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SUMMARY 

NH2OH-treated, non-water oxidizing chloroplasts are shown to be capable 
of oxidizing ferrocyanide and I -  via Photosystem II at appreciable rates (>/ 200 
#equiv/h per mg chlorophyll). Using methylviologen as electron acceptor, ferrocyanide 
oxidation can be measured as O2 uptake, as ferricyanide formation, or as H + con- 
sumption (2 F e 2 + + 2 H + + O 2  ~ 2 Fe3+-~-H202). I -  oxidation can be measured as 
methylviologen-mediated 02 uptake, or spectrophotometrically, using ferricyanide 
as electron acceptor. The oxidation product 12 is re-reduced, as it is formed, by 
unknown reducing substances in the reaction system. 

The rate-saturating concentrations of these donors are very high: 30 mM with 
ferricyanide and 15 mM with I - .  Relatively lipophilic Photosystem II donors such 
as catechol, benzidine and p-aminophenol saturate the photooxidation rate at much 
lower concentrations ( <  0.5 mM). It thus seems that the oxidation of hydrophilic 
reductants such as ferricyanide and I -  is limited by permeability barriers. Very 
likely the site of Photosystem II oxidation is embedded in the thylakoid membrane or 
is situated on the inner surface of the membrane. 

The efficiency of phosphorylation (P/e2) is 0.5 to 0.6 with ferrocyanide and 
about 0.5 with I - .  In contrast the P/e2 ratio is 1.0 to 1.2 when water, catechol, 
p-aminophenol or benzidine serves as electron donor. These differences imply that 
only one of two phosphorylation sites operate when ferrocyanide and I -  are oxidized. 
Ferrocyanide and I -  are also chemically distinct from other Photosystem II donors 
in that their oxidation does not involve proton release. It is suggested that the mech- 
anism of energy conservation associated with Photosystem II may be only operative 
when the removal of electrons from the donor results in release of protons (i.e. with 
water, hydroquinones, phenylamines, etc.). 

INTROD UCTION 

Recent investigations on partial pathways of electron transport have established 
that there are two sites of energy conservation associated with noncyclic electron 

Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-l,l-dimethylurea; HEPPS, N-2-hydroxyl- 
piperazine-N'-2-propanesulfonic acid; HEPES, N-2-hydroxylpiperazine-N'-2-ethanesulfonic acid. 
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transport in chloroplasts [1-6]. One of these sites, which we have called Site I, cor- 
responds to the well-known site of phosphorylation between the plastoquinone pool 
and cy tochromef  [7, 8]. The newly recognized site, which we have designated Site I1, 
has been placed in the close proximity of Photosystem I[ [2, 3, 9]. This paper deals 
with the nature o.f energy transduction at Site II. 

During the past year we have developed a new method of chloroplast treatment 
(NH2OH washing) [10] which is highly effective in inactivating the mechanism of wa- 
ter oxidation yet does not impair the coupling mechanism of the chloroplast mem- 
brane. The treated chloroplasts are quite active in oxidizing, via Photosystem II, 
various exogenous reductants such as catechol, p-aminophenol, benzidine and di- 
cyanohydroquinone [11]. The transport of electrons from these donors to methyl- 
viologen supports phosphorylation with a P/e2 ratio of 1.0 to 1.1. These P/e2 values 
are virtually the same as the value for noncyclic photophosphorylation involving 
water oxida.qon. The P/e2 data for p-aminophenol and benzidine also confirm the data 
which Yamashita and Butler [12] obtained with NADP as acceptor using their 
Tris-washed chloroplasts. Clearly neither of the sites of phosphorylation is destroyed 
or even significantly impaired when the mechanism of water oxidatiov_ is destroyed. 
Furthermore, Site II seems to function normally when artificial reductants replace 
water as the electron source. 

Another important clue to the nature of Site II has recently been provided by 
the experiments of Gould and lzawa [13, 14], who showed that an energy-linked pro- 
ton translocation is associated with dibromothymoquinone reductions. The reaction 
is believed to involve only the electron transport span: H 2 0  ~ Photosystem II -~ 
plastoquinone pool [9]. They postulated [14], in accordance with the original sug- 
gestion of Mitchell [15] (see also Rumberg et al. [16]), that the proton translocation 
consists of two steps: internal discharge of protons through water oxidation followed 
by uptake of external protons through reduction of hydrogen carriers (e.g. plasto- 
quinone). According to the chemiosmotic coupling theory [15], it is this Photo- 
system lI-driven proton translocating loop itself that constitutes Site II. Such a loop, 
if" exists, may well operate when artificial hydrogen donors such as hydroquinones and 
phenylamines replace water, since their oxidation also involves proton release. For 
technical reasons, however, we have not been able to demonstrate the predicted proton 
translocation associated with Photosystem II oxidation of artificial hydrogen donors. 

Nevertheless, a further important test of the feasibility of this chemiosmotic 
model of Site I[ is available. That is to test pure "electron" donors the oxidation 
of which does not involve proton changes. If  indeed the inward discharge of protons 
from donors (including water) represents the primary step of energy conservation at 
Photosystem I[, then no energy conservation should occur at Photosystem II when it 
oxidizes non-proton-producing electron donors. Consequently the transport of 
electrons from such donors to methylviologen, now effectively by-passing Site II, 
should support phosphorylation only with the efficiency ascribable to Site I alone. 
The P/e2 expected is approx. 0.5-0.6. These are the values found invariably associated 
with Photosystem I-donor  reactions which may be considered to involve only Site I 
(e.g. diaminodurene ~ methylviologen) [11]. 

