (wild 
type, minus NO3-) ;  some stimulation is observed on addition of NO 3- (arrow). 
In the two curves labelled "WT, (+  NO 3 - ) "  and "ATPase mutant (+  NO a - )" ,  NO 3 - 
was added to the cultures at the start of the experiment. 

Again this experiment shows that ATPase-  mutants have a defective transport 
system under anaerobic conditions with anaerobic respiration of NO3--providing 
energy for anaerobic transport. 

CONCLUSIONS 

Our studies have been concerned with the mechanism of energy interconversion 
coupled to active transport in the anaerobic membrane. The elegant studies of Kaback 
and his associates a'la with membrane vesicles of E. coli have shed new light on the 
mechanism of respiratory-linked active transport of amino acids and other nutrients 
in E. coli. It should be emphasized that vesicle preparations catalyze the active con- 
centration of amino acids and certain sugars only in the presence of a respiratory 
substrate such as D-lactate or succinate as electron donor and oxygen as terminal 
electron acceptor la. In other words, vesicle preparations are inactive under anaerobic 
conditions, in contrast to whole cells which are active under strictly anaerobic con- 
ditions (see Figs 3 and 4). Indeed E. coli grows at the expense of energy derived from 
fermentation of a variety of sugars under strictly anaerobic conditions as do many 
other facultative and strictly anaerobic bacteria, many of which do not synthesize 
cytochromes or a respiratory electron transport chain. This has led Harold 1, in a lucid 
survey of the recent literature in this field, to question the universality of respiratory- 
coupled active transport in bacteria. In simplest terms anaerobic bacteria must have 
an alternate mechanism(s) of energy supply for membrane work. Unfortunately little 
is yet known about the mechanism of energy conversion in the anaerobic membrane. 
Harold 1 speculates that ATP derived from substrate level phosphorylation may serve 
as energy source for membrane activity in anaerobic bacteria. It should be recalled 
that Kaback and associates 3,~3 have presented clear-cut experimental evidence against 
phosphorylated intermediates in the respiratory-linkeed vesicle uptake system of 
E. coli (see discussion by Lombardi and Kaback~a). However, these findings do not 
rule out the possibility of phosphorylated intermediates in fermentation (nonrespira- 
tory)-coupled uptake systems. Our findings support Harold's viewpoint, mainly that 
the anaerobic- and respiratory-linked systems should be considered as unrelated 
processes. 
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The availability of membrane ATPase or coupling factor mutants ( u n c - )  of 
E. coli 2 has permitted study of the role of this enzyme in anaerobic membrane metab- 
olism. Growth studies reveal that u n c -  mutants missing membrane ATPase activity 
are unable to grow anaerobically on glucose. We conclude from these experiments 
that anaerobic growth and anaerobic active transport somehow require membrane 
ATPase or coupling factor activity. This need is overcome by respiration. The simplest 
explanation (working hypothesis) is that u n c -  cells are totally dependent on respira- 
tion-linked energy supply for their membrane function. This is in contrast to the 
normal wild type E. coli  cell which can apparently also utilize membrane coupling 
factor to link energy from glycolysis to membrane energy needs. 

In four different experiments we found that the aerobic uptake of proline by 
ATPase-defective mutants was consistently lower, being 20-50% that of wild type. 
One possible explanation of this finding is that ATPase contributes to, but is ob- 
viously not essential for, aerobic transport. 

As shown in Fig. 4, anaerobic uptake of proline by ATPase mutants is restored 
by addition of NO 3- which behaves as a terminal electron acceptor replacing oxygen; 
also we have observed that anaerobic growth of these mutants is restored by addition 
of N O  3 -  to the medium. It thus seems likely that anaerobic respiration of N O  3 - sup- 
plies energy for active transport. 

Finally, our findings are in agreement with those recently reported by Schairer 
and Haddock 5 who observed that respiratory poisons such as KCN completely 
abolish uptake of the fl-galactoside, (TMG), in ATPase defective strains. These 
workers concluded that ATPase is necessary for coupling of ATP hydrolysis to the 
accumulation of T M G  in the absence of respiration. Thus ATPase or coupling factor 
activity appears essential for anaerobic active transport of certain sugars as well as 
amino acids. The question of whether ATP functions directly as energy source for 
anaerobic transport must await future biochemical experiments. While this paper was 
in preparation Butlin et  al. 14 published their finding that unc A mutants are impaired 
in anaerobic growth. They also describe a new class of uncoupled mutants (unc B) 
and discuss the role of coupling factor proteins in oxidative phosphorylation in E. coli. 
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H. F. KAUFFMAN and B. F. VAN GELDER 

Laboratory of Biochemistry, B. C. P. Jansen Institute, University of Amsterdam, Plantage Muidet- 
gracht 12, Amsterdam (The Netherlands) 
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SUMMARY 

1. Cyanide causes a slow disappearance of the oxidized band (648 nm) of cyto- 
chrome d in particles of Azotobacter vinelandii and inhibits the appearance of the 
reduced band (631 nm). No effect of cyanide is found on the reduced band of cyto- 
chrome d. 

2. The kinetics of  the disappearance of the 648-nm band of cytochrome d 
with excess cyanide deviates from first-order kinetics at lower temperatures (22 °C) 
indicating that at least two conformations of  the enzyme are involved. At higher 
temperatures (32 °C) the observed kinetics of  the cyanide reaction are first order 
with a kon=0.7 M - l . s  -1 and with an estimated kof f of approximately 5.10 -5 s -1. 

3. The value for the kof f (7" 10-4-14 • 10 -4 s -~ at 32 °C) determined from the 
rate of  reduction of cyanocytochrome d by Na2S204 or N A D H  is one order of magni- 
tude larger than the kof f value found when the enzyme is in its oxidized state. 

4. No effect of  cyanide is found on the spectrum of cytochrome al. 

INTRODUCTION 

In a previous paper 1 on the respiratory chain of  Azotobacter vinelandii, it has 
been concluded from spectra of particles reduced by internal substrates that the 
oxidized (648 nm) and the reduced (631 nm) absorption bands of cytochrome d are 
only indirectly related. Therefore we proposed a second oxidized conformation of 
cytochrome d, that scarcely absorbs in the red region. In order to study the properties 
of both  conformations we investigated the effect of  ligand binding to the oxidase 
part  of the chain. 

Microspectroscopic studies 2-6 of aerobically grown microorganisms revealed 
the disappearance of the oxidized band of cytochrome d upon addition of cyanide 
without the formation of the reduced band, and a shift by carbon monoxide of the 
reduced band 7 nm to the red. In contrast, cytochrome cd, isolated from anaerobic- 
ally nitrate-grown Pseudomonas aeruginosa, shows hardly any spectral change upon 

Abbreviations: TMPD, N,N',N,N'-tetramethyl-p-phenylenediamine; DCIP, 2,6-dichloro- 
phenolindophenol. 
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addition of cyanide, and CO causes a flattening of  the reduced (625 nm) absorption 
band 7. 

In the branched respiratory chain as proposed by Jones and Redfearn s, cyanide 
is an effective inhibitor of cytochrome a~, but has less effect on cytochrome d in the 
particles of A. vinelandii. However, no spectroscopic studies were carried out on the 
oxidase to support their suggestion. We have, therefore, investigated the effect of 
cyanide on the absolute spectra of  cytochrome d in particles of A. vinelandii and the 
kinetics of the spectral changes. 

METHODS 

Phosphorylating particles were prepared as described by Pandit-Hovenkamp 9 
and stored in 40 mM phosphate buffer (pH 7.2)-0.25 M sucrose-40 mM KCI 
at 77 °K. 

Spectra, recorded on a Perkin-Elmer spectrophotometer Model 356, were 
measured with particles suspended in 30 mM phosphate buffer (pH 7.6)-5 mM 
MgC12-1 mM EDTA. When absolute spectra were recorded the effect of light 
scattering was diminished by using a sonified clay-powder suspension in the reference 
cell 1. The spectra were normalized as described in a previous paper 1 taking 600 and 
725 nm as reference points. For  calculating the contribution of the separate electronic 
transitions to the composite oxidized absorption band, spectra were analysed using 
a Dupont  310 Curve Resolver. 

Chemicals were Analar grade, mainly obtained from British Drug Houses, 
except those used for the culture medium, that were less highly purified. 

RESULTS 

The effect of 2 mM cyanide on the spectrum of oxidized particles as a function 
of time is shown in Fig. 1. It is clear that cyanide causes a diminishing of the absorp- 
tion band at 648 nm without the appearance of a band at 631 nm of reduced cyto- 
chrome d. In a previous paper 1 it was shown that the composite oxidized band can 
be resolved into three Gaussian curves with peak positions at 635, 648 and 670 nm. 
On resolving the spectra of Fig. 1 in this way it appears that the decrease of the 
composite band is largely due to a decrease of the Gaussian 648-nm absorption band 
of oxidized cytochrome d. The band at 670 nm also diminishes but more slowly, 
whereas the 635-nm band is hardly affected. Spectrum No. 5 of Fig. I, remaining 
46 min after addition of cyanide, has a peak at 645 nm. On resolution of this spectrum, 
it was found that 95% of the initial Gaussian band remains at 635 nm, 75% of that 
at 670 nm and only 10% of that at 648 nm. After 20 h incubation (spectrum No. 6), 
the two broad bands at 635 and 670 nm have further decreased. 

In order to determine whether the decrease of the 635- and 670-nm bands is 
due to an effect of cyanide or to reduction, the reducing agent ascorbate plus TMPD 
was added to particles preincubated with 2 mM cyanide for 1 h, in which the residual 
broad absorption band consisted mainly of the Gaussian 635- and 670-nm bands. 
After the addition of the reducing agent, spectrum No. 7 of Fig. 1 is rapidly formed 
with a very broad and flat band centered around 650 nm. Therefore, it is likely that 
the decrease of the Gaussian absorption bands at 635 and 670 nm in the presence of  



278 H . F .  K A U F F M A N ,  B. F. VAN G E L D E R  

A 

660 6~o 7bo 
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Fig. 1. The effect of cyanide on the spectrum of cytochrome d as a function of incubation time. 
Particles (0.7 mg protein/ml) were suspended in phospha te -MgC12-EDTA solution (pH 7.6) at 
32 °C. The reference cell contained an  appropriate clay-powder suspension to diminish the effect 
of light scattering. Spectra: 1, particles in the absence of cyanide; 2-6,  after 11.5, 17.5, 26 and 
46 min and 20 h incubation with 2 m M  cyanide, respectively; 7, after 1 h cyanide (2 mM) pre- 
incubation and addit ion of ascorbate (7.5 mM), N,N,N',N'-tetramethyl-p-phenylenediamine 
(TMPD)  (0.25 mM) followed by 1 min bubbling of oxygen. Scan speed 240 nm/min.  The spectra 
are normalized (see Methods). 
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Fig. 2. Reaction of cyanide with oxidized cytochrome d. Particles (0.7 mg protein/ml) were diluted 
in phosphate-MgC12-EDTA solution plus variable cyanide concentrations. Intensities of the 
absorbance of cytochrome d at 648 nm were calculated by means of a Curve Resolver (see Me- 
thods). A. Time course of the reaction at 32 °C: 0 - - - 0 ,  5 m M  cyanide; ©--©, 1 mM cyanide; 
II----II, 0.1 m M  cyanide, and at 22 °C: A . . . .  A, 5 mM cyanide; • . . . .  A, 2 mM cyanide. 
B. Effect of cyanide concentrat ion on the first-order rate constant at 32 °C. 
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cyanide is caused by reduction. This is supported by the observation that in the 
presence of cyanide, ferricyanide prevents the disappearance of these bands, but not 
that at 648 nm. 

The disappearance of the Gaussian 648-nm band of cytochrome d follows 
first-order kinetics for different cyanide concentrations at 32 °C, as is shown in Fig. 
2A, where the log ZIA648 n m  is plotted as a function of time. By plotting the observed 
pseudo first-order constants, which equal ko, [cyanide]+koff, against cyanide con- 
centrations (Fig. 2B), a second-order rate constant of 0.7 M -1. s -1 can be calculated 
from the slope of the straight line. The koff, estimated from the intersection point 
with the ordinate, has a value of approximately 5.10 -5 s -1. 

Fig. 2A shows that at 22 °C the decrease of the 648-nm band is no longer first 
order. Therefore, it must be concluded that a second reaction preceding or following 
the binding of cyanide is involved (see also Van Buuren et al. 1° and Van BuurenlJ). 
The convex lines in the plot of log AA648 n m  against time at 22 °C, can be explained 
by assuming that the second reaction approaches equilibrium. The marked effect 
of  temperature on the deviation from first-order kinetics suggests the involvement 
of a conformational change in one of the reactions. On the basis of these data, com- 
bined with our observation 1 of two oxidized conformations of cytochrome d, we like 
to propose the following mechanism: 

C N  

d648 ~ d X ~- dx-CN 

where d648 and d x denote conformations of cytochrome d absorbing at 648 nm and 
hardly absorbing in the red, respectively (cf. also ref. 1). 

It may be concluded that cyanide (2 mM) does not affect the ligand field of 
the heme of reduced cytochrome d, since after an incubation for 5 h under anaerobiosis 
no change in the 631-nm band is observed. This is in agreement with observations 
made by Negelein and Gerischer 2 with Azotobacter chroococcum and Tissi~res 5 with 
Aerobacter aerogenes. However, after opening the cuvette and aerating the solution, 
a rapid decrease of the 631-nm band is observed without the formation of the 648-nm 
absorption band. Therefore, it is concluded that cyanide can react rapidly with 
cytochrome d when oxygen is introduced. 

Cyanide-liganded cytochrome d has little absorption in the red and its rate 
of reduction is inhibited, when compared to that in the absence of cyanide 2-6. 
This makes it possible to study the relationship between the oxidized (648 nm) and 
reduced (631 nm) absorption bands of the non-liganded cytochrome. In Table I 
the intensities of both bands are compared as a function of the preincubation time 
with cyanide. It is clear that the decrease in intensity of the absorbance at 631 nm, 
measured directly after the addition of dithionite, corresponds with that at 648 nm. 
This demonstrates again that the two bands are intimately related, as was shown in a 
previous paper 1. 

When dithionite is added to particles in which cytochrome dis present as cyano- 
cytochrome d, prepared by the action of 2 mM cyanide in the presence of ascorbate 
plus TMPD and O2, a slow appearance of the reduced band of cytochrome d (63 l nm) 
is observed. This represents the decay of cyanocytochrome d, and is shown in a first- 
order plot in Fig. 3. From the slope of the straight line a first-order rate constant 
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(1.4.10 -a s -1) can be calculated, that is independent of the cyanide concentration 
used (not shown). 

Under anaerobic conditions the reduction of cyanocytochrome d by NADH 
(Fig. 3) shows after a lag period, which is possibly due to traces of oxygen present, 

TABLE I 

THE P E R C E N T A G E S  OF THE O X I D I Z E D  A N D  R E D U C E D  ABSORPTION BANDS OF 
C Y T O C H R O M E  d AS A F U N C T I O N  OF THE P R E I N C U B A T I O N  TIME WITH CYANIDE 

Spectra were measured directly before (.4648 nm) and after addit ion of dithionite (A6al nm). Con- 
ditions as described under Fig. 1. 

Preincubation time [Cyanide ] ~/~648 nm ~/oA631 nm 
(min) (raM) 

0 0.1 100 100 
40 0.1 76 73 
86 0.1 59 54 

160 0.1 44 43 
55 5 0 0 

30  

- 1.~ 
8 

~0.9 

8 
\ \  

\ 
\ 

\ 
25 5 0  75 IO0 

mm 

AAI0.003 , J 

7 L 61)0 6~i0 woveleng'tOh(~nm) 

Fig. 3. Rate of reduction of cyanocytochrome d with different substrates. Cyanocytochrome d 
was prepared by aerobic incubation of particles (1.15 mg protein/ml) with cyanide (2 mM) for 
10 min after which ascorbate (7.5 mM) plus T M P D  (0.25 mM) were added. After evacuation 
(6 min) substrate was added from a side arm. The reference cuvette contained an appropriate 
c lay-powder  suspension. The degree of reduction of cytochrome d was calculated from spectra, 
normalized as described in Methods. The A(A6al_605 nm)ao value was obtained from a dithionite- 
reduced sample in the absence of cyanide. Spectra were scanned with a speed of 240 nm/min.  
× -  ×,  no addit ion;  0 - - 0 ,  plus dithionite;  ©--©, plus 2 mM NADH.  

Fig. 4. The effect of cyanide on the spectra of cytochrome d and cytochrome a l  as a function of 
time. Particles (1.3 mg protein/ml) were suspended in phosphate-MgC12-EDTA solution at 
21 °C. The reference cell contained an appropriate clay-powder suspension. Spectra were nor- 
malized as described in the previous paper I taking 610 and "/.tO r~m as reference points. Scan 
speed 240 nm/min.  Spectra indicated: 1, in the absence of cyanide; 2 and 3, after 5 and 12 rain 
incubation with 10 m M  cyanide, respectively; 4, 15 min preincubation with cyanide followed 
by the addit ion of ascorbate (7.5 raM) plus T M P D  (0.75 raM) and bubbling with oxygen for 1 min. 
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also first-order kinetics with a k value of 7. l0 -'~ s -1. The control experiment, with 
ascorbate plus TMPD, at anaerobiosis also shows reduction, but the lag period is 
substantially longer and no first-order kinetics are obtained. From this it may be 
concluded that cyanocytochrome d is reduced by substrates under anaerobic condi- 
tions either directly or via non-liganded heme in equilibrium with the cyanide com- 
pound. 

In the particles used in the previously described experiments no clear absorp- 
tion maximum of cytochrome a~ could be detected. Nevertheless, the activity of 
these particles is as high as for other  particles containing a substantial amount of 
cytochrome a~ (3.1 and 4.1 #atoms O/min per mg protein for ascorbate plus 2,6- 
dichlorophenolindophenol (DCIP) and NADH, respectively, as substrates). There- 
fore, one wonders whether cytochrome a~ is an integral part of the respiratory chain 
of A. vinelandii. 

In the model of the chain as proposed by Jones and Redfearn s cytochrome a~ 
functions as a cyanide-sensitive terminal oxidase. Therefore, we investigated the 
spectroscopic effect of cyanide on a batch of particles, isolated from bacteria cultured 
for 38 h, which contained a substantial amount of cytochrome a~. As illustrated 
in Fig. 4, the addition of cyanide to oxidized particles causes a decrease of the ab- 
sorbance at 648 nm (spectra Nos 2 and 3) in time, and a concomitant reduction of 
cytochrome a~, as judged from the increase in absorbance at 596 nm. The maximal 
reduction of cytochrome al is reached after addition of ascorbate plus TMPD 
(spectrum No. 4). Addition of potassium ferricyanide brought about a fast reoxidation 
of  cytochrome a~ (not shown), indicating that cyanide does not affect cytochrome a 1 
since it remains easily oxidizable and reducible. 

DISCUSSION 

The disappearance of the oxidized (648 nm) band of cytochrome d without 
appearance of a reduced (631 nm) band after the addition of cyanide is in accordance 
with the observation 1 that  these two bands are indirectly related. It was proposed 
that a second oxidized conformation of cytochrome d, termed cytochrome dx, exists 
that scarcely absorbs in the red region. Furthermore, the 648-nm band of oxidized 
cytochrome d was ascribed to a charge transfer from a ligand to the iron 1. The effect 
of  cyanide on cytochrome d resembles the observation of Brill and Williams 12, that 
charge-transfer bands of ferric hemoproteins disappear in the presence of cyanide. 
Thus, the disappearance of the 648-nm band of cytochrome d can be explained as 
a binding of cyanide to cytochrome d, thereby preventing the charge transfer. 

Based on the kinetics of the binding of cyanide to oxidized cytochrome d, and 
the effect of temperature on the rate of binding, a mechanism is proposed, in which 
a change of cytochrome d from the d648 to the d x conformation is followed by the 
binding of cyanide to cytochrome d x. This is supported by the observation that at 
turnover conditions, thereby promoting the d X conformation 1, the binding of cyanide 
to cytochrome d was highly facilitated 13. It is interesting to note that the kinetics 
of cyanide binding to oxidized cardiac cytochrome c oxidase 1°'11'14-16 are of the 
same type as was found for cytochrome d at 22 °C. But, in contrast to cytochrome c 
oxidase ~°'H, reduced cytochrome d shows no spectral change on the addition of 
cyanide. 
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Di th ion i t e  or  N A D H  under  anaerob ic  condi t ions  are able to reduce cyano-  
cy toch rome  d. F o r  the decay o f  cyanocy tochrome  d f i rs t -order  ra te  constants  of  
7 .10- '~ -14  • 10 -4  s -a a t  32 °C could  be calculated.  The value of  k is at  least  one 
o rde r  o f  magn i tude  larger  than  the kof f value (5.10 -5 s -a )  which was calcula ted 
f rom the reac t ion  of  cyanide  wi th  oxidized cy tochrome d. This  difference can be 
expla ined  in two ways. F i rs t ly ,  r educ t ion  of  the heine d occurs in cyanocy tochrome d, 
af ter  which the cyanide  is spl i t  off f rom the reduced heme with  a higher  kof f value. 
Secondly,  a con fo rma t iona l  change of  the cy tochrome  d molecule,  b rought  abou t  
by the reduc t ion  of  o the r  componen t s  of  the  chain,  and  thus  giving rise to a higher  
value for the d issoc ia t ion  ra te  cons tan t  of  the  oxidized heme d. The l a t t e r  explana t ion  
is s imi lar  to  tha t  given by Van Buuren et al. 1° and Van Buuren H for the d issoc ia t ion  
o f  cyan ide  f rom cyanocy toch rome  aa 3. 

The reduc t ion  of  cy tochrome  a l  in the  presence o f  cyanide and oxygen and its 
r eox ida t ion  af ter  fe r r icyanide  add i t ion ,  showed tha t  cyanide  does not  affect the heme 
of  cy tochrome  a 1 and thus  is unable  to  funct ion as a cyanide-sensi t ive  oxidase as 
was p r o p o s e d  ear l ie r  8. This  is suppor t ed  by the observa t ion  tha t  a cyanide-sensi t ive 
ascorba te  plus D C I P  ac t iv i ty  is found  even in par t ic les  in which no cy tochrome aa 
is de tec tab le  or  tha t  had  been purif ied with Tr i ton  X-100 a7. 

The  appa ren t  effect of  cyanide on oxidized cy tochrome  d in par t ic les  o f  A. 
vinelandii seems to be in con t r a s t  wi th  the observa t ions  on i so la ted  cy tochrome cd 
f rom anaerob ica l ly  n i t ra te -grown Ps. aeruginosa and Micrococcus denitrificans aS. 
A l t h o u g h  general ly  in l i t e ra tu re  '9 '2° no d is t inc t ion  is made  between cy tochromes  d 
f rom aerobica l ly  or  anaerob ica l ly  grown organisms,  a compar i son  of  the  different 
p rope r t i e s  o f  these two types  of  cy tochromes ,  which are  summar ized  in Table  II ,  
shows tha t  the  two enzymes differ cons ide rab ly  in phys ica l  and chemical  proper t ies .  
The  appa ren t  func t iona l  difference o f  the two enzymes,  being an oxidase 8'2a or  
n i t r i t e  reductase  22'23, respectively,  is expressed in different effects of  l igand binding.  
The difference in peak  pos i t ions  of  the pyr id ine  hemochrome  and a lkal ine  heme d 
spec t ra  7 also indicate  tha t  the p ros the t i c  groups  are  not  ident ical ,  as was a l ready 
p r o p o s e d  by N e w t o n  aS. 

TABLE I1 

DIFFERENCES BETWEEN CYTOCHROMES d FROM AEROBICALLY AND ANAER- 
OBICALLY NITRATE-GROWN ORGANISMS 

Properties Cytochrome d Cytochrome cd 

Function 
Growth condition 
Effect of oxygen during growth 

Oxidized absorption band 
Reduced absorption band 
Oxidized cytochrome plus 

cyanide 
Reduced enzyme plus CO 
Pyridine hemochrome 
Reduced alkaline haem d 

Oxidase 8, 21 
Aerobe 
Low [03]--+ high [cyt. d] 
High [O2]--~ low [cyt. d] 24,25 
645-648 nm 1-6 
630-632 nm 1-6 
648-nm band disappears 1-6, 

this paper 
634-636 nm 2-6 
612-613 nm 1, 3o 
618 nm 8° 

Nitrite reductase 22, 2a 
Anaerobe plus nitrate 
Enzyme is depressed, an- 
other oxidase is formed 26-28 
630-635 nm 7, is. 22, 2a, 39 
625 nm 7, lS ,  22, 23, 29 

Small spectral effects 7 

625-nm band flattens 7 
618-620 nm 7, 29, 31 
626 nm 7, 29. zl 
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SUMMARY 

Purification of cytochrome b6 was pursued to further develop rational techno- 
logy for purification, proof of purity, and study of properties of membrane proteins. 
Cytochrome b 6 was purified - - the  first time from any source--  from spinach chloro- 
plast membranes; yield of pure cytochrome b 6 was 30°/o of that found in ethanol- 
extracted particles. The three-step procedure (pH 8) employed: (I) extraction in 
Triton X-100-4 M (optionally 2 M) urea, (II) chromatography in a Bio-Gel A-1.5m 
Column (Triton X-100-4 M urea). Without this step, subsequent electrophoresis 
failed. (III) Preparative disc gel electrophoresis. 

Properties ofcytochrome b 6 : Cytochrome b 6 migrated in undenatured form as 
a single band in disc electrophoresis (pH 8, 7 or 8.9). None of the limited, accepted 
properties of the cytochrome in particles was altered by the purification procedure" 
Reduced b 6 has absorption maxima (22 °C) at 434, 536, and 563 nm; at - 1 9 9  °C 
the a absorption region shows two peaks of equal intensity at 561 and 557 nm. 
C y t o c h r o m e  b 6 is reduced by dithionite (not by ascorbate) and is autoxidizable. 
The prosthetic group of b 6 is protohaemin and is fully extractable by acid-acetone. 
No non-haem iron is present. The millimolar extinction coefficient of reduced bo 
(563-600nm) per mole of haem is 21. The protein equivalent weight is 40000 g per 
mole of haem. Cytochrome b4 is an intrinsically aggregatable molecule. The reduced 
cytochrome does not react with CO except when Triton X-100 is present. 

INTRODUCTION 

The purification of tightly bound membrane proteins with retention of their 
known properties has long hindered and challenged many areas of  Biology. The 
chloroplast grana of higher plants contain three cytochromes - - f ( a  peak at 554 nm), 
bs59 (a peak at 559 nm) and b 6 (a peak at 562) - -  all tightly bound membrane proteins 
which are not released by extraction with salt solution or by prior delipidation of 
the membrane. Consequently, purification of the chloroplast cytochromes was pursued 
with the hope that technology might gradually developed which was applicable 
generally to the purification, proof of purity, and study of membranes proteins. 
Purification of cytochrome f (ref. l) and cytochrome b559 (ref. 2) with evidence for 

* This research constituted part of a thesis to be submitted in partial fulfillment of the require- 
ments for the Ph.D. degree at McGill University. 
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purity was recently reported from this laboratory though the development of new 
methods, some of which may be generally applicable to the purification of membrane 
proteins. However, bot~procedures relied on an empirical intermediate purifica- 
tion step of binding most of the protein impurities to DEAE-cellulose. Purification 
of cytochrome b 6 was  therefore undertaken with the hope of devising a different, 
more generally useful intermediate purification step. 

The 563-nm peak of cytochrome b 6 was  observed in chloroplast by Davenport 3 
in 1952; it was designated as b 6 and further examined by Hill 4 in 1954. No success 
was subsequently reported for nearly 20 years in either the purification of cytochrome 
b 6 or  even its extraction in stable from form particles. 

This paper reports the complete purification of cytochrome b6 and some of 
its properties. The initial step of the procedure (extraction using aqueous Triton 
X-100-4 M (or 2 M) urea, pH 8) and the final step (disc electrophoresis in aqueous 
Triton X-100, pH 8) were derived with some modification from the cytochrome 
b559 and fprocedures from this laboratory 2' 1. An innovation and critical step in the 
b 6 procedure is the successful use of a Bio-Gel Z-1.5m column containing Triton-4 M 
urea as an effective preliminary chromatographic step which enables the following 
electrophoretic step to succeed. 

METHODS 

"Total chloroplast particle fraction" was prepared from spinach leaves and 
stored frozen ( -15  °C) in physiologically active form as previously described 1. 
Washed "ethanol-extracted particles" were then prepared from thawed suspensions 
of "total chloroplast particle fraction ''2. 

Disc gel electrophoresis with non-ionic detergent was performed as described 
earlier 1 except that the resolving gel buffer was 0.38 M Tris-HCl, pH 8, rather than 
8.9 to increase cytochrome stability; other changes are noted, where appropriate, 
under Results. Location of protein bands in gels by staining and spectrophotometric 
location of cytochrome in gel slices were also described previously 1. Content of 
c y t o c h r o m e  b 6 (using its a maximum at 563 nm) was assayed in ethanol-extracted 
particles and during purification by difference spectrophotometry (reduced with 
dithionite vs. ascorbate). (Ascorbate reduces cytochromes f and b559 but not cyto- 
chrome b4; dithionite reduces all three cytochromes.) Absorption spectra were recor- 
ded during purification using a Phoenix-Chance scanning spectrophotometer. The 
response of the instrument was linear (calibrated with solutions of horse-heart cyto- 
chrome c) down to its detection limit of about 0.0002 absorbance unit (1-cm cell). 
Accuracy of the Phoenix-Chance absorbance values was checked by cross-calibra- 
tion via cytochrome c with a Cary Model 15 recording spectrophotometer and Beck- 
man DU spectrophotometer. Absorbance spectra at 22 °C of pure cytochrome b 6 

were recorded on the Cary model 15 spectrophotometer; spectra at the temperature 
of liquid nitrogen (-199 °C) were recorded with the Phoenix-Chance instrument 
equipped with low-temperature accessory (optical Dewar flask, 2-mm cells). One 
(absorbance) unit of cytochrome b 6 is defined as that amount of reduced protein 
which when dissolved in 1 ml gives an absorbance at 22 °C of 1 (1-cm light path) 
at its a maximum at 563 nm relative to the absorbance at 600 nm. 

