
BIOCHIMICA ET BIOPHYSICA ACTA 421 

BBA 46 219 

PHOTOSYSTEM II ACTIVITY OF CHLOROPLAST FRAGMENTS LACKING 

P7oo 

RICHARD MALKIN 

Department of Cell Physiology, University of California, Berkeley Calif. 94720 (U.S.A.) 

(Received June 7th, 1971) 

SUMMARY 

Chloroplast fragments, prepared with the detergent Triton X-Ioo, had a 
pigment composition characteristic of Photosystem II. The fragments had chlorophyll 
a/chlorophyll b ratios of 1.7-1.9 and had no detectable P7oo, either by photochemical 
or chemical assay. In addition, the fragments were devoid of cy tochromef  and cyto- 
chrome b s but cytochrome b559 was present. The Triton fragments could not 
photoreduce NADP+ from ascorbate in the presence of 2,6-dichlorophenolindophenol 
as the electron carrier. The Photosystem I1 activity of the fragments included 
electron-transfer reactions with either water or diphenylcarbazide as electron donor 
which were sensitive to 3-(3,4-dichlorophenyl)-I,I-dimethylurea (DCMU). In addition 
the fragments could photoreduce NADP+ with ascorbate as electron donor in the 
presence of plastocyanin as the electron carrier. This reaction was insensitive to 
DCMU and proceeded more effectively with 664-nm actinic illumination than with 
715-nm actinic illumination. These results are consistent with the concept of two 
Photosystem II  reactions cooperating in noncyclic electron transport. 

INTRODUCTION 

The generally accepted scheme for noncyclic electron transport from water 
to NADP + involves the cooperation of two light reactions, one short-wavelength 
(2 <700 nm) and one long-wavelength (2 >700 nm)l, 2. Recent experiments in our 
laboratory led to a different concept of noncyclic electron transport, in which photo- 
reduction of NADP+ with water is accomplished solely by Photosystem II,  comprising, 
however, not one but two short-wavelength photoreactions operating in series 8. 
The new scheme also includes the long-wavelength light reaction as a third light 
reaction of Photosystem I, operating in parallel to Photosystem II (ref. 4). 

An essential feature of the older, two-light-reaction scheme is that the photo- 
reduction of NADP+ from water requires P7oo, the "reaction center chlorophyll" 
of Photosystem I (ref. 5), and cytochrome f. By contrast, the three-light-reaction 
concept considers these chloroplast components dispensable for noncyclic electron 
transport to NADP + and includes them only in the long-wavelength Photosystem I. 

Abbrevia t ions:  DCMU, 3-(3,4-dichlorophenyl)-i , i-dimethylurea; DCIP, 2,6-dichloro- 
phenolindophenol;  DCP, diphenylcarbazide. 
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Although the initial concept of three light reactions was based mainly on 
studies with chloroplasts 3, 4, subsequent support has been derived from investigations 
with chloroplast fragments, prepared by a combination of several treatments, defi- 
cient in P7oo and cytochrome f and still capable of reducing NADP + (ref. 6). This 
communication reports a direct method for preparing Triton chloroplast fragments 
wholly devoid of P7oo and cytochrome f but still capable of photoreducing NADP÷ 
and capable of other Photosystem II activity. 

METHODS AND MATERIALS 

Triton chloroplast fragments having Photosystem II activity were prepared 
by modification of previously published procedures 7-~. Whole spinach chloroplasts 
were prepared by blending 75 g of deveined spinach leaves for approx. 20 sec at 4 ° 
in 15o ml of the following blending solution : 0.4 M sucrose -50 mM Tris-HC1 (pH 7.8) 
- I O  mM NaC1. The slurry was squeezed through filtering silk and the filtrate was 
centrifuged for I min at 2500 × g. The pellet, containing whole chloroplasts, was 
resuspended in the blending solution to a final chlorophyll concentration of 1.7 mg/ml. 
Triton X-Ioo (in 0.5 M sucrose-5o mM Tris-HC1, pH 7.8) was added quickly to 
the chloroplast suspension to give a final Triton concentration of 2.5 % (60 mg chloro- 
phyll per g of detergent) and the suspension incubated 5 min at 4 °. The Triton sus- 
pension was then centrifuged at 2500 × g for 3 rain; the supernatant solution from 
this slow centrifugation was immediately centrifuged at 30 ooo × g for IO min. 
The pellet, which was resuspended in the blending solution, was used as the Photo- 
system II chloroplast fragment. The chlorophyll a/chlorophyll b ratio of the Triton 
chloroplast fragments varied from 1. 7 to 1. 9, compared to a ratio of 2.6-2. 9 for the 
starting material. 