We have discovered that ferrocyanide and I -  can be oxidized by Photosystem 
II in NH2OH-washed, non-water-oxidizing chloroplasts. The oxidation of these 
ions at physiological pH values do not involve proton changes. The transport of 
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electrons from ferrocyanide and I -  to methylviologen did support phosphorylation 
with efficiencies near the predicted value. This paper describes these rather unusual 
chloroplast reactions in some detail. 

MATERIALS AND METHODS 

Isolation and NH2OH-treatment of chloroplasts 
Chloroplasts (unfragmented naked lamellae) were isolated from commercial 

spinach (Spina¢ia oleracea L.) as described elsewhere [11 ], and suspended in a me- 
dium containing 0.2 M sucrose, 5 mM N-2-hydroxylpiperazine-N'-2-ethanesulfonic 
acid (HEPES)-NaOH buffer (pH 7.5) and 2 mM MgCI 2. The chlorophyll concen- 
tration of this stock suspension was approx. 2 mg/ml. Hydroxylamine treatment of 
chloroplasts [10] was performed as follows: 1 vol. of the chloroplast stock suspension 
was added to 10 vol. of a freshly prepared medium containing sucrose, buffer and 
MgC12 as above and in addition 5 mM NH2OH plus 1 mM EDTA. The mixture was 
allowed to stand at room temperature (21 °C) for 20 min, then diluted with cold, 
NH2OH-free suspending medium, and centrifuged at 4000×9 for 5 rain at 0 °C. 
The sedimented chloroplasts were washed twice by centrifugation with a large volume 
of the suspending medium to remove NH2OH and EDTA, and finally suspended in the 
same medium. 

Reagents 
K4Fe(CN)6 was recrystallized from a warm saturated aqueous solution by 

slowly cooling it to --10 °C. Colorless crystalls of catechol, p-aminophenol hy- 
drochloride and benzidine dihydrochloride were obtained from charcoal-treated 
aqueous solutions by cooling (catechol) or by adding excess HC1 at 0 °C (p-amino- 
phenol and benzidine). Lyophilized bovine blood superoxide dismutase (specific 
activity, 3000 units/mg) was purchased from Truett Laboratories (Dallas, Texas). 
The enzyme was dissolved in 10 mM HEPES (pH 7.5), dialyzed overnight against 
the same medium, then stored at --20 °C. 

Assays 
Electron transport from water or artificial electron donors to methylviologen 

was assayed routinely as the Oz uptake resulting from the reoxidation of reduced 
methylviologen. A membrane-covered (Clark-type) oxygen electrode was used for 
these 02 assays. Optical monitoring of reactions (e.g. ferrocyanide oxidation) was 
performed using a monochromator from a Beckman DU spectrophotometer with 
Gilford electronics. The monochromator was modified to permit illumination of the 
reaction cuvette (light path 1 cm) in a thermostated holder. Absorption spectrum 
determinations were conducted using a Cary 15 recording spectrophotometer. 
Changes in the pH of the reaction mixture were measured using a Corning semi- 
micro combination glass electrode connected to a Heath-Schlumberger EU200-300 
electrometer equipped with an EU 200-02 offset module. The actinic light used was a 
rate-saturating orange light (600-700nm; approx. 700ke rgs . cm-Z . s -1 ) .  The 
reaction temperature was 19 °C. Phosphorylation was measured as [3zp]ATP 
formation by the method detailed elsewhere [17]. 
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RESULTS 

Ferrocyanide-supported electron transport and phosphorylation 
All of the experiments described in this paper (except those of Fig. 1B) were 

carried out using NH2OH-washed, non-O2-producing chloroplasts. The electron 
acceptor employed was usually methylviologen. The chloroplast preparations used 
were free of catalase activity, and this facilitated the measuring of electron transport 
as the aerobic reoxidation of reduced methylviologen. 

The top trace of Fig. 1A confirms that the NH2OH-washed chloroplasts used 
were practically totally unable to reduce methylviologen with electrons from water. 
However, when high concentrations of ferrocyanide ( >  10mM) were added, a 
rapid uptake of 02 was observed. The fact that exactly half of the 02 taken up in the 
light was released on addition of catalase indicates that all of the 02 taken up was 
reduced to the level of H202. The reaction is highly sensitive to 3-(3,4-dichlorophenyl)_ 
1,1dimethylurea (DCMU) (bottom trace) indicating an obligatory involvement of 
Photosystem II. 

4- 
(A) Fe(CN) 6 ~- MV (B) H20---> MV 

Fe(CN) 4- (raM) Fe(CN) 2- (rnM) 

0 

I0 

:50 

0 

Light on off 
Uptake 

0.05 iJmoles 02 

30  ~ 
50 __~ ~ -  + D C M U  

+DCMU ~, ~ I ~ 

Fig. 1. A. Electron transport from ferrocyanide to methylviologen (MV) in NH2OH-washed chloro- 
plasts as observed by 02 uptake. The reaction mixture (2 ml) contained 0.1 M sucrose, 50 mM 
HEPPS (N-2-hydroxylpiperazine-N'-2-propane sulfonic acid)-NaOH buffer (pH 8.0), 2 mM MgCI2, 
0.75 mM ADP, 5 mM Na2Ha2po4, 0.5 mM methylviologen, NH2OH-washed chloroplasts equivalent 
to 40/~g chlorophyll, and the indicated concentrations of K4Fe(CN)6. When used, DCMU was 
2 pM. B. Lack of effect of ferrocyanide addition on methylviologen Hill reaction in normal chloro- 
plast. The conditions were as in A except normal, O2-producing chloroplasts were used. 