Haem content was assayed as the reduced pyridine haemochromogen by the 
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method of Appleby 5. Acid-acetone extraction of the haem of cytochrome b 6 was  

performed (and assayed as the reduced pyridine haemochromogen 5) by the method 
of Basford et al. 6. Biuret protein determinations were performed by the method of 
Gornall et al. 7 with crystalline bovine serum albumin as standard; the biuret color 
of pure cytochrome b 6 samples was corrected for haem contribution by an alkaline 
control containing cytochrome b 6. Total iron was analyzed by the method of Doeg 
and Ziegler 8 with pure iron wire as standard. Chlorophyll content of particles was 
determined by the method of Arnon 9. 

Bio-Gel A-l.5m, a non-ionic Agarose Gel, was purchased from Bio-Rad 
Laboratories, Rockville Centre, N.Y. Sephadex G-25 and G-200 were purchased 
from Pharmacia Canada Ltd (Montreal). Diaflo membranes (used in a Diaflo Ultra- 
filtration Pressure-concentrating Cell, under N2) were from Amicon Corp., Lexington, 
Mass. Millipore filters were products of Mitlipore Corporation, Bedford, Mass. 

Sonic disturption: The instrument, manufactured by Blackstone Ultrasonics, 
Inc., Sheffield, Pa. consisted of probe model BP2 with 5/8-inch probe tip and gener- 
ator model SS-2 capable of maximum power output of 200 W. During ,sonic disrup- 
tion of suspensions, it was set to position 40, out of a possible range of 100, and 
tuned to maximum pitch. Further details are given in Step 1 of the purification 
procedure in Results. 

RESULTS 

Experiments to develop the purification procedure for  cytochrome b 6 
Quantitative (90-100%) extraction of the cytochrome b 6 content of ethanol- 

extracted chloroplast particles into an optically clear aqueous dispersion was accom- 
plished by sonication at 0 °C in a medium containing 2°/0 Tri ton-4 M urea-0.05 M 
Tris-HC1 buffer, pH 8. If the medium was not supplemented with sulfhydryl reagents 
such as 2 mM dithiothreitol or 10 mM cysteine, b 6 was  stable at 0 °C for at least 
2-3 days. Using the approach developed in this laboratory 1, the optically clear 
dispersion of cytochrome b 6 in Tri ton-urea was applied to an analytical disc-electro- 
phoretic 5 or 7% resolving gel (with or without a 4% stacking gel) with Triton X-100 
as supplement in all media. A series of experiments was performed in which the 
Triton content in disc electrophoresis was varied from a low of 0.1°/0 up to a high 
concentration of 20/0 . In all cases, disc electrophoresis failed: the extract did not 
stack properly and cytochrome b 6 did not penetrate the resolving gel, nor was  b 6 

adequately separated from other proteins present. It was, thus, uncertain whether 
the original extract contained cytochrome b 6 as separate molecules or as polydisper- 
sed aggregates, perhaps bound to other proteins. It was consistently observed that 
a brown-protein material formed a layer at the top of the first gel in its path. Operatio- 
nally, a "trouble fraction" was hypothesized, i.e. some protein fraction other than 
the chloroplast cytochromes which prevented proper electrophoretic resolution in 
disc electrophoresis containing Triton X-100. In work in our laboratory on cyto- 
chrome b559 the same phenomenon had previously been observed during the purifi- 
cation of b559: an  intermediate complete binding in Tri ton-urea medium (pH 8) 
of the brown-protein fraction to DEAE-cellulose was required to allow subsequent 
proper electrophoresis of b559. It was thus probable that more than a reduction of 
the total protein content of  the original extract had to be accomplished; rather, 
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complete removal of the brown-protein fraction ("trouble fraction") was required. 
A variety of attempts were made to purify cytochrome b 6 (in either Triton-urea 
medium or in 2% Triton alone). Two criteria were applied: (1) at least 2 fold purifi- 
cation and (2) subsequent proper resolution of cytochrome b 6 in analytical disc gel 
electrophoresis containing 1% Triton X-100. (NH4)2SO 4 fractionation failed com- 
pletely; both b 6 and the most of protein in the extract precipitated together between 
15 and 20% saturation of (NH4)2SO4 at pH 8. Purification via fractionation with 
sequential of calcium phosphate gel also failed. Unlike cytochromef or cytochrome 
b5592 which pass through a DEAE-cellulose column in Triton-urea-Tris medium 
(pH 8), cytochrome b 6 w a s  bound to DEAE-cellulose together with most of the 
contaminating protein, including all of the brown-protein fraction. Recovery of b 6 

from the column by supplementing the eluting medium with NaCt at a fixed concen- 
tration (ranging from 0 to 2 M in separate experiments) produced poor recovery and 
negligible purification. Attempts were then made to bind "trouble fraction" but not 
b 6 o n  DEAE-cellulose by increasing the ionic strengh of the applied sample before 
binding from a low of 0.025 M to a high of 0.125 M in separate column experiments. 
No purification was achieved, although recovery of b 6 w a s  quantitative with the 
extracts applied in 0.125 M ionic strength. 

On the further assumption that cytochrome b 6 migth exist as separate molecules 
in the original extraction medium (2% Triton-4 M urea-0.05 M Tris-HC1 buffer, 
pH 8), i.e. not bound to other proteins, and that the brown "trouble fraction" might 
merely be clogging the top surface of polyacrylamide gels, purification experiments 
were pursued using molecular-sieving materials. Both b 6 and the total protein content 
(including "trouble fraction") were quantitatively retained by the Diafto membranes 
XM50 (50000-dalton exclusion limit), XM100 (100000 daltons), XM300 (300000 
daltons), and Millipore filters of 0.05-#m and 0.10-/tm porosity. Both cytochrome b 6 

and "trouble fraction" quantitatively passed through the more porous 0.22- and 
0.45-#m Millipore filters. In a column of Sephadex G-200, containing Triton-urea- 
Tris medium, b 6 w a s  slightly retarded but the procedure achieved no effective separa- 
tion of b 6 from the excluded brown-protein fraction. (The exclusion limit for proteins 
on Sephadex G-200 in aqueous medium is 800000 daltons; the exclusion limit of 
Sephadex G-200 for proteins in aqueous Triton-urea medium is not known.) All of 
the above sieving materials failed, but the slight retardation of b 6 o n  Sephadex G-200 
suggested that a molecular-sieving material of higher exclusion limit might suffice. 
Accordingly, purification of the extract was attempted on a column of Bio-Gel 
A-1.5m in the same medium. (Bio-Gel A-1.5, has an exclusive limit of 1.5.10 6 daltons; 
the exclusion limit for proteins in Triton-urea is not known.) The brown-protein 
fraction was completely excluded and completely separated from the retarded single 
c y t o c h r o m e  b 6 and single cytochrome f fractions. The brown-protein fraction repre- 
sented about 30-50% of the applied protein but contained no cytochromes. 70-80% 
of the cytochrome b 6 applied to the column was routinely recovered with purification, 
on a Biuret-protein basis, of 18-fold. The cytochrome b4 fraction when applied in 
Triton-urea medium was then found to stack and separate satisfactorily in analytical 
disc gel electrophoresis containing Triton X-100; no urea supplements were required 
for the gel media and electrode buffer. Optimum conditions for efficient electropho- 
retic purification of cytochrome b 6 w e r e  then obtained by controlled experiments 
in which individual parameters of disc-gel electrophoresis were varied, followed 
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by spectrophotometric assay of the resolved b 6 band and by inspection of the stain 
pattern of resolved protein bands. These optimum conditions are presented in Step 3 
of the purification procedure for cytochrome b6 in the following section. 

Purification of cytochrome b6 
All steps were performed at 0-4 °C. The procedure, as described, is for a 

preparation using chloroplast particles originally containing about 750 mg of chloro- 
phyll and about 6300 mg of protein. A typical preparation is summarized in Table I. 

Step 1--extraction of cytochromes. A pellet of washed "ethanol-extracted 
particles" containing 0.05 M Tris-HCl buffer, pH 8, was resuspended by hand 
homogenization in about 10 pellet volumes (100 ml) of 2% Triton X-100, 4 M urea, 
0.05 M Tris-HCl buffer, pH 8. The Triton to protein ratio (mg/mg) was at least 0.4. 
Final volume was usually 110-115 ml. The suspension was sonicated for 2 min 
total time (four 30-s sonication periods in ice interspersed with 1-min cooling inter- 
vals) and then centrifuged twice, each time at 27000 x g for 15 min. The supernatant 
was further centrifuged, this time at 100000 x g for 60 min, to remove non-cytochrome 
components. After spectrophotometric assay for content of cytochrome b 6 and 
cytochromes b559 and f, the extract was concentrated twice with dry Sephadex G-25 
to reduce the volume to about 25 ml. Recovery of b 6 after extraction and concentra- 
tion with Sephadex was essentially complete. 

Step 2--partial purification by chromatography on a Bio-Gel A-1.5m column 
containing Triton-4 M urea. A 5.0 cm× 84 cm column of Bio-Gel A-1.5m (200- 
400 mesh) was prepared and equilibrated with the extraction medium (2% Triton 
X-100, 4M urea, 0.05 M Tris-HC1, pH 8). The 25-ml extract from Step 1 was applied 
and chromatographed using the same extraction medium in a descending direction 
at a flow rate of 60 ml/h. Large size, non-cytochrome components --which otherwise 
severely interfered with purification in Step 3 (disc electrophoresis)-- were effectively 
removed as an excluded front fraction. Cytochrome b 6 moved as a single retarded 
fraction (peak at 924 ml vs Vo for the column of 528 ml --KAv =0.36) which was 
virtually completely separated from cytochrome f (KAv =0.59). (Due to the lack 
of thiols, which stabilize b5592 but inactivate b6, no bs59 is observed in the eluted 
fractions.) The tubes containing cytochrome b 6 were then pooled, supplemented 
to 10% glycerol and then concentrated once or twice with dry Sephadex G-25 to 
achieve a volume of about 15 ml. 

Step 3--Final purification via preparative disc-gel electrophoresis (0.5% Triton 
X-IO0). A Kontes Glass Co. Preparative Electrophoresis Apparatus (250-ml cham- 
ber) was used. Electrode buffer was Tris-glycine, pH 8.3 (0.005 M Tris base, 0.039 
M glycine) plus 0.5% Triton X-100. The running gel (9%, 100 ml volume) contained 
10% glycerol, 0.5% Triton X-100 and 0.38 M Tris-HC1 buffer, pH 8.0. Prewashing 
of the gel with electrode buffer was performed for 2 h at 20 mA, 300 V prior to apply- 
ing the sample. (Note 1 : without prewashing, the b 6 recovery was reduced and sig- 
nificant of a second (artifactual) faster-moving b6 band were produced. Note 2: 
because of the prewashing, the usual pH 6.7 stacking gel was necessarily omitted.) The 
15-ml sample, greenish brown in color, was then applied (without supplementation 
with sucrose) and electrophoresis at 20 mA, 300 V was performed for a total time of 
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about  40 h. After the cytochrome had penetrated the gel (about 12-16 h) the electro- 
phoresis was briefly stopped and a chlorophyll layer (light green) remaining above 
the gel was carefully pipetted off; electrophoresis was then resumed until the sharp, 
orange b 6 band had penetrated 1 cm into the gel. After cutting out the orange b 6 

band, the gel slice was fragmented in a hand homogenizer together with about 40 
ml of  0.05 M Tris-HC1, pH 8, 10°/0 glycerol (no Triton X-100). The suspension 
was diluted with additional amounts of  this medium so that the total amount of  
fluid added was about 10 times (about 60 ml) that of the original volume of the gel 
slice. The gel suspension was stirred about 3 h, then centrifuged (27000 × g, 15 min), 
and the supernatant was concentrated with dry Sephadex G-25. The concentrated 
b 6 solution contained about 0.3% Triton X-100, estimated from the volume of the 
gel slice and its Triton concentration of 0.5°/0, from the known dilution factor during 
extraction from the slice, and from the known -fold concentration after treatment 
with dry Sephadex G-25. (Triton X-100 micelles are quantitatively concentrated 
together wit protein by dry Sephadex G-25; unpublished studies in this laboratory.) 
Overall yield of pure b6 was 30% of that present in ethanol-extracted particles. 

Stability 
Cytochrome b 6 was stable for at least 3 months when stored frozen ( -  15 °C) 

in 0.05 M Tris-HC1 buffer, pH 8, containing 10% glycerol or stable for at least 7 
days in liquid solution at 0 °C. In contrast with cytochrome b559, whose stability 
is best preserved by thiols such a 1-5 mM dithiothreitol, and with cytochromef ,  
whose stability is enhanced by thiols, cytochrome b 6 (otherwise a relatively stable 
molecule) is slowly inactivated by 1-5 mM dithiothreitol even at 0 °C. (By inactiva- 
tion we mean the abolition of the b 6 spectrum; no new absorption peaks are ob- 
served.) 

Proof of purity 
Analytical disc gel electrophoresis (pH 8) of  b 6 in undenatured, non-aggregat- 

ed form in medium containing Triton X-100 showed no contamination by either 
cytochromes f or  b559 or any other protein (cf Fig. 1 and its legend). Additional 

Fig. 1. Analytical disc gel electrophoresis (18 h) of pure cytochrome be. No stacking gel; 9~  
running (pH 8) prerun for 1 h with electrode buffer to wash gel. Electrode buffer was 5 mM Tris 
base-0.039 M glycine (pH 8.3)plus 1~ Triton X-100; 9~  gel medium was 0.38 M Tris-HC1 
(pH 8) plus 2~ Triton X-100, 10~ glycerol. (When the applied sample was directly after the 
purification procedure, an estimated concentration of Triton X-100 of 0.3 ~ was already present. 
When the applied sample had previously been dialyzed seven days against Tris buffer, it was 
supplemented to about 0.5~ Triton X-100.) Prior to staining the band was visibly orange colored 
before reduction and gave a typical be spectrum. No protein or cytochrome was seen in the front 
fraction or anywhere else in the gel. The arrow indicates the top of the gel, where no protein 
stain was visible. 
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disc gel e lectrophoret ic  experiments  performed either at pH 7.0 or 8.9 also showed 
no impurities.  Instability o f  b 6 in acetate buffer (pH 5.5) precluded a purity test 
at pH 5.5. The absorption spectrum of  reduced cytochrome b 6 (22 °C) also shows  
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Fig. 2. Absolute reduced (dithionite) (solid line) and absolute oxidized (untreated) absorbance 
spectra of pure cytochrome b6 (22 °C). For insert (B), the sample aliquot was 4 times the concen- 
tration of that in A, so as to reveal more detail. Solution medium was 0.05 M Tris-HC1, pH 8. 
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Triton X-100 to allow optical measurements at -199 °C; b6 was stable during this dialysis. 
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no contamination by cytochrome f and b559 (Fig. 2). Furthermore, a difference 
spectrum (not shown) of ascorbate v s .  ferricyanide (oxidized) at -199 °C, which 
would normally reveal any native b559 orfpresent (but not b6) , in fact showed no 
absorption peaks. The absorption difference spectrum of b6) [reduced by dithionite 
v s  oxidized (untreated)] recorded at -199  °C is presented in Fig. 3. Two peaks 
(561 nm, 557 nm) are seen in the a absorption region. If the peak at 557 nm were 
contributed by a small contaminating of cytochrome b559, additional peaks of b5592 
would be expected at 513, 529, and 536 nm (fl region) and especially the intense 
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Fig. 4. Difference spectrum at 22 °C of pure cytochrome b~ (reduced (with dithionite) minus 
oxidized (untreated)). The spectrum in B was recorded at 10 times the magnification of  that in 
A to show the c¢ and fl peaks in greater detail. Solution medium was 0.05 M Tris-HCl buffer, 
pH 8. 
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Soret peak of b559 at 429 nm. The absence of the latter b559 peaks would suggest 
that, at -199 °C, both the peak at 561 nm and that at 557 nm are contributed by 
b 6 itself. 

Absorption spectra 
Absolute reduced and absolute oxidized spectra (22 °C) of b 6 a re  presented in 

Fig. 2. (The absorption spectra were unaffected by Triton X-100.) The low-temperature 
difference spectrum (Fig. 3) indicates that b6 exhibits two peaks at - 199 °C in the 
region, 561 and 557 nm. This supports the tentative suggestion made by Boardman 
and Anderson 1° on b6 in chloroplast particles. The absorption difference spectrum 
of b 6 (22 °C) is presented in Fig. 4. 

Like b6 in chloroplast particles, purified b 6 is autoxidizable and is reduced by 
dithionite, but not by ascorbate. (Either ascorbate or dithionite can reduce cytochrome 
f and cytochrome b559. ) No time lag was observed during reduction by dithionite. 
Reduction was complete within the time required to record the spectra at 22 °C (i.e. 
about 30 s to record the ~ and/3 peaks). 

Haem prosthetic group, millimolar extinction coefficient, protein equivalent weight, iron 
content 

The absorption spectrum of the reduced pyridine haemochromogen of pure 
b 6 w a s  identical with that of protohaemin, showing maxima at 556, 526 and 423.5 nm. 
The haem of b 6 was  quantitatively extracted by acid-acetone with recovery of 95% 
of the haem. 

Using the coefficient of the reduced pyridine haemochromogen of A/~mM= 23.4 
(556-- 539 rim) 5 the millimolar extinction coefficient of cytochrome b 6 was  determined 
as z~ ~mM ~ - - "  21 (563 -- 600nm) per mole of haem. Cytochrome b 6 contained 47.(5) nmoles 
of haem per A unit and 40000 g of Biuret protein per mole of haem. A,4563_6oon  m 

per mg Biuret protein was 0.52. Total iron content of cytochrome b 6 was  47 (___4%) 
nmoles of iron per ,4 unit. The equivalence of total iron and haem iron indicates that 
b 6 contains no significant amount of non-haem iron. 

Quantitative (reversible) reaggregation upon depletion o f  Triton X-IO0 
The intrinsic reaggregatability of cytochrome b 6 was  examined by the disc- 

electrophoretic approach used in this laboratory 1' 11. Pure b6 containing initially less 
than 0.3% Triton X-100 was dialyzed against 0.05 M Tris-HC1 buffer, pH 8, for an 
aribitrary dialysis time of seven days with daily changes of the Tris buffer. The cyto- 
chrome was quantitatively stable and soluble during this dialysis period. When the 
dialyzed sample was examined by analytical disc gel electrophoresis (pH 8) using a 
washed 9% gel (cf. legend of Fig. 1 for details) but without Triton X-100 either in the 
sample or in the electrophoretic system, the cytochrome was quantitatively reaggreg- 
ated in that none of it was able to penetrate the 9% running gel. When the dialyzed 
sample was supplemented with 0.5% Triton X-100 and examined by disc gel electro- 
phoresis (pH 8) with 0.5% Triton X-100 in the system, the entire cytochrome b6 sample 
dissociated and migrated in the 9% gel as a single electrophoretic band which exhibited 
the usual 66 absorption spectrum. Cytochrome b6 was also non-destructively disso- 
ciated by Triton X-100 at pH 7 and pH 8.9. 
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Non-reaction of cytochrome b 6 with CO after depletion of Triton X-IO0 
Samples of pure cytochrome b 6 - -  sufficiently dialyzed (as in the above section) 

so that quantitative reaggregation was observed--showed no reaction with CO. As 
shown by Hill 4, native cytochrome b 6 in chloroplast particles also showed no CO 
reaction. However, when the pure sample was dissociated by the addition of 0.5% 
Triton X-100 (final concentration) complete reaction with CO occurred as shown 
spectrophotometrically in Fig. 5. The minimum concentration of Triton X-100 needed 
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Fig. 5. The effect of CO on the difference spectrum (reduced (with dithionite) versus  oxidized 
(untreated)) of pure cytochrome b6 (22 °C) in the absence and presence of 0 .5~  Triton X-100. 
The sample had been dialyzed against 0.05 M Tris-HCl buffer, pH 8, for 7 days to deplete its 
concentration of Triton X-100. The sample was stable and soluble during this dialysis. After 
reduction with dithionite, CO was bubbled through the reduced sample for 3 min and the spectrum 
then r e c o r d e d . - - - - ,  no Triton X-100 added; spectrum is unaltered by CO. " - ' ,  0.5700 Triton 
X-100 (final concentration) added, after bubbling with CO, and the spectrum was recorded 1 min 
later. Calculated aborbance ratios are A 563 nm/A 660 nm = 1.9 ; A 434 nm/A 426 nm = 3.2, thus indicating 
a drop in absorbance upon reaction with CO. (Addition of Triton X-100 alone (no CO), not 
shown, had no effect on the normal b6 spectrum.) 

to induce CO reactivity is not known but is probably considerably less than 0.5%. 
(The results of this section do not establish or imply that monomeric, i.e. dissociated 
cytochrome b 6 is intrinsically CO reactive, except of course in the presence of Triton; 
nor, conversely, can one infer that the cytochrome in the chloroplast is necessarily 
in aggregated form.) 

DISCUSSION 

The purification procedure suffers none of the problems usually encountered 
in the extraction and purification of most "hydrophobic", tightly bound membrane 
proteins: (1) Extraction of b6 was easily accomplished and was complete, and no 
alteration of the cytochrome's accepted properties was observed. Further, if Bio- 
Gel A-1.5m is indeed an inert molecular-sieving material, then b6 was in molecular 
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form, not bound to protein contaminants, in the original extraction medium of 
Tr i ton-4  M urea, pH 8. (2) The cytochrome moved as a single fraction either in 
the Bio-Gel chromatography or in the more-discriminating method of disc electro- 
phoresis. Multiple fractions, multiple forms or streaking of b6 was not encountered. 
A second substantial band of b 6 (exhibiting the same absorption spectrum as the 
normal band) was an artifact not an "isozyme" whose formation was avoided 
by "pre-washing" the disc-electrophoretic resolving gel. (3) The purification steps 
were few and essentially quantitative (70-80% recovery, routinely, in the Bio-Gel 
step and at least 80% recovery,-routinely, from preparative disc electrophoresis). 
(4) As in the work in our laboratory on cytochrome f,  we have had no success in 
effectively chromatographing cytochrome b 6 on  the ion exchanger DEAE-cellulose 
(or on any other charged support medium). This difficulty may possibly be attribu- 
table to aggregation of b 6 as well as of other proteins present induced by charges in 
the ion exchanger and/or in the eluting salt solution. To our knowledge, the Bio-Gel 
step is the first demonstration of chromatography of a desired membrane protein 
in undenatured form in a crude extract. (5) Purification of cytochrome f l  in this 
laboratory demonstrated that disc electrophoresis in non-ionic detergent could serve 
in effect as a much-needed chromatographic method for a membrane protein both as 
a final preparative step and as a subtle method for "proof  of purity". The procedures 
for all three chloroplast cytochromes have now successfully employed these methods, 
thus validating their general promise for other membrane proteins. 

The experiments in the first section of Results indicate that removal of a "trouble 
fraction" from the initial T r i t o n ~  M urea dispersion was required to allow cyto- 
chrome b 6 to penetrate disc electrophoretic gels. Only chromatography by molecular 
sieving in Bio-Gel A-l.5m (l ' r i ton-urea) succeeded in removing this apparently large 
molecular weight fraction despite a variety of attempts by other methods. Since 
cytochrome b 6 is small enough to penetrate a 9°/0 electrophoretic gel, the requirement 
for sieving out the "trouble fraction" via a large-pore Bio-Gel A-1.5m sieving material 
(rather than via Sephadex G-200) remains at present an enigma. The Bio-Gel proce- 
dure and the concept of a "trouble fraction" (or disc-gel plugging fraction) may prove 
useful for purification of other membrane proteins. 

Bendal112 in a brief report proposed that chloroplasts contained a second b 6 

component with an absorption peak at 559 nm (presumably at room temperature) 
together with the usual 563-nm (b6) component. (Both were reduced by dithionite 
Although no definitive comment can yet be made by us, the following observations 
may be of interest: (1) We have never observed any b 6 component either in particles 
or  soluble extracts other than the conventional b 6 component at 563 nm. (2) Assay 
of  conventional, ascorbate-reducible b559 in solvent-extracted chloroplasts has not 
been reliable (in our laboratory) except in Tr i ton-urea  medium, pH 8. Solvent-ex- 
tracted particles in suspension with or without Triton X-100 (but lacking 4 M or 2 M 
urea) are not always fully permeable to ascorbate. (Dithionite appears to encounter 
no permeability barrier.) The same particles in Tr i ton-2 M or 4 M u r e a - -  either by 
suspension in Tri ton-urea,  pH 8, or by adding 2 or 4 M urea during assay to particle 
suspensions in Triton alone - -  show their expected full amount of ascorbate-reducible 
b559. The latter observation also poses a reservation to the proposal of a second, low- 
potential form of bss 9 in particles (i.e. a form not-reducible by ascorbate, e.g. see 
Cox and Bendal113.) 
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We have observed two alpha absorption peaks (561,557 nm) at - 199 °C in our 
cy tochrome b 6 preparation. Based on all available evidence, does the 557-nm peak 
represent an unresolved bound impurity? (1) It is universally accepted that two 
peaks at - 1 9 9  °C can be produced by two different cytochrome molecules whose 
absorption spectra are otherwise poorly resolved and show considerable asymmetry at 
22 °C. However, a single pure cytochrome molecule also can exhibit two major 
peaks at - 199 °C even though only one ~ peak is found at 22 °C. One such example 
is cytochromefwhich at - 199 °C shows both a 551.5 nm peak and a very considerable 
peak at 548 nm. No one has yet suggested that the latter peak represents a major or 
minor impurity. Thus, the presence of two ~ absorption peaks ( -  199 °C) for a prepa- 
ration is, by itself, an equivocal criterion for impurity and additional evidence must 
be examined. (2) No ascorbate-reducible b559 was present in the cytochrome b 6 
preparation ( -  199 °C). (3) Pure cytochrome b559 has absorbance maxima (22 °C) at 
559 nm (~), 530 nm (fl) and 429 nm (Soret). At - 199 °C it shows absorbance peaks in 
a difference spectrum at 556 nm (~), 529 (principal fl) (as well as minor/3 peaks at 513 
and 536 nm) and an intense Soret Peak at 429 nm. The above preparation of cyto- 
chrome b559 was completely ascorbate reducible. From additional, more extensive 
studies on cytochrome b559 in this laboratory (Garewal, H. S. and Wasserman, A.R., 
unpublished) we have no reason to question either the reliability of the above ab- 
sorption data or whether it is representative (within experimental error) of the cyto- 
chrome b559 content of chloroplast grana. If  the ascorbate-reducible form, unpro- 
tected by thiols, is converted artifactually or otherwise to one or more forms of lower 
potential (i.e. forms reducible by dithionite but not by ascorbate), we would expect 
any such "dithionite-reducible form "either to retain all of the characteristic ab- 
sorption peaks of cytochrome b559 or to have shifts in maxima for all three principal 
maxima. There is no precedent for any cytochrome retaining the position and sharp- 
ness of its ~ peak while at the same time suffering alteration or elimination of its/3 
and Soret peaks. If  all, or even 15% of the height of the 557 nm peak ( - 1 9 9  °C) in 
Fig. 3 is presumed to be contributed by a "dithionite-reducible form" of b559, we 
would expect to see the principal beta of b559 at 529 nm or at least some shoulder 
at 529 nm and to see either a peak or shoulder near 429 nm. This, however, is not seen. 
Further, such contamination by b559 would, at 22 °C, either produce a considerable 
shoulder on the left side of the alpha peak or, for larger contamination, shift the 563 
nm peak to a shorter wavelength (perhaps to 560 or 561 nm). Inspection of Figs 2B 
and 4B shows no such signs of contamination. From currently available data on pure 
b559 as well as the present data on cytochrome b6, we must therefore conclude that 
the peaks at 557 and 561 nm ( -  199 °C) are intrinsic properties of pure cytochrome 
b 6. A corollary of this conclusion would be that any particulate preparation containing 
b 6 and presumably free of b559 would show both peaks ( -  199 °C) with almost equal 
intensity and that particulate preparations containing both b 6 and b559 would show 
greater absorbance at 557 nm than at 561 nm. (4) Using another approach, experiments 
in progress on the polypeptide subunits of our cytochrome b6 preparation (Stuart, 
A. and Wasserman, A. R., unpublished) and of pure cytochrome b559 (Garewal, 
H.S. and Wasserman, A.R., unpublished) show that about 75% of the mass of cyto- 
chrome b 6 consists of chains unequivocally absent in cytochrome bss9; the remaining 
25% of the protein mass o f b  6 also appears to consist of a chain not found in b559 but 
this requires further verification. 
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We have no t  ye t  examined  the redox po ten t i a l  of  pure  cy tochrome b 6. The 
redox  po ten t i a l  o f  cy tochrome  b 6 in par t ic les  is in dispute ,  having been r epor t ed  
va r i ab ly  as - 6 0  mV 4, reca lcu la ted  la te r  as 0.0 mV 14, - 1 8 0  (___20) mV 15 and - 1 0 0  
1TIV 16" 

N o  acceptab le  enzyme assay exists for  cy tochrome  b 6 ; at  this  t ime the immedia t e  
phys io log ica l  r educ tan t  or  ox idan t  for  the cy tochrome  in pho tosyn thes i s  is unknown.  
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SUMMARY 

Membranes prepared from Rhodopseudomonas capsulata grown hetero- 
trophically in the dark perform phosphorylation linked to oxidation of N A D H  
and succinate, with P/2e- ratios of about 0.5 and 0.15, respectively. The localization 
of the sites of energy conservation was investigated by observing the respiration- 
induced quenching of the fluorescence of atebrine. 

