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SUMMARY 

I. A simplified procedure for the large-scale isolation and purification of plasto- 
cyanin from spinach chloroplasts is reported. ~,fter electrophoresis on polyacrylamide 
gel, a pure protein was obtained as judged by analytical gel electrophoresis and by 
the fact that it contained no arginine. 

2. Plastocyanin from spinach or cytochlome cas ~ from Euglena stimulated the 
photoreduction of NADP+ in subchloroplast particles prepared by prolonged exposure 
of chloroplasts to sonic oscillation. 

3. Photophosphorylation in the presence of pyocyanine or NADP+ was en- 
hanced by plastocyanin and cytochrome c55 ~ whereas ferricyanide- or N-methyl- 
phenazonium methosulfate-dependent phosphorylation was not. Dichlorophenyldi- 
methylurea abolished cyclic phosphorylation with pyocyanine and with N-methyl- 
phenazonium methosulfate in red light. This inhibitor had much less effect on phos- 
phorylation in the presence of partially reduced pyocyanine or N-methylphenazonium 
methosulfate in white light. 

4. Coupling factors I and 2 were required for optimal rates of pyocyanine- or 
NADP+-dependent phosphorylation. 

INTRODUCTION 

Plastocyanin, a blue copper protein found in many photosynthetic organisms 1, 
has been shown to stimulate light-dependent NADP+ reduction in chloroplasts which 
were exposed to sonic oscillation 2, 3 or to detergents 4. It  also enhanced photooxidation 
of cytochrome c (refs. 5, 6) in detergent-treated chloroplasts. It  has been reported 
that under similar conditions plastocyanin did not stimulate photophosphorylation 7. 
However, GORMAN ANn LEVlNE 8 demonstrated that photophosphorylation in plasto- 
cyanin-deficient chloroplasts isolated from a mutant of Chlamydomonas reinhardii was 
less than io % of that in chloroplasts from wild-type organisms. 

It  is the purpose of this communication to report a simplified procedure for 
the isolation and purification of plastocyanin from spinach chloroplasts and to show 
that phosphorylation in the presence of NADP + or pyocyanine in chloroplasts exposed 

Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-i,I-dimethylurea; PMS, N-methylphena- 
zonium methosulphate. 
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to sonic oscillation was considerably enhanced by plastocyanin as well as by two 
coupling factors for photophosphorylation. It is concluded that plastocyanin is not 
directly involved in cyclic electron flow and associated phosphorylation. 

MATERIALS AND METHODS 

Preparation of chlor@lasts and subchlor@last particles 
Chloroplasts were prepared from spinach as previously described 9. Subchloro- 

plast particles were prepared essentially as described by KATOH AND SA~ ~ PIETRO 2. 
The chloroplasts, suspended in 5o nil of o.o5 M potassium phosphate buffer (pH 8.o), 
o. 4 M sucrose and o.oi M NaC1, were exposed to sonic oscillation for a total of 4 rain 
in a Branson 2o-kcycles instrument at full output. The temperature during sonic 
treatment was kept below 8 °. The mixture was centrifuged at 6o0o × g for io rain 
and the pellet was discarded. The supernatant fluid was centrifuged at 10400o × g 
for 60 rain and the pellets resuspended in a volume of 0. 4 M sucrose o.oi M NaC1- 
0.02 M tris(hydroxymethyl)methylglycine (Trieine)-NaOH (pH 8.0) about one-half 
that of the chloroplast suspension which was exposed to sonic oscillation. After sedi- 
menting the particles at 104000 × g for I h, the pellets were resuspended in a small 
volume of sucrose NaC1 Tricine. The activities of these subchloroplast particles were 
stable for at least I month on storage at --8o ° under nitrogen. The plastocyanin 
content of these particles was less than IO O/o of that in chloroplasts. 

Plastocvaniu preparation 
Spinach chloroplasts (3 mg of chlorophyll per ml) suspended in sucrose-NaC1 

Tricine were precipitated with acetone as described by VAMBUTAS AND RACKER 1° ex- 
cept that the procedure was scaled up 15 fold. A crude extract was prepared from 
the acetone-precipitated chloroplasts and was fractionated with (NH4)2SO 4 as de- 
scribed 1°. The precipitate obtained between 2o and 45 % satn. of (NH4)2SO 4 was saved 
and the Coupling factor I (CF1) it contained was purified by chromatography on 
DEAE-Sephadex 11. All procedures described below were carried out at room tempera- 
ture. The supernatant fluid of the (NH4)2SO4 fraction was dialyzed overnight against 
6 1 of Io mM potassium phosphate buffer (pH 7.o) with several changes of buffer. 
A small amount of ferricyanide was added to oxidize the plastocyanin and the entire 
solution was loaded on a 2.5 cm × 25 cm DEAE-cellulose 19 (Whatman, Type DE-23) 
column equilibrated with IO mM potassium phosphate buffer (pH 7.o). The column 
was eluted with a linear gradient of potassium phosphate buffer (pH 7.0) ranging 
from IO to 400 raM. The total volume of the elution buffers was 2 1. Since the plasto- 
cyanin tended to become reduced on the column and since reduced plastocyanin 
migrated on the column slightly behind the oxidized form, the fractions were assayed 
forplastocyanincontent spectrophotometrically in thepresence of 0.33 mM K3Fe(CN)6. 
The fractions containing plastocyanin were combined and dialyzed overnight against 
6 1 of 30 mM potassium phosphate buffer (pH 7.0). The plastocyanin was concentrated 
by applying the dialyzed solution to a 3 cm × 3 cm column of DEAE-cellulose which 
was equilibrated with 3 ° mM potassium phosphate buffer (pH 7.o). The column was 
washed with 5o ml of the equilibrating buffer and the plastocyanin was eluted with 
I M potassium phosphate buffer (pH 8.o). The trailing fractions of plastocyanin which 
eluted from this column could be combined, dialyzed and concentrated as above if 