Photoreductions of NADP + and 2,6-dichlorophenolindophenol (DCIP) were 
measured as previously described 1°. The P7oo and cytochrome content of chloroplasts 
and the chloroplast fragments was determined chemically from the oxidized minus 
reduced difference spectra measured with the Cary I4R spectrophotometer lj. The 
photooxidation of P7oo was measured photochemically at 77 ° K with a dual- 
wavelength spectrophotometer (D. ]3. I(i~AFF, in preparation, 1971 ). 

Chlorophyll was determined as described by ARNON 12. Plastocyanin, ferredoxin, 
and ferredoxin-NADP + reductase were prepared by standard procedures 13-15 and 
were gifts of Mr. R. Chain. Triton X-Ioo was purchased from Sigma Chemical Co. 
and diphenylcarbazide (DPC), from Eastman Chemical Co. 

RESULTS 

P7oo and cytochrome composition of Triton chloroplast fragments 
As already stated, treatment of whole spinach chloroplasts with Triton X-Ioo 

produces chloroplast fragments with chlorophyll a/chlorophyU b ratios of 1.7-1. 9 
characteristic of Photosystem II (ref. 2). 

One indication that these fragments are free of Photosystem I contamination 
is the absence of P7oo. As shown in Fig. I, there was essentially no photooxidation 
of P7oo in the fragments. Chemical analyses for P7oo also confirmed that the frag- 
ments were essentially free of this chlorophyll component; the ferricyanide minus 
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ascorbate difference spectra in the 7oo-nm region gave no indication of any P7oo 
(Fig. 2). 

Of the three known chloroplast cytochromes, cytochrome b559 is associated 
with Photosystem n (refs. i i ,  16, i7), whereas cytochrome f and cytochrome b 6 
have been found to be associated with Photosystem I (refs. II ,  16, 18). Fig. 3 shows 
that  cytochrome f was absent but that cytochrome b559 was present in the Triton 
fragments. Cytochrome bs59 showed a slight enrichment in the fragments (I cyto- 
chrome bss 0 per 250 chlorophyll molecules) compared with the starting material 
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Fig. I. Pho toox ida t i on  of P7oo a t  77 ° K. The  react ion m i x t u r e  con ta ined  (per i .o ml) control  
chloroplas ts  or Tr i ton  chloroplas t  f r a g m e n t s  (TCF) (equivalent  to 200 #g  chlorophyll) ,  0. 5 ml  
glycerol,  and  t he  following in #mo l e s :  2 - (N-morpho l ino)e thane  sulfonic acid (MES) buffer  (pH 
7.2), lOO; s o d i u m  ascorbate ,  5. I l l umina t ion  was carried ou t  wi th  664-nm act inic  l ight  which  
had  an  i n t ens i t y  of 1.5. 1°4 ergs/cm= per sec. 

Fig. 2. P7oo c o n t e n t  of T r i t o n  ch lo rop la s t  f r a g m e n t s  (TCF). The  react ion mix tu r e  conta ined  
(per I.O ml) control  chloroplas ts  or  Tr i ton  chloroplas t  f r a g m e n t s  (equivalent  to IOO/~g chlorophyll)  
and  ioo /*moles  2 - (N-morpho l ino)e thane  sulfonic acid (MES) buffer  (pH 7.2). The  spec t ra  were 
ob ta ined  b y  add ing  io /~moles of sod i um ascorba te  to the  reference cuve t t e  and  io /*moles  po tas -  
s i um ferr icyanide  to t he  sample  cuvet te .  Spect ra  were recorded in the  Cary  I4R  spec t ropho tome te r  
us ing  a I - cm  l igh t  pa th .  

T A B L E  I 

PHOTOCHEMICAL ACTIVITIES OF T R I T O N  PHOTOSYSTEM I [  FRAGMENTS WITH D C I P  AS ELECTRON 

ACCEPTOR 

The  reac t ion  m i x t u r e  con ta ined ,  in a final vo l ume  of i .o  ml,  chloroplas t  f r agmen t s  (equiva len t  
to 2o # g  chlorophyl l ) :  2 - (N-morpho l ino )e thane  sulfonic acid (MES) buffer  (pH 6.7), 50 /~moles; 
DCIP ,  o.25 ~mole ;  and ,  when  present ,  DPC,  o.5 #mole ,  and  DCMU, o.ooi  i tmole. All react ions  
were carr ied ou t  wi th  66~-nrn act inic  i l lmnina t ion  of in t ens i ty  4.0- io 4 e rgs /cm 2 per sec. 