Energization of the membrane can be demonstrated when NADH is oxidized 
by 02, ferricyanide or Q1, when succinate is oxidized by 02 or by oxidized diam- 
inodurene, and during the oxidation of reduced diaminodurene. 

Antimycin A completely inhibits energization between succinate and 02 or 
succinate and diaminodurene; however, it only inhibits partially NADH or succinate 
oxidases and energization between NADH and 02. KCN inhibits N A D H  oxidase 
in a biphasic way: the first level of inhibition is observed at concentrations which 
block the oxidation of exogenous cytochrome c or of diaminodurene and energization 
between succinate or ascorbate-diaminodurene and 02. The second level corresponds 
to the inhibition of the antimycin-insensitive oxidase. 

The results are interpreted as evidence of the presence in these bacteria of a 
respiratory chain branching after the dehydrogenase system, one arm of the chain 
being sensitive to antimycin A and low concentrations of KCN and capable of 
energy conservation, the other being represented by a completely uncoupled system. 

INTRODUCTION 

The respiratory system of facultative photosynthetic bacteria has received 
relatively little attention in comparison with the large amount of research dealing 
with their photosynthetic apparatus. Nevertheless aerobic metabolism can be no 
less important than photometabolism since these organisms are capable of high 
rates of growth in the dark in the presence of oxygen 1. 

Our present limited knowledge on the composition and function of the respir- 
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atory chain of non-sulfur purple bacteria is concerned primarily with the nature of 
the electron transport components and their interaction with substrates 2-6. Very little 
information is available so far on the localization of energy-conserving sites in the 
respiratory electron chain of Athiorodaceae. It has been demonstrated that the inhi- 
bition of cyclic phosphorylation by antimycin A in Rhodosporillum rubrum photosyn- 
thetic membranes can be overcome by low concentrations of phenazine methosulfate; 
on this basis it has been proposed that a site of energy conservation is located between 
an antimycin-sensitive component and reaction center bacteriochlorophyll 7. However, 
this evidence could not be reproduced in Rps. capsulata a. Evidence for a second 
site in cyclic photophosphorylation, again in Rh. rubrum, has been obtained fom 
the demonstration of cross-over effects and from the demonstration that ATP or 
PPi induce reverse electron flow reactions between a b-type and a c-type cytochrome 9. 
In addition, a third site was postulated by Keister et al. lo between NADH and 
fumarate, in order to rationalize the mechanism of energy-dependent reduction 
of NAD + by succinate. All these observations were further supported in the work 
by Isaev et al. 11, who were able to demonstrate energy conservation coupled to 
oxidation of NADH by oxygen or of succinate by ferricyanide or upon illumination 
in the presence of antimycin A and ascorbate-N,N,N',N'-tetramethyl-p-phenylene- 
diamine. 

Membranes prepared from facultative photosynthetic bacteria, grown aero- 
bically, perform oxidative phosphorylation utilizing NADH or succinate as sub- 
strates12'13; however the low P/2e- ratios usually obtained in these preparations 
are a technical hindrance in elucidating further the sequence of redox reactions 
of  the electron transport carriers and the associated energy-converting steps. 
Recently this problem has been approached in photosynthetic membranes of Rps. 
rubrum by an indirect method, namely measuring the distribution of permanent 
anoins as a probe of  membrane energization 11. In this study we have attempted to 
localize the energy coupling sites of respiration in membranes from Rps. capsulata, 
grown aerobically, by means of respiration-induced quenching of atebrine fluor- 
escence. This phenomenon, which has been shown to be related to energization of 
phosphorylating membranes ~4'~5, has been studied by us in parallel with measure- 
ments of phosphate esterification in the presence of suitable electron flow inhibitors 
and electron donors and acceptors. 

MATERIALS AND METHODS 

Photosynthetic cultures of Rps. capsulata, strain St. Louis (American Type 
Culture Collection 23 782) were grown in the medium described by Ormerod et al. 16, 
transferred to a small flask (25 ml) containing the same medium and grown for 
many generations in the dark with continuous mechanical shaking. A small inoculum 
of  these aerobic cultures was then transferred to Fernbach bottles and strongly 
aerated by bubbling air through the cultures and shaking with a mechanical rotatory 
device. After 20 h the bacteria, which appeared to be slightly pinkish, were harvested, 
washed once with 0.1 M glycylglycine (pH 7.2) containing 8 mM MgC12 and broken 
in a French pressure cell operating at 16000 lb/inch 2. The cell extract was freed of 
the largest debris and unbroken cells by centrifugation for 20 rain at 40000×g 
and the membrane fraction was sedimented at 150 000 × g for 40 rain. The membrane 
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fragments were suspended in the same buffer and kept in ice. All the experiments 
were performed within a few hours of preparation of the membranes. The degree of 
coupling of the system was found to be considerably decreased after 8-15 h of 
storage. Oxidation of NADH and reduction of ferricyanide or cytochrome c were 
measured spectrophotometrically at 340 nm, 420 nm and 550 nm, respectively, 
using a Cary Model 15 double beam spectrophotometer. The rates of oxidation of 
succinate, ascorbate-diaminodurene and ascorbate-cytochrome c were measured 
polarographycally using a Yellow Springs 02 electrode (Model 5400). The routine 
reaction mixture for all these assays contained (in a volume of 2 ml for the spectro- 
photometric measurements and 6.8 ml for the polarographic): glycylglycine (pH 7.2), 
100 raM; MgC12, 10 raM; EDTA, 1 mM; bovine serum albumin, 1 mg/ml; and 
particles (0.1 to 0.2 mg protein/ml). The various reactions were started by addition 
of NADH, 0.15 mM; sodium succinate, 20 mM; sodium ascorbate, 3 mM; oxidized 
mammalian cytochrome c, 0.012 raM; or diaminodurene, 0.12 raM. The amounts of 
other electron donors, electron acceptors and inhibitors are indicated for each 
experiment (see Results). 

When necessary, anaerobic conditions were achieved by flushing the reaction 
mixture containing all the reagents except particles and bovine serum albumin, 
with N2 for 10 min; these last two components were added from the side arm of the 
Thunberg cuvette after the flushing was completed. Other additions were made with 
microliter syringes through a rubber septum. 

Phosphorylation was assayed by measuring the incorporation of 32P i into 
glucose 6-phosphate as previously described 17. For routine experiments, when N A D H  
or succinate were the substrates used, the procedure followed was the one described 
in ref. 18; otherwise experimental conditions are described under Results. 

Measurements of fluorescence were made at a 90 ° with a filter fluorimeter 19. 
Proteins were assayed by the method of Lowry et al. 2°. 

RESULTS 

N A D H  and succinate oxidases and associated phosphorylations 
Membranes prepared from Rps. capsulata, grown heterotrophically under the 

conditions described above, synthetize ATP coupled to the oxidation of N A D H  
and succinate. Although the oxidase rates can vary considerabley in different prep- 
arations, the P/2e- ratios measured in membranes from cells harvested in the early 
stationary phase of growth fall between 0.4 and 0.5 for NADH and between 0.15 
and 0.2 for succinate. As previously reported aS, phosphorylation linked to both 
substratesis completely inhibited by uncouplers and oligomycin; NADH-dependent 
activities are also sensitive to rotenone. 

The effect of KCN on NADH and succinate oxidase activities and coupled 
phosphorylations is shown in Fig. 1. The rate of NADH oxidation shows a clear 
biphasic dependency upon KCN concentration, suggesting the presence of two 
different sites of action of the inhibitor. The concentrations of KCN at which the 
two phases are 50% inhibited are approximately 5.10 - 6  and 6.10 -4 M, respectively. 
By contrast, the inhibition of succinate oxidation appears to be monophasic with 
an apparent Ki of approximately 5.10-5 M. 

Phosphorylation rates show similar patterns of inhibition: the NADH- 
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Fig. 1. Profile of N A D H  (a) or succinate (b) oxidases and related phosphorylation activities as 
a function of KCN concentration. N A D H  and succinate oxidases, in the absence of inhibitor, 
were 13.9 and 4.5 ffmoles/h per mg protein, respectively; under similar conditions NADH-  or 
succinate-dependent oxidative phosphorylation were 6.4 and 1.3/~moles/h per mg protein. 
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Fig. 2. Effect of antimycin A on NADH or succinate-linked oxidative phosphorylation. Control 
activities were 7.6 ffmoles/h per mg protein for NADH-dependent  phosphorylation and 1.4 
ffmoles/h per mg protein for succinate-dependent phosphorylation. [ 
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Fig. 3. Inhibition by KCN of N A D H  ( 0 - - 0 ) ,  ascorbate-cytochrome c ( ,~ -  - - A ) ,  and ascorbate-  
diaminodurene (A--&)  oxidases as a function of inhibitor concentration. Control activities 
were: 36 ffmoles/h per mg protein for N A D H  oxidase; 8.7 ffmoles/h per mg protein and 24 
ffmoles/h per mg protein for ascorbate-cytochrome c and ascorbate-diaminodurene oxidases, 
respectively. The curve indicated as 0 - - - 0  refers to the rate of N A D H  oxidase in presence of 
antimycin A (20 ffM). 
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dependen t  ac t iv i ty  is ra ther  insensi t ive to  K C N  at  concen t ra t ions  be low 10 -5 M, 
whereas  the succinate  dependen t  one is 70% inh ib i ted  at  this  concen t ra t ion .  

Oxida t ive  p h o s p h o r y l a t i o n  shows s imi la r  difference in sensi t ivi ty to an t imycin  
A (Fig. 2): in the presence of  the  i nh ib i to r  the  m a x i m u m  inhibi t ion  of  N A D H -  
dependen t  p h o s p h o r y l a t i o n  is only  18% of  the  con t ro l  (ocas ional ly  inhibi t ion  reaches 
values of  30%), while at  the same concen t ra t ion  phosphory la t i on  coupled  to succinate 
ox ida t ion  is near ly  comple te ly  inhibi ted.  In  agreement  wi th  the  resul ts  previous ly  
r e p o r t e d  wi th  r e sp i r a to ry  membranes  f rom Rsp. rubrum 2 and Rps. capsulata, s t ra in  
K b l  (ref. 4), bo th  N A D H  and succinate oxidases  are  only inh ib i ted  max ima l ly  

be tween 50 and 60% by an t imyc in  A. 
These observa t ions  toge the r  wi th  the resul ts  descr ibed above  may  be in te rpre ted  

as evidence fo two pa thways  of  oxygen consumpt ion .  Indeed  it can be shown 
(Fig.  3) t ha t  the res idua l  N A D H  oxidase  ac t iv i ty  measured  in the presence of  
an t imycin  A is comple te ly  insensi t ive to  K C N  concent ra t ions  lower  than  5- 10 -5 M. 
However  K C N  was ex t remely  effective in inh ib i t ing  the  ox ida t ion  o f  subs t ra tes  wi th  
more  posi t ive  po ten t i a l s  such as sod ium ascorba te  plus m a m m a l i a n  cy tochrome  
c or  sod ium ascorba te  plus d iaminodurene :  these oxidases  were 50% inhib i ted  at  
10 -7 M and 5.10 -7  M, respect ively .  

Oxidation o f  N A D H  and succinate by different electron acceptors 
The da t a  p resen ted  in Table  I show the rates  of  N A D H  and succinate  ox ida t ions  

by 02  or, in anaerobios i s ,  in the presence of  different exogenous e lec t ron  acceptors  
and  the i r  sensi t iv i ty  to an t imycin  A and ro tenone .  The resul ts  conf i rm and extend 
the da ta  prev ious ly  publ i shed  by  K l e m m e  et al.4., with  membrane  p repa ra t i ons  

TABLE I 

EFFECT OF ANTIMYCIN A AND ROTENONE ON VARIOUS REACTIONS CATALYZED 
BY RESPIRATORY MEMBRANES FROM RPS. CAPSULATA 

The measurements were performed as described under Materials and Methods. The concentrations 
of the various electron acceptors used were; ferricyanide, 2.5 mM ; equine cytochrome c, 0.027 mM; 
Q1, 0.05 raM; sodium fumarate, 3 raM. The activities are expressed as tzmoles of substrate 
oxidized/h per mg of protein 

Electron donor Electron acceptor Activity 
(l~moles/h 
per rag) 

Plus antimycin A (10 tzM) Plus rotenone (S l~M) 

Activity % Activity 
(pmoles/h (pmoles/h 
per mg) per mg) 

NADH 02 13.9 
NADH * Ferricyanide 109 
NADH * * Cytochrome c 5.9 
NADH * O1 14.3 
NADH * Fumarate 0.08 

Succinate 02 4.5 
Succinate * Ferricyanide 10.8 
Succinate ~ * Cytochrome c 1.7 

6.9 50 0.4 
114 104 75 

0.8 13.6 0.3 
15.5 110 2.9 

Not inhibited Inhibited 

2.6 58 - 
3.2 30 - -  
0.25 14.7 - -  

2.9 
68.5 

5.1 
20.3 

m 

* Activities measured in anaerobiosis. 
** Activities measured in the presence of 4" 10 - 3  M KCN. 
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from Rps. capsulata, strain Kbl. All NADH-dependent reactions are sensitive to 
rotenone though to different degrees; NADH-ferricyanide and NADH-Q~ reduc- 
tases are inhibited by 31 and 80%, respectively. Antimycin A is generally less effective 
but exerts a more selective action: this inhibitor does not affect the oxidation of 
NADH by "Site I" electron accepters, like Q~ and fumarate, but drastically 
inhibits the reduction of exogenous cytochrome c. 

Succinate oxidation both by ferricyanide and cytochrome c is strongly inhibited 
by antimycin A (70 and 85%, respectively) but an antimycin A-insensitive pathway 
is responsible for about 50% of the overall oxidation rate present with both NADH 
and succinate oxidases. 

Membrane energization by partial reactions of respiration 
The study of the relationship between different partial reactions of the 

respiratory chain (Table I) and energization of the membranes was accomplished 
using atebrine as a probe for the high energy state. It has indeed been demonstrated 
that the fluorescence of this dye is largely quenched in the presence of energized 
vesicular phosphorylating systems la'ls. More specifically it has been suggested 
that the quenching is related to an active uptake of this diamine into the inner 
compartment of the vesicle, following acidification of this phase. For this reason 
the quenching of certain fluorescent amines (with a pK higher than 10) has been 
proposed as a tool for a direct measurement of the transmembrane pH difference 21. 

Recent experiments have demonstrated that in a liposome system 22 this 
model holds quantitatively for the monoamine 9-aminoacridine (pK= 10), but only 
qualitatively for the diamine atebrine (pKt=7.9; pK2=10.5; see ref. 20, but we 
have chosen atebrine as a probe in this study because of its faster response and 

. . I  Atebrine 

I rain 
I "I 

t f "  Antimycin A 

/ ~  t~KCN ~f,Rotenone 

Fig. 4. Quenching of the fluorescence of atebrine induced by oxidation of NADH by oxygen or 
by an artificial electron accepter (Q1). The assay contained, in a final volume of 2.5 ml: glycyl- 
glycine (pH 8.0), 100 #moles; MgC12, 12.5/~moles; KCI, 250/~moles; bovine serum albumin, 
1.25 rag; EDTA, 2.5/*moles; valinomycin, 4/~g; atebrine, 10 nmoles and respiratory membranes 
corresponding to 1 mg of protein. The following additions were made: NADH, 0.5 /zmole; 
KCN, 1/zmole; Q1, 0.1/zmole; rotenone, 20 nmoles; antimycin A, 25 nmoles; carbonyl cyanide 
p-trifluoromethoxyphenylhydrazone (FCCP), 25 nmoles. 
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higher sensitivity to small pH differences. However all the results presented below 
can also be obtained using 9-aminoacridine. Valinomycin and KC1, which have been 
shown to enhance the rate and extent of  atebrine fluorescence quenching, were 
used throughout these experiments. 

The effect of  different inhibitors and electron acceptors on the quenching of 
atebrine fluorescence induced by the oxidation of N A D H  is shown in Figs 4 and 5. 
Addition of N A D H  to an aerobic suspension of respiratory membranes of  Rps. 
capsulata (Fig. 4) causes a decrease in fluorescence which is only slightly reversed 
by antimycin A; 4-10 -4 M K C N  completely abolishes the quenching. I f  at this 
point an artificial electron acceptor such as Q1 is added, a decrease in fluorescence 
is observed which is completely sensitive to rotenone. 

The experiments illustrated in Fig. 5 indicate that in the presence of K C N  
the oxidation of N A D H  by ferricyanide is also able to induce a considerable 
quenching of the fluorescence of the dye. The energization is inhibited by rotenone, 
but is insensitive to antimycin A. Since we have shown that the oxidation of N A D H  
by Q1 or ferricyanide is not completely sensitive to rotenone, it must be concluded 
that these dehydrogenase reactions proceed through multiple pathways which 
are not all equivalent in energy conservation. 

From this first set of  results it appears clear that the oxidation of N A D H  by 

Atebrine 

I rain 
p r 

i 
NAD J~ 

' y NAD 

Fig. 5. Membrane energizatior dependent on oxidation of NADH by ferricyanide. Conditions 
as in Fig. 4, except that the assay contained 5 #moles of potassium ferricyanide and 1 #mole 
of KCN before the addition of atebrine. The shifting of the baseline is due to the reduction of 
ferricyanide and the resulting decrease in absorbance of the excitation light. 
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Fig. 6. Quenching of atebrine fluorescence revealing energizatiOn of the membrane linked to 
oxidation of succinate. Conditions as in Fig. 4; sodium succinate added, 20/~moles. 

Fig. 7. Quenching of atebrine fluorescence revealing energization of the membrane depending 
on oxidation of ascorbate-diaminodurene. Conditions as in Fig. 4 except that diaminodurene 
(0.1/~mole) was already present in the assay mixture before the addition of atebrine. The amount 
of sodium ascorbate added was 2.5/zmoles. 

0 2 or, in the presence of KCN, by Qt or ferricyanide leads to energization of the 
membrane and that this state is easily revealed by the use of atebrine. 

The effect of the addition of succinate on the fluorescence of atebrine is shown 
in Fig. 6. The quenching induced by addition of succinate to an aerobic suspension 
of membranes is smaller than that obtained in the presence of N A D H  and is 
completely reversed by antimycin A. These results agree with those obtained by 
measuring directly the rates of NADH-  or succinate-dependent oxidative phospho- 
rylation in the presence or absence of this electron transport inhibitor. 

Using the same technique we also studied the response to other electron 
donors of a more positive oxidation reduction potential. In the presence of antimycin 
A and rotenone the ascorbate-diaminodurene couple induces a significant decrease 
in fluorescence (Fig. 7); the reversal of  the quenching by KCN indicates a locus 
of membrane energization between this electron donor system and oxygen. 

Though the effects of antimycin A on the energization linked to oxidation of 
succinate or ascorbate-diaminodurene dearly differentiate between the site of entry 
of electrons from these two-electron donors into the respiratory chain, it is possible 
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Fig. 8. Energization of the membrane depending on oxidation of reduced diaminodurene by 
oxygen and reduction of oxidized diaminodurene by succinate. The assay contained respiratory 
particles corresponding to 1.5 mg protein. The following additions were made: diaminodurene, 
1 btmole; KCN, 1 /~mole; succinate, 5 #moles; antimycin A, 20 nmoles. The displacement of 
the baseline is due to the increase in absorbance of the excitation light following oxidation of 
reduced diaminodurene; this phenomenon is resolved from the true quenching of fluorescence 
due to energization of the membrane, if the latter is eliminated by the addition of 20 nmoles of 
gramicidin (dotted line). 

in principle, that in both cases the effect observed is related to the same energy 
converting site. It is unlikely that the effects of ascorbate-diaminodurene are due 
to a direct interaction of ascorbate with the electron transport chain because sub- 
strate amounts of diaminodurene (E 'o=  +0.245 V) alone are capable of inducing 
a measurable energization, which is sensitive to KCN (Fig. 8). Moreover the presence 
of two different coupling sites between succinate and 02 was confirmed by the 
following experiment: A substrate amount of reduced diaminodurene was extensively 
oxidized by respiratory membranes (in an energy yielding process) and the reaction 
was blocked by the addition of KCN (4.10 -4 M), which at this concentration 
completely inhibits the coupled oxidation of  succinate (Fig. lb). At this stage, 
addition of succinate was able to induce a second energization cycle which was 
now completely inhibited by antimycin A. Thus diaminodurene can act both as 
an electron donor in the reduced form and an electron acceptor from succinate in 
the oxidated state and these two reactions are both coupled to energization. 

Oxidative phosphorylation by segments of the respiratory chain 
We have been able to show that partial oxidation reactions of the respiratory 

chain which can energize tb~e membrane are also able to drive ATP synthesis (Table 11). 
Incorporation of32p i into ATP could be demonstrated when an anaerobic suspension 
of membranes was supplemented with N A D H  and Q1 ; the reaction was inhibited by 
oligomycin and uncouplers. 
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TABLE II 

TYPICAL OXIDASE AND PHOSPHORYLATION ACTIVITIES OF RESPIRATORY 
MEMBRANES FROM RPS. CAPSULATA 

The experimental conditions used for measuring NADH- and succinate-dependent activities 
were described under Materials and Methods. The measurement of NADH-Q1 reductase and 
linked phosphorylation were performed in anaerobic Thunberg cuvettes as follows: a reaction 
mixture containing all the components, except NADH, carrier-free a2Pl and Q1 was made 
anaerobic by flushing with nitrogen. In order to avoid any incorporation of a2p~ due to oxidation 
of NADH by traces of oxygen still present in the reaction mixture, NADH was added first to 
the measuring cuvette, followed by addition of carrier-free a~p~. The reaction was started by 
adding Q1 (0.1 raM) and the oxidation of NADH was monitored spectrophotometrically; 0.1 ml 
of cold 25~o trichloroacetic acid was added to both reference and measuring cuvettes after all 
Q~ was reduced. The values presented for ascorbate-diaminodurene and ascorbate-cytochrome 
c oxidases and associated phosphorylations were obtained by measuring both activities directly 
in the oxygen electrode chamber. All components, including diaminodurene or cytochrome c, 
were already present before the reaction was started by the addition of ascorbate; a few seconds 
after starting the reaction, carrier-free a2p~ was added and the reaction was allowed to reach the 
complete exhaustion of oxygen. A 2-ml sample was then added to precooled centrifuge tubes 
containing 0.2 ml of 25 ~o trichloroacetic acid. All measurements were run in duplicate; control 
experiments in the presence of oligomycin or in the absence of the substrate were also performed. 
Special care was also used for the extraction of the inorganic phosphate: after addition of carrier 
glucose 6-phosphate (0.3 mM) the phosphomolybdate complex was extracted twice with 
isobutanol-benzene ( l : l  by vol.) saturated with water followed by two other extractions, one 
with isobutanol and one with ethyl ether. 

Electron donor Electron Oxidase rate S~str~te  ATP formed P/2e- 
acceptor (lzmoles/h oxidlzed (nmoles) 

per rag) (nmoles) 

NADH 02 26.7 467 228 0.46 
Succinate 02 9.4 363 55 0.15 
Diaminodurene-ascorbate O2 20.9 2680* 157 0.06 
NADH Q1 22.3 225 53 0.23 
Cytochrome c-ascorbate 02 6.45 3360 * 154 0.05 

" Measured as natoms of oxygen consumed. 

Similarly, phosphoryla t ion  coupled to oxidat ion of ascorba te -d iaminodurene  
could be obta ined and the incorpora t ion  was again inhibi ted by oligomycin and 
uncouplers ,  bu t  was completely insensit ive to ant imicyin  A and rotenone.  Synthesis 
of ATP,  which was insensit ive to an t imycin  A, was also obta ined by oxidat ion 
of  ascorbate plus  mammal i an  cytochrome c (compare ref. 4, Table V). This react ion 
represents another  and more direct demons t ra t ion  of  energy conservat ion l inked 
to cytochrome oxidase. Energy conservat ion at this site could not  be confirmed using 
a tebr ine because the Soret band  of cytochrome c overlapped the atebrine absorpt ion 

spect rum too heavily. 
The experimental  P /2e -  rat ios obta ined  with the different oxidative phosphor-  

ylat ing systems are summarized in Table  II ;  the numerical  values indicated are 
typical  of those consistent ly obta ined  with N A D H  or succinate dependent  phos- 
phorylat ions,  bu t  are merely indicative for the other  systems due to the low P/2e-  
rat ios obtained.  I t  should be noted however that  the experimental  P /2e-  values 
associated with the oxidat ion of a sco rba te~ i i aminodurene  are consistently lower 
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than that measured with succinate in spite of the higher rates of oxidation of the 
ascorbate-diaminodurene couple. 

DISCUSSION 

All the results described above have been obtained in membrane preparations 
from Rps. capsulata, strain St. Louis, grown heterotrophically in the dark under 
the conditions described; at the present we do not know if these properties hold 
also for photosynthetically grown-cells since no data are available. Therefore, the 
following discussion will be primarily concerned with the properties of the respiratory 
system in cells grown aerobically and will not attemtp to consider the interrelationship 
between the photosynthetic and respiratory electron transport chain. 

Before discussing the sites of energy conservation it is necessary to comment 
briefly about the effect of antimycin A and KCN on the different oxidase activities. 

Antimycin A inhibits succinate or N A D H  oxidases by only about 50%. It 
almost completely blocks cytochrome c reduction by either NADH or succinate 
in the presence of 4.10 -a M KCN. The inhibition of the N A D H  oxidase by KCN 
is biphasic in the concentration range between l 0  - 6  and 5.10 -a M. The first phase 
of the KCN inhibition is saturated at concentrations comparable to those which 
completely inhibit oxidation of  ascorbate-cytochrome c or ascorbate-diaminodurene. 
The second phase corresponds to the inhibition of that portion of the N A D H  
oxidase activity which is insensitive to antimycin A. 

Succinate oxidation is also inhibited by KCN concentrations ranging from 
10 - 6  and 5.10 -a M but no biphasicity is clearly observable. Finally the presence 
of a slow but definite rate of reduction of fumarate by N A D H  confirms that the 
two dehydrogenase systems must interact through some common component. 

The simplest way of explaining these results is to assume that N A D H  and 
succinate oxidation proceed to oxygen through a branched pathway, with the branch 
point situated on the substrate side of the antimycin A block. According to this 
model, cytochrome c only donates or accepts electrons after the site of antimycin 
A inhibition on the pathway which is sensitive to low concentrations of KCN. The 
other arm of the branched chain, assumed to be that which is blocked by high 
concentrations of cyanide, may be merely the result of an autooxidizable component 
of the respiratory chain. 

On the basis of this scheme the energization data are readily interpreted. 
Energization linked to NADH oxidation, which is also largely present when 
antimycin A or low concentrations of KCN are added, must be located at least 
partially before the antimycin A-sensitive site. The demonstration of energization 
associated with NADH oxidation by Q1, or ferricyanide which is insensitive to 
KCN or antimycin A, can be considered as direct evidence for this site. 

On the other hand the greater sensitivity to antimycin A and cyanide of 
succinate-linked energization indicates that all the energy-conserving steps coupled 
to the oxidation of this substrate must involve electron flow through a pathway 
which contains the sites of action of these two inhibitors. The exact number of 
these sites is difficult to assess. The experimentally determined P/2e- ratios for 
succinate oxidation are always higher than those observed for the oxidation of 
ascorbate-diaminodurene or ascorbate-cytochrome c. An estimation of the number 
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of coupling sites on this basis cannot be very accurate, since the experimental 
P/2e- ratios can depend on the rate of oxidation 23. It should be noted, however, that 
the rate of succinate oxidation is always considerably lower than that of cytochrome 
c or diaminodurene oxidases. It appears therefore that there is more than one coupling 
site linked to oxidation of succinate. 

Oxidation of the couples ascorbate-diaminodurene or ascorbate-cytochrome 
c induces an energization of the membrane which is insensitive to antimycin A in 
contrast to the energization dependent upon succinate oxidation; this energization 
was also confirmed by direct measurements of 32p i incorporation both using 
ascorbate-diaminodurene or ascorbate-cytochrome c as electron donors. In 
addition we have shown that it is possible to obtain an energy-dependent quenching 
of atebrine fluorescence by adding substrate amounts of reduced diaminodurene, 
which, once oxidized, can act as an electron acceptor from succinate in an energy- 
yielding reaction. These two reactions which are sensitive to KCN and antimycin A, 
respectively, possibly represent a direct demonstration of the presence of two coupling 
sites. 

The present study has shown that the measurement of atebrine fluorescence 
during energization can be used to localize energy coupling sites in preparations 
of phosphorylating membranes characterized by low P/2e- ratios. In addition 
this study demonstrates that, if the proposed model for the mechanism of the 
quenching is correct 21, a good correlation can be demonstrated between proton 
translocation and phosphorylation in every site of energy conservation of aerobic 
bacterial membranes, as required by the chemioosmotic coupling hypothesis. 

In summary, the picture that can be drawn from these observations bears 
considerable similarity to that of the electron transport chain of mammalian 
mitochondria, with in addition a very active non-phosphorylating pathway 
insensitive to antimycin A and sensitive to high concentrations of KCN. The presence 
of branched chains has been proposed also for other respiratory systems 24-26. 

Our conclusions partially disagree with the proposal by Klemme and Schegel 4 
that ATP formation is linked only to succinate oxidation. It has to be noted however 
that in their studies a different strain of Rps. capsulata (Kbl)  was used, along with 
a more disruptive procedure for breaking the cells, i.e. sonication. 