Biochim. Biophys. dcta, 189 (I969) I93-2o6 



PLASTOCYANIN EFFECT ON PHOTOPHOSPHORYLATION 195 

maximal yields of plastocyanin were desired. The concentrated plastocyanin solution 
(15 ml) was passed through a 2 cm × 36 cm column of Sephadex G-75 equilibrated 
with 2o mM Tricine-NaOH (pH 8.0) and the peak fractions were combined and 
stored at - 20 °. 

Preparation of other proteins 
Ferredoxin was isolated from spinach chloroplasts by the procedure of SAN 

PIETRO AND LANG 12 and was partially purified, after the acetone step, by chromato- 
graphy on DEAE-cellulose. Ferredoxin was eluted from the column with i M Tris-  
HC1 (pH 8.0). The ferredoxin was about 50 % pure and was free of diaphorase activity. 
Ferredoxin-TPN + reductase was eluted from the DEAE-cellulose column with 0.2 M 
Tris-HC1 (pH 8.0) and was purified by chromatography on DEAE-cellulose 13. This 
preparation was over 75 % pure and was free of ferredoxin and plastocyanin. Coupling 
factor-2 (CF2) was isolated either from chloroplasts or from acetone-precipitated 
chloroplasts 1° by the procedure of LIVNE AND RACKER 14. Cytochrome c552 from 
Euglena chloroplasts was the generous gift of Dr. J. S. Kahn and was about 75 % 
pure. The blue copper protein from Pseudomonas aeruginosa was kindly supplied by 
Dr. D. C. Wharton. Bovine serum albumin (Fraction V) was defatted by the procedure 
of CHEN 15. 

A nalytical procedures 
Soluble proteins were determined either by a direct spectrophotometric method le 

or by a colorimetric procedure 17. Chlorophyll was estimated by the method of ARNON is. 
Plastocyanin was assayed spectrophotometrically in the presence of ferricyanide using 
the extinction coefficient reported by KATOH et al. ~9. Ferricyanide reduction was de- 
termined by the method of JAGENDORF ANn SMITH 2°. Photophosphorylation with 32pi 
was assayed as described previously ~. NADP + reduction was assayed in a reaction 
mixture which contained, in a volume of i.o ml, 50 mM Tricine-NaOH (pH 8.o), 
5 ° mM NaC1, 5 mM MgC12, 0.25 mM NADP +, 20 #g ferredoxin, 0. 7 #g ferredoxin- 
NADP + reductase, 2 mM potassium phosphate buffer (pH 8.o), 3 mM ADP, 2.5 mM 
GSSG and 0. 5/~g glutathione reductase 2~ (in 20 mM Tricine-NaOH (pH 8) containing 
2 %, bovine serum albumin) and subchloroplast particles equivalent to 50 #g of chloro- 
phyll. After illumination with white light (2.Io 6 ergs/cm ~ per sec after passage of 
the light through IO cm of H20 ) for 2-5 rain under nitrogen, the reaction was termi- 
nated by the addition of o.oi ml 2 mM 3-(3,4-dichlorophenyl)-I,I-dimethylurea 
(DCMU). The mixtures were then passed through 0.45- # Millipore filters to remove 
the subchloroplast particles. The reduced glutathione formed in the light was taken 
as a measure of NADPH formation and was determined by the method of ELLMAN ~2. 
A dark control was run for each determination to obviate interference by colored 
proteins. The rates of NADP + reduction agreed well with those obtained by direct 
spectrophotometric assays of NADPH. The method for NADP + reduction determi- 
nation reported here offers several advantages over the direct speetrophotometric 
determination of NADPH. Since 2 moles of GSH are formed per mole of NADPH 
and since the extinction coefficient of the dinitrophenolate ion is about twice that of 
NADPH, the assay is 4 times more sensitive than the direct method. Also, this method 
obviates problems with NADPH reutilization by side reactions. 
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Biochemicals 
Tricine and 2-(N-morpholino)ethane sulfonic acid were purchased from General 

Biochemicals. Biochemicals and glutathione reductase were obtained from Sigma. 
DCMU was obtained from K and K Chemicals and was twice recrystallized. 

