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H+ and Electron Poising and Photophosphorylation 
in Chloroplasts" 

William S. Lynn 

ABSTRACT: Maintenance of both a high redox potential 
and a high internal concentration of H+ within chloro- 
plast is required for phosphorylation. Uncoupling 
agents accelerate rates of postillumination oxidation 
and deprotonation and thus impair the ability of illu- 
minate chloroplasts to maintain high internal concentra- 
tions of reduced electron carriers. Rate of light-induced 
uptake of H+ and internal acidification parallels rate of 
reduction of electron carriers within chloroplasts. At 
constant rates of electron flow, no uptake of H+ occurs 
as long as the internal redox potential is low. The mag- 
nitude of H+ uptake is a function of the type of external 
buffer present. At constant rates of electron flow and 
constant internal concentrations of H', Hf/chlorophyll 
ratios vary from 0.15 (sonically treated chloroplasts) to 
3.4 (in the presence of imidazole). Alterations in external 

P revious studies (Lynn and Brown, 1967a,b; Jagen- 
dorf, 1962; Zweig and Avron, 1965) have indicated that 
efficient photophosphorylation is associated with con- 
ditions in which the electron pressure within chloro- 
plasts is maintained at high levels, Le., conditions 
in which the concentration of oxidized terminal elec- 
tron acceptors, such as ferricyanide, chloranil, PMS+,l 
or ferredoxin (Ramirez er af., 1968), are maintained at 
low levels. The studies in this report also indicate that 
uptake of H+ by illuminated chloroplasts can occur only 
when a high redox potential is maintained by electron 
flow within chloroplasts. 

It is well known that the midpoint potential of some 
oxidoreduction compounds changes as a function of pH 
whereas that of others does not. Since the electron trans- 
port chains in chloroplast and mitochondria are com- 
posed of heterogeneous oxidoreductive carriers, some 
of which require protons for reduction, i.e., quinones, 
flavins, pyridine nucleotides, while others do not, i .e. ,  
cytochromes, it is likely that alterations in internal H+ 
concentration will cause a flow of electrons from one 
carrier to another by disproportionately changing one 
midpoint potential but not the other. Recent studies 

* From the Duke University Medical Center, Department of 
Biochemistry, Durham, North Carolina 27706. Receiced March 
26, 1968. This research was supported by Grant GM14022-02 
from the National Institutes of Health. 

'Abbreviations used that are not listed in Biochemistry 5, 
1445 (1966), are: PMS-, phenazine methyl sulfate; SA, 5-chloro- 
3-(p-chlorophenyl)- 2'-chloro- 5 '-nitrosalicylanilide; TTFB, tetra- 
chlorophenyl- 2 - trifluoromethylbenzimidazole ; CMU, 3 - ( p  - 
chloropheny1)- 1,l-dimethylurea; TBT, tributyltin chloride. 

concentrations of H+ cause reversible changes in the in- 
ternal redox potential of chloroplast. The rate of change 
in redox state of the H+-sensitive electron carriers with 
alterations in pH is slowed by organic anions, such as 
succinate and azide. The above observations suggest that 
phosphorylation in chloroplasts, whether driven by il- 
lumination or changes in external concentration of Hf, 
is the result of the oxidation of unknown H+-sensitive 
electron carriers within chloroplasts. Efixient phos- 
phorylation can occur only when the concentration of 
these unknown reduced carriers is maintained at rel- 
atively high levels by high internal pressures of H+ and 
electrons. However, since phosphorylation is associated 
with oxidative electron flow, it is apparent that rapid 
phosphorylation can proceed only when the oxidative 
and reductive flows of electrons are properly poised. 

(Lynn, 1968) have indicated that electron flow in chloro- 
plasts does cause striking changes in H+ concentration 
within chloroplasts, and that any agent which inhibits 
the internal accumulation of protons inhibits photo- 
phosphorylation. The studies in this report demonstrate 
that a high internal concentration of H+ is required to 
maintain the electron transport chain in its reduced state. 
Low-potential electron acceptors which rapidly oxidize 
the chain, such as ferricyanide or quinones, even in the 
presence of rapid electron flow, inhibit the production 
of internal acidity and phosphorylation. Thus, it is con- 
cluded that the driving force for HT uptake in chloro- 
plasts is the acquisition of electrons by proton-requir- 
ing electron carriers and that a high concentration of 
H+ internally is required to maintain high concentra- 
tions of reduced carriers within chloroplasts. Since phos- 
phorylation in chloroplasts is associated with oxidative 
electron flow, i.e., both electron flow (this report) and 
phosphorylation proceed during the postillumination 
period (Jagendorf and Uribe, 1966; Lynn and Brown, 
1967c), and since both electrons and external protons 
are required for phosphorylation, it appears that the 
oxidation and deprotonation of reduced carriers, either 
during or following illumination, cause phosphoryl- 
ation. 

Materials and Methods 

Spinach chloroplasts were prepared as before (Lynn 
and Brown, 1967a). Sonically treated chloroplasts were 
prepared as before (Lynn, 1968). 