It is not possible to suggest a physiological role for the non-phosphorylating 
pathway at present. The antimycin A-insensitive oxygen consumption could be 
an expression of a second, non-phosphorylating terminal oxidase or, as suggested 
above, due to the autooxidizability of some electron carrier. In either case, the 
presence of this pathway would explain the low P/2e- ratios routinely observed 
in these preparations. In this connection it should be recalled that in intact photo- 
synthetic cells of Rsp. rubrum, respiration can be totally inhibited by light and the 
inhibition be reversed by uncouplers 27. Though the nature of the endogenous sub- 
strate of respiration is unknown, these data may be interpreted as showing that 
"in vivo" only a phosphorylating respiratory chain exists, 

After this manuscript was completed we became aware (H. Gest, personal 
communication) that a number of respiratory mutants of Rps. capsulata have been 
isolated by Marrs and Gest 28. The scheme we have proposed above agrees remarkable 
well with the characteristics of growth and the properties of respiration observed 
in these mutants. However, it was observed that mutants with a lesion on the final 
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cytochrome c oxidase are still capable of aerobic growth on a medium containing 
malate. This observation suggests that an alternative pathway of respiration, 
possibly identical with the antimycin A-insensitive pathway described in this paper 
is operative also "in vivo" at least under the extreme conditions existing in these 
mutants. 
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SUMMARY 

The relationship between the kinetics of ATP formation and proton release in 
chloroplast suspensions by acid-base transition were studied by means of a stopped- 
flow spectrophotometer. The time course of ATP synthesis shows two-phase kinetics, 
fast and slow, corresponding to the two-phase efflux of protons from the chloroplasts. 
Under certain conditions of the experiments, about 50% of the H ÷ gradient is con- 
stantly utilized for ATP formation in both phases. However, the ratio of ATP formed 
to the amount of protons leaked out, changes depending on the rate constants of  
proton efflux. 

INTRODUCTION 

Exposing broken chloroplast fragments first to pH 4 media, containing per- 
meant organic acid such as succinate and then to base at pH 8, is known to cause a 
transient high-energy state which results in ATP formation 1. Energy in this acid-base 
transition experiment was suggested to be supplied by the H + gradient across the 
thylakoid membranes 2. 

In the previous papers 3'4, the kinetics of proton efflux in chloroplast suspensions 
by the acid-base transition were studied by means of a stopped-flow apparatus. Rapid 
recording with bromocresol purple as a pH indicator showed that the time course of 
proton release consisted of two phases, fast and slow 4. The fast phase was suggested to 
be due to the rapid release of protons from the matrix of thylakoid membranes, and 
the slow phase to the eiflux through the membrane of organic acid (and/or protons) 
previously absorbed from the initial acid medium. This phase was followed by the 
additional slower component of proton lOSS 3'4. 

The time course of  phosphorylation by the acid-base transition has been follo- 
wed chemically by stopping the reaction at appropriate intervals 1. However, the rela- 
tionship between the time course of ATP formation and the protein etttux from the 
chloroplasts has not yet been precisely established. In this report, the time course of 
pH changes was followed to observe the above relationship by means of a stopped- 
flow spectrophotometer with bromocresol purple, which has been shown not to be 
bound to membrane 5'6, as a pH indicator. 

Abbreviation: DCMU, 3-(3,4-dichlorophenyl)-l,l-dimethylurea. 
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METHODS 

Chloroplasts were isolated from market spinach as described earlier 7, and finally 
suspended at about 0.4 mg of chlorophyll per ml in l0 mM NaC1.0.2 ml of this sus- 
pension was mixed with 0.2 ml of a solution at pH 4.0 containing 25 mM succinic 
acid, l0 mM MgC12, and 75 #M 3-(3,4-dichlorophenyl)-l,l-dimethylurea (DCMU) 
in a reservoir of the stopped-flow apparatus maintained at a constant temperature 
(usually 3.5-4.0 °C). The acidified chloroplasts were incubated for 15-20 s, 0.25 ml of 
which were then rapidly picked up into one of the two syringes in the apparatus. The 
other syringe contained an equal volume of 30 #M bromocresol purple, 8 mM 
NaEHPO4, and NaOH solution sufficient to neutralize the succinic acid and bring the 
final pH to about 8. When phosphorylation was to be followed, 0.4 mM ADP was 
added in the latter syringe. No buffer was used in the base stage. Variations of the 
reaction mixture components are indicated in the figure. Chlorophyll was determined 
by the method of Arnon 8. 

The stopped-flow spectrophotometer SPS-1 used was the same as before 4, and 
the changes in the absorbance of bromocresol purple at 594 nm after mixing were 
recorded with the memoriscope MS-5019A 4. Two syringes were driven by compressed 
N 2 at 1-2 kg/cm 2 for mixing and the dead time 4 was under 2 ms, usually 1-1.2 ms. 

The pH changes of the chloroplast suspension were calculated from the ab- 
sorbance-pH curves of bromocresol purple at 594 nm; absorbance changes of more 
than 0.02 could be detected per 0.1 pH unit at the pH used. Also, the changes in H + 
concentration (AH +, #equiv/mg chl) were calculated from the pH values according 
to direct titrations of the buffer capacities of the chloroplast suspension (the reaction 
mixture components present) with acid and with NaOH at each time of the experi- 
ments. 

To follow the time course of ATP formation in rapid reactions such as those in 
the present experiments, it is difficult to determine ATP yield directly by luciferase 
assay and by incorporation of phosphate. Jagendorf and Uribe 1 showed that the 
major part of the observed~phosphate incorporation by acid-base transition experi- 
ments had represented net synthesis of ATP when the basic reaction mixture con- 
tained ADP, Pi and Mg 2+. Further, in his experiments with chloroplasts, Schwartz 9 
made use of the fact that at pH 8.0 one proton is consumed irreversibly in the syn- 
thesis of ATP. 

ADP 3- + HP042-  + H + "-* ATP 4- + H20  

Both theoretical and experimental considerations of this method were made by Nishi- 
mura et al. ~°. 

Thus in the present experiments the time course of ATP formation was mea- 
sured, according to Schwartz, following its associated alkalinization (less acidifica- 
tion) of the chloroplast suspension during the course of efflux of protons after mixing 
when ADP was present. The presence of ADP, P~ or Mg 2+ alone did not alter the 
rate of proton efflux to any significant extent. 

RESULTS 

As reported previously 4, the release of protons by acid-base transition showed 
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two-phasic time courses at the low temperature used. The two phases could be 
discriminated from the recorded time course of the AH + changes as shown in Fig. 4 
in ref. 4. In this report, the fast and the slow phases will be designated as Phase I 
and Phase II, respectively. 

Time courses o f  the A H + and A T P  format ion  
In Fig. 1 the time courses of the A H + of the chloroplast suspension after mixing 

either with or without the addition of ADP are compared. One syringe contained 
12.5 mM succinate at pH 4.0 with chloroplasts (0.2 mg chlorophyll/ml) and 5 mM 
MgC12, and the other contained 30/~M bromocresol purple, 8 mM sodium phosphate, 
either with or without 0.4 mM ADP, and NaOH so that the final pH after mixing the 
contents of the two syringes could be 8.4. 

As can be seen in Fig. 1, the tracing shows a sharp increase in H + concentration 
in the suspension immediately after mixing (Phase I), followed by a slow increase 
(Phase II) as a function of time until an equilibrium was attained in about 10 s. In the 
fast tracing o f A H  + (Fig. 1B), the transition from Phase I to Phase II could be clearly 
observed. When ADP was present, there was less change in H + concentration in both 
Phases I and II, indicating a consumption of H + for the formation of ATP 9'1°. The 
differences of H + concentration between the two curves ( - A D P  and +ADP)  are 
equivalent to the concentrations of ATP formed in this process. 

Fig. 2 shows an experiment in which one syringe contained the strong mineral 
acid, HC1, instead of succinic acid, to bring the pH of the chloroplast suspension 
to 4.0. In this case, practically the same increase in H + concentration in Phase I was 
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Fig. 1. Effiux of protons after mixing. The AH + curves a re  reproduced from the oscillograph 
tracing of pH change (see Methods). Initial chloroplasts at pH 4.0 with 12.5 mM succinic acid, 
5 mM MgCl~, and 38 ktM DCMU.  The base solution contained 30 FM bromocresol purple and 
sufficient NaOH to neutralize succinic acid to bring the final pH to 8.4 with and without ADP 
(0.4 raM). Chlorophyll  concentrat ion was 0.1 mg/ml after mixing. Temperature,  4 °C. (A) Slow 
recording. (B) Fast recording to follow transit ion from Phase I to Phase II. 
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Fig. 4. Time courses of ATP formation calculated from Figs 1 and 2. 

observed as in Fig. 1, but in Phase II (Fig. 2A) less H + was released from the chloro- 
plasts and the equilibrium was attained much faster, that is, in about 2-3 s. 

When an uncoupler such as NH4C1 was present (added in the acid stage at 
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10 mM), the time course of  proton efflux was practically independent of whether A D P  
was added or not in the base stage as shown in Fig. 3. 

Time courses of  ATP formation, calculated from Figs 1 and 2, are shown in 
Fig. 4. Identical kinetics for the ATP formation were found when HC1 was used in 
the initial acidification in place of  succinic acid immediately after mixing (Fig. 4B, 
Phase I). However, though the ATP formation completely stopped before ! s had 
elapsed in HCl-treated chloroplasts (Fig. 4A), it continued for about 4 s and much 
more ATP was formed before the equilibrium was attained when succinic acid was 
used in the acid stage (Phase II). All of  these facts are consistent with the observations 
that succinic acid which entered the thylakoid vesicles in the acid stage served as a 
proton reservoir in the base stage, resulting in a large amount of ATP formation in an 
acid-base experiment 2. 

Considerable amounts of  protons are found to have leaked out after the com- 
pletion of ATP formation when AH ÷ and ATP curves are compared in Figs 1, 2 and 4. 
In other words, some H + gradient between the inside and the outside of  the thylakoid 
membrane still existed when ATP formation was completely stopped. 

Fig. 5 gives the changes of ATP formation with temperature. At 4 ° C, the rate 
of ATP formation was less than at 20 °C. However, the increase of the ATP concen- 
trat ion was continued much longer (about 5 s) at 4 °C than at 20 °C (less than 2 s), 
resulting in a crossing of the two curves and finally more ATP was formed at 4 °C. 
This is consistent with the results that the rate constants of the proton release in 
Phase II  increased markedly under higher temperatures (Table I I I  in ref. 3 and 
Table I in ref. 4) and also with the fact that higher rate constants for Phase lI  of  
proton release associated with the lower yield of  ATP 3. 

Estimation of  the efficiency of the utilization of the H + gradient 
Both Phases I and I I  of  proton efflux, and also the associated ATP formations, 

followed apparent first-order kinetics when plotted on a semi-logarithmic scale as 
shown in Fig. 6. 

I f  the concurrent ATP synthesis does not affect the rate constant of the proton 
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Fig. 5. Time course of ATP formation at two different temperatures (4 and 20 °C). Final pH 8.1. 
Other conditions were the same as in Fig. 1. 
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release in the absence of ATP formation, the processes taking place during the period 
of  acid-base-induced phosphorylation can be assumed, as a first approximation, to be 

A D P  ATP 

where k d and kf represent the first-order rate constants of the two processes, efliux 
of  protons and ATP formation, competing with each other for the common "driven 
force" represented by the H + gradient (grad H +) which is established at zero time 
in the base stage. This is a modification of the scheme suggested by Izawa 11, and 
Jagendorf and Uribe 2. In this case, the rate constant calculated directly from the 
apparent kinetics of ATP formation, corresponds to the combined rate constants 
k d + k f ,  and the rate constant k a can be calculated from the kinetics of proton efflux 
without adding ADP. The efficiency of grad H + trapping for ATP formation is 
estimated a t  k f / ( kd+k f ) .  Typical data thus obtained under several conditions are 
summarized in Tables I and II. 

TABLE I 

A P P A R E N T  FIRST - O RD E R RATE CONSTANTS FOR PHASE I 

Experimental procedures were the same as in Fig. 1. Acid stage: 12.5 mM succinic acid, 38/~M 
D C M U ,  5 m M  MgCIz, pH 4.0. Base solution: 30 mM NaOH,  8 mM Pl, 30ktM bromocresol 
purple, 0.4 m M  ADP. Final pH 8.0 (Expt 1) and 8.5 (Expt 2). 

Expt Temp. ADP Rate constant (s - 1 )  k$/(ka+ ks) 
(°C) 

AH + (ka) AATP (ka+k$) ks k 

1 3 . 5  - -  30.1 
+ - -  63.0 32.9 0.52 

2 4.0 -- 34.7 
+ - -  77.0 42.3 0.55 
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TABLE II 

APPARENT FIRST-ORDER RATE CONSTANTS FOR PHASE II 

Initial pH 4.0. Final pH 8.4 (Expts 1 and 2), 8.1 (Expt 3). Other procedures were the same as 
Table I. 

Expt .4cid stage Temp. ADP Rate constant (s - I )  ki/(ka+ kl) 
(°C) 

dH+(ka) AATP (ka+k D k~ 

1 HC1 

Succinic 
acid 

2 Succinic 
acid 

3 Succinic 
acid 

3.5 - 1.16 
+ - -  2.31 1.15 0.50 

4.0 - 0.50 
+ --- 0.87 0.37 0.43 

4.0 -- 0.43 
+ - -  0.82 0.39 0.48 

20 - 0.99 
+ - -  1.82 0.83 0.46 

4.0 - 0.53 
+ - -  0.99 0.46 0.47 

The efficiency of trapping of the H + gradient for Phase I was kf/(k d--F kf) = 0.54 
+0.06 (four experiments) and for Phase II 0.47_+0.02 (five experiments). Similar 
efficiency (about 50%) was obtained irrespective of temperature, rate constant, and 
the kind of acid used in the acid stage, both in Phases I and II. These values of about 
50% efficiency coincide with that of XE (a high energy state) capture obtained by 
Izawa ix in the experiments of post-illumination ATP formation. This suggests the 
possibility that the H + gradient itself in the acid-base transition experiment is iden- 
tical with XE in the post-illumination experiment. 

On the other hand, the stoichiometric relationship between the amount of H + 
released and ATP formed during the processes of phosphorylation after the acid-base 
transition, differed appreciably in Phase I and Phase II. In Phase I the ratios of H + 
released to ATP formed were 16 (HC1 in the acid stage, 160 nequiv to 10 nmoles per 
mg chlorophyll)-8 (succinic acid, 135 nequiv to 18 nmoles). When these ratios are 
corrected for the estimated efficiency of H + gradient utilization (54% in Phase I) the 
values fall to 8.6 and 4.3, respectively. In Phase II, though the ratio was 6.7 (215 
nequiv to 32 nmoles) in HCl-treated chloroplasts, fairly constant values of 3.4-2.9 
(385 nequiv to 135 nmoles) were obtained with succinic acid as H + carrier (4 °C). 
Corrected values for the efficiency (47% in Phase II) fall to 3.1 (HCI) and 1.6-1.4 
(succinate). At higher temperatures the ratio increased, indicating a lower ATP 
formation than at lower temperatures. Thus the stoichiometry is suggested to be 
changed under different conditions. 

DISCUSSION 

In summarizing together the results presented in this paper and in the previous 
ones 3'4, the time courses for the approach to equilibrium pH in the chloroplast 
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suspension after the acid-base transition showed apparent first-order kinetics, with 
three distinct components:  (a) the fast phase (Phase I) of  the rapid loss of  protons 
from the matrix of thylakoid membranes having a half-life of  about 20-40 ms (ref. 4), 
(b) the major  portion of proton efflux from the inside of the thylakoid vesicles (Phase 
II), having a Qlo of 2 and a half-life of about 1.5-3 s (refs 3 and 4), and (c) a minor 
residual portion (Phase III)  of  the proton loss, having a Q10 of 1.2 and a half-life of  
about 5 s (ref. 3). As Phase I I I  is assumed to be a simple loss of protons, having no 
relationship with ATP formation 3, a discussion of this is omitted here. 

As shown in Figs 1, 2, 4, and 5, ATP formation started immediately after mixing, 
even during the process of proton dissociation from the thylakoid membrane (Phase 
I) 4. The time course of ATP formation itself also has two components depending on 
the two-phasic time course of proton efflux (Fig. 4B). Both of the components followed 
apparent  first-order kinetics closely depending on the first-order efftux of protons 
from the thylakoid vesicles both in Phases I and II  (Fig. 6). 

Since the production of the H ÷ gradient may play a decisive role in the phos- 
phorylation process 12, it is important  to appreciate what proport ion of the whole H + 
gradient may participate in the formation of ATP. The estimated efficiencies of the 
utilization of the H ÷ gradient for the phosphorylation of ADP were 54% in Phase I 
and 47% in Phase II  (Tables I and II). This is practically in accord with the efficiency 
of XE capture (56%) obtained in the post-illumination phosphorylation experiments 11, 
though the Phase I component  is not present in the latter. Comparable efficiency 
of X E and H + gradient trapping under different procedures of the experiments sug- 
gests that  the H + gradient may be identical with the XE. 

The efficiency of the utilization of the H + gradient is not changed when HC1 
is substituted for succinic acid in the acid stage in spite of the large rate constants of  
the H + efflux after the acid-base transition (Table II). The same situation is true at 
higher temperatures. However, the actual ratios of ATP formed to the amounts of  
protons released vary with the rate constants of the proton efflux. The larger the rate 
constants, the smaller the quantity of  ATP formed in agreement with the previous 
observations 3. Continued maintenance of an adequate H + gradient must be a neces- 
sary prerequisite for continued ATP synthesis. 
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SUMMARY 

The results of  recent spectroscopic measurements on chlorophyll a in bilayers 
and lipid vesicles stimulated a re-examination of energy transfer in photosynthesis. 
The F6rster resonance transfer mechanism is believed to be applicable under reaso- 
nable assumptions despite recent criticism. The F6rster parameter  was newly deter- 
mined to be R o=65  A; previous uncertainty due to unknown transition moment  
orientation can be avoided by assuming the black film dichroic result to be applicable 
in vivo. The effect due to the still incompletely known thylakoid structure and chloro- 
phyll aggregation is discussed qualitatively. Agreement with experimental fluorescence 
lifetimes and quantum efficiencies may be obtained with a reasonable choice of  
parameters. 

I. INTRODUCTION 

Chlorophyll a and its auxiliary pigments absorb light energy and transfer 
97% of it to a reagent center, where water is split (System II) and the reducing agent 
N A D P H  is produced (System I). In a dark reaction CO2 is then incorporated into 
sugar. About  3% of the absorbed light is re-emitted as fluorescence. Emerson and 
Arnold's  flashing light experiments have shown that there are about 2 500 chlorophyll 
molecules per 02 released, and there is evidence that 8 photons are required per 02 
released, which then implies that we have 300 chlorophyll a molecules per reaction 
center (50 for bacteria). A detailed and elementary discussion of this subject may 
be found elsewhere 1'2. 

The decay time and yield of  fluorescence depends either on the efficiency of  
energy uptake by the reaction center a'4, or on the t i m e  required for light energy 
to reach the reaction center 2'5-7, or possibly on both. Bay and Pearlstein and Pearl- 
stein 6'7 discussed the second possibility using the F6rster 8'9 theory of energy trans- 
fer between adjacent pigment molecules by dipole-dipole resonance interaction. 
Using somewhat extreme values, Robinson a was critical of  applying F6rster 's  theory, 
which assumes negligible back transfer of  excitation from acceptor to donor molecule. 
This will hold if the lifetime forthermal degradation is short compared to the F6rster 
transfer time between nearest neighbors. At a two-dimesional chlorophyll a separation 
of l l  A both times are comparable 3, and we are dealing with a boundary situation 

* On sabbatical leave on an Alexander van Humboldt Fellowship from the Department 
of Physics, Simon Fraser University, Burnaby, B.C., Canada, where all inquiries are to be sent to. 
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where the application of Forster 's  theory (R-6 rate) and Perrin's theory (R -3 rate) 
are both doubtful ~°. Thus, it is rather important  to calculate R o in F6rster 's  theory a 
with the highest possible accuracy. The calculation was previously done from ab- 
sorption and fluorescence data of chlorophyll a in ether 2'5'8-1°. In vivo data are 
difficult to estimate due to the presence of several pigments, and absorption band 
shifts due to interaction of pigment molecules with each other and with other mole- 
cules of the medium 11. The present paper is motivated by four new developments: 
(1) Recent bilayer (black film) experiments 12' 13 showed that the red transition moment  
of  chlorophyll a makes an angle f la= 36.5 ° with the plane of the bilayer. It  will be 
argued that the same is true in vivo, and the consequences of this assumption are 
investigated in detail. (2) Recent experiments by the author 14 determined the fluores- 
cence and absorption parameters  of chlorophyll a in lipid vesicles. This data should 
provide, in combination with the black film experiments 12' 13, a better model system 
than ether solution spectra, for a new calculation of R o in F6rster 's theory. (3) 
Montrol115 derived expressions for the mean number of  steps the excitation takes 
in a random walk to reach the reaction center. This makes computer calculations 3'7 
unnecessary and gives roughly the same answers. Equal jump time to each nearest 
neighbor was assumed. (4) Much recent work 16'17 indicates that chlorophyll a 
aggregation is important  and may in fact account for most  of  the changes of  in vivo 
spectra compared to solution spectra. This has an important  effect on energy 
transfer to the reaction center. 

II. THE MODEL 

Many different models have been proposed for the structure of the chloro- 
plast thylakoids 1a-25. We shall assume a simple fluid lipid bilayer model 22'23, in 
which the globular proteins have little influence on energy transfer between chloro- 
phyll molecules. The latter are assumed to be in the lipid bilayer (Fig. 1), anchored 
at the membrane-water  interface by the hydrophilic cyclopentane ring (V). Analo- 
gous to the black film dichroism results 12' 13 we shall assume that the red transition 
moment  makes an angle of f l= 36.5 ° with the membrane surface. The red transition 
moment  lies along the diagonal of  the conjugated porphyrin ring (I to I I I  in Fig. 2). 
From blue dichroism in black films and the knowledge that the red and blue transition 
moments  are perpendicular 26 it follows that the porphyrin head makes an angle 
) ,=48 ° with the membrane surface 12' 13. We believe the same angular arrangement 
is present in vivo, since it provides the simplest explanation for the weak dichroism 
in all but the 695-nm absorption band 21'26. We do not necessarily believe the bilayer 
model assumed (Fig. 1) to be the correct one. The difference between the assumed 
model and those advocated by Calvin 24 or Kreutz 2a, is only important  for the com- 
paratively small transfer across the plane of the membrane, to be discussed in section 
VI. The major energy transfer to the reaction center is in either case a two-dimensional 
problem. The still disputed point is whether to believe a lipid thickness of  40 
obtained from electron microscopy 23, or a 21-/~ thickness obtained from X-ray 
scattering 21. No use was made of the quantasomes 5'~8'27 introduced by Park on the 
basis of  electron microscopy; they may be artifacts 18. 
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Fig. 1. Lipid bilayer model. According to Muelhethaler 2~ the lipid molecules form a bilayer 40 A 
thick. The coiled up spherical proteins (60/~ diameter) are immersed about 20 ]~ into the lipid. 
We have also shown chlorophyll molecules with their porphyrin head at an angle of 48 ° to the 
membrane surface and their phytol chains perpendicular to the surface. 

Fig. 2. Structure of chlorophyll a. The molecule is believed to be anchored by the group V (cyclo- 
pentane ring) to the water-lipid interface; the red transition moment points from ring I to III 
and makes an angle of 36.5 ° with the membrane surface. 

III. THE PAIRWISE ENERGY TRANSFER RATE (F'RSTER'S THEORY) 

This  pai rwise  energy t ransfer  ra te  by d i p o l e - d i p o l e  resonance  in terac t ion  
be tween two molecules  d is tance  R a p a r t  may  be wr i t t en  in the  form 8-1° 

1( )6 
- ( 1 )  

~'j T O 

Here  

Ro 6 = 9K2(ln 10)2c~° Jv (2) 
16n 4 n2 N '~vo2 

Assuming  a m i r r o r  image  be tween red  abso rp t ion  and fluoxescence band  the over lap  
in tegra l  t akes  the  fo rm 8'9 

J ,  = S~ ~(v)e(2Vo - v) dv (3) 
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Here e is the extinction coefficient (1. mole -1. cm-1) on a wave number scale (cm-1), 
n the index of refraction, c the velocity of  light, N '  = 6.023.1020 molecules, mmole -1, 
and ~o is the mean wave number of  the absorption and fluorescence peak. 

K 2 = (270- 2~S d~/d~' (cos t~a d - -  3 cos ~b a cos ~bd) 2 (4) 

becomes an average over dipole directions for the energy acceptor (a) and donor (d), 
with ~ad the angle between them and ~a, ffd the angle each one makes with the line 
connecting them. K 2 c a n  vary between 0 and 4 and has the value 2/3 for a complete- 
ly random arrangement a'9. Many expressions in the literature differ from Eqn 2 
by a factor of ~ or 2z~ and are in our opinion in error (see also ref. 27). F6rster ob- 
tained the value Ro=80  A (Jr=2.1.1012 cma.mmole  -2) for chlorophyll a at low 
concentration in ethyl ether 8'9. More recent estimates 2'5'1° use the shorter natural 
lifetime z o = 15.2 ns, and obtain R o = 70 A under the assumption of three-dimensional 
random dipole directions 2'6'1° 

Using the model outlined in Section II  and Fig. 1, where the red transition 
moment  is free to rotate, while maintaining an angle of  fl with the plane of the 
membrane we obtained for an average over dipole directions (Eqn 4) 

K 2 = sin 4/~ + ¼ cos 4 fl (5) 

Using the black film result 12't3 fl=36.5 ° one finds K2=0.647, which is quite close 
to the completely random value of 2/3. We shall neglect for the present, transfer 
between chlorophyll a molecules across the plane of the bilayer (see Section VI). 

The overlap integral Jv (Eqn 3) was re-evaluated using spectra of chlorophyll a 
in lipid vesicles recently obtained by the author 14. For comparison the calculations 
were also performed on spectral data from chlorophyll a in ether and ethanol, where 
our data is in close agreement with previous w o r k  14'29. Let us assume a Gaussian 
line profile, which gives a good fit to the fluorescence and the red absorption band 
down to 0.1 of  peak height. Thus 

e(v) =em exp { - ½~2(v- ~'a) 2 } (6) 

and from Eqn 3 

Jv = ~m2('X/~/0~) exp { -  ~2vs2/4 } (7) 

where e m is the extinction at the absorption maximum va (cm-l ) ,  v s the Stoke shift, 
and 0c = (2 In 2)½Iv÷. For  the half width at half peak height v~ the high energy side 
was taken for the fluorescence band and the low energy side for the absorption band. 
Both agree within 10% from each other and also from the slightly wider halfwidths 
on the low energy side in fluorescence and high energy side in absorption. The rele- 
vant values together with the calculated Jv (Eqn 7) are given in Table I. Ro (Eqn 2) 
was then calculated using an index of refraction for the lipid 6 of  n = 1.45, a lifetime 1° 
3o = 15.2 ns and K2=0.647. 

IV. MEAN CHLOROPHYLL SPACING AND EXCITATION TRAPPING 

Based on the dimensions of  a quantasome, Bay and Pearlstein 5 used a mean 
chlorophyll a separation in vivo of 11 A under the assumption of a two-dimensional 
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TABLE I 

FLUORESCENCE AND ABSORPTION PARAMETERS, THE OVERLAP INTEGRAL 
Jv (EQN 6), AND THE FORSTER ENERGY TRANSFER PARAMETER R0 (EQN 2) FOR 
CHLOROPHYLL a 

Parameter Ether Ethanol Lipid vesicle 

Absorption max., va (cm -1) 15149 15056 14945 
Fluorescence max., vr (cm -1) 14 988 14 872 14 846 
Stoke shift, vs (cm -1) 161 184 100 
Halfwidth, v½ (cm -1) 188 232 260 
Extinction coefficient em (1" mole -1- cm - 1 )  85 100 69400 62000 
J, (1012 cm a. mmole -2) 1.59 1.35 1.43 
R0 (A) 66.0 64.4 65.1 

arrangement and 17 A in a three-dimensional arrangement. Neglecting for the moment 
chlorophyll aggregation effects, we would prefer a value of 15__ 1 A for the mean 
two-dimensional separation within one plane. This corresponds to an available 
surface area of 200 A 2 to 250 A 2 per porphyrin ring, which is in agreement with 
several estimates 3°-32'21 and is consistent with chlorophyll making up 21% of the 
lipid-soluble fraction of thylakoid membranes a1'27. The differences between 15 A 
and 11 A is important. Using 11 A and Ro=70  A one obtains (Eqn 1) a nearest 
neighbor transfer rate of 1/~j=4.4.1012 s -1, which is of the same magnitude as the 
vibrational relaxation rate (3.1012 s- l )  33. Thus Robinson's criticism 3' lo of the appli- 
cation of F6rster's theory is justified. However, with a mean spacing of 15 A and 
Ro=65.1 it  (Table I) the nearest neighbor transfer rate is 0.44.1012 s - l ,  which is 
sufficiently below the vibrational relaxation rate to justify the application of F6rster's 
theory. Now let us assume we have per reaction center N equally spaced chlorophyll 
a molecules in a plane; effects due to chlorophyll aggregation will be considered in 
the next section. Further we shall assume that the reaction center permanently traps 
and utilizes the excitation energy with high efficiency, once it arrives there. This 
may or may not be true 1-6'1°'za. Thus the fluorescence efficiency and decay time 
depend on the mean trapping time 

( "CT ) ----(n)Zj (8) 

wher (n)  is the mean number of steps before trapping in a random walk. This pro- 
blem has been discussed in two dimensions for a square lattice by Pearlstein 7 and 
Robinsona; and Knox a4 has treated it for square and triangular lattices by direct 
machine inversion of the transfer matrix. More recently MontrolP 5 has solved the 
problem in terms of an asymptotic series in 1/N. For the special case of equal proba- 
bility for a random walker to go to any nearest neighboring point on a given step, 
he finds for a square lattice 

(n)  = n -  i N In N + 0.19506 N (9) 

plus higher order terms which we shall neglect. In the region of interest Montroll 's 
expression is in close agreement with machine computations. For example for N =  324, 
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a reasonable value for plants, we obtain ( n ) = 6 5 9  steps from Eqn 9 compared to 
670 steps from machine computation by Robinson 3. For N =  50, a likely value for 
bacteria, the corresponding numbers are 72 and 74 steps, respectively. 