RESULTS 

Isolation and purification of plastocyanin 
Acetone-precipitated chloroplasts are a convenient source of plastocyanin and 

several other chloroplast proteins. The extraction of plastocyanin from acetone- 
precipitated chloroplasts was, apparently, quantitative. KATOH et al. 19 reported that  
the ratio of plastocyanin to chlorophyll on a molar basis was 1:6oo. The yield of 
plastocyanin in our procedure varied from i mole per about 500 moles of chlorophyll 
to I mole per 450 moles of chlorophyll. The plastocyanin in the crude extracts was 
readily purified at room temperature by (NH4)2S0 4 fractionation and chromatography 
on DEAE-cellulose and Sephadex G-75. The recovery of plastocyanin ranged from 
4 ° to 50 % (Table I). This recovery can be considerably increased by saving the 
trailing fractions from the DEAE-cellulose and Sephadex columns and concentrating 
them. The purified plastocyanin in the reduced form in o.I M potassium phosphate 
buffer (pH 7) gave a single boundary when analyzed in the analytical ultracentrifuge. 
The ratio of A280 nm to A59v nm of the purified preparation was 1.5 : 1.7. These ratios 
are somewhat higher than those reported by KATOH et al. 19. Since the copper content 
of the purified protein was found to be 2 moles per 21ooo g of protein in agreement 
with the results of KATOH el al. for homogeneous plastocyanin, the high ratio of 
A597 nm to A2s0 nm is probably not due to the presence of large amounts of contanfi- 
nating protein. I t  is apparent, then, that  the ratio of A597 nm t o  A28o nm is not a good 
criterion for puri ty of plastocyanin. This conclusion is borne out by the observations 
of KATOH et al. that  A597 nm of highly purified plastocyanin solutions decreased on 
storage. Similarily, we have found that  repeated freezing and thawing of plastocyanin 
solutions (in 2o mM Tricine-NaOH, pH 8) considerably reduced A597 nm. 

TABLE I 

PURIFICATION OF PLASTOCYANIN 

Fraction Volume Protein Plasto- A280 nm Recovery 
(ml) (mg/ml) cyanin A~9~ ~*,n (%) 

O,M) 

Dialyzed supernatant ,  
after (NH4)zSO 4 fractionation 

Dialyzed combined fractions 
from DEAE-cellulose column 

Combined fractions 
from Sephadex G-75 column 

176° 1.17 3"7 32.6 - -  

400 0.72 Io.3 7.2 63.4 

58 °.87 47.7 1.7 43 .2 

Plastocyanin may  be further purified by preparative polyacrylamide gel electro- 
phoresis ~3. The protein distribution in the fractions w h ~  eluted from the gel column 
is given in Fig. I. Only two significant peaks were observed, a small peak comprising 
about 5 % of the protein and a major peak which was identified as plastocyanin. 
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On analysis of the plastocyanin thus isolated by polyacrylamide gel electrophoresis 24 
with a Io % gel concentration and a Tris-glycine buffer system (which also contained 
i mM GSH) a single band was found. Furthermore, the purified plastocyanin con- 
tained no detectable arginine, which was found to be absent in plastocyanin by 
KATOH et al. 19. These two criteria indicate that the purified plastocyanin was a single 
protein species. 

~ , f ,  L , I ~ , 

E 

v 

/2"200"~ " . 3 b  ~ 4 b  ' SO 
Fraction Number 

Fig. I. Preparative polyacrylamide gel electrophoresis of plastocyanin, A preparative polyacryl- 
amide gel electrophoresis column, similar to that designed by JovlN et al. ~3 was made by Dr. 
C. E. Furlong. A i. 5 cm × 2 cm resolving gel (12 % acrylamide, o. 4 % methylene bisacrylamide) 
was polymerized by the method of ORNSTEIN AND DAVIES ~4. A stacking gel (about 1.5 cm × 2 cm) 
containing 5 % acrylamidc and 1.25 % methylene bisacrylamide was polymerized in the light in 
the presence of FMN ~4. The upper chamber buffer was 0.052 M Tris-glycine (pH 8.9) and contained 
i mM GSH. The lower chamber and elution buffer was o.I M Tris-HCl (pFI 8.0). A concentrated 
solution of plastocyanin (about io mg/l. 4 ml) was dialyzed for 3 h against ioo ml of a solution 
which contained 3.2 ml I M H3PO 4 and o.71 g Tris base per i. To the dialyzed solution, GSH was 
added to a final concentration of I mM and the solution was applied to the gel column. The 
electrodes were connected and the current adjusted to io mA at lOO-15o V. The flow of elution 
buffer through the clution chamber was established at o.25-0. 5 ml/min and 1.5-ml fractions were 
collected. The entire operation was carried out at room temperature. The plastocyanin eluted 
from the gel column in about 2 h. A2s0 nm/A597 nm of the eluted plastocyanin was 2.1. 