Reaction O * 

H 2 0  -~ D C I P  20 

H 2 0  + DCMU --> D C I P  o 

DPC ~ D C I P  90 

DPC + DCMU -~ D C I P  15 

* / ,moles  D C I P  reduced  per  m g  chlorophyl l  per  h. 

Biochim. Biophys. Acta, 253 (I97 I) 421-427 



424 R. MALKIN 

(I cytochrome b559 per 4oo chlorophyll molecules). The absence of cytochrome f 
in these fragments was also confirmed by examining the ascorbate minus ferricyanide 
difference spectrum of fragments which had been extracted with 80 o/ acetone n, 16. 
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Fig. 3. Reduced-minus-oxidized difference spectra in the cytochrome region of Tri ton chloroplast 
f ragments  (TCF). The reaction mixture  contained (per i.o ml) control chloroplasts or Tri ton 
chloroplast  f ragments  (equivalent to ioo/*g chlorophyll) and IOO/~moles 2-(N-morpholino)ethane 
sulfonic acid (MES) buffer (pH 7.2). The spectra were obtained by  adding io /*moles sodium 
ascorbate to the sample cuvette  and io /*moles potass ium ferricyanide to the reference cuvette. 
Light  path,  i cm. Gas phase, air. 

Fig. 4- Effect of monochromat ic  i l lumination on NADP + photoreduct ion by Triton chloroplast  
f ragments .  The reaction mixture  contained (per i .o ml) Tri ton chlorophyll f ragments  (equivalent 
to 5 ° #g  chlorophyll) and the following in/*moles:  2-(N-morpholino)ethane sulfonic acid (MES) 
buffer (pH 6.7), 50; ferredoxin, o .o i ;  N A D P  +, 2; sodium ascorbate, 2o; DCMU, o.ooi ; plastocy- 
anin, o .o i ;  and fe r redox in -NADP + reductase equivalent  to an absorbance of 0.008 at 456 nm. 
Both the 664- and 715-nm monochromat ic  light beams had an intensi ty of approx.  4'  i O  
ergs/cm ~ per sec. Reactions were carried out  in a Gilford spectrophotometer  at 25 ° using a light 
pa th  of 0.2 cm. 

T A B L E  I I  

P H O T O C H E M I C A L  A C T I V I T I E S  O F  T R I T O N  P H O T O S Y S T E M  II F R A G M E N T S  W I T H  NADP+ A S  E L E C T R O N  

A C C E P T O R  

The reaction mixture  contained, in a final volume of i.o ml, chloroplast f ragments  (equivalent 
to 5 ° /*g chlorophyll) : 2-(N-morpholino)ethane sulfonic acid (MES) buffer (pH 6.7), 5 ° /*moles; 
ferredoxin, o.oi #mole;  N A D P  +, 2 /*moles; fe r redoxin-NADP + reductase, equivalent  to an 
absorbance of 0.008 at 456 nm;  ascorbate, 20/~moles; DCMU, o.ooi /*mole; and, where present,  
DCIP,  o.i /~mole and plastocyanin,  o.oi  /*mole. I l luminat ion was carried out  as described in 
Table I. 

Reaction Q * 

+ DCMU 
Ascorbate ~ N A D P  + o 

Ascorbate + DCIP + DCMU ~ N A D P  + o 

Ascorbate + plastocyanin + DCMU___> N A D P  + i io 

Ascorbate  + plastocyanin --  DCIP  + DCMU ~ NADP+ lO 5 

*/*moles N A D P  + reduced per mg chlorophyll per h. 
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In addition, cytochrome b 6 was absent. These findings are similar to those recently 
reported by other workers for their heavy Triton fragments 8, 9. 

Thus, the Triton fragments were found to lack two components, P700 and 
cytochrome f, considered essential in the two-light-reaction scheme for electron 
transport  from water to NADP+. 

Photochemical activity of Triton chloroplast fragments 
The photochemical activity of the Triton fragments was measured using 

DCIP and NADP + as electron acceptors. The results with DCIP are shown in Table I. 
The fragments were able to photoreduce DCIP with water as the electron donor or 
with the artificial electron donor, DPC. In each case, the reaction was sensitive 
to 3-(3,4-dichlorophenyl)-I,I-dimethylurea (DCMU). The light-induced electron 
transport  from DPC to DCIP observed here has been shown by VERNON AND SHAW TM 

to be a probe for Photosystem I I  activity in photosynthetic systems where oxygen- 
evolving capacity has been lost or damaged. 