Reduction and protonation of bound neutral red were 38 1 1 
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FIGURE 1: Effect of pH on reduction and protonation of 
neutral red. All experiments were performed at 15" using 
saturating white light. Time of illumination was 2 sec. 
Identical spectral changes as those recorded in the figure 
occurred with prolonged illumination (15 sec). Each ex- 
periment was performed in 3 ml of 0.4 M sucrose, containing 
0.005 M MgCla, 0.01 M NaCI, 0.0006 M P,, 0.007 mM PMS+, 
and 0.003 mM neutral red, and 0.065 mg/ml of chlorophyll. 
The presence of 0.0003 M ADP had no effect on the observed 
spectral change. The points in the figure represent A absorb- 
ance, using 570 and 595 mF as the monitoring wavelengths. 
Change in absorbance at 450 mp was also assayed for each 
experimental point and was shown to decrease at all the 
above pH values. Calculations of the per cent of the dye 
undergoing protonation and reduction (see Methods) 
indicated that at pH 8 only protonation occurred and at 
pH 5.6 only reducton occurred. At pH 6.8, approximately 
50 z of the bound dye was reduced and 50 z was protonated. 
Concentation of "$21 was M, and ferricyanide was 
3.5 X M. With prolonged illumination (30 sec) (suf- 
ficient to reduce all the added ferricyanide), the observed 
spectral changes in neutral red were the same as those in- 
itially observed in the absence of ferricyanide. 

assayed spectrally, using a Britton-Chance Aminco dual- 
wavelength spectrophotofluorimeter with attached 
xenon light source, as before (Lynn and Brown, 1967~). 
Light intensity was measured as before (Lynn and 
Brown, 1967b). Protonation and deprotonation of neu- 
tral red was followed by quantitating the reciprocal 
changes that occur at 450 and 540 or 570 mp. The con- 
trol wavelength used was 595 mp. Reduction of neutral 
red was associated with parallel decreases in absorption 
at 540 and 450 mp. Although the extinction coefficients 
of neutral red at 450 and 540 m+ are different (at pH 7.0, 
Eljo 8.4 X lo3, Ejia 5.9 X lo3), changes in internal pH 
result in reciprocal and linear, although unequal, change 
in absorbance of the two wavelengths. Changes in the 
oxidoreductive state of the dye result in parallel and 
linear, although unequal, changes in absorbance of 
the two wavelengths. The concentration of the dye under- 
going pH change can therefore be calculated as follows: 
[Abio][Ejio] - [AAdjO observed - A l s o  calculated][Eajo] 
= concentration of dye undergoing pH change. AA4jo 
calculated = expected change in absorbance at 450 mp 
in association with change in absorbance at 570 mh. The 
calculations and observations on the changes in spxtral 
properties of neutral red were based on the assumption 
that no changes occurred as a result of changes in the 
dielectric environment of the dye. The spectral charac- 
teristics are identical in water and in 90% ethanol. How- 
ever, in absolute ethanol oxidized neutral red is color- 
less. To avoid spectral interference due to changes in 
absorbance of the cytochromes, 570 mp rather than 540 
mp was generally used as the monitoring wavelength 
for neutral red. Changes in redox state of cytochrome b 38 12 

were followed using light at 559 and 575 mp, 553 and 
575 mp were used for cytochromef, 550 and 575 mp for 
cytochrome c, and 703 and 722 mp for P7ao. The refer- 
ence wavelength for all the cytochromes was 535 m,u. 
The reference wavelength for Pi00 was also 575 mp. 
Negligibly small amounts of cytochromejas were ob- 
served in these preparations of chloroplasts (Hind, 1958; 
Cramer and Butler, 1967). Changes in light scattering 
were monitored under all the conditions of this report, 
using light at 574 and 592 mH. The changes in absorbance 
due to changes in light scattering were negligibly small in 
all experiments. 

All spectral experiments were performed at 15" in 3 
ml of 0.4 M sucrose, containing 0.005 M MgCIJ, 0.01 M 
NaC1, 0.0005 M sodium phosphate, 0.0002 M ADP, and 
chloroplasts, unless otherwise stated. These conditions 
(low temperature, high concentration of Mg2+, and hy- 
pertonic sucrose) were used to decrease rates of oxido- 
reduction and thus facilitate the measurements (Cramer 
and Butler, 1967). 

Rate and extent of Hf uptake were assayed titrimet- 
rically in 20 ml of the above solution, as before (Lynn 
and Brown, 1967b). Rate of phosphorylation was assayed 
titrimetrically and enzymatically, as above (Lynn and 
Brown, 1967b). All materials used in these studies werz 
reagent grade commerical products. Nigericin was ob- 
tained from Mr. R. L. Harnod, Commerical Solvents, 
Inc., Terre Haute, Ind. SA was obtained from Dr. P. C. 
Hamm, Monsonto Chemicals, Inc., St. Louis, Mo. 

Results 

Protonation and Reduction qf Neutral Rpd. Neutral 
red, an oxidoreduction pH indicator dye, is protonated 
by illuminated chloroplasts at pH values absve its pK,, 
but reduced at pH values below its pK, (Figure 1) (Lynn, 
1968). Both protonation and reduction of neutral red 
are inhibited by uncoupling agents, such as NH4-, qu'n- 
acrine, organometals, benzimidazoles, salicylanilid2, 
and nigericin, or by high concentrations of electron ac- 
ceptors such as ferricyanide, P M S ,  benzoquinone, and 
chloranil. As previously indicated (Lynn, 1968), these 
spectral changes of neutral red represent changes within 
chloroplasts, for neutral red is bound to the chloroplasts 
and these spectral changes are observed under condi- 
tions in which no change in external pH occurs (Lynn, 
1968). At an acidic pH, protonation of neutral red can 
also be observed. This is so, however, only at very h w  
concentrations of the dye (Table I), or in the presence 
of low concentrations of uncoupling agents or low light 
intensities. 

As indicated in Table I ,  uncoupling ions inhibit re- 
duction of neutral red at concentrations which do not 
alter rates of electron flow. (Electron flow was measured 
titrimetrically, as before (Lynn and Brown, 1967a), us- 
ing ferricyanide as electron acceptor.) This inhibition of 
reduction of neutral red by ions is associated with 
markedly accelerated rates of oxidation (Table I) and 
deprotonation of neutral red (Table 11) following illumi- 
nation, as well as with impairment of rates of H- uptake 
(Table I). 

Reduction of other low potential electron acceptors, 
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TABLE I :  Effect of Uncouplers on Reduction and Protonation of Neutral Red and H+ Uptake at Various Concentrations 
of Neutral Red.. 