Effect of plastocyanin and other redox proteins on N A D P  + reduction 
KATOH AND SAN PIETRO 2,a showed that plastocyanin enhanced NADP + re- 

duction with water as the electron donor in deficient subchloroplast particles. Whereas 
NADP + reduction was not observed at pH 6.5 in the absence of added plastocyanin, 
considerable NADP + reduction was detected at pH 8.0 (Table II). In some sub- 
chloroplast particle preparations, the rate of NADP ÷ reduction in the absence of 
plastocyanin was as high as IO ,umoles per h per mg of chlorophyll and was stimulated 
only 50 °'o by plastocyanin. Yet, even in this preparation plastocyanin was absolutely 
required for NADP+ reduction at pH 6.5. The observation that NADP ÷ reduction 
can occur at pH 8 in the absence of plastocyanin indicates either that the removal 
of plastocyanin was not complete or that, at this pH, there is a partial bypass of 
the plastocyanin site. 
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TABLE II 

EFFECT OF PLASTOCYANIN AND OTHER REDOX PROTEINS ON NADP + REDUCTION 

NADP + reduction in plastocyanin-deficient subchloroplast particles was assayed as described in 
MATERIALS AND METHODS. For measurements at pH 6.5, 5 ° mM (N-morpholino) ethane sulfonate- 
NaOH was used. The plastocyanin and other proteins were added directly to the reaction nlixturc. 
No NADP + reduction was observed in the absence of ferredoxin. 

pH Additions N A D P  + reduction 
(/,moles NA D P H  formed 
per h per mg chlorophyll) 

Expt. • 
8.0 

6.5 

None 1.8 
8. 3 #M plastocyanin i 1.4 
None o 
8. 3/~M plastocyanin 12.5 

Expt. 2 
8.0 None 3.9 

2.9/~M plastocyanin 23.2 
5.8 pM plastocyanin 29.9 
2/~M cytochrome c552 11.6 
4 #M cytochrome c~52 14. 5 
4 ° pg Pseudomonas blue protein 5.8 

Expt. 3 
8.o None 9.8 

6/ ,M plastocyanin 57.5 
8/*M cytochrome c~52 36. 4 
Plastocyanin + cytochrome Csao 6o.1 

ELSTNER et al. 25 obse rved  t h a t  c y t o c h r o m e  c55 ~ f rom E u g l e n a  ch loroplas t s  

s t i m u l a t e d  N A D P  + r e d u c t i o n  w i t h  a s c o r b a t e - d i c h l o r o p h e n o l i n d o p h e n o l  as t he  elec- 

t ron  dono r  in p l a s tocyan in -de f i c i en t  ch loroplas t  p repara t ions .  As m a y  be seen in 

Table II, c y t o c h r o m e  c55 ~ a t  low concen t r a t i ons  was s o m e w h a t  less effect ive  t h a n  

p l a s t o c y a n i n  in e n h a n c i n g  N A D P  + reduc t ion .  A t  h igh  concen t ra t ions ,  however ,  the  

r a t e  of N A D P  + r educ t ion  in t h e  presence  of c y t o c h r o m e  c552 a p p r o a c h e d  t h a t  o b s e r v e d  
in the  presence  of p la s tocyan in .  I n  t he  presence  of s a t u r a t i n g  a m o u n t s  of p l a s tocyan in ,  

c y t o c h r o m e  c55 ~ had  no effect on N A D P  ÷ reduc t ion .  A b lue  copper  p ro te in  f rom 

Pseudomonas  aeruginosa ~6 had  l i t t le  effect on N A D P  + reduc t ion ,  bu t  in m o s t  exper i -  

ments ,  a s l ight  s t i m u l a t i o n  was observed .  S imi la r  e n h a n c e m e n t s  of N A D P  + r e d u c t i o n  

were  obse rved  when  a s c o r b a t e - d i c h l o r o p h e n o l i n d o p h e n o l  r a the r  t h a n  w a t e r  was used  

as t he  e lec t ron  donor .  H o w e v e r ,  ne i the r  p l a s t o c y a n i n  nor  c y t o c h r o m e  c55 ~ had  a n y  
effect  on N A D P +  reduc t ion  in ch loroplas t s  or  in subch lo rop la s t  pa r t i c l e s  p r e p a r e d  

by  exposure  of ch loroplas t s  to 45 sec of sonic osc i l la t ion  27. O n l y  a v e r y  s l ight  (less 
t h a n  I0  %) s t i m u l a t i o n  of fe r r i cyan ide  r educ t ion  in the  p l a s tocyan in -de f i c i en t  sub-  

ch loroplas t  par t ic les  was obse rved  in a g r e e m e n t  w i th  the  resul ts  of KATOH AND 
SAN PIETRO 3. 

