
400 BIOCHIMICA ET BIOPHYSICA ACTA 

BBA 46061 

ON TWO PHOTOREACTIONS IN SYSTEM II  OF PLANT PHOTOSYNTHESIS  

DAVID B. KNAFF AND DANIEL I. ARNON 

Department of Cell Physiology, University of California, Berkeley, CaliL (U.S.A .) 

(Received August 27th, 197 o) 

SUMMARY 

Light-induced absorbance changes of cytochrome b559 and C55 o in chloroplasts 
indicate that  noncyclic electron transport  from water to ferredoxin (Fd)-NADP ÷ 
is carried out solely by System I I  and includes not one but two photoreactions 
( I Ia  and IIb) that  proceed effectively only in short-wavelength light. (C55o is a new 
chloroplast component identified by spectral evidence and distinct from cytochromes.) 
The evidence suggests that  the two short-wavelength light reactions operate in series, 
being joined by a System II  chain of electron carriers that  includes (but is not limited 
to) C55o, cytochrome b559, and plastocyanin (PC). 

H20 -+ IIbhv --> C55 o --> cyt. b559 -+ PC --> Ilahv --> Fd --> NADP + 

Photoreaction I I b  involves an electron transfer from water to C55o that  does 
not require plastocyanin and is the first known System I I  photoreaction resistant to 
inhibition by 3-(3,4-dichlorophenyl)-I,I-dimethyl urea (DCMU) and o-phenanthroline. 
Cytochrome b559 is reduced by C55o in a reaction that  is readily inhibited by DCMU or 
o-phenanthroline. Thus, the site of DCMU (and o-phenanthroline) inhibition of System 
I I  appears to lie between C55o and cytochrome b55 ~. Photoreaction I I a  involves an 
electron transfer from cytochrome b559 and plastocyanin to ferredoxin NADP +. 

INTRODUCTION 

I t  is widely held that  the light-induced reduction of NADP÷ by water requires 
the collaboration of Systems I and I I  of plant photosynthesis (see review1). However, 
recent observations provided a basis for attributing the light-induced reduction of 
NADP ÷ solely to System II,  which was subdivided into two photoreactions (IIb 
and IIa),  operating in series and connected by a dark chain of electron carriers char- 
acteristic of System II.  In the new scheme, 

FIzO ---> hv~ih --> C55 o -> cyt. bss 9 --> PC --> hvlia -'-> Fd --> NADP + 

we envisage that  photoreaction I Ib  oxidizes water and reduces C55o (refs. 2, 3) and that  
photoreaction I I a  oxidizes cytochrome bhs 9 and plastocyanin (PC) and reduces 
ferredoxin (Fd) 2, 4. Reduced ferredoxin in turn reduces NADP + in  a dark 'ei]z'ymic 
reaction 5. (C55o is a new photoreactive chloroplast component distinct from cyto- 

Abbreviation: DCMU, 3-(3,4-dichlorophenyl)-I,I-dimethyl urea. 
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chromes3.) According to this concept ~, System I operates in parallel to System II and 
is limited to cyclic electron flow (and phosphorylation) and its experimental variants, 
such as the light-induced reduction of NADP+ by reduced dyes. 

Earlier reports dealt with tile photoreduction of C55o and the photooxidation 
of cytochrome b559 (refs. 2-4). This investigation was concerned with the oxidation of 
C55o and the reduction of cytochrome b559, i.e. the electron transfer reactions that,  
according to the new scheme, link photoreactions IIa and IIb. Evidence was obtained 
that  the photoreduction of cytochrome b559 by water via photoreaction IIb does not 
require plastocyanin, in contrast to the photooxidation of cytochrome b55 ~ via 
photoreaction IIa which does require plastocyanin. Evidence will also be presented 
suggesting that the site of DCMU and o-phenanthroline inhibition of System II lies 
between C55o and cytochrome b559. 

METHODS 

"Broken" spinach chloroplasts were prepared according to the method of 
WHATLEY AND ARNON e and Tris-treated chloroplasts, by a modification of the pro- 
cedure of YAMASHITA AND BUTLER. 7 Sonicated chloroplasts were prepared by soni- 
cating a chloroplast suspension with a Branson sonifier for I rain at power setting 3 
as described previously2, 8. Chlorophyll was determined as described by ARNON 9. 

Plastocyanin was prepared according to a modification of the method of 
KATOH et al. TM. Ferredoxin-NADP + reductase 11 and ferredoxin TM were prepared as 
described previously. 