Neutral Red 

Protonated Reduced 
(pmoles, X (pmoles. X Oxidized H+ Uptake Additions 

Neutral Red (M) Uncouplers (M) 10-3) (pmoles/min) (pmoles/min) 

1. 0 
2. 1 x 10-6 
3. 4 x 10-6 
4. 1 x 10-5 
5. 4 x 10-5 
6. 7 X 
7. 4 x 10-6 
8. 4 x 

9. 4 x 10-6 
10. 4 x 10-6 
11. 4 x 10-5 
12. 4 x 10-5 

0 
0 
0 
0 
0 
0 

TBT, 7 x 
"4+, 1 . 5  x 

10-3 
TTFB, 1 x 10-7 
SA, 5 x 10-9 
TBT, 7 X lo-* 
"4+, 1 . 5  x 

10-3 

0 0 
10.0 0 

44 
104 
150 
131 

7 .5  0 
11 

8 . 0  0 
5.0 0 

35 
51 

0 
0 
0.11 
0.15 
0.25 
0.24 
0 
0.47 

0 
0 
1.05 
0.81 

3 . 3  
4 . 2  
5 .0  
4 .0  
2 .5  
1 . 8  
1 .4  
1 . 9  

1 . 2  
1 .3  
0 . 4  
0 .5  

Experimental conditions as in Figure 1. Initial pH 6.20. A changes in absorbance at the end of IO-sec illumination 
using 569, 450, and 594 mp as monitoring light were recorded and expressed as net amount of neutral red that was 
either reduced or protonated by illumination. H+ uptake was assayed in 20 ml and spectral studies were done in 3-ml 
aliquots. Calculations of amounts of dye oxidized and reduced were all based on the original 20-ml volume. Initial 
rates of oxidation of neutral red following illumination are also tabulated. Initial rates of H+ uptake were recorded 
titrimetrically (see Methods). Uncoupling agents were added 1 min prior to illumination and at least three consecutive 
light-dark cycles were recorded for each experimental determination. Rate of electron flow was assayed titrimetrically, 
using ferricyanide as terminal electron acceptor under all of the above conditions. The uncoupling agents, at the above 
concentrations, had no effect on rate of electron flow. Data not shown. 

such as methylene blue (Table 111), is also impaired by 
these uncoupling ions. This inhibitory effect is most 
marked at an alkaline pH. However, rate of postillu- 
mination oxidation of methylene blue is not affected by 
these uncoupling agents. Rates of autoxidation of 
methylene blue are much slower than that of neutral red 
(compare Table I and Table 11). Under anaerobic con- 
ditions, the rate of autoxidation of methylene blue fol- 
lowing reductive illumination was shown to be essen- 
tially zero (data not shown). This indicates that methy- 
lene blue, unlike neutral red, is unable to be ozidized 
following illumination by oxidized electron carriers with- 
in the chloroplast, but is oxidized by molecular oxygen. 

Uncoupling agents also inhibit reduction of internal 
electron carriers, such as cytochromes b and f (Figure 
2), as well as accelerate the rate of oxidation of the cyto- 
chromes in the dark. Rate of oxidation of cytochrome b 
by ferricyanide in the dark is more rapid than rate of 
oxidation of cytochrome f (Avron and Chance, 1966). 

Other organic ions which inhibit internal acidifica- 
tion and photophosphorylation are tabulated in Ta- 
ble IV. These agents also strikingly accelerate rate of de- 
protonation of neutral red following illumination. All 
agents which inhibit internal acidification also inhibit in 
a parallel manner both photophosphorylation and re- 

TABLE 11: Effect of Salt on Protonation of Neutral Red: 

Neutral Red 

Pro- Depro- 
Additions (M) tonated tonated 

None 32 
KCl, 5 X 10-3 30 
TBT, 6 X 10-8 16 
TBT + KCl, 5 X 14 
Nigericin, 5 X 27 
Nigericin + NaCI, 5 X 17 

11 
m a ,  1 . 5  x 10-3 14 

9 

Nigericin + KC1, 5 X 

"4CI + nigericin, 5 X 

41 
64 
65 

154 
77 

168 
251 
191 
235 

a Experimental conditions as in Figure 1 ,  except no 
NaCl was added and the initial pH was 7.15. Extent 
of protonation of neutral red at the end of 10-sec 
illumination and initial rate of deprotonation of neutral 
red following illumination were monitored as in Figure 
1. The absorbance changes are expressed as Ampmoles 
of protonated neutral red formed and mpmoles/min 
of neutral red deprotonated following illumination. 3813 

E L E C T R O N  A N D  P R O T O N  P O I S I N G  I N  P H O T O P H O S P H O R Y L A T I O N  



B I O C H E M I S T R Y  

TABLE 111 : Effect of Uncoupling Agents on Reduction of Methylene Blue: 

p H  7.4 p H  5.9 

Oxidized Oxidized 
Reduced (pmoles/ Reduced &moles/ 

(pmoles, X min, X (pmoles, x min, X 
Additions (M) 10- 3) 10-3) x 10-3) 10-3) 

None 
TBT, 10-7 
NH~+,  10-3 

CBZ, HVE, 10-5 
PMS+, 10-5 

TTFB, 6 X 10-8 

TBT, 6 x 10-7 

Chlorpromazine, 3 X 
NH4+, 2 X 

2.2  
0 . 9  
1 .1  
0 . 6  
0 .7  
0 
0 .0  
0.4 
1.2 

8 . 1  
7 . 5  
9 . 0  
8 . 3  
8 . 3  
0 
0 
7 .5  
7 .5  

3 .5  
2 .7  
3 .2  
2 .9  
3 .0  
0 
1 . 4  
2 .1  
2 .2  

12.1 
10.5 
14.1 
12.5 
13.0 
0 

11.1 
12.7 
12.5 

a Experimental conditions as in Figure 1, except no neutral red was added. Illumination time was 1 sec, using saturat- 
M) was followed, using 690 and 712 mp ing light at 650 mp. Reduction and oxidation of methylene blue (8 X 

as monitoring wavelengths. Initial p H  was adjusted with dilute HCl or NaOH. 