Stimulation of photophosphorylation by plastocyanin and cytochrome c~52 
Plastocyanin and cytochrome c55 ~ stimulated pyocyanine-dependent phospho- 

rylation in deficient subchloroplast particles (Fig. 2). Cytochrome c55 ~ was less effective 
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than plastocyanin, and the blue copper protein from Pseudomonas (5 #M) stimulated 
phosphorylation by only about io %. Although the rates of phosphorylation varied 
among preparations of deficient subchloroplast particles, pyocyanine-dependent phos- 
phorylation in all preparations was stimulated at least 2-fold by plastocyanin. The 
very low rate of phosphorylation which occurred in the absence of pyocyanine was 
not enhanced by plastocyanin at the concentrations used in these experiments. The 
plastocyanin which was purified by polyacrylamide gel electrophoresis also stimulated 
pyocyanine-dependent phosphorylation. However, the cruder preparation was about 
15 % more effective than the highly purified one indicating that another factor may 
be present in the cruder preparation. No stimulation of phosphorylation by plasto- 
cyanin in the presence of pyocyanine in chloroplasts was observed. 

o ~c 
o 

o 

II 
rs- 

-6 
E 
21_ 

I I I I I I 

//~st ocya nin 

I I I I I I 
0 1 2 3 4 5 6 

Plastocyanin or  Cyt. c552 (pM) 

Fig. 2. Effect of plastocyanin and cytochrome cs~ 2 on pyocyanine-dependent  phosphoryla t ion in 
subchloroplast  particles. Subchloroplast  particles equivalent  to 5 ° #g of chlorophyll were used. 
The plastocyanin and cytochrome cs5 ~ were added directly to the reaction mixture.  The illumi- 
nation t ime was 5 rain and the gas phase was nitrogen. 

Phosphorylation coupled to ferricyanide reduction was not enhanced by plasto- 
cyanin, even in a preparation of deficient subchloroplast particles in which pyo- 
cyanine-dependent phosphorylation was stimulated 4-fold (Table III). Since many 
workers use phenazine methosulphate (PMS), rather than pyocyanine, to support 
cyclic phosphorylation, it was of interest to test the effect of plastocyanin on PMS- 
dependent phosphorylation. 

It was surprising to find that plastocyanin had no effect on PMS-dependent 
phosphorylation. Furthermore, the rate of pyocyanine-dependent phosphorylation in 
the deficient subchloroplast particles was only IO % of that of PMS-dependent phos- 
phorylation. Pyocyanine-catalyzed photophosphorylation in the presence or absence 
of plastocyanin was abolished by 20 #M DCMU, whereas PMS-dependent phospho- 
rylation in white light was inhibited by only 15 % (Table IV). In red light, however, 
both PMS- and pyocyanine-dependent phosphorylation were fully sensitive to DCMU. 
Pyocyanine, which had been partially reduced by dithiothreitol, was much more 
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T A B L E  I I I  

E F F E C T  OF P L A S T O C Y A N I N  ON P H O T O P H O S P H O R Y L A T I O N  "WITH V A R I O U S  C O F A C T O R S  

Prior  to a s say  of pho tophosphory l a t i on ,  the  deficient  subch lorop las t  par t ic les  were d i lu ted  to 
final ch lorophyl l  concen t ra t ion  of 0. 5 mg /ml  in a solut ion which con ta ined  0.6 mg/ml  bovine  
serum a lbumin  and  20 mM T r i c i n e - N a O H  (pH 8). Al iquots  of th i s  m i x t u r e  (o. i ml) were i ncuba t ed  
in a final vo lume  of 0. 5 ml  wi th  the  ind ica ted  a m o u n t s  of p l a s t ocyan i n  and  15 lano les  MgC12. 
After  i o  rain a t  room t empera tu r e ,  the  r ema in ing  componen t s  of the  pho t ophospho ry l a t i on  re- 
ac t ion mix tu re s  were added  in a vo lume  of 0. 5 ml  and  the  tubes  gassed wi th  n i t rogen  and il lunli-  
na ted  wi th  2. 5. io  6 ergs/cnl  2 per  sec of whi te  l ight .  The pyocyan ine  and PMS concen t ra t ions  
were 5 ° t,M. L i t t l e  convers ion of PMS to pyocyan ine  occurred under  these  condit ions.  

Co factor Plastocyanin Ferricyanide Photophosphor3,lation 
addition reduction (t~moles P~ 
(I,M) (l~equiv/h esterified per h 

per mg chlorophyll) per mg chloroploql ) 