The addition of superoxide dismutase had no inhibitory effect on the ferro- 
cyanide-supported 02 uptake even at an enzyme activity of 300 units/ml reaction 
mixture. This amount of superoxide dismutase is 3- to 10-fold greater than the 
amount required to completely eliminate the oxidation of ascorbate or of ascorbate- 



131 

T A B L E  I 

E L E C T R O N  T R A N S P O R T  F R O M  V A R I O U S  A R T I F I C I A L  D O N O R S  TO M E T H Y L V I O L O -  
G E N  VIA P H O T O S Y S T E M  II A N D  P H O T O S Y S T E M  1 A N D  T H E  A S S O C I A T E D  PHOS-  
P H O R Y L A T I O N  IN  N H 2 O H - W A S H E D  C H L O R O P L A S T S  

Basic reaction condit ions were as in Fig. 1A except for the variat ions in the electron donor  used. 
W h e n  catechol and  p -aminopheno l  were used the reaction mixture  contained 0.5 m M  ascorbate as 
electron reservoir. W h e n  used, superoxide d ismutase  (SOD) was 300 uni ts /ml  reaction mixture  for 
the first three donors  and 100 uni ts /ml  for the rest; D C M U ,  2 pM.  1- was added as KI.  Mn(oxine)2 
was a 1 : 2  mixture  (mole/mole)  o f  MnC12 and  8-hydroxyquinoline.  For  details o f  the reactions 
involving catechol,  p - aminopheno l  and  benzidine, see ref. 11. React ion time, 30 s. 

D o n o r  Concn  
(mM)  

02  uptake  ATP format ion  
(/ tmoles/h per mg  chlorophyll)  (/~moles/h per mg  chlorophyll)  P/e2 

(= P/O2 
N o  addi- + S O D  + D C M U  No  addi- + S O D  + D C M U  with 
tion tion SOD) 

F e ( C N ) 6 4 -  30 44* 45* 5 24* 25* 0 0.56 
I -  20 102 100 8 47 46 < 2 0.46** 
Mn(oxine)2 0.5 75 72 5 43 44 0 0.61 
Catechol  0.5 182 102 10 116 112 < 2 1.10 
p - A m i n o p h e n o l  0.5 152 91 10 95 93 <: 2 1.02 
Benzidine 0.5 92 88 5 94 93 0 1.06 

* Time-averaged  values (0-30 s) o f  rapidly diminishing rates. Initial rates at t = 0 were pre- 
sumab ly  2- to 3-fold faster (cf. Fig. 3). 

**  At  t = 0 the ratio probably  exceeded 0.5 (cf. Fig. 7). 

donor couples by superoxide radical anion, the precursor of H202 (see Table I; see 
also refs. 11, 18, 19). Clearly there was no radical oxidation of ferrocyanide to con- 
tribute to 02 consumption. We may thus safely conclude that the pair of electrons 
utilized for the reduction of 02 to H202 originates almost exclusively from the light- 
dependent biological oxidation of ferrocyanide. Uptake of one molecule of 02 
therefore corresponds to transport of a pair of electrons from ferrocyanide to methyl- 
viologen (hence P/O2 = P/e2; see below). 

The parallel experiment shown in Fig. 1B was performed with normal, water- 
oxidizing chloroplasts. The active reduction of methylviologen with electrons from 
water was virtually unaffected by the presence of 30 mM ferrocyanide. Apparently 
ferrocyanide cannot replace water as the electron donor as long as the water-oxidizing 
mechanism is intact. 

The spectrophotometric data of Fig. 2A, B demonstrate that ferricyanide is 
formed in approximately the amount predicted from the amount of ferrocyanide- 
supported 02 uptake. Illumination of reaction mixtures containing ferrocyanide 
caused irreversible absorbance changes in the 400--450-nm region, and the wavelength 
dependence of these changes agreed well with the absorption spectrum of ferricyanide. 
In Fig. 2B the reversible change at 480 nm and the reversible portion of the change 
at 420 nm represent light-scattering changes of chloroplasts. The absorbance changes 
plotted in Fig. 2A have been corrected for these light-scattering changes. In this 
experiment the absorbance change at 420 nm caused by 60 s illumination was 0.028, 
which corresponds to a formation of 54 nmoles ferricyanide in the 2-ml reaction mix- 
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Fig. 2. Electron transport from ferrocyanide to methylviologen (MV) in NH2OH-washed chloroplasts 
as observed by spectrophotometric determination of ferricyanide formation. In A, the curve re- 
presents the absorption spectrum of 27 #M ferricyanide; the circles represent light-induced absorbance 
changes of the reaction mixture at different wavelengths corrected for light-scattering changes as in B. 
Conditions were as in Fig. 1A with 30 mM ferrocyanide and 20 #g chlorophyll per ml. In C, the curve 
designated "light" indicates the absorption spectrum of a filtrate of the reaction mixture exposed to 
light for 60 s; "dark", a dark control. D. The light minus dark difference spectrum. In this filtration 
experiment, the reaction mixture (8 ml) contained 0.1 M sucrose, 50 mM HEPPS-NaOH buffer 
(pH 8.0), 2 mM MgCl2, 0.5 mM methylviologen, 30 mM K4Fe(CN)6 and NH2OH-washed chloro- 
plasts equivalent to 100/~g chlorophyll per ml. 

ture. A parallel experiment with a duplicate reaction mixture showed that 24 nmoles 
of  O2 (48 nequiv) were consumed during the same period o f  illumination. This is in 
good agreement with the optical data. The "Millipore"-filtration experiment o f  
Fig. 2C, D unequivocally demonstrated the light-dependent format ion of  ferricyanide 
(for details, see legend for Fig. 2C, D). As indicated by the experiment o f  Fig. 2A, B, 
the oxidation o f  ferrocyanide could be followed spectrophotometrically. However,  
the high sensitivity o f  our  optical system to light-scattering changes made this al- 
ternative method rather impractical. 