duction of neutral red. Two of the agents, i.e., carbodi- 
imide and tetraphenylphosphonium chloride, inhibit 
phosphorylation without affecting internal acidification 
(Table IV). The concentrations of the inhibitors required 
for inhibition of reduction are in most cases the same as 
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FIGURE 2: Inhibition of reduction of internal cytochromes 
by uncoupling agents in the presence of excess ferricyanide. 
Experimental conditions as in Figure 1, except no neutral 
red was added. pH 6.8. Rates of reduction and oxidation of 
cytochrome bjjg and cytochrome f s 5 2  were followed. Illum- 
ination (680 mp, 5.6 pEinsteins/min) was 2 sec in dura- 
tion, as indicated by the arrows in the figure. Sodium 
ferricyanide (0.5 pmole) was added at 0.5 min. Uncoupling 
agents (Le., TBT, TTFB, SA, and tributylgermanium 
chloridz) were added at 3.5 min, after two light-dark cycles. 
The data shown are for TBT only. However, similar traces 
were obtained using the above uncoupling agents at the 
concentations listed in Table IV. The data are expressed as 
amounts of the cytochromes either reduced or oxidized with 
time, using known extinction coefficients for chloroplast 
cytochromes .f and b. To ensure that the changes in absorb- 
ance at 552 and 559 mp were due to changes in oxidoreduc- 
tion of cytochromes, changes in absorbance at 547, 555, 
and 564 mp were also observed in these experiments. Max- 
imal spectral changes occurred at 552 and 559 mp. 38 14 

those required for inhibition of protonation. Nigericin 
and TTFB, anions with pK,’s of less than 6.0, inhibit 
protonation and reduction of neutral red most effec- 
tively at an  acidic pH. This is probably a reflection of 
the fact that these two anions in their un-ionized state 
are more insoluble in water, and thus are probably more 
tightly bound to the hydrophobic membranes of chloro- 
plasts at an  acidic pH. 

Oxidoreductive Poising. As indicated in this report 
and previously (Lynn and Brown, 1967a,b), efficient 
phosphorylation can occur only under conditions in 
which the electron transport chain of chloropolasts is 
maintained in a reduced state during electron flow. Sim- 
ilarly, protonation of neutral red and Hf uptake require 

80 

7.4 

7.3 

Minutes 

FIGURE 3: Kinetic relationship between protonation of neu- 
tral red, H+ uptake, and the internal redox potential. Ex- 
perimental conditions as in Figure 1, except that ADP was 
omitted and 0.5 pmole of sodium ferricyanide was added. 
Illumination (680 mp, 5.6 pEinsteins/min) was supplied 
as indicated in the figure. Rate of reduction of cytochrome 
b, H+ uptake, and protonation of internal neutral red were 
monitored (see Methods). Rate of reduction of ferricyanide 
is indicated by the first portion of the pH trace. Rate of 
reducton of cytochrome b was assayed in the absence of 
neutral red. 
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TABLE IV: Inhibition by Organometals and Other Organic Ions: 

Concentration Required for 50 % Inhibition 

Tributyltin chloride 
Dibutyltin dichloride 
Monobutyltin trichloride 
Trimethyltin chloride 
Tet ramet h ylt in 
Tri-N-propyltin oxide 
Tetrabut yltin 
Tributylgermanium chloride 
Diphenylgermanium dichloride 
Triethylgermanium bromide 
Tetraphenyllead chloride 
Triphenylantimony chloride 
Tetraphenylantimony chloride 
Triphenylselenium chloride 
Tetraphenylphosphonium chloride 
Imidazole 
TTFB 
CBZ-L-histidyl-L-valine benzyl ester 
Histidine 
Polyhistidine 
Guanidine 
Chlorpromazine 
Salicylanilide 
Carbodiimide 
Desoxycholate 
Nigericinb 
Polylysine (mol wt = 32,000) 

Internal Acidification Reduction Phosphorylation 
pH 7.2 (M) pH 6.2 (M) pH 7.2 (M) 

7 x 10-8 

2 x 10-5 
5 x 10-7 

7 x 10-7 

2 x 10-7 

10-5 
2 x 10-5 
4 x 10-7 

7 x 10-7 

2 x 10-3 
3 x 10-7 

1 . 5  x 10-5 

No effect 

No effect 
2 x 10-6 

3 x 10-6 

2 x 10-6 
No effect 

No effect 
No effect 
No effect 

4 x 10-6 
3 x 10-8 

No effect 
10-4 

5 x 10-9 
3 x 10-7 

8 x 10-8 

2 x 10-5 
9 x 10-7 

5 x 10-7 

No effect 

No effect 
2 x 10-6 
8 x 

1.5 x 10-7 

2 x 10-5 
4 x 10-7 

5 x 10-7 

3 x 10-3 

2 x 10-6 

2 x 10-6 
No effect 

8 x 10-8 
1 x 10-5 

No effect 
No effect 
No effect 

3 x 10-6 
3 x 10-8 

x 10-5 
No effect 

2 x 10-9 
4 x 10-7 

8 x 10-8 

2 x 10-5 
8 x 10-7 

5 x 10-7 

No effect 

No effect 
2 x 10-7 

2 x 10-6 
10-5 

3 x 10-5 

3 x 10-6 

2 x 10-6 
5 x 10-6 

5 x 10-7 

5x 10-7 

5 x 10-3 
3 x 10-7 

1.5  x 10-5 
No effect 
No effect 
No effect 

4 x 10-6 
4 x 10-8 
5 x 10-7 

10-4 
5 x 10-9 
3 x 10-7 

a Experimental conditions as in Figure 1. Extent of protonation of neutral red (pH 7.2), rate of phosphorylation 
(pH 7.2), and extent of reduction of neutral red (pH 6.2) were assayed, as in Figure 1, with various concentrations of 
uncoupling agents. The concentrations of each agent required to inhibit the above light-dependent reactions by 50% 
are listed in the table. All agents were added I min before illumination and at least three light-dark cycles were observed 
under each condition. b 5 X M KCI was added. 