Absorbance changes were measured with a dual-wavelength spectrophotometer 
(Phoenix Precision Instrument Co.) as described previously *-~. The half-band width 
of the measuring beams was 2,o m/~ when 54 ° m# was used as the reference wave- 
length: and 2.3 m# for measurements made with 57 ° m# as the reference wavelength. 

Monochromatic illumination was introduced through a hole in the side of the 
spectrophotometer as described previously *-4,13. Incident illumination intensity was 
measured with a YSI Kettering Model 65 radiometer. 

The oxidation-reduction potentials of the cytochromes were determined 
in situ by measuring the extent of their oxidation in chloroplasts incubated in solutions 
containing different proportions of potassium ferricyanide and ferrocyanide. The 
potentials of the chloroplast suspensions were measured with a Radiometer Model 
26 pH meter and a PK 149 platinum electrode. The extent of oxidation of each 
cytochrome was determined as a ratio of two absorbance changes, one when the 
cytochrome underwent a complete transition from a fully reduced to a fully oxidized 
state (ferricyanide minus ascorbate) and the other when th e cytochrome underwent 
a transition from a partly oxidized state (in a particular ferro-ferricyanide solution) 
to a fully oxidized state (excess ferricyanide). In some cases the procedure was reversed 
and the ratio Was.obtained by transition t 0 a  fully reduced state, using excess ascot- 
bate. The respecti~ve absorbance changes were measured at 561 m #  minus 57 ° m/~ 
for spinach chloroplast  cytochrome bs59, 550 m/z minus 54 ° m/~ for spinach chloro- 
plast cytochrome f, and 55'8 m/~ minus 57 ° m#  for Euglena gracilis cytochrome b558. 
To reduce the instrument  noise level in the potential determinations, the Optics 
Technology:6oo'm/z s!10rt pass cut-off filter and the Coming 4-96 filter, normally 
used to protect the phototube from the actinic light, were removed, after it had been 

Biochim. Biophys. Acta, 226 (1971) 400-408 



402 D . B .  KNAFF, D. I. ARNON 

determined that the presence or absence of the filters made no difference in the 
absorbance changes. 

RESULTS AND DISCUSSION 

Photooxidation of cytochrome b559 at physiological temperatures 
We previously reported 2, 4 that  cytochrome b559 photooxidation can be consis- 

tently observed only when its photoreduction by electrons from water is blocked, 
either by performing the experiment at liquid N~ temperature or by Tris-treating the 
chloroplasts at room tempera tu re -a  treatment that eliminates the oxidation of 
water but does not otherwise interfere with System II activityT,S, 14. It therefore 
seemed possible that  cytochrome b559 photooxidation could also be observed at a 
physiological temperature without the Tris-treatment if the experiments were perform- 
ed at a pH where the photooxidation of water does not take place 15. 

Fig. I shows the photooxidation of cytochrome bs59 at 20 ° and pH IO.O. In 
agreement with our earlier results 2, 4, System II light (664 nap) was again much more 
effective than System I light (715 m/~) in photooxidizing cytochrome bs5g. However, 
other investigators have reported that the photooxidation of cytochrome b559 is a 
System I reaction 1e-is. In our experiments, the photooxidation of cytochrome b559 by 
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Fig. i.  Pho toox ida t ion  of cy tochrome  b559 at  20 ° and  p H  io.o by  664- and 715-m/~ l ight (561 m p  
minus 57 ° m/z). The react ion mix tu r e  conta ined  (per I.O ml) l~ls spinach chloroplasts  (equivalent  
to 75 /zg chlorophyll) and  the  following in / ,moles:  glycine buffer (pH io.o), 33.3; K ,HPO4,  5; 
MgCI~, 2; sodium ascorbate ,  i ;  ferredoxin,  o .o i ;  and  N A D P  +, I. Gas phase,  N 2. The 664-mp 
actinic l ight had  an in tens i ty  of 1-5" lO 4 ergs/cm z per  sec and the  715-mt, act inic l ight had an 
in tens i ty  of o.9" Io 4 ergs/cm ~ per  sec. 