Using N =  300 and a nearest neighbour transfer rate of  0.44.1012 s -1, the mean 
trapping time (Eqn 8) is (ZX)= 1.37 ns, and the corresponding fluorescence efficiency 
~ =  100(ZT)/Z o =9%.  These values are considerably larger than previous estimates 5 
and closer to in vivo experimental values of fluorescence lifetimes, which range from 
0.4 to 2 ns, and fluorescence efficiencies of  3 to 60/01'5'33. In fact the calculated values 
are somewhat large in view of the fact that the calculation assumes all traps open, 
a situation which corresponds to the minimum values of  both ( rT)  and ~. 

V. THE EFFECT OF CHLOROPHYLL AGGREGATION 

Let us now take into account that the chlorophyll molecules are not located 
on a lattice corresponding to the mean spacing. A proper treatment using the correct 
chlorophyll distribution, even if it were known, would seem too difficult mathemati-  
cally. The red absorption band of chlorophyll a in vivo may be separated into at 
least three bands with maxima at 673, 683 and 695 nm 1' 2,11,17,21,33. There is strong 
evidence that this multiplicity of  peaks is due to chlorophyll aggregation, rather than 
different interactions with lipids of  proteins 1' 17,21,33. There is general agreement that 
the 683-band is due to a dimer 21,33 and the 695-nm band may be a stacked chlorophyll 
polymer zI'35. Whether tJae 673-nm band is due to a different chlorophyll dimer 21, 
or represents the monomer  aa is an important  unanswered question. The suggestion 
that  the 673-nm band represents a dimer as well comes from the solution spectra 
shift to 663 nm in many solvents 29, which may then be taken to represent the mono- 
mer 21. In general about 20% of the red absorption is in the 695-nm band; the ratio of  
673-nm to 683-nm absorption may vary from 3:1 to 1:3 depending on plant and 
growing condition 11' 17 

For simplicity let us now assume that all the chlorophyll is in dimer form. 
Placing 150 dimers per reaction center on a square lattice with twice 225 A 2 area 
per dimer, one obtains a mean dimer spacing of 23.5 A instead of the 15-A monomer  
spacing (Section IV). The excitation requires on the average 268 steps to reach the 
t rap (Eqn 9 with N =  150). The overlap integral (Eqn 7) should not change too much; 
thus if we use again R 0 = 65.1 A and 3 o = 15.2 ns, we obtain a nearest neighbor trans- 
fer rate of  0.30.1011 s -1, and a mean trapping time of 9 ns (Eqn 8). This trapping 
time is too large by a factor of  about 10, probably since the natural lifetime of chloro- 
phyll a dimers is smaller than the monomer  lifetime of 15.2 ns corresponding to a 
smaller fluorescence efficiency 33'36. 

VI. ENERGY TRANSFER BETWEEN TWO LAYERS 

The transfer of  energy from one layer to the next nearest layer may be impor- 
tant since it might represent the possibility of  energy transfer from System II to 
System I. I f  we take the bilayer model (Fig. l) with a membrane thickness 23 of 40 A, 
and assume the porphyrin center is on each side (15/2) sin 48 ° (A) inside the mem- 
brane surface (Figs 1 and 2), then the effective thickness for energy transfer between 
two layers is d = 2 9  A. On the basis of  the thylakoid model by Kreutz 21 one finds 
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d =  76 A and from the model by Calvin 24 d=  162 A. The problem of the exact structure 
of the thylakoid membrane probably still needs further clarification. 

The energy transfer rate between two layers by the F6rster mechanism is 

Wa = C j~  Vp(p2 + d 2)- 3dp = Cva/4d 4 (10) 

where C=2~zo-'t'o-lRo 6 and a=dens i ty  of chlorophyll monomer or dimer per unit 
area, depending on the assumptions made regarding chlorophyll aggregation, p is 
the distance in the plane of the membrane. The angular factor y is the K 2 given by 
Eqn 4, and 

'~a = ~(sin2 fl + ½c0s2 fl) 2 (11) 

Taking12,13 /5= 36.5 ° for the angle the red transition moment makes with the plane 
of the membrane we find 7a=0.687 compared to an angular factor of ~,i=0.647 
for transfer within one plane and an average value of 2/3 for a three-dimensional 
random arrangement of chlorophylls. The ratio of across-plane to in-plane energy 
transfer is then 

Wa/Wi = (YR/Yl) (to~d)* (12) 

An upper limit for this ratio comes about from the assumption that all chlorophyll 
is in dimer form (Section V), corresponding to a mean dimer spacing of ro=23°5 A, 
and the smallest possible choice for the transfer plane separation of d=29  /~. In 
this case the ratio is 0.46 and the across-plane transfer rate is relatively large. How- 
ever for d=50  A across-plane transfer rate is already down to 5% of the in-plane 
transfer. 

VII. CONCLUSION 

We have followed through the assumption that the red transition moment 
of chlorophyll a in vivo makes an angle of 36.5 ° with the membrane surface, as 
observedl2, la by dichroism in black lipid bilayers. This assumption is further strength- 
ened by the weak red dichroism observed in vivo. Together with new spectroscopic 
measurements on chlorophyll a in lipid vesicles, this enabled us to calculate a more 
precise value (65 A) for the F6rster energy transfer parameter, which is in the range 
of previous estimates. Recent criticism of using the F/Srster theory is rejected on the 
basis of previous choices for the chlorophyll nearest neighbor distance. Aggregation 
effects will further improve the conditions for applying F/Srster's theory to energy 
transfer in vivo. With a reasonable choice of parameters one may fit the fluorescence 
lifetime and efficiency data in vivo. However, a detailed comparison with experiments 
is difficult due to present uncertainty about thylakoid structure and chlorophyll 
aggregation. 
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SUMMARY 

Treatment  of  chloroplasts with high concentrations of  K C N  inhibits reactions 
which involve Photosystem I (e.g. electron transport from water or diaminodurene 
to methylviologen), but not those assumed to by-pass Photosystem I (e.g. electron 
transport from water to quinonediimides). The spectrophotometric experiments 
described in this paper  showed that K C N  inhibits the oxidation of cytochrome f by 
far-red light without blocking its reduction by red light. Both optical and EPR ex- 
periments indicated that K C N  does not inhibit the photooxidation of P700 but 
markedly slows down the subsequent dark decay (reduction). Reduction of P700 by 
Photosystem II  is prevented by KCN. It  is concluded that K C N  blocks electron 
transfer between c y t o c h r o m e f  and P700, i.e. the reaction step which is believed to be 
mediated by plastocyanin. In KCN-poisoned chloroplasts the slow dark reduction of 
P700 following photooxidation is greatly accelerated by reduced 2,6-dichlorophenol- 
indophenol or by reduced N-methylphenazonium methosulfate (PMS), but not by 
diaminodurene. It  appears that the reduced indophenol dye and reduced PMS are 
capable of  donating electrons directly to P700, at least partially by-passing the K C N  
block. 

INTRODUCTION 

It has long been recognized that high concentrations of  K C N  inhibit the Hill 
reaction in isolated chloroplasts 1. Trebst 2 found that salicylaldoxime and K C N  in- 
hibit not only the Hill reaction but also Photosystem I-dependent photophosphoryla- 
tion, and suggested that a blocking of electron transport may have occurred rather  
close to Photosystem I. However, the data were also explainable by assuming that 

Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-l,l-dimethylurea; DCIP, 2,6-dichloro- 
phenolindophenol; HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; PMS, N- 
methylphenazonium methosulfate. 

* Present address : Department of Botany and Plant Pathology, Michigan State University, 
East Lansing, Mich. 48823, U.S.A. (mailing address). 

" *  Present address: Laboratory of Biochemistry, B. C. P. Jansen Institute, University of 
Amsterdam, Plantage Muidergracht 12, Amsterdam, The Netherlands. 

*'* Present address: Department of Biophysics, School of Physics, Moscow State University, 
Moscow 117234, U.S.S.R. 
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those compounds induced a Photosystem II inhibition and uncoupling simultaneously. 
This seems to have been indeed the case with salicylaldoxime, since Katoh and San 
Pietro 3 later demonstrated that isolated plastocyanin does not react with salicylal- 
doxime at any significant rate. They also presented evidence that salicylaldoxime 
inhibition probably takes place close to Photosystem II. The site of salicylaldoxime 
inhibition in the electron transport chain has in fact been located before cytochrome 
f (refs 4-6). 

It has been shown very recently, however, that under proper conditions KCN 
does block Photosystem I specifically v. Reactions which involve Photosystem I such 
as the transfer of electrons from water to methylviologen or from diaminodurene to 
methylviologen, and diaminodurene-mediated cyclic photophosphorylation are al- 
most completely inhibited, while reactions which are assumed to largely by-pass 
Photosystem I such as the transfer of electrons from water to lipid-soluble oxidants 
(e.g. oxidized phenylenediamines 8) are scarcely affected. Furthermore, isolated plasto- 
cyanin was shown to react with KCN quite rapidly under the conditions required for 
effective KCN treatment of chloroplasts, thus strongly implicating plastocyanin as 
the site of inhibition 7. 

This paper deals primarily with location of the site of KCN inhibition in the 
electron transport chain. We conclude that KCN interferes with electron transfer 
between cytochrome f and P700, that is the reaction step which is believed by most 
workers to involve plastocyanin. 

MATERIALS AND METHODS 

Preparation and KCN treatment of chloroplasts 
Chloroplasts (unfragmented, naked lamellae) were prepared from commercial 

:spinach (Spinaeia oleraeea L.) as described before 8 and finally suspended in a medium 
containing 0.1 M sucrose, 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic 
acid (HEPES)-NaOH buffer (pH 7.4) and 2 mM MgC12 (chlorophyll, approx. 2 mg/ 
ml). KCN treatment of chloroplasts was carried out as follows: 3 ml of the above 
chloroplast suspension were transferred to an ice-chilled test tube containing a mixture 
of ! ml each of 0.15 M KCN and 0.3 M Tricine (acid) and 25/tl of 10 mM potassium 
ferricyanide. The final pH of the mixture was 7.8-7.9. The trace of ferricyanide in- 
cluded was not an essential ingredient but it accelerated the development of KCN 
inhibition. The test tube was sealed and allowed to stand at 0 °C in the dark. After 
60-90 rain incubation the mixture was exposed to room light, and the treatment was 
terminated by diluting and lowering the pH of the mixture with 10 ml of a medium 
containing 0.1 M sucrose, 30 mM HEPES-NaOH buffer (pH 7.2) and 2 mM MgC12. 
This procedure was effective in preventing the development of a secondary effect of 
KCN (Photosystem II inhibition) which would otherwise become appreciable after 
90 rain incubation. At no stage was it necessary to add fresh KCN to compensate for 
dilution since the KCN inhibition is essentially irreversible. 

Measurements 
Oxidation-reduction of  cytochromef(cytochrome e 554) and P700 was observed 

with a Hitachi-Perkin Elmer dual-wavelength spectrophotometer (Model 356). 
Reactions were run in a standard 1-cm cuvette thermostated at 20 °C. The actinic light 
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was provided by a pair of 100-W quartz-iodine lamps. Monochromatic red light (660 
nm; half-band width 10 nm) and far-red light (714 nm; half-band width, 10 nm) were 
obtained by means of interference filters. The oxidation-reduction of cytochrome f 
was followed by observing the absorbance change of the a-band at 554 nm (reference 
wavelength, 540 or 565 nm). The oxidation-reduction of P700 was observed at 701 nm 
(reference 730 nm). The P700 changes were also observed by following the EPR 
signal (signal I; g = 2.0025) 9' ~o with a Varian E4 EPR spectrometer routinely operated 
at a microwave power of 5 mW. The peak-to-peak modulation amplitude used was 
4 G for field scans and 8 G for kinetic experiments. In the latter experiments, changes 
in the height of the low-field derivative peak were followed with a time constant 
of 0.5 to 0.03 s. The deflections recorded were 1/5 to 1/4 of the full scale. 

RESULTS 

The effect of  KCN on oxidation-reduction of  eytochrome f 
The responses of cytochrome f to red (660 nm) and far-red (714 nm) light in 

KCN-treated chloroplasts were compared with those in 3-(3,4-dichlorophenyl)-l,1- 
dimethylurea (DCMU)-poisoned chloroplasts (Fig. 1). The electron acceptor used 
was methylviologen. In these chloroplasts the Hill reaction activity with methyl- 
viologen was inhibited by more than 90%. The top trace of Fig. 1A represents the 
familiar pattern of cytochrome f oxidation-reduction in untreated (control) chloro- 
plasts which has been documented in detail by Avron and Chance H. The middle trace 
of Fig. 1A clearly shows that KCN severely inhibited the oxidation of cytochrome f 
by 714-nm light. However, once the cytochrome was photooxidized at a diminished 
rate, it could be readily reduced by 660-nm light, suggesting that the pathway of  
electrons from water to cytochrome f was not blocked. In sharp contrast, DCMU 
stimulated the oxidation of cy toch romefby  714-nm light, as one would expect from 
blocking of the flow of electrons from Photosystem II (which is weakly activated by 
714-nm light). Similarly, 660-nm light, now largely acting as Photosystem I light, 
oxidized cytochrome f instead of reducing it (Fig. 1A, bottom trace). An impeded 
oxidation of cytochrome f in KCN-treated chloroplasts was also clearly observed in 
a series of  experiments given in Fig. 1B in which the effect of 714-nm light was 
examined in the presence of a weak 660-nm background light. Fig. 1C shows light- 
minus-dark difference spectra obtained under the conditions of Fig. 1A. There was no 
evidence that any chloroplast component other than cytochrome f was contributing 
to the spectra, except for the tail end of the 518-nm shift or/and the"570-nm shift"~2' ~3. 

Experiments were also conducted using chloroplasts in which the Hill reaction 
activity with methylviologen was completely inhibited by a prolonged KCN treat- 
ment (2 h). In these experiments the reference wavelength was chosen at 565 nm to 
minimize the influence of the 518-nm shift. The mild reductant ascorbate (5 mM) 
was included in the reaction mixture so as to ensure the reduced state of cytochrome 
f before illumination, and DCMU to block Photosystem II and provide the optimal 
condition for observing the photooxidation of cytochromef.  The effectiveness of as- 
corbate was evident from the experiments with untreated chloroplasts shown by the 
top row traces of Fig. 2. The traces depict that the very slow reduction process (due 
to exhaustion of electron pools) of cytochrome f after oxidation by 714-nm light was 
markedly accelerated by the presence of ascorbate. Clearly, however, the donation o f  
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Fig. l. Inhibition of cytochrome jr oxidation by KCN treatment as contrasted with the inhibition 
of cytochrome f reduction by DCMU.  The reaction mixtures (2 ml) contained 0.l M sucrose, 
40 m M  Tr ic ine-NaOH buffer (pH 7.8), 2 mM MgCI2, 10/~M methylviologen (MV) and, if used, 
1 # M  DCMU.  The concentrat ion of chlorophyll was 62 Fg/ml in the experiments of Fig. 1A or 
75/tg/ml in Fig. 1B. The intensities of actinic light in kergs, s - 1 .  cm - 2  were: (A) 12 (660 nm) and 
8 (714 nm);  (B) 2 (660 nm) and 8 (714 nm). The light-minus-dark spectra of C were obtained under 
the conditions of A. For  K C N  treatment  of chloroplasts, see Methods. 

electrons from ascorbate was still far too slow to counterbalance the withdrawal o f  
electrons from cytochrome f by the 714-nm light. In KCN-treated chloroplasts, no 
trace of  cytochrome f photooxidation was observed regardless of  the presence or 
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absence of  ascorbate and DCMU (Fig. 2, middle row traces). Yet in the same chloro- 
plasts the photoreduction of cy tochromefwas  clearly observed when the cytochrome 
had been partially oxidized beforehand chemically with the lipid-soluble oxidant 
duroquinonediimide (oxidized diaminodurene), indicating that the pathway of elec- 
trons from water to cytochromefwas  still open (Fig. 2, bottom traces). A slight photo- 
reduction of cy tochromefwas  also detected in the presence of ferricyanide (0.4 mM) 
but only 3-4 min after the addition of ferricyanide. Apparently this hydrophilic 
oxidant does not react with cytochromefin situ as readily as does oxidized diamino- 
durene. 

AA554- AA565 

MV olone +Asc +Asc+DCMU 

Control 

off j off J off 

~714on Ion lon 

~ A= 
.004 

KCN 
loff  ~o f f  loff  

1on 1on 

D A Dox Fe C y 

loff .off , ~off 

on 
on / 6 6 0  I 2 0  sec ~I 

on 
Fig. 2. Complete inhibit ion of cytochrome f oxidation by prolonged (2 h) KCN treatment of 
chloroplasts. The basic composition of reaction mixtures was as in Fig. 1. Oxidiscd diaminodurene 
(duroquinonediimide; final 0.4 mM) was prepared immediately before the reaction by mixing 
0.8/~mole of diaminodurene and excess potassium ferricyanide (2.4 pmoles) in the buffered reac- 
t ion mixture (2 ml). When ferricyanide was used alone, the concentration was 0.4 mM. The 
chlorophyll  concentrat ion was 80/~g/ml. The intensities of actinic light (red and far-red) were as 
in Fig. 1A. The light-minus-dark difference spectra of these changes in the 540-570-nm region 
confirmed that  they were primarily due to cytochrome f changes. MV, methylviologen; Ass, as- 
corbate;  DADox, oxidised diaminodurene. 

The effect of KCN on oxidation-reduction of P700 
The effect of KCN treatment of chloroplasts on P700 was first examined spec- 

trophotometrically by observing the absorbance changes at 701 nm (reference 730 nm) 
after flashes of 660-nm light (Fig. 3A). In control chloroplasts, no P700 shift remained 
when the fluorescence caused by the flashes had disappeared (top trace), indicating 
that photooxidized P700 was re-reduced as soon as the light was shut off or, more 
likely, it stayed reduced during the 660-nm flashes which strongly activate Photo- 
system II as well as Photosystem I (see also Fig. 4). In KCN-treated chloroplasts, 



SITE OF KCN INHIBITION IN CHLOROPLASTS 333 

C o n ~  ~ l - & A ? 3 o  

.... H 
I see f lash A \  

KCN 

AA= T® 

H 

-6 

_4 ! 
x 

-2 

701 

..o 

690 700 710 720 7308 
/~ (rim) 

Fig. 3. Inhibition of P700 reduction by KCN treatment and by DCMU as observed spectrophoto- 
metrically by the dark decay of P700 after flashes. The basic composition of reaction mixtures was 
as in Fig. 1A. The chlorophyll concentration was 52/~g/ml. The intensity of actinic light (660 nm) 
was 24 kergs.sec - - l ' cm-L The photomultiplier was guarded with a Corning CS2-64 filter and 
Kodak Wratten filters No. 36 and No. 70. The large signals observed during flashes were due to 
chlorophyll fluorescence. 

however, a slow process of  dark reduction of P700 was clearly observed after the 
flashes (Fig. 3A, middle trace). The decay kinetics were indeed so slow that there was 
practically no need for extrapolating the trace to estimate the oxidation level of  P700 
achieved in the light. (A typical light-minus-dark difference spectrum thus obtained 
is given in Fig. 3B.) Very similar results were obtained with DCMU-poisoned chloro- 
plasts (Fig. 3A, bot tom trace). Thus, viewing from P700, there is no clear distinction 
between the effects of  K C N  and D C M U :  both inhibitors block the pathway of elec- 
trons from Photosystem II  to P700. 

The inhibition of P700 reduction by K C N  was also confirmed by following the 
light-induced EPR signal (Signal I)  9 ' i °  which originates from the oxidized form of 
P700 (Fig. 4). The "push-pul l"  effect of  red and far-red light on P700 was very clearly 
observed in control chloroplasts (Fig. 4A, top row traces). This two-light effect, 
which is very similar to that on cytochrome f ,  was first demonstrated by Kok  and 
Beinert 14 and was confirmed recently by Bochman et al. is. Both K C N  and D C M U  
abolished this effect. The red light was no longer able to reduce P700; instead, it 
acted simply as Photosystem I light, always causing an oxidation of P700. Again a 
slowed-down process of  reduction of P700 was evident (Fig. 4A, middle and bot tom 
traces). 

Thus, comparing the effects of  K C N  and D C M U  on cytochrome f with their 
effects on P700, an unambiguous picture emerges: D C M U  blocks electron transport  
at a point that precedes both cytochrome f and P700 (as is well-known), whereas 
K C N  interferes with the transfer of  electrons from c y t o c h r o m e f t o  P700. 
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Accessibility o f  P700 to artificial electron donors in KCN-treated chloroplasts 
In order to further differentiate the site of KCN inhibition from the known site 

of D C M U  inhibition, the behavior of P700 (as EPR signal) in KCN-treated chloro- 
plasts was compared with that in DCMU-blocked chloroplasts in the presence of 
various artificial electron donors. It should be noted here that in these "inhibited" 
chloroplasts Photosystem II is functionally disconnected from Photosystem I, and 
therefore the effect of light on P700 is always in the direction of oxidation. 

Fig. 5A represents experiments with relatively weak far-red light. When D C M U  
blocked the electron transport chain near Photosystem II, P700 was still easily acces- 
sible, through the rest of the chain, to diaminodurene, reduced 2,6-dichlorophenol- 
indophenol (DCIP) and reduced N-methylphenazonium methosulfate (PMS) (high 
or low concentrations). This is suggested by the fact that in the presence of any 
of these reductants the actinic light failed to oxidize P700. In sharp contrast, 
when KCN blocked the chain near Photosystem I, only high concentrations of PMS 
(0.2 mM; partly reduced with 0.1 mM ascorbate) were able to keep P700 completely 
reduced in the light. Qualitatively, these observations are quite consistent with the 
fact that DCMU inhibits none of the reactions supported by these reductants, while 
KCN inhibits all of the reactions except the cyclic photophosphorylation supported 
by high concentrations of PMS 7 (see also inhibition data cited in Fig. 5A). Ascorbate, 
when given alone (5 mM) had virtually no access to P700 when the electron transport 
chain was blocked by either of these inhibitors. 

Fig. 5B depicts an independent series of experiments with a different batch of 
chloroplasts, in which a much higher light intensity and a faster instrumental time 
constant (resolution, approx. 0.Is) were employed. It can be seen in DCMU experi- 
ments that the donation of electrons from reduced DCIP was no longer able to keep 
pace with an increased rate of P700 photooxidation. This is clearly a reflection of the 
fact that reduced DCIP is a much poorer donor compared with diaminodurene and 
(reduced) PMS. In KCN-treated chloroplasts a full photooxidation of P700 was now 
achieved even in the presence of diaminodurene or reduced DCIP. Only high con- 
centrations of partially reduced PMS continued to prevent the photooxidation of 
P700. However, the kinetics of the dark reduction of P700 by reduced DCIP (dark 
decay) in KCN-treated chloroplasts were relatively fast (t{.~ d0.1 s), in line with the 
fact that the transfer of electrons from reduced DCIP to methyviologen contains an 
appreciable portion which,is insensitive to KCN z'7. (In the chloroplast preparations 
utilized in these studies the control and KCN-inhibited rates of the reduced DCIP 
-+methylviologen reaction were typically 400 and 150/~equiv. h -  ~ .mg- 1 chlorophyll, 
respectively.) 

Fig. 4. (A) Effects of KCN treatment and DCMU on the light-induced oxidation-reduction of 
P700 as observed by the EPR signal (Signal 1). The height of the low-field peak of the first derivative 
EPR spectrum of oxidized P700 (Fig. 4B) was followed with a time constant of 0.5 s. The upward 
deflections (appearance of signal) indicate the oxidation of P700 and the downward deflections 
(disappearance of signal) indicate reduction. The peak-to-peak modulation amplitude used was 
8 G for kinetics or 4 G for spectrum. The microwave power was 5 mW. The reaction mixture 
(0.5 ml) in a flat quartz sample cell (thickness 0.25 mm) contained 0.1 M sucrose, 50 mM HEPES- 
NaOH buffer (pH 7.6), 2 mM MgCI2, 10/~M methylviologen and, if used, 2/~M DCMU. The 
chlorophyll concentration was 500/tg/ml. The intensities of red (660-nm) and far-red (714-nm) light 
were 26 and 12 kergs, s -~. cm -2, respectively. MV, methylviologen. 
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DISCUSSION 

Plastoeyanin as the site o f  KCN inhibition 
In this p a p e r  we have p resen ted  spect roscopic  evidence that  K C N  blocks  the 

t ransfer  o f  e lec t rons  f rom c y t o c h r o m e f t o  P700. This locat ion o f  the  K C N  inhibi t ion 
site is in h a r m o n y  with the  inhibi t ion da ta  previous ly  ob ta ined  for  var ious  par t ia l  
reac t ions  v. The  fact  tha t  K C N  inhibi t ion occurs closer to P700 than does  D C M U  
inhib i t ion  has also been  conf i rmed by the exper iments  with artificial e lectron donors  
descr ibed  in the p reced ing  section. As  for  the ident i ty  o f  the ta rge t  for  the K C N  in- 
hibi t ion,  i so la ted  p las tocyanin  has a l r eady  been  shown to reac t  with K C N  quite  
rap id ly  unde r  the  condi t ions  requ i red  for  e lec t ron t r anspor t  inhibi t ion 7. K a t o h ' s  
dialysis  expe r imen t  suggests that  K C N  may  remove  copper  f rom plas tocyanin  16. N o  
reac t ion  be tween  isola ted  c y t o c h r o m e f a n d  K C N  has been  de tec ted  v. These  observa-  
tions, t aken  toge the r  with the var ious  lines o f  evidence which indicate  the involve-  
men t  of  p las tocyanin  in e lec t ron t ransfer  be tween  c y t o c h r o m e f a n d  P700 (refs 17-21), 
lead  us to the  fol lowing conclusion.  The  K C N  inhibi t ion o f  ch lorop las t  e lec t ron 
t r anspor t  arises p r imar i ly  f rom a b locking  o f  e lec t ron t ransfer  be tween  c y t o c h r o m e f  
and P700, and  this b locking  is due to an inact ivat ion of  p las tocyanin  involved  therein .  
Conversely ,  it could  be said tha t  our  observat ions  speak  s t rongly in favor  o f  the view 
which places  p las tocyanin  be tween  cy tochrome f and  P700, r a the r  than  the view 
advanced  by Knaf f  and  A r n o n  22 which places p las tocyanin  before  c y t o c h r o m e f  

The  inhibi tors  o f  ch lorop las t  react ions  which have so far been  es tabl ished to 
b lock  the ent ry  of  e lec t rons  to Pho tosys tem I are  very few: an an t ibody  to plas to-  
cyanin  23, polyca t ions  24"25 and the cyanide  deal t  with here.  Al l  o f  these agents  appea r  
to react  specifically or  p r imar i ly  with p las tocyanin  in situ but  all unde r  l imited con- 
d i t ions :  in extensively sonica ted  chloroplas ts  (ant ibody) ,  in the absence  of  salts 
(polycat ions) ,  or  af ter  60 min p re incuba t ion  (KCN) .  F o r  s tudying reac t ions  that  in- 
volve phosphory la t ion  or  requi re  m e m b r a n e  integri ty,  K C N  seems to have advan tage  
over  the o the r  two in tha t  it is appl icable  to well coupled  chloroplas ts  wi thout  frag- 

Fig. 5. Effects of KCN treatment and DCMU on the oxidation-reduction of P700 in the presence 
of various artificial electron donors (EPR experiments). The upward deflections (appearance of 
signal) indicate the oxidation of P700 and the downward deflections (disappearance) indicate 
reduction. The basic composition of reaction mixtures was the same as in Fig. 4 except for the 
presence of various reductants. The concentration of reductants were: ascorbate (in the ascorbate 
-+methylviologen system) 5 mM; diaminodurene, 0.2 mM (with 5 mM ascorbate); reduced DCIP, 
0.24 mM (with 5 mM ascorbate), low PMS, 10#M (with 10#M ascorbate) and high PMS, 0.2 mM 
(with 0.1 mM ascorbate). In A the inhibition data for electron transport (E) and phosphorylation 
(P) are from ref. 7 except for the ascorbate-+methylviologen system which are from unpublished 
data of one of the authors (S.I.). The + sign indicates strong inhibition; - ,  no or little effect; _+, 
partial inhibition. The signs in parentheses for electron transport are deductions from phosphoryla- 
tion data. In Fig. 5A the chlorophyll concentration was 520/~g/ml. The actinic light used was 
714-rim light (12 kergs.s 1.cm--2). Other assay conditions were as in Fig. 4. B represents a series 
of experiments conducted separately from those of A using a different batch of chloroplast prepara- 
tion. The compositions of reaction mixtures were as in A except for the chlorophyll concentration 
which was 500/lg/ml. The actinic light used was relatively strong broad-band red light (640-700 nm; 
180 kergs- s -1 .  cm--2). In these experiments the changes in signal height were followed with a time 
constant of 30 ms. The figures, 0.2, 2, 2.8, etc., represent approximate half-times (s) of dark decay 
(P700 reduction). In both A and B the top trace labelled "cont." is for control (uninhibited) 
chloroplasts. MV, methylviologen; Asc, ascorbate; DAD, diaminodurene. 
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menting or exposing them to unfavorable ionic environment. There has been no 
indication of KCN affecting the mechanism of  phosphorylation in any way. In fact, 
KCN inhibition has already been successfully applied in attempts to resolve phos- 
phorylation sites 7, and also in a membrane-probe study designed to assess the relative 
energy output from various segments of the electron transport chain 26. 