The photoreduction of NADP÷ by the Triton fragments was measured with 
either water or ascorbate as the electron donor. With ascorbate, various carriers 
were tested for their ability to mediate electron transfer, and the results of these 
photochemical assays are shown in Table II .  The fragments could not photoreduce 
NADP + with DCIP as the electron carrier; other carriers, such as diaminodurene, 
p-phenylenediamine, and tetramethyl-p-phenylenediamine (each at a concentration 
of o.I raM) were also inactive in supporting NADP ÷ photoreduction. 

The Triton fragments were, however, able to photoreduce NADP + when ascor- 
bate-plastocyanin acted as the electron donor couple. This reaction was found to 
be insensitive to DCMU. These characteristics would indicate that  this reaction 
is associated with Photosystem I but the finding that  the Triton fragments lack 
P7oo indicated that  the photoreduction of NADP+ from ascorbate-plastocyanin 
might proceed via Photosystem I I  instead of Photosystem I. Support for this idea 
was obtained by studying the effect of monochromatic illumination on the ascorbate-  
plastocyanin-+ NADP÷ reaction (Fig. 4) because NADP+ photoreduction was found 
to be more effective with Photosystem I I  light (664 nm) than with Photosystem I 
light (715 nm). 

Although the Triton fragments were capable of photoreducing NADP+ from 
ascorbate-plastocyanin, no photoreduction of NADP ÷ occurred with water as the 
electron donor. I t  has previously been shown that  detergent t reatment  removes 
plastocyanin from chloroplasts n and that  the subsequent addition of plastocyanin 
restores NADP ÷ photoreduction from water. However, in the case of the Triton 
fragments, no NADP ÷ photoreduction with water as donor could be detected even 
when plastocyanin was added to the reaction mixture. 

C O N C L U D I N G  REMARKS 

The new concept of noncyclic electron transfer in chloroplasts by  our laboratory 
includes the cooperation of two Photosystem I I  reactions in the photoreduction 
of NADP+ from water3: 

H 2 0  --> hviib --> C55o -+ c y t  bs~ 9 --> p l a s t o c y a n i n  -+ hI~iia -+ f e r r e d o x i n  --> N A D P  + 
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According to this scheme, photoreaction IIb oxidizes water and reduces C55o, while 
photoreaction IIa oxidizes plastocyanin and reduces ferredoxin. These two light 
reactions are joined by a dark electron-transfer chain which includes cytochrome 
b559; cytochrome f and P7oo are not considered to be carriers in the noncyclic 
electron-transfer chain. 

The Triton fragments have photochemical activity associated with photo- 
reaction IIb since they are able to carry out DCMU-sensitive electron-transfer 
reactions. DCMU has previously been shown to inhibit Photosystem II  reactions at 
a site between C550 and cytochrome b559 (ref. 3). The demonstration of DCMU- 
sensitive reactions in these fragments is in agreement with the previously reported 
properties of the Triton fragments prepared by VER~O~ and co-workers s, ~9. 

The Triton fragments had no Photosystem I activity as measured by the charac- 
teristic and widely used test for such activity, i.e. the photoreduction of NADP+ 
by the ascorbate--DCIP coupleL is, 2o-24. Although the Triton fragments were unable 
to use the ascorbate-DCIP couple as an electron donor, they were capable of photo- 
reducing NADP+ with an ascorbate-plastocyanin donor system, and this reaction 
was not stimulated by the addition of DCIP. The inability of DCIP to influence electron 
transfer from ascorbate to NADP +, either in the presence or in the absence of plasto- 
cyanin, distinguishes the Triton fragments from other subchloroplast prepara- 
tions 7,18, 24 

Recent experiments with Photosystem I chloroplast fragments have shown 
that plastocyanin (reduced by ascorbate) can donate electrons directly to P7oo and 
hence serve as the electron donor for NADP + photoreduction 2~. The experiments 
with the Triton fragments have shown that the ascorbate-plastocyanin couple can 
also serve as the electron donor for NADP + photoreduction in a chloroplast prepara- 
tion lacking detectable P70o. The evidence presented in this study is therefore in 
agreement with the new scheme for noncyclic electron transport in chloroplasts 
in which the photoreduction of NADP+ by ascorbate-plastocyanin would proceed 
via photoreaction IIa in the absence of P7oo. 
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