The t ransport  o f  electrons f rom ferrocyanide to methylviologen supports 
phosphorylat ion.  In Fig. 3, the time course curves for Oz uptake and ATP  formation 
were obtained by yield determinations, using a series of  identical reaction mixtures 
illuminated for different periods o f  time. Both processes exhibited similar, almost 
biphasic kinetics. The plots revealed an unexpectedly fast initial phase o f  02 uptake 
which continuous 02 tracing failed to detect (cf. Fig. IA)  obviously because o f  the 
slow response o f  the conventional membrane-covered O1 electrode used. In  this ex- 
periment the rate o f  electron transport  computed on the basis o f  the total 02  uptake 
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Fig. 3. Time courses of electron transport from ferrocyanide to methylviologen (MV) and of as- 
sociated phosphorylation in NH2OH-washed chloroplasts. The time courses were determined using 
a series of identical reaction mixtures illuminated for indicated periods of time. Conditions were as in 
Fig. IA with 30 mM ferrocyanide and 40~g chlorophyll per ml. 

induced by 5 s illumination was 220/~equiv (110 #moles 0 2 )  per h per mg chlorophyll. 
The true initial rate at t = 0 presumably exceeded 300 in the pequiv units. These rates 
are comparable to the rate of the normal Hill reaction. The cause of the biphasic 
kinetics will be discussed in a later section. 

Although the rates of  electron transport and phosphorylation decreased 
quickly with time, their ratio (P/O2 or P/e2; actually the ratio of  yields) held level at 
0.6 for about 60 s, then gradually rose (Fig. 3, inset). This phenomenon can be ex- 
plained if one assumes that the P/e2 ratio intrinsic to the ferrocyanide oxidation in- 
deed approximates the predicted value of 0.6 (see Introduction). As the reaction 
proceeds, however, the oxidation product ferricyanide accumulates and begins to 
replace methylviologen as the electron acceptor, thereby introducing an unmeasur- 
able electron flow from ferrocyanide to ferricyanide. This unmeasurable (cyclic) 
electron flow still supports phosphorylation at an unchanged rate. Consequently the 
apparent P/e2 is inflated. The experiment of  Fig. 4 suggests that this interpretation is 
probably correct. Low concentrations of  exogenously added ferricyanide readily 
replaced methylviologen as the electron acceptor, and thereby converted the measur- 
able electron transport ferrocyanide --* methylviologen to undetectable electron 
transport ferrocyanide --. ferricyanide without changing the phosphorylation rate. 
Close examination of data will show that the apparent rise in the P/e2 depicted in 
Fig. 3 is about the extent one would expect from the data of Fig. 4. 

Very high concentrations of  ferrocyanide ( >  30 mM) are required to saturate 
electron transport and phosphorylation (Fig. 5). However, the efficiency with which 
the electron transport is coupled to phosphorylation (P/e2 = 0.53 in this experiment) 
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Fig. 4. Effect of increasing concentrations of exogenous ferricyanide on the ferrocyanide -+ methyl 
viologen (MV) reaction and associated phosphorylation in NH2OH-washed chloroplasts. The 
composition of the reaction mixture was as in Fig. lA with 30 mM ferrocyanide, 30/~g chlorophyll 
per ml and the indicated concentration of ferricyanide added. The reaction time was 30 s. Note that 
the phosphorylation remains unchanged as the 02 uptake is suppressed by ferricyanide addition, 
suggesting the conversion of noncyclic photophosphorylation to cyclic photophosphorylation me- 
diated by ferro-/ferri-cyanide turn over. 

remains constant  over a wide range o f  ferrocyanide concentrations. This latter fact 
speaks strongly against the possibility that the low P/ez values (0.5-0.6) result f rom 
an uncoupling effect o f  ferrocyanide. In  fact, we found no evidence that ferrocyanide 
could act as an uncoupler  in the concentrat ion range tested. The presence o f  30 m M  
ferrocyanide had virtually no effect on the phosphoryla t ion coupled to the Hill 
reaction in normal  chloroplasts (data not  shown). 

The rate o f  ferrocyanide oxidation peaks at pH  7.7 but exhibits a wide skirt 
on the acid side (Fig. 6). The associated phosphoryla t ion and its efficiency (P/e2) 
peak at p H  8 and quickly approach  zero below pt-[ 7. It should be noted, however, 
that  the rates presented in Fig. 6 (also Figs 4 and 5) were computed  on the basis o f  
the total 02  uptake yield and the AT P  yield resulting f rom 30 s illumination. Since the 
kinetics o f  ferrocyanide oxidation are non-linear (Fig. 3), these are time-averaged 
values o f  quickly diminishing rates. As a result, it is quite possible that the pH 
profiles for  the rates of  electron and AT P  format ion are somewhat  distorted. How-  
ever, the p H  profile for the essentially t ime-independent term P/e2 is presumably 
free f rom such distortion. 