Expl. z 
Fer r i cyan ide  

Pyocyan ine  

Expt. 2 
PMS 

Pyocyan ine  

- -  78.5 1.4 
3-3 85.0 1.3 

- -  - -  3-7 
3.3 - -  12.3 

- -  - -  21.6 
IO - -  20. 4 

_ _  _ _  1. 7 
i o  - -  3 . 8  

T A B L E  IV 

I~F FECT OF D C M U  ON CYCLIC  P H O S P H O R Y L A T I O N  

In  Exp t .  No. I, subch lo rop las t  par t ic les  equ iva l en t  to  5 ° / z g  of ch lorophyl l  were used. The i l lumi-  
na t ion  t ime  was 5 min  and  the  gas phase  was ni t rogen.  Red l igh t  ( >  62o nm) was p rov ided  by  
the  use of a Corning glass fil ter (No. 24o3). The p l a s tocyan in  concen t ra t ion  was  2. 5/*M. In Exp t .  
No. 2, pyocyan ine  was p a r t i a l l y  reduced wi th  d i th io thre i to l .  To 1. 9 ml  of a 0. 5 mM solut ion of 
pyocyan ine ,  0.05 ml o.25 M d i th io th re i to l  and  0.05 ml I M Tris-HC1 (pH 8.0) were added  and 
the  solut ion was gassed wi th  argon. Af ter  30 rain a t  room t en l pe r a t u r e  o . i -ml  a l iquots  of this  
so lu t ion  were used as a source of reduced pyocyanine .  The reac t ions  were run  in Thunbe rg  tubes  
as follows : The p y o c y a n i n e  was added  to the  side a rm of the  tube  to which the  o therwise  conlple te  
reac t ion  m i x t u r e  had  been added.  The tube  was i m m e d i a t e l y  e v a c u a t e d  and then  flushed w i t h  
argon. The evacua t i on  and  f lushing were repea ted  3 t imes  to  assure anaerobiosis .  Final ly ,  the 
p y o e y a n i n e  so lu t ion  was t i pped  in and  the  tubes  i l l um ina t ed  for 2 min  wi th  whi te  light.  

Expt. Mediator Additions Phosphorylation 
No. (Izmoles P, esterified per h 

per mg chlorophyll) 

While light Red light 

I Pyocyan ine  

PMS 

Pyocyan ine  

Reduced  pyocyan ine  

- -  I O . I  

DCMU (20/*M) o 
P l a s tocyan in  28.0 
P l a s toc ya n in  + DCMU o 
- -  66.0 
DCMU (20/,M) 55.6 

- -  21. 7 
DCMU (Io ¢*M) I.O 

- -  74.7 
DCMU (IO/*M) 58.2 

8-5 
o 

22.9 
o 

55.5 
1.6 
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effective as a mediator of cyclic phosphorylation than oxidized pyocyanine. Further- 
more, I0 #M DCMU inhibited phosphorylation in the presence of partially reduced 
pyocyanine by only 22 % and plastocyanin had no effect, as was the case with phos- 
phorylation with PMS in white light. 

Effects of coupling factors and plastocvauin on photophosphorylation 
The rates of photophosphorylation in the plastocyanin-deficient subchloroplast 

particles were very low, even in the presence of plastocyanin. I t  was possible, then, 
that  the subchloroplast particles were deficient in coupling factors as well as plasto- 
cyanin. Two coupling factors for photophosphorylation have been isolated. One factor, 
CF x, is a latent Ca2+-dependent ATPasO ° which is required for optimal rates of phos- 
phorylation in deficient chloroplast preparations 1°, 2s. The other factor, CF 2, was ex- 
tracted by  treatment of chloroplasts with dilute solutions of NH4OH (ref. 14) and 
was shown to enhance phosphorylation in the presence of CF 1 in subchloroplast par- 
ticles which were treated with trypsin. I t  can be seen from Table V that  CF2 was 
also required for optimal rates of pyocyanine-dependent phosphorylation in sub- 
chloroplast particles prepared by the prolonged sonic treatment.  CF 1 alone had little 
effect on phosphorylation, but CF x and CF 2 together enhanced phosphorylation 
5-fold. Plastocyanin stimulated phosphorylation by 3-fold in the presence or absence 
of the coupling factors. This result indicates that  our plastocyanin preparations were 
probably not contaminated with these coupling factors. Similar results were obtained 
with cytochrome css ~. 

T A B L E  V 

E F F E C T  OF C F  1 A N D  C F  2 A N D  P L A S T O C Y A N I N  ON P Y O C Y A N I N E - D E P E N D E N T  P H O S P H O R Y L A T I O N  I N  

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

Aliquots  (o.I ml) of a subch lorop las t  pa r t i c le  mix ture ,  p repared  as descr ibed in the  legend to  
Table  I I I  were placed in tubes  immersed  in an ice bath .  To the  app rop r i a t e  tubes ,  CF 2 equ iva l en t  
to 5 ° / 2 g  of p ro te in  was added.  Af ter  2 rain CF 1 (4 ° t ,g of protein)  and  3 nmoles  of p l a s tocyan in  
were added,  where indica ted .  The vo lume in each tube  was ad jus t ed  to 0.70 ml by  the  add i t ion  
of water .  Fol lowing the  add i t ion  of 5 /~moles of MgC1 v the  tubes  were removed  from the  ice bath .  
Af ter  i o  min  a t  room t empera tu re ,  the  r ema in ing  componen t s  of the  p h o t o p h o s p h o r y l a t i o n  assay  
m i x t u r e  were added  to  br ing  the  vo lume  to i .o  mI. The tubes  were then  i l l umi na t ed  for 5 rain 
a t  room t empera tu re .  The gas phase  was ni t rogen.  