Interpretation of KCN-resistant Photosystem I reactions 
The phosphorylation reaction associated with the transfer of electrons from 

reduced DCIP to methylviologen is abolished by KCN, but the electron transport 
itself is only partially inhibited v. The EPR experiments of Figs 5A and 5B revealed 
that KCN in fact does not completely block the pathway of electrons from reduced 
DCIP to P700, suggesting that a part of electron donation from reduced DCIP takes 
place directly at P700. The implication seems clear: the electrons entering the trans- 
port chain at P700 do not support phosphorylation. Only that portion of electrons 
which enters the chain at a point that precedes the KCN-sensitive site (plastocyanin) 
supports phosphorylation, presumably because this point also precedes a site of 
phosphorylation associated with the main pathway of electron transport (el refs 12 
and 27). This interpretation also offers an explanation to the well-known but poorly 
understood fact that the phosphorylation associated with reduced DCIP reactions 
often appears to be totally unrelated to the observed electron flux 28. 

Cyclic photophosphorylation catalyzed by PMS represents a unique case. It 
is almost as sensitive to KCN as is the diaminodurene-mediated system when catalyzed 
by 10/~M PMS, but becomes highly insensitive when the PMS concentration is raised 
to 0.2 mM (ref. 7). The EPR experiments of Figs 5A and 5B suggest that P700 may be 
easily accessible to the electrons from high concentrations of reduced PMS even when 
the electron transfer between cy tochromefand  P700 is blocked by KCN. This finding 
is reminiscent of the observations of several workers 19-3a that at least in some chloro- 
plast preparations (long-aged chloroplasts or detergent-prepared particles) P700 
can accept electrons from reduced PMS (>  30/~M) directly and very rapidly. These 
facts may seem to suggest that in the PMS cyclic system the phosphorylation reaction 
can be supported by the electrons entering the transport chain at P700. However, 
Fork and Murata 32 clearly showed that in chloroplast fragments the dark reduction 
of P700 by reduced PMS was much more efficient when the native state of the linkage 
between P700 and cytochrome f was partially preserved than when it was disrupted 
by detergents. Thus, in unfragmented chloroplasts, quite possibly a large portion of 
electrons from (photo-)reduced PMS may enter the main transport chain well before 
the plastocyanin-P700 region, and it may be this cyclic electron flow that supports 
phosphorylation. There might not be any important difference between this PMS cycle 
and the cycle mediated by diaminodurene. The fact that high concentrations of PMS 
relieve KCN inhibition of cyclic photophosphorylation could be explained if one 
considers the possibility that PMS, besides mediating cyclic electron transport, tends 
to create a by-pass in the plastocyanin region. The reported ability of PMS to com- 
plex with P700 (ref. 31) seems to suggest such a possibility. Some variable portions of 
the electrons from reduced PMS may well enter the chain at P700 simultaneously, 
and form a second cycle which, however, is probably nonphosphorylating as in the 
case of  reduced DCIP. This may explain why the quantum efficiency of PMS-mediated 
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SUMMARY 

The mechanism of ascorbate photooxidation in isolated chloroplasts has been 
studied. The enzyme superoxide dismutase has been used as a tool to show that as- 
corbate is oxidized by the superoxide free radical ion, which is formed during the 
autooxidation of a low-potential electron acceptor. 

In the absence of an artificial, low-potential electron acceptor, addition of 
ascorbate stimulates photophosphorylation in isolated chloroplasts. This effect of 
ascorbate is abolished by superoxide dismutase, indicating that both the superoxide 
free radical ion and ascorbate are responsible for the stimulation of photophosphory- 
lation. In this case, the superoxide free radical ion seems to be formed during the 
autooxidation of an endogenous electron acceptor. 

In the presence of  ferredoxin and NADP +, photophosphorylation in isolated 
chloroplasts stops as soon as the available NADP ÷ is fully reduced. If ascorbate is 
present in this system, however, a linear rate of photophosphorylation is maintained 
in spite of the fact, that NADP + is fully reduced. This ascorbate-mediated photo- 
phosphorylation again is abolished by superoxide dismutase. 

During the catalysis of this oxygen-dependent photophosphorylation, ascorbate 
consumption is not observed. These findings support the idea, that in chloroplasts 
ascorbate together with the superoxide free radical ion may function in providing 
additional ATP by an oxygen-dependent photophosphorylation. 

INTRODUCTION 

The photooxidation of ascorbate by isolated chloroplasts has been investigated 
by many authors (cf. ref. 1), and the effects of  ascorbate on numerous photosynthetic 
chloroplast reactions have been described. These observations might be ordered in 
three groups: (1) Stimulation of endogenous photophosphorylation 2-4. (2) Stimula- 
tion of coupled ATP formation in the NADP ÷ reduction 5'6. (3) Quinone-stimulated 
photooxidation 7. 

Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-l,l-dimethylurea; AQ, anthraquinone-2- 
sulfonic acid. 
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The following reasons for the observed effects have been offered: (a) Poising 
of the redox state of an endogenous system and/or acting as a protective agent. 
(b) Cycling of the three redox states of ascorbate. (c) Stoichiometric consumption of 
ascorbate in photooxidations. It is difficult to be absolutely certain which of the above 
three explanations (a, b or c) best account for stimulations of the individual photo- 
synthetic reactions. For  example, (a) or (b) could be responsible for the stimulation 
of endogenous photophosphorylation or of  coupled noncyclic ATP formation in 
photosynthetic NADP ÷ reduction. (b) or (c) could be the cause of the stimulation of 
oxygen uptake in pseudocyclic electron transport (Mehler reaction). Furthermore 
two possible mechanisms for ascorbate photooxidation are conceivable. Ascorbate 
could be the electron donor for the electron transport chain before Photosystem 111'7 
or ascorbate is oxidized by a peroxide formed by Photosystem 18'9. 

The present paper tries to find a common cause for the effects of ascorbate. 
Our approach has been to pinpoint the conditions under which ascorbate is an elec- 
tron donor for the photosynthetic electron transport chain and those in which it is 
oxidized by a peroxide radical, formed by Photosystem I. For  this purpose, the effect 
of superoxide dismutase on photosynthetic reactions has been studied. This enzyme 
catalyzes the dismutation of the superoxide free radical ion into 02 and H202 and, 
therefore, inhibits those reactions, in which a superoxide free radical anion parti- 
cipates ~0, ~. 

MATERIALS AND METHODS 

Superoxide dismutase was isolated from dry peas. The purification of the enzyme 
from a crude extract by (NH4) 2 SO 4 and acetone precipitation was carried out using 
a procedure modified from Sawada et  al. 12. The protein fraction of the second 
(NH4)2SO4 precipitation was taken up in 2.5 mM potassium phosphate buffer, pH 
7.8, and heated in portions of 2 ml for 2 min at 60 °C, since superoxide dismutase 
proved to be rather heat stable. After centrifugation, the supernatant was chromato- 
graphed on a Whatman DE 52 column (13 cm × 5 cm). The enzyme, visible as one 
blue-green zone, was eluted with a linear gradient from 0 to 0.1 M NaC1 in 2.5 mM 
potassium phosphate buffer, pH 7.8. All 10-ml fractions, in which 0.1 ml at a dilution 
of 1:400 showed an inhibition of the cytochrome c reduction by the xanthine oxidase 
reaction 1° of more than 50%, were concentrated by (NH4)2SO4 precipitation, ad- 
sorbed on another column of Whatman DE 52 (1 cm × 8 cm) and eluted with 0.2 M 
NaCI in 2.5 mM potassium phosphate buffer, pH 7.8. The number of activity units 
was determined by means of the inhibition of either the cytochrome c reduction or 
epinephrine oxidation 1°' 13, with xanthine oxidase as the generator of the superoxide 
radical ion. The overall purification was 150-fold, compared with a crude extract from 
dried, green peas. The average preparation had about I000 enzyme units per mg 
protein. The purified preparation contained 1.14~g Cu/mg protein (0.18 gatom 
Cu/10 mg protein). The molecular weight of green pea superoxide dismutase was 
estimated to be 31000, containing 2 gatoms Cu and 2 gatoms Zn per mole enzyme 
protein ~2. From the protein and copper determinations we calculated (assuming that 
no other copper-containing protein was present) that our preparation was about 
30% pure. About 50 enzyme units (6.2.10 -5 /~mole) of superoxide dismutase were 
used in the experiments, where indicated. This is 5-fold the amount, which gave a 
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90% inhibition in the cytochrome c reduction test. In addition to superoxide dismu- 
tase, about 8 000 units of catalase were present in most of the experiments as indicated 
in the tables and figures. 

The photosynthetic assays were carried out at 15 °C in Warburg vessels. 
Oxygen uptake or evolution was measured manometrically. 

Broken chloroplasts were prepared from spinach leaves as described by Nelson 
et al. 14. Heated chloroplasts were prepared and ascorbate was determined as des- 
cribed by B6hme and Trebst 1. The NADPH present in the supernatant was deter- 
mined at 340 or 366 nm after centrifugation of the samples at 150130 × g. Absor- 
bances were measured and adsorption spectra were recorded in either a Zeiss PMQ II 
or a Cary 15 spectrophotometer. Protein was determined according to the method 
of Murphy and Kies 15. Copper was determined with a Zeiss PMQ spectrophotometer 
fitted to a FA 2 atomic absorption unit with a hollow cathode lamp (2 = 324.7 nm). 
Ferredoxin and a ferredoxin-NADP + reductase-containing fraction were isolated 
from spinach leaves as described by Tagawa and Arnon 16 and Shin et al. ~7, respectively. 
ATP was determined as [32p]ATP18. Cytochrome c, catalase, xanthine oxidase, 
xanthine, glucose 6-phosphate and glucose-6-phosphate dehydrogenase were obtained 
from Boehringer, Mannheim. Epinephrine was obtained from Merck, Darmstadt. 

R E S U L T S  

(1) The photooxidation o f  ascorbate 
The stoichiometry of the photooxidation of ascorbate during the pseudocyclic 

photophosphorylation was studied in detail by Trebst et al. 7 and by BOhme and 
Trebst 1. These authors could show, that in isolated chloroplasts with an autooxidi- 
zable electron acceptor, the photooxidation of ascorbate was stoichiometric to photo- 
phosphorylation, 02 uptake and H202 formation. From the inhibition of these 
reactions by 3-(3,4-dichlorophenyl)-l,l-dimethylurea (DCMU) it was concluded, that 
ascorbate might act as an electron donor for Photosystem II. Studying the oxidation of 
hydroxylamine and ascorbate in digitonin-fragmented chloroplasts and with artificial 

3 2 _ 
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Fig. 1. Kinet ics  o f  a sco rba te  pho toox ida t ion .  F o r  exper imen ta l  cond i t ions  see Tab le  I. @---O, 
wi thou t  superox ide  d i smu ta se ;  A - - A ,  plus superox ide  d i smutase .  
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enzymatic systems, Elstner et al. a proposed an alternative mechanism for the oxidation 
of ascorbate, in which a peroxide other than H202 (formed during the autooxidation 
of the reduced electron acceptor) is the oxidant. 

Fig. 1 shows the kinetics of  the ascorbate photooxidation by isolated chloro- 
plasts with a low-potential electron acceptor. Superoxide dismutase inhibits the reac- 
tion to about 65%. After the light reaction proceeds for 10-12 rain, the oxidation in 
the vessel which contains superoxide dismutase comes to a virtual halt, while the one 
without superoxide dismutase still proceeds linearly. An almost complete inhibition 
of ascorbate photooxidation can be achieved by the addition of both superoxide 
dismutase and catalase. Catalase alone has no or very little effect on the ascorbate 
photooxidation (Table I). 

TABLE I 

INHIBITION OF ASCORBATE PHOTOOXIDATION 1N ISOLATED CHLOROPLASTS 
WITH METHYL VIOLOGEN AS ELECTRON ACCEPTOR BY SUPEROX1DE DISMUTASE 
AND CATALASE 

The reaction medium contained in 3 ml: broken chloroplasts with 0.1 mg chlorophyll, 80 #moles 
Tris-HCl, pH 8.0, 0.2 #mole~ methyl viologen, 10/~moles ascorbate, 5 ¢tmoles NH4CI, 5/~moles 
MgCle; the reaction was allowed to proceed for 15 min at 25000 lux and 15 °C in air. 

Additions i~rnoles ascorbate #moles Oz taken up/mg 
oxidized/mg chlorophyll per h chlorophyll per h 

None 112 88 
plus catalase 100 52 
plus superoxide dismutase 28 28 
plus superoxide dismutase plus 4 12 

catalase 

The kinetics of  oxygen uptake during the ascorbate oxidation with anthra- 
quinone as electron acceptor are shown in Fig. 2. No or little oxygen uptake is obser- 
ved when only anthraquinone is present; after a lag phase (probably due to the re- 
duction of AQ, cf. ref. 1), an oxygen uptake is measured, if in addition to AQ, 10 -3 M 
K C N  is present. Addition of ascorbate causes a rapid oxygen uptake, which can be 
inhibited by superoxide dismutase. The vessel with both AQ and ascorbate continues 
taking up oxygen in the dark after switching off the light for at least 5 min. Addition 
of 10 -3 M K C N  stimulates the rate of  oxygen uptake in the dark, due to the inhi- 
bition of an endogenous catalase activity, which simultanously splits the H 2 0  2 
accumulated during the light reaction. A similar observation was made by Good and 
Hill 19 with ascorbate in quinone-treated chloroplasts. 

Oxygen uptake varied with different chloroplast preparations in the absence 
of KCN,  probably because of different endogenous catalase activities (cf. refs 7 and 20). 
The values for oxygen uptake are omitted in the following tables since K C N  cannot 
be added to our test system, because it also inhibits the superoxide dismutase 21 
(cf. Table II). 

Ascorbate oxidation by an enzymatic system which mimics the "pseudocyclic" 
conditions was reported by Elstner et al. a and was confirmed by Epel and Neumann 9. 
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Fig. 2. Kinetics of oxygen uptake by isolated chloroplasts with 0.6 ymole anthraquinone-2-su,- 
fonic acid (AQ) as electron acceptor. For experimental conditions see Table 1. x . . . . .  x ,  plus AQ ; 
©- -©,  plus AQ plus 10 -3 M KCN;  H ,  plus AQ plus 10ymoles ascorbate plus superoxide dis- 
mutase plus catalase; & - - A ,  plus AQ plus I0 Fmoles ascorbate; E3--13, plus AQ plus 10 ymoles 
ascorbate plus 10 -3 M KCN. 

TABLE II 

THE CO-OXIDATION OF ASCORBATE DURING THE DIAPHORASE-CATALYZED 
OXIDATION OF NADPH WITH ANTHRAQUINONE AND ITS INHIBITION BY SUPER- 
OXIDE DISMUTASE AND CATALASE 

The reaction mixture contained in 3 ml: 10 ymoles glucose 6-phosphate, 10 yg glucose-6-phos- 
phate dehydrogenase, 1 ymole NADP +, an NADP+-ferredoxin reductase fraction containing 
2 mg protein, 0.2 ymole AQ; 15-min dark reaction in air at 15 °C. 

Additions /zmoles ascorbate oxidized/15 min 

Complete 1.9 
plus 10 -3 M KCN 2.7 
plus superoxide dismutase plus 

catalase 0.3 
plus superoxide dismutase plus 

catalase plus 10 -3 M KCN 2.5 

minus glucose 6-phosphate 0 
minus AQ 0.1 
minus NADP+-ferredoxin 

reductase 0 

This  sys tem wi th  A Q  (Eo = - 2 0 0  mV), r educed  by  N A D P H  in a d i aphorase -ca ta -  
lyzed react ion,  in the  da rk  oxidizes  a sco rba te  appa ren t ly  via superoxide  free radica l  
ion. K C N  s t imula tes  the  ox ida t ion  o f  ascorba te  in this  system as previously  r epor ted  s. 
In  the  presence o f  10 -3 M K C N  the ascorba te  ox ida t ion  is no longer  inh ib i ted  by 
superoxide  d i smutase  and ca ta lase  (Table  II). 
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As  shown in Tab le  III ,  the  add i t i on  o f  bo th  superoxide  d i smutase  and ca ta lase  
has no influence on the A T P  fo rma t ion  in pseudocyc l ic  p h o t o p h o s p h o r y l a t i o n  regard-  
less whether  ascorba te  is present  or  not ,  while  the  p h o t o o x i d a t i o n  of  ascorba te  is 
inh ib i t ed  to  a b o u t  90%. 

(2) The stimulation of  the endogenous photophosphorylation by ascorbate 
The p h o t o p h o s p h o r y l a t i o n  in i so la ted  ch lo rop las t s  wi thou t  an art i f icial  e lec t ron 

accep to r  ( " endogenous"  p h o t o p h o s p h o r y l a t i o n ,  cf. ref. 4) is s t imula ted  by ascorba te  
as a l r eady  r epo r t ed  by  o the r  groups  z-4. This  s t imula to ry  effect o f  ascorba te  can be 
inh ib i ted  by the a d d i t i o n  o f  bo th  superox ide  d i smutase  and cata lase  or  by D C M U  
(Table  IV). 

As  shown in Table  IV, ascorba te  br ings  a b o u t  a 4-fold s t imula t ion  o f  the  "endo-  

TABLE llI  

THE LACK OF INFLUENCE OF SUPEROXIDE DISMUTASE ON THE PSEUDOCYCLIC 
PHOTOPHOSPHORYLATION IN THE PRESENCE AND ABSENCE OF ASCORBATE 

Experimental conditions, see Table I. Changes: minus NH4CI, plus 10/~moles phosphate, plus 10 
/~moles ADP. 

Additions l~moles ATP formed #moles ascorbate oxidized 
~rag chlorophyll per h /mg chlorophyll per h 

None 50 - -  
plus 10/~moles ascorbate 52 88 
plus superoxide dismutase 

plus catalase 50 - -  

plus 10/~moles ascorbate 
plus xsuperoxide dismutase 
plus catalase 54 10 

TABLE IV 

THE EFFECT OF ASCORBATE ON THE "ENDOGENOUS" PHOTOPHOSPHORY- 
LATION IN ISOLATED CHLOROPLASTS AND ITS INHIBITION BY SUPEROXIDE 
DISMUTASE AND CATALASE 

Experimental conditions, see Table III. Change: minus methyl viologen. 

Additions I~moles ATP formed I~moles ascorbate oxidized/rag 
ling chlorophyll per h chlorophyll per h 

None 6.0 - -  
plus 2.10 -5 M DCMU 1.0 
plus 10/~moles ascorbate 25 0 
plus 10/~moles ascorbate 

plus 2.10 -5 M DCMU 1.5 0 
plus 10/zmoles ascorbate 

plus superoxide dismutase 
plus catalase 7.5 0 
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genous" photophosphorylation, but no consumption of ascorbate is observed. In the 
presence of superoxide dismutase and catalase, the stimulatory effect of ascorbate 
disappears, and the rate of photophosphorylation is reduced to the endogenous 
rate. 2.10 -5 M D C M U  inhibits both the endogenous and the ascorbate-mediated 
photophosphorylation. 

Similar results are obtained with heat-treated chloroplasts (Table V). The im- 
portant difference in this case, compared to the experiment described in Table IV, is 
the neglegible rate of endogenous phosphorylation, which is not further inhibited by 
DCMU. However, as in the experiment shown in Table IV no oxidation of ascorbate 
can be observed. This result is in agreement with the findings of Forti and Jagendorf 4. 
The stimulatory effect of ascorbate can be inhibited again by the addition of both 
superoxide dismutase and catalase and by DCMU. 

TABLE V 

THE EFFECT OF ASCORBATE ON THE PHOTOPHOSPHORYLATION IN HEAT- 
TREATED CHLOROPLASTS AND ITS INHIBITION BY SUPEROXIDE DISMUTASE 
AND CATALASE 

Experimental conditions, see Table III. Changes: heat-treated chloroplasts were used, in the 
absence of methyl viologen. 

Additions I~moles ATP formed/rag chlorophyll per h 

None 1.6 
plus 2' 10 -5 M DCMU 1.0 
plus 10 #moles ascorbate 10 
plus 10/~moles ascorbate 

phts 2.10 -5 M DCMU 1.2 
plus 10 #moles ascorbate 

plus superoxide dismutase 
plus catalase 3.5 

(3) Stimulation o f  the ATP formation in a NADP+-reducing system 
Jacobi 6 showed that, with N A D P  + as the acceptor in the presence of ascorbate 

and air, photophosphorylation can still proceed in spite of the fact that all of the added 
N A D P  + was reduced. The rate of this photophosphorylation seemed to be indepen- 
dent of anaerobic photophosphorylation, which is coupled to the NADP + reduction 
and was thus interpreted as an extra ATP site. 

By following the kinetics of the NADP + reduction and ATP formation with 
limiting amounts of added N A D P  + (in the presence or absence of ascorbate) (Fig. 3), 
we found a stoichiometry of about 1:1 between ATP formation and N A D P  + reduc- 
tion after 8-10 min of light. At all shorter times more N A D P H  than ATP is formed. 
After 10 min, some N A D P H  is reoxidized and reaches a steady state at about 15 
min. Around 75% of the added N A D P  + is found reduced at all times after 15 min. 
At about 15 min, the amount of  ATP formed in experiments without added ascorbate 
reaches a plateau which is equivalent to the amount of NADP + added (2/zmoles). 
In the presence of ascorbate, however, photophosphorylation proceeds even after 
N A D P H  formation has reached a steady state. The rate of this ATP formation is 
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Fig. 3. Kinetics of photophosphorylation and NADP + reduction in the presence or absence of 
ascorbate and with or without superoxide dismutase plus catalase. Experimental conditions: 
chloroplast fragments with 0.2 mg chlorophyll, 10 nmoles ferredoxin, 2 #moles NADP +, 10 
/~moles phosphate, 10 #moles ADP, light reaction in air, 25000 lux, 15 °C. o - - o ,  ATP in the 
presence of 10 ffmoles ascorbate; × - -  x, ATP in the presence of 10 ffmoles ascorbate plus super- 
oxide dismutase plus catalase; O--O, ATP; £ - -A,  NADPH; a,--A, NADPH in the presence of 
10 ffmoles ascorbate; H--[], NADPH in the presence of 10 #moles ascorbate plus superoxide 
dismutase plus catalase; ®- -®,  ascorbate oxidized; 0~--~,  ascorbate oxidized in the presence of 
superoxide dismutase plus catalase. 

about  half of  the initial rate. Another  unexpected result is that the oxidation of as- 
corbate reaches a plateau at about  8% oxidized after only 3-5 rain of light. 

The effect of  superoxide dismutase and catalase on photophosphory la t ion  un-  
der condi t ions  of l imit ing amount s  of N A D P + i n  the presence of ascorbate is the 
following. The amoun t s  of reduced N A D P  + and formed A TP  at all t imes are iden- 
t ical with those in the absence of ascorbate. The amoun t  of ini t ial ly oxidized ascor- 
bate disappears quanti tat ively.  After 15 min  of l ight (the t ime at which the systems 
wi thout  ascorbate reach their  plateau or steady state) we observe the stoichiometries 
shown in Table VI. 

TABLE VI 

STOICHIOMETRY OF PHOTOSYNTHETIC PARAMETERS OBSERVED AT THE BE- 
GINNING OF THE NADPH STEADY STATE 

For the experimental conditions, see Fig. 3. 

Additions I~moles A ffmoles ~ ffmoles A 
NA DP + A TP ascorbate 
formed formed oxidized 

None 1.5 1.9 
10 #moles ascorbate 1.4 0.1 2.3 
10 ffmoles ascorbate 

plus superoxide dismutase 
plus catalase 1.5 0.1 1.9 

0.4 0.8 

0.4 0 0.8 
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The same stoichiometric relationships were found in several independent 
experiments. As shown in Table VI, at the endpoint of photophosphorylation in the 
absence of ascorbate, the difference between photophosphorylation plus ascorbate and 
photophosphorylation minus ascorbate is about 0.4 #mole; exactly the same diffe- 
rence can be obtained if we subtract the ATP values, which are found with ascorbate 
in the presence of superoxide dismutase and catalase from those in the absence of 
superoxide dismutase and catalase. This difference we should like to refer to as "as- 
corbate-mediated photophosphorylation".  In the presence of superoxide dismutase 
and catalase no ascorbate oxidation can be observed, starting from the point of the 
apparent end of the NADP+-coupled photophosphorylation. At this point we find 
a stoichiometry of 0.4 ,umole ATP formed by the ascorbate-mediated photophos- 
phorylation for 0.8/~mole of ascorbate oxidized. One might conclude from the stoi- 
chiometry at this point, that the oxidation of 2 equiv of ascorbate can mediate the 
formation of 1 equiv of ATP. The question arises, however, why this stoichiometry is 
only observed at a certain point and why the ratio of ascorbate reduced to ascorbate 
oxidized is constant during the NADP+/NADPH steady state. After the light reaction 
has proceeded for 21 min, for example, 0.8 #mole of ATP are formed by the ascorbate- 
mediated photophosphorylation. According to the above mentioned stoichiometry, 
we should observe the oxidation of 1.6 #moles of ascorbate. As a possible explanation 
for this discrepancy, the possibility of the rereduction of the oxidized ascorbate by 
N ADP H as pointed out by Marr~ and co-workers 22'2a was tested. By measuring the 
oxidation of NADPH in the presence of ascorbate, an enzyme fraction from spinach 
which contains NADP+-ferredoxin reductase, and in the presence of xanthine plus 
xanthine oxidase as the generator couple for superoxide free radical ion (which can 
oxidize ascorbate), we made the observation, that the fastest oxidation of NADPH 
occurs in the presence of all components: xanthine oxidase, xanthine, and the enzyme 
fraction from spinach and ascorbate. The observed rates under the described conditions 
(0.3 #mole NADPH oxidized/h), however, are too small, to count as the sole me- 
chanism for the reduction of oxidized ascorbate. The finding, that in isolated chloro- 
plasts without an added electron acceptor, ascorbate can stimulate the photophos- 
phorylation without being oxidized 4 (Table IV) suggests, that another or additional 
mechanisms than the one described by Marr6 and co-workers 22'23 are responsible. 
We, therefore, tested the influence of dehydroascorbate on photophosphorylation in 
isolated chloroplasts without any other electron acceptor and found a marked stimu- 
lation of the endogenous rate of ATP synthesis (Table VII). 

As shown in Table VII, the stimulation of the photophosphorylation by dehy- 
droascorbate is inhibited by DCMU and proceeds independently from (essentially 
superimposed on) the photophosphorylation, which is mediated by ascorbate. This 
result can be explained by the assumption, that dehydroascorbate is acting as a Hill 
reagent. 

Another observation supports this assumption. In heat-treated chloroplasts, 
ascorbate can mediate a photophosphorylation as already shown in Table V, whereas 
dehydroascorbate has no effect on the photophosphorylation in this system. Dehy- 
droascorbate is apparently only a weak electron acceptor in systems where an electron 
donor is present. A reduction of dehydroascorbate by isolated chloroplasts in the 
light has been observed by other workers 24-26. 
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TABLE VII 

EFFECT OF DEHYDROASCORBATE ON PHOTOPHOSPHORYLATION IN ISOLATED 
CHLOROPLASTS 

Experimental conditions, see Table IV. 

Additions /~moles A TP forrned/mg chlorophyll per h 

None 5.5 
10/zmoles dehydroascorbate 11.0 
10 b~moles ascorbate 21 
10/~mole3 ascorbate 

plus 10/~moles dehydroascorbate 30 
10/zmoles dehydroascorbate 

plus 2' 10 -5 M DCMU 1.2 
10 pmoles dehydroascorbate 

plus 10/~moles ascorbate 
plus 2" 10 -5 M DCMU 1.6 

DISCUSSION 

The stimulation of oxygen uptake by isolated chloroplasts with a low-potential 
electron acceptor and the concomitant oxidation of ascorbate 7 on one hand and the 
stimulation of photophosphorylat ion under certain conditions 2-6 on the other hand, 
were the focus of  investigations, concerning the function of ascorbate in photosyn- 
thetic reactions. We have at tempted to find a common mechanism for the effects of  
ascorbate on the photosynthetic reactions in isolated chloroplasts. Our results can be 
summarized as follows: 

(a) Ascorbate photooxidation, mediated by an autooxidizable acceptor of 
Photosystem I, like methyl viologen, is inhibited by superoxide dismutase. This in- 
hibition is independent of  whether the acceptor is reduced by light or by NADPH.  

(b) ATP formation coupled to pseudocyclic electron transport  is not influenced 
by superoxide dismutase, regardless of  whether ascorbate is oxidized concomitantly. 

(c) The stimulation of endogenous photophosphorylat ion by ascorbate (i.e. 
without any other addition) is abolished by superoxide dismutase. 

(d) The endogenous photophosphorylat ion is also stimulated by dehydroas- 
corbate, but ascorbate and dehydroascorbate together are even more effective. 