Fig. 2. Effect  of p las tocyanin  (PC) on componen t s  of Sys tem II .  The react ion mix tu re  for the  
cy tochrome  bssy pho toox ida t ion  measu remen t  conta ined (per  i .o  ml) sonicated,  Tr is - t rea ted  
spinach chloroplasts  (equivalent  to 75/~g chlorophyll)  and the  following i n / , m o l e s :  2- (N-morpho-  
l ino)ethane sulfonic acid buffer (pH 6.2), 33.3; KzHPO4, 5; MgClv 2; sodium ascorbate ,  I ;  ferre- 
doxin,  o.oi  ; N A D P  +, I ; f e r r e d o x i n - N A D P  + reductase  equivaler~t to an absorbance  at  456 m/,  of 
o.oo95; and ,  where indicated,  p las tocyanin  (PC), o.oi .  The react ion mix ture  for the  C55 o photo-  
reduct ion  measuremen t  conta ined (per I.O ml) sonicated spinach chloroplasts  (equivalent  to 75 Pg 
chlorphyll)  and  the  following in prnoles:  2- (N-morphol ino)e thane  sulfonic acid buffer (pH 6.2), 
33.3; K2HPO4, 5; MgClz, 2; po tass ium ferr icyanide,  5; and,  where indicated,  p las tocyanin  (PC), 
o.ox. Gas phase,  1Xl 2. 664-m p i l luminat ion as in Fig. i .  
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System II light was stimulated by the presence of ferredoxin and NADP +, a fact 
suggesting a close connection between the photooxidation of cytochrome b559 by 
System II and the reduction of ferredoxin and NADP ÷. 

Plastocyanin requirement 
We suggested earlier, on thermodynamic grounds, that the photoreaction 

(IIa) responsible for photooxidation of cytochrome bssg must be different from the 
photoreaction (IIb) responsible for the photooxidation of water and the concom- 
itant photoreduction of C55 o (ref. 2). Further evidence for the existence of two 
different System II photoreactions comes from their contrasting requirement for 
plastocyanin. Photooxidation of cytochrome b559 (refs. 2, 8) requires plastocyanin, 
but the photoreduction of C55o does not. Fig. 2 shows that the addition of plasto- 
cyanin was essential for cytochrome b559 photooxidation to chloroplasts (control) 
depleted of plastocyanin by sonication2, 8. By contrast, the photoreduction of C55o 
proceeded equally well in the plastocyanin-depleted chloroplasts (control) with or 
without the addition of plastocyanin. 

Reduction of cytochrome b559 
Further support for the validity of the proposed scheme for System II came 

from experiments on the reduction of cytochrome bs5 , by System II. The scheme 
predicts that, since plastocyanin is on the oxidizing side of cytochrome b55 , (compare 
ref. 19) the reduction of this cytochrome could occur in chloroplasts depleted of 
plastocyanin by sonication. Fig. 3 shows that this was indeed observed and that the 
photoreduction of cytochrome b559 was induced much more effectively by System II 
light (664 m/~) than by System I light (715 m/~), in agreement with work in other 
laboratories 16-19. 
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Fig. 3. Photoreduction of cytochrome b559 in sonicated chloroplasts by 664- and 7IS-mp light 
(560 mp minus 57 ° mp). The reaction mixture contained (per i .o ml) sonicated spinach chloro- 
plasts (equivalent to 75 Pg chlorophyll) and the following in /~moles: 2-(N-morpholino)ethane 
sulfonic acid buffer (pH 6.2), 33.3; K2HPO4, 5; MgC12, 2; and potassium ferricyanide, o.o25, 
Gas phase, N,. Illumination as in Fig. I. 

Fig. 4. Photoreduct ion of cytochrome b~59 in sonicated chloroplasts in the presence and absence 
of a.scorbate (560 mp minus 57 ° m/,). Experimental conditions were as described in Fig. 3, except 
that ,  where indicated, I #*mole(per i.o ml) sodium ascorbate (Asc) replaced potassium ferri- 
cyanide. 664-m p illumination as in Fig. i. 
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Because chloloplasts contain two b-type cytochromes (cytochrome b e (refs. 
16, 20-22) with an a-band at 563 m/~ and cytochrome b559 (refs. 16, 17, 21-23) with 
an a-band at 559 m/,) with similar absorption spectra, it was necessary to determine 
if the light-induced increase in absorbance was caused by the reduction of cytochrome 
bs, cytochrome b559, or both. That  the observed increase in absorbance was indeed a 
measure of reduction of cytochrome b559 and not of cytochrome b s is corroborated 
by the ascorbate treatment shown in Fig. 4. Cytochrome b559, but not cytochrome 
be, is completely reduced by ascorbate in the dark xs,21,22. Thus, a pretreatment of 
chloroplasts with ascorbate would be expected to leave cytochrome b559 in a com- 
pletely reduced state and would abolish the light-induced reduction, an expectation 
that was experimentally verified (Fig. 4)- 