Additions to 
subchloroplast particles 

Phosphorylation 
(l, moles P,  esterified per h 
per mg chlorophyll) 

None 2.8 
CF1 3.9 
CF 2 IO.5 
CF 1 -- CF 2 I5.2 
P l a s tocyan in  9.3 
CF 1 + p l a s tocyan in  12.6 
CF~ + p l a s toeyan in  35.2 
CF 1 + CF 2 + p l a s tocyan in  43.2 

Plastocyanin also markedly enhanced pyocyanine-dependent phosphorylation 
in trypsin-treated subchloroplast particles, indicating that  plastocyanin is at least in 
part  destroyed or dissociated by the trypsin treatment (Table VI). In these subchloro- 
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T A B L E  V I  

E F F E C T  O F  C O U P L I N G  F A C T O R S  A N D  P L A S T O C Y A N I N  ON P Y O C Y A N I N E - D E P E N D E N T  P H O S P H O R Y L A T I O N  

I N  T R Y P S I N - T R E A T E D  S U B C H L O R O P L A S T  P A R T I C L E S  

S u b c h l o r o p l a s t  p a r t i c l e s ,  p r e p a r e d  b y  s h o r t  e x p o s u r e  of  c h l o r o p l a s t s  t o  s o n i c  o s c i l l a t i o n  23 w e r e  
t r e a t e d  w i t h  t r y p s i n  as  d e s c r i b e d  b y  LIVNF~ AND RACKER 14. A l i q u o t s  of  t r y p s i n - t r e a t e d  s u b c h l o r o -  
p l a s t  p a r t i c l e s  (5 ° / ~ g  of  c h l o r o p h y l l )  w e r e  s u s p e n d e d  in  20 n lM T r i c i n e - N a O H - ( p H  8) c o n t a i n i n g  
0 .66  m g / m l  of  b o v i n e  s e r u m  a l b u m i n ,  a n d  w e r e  t r e a t e d  w i t h  C F  1 (3 ° / * g ) ,  C F  2 (20/~g)  a n d  4 n m o l e s  
p l a s t o c y a n i n  as  d e s c r i b e d  in  t h e  l e g e n d  t o  T a b l e  IV.  

A dditions to 
trypsin-treated particles 

Phosphorylation 
(i, moles P~ esterified per h 
per mg chlorophyll) 

N o n e  5.1 
C F  1 16.o  
C F  2 32 .4  
C F  1 -- C F  2 40 .6  
P l a s t o c y a n i n  25 . 2 
P l a s t o c y a n i n  + C F  1 31 .8  
P l a s t o c y a n i n  + C F  2 47 .0  
P l a s t o c y a n i n  + C F  1 + C F  2 41.2  

plast particles, plastocyanin did not enhance phosphorylation when CF 1 and CF 2 
were present. In addition, the plastocyanin stimulation of phosphorylation was less 
in the presence of either CF1 or CF 2 alone than in the absence of coupling factors. 
Thus, it is possible that  some other factor had been damaged by the trypsin treatment 
which may be rate limiting for phosphorylation in the presence of coupling factors. 

Optimal rates of phosphorylation coupled to the reduction of NADP + in the 
sonicated chloroplasts were obtained only in the presence of plastocyanin, CF 1 and 
CF2 (Table VII). In the absence of added coupling factors, plastocyanin stimulated 

T A B L E  V I I  

E F F E C T  O F  C O U P L I N G  F A C T O R S  A N D  P L A S T O C Y A N I N  ON N A D P +  R E D U C T I O N  A N D  C O U P L I ~ D  P H O S -  

PHORVLATION IN SOmCATED CHLOROPLASTS 

T h e  i n c u b a t i o n  of  t h e  s u b c h l o r o p l a s t  p a r t i c l e s  (5 ° ¢tg of  c h l o r o p h y l l )  w i t h  C F  1 (4 ° / z g ) ,  C F  2 (5 ° #g )  
a n d  p l a s t o c y a n i n  (2.9 n m o l e s )  w a s  p e r f o r m e d  as  d e s c r i b e d  in  t h e  l e g e n d  t o  T a b l e  1V. D u p l i c a t e  
i n c u b a t i o n s  w e r e  c a r r i e d  o u t .  T o  o n e  t u b e  of  e a c h  se t ,  a r e a c t i o n  m i x t u r e  w h i c h  d i d  n o t  c o n t a i n  
a2P1 w a s  a d d e d  a n d  t h e s e  t u b e s  w e r e  u s e d  f o r  t h e  a s s a y  of  N A D P +  r e d u c t i o n  as  d e s c r i b e d  in  
MATERIALS AND METHODS. TO t h e  d u p l i c a t e  t u b e s  of e a c h  se t ,  a r e a c t i o n  m i x t u r e  i d e n t i c a l  t o  
t h a t  u s e d  fo r  t h e  N A D P  + r e d u c t i o n  a s s a y s  e x c e p t  t h a t  i t  c o n t a i n e d  1 .8 .  i o  6 c o u n t s / m i n  a2pl,  
w a s  a d d e d  a n d  a2Pl e s t e r i f i c a t i o n  w a s  a s s a y e d .  T h e  i l l u m i n a t i o n  t i m e  w a s  5 r a i n  a n d  t h e  g a s  p h a s e  
w a s  n i t r o g e n .  