(e) The stimulation of ATP formation coupled to photosynthetic N A D P  + 
reduction by ascorbate, when followed kinetically, becomes apparent only when 75~o 
of the added N A D P  ÷ has been reduced. ATP formation proceeds in the presence of 
ascorbate, after N A D P  ÷ reduction has levelled off. This additional ATP formation 
is abolished by superoxide dismutase. 

(f) N A D P H  oxidation by the superoxide radical ion (regenerated by xanthine 
oxidase) is stimulated by the addition of ascorbate. 

These results suggest that a superoxide radical ion participates in the reactions 
described and is oxidizing ascorbate to monodehydroascorbate.  The superoxide 
radical ion is formed by the reaction of oxygen with the reduced form of an electron 
acceptor like methyl viologen or AQ, which might either be reduced by light or by 
N A D P H  via the NADP÷-fe r redox in  reductase. 
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The autooxidation of a reduced low-potential acceptor results in the formation 
of superoxide radical ion. According to Musso and DiSpp 27, the events of the reoxi- 
dation of a reduced quinone-type electron acceptor can be written as follows (Reac- 
tions a and b; Acc, electron acceptor). 

IOl I01 ~-~ 
rl i 
Acc+ 2e --* Acc 

II I 
I01 I O1~-) 

(a) 

I01 ~-~ I01 
i I 

Acc + 02 --r Acc + O~ - 

I I 
I01~-~ I01~-> 

(b) 

The superoxide radical ion thus formed can be further reduced to hydrogen super- 
oxide by ascorbate (AscH2), forming the monodehydroascorbate radical AscH.,  
(Reaction c). 

O~- + AscH2 --* AscH. + H O O -  (c) 

The fact that the oxidation of ascorbate in this reaction is accompanied by an in- 
creased oxygen uptake might be explained by the following assumption, though 
nothing is known about the thermodynamic equilibrium. Monodehydroascorbate 

(i ct radical can reduce the acceptor anion radical to the dianion (Reaction d), 

which in turn can take up a second molecule of oxygen during its reoxidation (Reac- 
tions b and e). Reaction b is probably the rate-limiting step. 

I01 I01 (-) 
I I 

AscH" + Acc --* + Acc+H++Ascox  (d) 

I I 
I__01~-~ I01~-~ 

I01 (-) I01 
I I 

A c c + 0 2  ~ Aoc+O~ 

I r 
Io1<_~ lot<-  

(e) 
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(!:c) The acceptor anion radical on the other hand can dismutate into the 

oxidized and reduced form. The reduced acceptor can autooxidize again, so that per 
mole of ascorbate oxidized the number of  moles oxygen taken up may become more 
than 1, depending on the pH of the reaction medium and on the autooxidability of  
the acceptor 27. A 2-4-fold stimulation of oxygen uptake by ascorbate, which has been 
observed by many groups 1'4'7'9 can be explained by the sequence of the Reactions 
b -e  as the induction of a chain reaction (c, d, e ,~c ,  d, e .... ), which is independent 
of  light as soon as a certain amount of the reduced tow-potential acceptor is formed. 
A light-dependent production of a catalyst for oxidation of ascorbate in quinone- 
treated chard chloroplasts has been shown by Good and Hill 19. These authors ob- 
served, that  the oxidation of ascorbate and the oxygen uptake by isolated chloroplasts 
could carry on in the dark after an illumination period in the presence of a quinone. 
The above mechanism is in good agreement with these results (Fig. 2). The simulta- 
neous dismutation of the acceptor anion radical, however, leads to a slow termination 
of this chain reaction. I f  superoxide dismutase is present in the reaction mixture, the 
concentration of O~- is decreased drastically, since the rate constant of  the super- 
oxide dismutase reaction has been found to be about 1.109 to 2-109 at 25 °C21'28 

The reaction sequence a to e, may be a feasible explanation for our results, especially 
as far as the oxygen uptake in the dark after an illumination period is concerned, if 
quinone-type electron acceptors like AQ are used. In the case of  methyl viologen as 
autooxidizable electron acceptor, however, it seems rather unlikely, that the increased 
oxygen uptake in the presence of ascorbate can be explained by a reduction of the 
autooxidized dye by monodehydroascorbate radical, because of the very negative 
redox potential of  methyl viologen. The increased oxygen uptake in this case might 
simply be explained by the fact, that ascorbate can reduce the superoxide radical ion 
to H202, avoiding the dismutation 9. Since methyl viologen or AQ are the better elec- 
tron acceptors for Photosystem I compared with monodehydroascorbate radical or 
dehydroascorbate, a net oxidation of ascorbate is observed. The observed stimulation 
of photophosphorylat ion in the absence of a low-potential electron acceptor by 
ascorbate is abolished by superoxide dismutase. Since ascorbate is not consumed in 
these reactions, we would like to propose a mechanism for these photophosphory- 
lations, which includes the participation of the three redox states of ascorbate in a 
cyclic process as well as the superoxide radical ion. 

We assume, that a compound (y), which acts as electron donor for Photosystem 
II, is oxidized; an electron acceptor (Acc-Fe(III))  is reduced by Photosystem I: 

2 y + A D P + p  i Photosystems ~ 2y + + 2 e + A T P  (I) 

2e + 2 Acc-Fe( I I I )  ~ 2 Acc-Fe( I I )  (II)  

The reduced acceptor is autooxidizable and can reduce oxygen: 

2 Acc-Fe( I I )  + 2 02 ~ 2 Acc-Fe( I I I )  + 2 0 ~  - ( I I I )  

The formed superoxide radical ion is reduced by ascorbate, forming a stoichiometric 
amount  of  peroxide: 
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2 AscH2+2 O ; -  ~ 2 AscH. +2  H O O -  (iv) 

The monodehydroascorbate radical, in turn can donate one electron to the photo- 
oxidized y+ : 

2 AscH. +2y  + ~ 2 y + 2  Ascox+2 H + (V) 

This sequence of reactions can be inhibited by 2.10 -5 M DCMU at Reaction I and by 
superoxide dismutase at Reaction IV. In the system with NADP + as electron accep- 
tor, Acc-Fe(II,  III) is probably ferredoxin, which was added to the reaction mixture 
and which has been shown to reduce oxygen during its autooxidation 29. 

According to this mechanism, the superoxide radical anion formed by the 
reaction of an unidentified acceptor for Photosystem I with oxygen (possibly bound 
ferredoxin 3°-3a) oxidizes ascorbate and leads to the formation of monodehydro- 
ascorbate. The latter is an electron donor for Photosystem, II (at least in heat-treated 
chloroplasts, Table V, cf. ref. 1), or eventually (in the absence of a low-potential elec- 
tron acceptor) an electron acceptor for Photosystem I in isolated chloroplasts with 
an intact water-splitting system. In both cases, a stimulation of electron transport is 
achieved, and it is measured as an increase in photophosphorylation. The above 
statements are summarized in Scheme I. 

02 
~ NADF~ H20 ~ y  Chl ~ ~ ChI -A~c° /~  

e 

I A  Of" / HO0" 
SCox ~ AscH2 ~, 

:' Asc H" 
i j 

Our results are not consistent with the proposal, that ascorbate acts only as a 
protective agent 34'35 in respect to photophosphorylation. We wish to support the 
idea, that ascorbate together with oxygen is able to maintain photophosphorylation 
under conditions, where the NADP+-coupled photophosphorylation is bound to 
stagnate. As demonstrated by Champigny and Gibbs a6 the CO2 fixation in isolated 
chloroplasts is stimulated several-fold by the addition of ascorbate. It has been 
shown, that about 40% of the total content of ascorbate in plant cells is located in the 
chloroplasts 37. If the assumption is correct, that the rate of CO2 fixation is governed 
by the availability of ATP, ascorbate may play a physiological role in the energy 
balance of the chloroplasts. 
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SUMMARY 

1. An improved method for the continuous measurement of phosphorylation 
is reported. 

2. This method, in which the consumption of H ÷ during the reaction is followed 
by titration at constant pH using commercially available apparatus, has been evalua- 
ted for photophosphorylation by isolated chloroplasts. 

3. By use of an independent assay for ATP it is shown that the method gives 
a valid and precise measurement of photophosphorylation. 

INTRODUCTION 

The measurement of phosphorylation from the uptake of H ÷ during ATP 
formation was first investigated by Nishimura et al. 1. These workers measured the 
pH change associated with phosphorylation by suspensions of mitochondria and 
chromatophores. The method has subsequently been widely used for the measure- 
ment of photophosphorylation by isolated chloroplasts 2-4, and it therefore seemed 
desirable to check its validity by an independent assay of the ATP formed. 

A reaction that consumes protons may be followed either by measuring the 
pH change or by titration of acid at constant pH. The necessity to calibrate pH changes 
by subsequent back titration, which should be done in the same conditions of illu- 
mination 5, is avoided by pH-stat titration. A further advantage of measuring photo- 
phosphorylation at a constant pH value is that both the rate of ATP formation and 
the ratio of H + consumed to ATP formed vary with pH ~. 

This paper reports an evaluation of the pH-stat method for the continuous 
measurement of cyclic photophosphorylation in isolated chloroplasts, using commer- 
cially available apparatus. 

MATERIALS AND METHODS 

Chloroplasts preparation 
Envelope-free spinach chloroplasts were prepared in sorbitol-phosphate 
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medium by the method of Emmet t  and Walker 6. Chlorophyll was determined by 
the method of Arnon 7. 

Titration at constant p H  
The twin reaction vessels and apparatus for illumination were similar to those 

described previously 8 for photosynthetic oxygen evolution measurements. Each 
reaction mixture was contained in a cylindrical glass vessel (15-mm diameter) sur- 
rounded by a water jacket through which water at 15 °C was circulated from a Haake 
model FJ thermostat.  The reaction mixture was vigorously stirred by a magnetic 
stirrer. The reaction vessel was illuminated by the 150-W quartz-iodine lamp of 
a slide projector. The beam was passed through a 150-mm-diameter spherical water- 
filled flask, a red filter (I.C.I. Perspex No. 400) transmitting 80-90% of light at wave- 
lengths above 625 nm, and an infrared filter (Balzer interference filter, Calflex-C, 
Tempax). 

The pH of the reaction mixture was measured by miniature glass and reference 
electrodes (Radiometer type G222C and K4112 respectively), connected to a Radio- 
meter  PM 26 pH meter. The output of  the meter  was recorded on one channel of 
a Rikadenki B 24 recorder. The pH of the reaction mixture was controlled by a 
Radiometer  t i tration assembly consisting of a TT 11 titration control, ABU 12 
autoburette,  and SBR 2 recorder. The ti trant was standardised 10 mM HCI, de- 
livered to the reaction vessel by polythene tubing with a finely drawn out tip. The 
entire apparatus described was duplicated to allow two experiments to be run simul- 
taneously. 

The reaction mixture contained, in a total volume of 2.0 ml 0.33 M glucose, 
10 mM KCI, 2 mM MgCI2, 1.25 mM sodium phosphate, 1.25 mM potassium phos- 
phate, 30 #M pyocyanine and chloroplasts equivalent to 100 /~g chlorophyll. The 
pH was adjusted with 0.1 M HCI or N a O H  to 0.05 unit over the pH-sta t  value set 
on the titration apparatus. The reaction mixture was then illuminated and the titra- 
tion assembly switched on. After titration to the selected pH-stat  value, phosphory- 
lation was initiated by addition of approximately 0.6/~mole ADP. 

A TP analysis 
Firefly luciferin and luciferase were extracted from desiccated Photinus pyralis 

tails (Sigma) and partially purified by the methods of Nielsen and Rasmussen 9. 
Light emission by assay mixtures was measured in a Nuclear-Chicago Unilux 2 
scintillation counter by the method of Stanley and Williams 1°. Each series of  assays 
was calibrated with freshly prepared ATP standard solutions and a linear relation 
was observed between count rate and amount of ATP within the range 1-10 pmoles 
ATP for assay. Assay specificity checks showed that the count rate per pmole ADP 
was less than 2% of that for ATP. 

ATP was extracted from reaction mixtures as follows: 10 #1 of chloroplast 
suspension was injected into 1.0 ml of ice-cold ethanol-5 mM EDTA (4:1, v/v). 
This was placed in a boiling water bath until the volume reduced to 0.1 ml (approx. 
5 min), removed and placed on ice, and the volume made up to 1.0 ml with water. 
After centrifugation at 1000×g for 2 min, and 0.2 ml sample was taken and mixed 
with 50/A 20 mM MgCI2, 0.1 M potassium phosphate (pH 7.3). The ATP concen- 
trat ion of this solution was determined as described. Each series of  assay was accom- 
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panied by triplicated control extractions from chloroplast suspensions containing a 
known amount of  ATP standard. For all experiments reported the mean recovery 
of ATP in the control experiments was + 5% of the ATP added to the chloroplast 
suspensions. 

Preparation of A TP and ADP solutions 
ATP and ADP (sodium salts) were of the highest grade obtainable from the 

Sigma Chemical Co. The concentration of standard solutions was checked by ab- 
sorbance measurements, and the solutions stored at - 15 "C. The pH of ADP solu- 
tions was adjusted with 0.1 M N a O H  to the same value as that to be maintained 
during the pH-stat  titration. Standard ADP solutions were prepared immediately on 
receipt of ADP from the manufacturer, and were used within a few days. 

RESULTS AND DISCUSSION 

Simultaneous recorder traces of  the pH of the reaction mixture and of the 
volume of t i trant acid added are shown in Fig. 1. The pH of the reaction mixture 
during photophosphorylat ion is controlled by the apparatus to within 0.01 unit, 
apart  f rom the initial transient excursion of pH on the addition of ADP. The rate 
of t i tration of acid remained linear until the reaction was about 90% complete, 
suggesting that the addition of t i trant to the chloroplast suspension was without 
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Fig. l. Simultaneous recorder traces of (a) the volume of 0.0107 M HCI titrated and (b) the pH 
of the chloroplast suspension during photophosphorylation of 0.6 t~mole ADP. Reaction condi- 
tions as described in Methods. 
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Fig. 2. Consecutive recorder traces of  the volume of  acid titrated showing the effects of  chloro- 
plast preparation ageing on the rate of H + consumption during photophosphorylation of equal 
amounts of ADP. The time interval between each measurement was 30 min, and the amount 
of ADP added, indicated by the vertical arrow, was approx. 0.8 /~mole. Other conditions as 
described in Methods. 

effect on the reaction (total dilution of reaction mixture <5%). The rate of H + 
consumption was determined from the linear section of the titrant volume recording. 

The consecutive traces in Fig. 2 have been chosen to illustrate the behaviour 
of a preparation of chloroplasts showing unusually marked ageing effects. Although 
the rate of H + consumption during photophosphorylation decreased as the chloro- 
plasts aged, the total amount of H + consumed during phosphorylation of equal 
amounts of  ADP was not affected. The decrease in rate with time was normally 
rather less than that exhibited by the particular chloroplast suspension used for this 
experiment. Ageing effects were compensated for in routine measurements by con- 
ducting control and test experiments simultaneously on the duplicated apparatus. 

In Fig. 3, the relation between the rate of H + consumption during photo- 
phosphorylation and the amount of chloroplasts in the reaction mixture is shown. 
The rate of H + consumption during photophosphorylation measured by the appara- 
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Fig. 3. The relation between the amount of  chlorophyll present and the rate of H + consumption 
during photophosphorylation by spinach chloroplasts. Conditions, other than variation of  chloro- 
phyll content, as described in Methods. The control reaction mixture contained 50/~g chlorophyll/  
ml. Average control rate of H + consumption, 547/~moles H +. mg --1 chlorophyll, h -1 .  
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Fig. 4. Effect of pH on the rate of photophosphorylation and AH+/AADP. Conditions other 
than pH as described in Methods. (a) Rate of photophosphorylation determined from the rate 
of H + consumption and the AH+/AADP value shown in (b). Average control rate, 332 pmoles 
ADP'mg --1 chlorophyll'h -1 at pH 8.00+0.01. (b) Effect of pH on AH+/AADP determined 
from the total HCl titrated during photophosphorylation of 0.612 pmole ADP. The dotted line 
represents a theoretical curve calculated 1 for the magnesium salts of ATP, ADP and Pl. 

tus was linearly related to the amount  of  chloroplasts in the suspension up to a 
chlorophyll concentration of 60 #g/ml. The slight departure from direct proportio-  
nality with decreasing chlorophyll concentrations is typical for photophosphoryla-  
t i o n "  and other chloroplast reactions 12, while the departure from linearity at high 
concentrations is caused by light limitation. Photophosphorylation with pyocyanine 
as cofactor requires extremely high light intensities for saturation 13. The theoretical 
maximum rate of addition of t i t rant  by the apparatus is 5 times greater than the 
highest rates observed here, and there was never any indication from the pH recor- 
dings of  inadequate pH control. 

Fig. 4 shows the effect of pH on the AH+/AADP ratio and on the rate of 
photophosphorylation.  The maximum rate was observed at pH 8.0. The measured 
values of AH+/AADP were close to those calculated from the pK a' values for the 
magnesium salts of ATP, ADP and Pi by Nishimura et alJ at pH values of 8.0 and 
above. However, at lower pH a progressive departure was observed. The values mea- 
sured here are also lower than the d H +/d Pi ratio of 0.882 ___ 0.048 at pH 7.4 determined 
by these authors from the pH change during photophosphorylat ion by Rhodospi- 
rillum rubrurn chromatophores.  The reason for this disparity is not known, although 
a possible cause might be the influence of divalent cations other than magnesium 
in the chloroplasts on the pKa' values for ATP, ADP and Pi. For practical purposes 
it is obviously desirable to determine the AH+/AADP ratio for individual conditions. 

The validity of pH-stat  t i tration as a measure of  photophosphorylation was 
tested by comparing the AH+/AADP ratio measured during phosphorylation of a 
standard amount  of  ADP with AH+/AATP ratios determined from the direct assay 
for ATP by firefly luciferase, and the results are shown in Table I. The AH+/AATP 
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TABLE 1 
STOICHIOMETRY OF H + CONSUMPTION DURING PHOTOPHOSPHORYLATION 
pH 8.00 + 0.01, reaction conditions described in Methods. Values are expressed as means + S.E. 
(number of determinations). 

AH+/AATP (phosphorylation of approx. 50~ added ADP) 
AH+/AATP (phosphorylation to completion) 
d H+/~IADP (phosphorylation to completion) 

0.967+0.022 (8) 
0.976+0.020 (8) 
0.959 _+ 0.004 (14) 

ratios were calculated from the amount of acid titrated after addition of approx. 
0.8/~mole ADP to the illuminated chloroplasts, and the amount of ATP formed 
as determined by the firefly luciferase assay procedure. The reaction was terminated 
either by switching off the light after phosphorylation of about 50~o of the added 
ADP in the first set of  experiments, or by allowing the reaction to continue in the 
light until titration of acid ceased due to phosphorylation of all the ADP, as in the 
second set of experiments. The A H + / A A D P  ratio was determined from the total 
amount of acid titrated during photophosphorylation of a standard amount of ADP. 
Similar mean values for A H ÷ / A A T P  were obtained whether phosphorylation was 
allowed to proceed to completion in the light, or terminated at 50~o completion. 
The volume of acid titrated by the apparatus should not be affected by any net H + 
efftux from the chloroplast thylakoids on darkening, if phosphorylation in the dark 
is negligible. The A H + / A A T P  values were not significantly different from the mean 
AH+/AADP ratio. This gives considerable confidence that under these conditions 
of cyclic photophosphorylation, the reaction mixture is free from any variable side 
reactions involving hydrogen ions, and from any other reactions involving ADP or 
ATP. 

It may be concluded from these results that the continuous recording of H + 
consumption by titration at constant pH in the apparatus described can be used as a 
convenient and precise method for the continuous measurement of photophosphory- 
lation. 
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SUMMARY 

Monomolecular  films of bacteriochlorophyll,  bacteriopheophytin and 2- 
desvinyl-2-acetyl chlorophyll a were prepared and studied on aqueous subphases con- 
taining pH 7.8 buffer and 4.10 -4 M ascorbate. These monolayers are mechanically 
stable in the dark and light at 15 °C. At surface pressures below about  18 dynes/cm 
the slope of the surface isotherm of bacteriochlorophyll is steeper than at pressures 
greater than 18 dynes/cm. The surface dipole moments  of bacteriochlorophyll are less 
than half that reported for chlorophyll a. Compression of bacteriochlorophyll or 
bacteriopheophytin monolayers result in changes of  their absorption spectra. 

Compression of bacteriochlorophyll monolayers to 18 dynes/cm results in a 
shift of the pigment 's  red peak from 787 to 749 nm as well as the appearance of a new 
absorption maximum at 896 nm. Continued compression to 24 dynes/cm results in a 
slight decrease in peak height of  the 794-nm maximum and further increase in the 
absorbance of the 896-nm maximum. With bacteriopheophytin the red maximum at 
760 nm starts to shift when the film is compressed to a surface pressure of only 2 
dynes/cm; further compression yields a new absorption maximum at 846 nm. Com- 
pression of a film of 2-desvinyl-2-acetyl chlorophyll a results in only a 10-nm shift of 
the absorption maximum at 690 nm. 

An orientation of bacteriochlorophyll at an a i r -water  interface is proposed 
that  is different f rom that  for chlorophyll a. Like chlorophyll a bacteriochlorophyll 
monolayers are closely packed, but different in that bacteriochlorophyll allows greater 
interaction between pigment molecules. In compressed monolayers bacteriochloro- 
phyll appears to aggregate differently than in other model systems. 

INTRODUCTION 

The infrared absorption maxima of bacteriochlorophyll a, bacteriochlorophyll, 
was shown to occur at considerably longer wavelengths in chromatophores than in 
organic solvents 1. The specialized environment giving rise to the red shift of  bacterio- 

"This paper is based upon a dissertation submitted by Peter Reinach in partial fulfillment of 
the requirements for the Ph.D. degree of New York University, New York, N.Y., U.S.A. 
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chlorophyll in the condensed in vivo state has been attributed to interaction of 
bacteriochlorophyll with other bacteriochlorophyll molecules, proteins, and lipids 2' 3. 
In bacteriochlorophyll-protein complexes it has been shown that interaction of at 
least five bacteriochlorophyll molecules are responsible for both the dichroic proper- 
ties and the observable exciton splitting 4. Since bacteriochlorophyll contains both 
hydrophobic and hydrophillic groups, it has been suggested that most of the molecules 
are arranged at interfaces between proteins and lipids or between a lipid double layer 5. 

A well defined model system that lends itself to quantitative interpretation an 
reproduces, in part, the in vivo structure is a bacteriochlorophyll monolayer at an 
air-water  interface. In such a system the pigment packing appears to approximate the 
in vivo situation better than other model systems. Heretofore, the lability of bacterio- 
chlorophyll monolayers has precluded their systematic study. Recently it has been 
demonstrated that by the addition of sodium ascorbate to the aqueous subphase, 
monomolecular films of bacteriochlorophyll can be stabilized 6. 

The physical, spectral, and chemical properties of bacteriochlorophyll and 
several of its derivatives in monomolecular films at an air-water interface are 
presented in this paper. The spectral properties of bacteriochlorophyll monolayers 
are found to resemble those of photosynthetic bacteria. The spectral transformations 
observed with compressed bacteriochlorophyll monolayers are sufficient to be indi- 
cative of strong exciton interactions. These spectral transformations appear to be 
related to characteristic changes in the surface isotherm and surface potential of mono- 
molecular films of  bacteriochlorophyll. 

METHODS AND MATERIALS 

Monolayer and spectral studies were carried out using the apparatus described 
previously 7-9. Rhodospiri l lum rubrum was grown under conditions described by Eim- 
hjellen 1°. Bacteriochlorophyll, oxidized bacteriochlorophyll and bacteriochlorophyll 
pheophytin were prepared by methods described by Smith and Calvin 11. All mono- 
layer studies were carried out at 15 °C. 

The subphase contained 2.10 -z M phosphate buffer (pH 7.8) and 4.10 -4 M 
sodium ascorbate. Bacteriochlorophyll was spread onto the aqueous surface using 
benzene as a spreading solvent. The exact concentration of the spreading solution 
was determined spectrometrically (Cary 14R). The concentration of pigment in ben- 
zene was calculated from the absorbance using the molar extinction coefficients which 
were determined to be 75.103 M -~ . cm-1 for bacteriochlorophyll (at 780 nm), 60.103 
M - l .  cm -~ for oxidized bacteriochlorophyll (at 682 nm). The surface of the subphase 
was cleaned and then about 300/~1 of solution was delivered slowly over the surface 
from a Hamilton microliter syringe. The environmental chamber housing the surface 
balance was evacuated with a vacuum pump and then flushed several times with ni- 
trogen. 

Three parameters were used to characterize bacteriochlorophyll monolayers: 
(x-A) surface isotherms, surface potentials, A V, and absorption spectra. The area 
per molecule extrapolated to zero surface pressure (~ -- 0) is referred to as A o. A has 
dimensions of A2/molecule. The surface pressure, n, at which bacteriochlorophyll 
monolayers collapse is referred to as no. d Vis the difference in surface potential between 
a clean water surface, VH2o, and film on the water surface, V(i.e. A V = V - VH2o). 
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The perpendicular component of the molecular surface dipole moment/z± can 
be calculated from the data using the relationship 

A v = 12 ~ ff±/A + Vw (1) 

where 1/A is pigment concentration on the surface. From the slope of the line deter- 
mined by Eqn 1, if± can be calculated in millidebyes, roD. Vw, the surface potential 
of water under the bacteriochlorophyll film, is equal to the y intercept of Eqn 1. 

The spectral behavior of  bacteriochlorophyll in monlayers was studied by 
measuring the absorbances of the pigments' absorption maxima as a function of 
1/A. The absorption maxima are given as A 2 (e.g. A 896) where 2 is the wavelength 
(in rim) of the absorption maxima. In cases where the wavelength of absorption maxi- 
ma are obtained from the deconvolution of the absorption spectra the bands are 
designated as B 2 (e.g. B 870). The absorption bands were deconvoluted using the pro- 
gram RESOLV az. 

Potassium phosphate salts were purchased from Fisher Chemical, sodium as- 
corbate from Fluka, A. G. (Bucks, S. G.), benzene spectral grade from Mallinckrodt, 
oleyl alcohol and lecithin from Applied Science Laboratories (State College Park, Pa.). 

RESULTS 

Baeteriochlorophyll in benzene solution 
The characteristic spectra of bacteriochlorophyll, bacteriopheophytin, and 

oxidized bacteriochlorophyll in benzene are shown in Fig. 1. Spectral data for the above 
pigments are summarized in Table I. 

Bacteriochlorophyll in benzene decomposes rapidly when exposed to air and 
light. In air and darkness the pigment undergoes a slow oxidation to 2-desvinyl-2-acetyl 
chlorophyll a u .  Under a nitrogen atmosphere and in darkness bacteriochlorophyll 
can be stored in wet benzene without signs of decomposition; no change in the red/ 
blue ratio is observed after storage for 24 h. 

0.8 
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400 500 600 700 800 
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Fig. 1. Absorption spectra of benzene solutions of bacteriochlorophyll is shown by long dashes 
( - - - ) ,  bacteriopheophytin by a solid line ( --), and 2-desvinyl-2-acetyl chlorophyll a by 
short dashes ( . . . . .  ). 
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TABLE I 

SPECTRAL PROPERTIES  OF B A C T E R I O C H L O R O P H Y L L O U S  PIGMENTS 1N BENZENE 
SOLUTION 

Wavelengths of Extinction co- R e d / b l u e  ratio 
maxima (nm) efficient of red 

band ( M  -1" cm  -1) 

Bacteriochlorophyll  
Bacteriopheophytin 
Oxidized bacteriochlorophyll  

357, 396, 578, 780 75" 103 1.30 (780/357) 
364, 390, 530, 749 60" 103 0.65 (749/364) 
436, 682 68" 103 0.71 (682/436) 

Bacteriochlorophyll isotherms 
A monolayer of bacteriochlorophyll on a subphase containing only 2 .10 -2 M 

phosphate buffer (pH 7.8) is not stable. Isotherms of bacteriochlorophyll show a 
time-dependent increase in the value for Ao even if the environmental chamber is kept 
in a nitrogen atmosphere and darkness. In Fig. 2 are shown two isotherms measured 
20 and 90 min after the bacteriochlorophyll monolayer is formed. Ao is seen to in- 
crease 15/~:/molecule during this time. However, with 4.10 -4 M sodium ascorbate 
added to the subphase Ao is invariant. In the presence of ascorbate bacteriochlorophyll 
monolayers are chemically stable for at least 6 h in either air or nitrogen. Furthermore, 
the films are stable in light. 

One of the techniques used to examine the spectral stability ofbacteriochlorophyll 
monolayers is to collect the film and measure their absorption spectra in a benzene 
solution. A criterion of bacteriochlorophyll purity is the value of the peak ratio 780/ 
357 nm; pure bacteriochlorophyll in benzene has a peak ratio of 1.30. The rate of 
formation of oxidized bacteriochlorophyll (i.e. decrease in the peak ratio of 780/357 
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Fig. 2. Surface pressure (~ ,  dynes/cm) as a function of  area per molecule  (,~2) in a N~ atmosphere 
and darkness. Initial bacteriochlorophyll  isotherm is shown by A - - A ;  isotherm after film has 
been on the surface for 1.5~h~with no ascorbate in subphase is shown by A - - A .  The subphase con- 
tains 0.02 M phosphate  buffer (pH 7.8) at 15 °C. The surface isotherm of  bacteriopheophytin 
measured with a subphase containing 2- 10 -2 M sodium acetate buffer (pH 3.7) and no ascorbate is 
shown by 0- - -0 .  
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nm) can be correlated with the time-dependent increases in A0. Only when the sub- 
phase contains 4.10 -4 M sodium ascorbate is the value of the ratio 780/357 nm of the 
recovered bacteriochlorophyll in agreement with that for pure bacteriochlorophyll. 
In all the subsequent monolayer studies the subphase contains 2.10 -2 M phosphate 
buffer (pH 7.8) and 4.10 -4 M sodium ascorbate. 