Further substantiation that  the light-induced increase in absorbance resulted 
mainly from the photoreduction of cytochrome b55 , was obtained by measuring the 
spectrum in the region from 559 to 570 m/,. (Interference from absorbance changes 
due to C55o (ref. 3) and cy tochromef  (refs. 3, 21, 22, 24) prevented determination of 
the complete spectrum.) The spectrum had a maximum at 560 m/~, as would be 
expected for cytochrome b559 (refs. 4, 16, 17) A shoulder at 563 m/~ indicated that a 
small amount of cytochrome b s photoreduction did occur is, 2o-22 

The new scheme envisages that the photoreduction of cytochrome b559, as 
distinguished from its photooxidation, is dependent on light reaction IIb that  in- 
volves an electron flow from water via C55o. Evidence for this interpretation was 
found in experiments with Tris-treated chloroplasts (Fig. 5). The Tris treatment,  
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Fig. 5' Effect  of Tris  t r e a t m e n t  and  a S y s t e m  II  e lec t ron  donor  on c y t o c h r o m e  bs~ ~ p h o t o r e d u c t i o n  
(56o m/ ,  minus 57 ° m/*). E x p e r i m e n t a l  condi t ions  were as descr ibed in Fig. 3 excep t  t ha t ,  where  
ind ica ted ,  Tr i s - t r ea ted  son ica ted  ch lorop las t s  replaced son ica ted  (control) ch lorop las t s  and  o.o67 
/ ,mole  (per I.O ml) benzid ine  (Bz) was  present .  664-m/,  i l l umina t ion  as in Fig. i .  

Fig. 6. Effect  of DC M U on C55 o p h o t o r e d u c t i o n  in Tr i s - t r ea ted  ch loroplas t s  (55 ° m/* minus 54 ° 
m/*). The  reac t ion  m i x t u r e  con t a i ned  (per i .o  ml) Tr i s - t rea tec~ch lorop las t s  (equiva len t  to 75 /*g 
chlorophyll)  a n d  t he  following in /*moles: Tricine buffer  (pH 8.2), 33.3; K2HPO4,  5; MgCI2, 2; 
p o t a s s i u m  ferr icyanide ,  0.5; and ,  where  indica ted ,  DCMU, 2- lO -4. Gas  phase ,  N,.  664-m/* i l lumina-  
t ion  as in Fig. I. 
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which inhibits the electron flow from water, has also effectively inhibited the photo- 
reduction of cytochrome b559. The addition to Tris-treated chloroplasts of a substitute 
electron donor, benzidine .5, has restored the photoreduction of cytochrome b55 , (Fig. 
5). Here again, System II light (664 mF) was much more effective than System I 
light (715 m#). 

DCMU inhibition 
Other evidence in support of the new scheme was obtained from experiments 

with 3-(3,4-dichlorophenyl)-I,i-dimethyl urea (DCMU) and o-phenanthroline, two 
well-known inhibitors of System II (ref. 26). In earlier experiments with untreated 
chloroplasts 2, 8, these two inhibitors inhibited the oxidation but not the reduction of 
C55 o. Fig. 6 shows that  in Tris-treated chloroplasts DCMU again inhibited only the 
oxidation of C55o; reduction was actually stimulated. Similar results were obtained 
with o-phenanthroline. Thus, the photoreduction of C55o became the first known 
reaction of System II that  is not inhibited by DCMU or o-phenanthroline. 

Since the new scheme envisages that  the reduction of cytochrome b559 follows 
the oxidation of C55o, DCMU and o-phenanthroline would be expected to inhibit 
the photoreduction of cytochrome bssg. We reported earlier that  DCMU (and o- 
phenanthroline) inhibit the photooxidation of cytochrome b559 (ref. 2). Further 
investigation has now shown that, as observed earlier by other investigators xe-18, 
DCMU also inhibits the photoreduction of cytochrome bss 9. Fig. 7 demonstrates that  
DCMU inhibited, to the same extent, the photoreduction of cytochrome b559 in 
untreated chloroplasts where water was the electron donor and in Tris-treated 
chloroplasts where benzidine served as the artificial substitute electron donor. 
Similar results were obtained with o-phenanthroline. These results indicate that  
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Fig. 7. Effect  of DCMU on cy tochrome  b559 pho toreduc t ion  (560 m/,  minus 57 ° m/~). Expe r imen ta l  
condi t ions  were as descr ibed in Fig. 5, excep t  tha t ,  where  indicated,  o:ooi /~mole (per I.O ml) 
DCMU was present .  Sonica ted  chloroplas ts  (PtsI), sonicated Tr is - t rea ted  chloroplasts  (Txsi) and  
benzidine  (Bz) were p resen t  as indicated.  