that the electron carriers be maintained during electron 
flow in a reduced state (Figure 3). In the presence of ferri- 
cyanide, which oxidizes all the internal cytochromes b 
and,f, as well as P ~ O O  (Avron, 1967), and with low light 
intensities, Hf uptake, reduction of cytochrome 6, and 
internal acidification do not occur with illumination 
until most of the ferricyanide is photochemically reduced 
(Figure 3). Although not shown in Figure 3, cytochrome 
f and Pi,, are also not reduced until most of the added 
ferricyanide is reduced. Similar effects are observed with 
high concentrations of other terminal electron accep- 
tors, such as chloranil and benzoquinone. Since rate of 
over-all electron flow is constant under all the above 
conditions, it appears that neither phosphorylation nor 
Hf uptake can occur until a high concentration of re- 
ductants is established by electron flow in chloroplasts. 

Since it is likely that the electron transport chain of 
chloroplasts is composed of oxidoreductive couples 
whose oxidoreductive potentials are variably sensitive 

to hydrogen ion concentrations, alterations in external 
pH should also cause a flow of electrons between these 
electron carriers. That this is true is indicated in Figure 
4. In the presence of a reduced electron acceptor of sys- 
tem I, such as cytochrome c, addition of protons (pH 
7.4-5.2) in the dark causes oxidation of cytochrome c 
and a concomitant reduction of cytochrome b. Addi- 
tion of OH- reverses this process. The changes in redox 
state with change in pH (Figures 4 and 5) (data not 
shown) are not inhibited by CMU. Uncoupling agents, 
such as NH4+, TBT, and TTFB, at the concentrations 
indicated in Table IV, partially but not completely in- 
hibit rate and extent of these pH-sensitive changes in 
redox state (data not shown). That these spectral changes 
do represent changes in the redox state of the cyto- 
chrome, rather than changes in light scattering of the 
chloroplast, was proven by showing that no spectral 
changes with alterations in external pH, using 570- and 
585-mp radiations as control wavelengths, occur. Also, 381 5 
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FIGURE 4: Effect of alterations of external pH on the redox 
potential of bound cytochromes. Experimental conditions 
as in Figure 1. Neutral red was omitted and 9 pg of reduced 
cytochrome c was added. Change in redox potential of 
cytochromes 6 and c was monitored (see Methods) in 
separate but identical experiements, as in Figure 2. Sufficient 
amounts (0.03 mi) of HCI and NaOH to alter the external 
pH as indicated in the figure were added in the dark. Con- 
centration of CMU where added was 3 X 10-6 M. (-) 
+CMU; (- - -) -CMU. These changes in redox state, as a 
consequence of changes in pH, were not observed in dis- 
rupted chloroplasts (prepared by heating to 80" for 5 min 
or by prolonged sonic treatment). 

alterations in external pH in the presence of excess low- 
potential terminal electron acceptors, such as ferricy- 
anide which causes complete oxidation of the above elec- 
tron carriers, result in no change of the redox state of 
the cytochromes (data not shown). Thus, it is concluded 
that an increase in external H+ ion concentration does 
cause a reverse flow of electrons within chloroplasts. A 
further indication that the observed spectral changes 
with alterations in external pH do indeed represent elec- 
tron flow is shown in Figure 5. When cytochrome c is 
fully reduced with ascorbic acid at pH 7.4, light 
causes oxidation of some of cytochrome c. Addition 
of protonsoxidizes a portion of the cytochrome and 
subsequent illumination reduces the now oxidized cyto- 
chrome c .  Prolonged sonic treatment (15 sec) or heating 
(80' for 5 min) of chloroplasts cause complete inhibition 
of the spectral changes depicted in Figures 4 and 5. 

It is not clear from these data whether the observed 

9-  
8 -  

:6- 
-7- 

t t t  t t  t 

OH 73*pH5E+pH7 2- 

" *-  Acorbate Light Ht Light OH- 'Light 

FIGURE 5 :  Effect of alterations of external pH on the redox 
potential in the presence of ascorbate. Experimental condi- 
tions as in Figure 4. Change in oxidoreduction of cyto- 
chrome c was followed and expressed in micrograms. Illum- 
ination (680 mp, 10 pEinsteins/min, 2-sec duration) was 
added at the indicated intervals. Sodium ascorbate (1.0 
pmole) was added at 2.2 min. HC1 (0.03 ml) and NaOH 
(0.03 ml), sufficient to alter the external pH as indicated, 
were added at 4.4 and 6 min, respectively. 38 16 

FIGURE 6: Effect of NH4+, CMU, and azide on changes of 
redox potential of cytochromes by illuminated chloroplasts. 
Experimental conditions as in Figure 4. Rates of oxidore- 
duction of cytochromes 6 and c were monitored as in Figure 
4. Illumination (10 pEinsteins/min, 2-sec duration) was 
supplied, as indicated. NHE1 (0.001 M), CMU (2 X M), 
and sodium azide ( 2  X M) were added where in- 
dicated. Cytochrome 6 was 81 % reduced initially in these 
chloroplasts (assayed by addition of excess ferricyanide in  
the dark). Other uncoupling agents, such as TBT, TTFB, 
and SA, produced effects very similar to those shown for 
NH4+, under these conditions. 

changes in redox state of the cytochromes with changes 
in pH are coupled to electron carriers of system I or I1 
or of both. However, since system I, when illuminated, 
can cause a flow of electrons from cytochrome b to cyto- 
chrome c (Figure 6), and since CMU does not inhibit 
either hydrogen ion sensitive redox changes or the 
changes in oxidoreduction of these cytochromes which 
is associated with activation of system I (Figure 6). it is 
possible that these pH-sensitive changes in redox state 
are the result of changes in redox state of the pH-semi- 
tive electron carriers associated only with system I. 