I--supported electron transport and phosphorylation 
I -  serves as an efficient donor  o f  electrons to Photosystem II in N H z O H -  

treated chloroplasts. Electron transport  and phosphorylat ion both proceed more 
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in N H 2 O H - w a s h e d  chloroplasts as a function of  pH.  The composi t ion of  the reaction mixture was 
as in Fig. 1A with 30 m M  ferrocyanide and 40/~g chlorophyll  per ml. The buffers used (all 50 raM) 
were: MES (2-(N-morpholino)ethanesulfonic  a c i d ) - N a O H  (pH 6.0 and 6.5), H E P E S - N a O H  (pH 7.0 
and 7.5) and H E P P S - N a O H  buffer (pH 8.0-9.0) .  The reaction time was 30 s. 
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Fig. 7. Time courses of  electron transport  from 1- to methylviologen (MV) and associated phos- 
phorylation in NH2OH-washed chloroplasts. The basic reaction conditions were as in Fig. 1A 
except that K4Fe(CN)6 was replaced by 20raM KI. Chlorophyll, 40#g/ml.  For procedures, see 
Fig. 3. 
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Fig. 8. Electron transport  from I -  to methylviologen (MV) and associated phosphorylation as a 
function of the KI concentration. The basic conditions were as in Fig. 1A except that  ferrocyanide 
was replaced by indicated concentrations of  KI. When used, D C M U  was 1.5 ffM. Chlorophyll, 
40 #g/ml. The reaction time, 30 s. 



137 

linearly than in the ferrocyanide-oxidizing system. The P/e 2 ratio exceeds 0.5 initially 
( <  15 s) but fails slightly with the reaction time (Fig. 7). I -  photooxidation and as- 
sociated phosphorylation become saturated at a KI  concentration of about 15 mM 
(Fig. 8). The P/e2 ratio (0.45 as measured after 30 s illumination) was almost com- 
pletely independent of the concentration of KI. Again this constancy of P/e2 values 
speaks strongly against the possibility of the low P/e2 resulting from uncoupling by 1-. 
Concentrations of  KI  up to 30 mM had essentially no uncoupling effect when tested 
on the phosphorylation associated with the methylviologen Hill reaction in normal 
chloroplasts. ( I -  does not easily replace water as the donor in normal chloroplasts.) 
Electron transport and phosphorylation supported by iodide oxidation share a 
common pH optimum at 8 (Fig. 9). As in the ferrocyanide-oxidizing system, the 
phosphorylation, and therefore the P/e2 ratio, steeply approach zero below pH 7. 
A marked stimulation of electron transport by concomitant phosphorylation was also 
noted. 

0.5}"  I ' 

t . / " "  \ - 
• I b M V  ,oo. f/ 

Ol \ 

--~ 40 0 y e ~ o \  

~ eo 
_~ - 
o 

6 . 0  7.0 8 . 0  9 . 0  

pH 

Fig. 9. Electron transport from I-  to methylviologen (MV) and associated phosphorylation in 
NH2OH-washed chloroplasts as a function ofpH. The basic conditions were as in Fig. 1A except that 
ferrocyanide was replaced by 20 mM KI and that the buffers used were as in Fig. 6. Chlorophyll, 
40 pg/ml. The reaction time, 30 s. 

Attempts to detect the oxidation product of  1-, free I 2 (or I 3 - ) ,  were un- 
successful. This is not surprising in view of the high reactivity of  12. The amount of I2 
formed by the end of 30 s illumination (the routine reaction time) would have been 
of the order of  50 nmoles in the 2-ml reaction mixture, an amount which could 
have easily been (and indeed was) consumed even by minute impurities of  the chem- 
icals present in the mixture such as sucrose and buffer. A test with chloroplasts 
exhaustively washed and suspended in phosphate buffer showed, however, that 
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chloroplasts themselves can readily consume an amount of exogenous 12 which is 
nearly equivalent to the amount of chlorophyll present. Since the I2 produced (which 
would have been able to oxidize ferrocyanide) actually disappeared quickly, it was 
possible to use ferricyanide as the electron acceptor, replacing methylviologen, and 
observe the reaction photometrically as ferricyanide reduction. In this study, how- 
ever, we have not used this optical method for quantitative experiments for the tech- 
nical reason described for ferrocyanide oxidation. 

In the methylviologen-reducing system there was no indication of H202 
formed being consumed by a reaction with I -  within the reaction time of 30 s. Not 
surprisingly, neither of the higher potential halogen ions CI- and Br-  was found 
able to substitute for I -  as the electron donor for Photosystem II. 

The electron transport and phosphorylation data pertaining to the ferrocyanide- 
and I--oxidizing systems are summarized in Table I, and contrasted with the data 
for several other Photosystem II donor reactions which give P/ez of 1.0 to 1.I. For 
the details of the latter reactions, see ref. 11. Also included are preliminary data for 
the photooxidation of another metal complex, Mn z + (8-hydroxyquinoline)2, which 
we found to serve as a good electron donor for Photosystem II. Again a P/e2 value 
of approx. 0.6 was found. Characterization of this new donor reaction has not been 
completed yet. 

Changes in the pH of the medium associated with photooxidation of ferrocyanide and I -  
The methylviologen-mediated aerobic photooxidation of ferrocyanide should 

consume protons according to the formula: 

2 Fe(CN)64-%- 2 H  + %- 02 
2e-  transport 

> 2 F e ( C N )  3- %- I-[202 (1) 
methylviologen 

Consequently the pH of a weakly buffered suspending medium should rise irreversibly 
as the reaction proceeds. One might also expect this process to support an energy- 
linked proton translocation since the process is coupled (at Site I, according to our 
model). Traces a and b of Fig. I0 verify these predictions. Proton uptake did occur 
upon illumination, and it did comprise two components: a gramicidin-insensitive, 
irreversible component (aerobic ferrocyanide oxidation or Eqn 1) and a gramicidin- 
sensitive, reversible component (energy-linked proton uptake). The initial slope 
(0-20 s) of 1.[ ÷ consumption in trace a is approximately 230/~equiv/h per mg chloro- 
phyll, which is diminished to 110 in the presence of gramicidin (trace b). The latter 
rate, which should represent the electron transport rate (Eqn 1), is in fair agreement 
with the rate measured as Oz uptake under comparable conditions (130 #equiv or 
65/2moles O2 per h per mg chlorophyll). 