Fig. 8. Scheme for two photoreac t ions  in Sys tem IL 
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DCMU (and o-phenanthroline) inhibit System II activity in chloroplasts by inhibiting 
electron transfer through cytochrome b55 ~. 

To recapitulate, the concept put forward earlier13,15, 2*, ~s that  noncyclic 
electron transport from water to ferredoxin-NADP+ involves only System II, 
then known to include only one photoreaction, has now been further elaborated, 
in the light of new evidence, to include two short-wavelength photoreactions (IIb 
and IIa) that  operate in series and are joined by an electron transport chain that  
includes (but is not limited to) C55o, cytochrome b550, and plastocyanin (Fig. 8). 
Noncyclic photophosphorylation is envisaged as being coupled to the electron 
transport chain between photoreactions IIb and IIa. 

THERMODYNAMIC CONSIDERATIONS 

The placement of cytochrome bs~ ~ in the new scheme was accompanied by a 
measurement of its midpoint oxidation-reduction potential as + 0.33 V at pH 8.2 
(ref. 2). This value, which was in good agreement with that  reported by BENDALL 27, 
was recently questioned by FAN AND CRAMER 28 who obtained a value of + 0.04 V for 
the midpoint potential of spinach cytochrome b55g at pH 8.0. We have therefore 
reinvestigated the matter and obtained from eight determinations, using potassium 
ferricyanide as the oxidant, a value for E 0 (pH 8.2) of + 0.325 4- o.o15 V. The corre- 
sponding value for n, the number of electrons transferred, was 0. 9 4- o.I. Fig. 9 
shows a representative Nernst plot obtained in a potential determination using 
ferricyanide as the oxidant. 

With ascorbate as the reductant, the midpoint potential measured was routinely 
somewhat higher (O.Ol 5 V) than that obtained with ferricyanide as the oxidant.  
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Fig. 9. Oxidation-reduction potential of cytochrome b 5 5 9 .  The reaction mixture contained (per 
i.o ml) Pls spinach chloroplasts (equivalent to 75 Fg chlorophyll) and the following in /~moles: 
Tricine buffer (pH 8.2), 67.6; K2HPO 4, 5; MgCl~, 2; and potassium ferricyanide-potassium 
ferrocyanide, o. 5. The absorbance change (561 m/t minus 57 ° mlu ) on addition of 25 pmoles 
(in 0.o 5 ml) potassium ferricyanide to 5.o ml of the reaction mixture was measured as a function 
of the potential. Gas phase, N v 

Fig. io. Reduction of cytochrome bs~ 0 by ferrocyanide (57o-m F reference). The reaction mixture 
contained (per I.O ml) Pls  spinach chloroplasts (equivalent to 75/~g chlorophyll) and the following 
in/*moles: Tricine buffer (pH 8.2) 67.6; and potassium ferricyanide, 0.05. To 5.0 ml of the reaction 
mixture (E = + o.425 V) were added 25 /~moles (in 0.05 ml) of potassium ferrocyanide which 
lowered the potential to + o.293 V. Gas phase, air. 
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The same potential values were obtained either after 5 min of vigorous flushing with 
N,  or in air. 

The spectra of the absorbance changes produced on addition of either ferricya- 
nide or ascorbate had maxima at 559 m/~, indicating that  the changes were indeed 
those of cytochrome b559 (refs. 21, 22, 27, 28). 

Using the same technique, the potential of spinach chloroplast cytochrome 
f was found to be + 0.390 V and that  of Euglena gracilis chloroplast cytochrome 
b559, + 0.305 V, both values being in good agreement with those obtained in other 
laboratories27-~ 

Further substantiation of the potential measured for cytochrome b~59 was 
sought from treatment with ferrocyanide. If the potential of cytochrome b55 , were 
more positive than + 0.30 V, the protein should be reducible by a weak reductant 
such as ferrocyanide ~9, but not if the potential were + 0.04 V (ref. 28). Fig. IO shows 
that  the spectrum of the absorbance changes obtained on addition of ferrocyanide 
corresponds to that of reduced cytochrome b~59. 

ADDENDUM 

The reduction of C55o is no longer demonstrable only by illuminating chloro- 
plasts. We have recently observed a decrease in absorbance at 55o mp, unrelated to 
cytochromes, by treating chloroplasts with sodium dithionite. Similar results were 
reported earlier by ERIXSON AND BUTLER 3°. 
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