Relation of H+ Uptake to Internal Acidij7cation. Pre- 
vious studies have indicated that illuminated chloro- 
plasts extract approximately 1 mole of protons/mole 
of chlorophyll from the exterior (Lynn, 1968; Jagendorf 
and Uribe, 1966; Avron, 1967; Newmann and Jagen- 
dorf, 1964; Dilley and Vernon, 1965). Other studies have 
indicated that some uncoupling agents inhibit phospho- 
rylation without inhibiting the magnitude of H+ uptake 
(Kahn, 1968). The studies in this report, however, in- 
dicate that most of the known inhibitors of phosphoryl- 
ation inhibit the rate of formation of internal acidifi- 
cation as well as the rate of H+ uptake by illuminated 
chloroplasts. As indicated in Figure 7 the rate and ex- 
tent of H+ uptake are dependent upon the ionic content 
of the external environment. Imidazole (3  x 10-4 M) 
markedly increases the extent of H+ uptake, i.e., over 
3 pmoles of H+/pmole of chlorophyll are taken up in 
the presence of imidazole. This effect of imidazole on 
Hf uptake is greatest when the suspending medium is 
0.1 M NaCl rather than 0.4 M sucrose. Since longer pe- 
riods of illumination are required for maximum H+ up- 
take in the presence of imidazole (Figure 7), and since 
the initial rates of Hf uptake in the presence and absence 
of imidazole are almost equal, imidazole does not ap- 
pear to increase appreciably the efficiency of H+ uptake. 
This effect of imidazole is inhibited by NH4' and other 
uncoupling agents (Figure 7) and is not associated with 
any increase in rate of electron flow, as measured with 
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TABLE v:  Effect of Imidazole on Phosphorylation, H+ Uptake, and Protonation of Neutral Red.. 

H+ Uptake ATP Formation Additions (M) 

Pi Imidazole (pmolesimin) pmoles/min pmoles Internal pH 

6 x 10-5 0 .66  2 . 0  0.27 -0.75 
6 x 1 . 5  x 10-4 0.89 4 .1  1.05 -0.49 
6 X 3 x 10-4 0.75  4 .3  1.20 -0.28 
6 x 10-3 0.68 4 .0  1.15 -0.26 
1 x 10-3 1.50 1.9 0.19 -0.69 
1 x 10-3 1 . 5  x 10+ 1.48 2 .6  0.65 -0.31 
1 x 10-3 3 x 10-4 1.55  3.4 0.90 -0.24 
1 x 10-3 10-3 1 .42  3 .6  0.92 -0.20 

a Experimental conditions as in Figure 1, except the suspending medium was 0.1 M NaCl rather than 0.4 M sucrose 
Concentrations of Pi and imidazole are indicated in the table. Illumination was saturating white light. Formation of 
ATP and internal acidification were assayed in the presence of 0.0004 M ADP. Rate and extent of H+ uptake was 
measured in theabsence ofADP. Initial pH 7.55. Chlorophyll content, 0.41 pmole/20 ml. 

~- 

ferricyanide as the terminal acceptor, nor does imid- 
azole at these concentrations inhibit phosphorylation 
at low or high concentrations of Pi (Table V). Internal 
acidification, as measured with neutral red, is, however, 
inhibited by imidazole (Table V). This apparent inhi- 
bition of internal acidification by imidazole is probably 
the result of competition between neutral red and imid- 
azole for entrance into the chloroplast, rather than a 
true measure of internal pH. Imidazole, under the con- 
ditions of Table V, was shown to inhibit the binding of 
neutral red by chloroplasts [assays of binding, as before 
(Lynn, 1968)l. As indicated in Table VI, organic ions 
other than imidazole whose pK,’s are approximately 7, 
such as brom thymol blue and neutral red, also increase 
the extent of H+ uptake. The stimulatory effect of imid- 

TABLE VI: Effect of Bromothymol Blue, Imidazole, and 
Neutral Red on Hf Uptake.a 

H+ Uptake 

pmoles/ 
Additions (M) min pmole 

0.35 0.09 
BTB (4 x lo+) 1.01 0.18 
BTB + PMS+ ( 2  x 1.98  0 42 
NR (5 x 10-9 1.45 0.23 
NR + PMS+ (2 x 2.15 0.42 
PMS+ ( 2  x 2.00 0.28 
Imidazole(3 X 0.48 0.19 
Imidazole + P M S  (2 X 2.35  0.72 

.Experimental conditions as in Table V, except 
suspending medium was 0.4 M sucrose. P M Y  was 
added where indicated. Initial pH 7.55. Chlorophyll 
content, 0.45 pmole/20 ml. Rate and extent of H+ 
uptake assayed as in Table V. 

- 

azole on H+ uptake is observed only at pH values above 
its pK, (Figure 8). Brom thymol blue and neutral red 
also stimulate extent of H+ uptake, but only at a pH 
above their pK.’s. Arsenate plus ADP have also been 
shown to increase H+ uptake at an alkaline pH (Karlish 
and Avron, 1967). Thus, both neutral red and imidazole 
appear to enter chloroplast in their un-ionized state and 
act as internal buffers or trapping agents for incoming 
protons. 

In sonically treated chloroplast, imidazole has very 
little effect on extent of H+ uptake, nor does it appre- 
ciably inhibit internal acidification (Table VII). Since 
illuminated sonically treated chloroplasts extract very 
few protons (Table VII) although internal acidification 
does occur, it appears that protonated imidazole and 
neutral red (protonated as a consequence of illumina- 
tion) become trapped within intact chloroplast but not 
within disrupted chloroplasts, and thus serve as ef- 
fective internal buffers. Sonic treatment of chloroplasts 
also apparently causes a loss of native internal buffers, 
since disrupted chloroplasts require very few external 
protons to establish a low internal pH. 