The methylviologen-mediated photooxidation of 1- probably would have 
exhibited very similar proton changes, if the I2 produced had remained in the medium 
as did ferricyanide. However, as indicated in the preceding section, the Iz produced is 
quickly reduced again by ambient oxidizable substances. These chemical reactions 
apparently involve stoichiometric production of acids (e.g. A H 2 + I  2 --~ A + 2  H + + 2  
[ - )  to compensate for the proton consumption due to electron transport (2 I -  + 2  
I-[+%-O2--~ I2%-2I-[202). Consequently the only detectable proton change is a 
totally gramicidin-sensitive reversible proton translocation (traces c and d). Trace e 
confirms that NH2OH-washed chloroplasts used in this experiment were totally 
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Fig. 10. Changes in the pH of the medium associated with the transport of electrons from ferrocyanide 
(traces a and b), I -  (traces c and d) and water (trace e) to methylviologen (MV) in NH2OH-washed 
chloroplasts. The basic constituents of the reaction mixture (2 ml) were 0.1 M sucrose, 0.5 mM 
HEPPS-N'aOH buffer (pH 7.6), 2 mM MgC12, 0.1 mM methylviologen and chloroplasts equivalent 
to 25 fig chlorophyll per ml. When used, potassium ferrocyanide was 30 mM. KI, used alone, was 
20 raM. Gramicidin, when added, was 2ffg/ml. In trace e, 12 was added in the form of 13- (final 
concentrations, 0.5 mM 12 plus 2 mM I- ) .  Trace e shows the lack of light-induced pH rise in the 
absence of artificial electron donors added and also an acid production induced by the addition of 12. 
For explanations, see text. 

inactive in the absence of artificial reductants added. The trace also demonstrates an 
acid production induced by exogenously added I2 (as 13-) .  

DISCUSSION 

Ferrocyanide ( E o ' =  0.43 V)and  1- ( E 0 ' =  0.53 V) can be ranked with 
benzidine (E 0' = 0.65 V at pH 5) [20] and dicyanohydroquinone (E o = 0.97 V; 
E o' unknown) [21] among the weakest artificial reductants oxidized by illuminated 
chloroplasts. Predictably the oxidation of these substances requires Photosystem II, 
as indicated by its DCMU sensitivity. However, ferrocyanide and I-  are unique in 
that the transport of electrons from these two reductants to methylviologen through 
the two photosystems supports phosphorylation only with P/e2 values of 0.5 to 0.6. 
The same pathway mediates phosphorylation with P/e2 values of 1.0 to 1.2 when the 
electron donor is water, catechol, benzidine or p-aminophenol (Table I; see also ref. 
11). The low efficiencies of phosphorylation obtained with ferrocyanide and I-  
cannot be explained as being due to uncoupling by the donors themselves, since the 
P/e2 values are independent of donor concentrations over very wide ranges (Figs 5 
and 8). Nor is it likely that any kind of product inhibition is largely responsible for the 
low phosphorylation efficiencies, since the P/e2 value is essentially independent of the 
reaction time (< 60 s) when ferrocyanide is the donor (Fig. 3). The P/e2 does de- 
crease with the reaction time in I-  oxidation, but does so only slightly (0.5-0.4 in 
60 s; Fig. 7). 
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We are thus led to the only remaining simple interpretation: one of the two 
sites of phosphorylation is inoperative when ferrocyanide or [ -  serves as electron 
donor to Photosystem II. It seems logical to deduce further that the inoperative 
site is one which is proximal to the point of entry of  electrons from the donors, i.e. 
Site II. Indeed, the characteristics of phosphorylation associated with the oxidation 
of ferrocyanide and I -  are quite close to what one would expect from the involve- 
ment of Site I alone. Gould and Izawa [13] have presented strong evidence that 
the pathway of electrons from reduced 2,6-dichlorophenolindophenol to methyl- 
viologen via Photosystem | includes only Site I. Phosphorylation and its efficiency 
associated with this pathway peak at pH 8 or slightly above (where P/e2 is 0.65 to 
0.68 [11 ]) and sharply decline toward zero between pI-[ 6.5 and 7. Unpublished data 
of J. M. Gould for another Photosystem I donor reaction, diaminodurene ~ methyl- 
viologen, also show an almost identical pH profile of phosphorylation with a maximal 
P/e2 of 0.6. Similar maximal P/e2 values of 0.57 to 0.62 have also been found with 
diaminotoluene and p-phenylenediamine as donors [11 ]. These properties of  Photo- 
system I-mediated phosphorylation, which presumably originate from the mechanism 
of coupling at Site I, are unmistakably shared in common by the phosphorylation sup- 
ported by Photosystem II-initiated transport of electrons from ferrocyanide and 
iodide to methylviologen (Figs 6 and 9). The only perceptible (and unexplained) 
difference is the slightly higher P/e2 values found for the pathway reduced 2,6-di- 
chlorophenolindophenol ~ methylviologen (see above). 

It should be added here that the characteristics of  phosphorylation attributable 
to Site II, so observed in the partial electron transport systems involving only Photo- 
system I1 (H20 ~ dibromothymoquinone [9] and H 2 0  ~ 2,5-dimethylquinone 
[13]), are quite different. Both electron transport and phosphorylation peak around 
pH 7.6 and their ratio (P/e2 = 0.3 to 0.4) is remarkably independent of pH between 
6 and 9*. 