Isoterms of bacteriochlorophyll monolayers have an A o of 147 A2/molecule. 
When these monolayers are slowly compressed at the rate of 0.5-25 A_2/molecule per 
min they collapse at a ~c between 24 and 25.5 dynes/cm. Between 18 dynes/cm and 
~c the isotherm appears to have a shallower slope than between 0 and 18 dynes/cm 
(Fig. 2). 

When the pH of the subphase is < 4 monolayers of bacteriochlorophyll are 
rapidly converted into bacteriopheophytin. Monolayers of bacteriopheophytin 
collapse at a z~¢ of 16 dynes/cm. Pheophytinization of bacteriochlorophyll on sub- 
phases more alkaline than pH 4 results in bacteriopheophytin monolayers that a 
only compressible to between 8 and 12 dynes/cm. In Fig. 2 is shown the isotherm of 
bacteriopheophytin on a subphase of pH 3.7; the Ao is 105 A2/molecule. 

Surface potential measurements o f  bacteriochlorophyll monolayers 
The surface potential, A V, of bacteriochlorophyll monolayers increases gra- 

dually upon compression. In Fig. 3b A V increases for concentrations between 6.5. 
1013 and 9.1013 molecules/cm 2 and also between 10.1013 molecules/cm 2 and no; 
A V appears to remain constant between 9.1013 and 10.1013 molecules/cm z. Within 
the precision of the experiments (i.e. +_ 10 mD) the values of#± between 6.5.1013 and 
9.1013 molecules/cm z and between 10.1013 molecules/cm 2 and ~t c are 310 and 283 mD, 
respectively. 

The surface potential measured for water in the absence of a bacteriochlorophyll 
monolayer, Vrh o, (i.e. - 3 0  mV) does not agree with V w (i.e. 180 mV) which is 
obtained from Eqn 1 and the data in Fig. 3b. (The value of VH2 o is a little high; 
values of - 80 mV or less are more common.) 
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Fig .  3. Sur face po ten t i a l  (Cu rve  b)  and  sur face pressure (Cu rve  a) f o r  a f i lm  o f  b a c t e r i o c h l o r o p h y l l  
as a function of pigment concentration, I/A. The subphase contained 0.02 M phosphate buffer 
(pH 7.8) and 4- 10 -a M ascorbate at 15 °C. 
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Absorption spectra of bacteriochlorophyll monolayers 
The absorption spectrum of bacteriochlorophyll monolayers at surface pres- 

sures of 1.5, 22.3 and 26.5 dynes/cm are shown in Fig. 4, respectively. At 1.5 dynes/cm 
absorption maxima are at 584 and 787 nm. Compressing the film to ~ = 18 dynes/cm 
results in broadening of the absorption band and a red shift of the 584 and 787 nm 
maxima to 592 and 794 nm, respectively. From the difference in the absorption spec- 
trum between expanded and slightly compressed bacteriochlorophyll monolayers it is 
found that a pigment species is formed having an absorption maximum around 825 
nm (see Fig. 9). At ~ = 20 dynes/cm a new band with an absorption maximum at 
about 882 nm is clearly resolved. With further compression this latter band appears 
to shift toward longer wavelengths reaching a limiting value of 896 nm at ~ = 22 
dynes/cm. The absorbance of A s96,~ continues to increase even after the film is 
compressed beyond its collapse point. 

3O 

k \ \ 

~90 570 730 8~J 650 810 970 
Wavelength (nm) 

Fig. 4. Absorption spectra of a monolayer of bacteriochlorophyll at different surface pressures, 7~; 
the subphase is the same as in Fig. 3. The spectrum atT~ = 1.5 dynes/cm is shown by ( -  - - ) ;  
the spectrum at 7t = 22.3 dynes/cm is shown by ( ); the spectrum at 7t -- 26.5 dynes/era is 
shown by ( . . . . .  ). Percent absorption is for light passing through the film 18 times. 

In Fig. 5 are shown the absorbances at 592, 794, and 896 nm as a function of 
molecules/cm 2, 1/A. Compression of bacteriochlorophyll monolayers results in com- 
plex changes of the absorbances of these absorption bands. Both A 592 and A 794 
increase rather linearly to about 18 dynes/cm (1/A = 10.5.1013 molecules/cm z, i.e. 
100 •2/molecule). In the region between 10.5.1013 and 13.7.1013 molecules/cm 2 the 
values of A 592 and A 794 are found to decrease slightly. At still higher concentrations 
the absorbance of these bands increase again. A 896 first appears at 20 dynes/cm, its 
absorbance continues to increase with compression even beyond ~c- 

Absorption spectra of mixed monolayers 
Mixed monolayers of bacteriochlorophyll with lecithin and bacteriochlorophyll 

with oleyl alcohol were studied to determine whether these diluants prevent the pig- 
ment interactions which lead to the appearance of A 896. A 592 and A 794 for mixed 
films of bacteriochlorophyll and oleyl alcohol or lecithin as a function of bacterio- 
chlorophyll concentration in the film, 1lAin, are shown in Fig. 5. The absorbances for 
a mixed monolayer of bacteriochlorophyll and oleyl alcohol (pigment mole fraction 
0.24) or lecithin (pigment mole fraction 0.42) are slightly greater than the extrapolated 
values for pure bacteriochlorophyll monolayers. With either diluent compressed 
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Fig. 5. Absorbance at 592 nm (a), 794 nm (b) and 896 nm (c) for a film of bacteriochlorophyll  
as a function of pigment concentration,  1/A. The absorbance axis must  be multiplied by 2 for the 
896-nm band an by 4 for the 794-nm band.  For  a mixed film of bacteriochlorophyll and oleyl alco- 
hol the absorbance at 592 nm is shown by Curve f; the mole fraction of bacteriochlorophyll is 
0.24. For  a mixed film of bacteriochlorophyll and lecithin the absorbance at 592 nm and 794 nm 
are shown by Curves e and d, respectively; mole fraction of bacteriochlorophyll is 0.42. The 
collapse pressure is indicated by an arrow, S .  The surface pressure corresponding to 1/A for a 
bacteriochlorophyll isotherm is indicated by the horizontal  axis inserted in the figure. The absor- 
bance is for light passing through the film 18 times. The subphase is the same as in Fig. 3. 

f i lms  d o  n o t  s h o w  t h e  c h a r a c t e r i s t i c  l o n g  w a v e l e n g t h  b a n d  a t  896 n m  f o u n d  in  c o m -  

p r e s s e d  m o n o l a y e r s  o f  b a c t e r i o c h l o r o p h y l l .  

Absorption spectra of bacteriopheophytin monolayers 
A f i lm o f  b a c t e r i o p h e o p h y t i n  is f o u n d  to  h a v e  a b s o r p t i o n  m a x i m a  a t  530, 762 

a n d  846 n m .  I n  Fig .  6 is s h o w n  t h e  s p e c t r a  a t  .~ e q u a l  to  2, 6, a n d  10 d y n e s / c m .  A t  

= 10 d y n e s / c m ,  f i lms  o f  b a c t e r i o p h e o p h y t i n  co l l apse .  
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Fig. 6. Absorpt ion spectra of a film of bacteriopheophytin,  at surface pressure of 2 ( --), 
6 ( -  - - )  and 10 ( . . . . .  ) dynes/cm.  The absorbance is for light passing through a film 18 times. 
The subphase is the same as in Fig. 3. 
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Deconvolution of absorption spectra of bacteriochlorophyll monolayers 
A b s o r p t i o n  spectra  m a y  be  d e c o n v o l u t e d  by  f i t t ing G a u s s i a n  a n d  m i x e d  G a u s -  

s ian and  L o r e n t i a n  curves  to  the  spectra  ~2. In Fig .  7 is s h o w n  the  resul t  o f  o n e  curve  
f i t t ing  carried o u t  by  F r e n c h  on  an a b s o r p t i o n  s p e c t r u m  o f  a c o m p r e s s e d  f i lm o f  
b a c t e r i o c h l o r o p h y l l .  T h i s  ana lys i s  s h o w e d  that  the  spectra o f  b a c t e r i o c h l o r o p h y l l  

145 140 135 130 125 I20 115 It0 105 t00 
Wave number xlO -2 [cm "I] 

Fig. 7. Deconvolution of the absorption spectrum of the bacteriochlorophyll monolayer shown in 
Fig. 4 at 7r = 26.5 dynes/cm (courtesy of C.S. French). Absorbance is plotted as a function of 
wave number. 
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Fig. 8. Log-log plot of  B 805, B 870 and B 908 as a function of surface concentration 1/A. Absor- 
bances are obtained from deconvolution of the absorption spectra shown in Fig. 4. The absorbance 
is for light passing through a film 18 times. The subphase is the same as in Fig. 3. 

Fig. 9. Difference in absorption spectra of a bacteriochlorophyll monolayer at two different sur- 
face concentrations, i.e. 1/A is equal to 6" 1013 and 8-1018 molecules/cm 2. The subphase is the 
same as in Fig. 3. 
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film (Fig. 4) can be deconvoluted into three absorption maxima in the 800-910-nm 
region. These maxima are designated B 805, B 870, and B 908 where the numerics 
indicate the peak position of  the red absorption maximum. In Fig. 8 is shown a log- 
log plot of B 805, B 870, and B 908 as a function of 1/A. The slopes of B 870 and B 908 
are the same and the ration of B 908/B 870 is constant. This indicates that B 870 and 
B 908 are probably characteristic of a single absorbing species. At higher values of 
1/A there is indication of still another absorbing species B 950 

DISCUSSION 

It is of interest to compare the properties of bacteriochlorophyll monolayers with 
those reported for chlorophyll monolayers (Bellamy et alia).  The A 0 for bacterio- 
chlorophyll is 147 A2/molecule while for chlorophyll it is 122 A2/molecule la. Unlike 
the uniform slope of the chlorophyll isotherm the slope of the bacteriochlorophyll 
isotherm changes in value at around 18 dynes/cm. This change in slope of bacterio- 
chlorophyll isotherms may reflect a reorientation of the pigment on the surface. A 
shallower slope indicates a decrease in intermolecular repulsive forces. A change in the 
orientation of the porphyrin planes with respect to the water surface or change in 
points of attachment may account for the increase in compressibility. 

The surface dipole moments of bacteriochlorophyll and chlorophyll are very 
different. Bellamy et al. la obtained a single value of about 700 mD for chlorophyll. 
In the case of bacteriochlorophyll the/~± appears to vary with 1/A. The values of/z± 
for bacteriochlorophyll are about 400 mD smaller than for chlorophyll. From Fig. 3b 
it was calculated that #± has values of 210 and 283 mD. In Fig. 3a where z~ is also 
plotted as a function of  1/A it can be seen that the transition region in the behavior 
ofA Vlies between 10 and 16 dynes/cm. That the above change in A V (or #±) occurs at 
a lower value of 1/A than the change in slope of the surface isotherm (18 dynes/cm) 
might indicate that A V is a more sensitive parameter for detecting changes in mole- 
cular orientation. The smaller values of /~ l  for bacteriochlorophyll compared to 
chlorophyll could, in part, be accounted for by bacteriochlorophyll lying flatter on 
the surface and having a larger A 0 than chlorophyll. 

Bellamy et al. 13 have suggested that the chlorophyll porphyrin rings are anchor- 
ed to the water surface by the ester linkages on Rings IV and V. It appears that Ring 
I of bacteriochlorophyll might be closer to the aqueous surface than is the case for 
chlorophyll's Ring I. This suggestion stems, in part, from the fact that the measured 
potential for water, VH2 o, does not agree with Vw, the surface potential of water under 
the bacteriochlorophyll film. Similar suggestions of reorientation of subphase mole- 
cules have been made for other surface active materials 14'15. An orientation for 
bacteriochlorophyll which could account for the difference between Vw and VH2 o is 
one where the acetyl group of  Ring I as well as the ester linkages of the molecule serve 
as anchorage points for bacteriochlorophyll to the aqueous surface. The strong 
electronegative charge of  oxygen in the acetyl group of Ring I might induce a re- 
orientation of the water molecules at the interface. The fact that V w is about + 180 
mV might indicate that the more electropositive hydrogens are closer to the surface 
than would be the case in the absence of a bacteriochlorophyll film (where VH2o is 
--30 mV). 

This suggestion of  an orientation for bacteriochlorophyll different from that 
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of chlorophyll is consistent with a suggestion made previously on the basis of the 
oxidative properties of bacteriochlorophyll monolayers ~6. Since addition of an oxi- 
dant to the subphase resulted in a dehydrogenation of Ring II (to form 2-desvinyl-2- 
acetyl chlorophyll a, oxidized) bacteriochlorophyll it was suggested that Ring II of 
bacteriochlorophyll lies close to the aqueous surface. The proximity of Ring II to the 
aqueous surface may result from an additional anchorage point for bacteriochloro- 
phyll at Ring I. 

Jacobs et alJ ~ described the spectral transformations of chlorophyll from a 
solution to a crystalline phase. With methyl bacteriochlorophyllide they observed a 
progressive shift of the red band from 770 to about 850 nm. The band with absorption 
maximum at 850 nm had a long wavelength shoulder extending to nearly 950 nm. 
They calculated the interaction energy AE/hc for the formation of this spectral 
shift to be 1800 cm -~. They interpreted their observed spectral shifts as resulting from 
interaction between molecules in a monolayer. 

Bacteriochlorophyll dissolved in benzene has a red peak at 780 nm while in an 
expanded monolayer a maximum at 787 nm is observed. This red shift is a result of 
solvent and pigment interaction with the aqueous subphase. Upon compression of 
bacteriochlorophyll monolayers to 18 dynes/cm an additional red shift from 787 to 
794 nm (and band broadening) results from weak interaction between pigment mole- 
cules. Interaction energies, AE/hc are qual to (1/2~ - 1 / 2 2 )  , where 2~ is the red absorp- 
tion maximum in a gaseous state, ~.2 is the red absorption maximum in a monolayer. 
For  bacteriochlorophyll at low compression 22  = 794 nm; according to Rabino- 
witch is 2~ = 740 nm. In this case dE/hc is weak only about 10 cm -~. This value for 
dE/hc is close to that obtained for chlorophyll monolayers compressed to 15 dynes/ 
cm ~3. The spectroscopic properties of compressed chlorophyll monolayers were inter- 
preted as resulting from weak chromophore interaction ~9, which are not sigificant 
enough to modify the pigment's singlet states. 

At r~ > 18 dynes/cm, the absorbance of A 592 and A 794 decreases even though 
1/A continues to increase. This complex behavior of A 592 and .4 794 is not fully ex- 
plained simply by assuming that the absorption dipoles change orientation so that 
they are more parallel to the direction of the incident light. The absorption transition 
dipoles for A 592 and .4 794 are perpendicular to each other and both are in the por- 
phyrin plane 2°. Depending upon the points of attachment of bacteriochlorophyll to 
the aqueous surface the projections of the absorption dipoles normal to the incident 
light could decrease as the porphyrin plane is compressed into a vertical orientation. 
Furthermore, it is to be expected that the increasing intermolecular interaction upon 
compression could modify the intensity of the absorption transitions. 

At z~ > 18 dynes/cm the spectra are characteristic of a strong type of pigment 
interaction. The interaction energy in compressed bacteriochlorophyll monolayers is 
2500 cm -~ ; this is greater than that observed in condensed phases of methyl bacterio- 
chlorophyllide. Such strong interaction energy is characteristic of an exciton me- 
chanism where the interaction between absorption dipoles is large enough to affect 
the energy levels of bacteriochlorophyll. The strong interaction in bacteriochlorophyll 
monolayer probably results form pigment aggregation. The intermolecular forces 
resulting in the spectral changes of bacteriochlorophyll are probably weak, since the 
spectral transformation are completely reversible, even if the film is compressed 
beyond ~c and then re-expanded. 
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The spectral behavior may result from weak long range dipole interactions at 
low values of zc while in more compressed states stronger short range dipole inter- 
action prevails. These weak and strong interactions may be associated with different 
types of  pigment aggregates or orientations. Formation of aggregates could readily 
result in orientation changes of bacteriochlorophyll at the surface, as well as alter- 
ations of energy levels and absorption transition probabilities. Further data is re- 
quired to develop a detailed model correlating spectral transformations with the 
changes in orientation and aggregation accompanying compression of bacteriochloro- 
phyll monolayers. 

The appearance of an absorption maximum at 846 nm in monolayers bacterio- 
pheophytin of upon compression to only 2 dynes/cm indicates a stronger type of 
pigment interaction than that found in bacteriochlorophyll monolayers. Removal 
of Mg from the porphyrin nucleus apparently permits strong interaction even when 
1/A is comparatively small. 

The spectral transformations observed upon compression of oxidized bacterio- 
chlorophyll monolayers are similar to those found with chlorophyll monolayers. 
These changes include a slight increase of the half-band width of the red band and a 
linear increase in absorbance of the red band with pigment~concentration. The spectral 
changes indicate a weak type of pigment interaction (i.e, dE/hc < 10 cm-~). Unlike 
the change in slope of the surface isotherm and potential observed with bacterio- 
chlorophyll, uniform behavior of both parameters are obtained with oxidized bacterio- 
chlorophyll. 

The fact that in monolayers bacteriochlorophyll and its pheophytin show 
stronger pigment interaction than chlorophyll and oxidized seems to result from dif- 
ferences in chemical structure and possibly also pigment orientation. The removal 
of two hydrogens from bacteriochlorophylls tetrahydroporphyrin nucleus to form 
the dihydroporphyrin derivative, oxidized bacteriochlorophyll, eliminates the possi- 
bility of strong interaction. In oxidized bacteriochlorophyll a double bond substi- 
stitutes for the two hydrogens on Ring II of bacteriochlorophyll. Perhaps this double 
bond is important for shielding the dipoles of contiguous chromophores from one 
another so that only weak interactions result. 

The absorption spectrum of a compressed film of bacteriochlorophyll is similar 
to the spectra of Chromatium and Rhodopseudornonas palustris in that the absorption 
band of A 896 is less than .4 794. In some species of photosynthetic bacteria the major 
absorption band is around 880 nm (Rhodospirillum rubrum) or 850 nm (Rhodopseudo- 
monas spheroides). The similarity of the absorption spectra of bacteriochlorophyll 
monolayer with in vivo spectra makes the bacteriochlorophyll monolayers attractive 
as a model for in vivo phenomena. The preceeding supports the finding that pigment- 
pigment interactions in a membrane account to a large extent for the spectral pro- 
peities observed in vivo 21. 
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SUMMARY 

1. Rate constants for reduction of paraquat  ion (1,1'-dimethyl-4,4'-bipyridy- 
lium, pQ2+) to paraquat  radical (PQ.+) by e-aq and CO2- have been measured by 
pulse radiolysis. Reduction by e-aq is diffusion controlled (k = 8.4.101° M -1. s -1) 
and reduction by CO2- is also very fast (k = 1.5.101° M -1. s-l). 

2. The reaction of paraquat  radical with oxygen has been analysed to give rate 
constants of 7.7. I0 s M -1" s -1 and 6.5.108 M -1. s -1 for the reactions of paraquat  radical 
with 02 and O2-, respectively. The similarity in these rate constants is in marked 
contrast  to the difference in redox potentials of  02 and 0 2 -  ( - -  0.59 V and + 1.12 
V, respectively). 

3. These rate constants, together with that  for the self-reaction of 02- ,  have 
been used to calculate the steady-state concentration ofO2 - under conditions thought 
to apply at the site of reduction of paraquat  in the plant cell. On the basis of  these 
calculations the decay of 0 2 -  appears to be governed almost entirely by its self- 
reaction, and the concentration 5/~m away from the thylakoid is still 90% of that at 
the thylakoid itself. Thus, O2- persists long enough to diffuse as far as the chloroplast 
envelope and tonoplast, which are the first structures to be damaged by paraquat  
treatment.  0 2 - is therefore sufficiently long-lived to be a candidate for the phytotoxic 
product formed by paraquat  in plants. 

INTRODUCTION 

The reaction between oxygen and paraquat  radical [PQ.+, the stable 1-electron 
reduction product of  the herbicide paraquat**, 1,1'-dimethyl-4,4'-bipyridylium, 
pQ2+ ] is of  interest in that it is a product of this reaction which is thought to be the 
true phytotoxic species which gives paraquat  dichloride and other bipyridylium salts 
their biological activity 1. Conventional techniques have shownlthat hydrogen perox- 

* Part IV: J. Chem. Soe. Perkin Trans. 1 (1972) 138-142. 
* *  B.S.I. registered name. 
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ide is a stable intermediate in the reduction of oxygen to water by paraquat radical, 
and no intermediate radical, e.g. 0 2-, between oxygen and hydrogen peroxide has 
been detected. Such a radical is, however, a possibility for the phytotoxic species, 
provided it can survive long enough to diffuse to the cell membranes, which is where 
damage is first observed 2 in plants treated with paraquat. The lifetime of this radical 
will be determined by its rate of formation from paraquat radical and oxygen relative 
to its rate of destruction by reaction with further paraquat radical, with cell consti- 
tuents, or with itself. Pulse radiolysis appeared to offer a method for measuring these 
rate constants, from which the status of the intermediate radical as the phytotoxic 
species could be assessed. 

METHODS AND RESULTS 

The pulse radiolysis equipment and its method of use were essentially as indi- 
cated by Land and Swallow 3. Revised parameters used in calculating radiation doses 
were, for the hydrated electron, G = 2.80 (ref. 4), e (700 nm) = 17400 (ref. 5). 

Irradiation of 10 -4 M aqueous paraquat dichloride with a shorter than 0.1-#s, 
600-rad pulse gave almost pure paraquat radical, as judged by comparison of the 
spectrum of the product formed 10/~s after pulsing with that of  authentic paraquat 
radical solution produced by chemical reduction with zinc. The slight discrepancy 
between the spectra was probably due to the presence of a product formed from HO ° 
and paraquat (see below). After irradiating a l0 -5 M solution of paraquat dichloride, 
the decay curve for e-aq at 700 nm and the appearance curve for paraquat radical 
at 395 nm were both first order, with half-reaction times of 1.19 + 0.01 /~s and 
1.22 + 0.02/~s, respectively, giving a second-order rate constant for reaction of 
e-aq with paraquat of 8.4.10 l° M - t .  s -1. 

After saturating the 10 -4 M aqueous paraquat dichloride with nitrous oxide, 
irradiation gave a product with a considerably broader spectrum than paraquat 
radical. The absorbance at 395 nm was less than 8% of the absorbance in the absence 
of N 2 0  , and the rate of formation of the product was much slower (t~ = l0 #s). In 
the presence of N 2 0  , the hydrated electron is rapidly converted to HO. (ref. 6) which 
therefore becomes the major reactive species. This evidently reacts with paraquat, but 
not to give paraquat radical. 

In order to remove this complicating side reaction, all subsequent irradiations 
were carried out in 0.1 M sodium formate solution. Formate reacts rapidly with HO • 
and H" to give CO2- and either H 2 0  or H E (ref. 7). Hence, both the radicals produced 
in formate, viz. e-aq and CO2-,  are reducing species. When 1 0 -4 M paraquat di- 
chloride in 0.1 M sodium formate solution was irradiated (200-rad pulses), the spec- 
trum of the product was virtually identical with that of authentic paraquat radical 
(Fig. 1), and the yield of radical was approximately double that obtained in water 
alone. Based on an extinction coefficient of 1.33.104 at 605 nm for paraquat radical, 
determined by reducing aqueous paraquat dichloride with zinc in a stepwise manner 
until maximum absorption was obtained, the G value for paraquat radical formation 
in aqueous formate was 5.9 (cf. G ( e - aq )+G ( H O ' ) + G  (H')4=5.8_+0.4). 

Irradiation of 2.5.10 -5 M paraquat dichloride in formate with pulses of increa- 
sing size (up to 9100 rad) showed that paraquat radical was not stable to large pulses. 
A plot of  the yield of paraquat radical against pulse size gave a curve in which the 
initial gradient decreased with increasing dose and eventually became negative, ira- 



374 J.A. FARRINGTON et aL 

plying over-reduction of radical to dihydrobipyridyl. This reaction is known to occur 
with powerful chemical reducing agents, e.g. zinc or sodium dithionite s. Because of 
this instability of paraquat radical to large pulses it was not possible to convert, by 
irradiation, a solution containing paraquat and oxygen to one containing paraquat 
radical, O2- and no oxygen, to allow the reaction of paraquat radical with O2- to 
be followed. Instead, an indirect method had to be used (see below). 

O.5 

0,4 ̧  

uO.3. 

0.1 ~ 

0.0 
35O 400 4~)0 ~)0 550 ~ 0  650 700 

Wavelength (nm) 

Fig. 1. Optical spectrum of paraquat radical produced by pulse radiolysis of 10 -4 M paraquat 
dichloride in 10 -1 M aqueous sodium formate. Experimental points denoted by O. The limiting 
absorbance at each wavelength (10/~s after pulsing) was measured after irradiating with a 0.1-/~s 
pulse and normalised to a constant pulse size. The continuous curve is the spectrum of paraquat 
radical produced by chemical reduction of paraquat dichloride in water with zinc. 

Irradiation o f  paraquat dichloride in the presence o f  oxygen 
10 -3 M paraquat dichloride in 0.1 M sodium formate saturated with oxygen was 

irradiated with a small pulse. The decay of paraquat radical was first order. The pro- 
ducts of the reaction were assumed to be paraquat and O2- (see Discussion). The se- 
cond-order rate constant for reaction of paraquat radical with 02 was calculated 
(see Table I) assuming the concentration of oxygen had not been altered by the pulse. 
A closely similar rate constant was obtained when the experiment was repeated after 
saturating with air rather than oxygen. 

In order to find the rate constant for reaction paraquat radical with 0 2-, a 
10 -3 M solution of paraquat dichloride in 0.1 M sodium formate saturated with 0.23% 
oxygen in argon was irradiated with a pulse just sufficient to leave a small residual 
concentration of paraquat radical after completion of its reaction with 02 and O2 -. 
The decay curve for paraquat radical departed significantly from first-order kinetics. 
It was possible to reproduce it very closely, however, by simulating, on an analogue 
computer, the differential equations corresponding to the reactions 

PQ+-+ O 2 " ~ O 2  S Rate constant k 1 

02-  +PQ+- ~products  Rate constant k 2 

Values of k~ and k 2 and initial concentrations of PQ.* and 02 were adjusted to 
produce the best visual fit between the observed and simulated decay curves. The 
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T A B L E  I 

R A T E  C O N S T A N T S  F O R  R E A C T I O N  O F  P A R A Q U A T  R A D I C A L  W I T H  O X Y G E N  ( k l )  
A N D  S U P E R O X I D E  (k2) 

P a r a q u a t  radical  was genera ted  in the  presence  of  oxygen  (see text). Its decay in oxygen-  or  air- 
s a tu ra t ed  so lu t ion  was first o rder  and  gave  k l  directly, k l  and  k2 were ca lcula ted  f rom the  shape  o f  
the  decay curve  in the  0 . 2 3 ~  o x y g e n / a r g o n - s a t u r a t e d  so lu t ion  by the  p rocedure  descr ibed in the  
text.  

Saturating p H  Wave- Pulse No. o f  t .  k l (  x 10 s) k2( x 10 8) 
gas length (rad) runs (t~s) ( M  -1- s -1) ( M  -1" s -1) 

(mn) 

Oxygen*  Unbuf f e r ed  395 90-2000  5 0.96 5.7 - -  
Air** Unbuf f e r ed  Var ious  500 14 4.6 5.9 - -  
0 . 2 3 ~  0 2  6.17 605 1100 1 - -  7.5 6.8 
0 . 2 3 ~  0 2  7.07 605 1100 1 - -  7.5 6.9 
0 . 2 3 ~  0 2  8.09 605 1100 1 - -  8.0 6.9 
0 . 2 3 ~  0 2  Unbuf f e r ed  395 430 1 - -  7.5 5.8 
0 . 2 3 ~  0 2  Unbuf fe r ed  395 465 1 - -  7.5 5.8 
0.23~o 0 2  Unbuf f e r ed  395 500 1 - -  7.6 6.0 

Preferred values  7.7 6.5 

" T h e  concen t r a t i on  o f  oxygen  was a s s u m e d  to be 1 .26 .10  -a M. 
* * The  concen t r a t ion  o f  oxygen  was a s s u m e d  to be 2 .52 .10  -4 M. 

simulations showed that the best conditions for estimating k 2 w e r e  when the ratio of 
initial concentrations of paraquat radical and 02 was 2: 1. They also suggested that an 
error of 25% in either kl or k2, even when its effect was minimised by optimisation of 
the other variables, could easily be detected. The preferred values in Table I are pro- 
bably within 10% of the true values. 

D I S C U S S I O N  

Excess paraquat radical is known I to reduce oxygen to water via hydrogen per- 
oxide. We have assumed that this is due to electron transfer and proton uptake, 
resulting in the successive formation of O2- (superoxide ion), hydrogen peroxide and 
hydroxy radical, viz. 

PQ'+ + O2--~PQ 2+ -F 0 2- Rate constant k 1 (1) 
then 

02-  + PQ "+ _+pQ2 + + 0 2 2  - Rate constant k 2 (2) 
and 

2 0 2 " ' + 0  2 q- 0 2 2 -  R a t e  c o n s t a n t  k 3 (3)  

followed by 

2H + + 022---+H202 
then 

and 
H202 +PQ+" --*PQ 2+ + H O .  + O H -  

HO.  + pQ .+__~pQ2 + + O H  - 

Rate constant k 4 (4) 

Rate constant k5 (5) 