I 2 3 
mln 

FIGURE 7: Effect of imidazole on Hf uptake by illuminated 
chloroplasts, Experimental conditions as in Figure 1, ex- 
cept no ADP was added and the suspending medium was 
20 ml of 0.1 M NaCI. Initial pH 7.5. Chlorophyll content, 
0.4 pmole. H+ uptake was followed titrametrically (see 
Methods) in the presence of saturating white light, as in- 
dicated. Either imidazole (3  X M) or NH4C1 (0.001 M) 
was added, as indicated in the figure. 3817 
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TABLE VII: Effect of Imidazole on Sonically Treated Chloroplast: 

ATP Formation H+ Uptake AH+ Uptake 
Imidazole (M) (pmoles/min) (pmoles/min) (Ctmole) Internal ApH 

1.39 0.99b 1.41 0.85 0.38 0.12  -0.81 -0.64 
2 . 5  x 10-4 1.48 0.81 2.25  0.98 0.80 0.17 -0.86 -0.55 

7 x 10-4 1.34 0.68 2 . 5 5  0.79 0.83 0.14 -0.76 -0.43 

a Experimental conditions as in Table VI. Sonically treated chloroplasts (chlorophyll content 0.35 pmole) were 
prepared as before (6). Initial pH 7.5. H+ uptake, phosphorylation, and internal acidification (using neutral red) were 
assayed, as in Table V, in the presence and absence of imidazole. Internal acidification is expressed as A change in 
internal pH with saturating illumination (Lynn, 1968). b The first set of numbers under each column was obtained with 
intact chloroplasts and the second set of numbers with sonicated chloroplasts. 

Role of Anions in Maintaining Internal Redox States. 
The previous acid bath experiments of Jagendorf and 
Uribe (1966) indicated that large anions were required 
for phosphorylation. As indicated in this report, the addi- 
tion of OH- to acidic chloroplasts causes changes in the 
redox state of some of the electron carriers in chloro- 
plast. If alkali is added to chloroplasts which contain 
large amounts of un-ionized anions, which anions can 
serve as internal reservoirs of protons, the time required 
for oxidation of the electron chain should be prolonged 
and thus allow more time for movement of Pi, ADP, 
and ATP on and off the oxidative coupling sites. That 
succinate and other anions do slow the rate of oxidation 
following reduction of cytochromes c , f ,  and b by illumi- 
nation is shown in Figure 9. Since oxidation of proton- 
sensitive electron carriers of chloroplast also requires 
deprotonation, rates of oxidation following illumination 
are slowest at lower pH values (Figure 9). In the pres- 
ence of CMU, which blocks system 11, cytochrome b, 

and P70o are oxidized upon illumination of system I, 
while cytochrome c is reduced (Figure 7) (Cramer and 
Butler, 1967; Avron, 1967). Following illumination, the 
rate of oxidation of reduced cytochrome c is accelerated, 
since the concentration of oxidants within the electron 
chain is, in the presence of CMU, high (Figure 9). Suc- 
cinate also slows the rate of oxidation of reduced cyto- 
chrome c in the presence of CMU. In the presence of un- 
coupling agents (Table IV), anions were shown to have 

d 2  I 
0 

4 5  50 5 5  6 0  6 5  7 0  7 5  80 8 5  90 

FIGURE 8: Effect of hydrogen ion concentration on H+ 
uptake in the presence and absence of imidazole. Experi- 
mental conditions as in Figure 7. Initial pH as indicated. 
Chlorophyll content, 0.61 pmole. The points on the curves 
represent maximal uptake of Hi- using saturating white light 
after 1-min illumination in the presence and absence of 
0.0003 M imidazole. (0) +imidazole; (m) -imidazole. 38 18 

no effect on the dark rates of electron flow under the 
conditions of Figure 9. Thus, it is concluded that the 
redox potential within chloroplasts is controlled by in- 
ternal H+ ion concentration and that agents, such as 
impermeable anions or permeable cations, which con- 
trol H+ ion concentration by serving either as internal 
buffers, or as exchange cations for H+, exert striking 
effects on rate and direction of electron flow within chlo- 
roplasts. 

Discussion 

The data in this report, indicating that rate of phos- 
phorylation is linearly related to both the reducing po- 
tential and the proton potential within chloroplasts, 
suggest that phosphorylation is a consequence of the 
oxidation of some protonated reduced electron carriers 
within chloroplasts. That phosphorylation is linearly 
associated with oxidative electron flow seems indicated 

DH 7.4 + A z i d e  

2 t  , S"c;lnble l 

3 ~ ~ 2 3 4  t t Minutes  
680mfi 680rnfi 

FIGURE 9 :  Effect of anions on rate of oxidation of cyto- 
chromes following illumination. Experimental conditions 
as in Figure 6 .  Cytochrome c (9.0 pg)  was present in all 
experiments. Rates of oxidation or reduction of cyto- 
chromes c and b were monitored (see Methods) following 
illumination (680 mp, 10.1 pEinsteins/min for 2 sec). Sodium 
succinate (3  X M), adjusted to the appropriate pH, 
was added where indicated. Concentrations of sodium azide 
and CMU were 6 X and 3 X 10-5 M, respectively. 
Data are shown for cytochrome c only. However, similar 
decreases in rate of oxidation of cytochrome b in the pres- 
ence of anions following illumination were also observed. 
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by the observation that rate of phosphorylation (Lynn, 
1968) and oxidative electron flow (data in this report) 
decline in a similar manner in the postillumination pe- 
riod. It appears, therefore, that the rate of phospho- 
rylation in chloroplasts is dependent upon the concen- 
tration of some reduced protonated unknown electron 
carrier whose oxidation results in phosphorylation. 
High concentrations of this unknown carrier with sub- 
sequent high turnover rates can be maintained only under 
conditions which result in the establishment of both a 
high redox potential and a high proton potential within 
chloroplasts. Previous studies have also indicated that 
optimal phosphorylation in chromatophores (Cusano- 
vitch and Kamen, 1968) requires that the over-all re- 
dox potential of the system be poised at a relatively high 
redox potential. 