As we have already pointed out, the oxidation of ferrocyanide to ferricyanide is 
a simple valence change at physiological pH's,  because of the very high stability of 
both forms of the complex. No detectable H + or O H -  change occurs as indicated by 
the pH-independent Eo' value. Neither does the oxidation of l -  to [2 induce H + 
changes perhaps except above pH 9 where IOH formation begins. In contrast, all of  
those Photosystem I[ donors including water which gave higher P/e2 values (1.0-1.2), 
i.e. catechol, benzidine, p-aminophenol and dicyanohydroquinone, are hydrogen 
donors, the oxidation of which involves, or presumably involves, nearly stoichiometric 
release of  protons at physiological pH values (AEo'/ApH ,~ --0.06 V or A H+/Ae-  ~ 1 ; 
no data for dicyanohydroquinone [21] or for benzidine above pH 6 [20]). Thus, if one 
is allowed to ignore the question regarding the fate of the oxidation product of 
iodide (see below), our results would seem to provide a strong experimental basis for 

* It should also be noted that our arguments involving the P/e,, ratios of individual coupling 
sites are all based on experiments with conventional Class lI chloroplasts (envelope- and stroma-free, 
largely unfragmented chloroplast lamellae) which give an overall P/e2 of 1.0-1.2 in standard non- 
cyclic photophosphorylation. After the completion of this manuscript a paper by Heathcote, P. and 
Hall, D. O. ((1974) Biochem. Biophys. Res. Commun. 56, 767-774) has been published in which 
evidence is presented that in their particular type of chloroplasts giving an overall P/e2 of 1.7, the P/e2 
ratio of Site II (Photosystem II coupling site) may be about 0.6, instead of 0.3 0.4 in our chloroplasts. 
Heathcote and Hall suggest that the P/e2 ratio of Site I (Photosystem I coupling site) in their chloro- 
plasts preparation may be as high as 1.0, rather than 0.6 in our preparation. 
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the chemiosmotic model of  energy conservation at Photosystem II [16, 22] or, in our 
terminology, at Site lI, with a strong emphasis on proton relationships rather than on 
membrane potentials. 

Our results also offer a possible explanation of the intermediate efficiency of 
phosphorylation (P/e2 = 0.8-0.9) found associated with the Photosystem II-de- 
pendent oxidation of ascorbate [11 ]. That is, the oxidation of ascorbic acid anion 
(i.e. above pH 4.5) to the neutral molecule dehydroascorbate, the demonstrated end 
product [23], liberates only one proton for a pair of electrons removed, thus: 
A H -  --* A + H + + 2 e  -.  It may be that Site II is only half-operative with ascorbate 
as the electron source. We consider here the nominal distinction between one-electron 
donors (e.g. ferrocyanide) and two-electron donors (e.g. catechol) as probably un- 
important here. In fact the flash experiments of Bennoun and Joliot [24] and of 
Babcock and Sauer [25] indicated that the oxidation of NHzOH, hydroquinone and 
p-phenylenediamine by Photosystem II is via a one-quantum (hence presumably via 
a one-electron) process requiring no charge accumulation. 

The chemiosmotic model of energy conservation at Photosystem II requires, 
though perhaps not absolutely, that artificial electron donors as well as water be 
oxidized at or near the inner surface of the thylakoid membrane. There are several 
lines of circumstantial evidence for this. The concentrations of ferrocyanide and I -  re- 
quired to saturate oxidation rates are extremely high: 30 and 15 raM, respectively. 
These values are in striking contrast with the rate-saturating concentrations (<  0.5 
raM) of other Photosystem | I  donors such as catechol, benzidine, p-aminophenoi, etc. 
(Table I; see also refs 10 and 11). Ascorbate, when acts as the direct electron donor 
for Photosystem II, saturates the oxidation rate at an intermediate but still relatively 
high concentration of 5 mM [10]. It thus appears that the concentration requirement 
is primarily a function of the liposolubility of the donor; nonionic, nonpolar (lipo- 
philic) donors having the highest accessibility to the oxidation site while ionic, highly 
polar (hydrophilic) donors the lowest. The implication is clearly that the reductants 
must penetrate the lipid membrane to reach the oxidation site. Such a location of the 
oxidation site could also explain the biphasic kinetics of oxidation of ferrocyanide, 
the least permeant reductant (Fig. 3). The initial rapid phase where the oxidation rate 
approaches the rate of the normal Hill reaction, may represent the oxidation of that 
portion of ferrocyanide which has already permeated the membrane (possibly into the 
internal space of the thylakoid) while the subsequent much slower phase may re- 
present a diffusion-limited process. The existence of a strong permeability barrier 
limiting ferrocyanide oxidation is also suggested by the preliminary experiment of 
D. R. Ort (unpublished) which indicated that the rate of oxidation of ferrocyanide can 
be markedly increased by the addition of sub-uncoupling concentrations of digitonin. 