The data in this report also indicate that the uptake 
of H+ by chloroplasts occurs under conditions which re- 
sult in the establishment of a high internal redox po- 
tential within chloroplasts. Rate of H+ uptake parallels 
rate of reduction of internal electron carriers. It appears, 
therefore, that H+ uptake is a reductive process, i.e., that 
H+ uptake is a consequence of the trapping of electrons 
by high potential redox substances within chloroplasts. 
Net H+ uptake ceases once the system is saturated with 
electrons. 

The cycling of electrons on and off various carriers, 
some of which require protons for reduction while 
others do not, should lead to  marked fluctuations in local 
Hi activity within chloroplasts. It seems likely that 
this cyclic alteration in localized inteinal HT activity is 
used to promote the observed H+-cation exchange 
across these proton-impermeable membranes. The ex- 
tent of the observed H‘ uptake, as shown in this report, 
simply reflects the availability of internal buffers whose 
ionized and unionized species have different rates of 
diffusion across these semipermeable membranes. Al- 
ternatively, the formation of reduced protonated carriers 
could in some manner be used to  drive a H+-cation-ex- 
change pump, as proposed by Dilley and Vernon (1967). 
The studies in this report do not clearly distinguish be- 
tween the above two proposals. However, it is clear that 
neither Hf uptake nor phosphorylation can occur as 
long as the internal electron carriers are maintained in 
their oxidized states. 

The chemical nature of the redox carriers which are 
required for H+ uptake and phosphorylation is un- 
known. However, fluorometric data of Joliot et al. (1966) 
and Malkin and Kok (1966) indicate several unknown 
couples associated with system 11, and at least one must 
exist for systems I (Chance et nl., 1965). 

The studies in this report also seem to offer an alter- 
native explanation for the proposal of Mitchell (1966) 
and Jagendorf (1966). The demonstration that phos- 
phorylation in the acid bath experiment is associated 
with electron flow of electrons suggests that the energy 
for phosphorylation may be derived, not from a pH gra- 
dient, but rather from an oxidative reaction, as in gly- 
colysis or in the system of Wang (1967). This suggestion 
is substantiated by the following observations: ( I )  the 
existence of postillumination and acid base-induced 
electron flow, both of which are temporally related, and 

result in phosphorylation ; (2) effect of uncoupling 
agents on the redox state of the carriers, with an asso- 
ciated effect of uncoupling agents on internal pH; (3) 
effect of anions in causing delay in the dissipation of the 
redox changes, and the associated delay in dissipation 
of the pH gradient; (4) the yield of “Xe,” which is pos- 
sibly low enough to be accounted for on the basis of one 
ATP formed for every free electron in the system (Lynn 
and Brown, 1967a,b). Unpublished experiments from 
this laboratory indicate that approximately 0.26 pmole 
of reducing equivalents (as measured with ferricyanide) 
per mg of chlorophyll is present in freshly isolated 
chloroplasts. The half-life of “Xe” is also temporally 
related to  the half-life of the OH--driven electron flow. 

Thus, the data in this report seem to fit the notion that 
phosphorylation in chloroplast is the result of an oxi- 
dation and that H+ uptake is the result of the reduction 
of proton-requiring redox substances in a system which 
is surrounded by membranes which are differentially 
permeable to H+, OH-, and other anions. Since phos- 
phorylation in the above formulation requires both a 
reductive process (to establish a high concentration of 
reductants) and an oxidative process, it is clear that op- 
timal phosphorylation can proceed only when the above 
two processes are electronically poised. Phosphoryl- 
ation, a process which consumes H+, and uncoupling 
agents (substances which cause a loss of H- from chloro- 
plasts) were previously shown to decrease the over-all 
redox potential of chromatophores (Cusanovitch and 
Kamen, 1968). Thus, it appears that the chief role of 
internal H+ in oxidative photophorylation is to  facil- 
itate the establishment of a high concentration of high 
redox potential reductants, the oxidation of which sup- 
plies the energy for esterification of Pi. 

The data in this report suggest but do not conclusively 
prove that electron flow is the cause of phosphoryla- 
tion in the postillumination period or in the acid bath 
experiment. The chief objection to  the above concept 
concerns the question of stoichiometry. Jagendorf and 
Uribe (1966) originally concluded that more ATP was 
made in the acid bath experiment than could be ac- 
counted for on the basis of the known availability of 
reducing equivalents within chloroplast. Since it is likely 
that efficiency of phosphorylation is poor under the 
severe conditions of the acid bath experiment, the above 
conclusion is probably correct. However, since chloro- 
plast readily carry out cyclic phosphorylation, using pro- 
tonated mobile electron carriers, such as PMS or endog- 
enous carriers, it appears likely that the imposed pH 
gradient, in the presence of large anions which prolong 
the pH-induced flow of electrons, is also capable of caus- 
ing cyclic phosphorylation. During the flux of H+, and 
OH-, and anions across the membranes of the chloro- 
plast, mobile electron and H+ carriers would also flux 
and this could lead to reduction and oxidation of various 
portions of the electron chain, depending upon the local 
internal pH. This concept is consistent with the obser- 
vation that the half-life of “Xe” is longer than the half- 
life for ATP formation (Jagendorf and Uribe, 1966). 
The formation of ATP, i.e., the production of OH- in- 
ternally, like uncoupling agents should lead to a more 
rapid dissipation of imposed pH gradients. 3819 
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Validation of the above suggestion requires further 
experimentation. Experiments designed to ascertain 
more precisely the kinetic relationships between post- 
illumination and acid-base-induced electron flow, phos- 
phorylation, and changes in internal pH are in progress. 
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