1- seems to permeate the thylakoid membrane somewhat more easily than does 
ferrocyanide, as suggested by the slightly lower concentration requirement and the 
more linear kinetics of oxidation. However, the i -  oxidizing system is not nearly as 
easily characterized as is the ferrocyanide-oxidizing system, because the unstable 
oxidation product 12 (or possibly I') is quickly reduced again by unknown reducing 
substances in the reaction mixture. (Ferricyanide does not react with these substances.) 
Moreover, this re-reduction of I2 is accompanied by an acid production. Thus, I -  
is indirectly a proton-producing electron donor. Nevertheless, the P/e 2 data suggest 
that Site I[ cannot operate when I -  serves as electron donor. If the chemiosmotic 
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model  o f  Site I I  is valid,  then the impl ica t ion  is that  the p ro tons  released by the 
reduct ion  o f  12 are  not  avai lable  for  phosphory la t ion .  Accord ing  to the model ,  this 
could only mean  tha t  the chemical  reduc t ion  o f  12 and  the associa ted p r o t o n  pro-  
duct ion  take  place p redominan t ly  on the outs ide or  the outer  surface o f  the thy lako id  
membrane .  Such a s i tuat ion does not  seem impossible ,  since 12 is a highly diffusable 
substance,  and  since it is conceivable  that  the region o f  the membrane  where the 
s t rong oxidant  o f  Pho tosys tem I I  is p roduced  m a y  be so deficient in oxidizable  
substances as to al low I2 a br ie f  l ife-time to diffuse away. The re - reduc t ion  o f  12 could  
then take place preferent ia l ly  on the outer  surface of  the membrane  where a b u n d a n t  
oxidizable  substances are avai lable  as impur i t ies  o f  the medium.  This in te rpre ta t ion  is 
at  least  consis tent  with the fact that  no i m p o r t a n t  membrane  const i tuents  seem to be 
des t royed by the 12 produced .  As  shown in Fig. 7 I -  ox ida t ion  and associa ted phos-  
phory la t ion  proceed a lmost  l inearly for  a t  least 60 s, dur ing  which t ime the 12 pro-  
duced  and consumed reaches the a m o u n t  equivalent  to chlorophyl l  present.  

Admi t t ed ly  the in te rpre ta t ion  given above  for  the fate o f  I2 still leaves ample  
r o o m  for debate.  In  fact, we feel that  the apparen t  total  "uselessness" o f  p ro tons  
p roduced  by the nonbio logica l  reduct ion  o f  12 may  far  bet ter  be reconci led with the 
modif ied  chemiosmot ic  theory  of  Wil l iams [26]. The theory  assigns the key role to 
localized p ro ton  concent ra t ions  induced  within the hydrophob ic  m e m b r a n e  by the 
oxida t ion  o f  hydrogen  carriers,  ra ther  than  to p ro ton  gradients  subsequent ly  fo rmed  
across the membrane .  Whichever  the model ,  however,  our  observat ions  descr ibed in 
this paper  s t rongly po in t  to the role of  p ro tons  in the main  sequence of  energy 
t ransduc t ion  at Pho tosys tem II. 

ACKNOWLEDGEMENTS 

The authors  wish to thank  D r  N. E. G o o d  for critical reading of  the manuscr ip t .  
This work  was suppor ted  by a grant  (GB37959X) f rom the Na t iona l  Science F o u n d a -  
tion. 

REFERENCES 

10uitrakul, R. and Izawa, S. (1973) Biochim. Biophys. Acta 305, 105-118 
2 lzawa, S., Gould, J. M., Ort, D. R., Felker, P. and Good, N. E. (1973) Biochim. Biophys. Acta 

305, 119-128 
3 Trebst, A. and Reimer, S. (1973) Biochim. Biophys. Acta 305, 129-139 
4 Kraayenhof, R., Izawa, S. and Chance, B. (1972) Plant Physiol. 50, 713-718 
5 0 r t ,  D. R., Izawa, S., Good, N. E. and Krogmann, D. W. (1973) FEBS Lett. 31, 119-122 
6 Bradeen, D. A., Winget, G. D., Gould, J. M. and Ort, D. R. (1973) Plant Physiol. 52, 680-682 
7 Avron, M. and Chance, B. (1966) Brookhaven Symp. Biol. 19, 149-160 
8 B6hme, H. and Cramer, W. A. (1972) Biochemistry 11, 1155-1160 
9 Gould, J. M. and Izawa, S. (1973) Eur. J. Biochem. 37, 185-192 

10 Ort, D. R. and Izawa, S. (1973) Plant Physiol. 52, 595-600 
11 Ort, D. R. and Izawa, S. (1974) Plant Physiol. 53, 370-376 
12 Yamashita, T. and Butler, W. L. (1968) Plant Physiol. 44, 435-438 
13 Gould, J. M. and Izawa, S. (1973) Biochim. Biophys. Acta 314, 211-223 
14 Gould, J. M. and Izawa, S. (1974) Biochim. Biophys. Acta, 333,509-524 
15 Mitchell, P. (1966) Biol. Rev. 41,445-602 
16 Rumberg, B., Reinwald, E., Schrtider, H. and Siggel, U. (1969) in Progress in Photosynthesis 

Research (Metzner, H., ed.) pp. 1374-1382, IUBS, Tiibingen 



143 

17 Saha, S. and Good, N. E. (1970) J. Biol. Chem. 245, 5017-5021 
18 Allen, J. F. and Hall, D. O. (1973) Biochem. Biophys. Res. Commun. 52, 856-862 
19 Elstner, E. F. and Kramer, R. (1973) Biochim. Biophys. Acta 314, 340-353 
20 Clark, W. M. (1960) Oxidation-reduction Potentials of Organic Systems, pp. 396-402, Williams 

and Wilkins,Baltimore 
21 Rideal, E. K. (1925) Trans. Faraday Soc. 21, 143-144 
22 Witt, H. T. (1971) Quart. Rev. Biophys. 4, 365-477 
23 B6hme, H. and Trebst, A. (1969) Biochim. Biophys. Acta 180, 137-148 
24 Bennoun, P. and Joliot, A. (1969) Biochim. Biophys. Acta 189, 85-94 
25 Babcock, G. T. and Sauer, K. (1971) Abst. Congress on Primary Photochemistry of Photosyn- 

thesis, p. 29, Argon National Lab. 
26 Williams, R. J. P. (1969) Curr. Top. Bioenerg. 3, 79-156 