Additions to NA DP~ reduction Phosphorylation 
subchloroplast particles (#moles/h (12moles P, 

per mg chlorophyll) esterified per h 
per mg chlorophyll) 

N o n e  lO.2 o .39  
C F  1 lO.2 o .53 
C F  2 lO. 4 1.1o 
C F  1 }- C F  2 9 .6  1.62 
P l a s t o c y a n i n  15.5 o .63  
C F  1 + p l a s t o c y a n i n  14. 5 1 .26 
C F  2 + p l a s t o c y a n i n  14.1 2 .52 
C F  1 + C F  2 + p l a s t o c y a n i n  14. 5 2 .96  

P/2e 

0 . 0 3 8  
0 .052  
o. Io  5 
o . 1 6 8  
0 . 0 4 0  
0 . 0 8 8  
o . 1 7 9  
0 . 2 0 4  
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photophosphorylation and NADP + reduction to a similar extent. In the presence of 
either CF 1 or CF2, plastocyanin stimulated phosphorylation to a greater degree than 
NADP ÷ reduction, resulting in an elevation of the P/2e ratio. 

Lack of effect of plastocyanin on acid to base induced phosphorylation 
JAGENDORF AND URIBE 29 showed that ATP synthesis takes place in darkness 

after a rapid increase of the pH of a chloroplast suspension from 4 to 8. If electron 
transport were required for ATP formation in this system, plastocyanin might be 
expected to enhance it. As shown in Table VIII, plastocyanin had no effect on the 
phosphorylation dependent upon the pH transition. However, pyocyanine-dependent 
phosphorylation, assayed in aliquots of the same incubation mixtures used for the 
acid to base induced ATP synthesis was enhanced by about 60 %. The stimulation 
of pyocyanine-dependent phosphorylation was low in this experiment since it was 
difficult to add enough plastocyanin to saturate the large amount of subchloroplast 
particles used. In control experiments, it was found that the pH transition had no 
effect on the stimulation of pyocyanine-dependent phosphorylation by plastocyanin, 
although it did lower the rates of phosphorylation by about 30-40 %. 

TABLE V I I I  

LACK OF EFFECT OF PLASTOCYANIN ON ACID TO BASE INDUCED PHOSPHORYLATION 

Subchloroplast  particles (0.37 4 mg of chlorophyll) were incubated at room tempera ture  in a final 
volume of 0.6 ml in a mixture  which contained 3 mg bovine serum albumin, 8/*moles Tr ic ine-  
NaOH (pH 8.o), 5/*moles MgC12 and 19 nmoles plastocyanin where indicated. After io min 
o.o5-ml aliquots were assayed for pyocyanine-dependent  phosphorylat ion.  The remaining port ion 
of the mixture  was assayed for acid to base induced phosphoryla t ion  as described 27. All assays 
were performed in duplicate and the duplicates agreed within 5 %- 

Plastocyanin Phosphorylation 
added 

Pyocyanine-dependent 
(Itmoles a2p, esterified per h 
per mg chlorophyll) 

Acid to base induced 
(nmoles a2pi esterified 
per mg chlorophyll) 

- -  9 . 6  i o . I  

+ 15.1 9.0 

DISCUSSION 

The results presented in this paper show that plastocyanin-stimulated phos- 
phorylation coupled to cyclic electron flow with pyocyanine and non-cyclic electron 
flow with NADP + in subchloroplast particles made deficient in plastocyanin by pro- 
longed sonic treatment. This enhancement of photophosphorylation is probably not 
caused by proteins which contaminate the plastocyanin since homogeneous plasto- 
cyanin also stimulated. It is also apparent that plastocyanin is not the only protein 
resolved from the chloroplast membranes by the prolonged sonic treatment. Coupling 
factor-2, and to a lesser extent Coupling factor-l, considerably stimulated pyocyanine 
and NADP+-dependent phosphorylation in the deficient subchloroplast particles. 
Since eytochrome c~52 stimulated photophosphorylation and NADP + reduction in the 
deficient subchloroplast particles it is apparent that the specificity for plastocyanin is 

Biochim. Biophys. Acta, 189 (1969) 193-2o6 



204 M. M. A N D E R S O N ,  R. E. MCCARTY 

not absolute. Since the chloroplasts used by FUJITA et al. T contained 7 ° % of tile 
plastocyanin of chloroplasts, the reported lack of stimulation of phosphorylation by 
plastocyanin is not too difficult to explain. 

Ferricyanide reduction and associated phosphorylation were not stiumlated by 
plastocyanin. Yet the rates of these reactions in plastocyanin-deficient chloroplasts 
from a mutant of Chlamydomonas were less than IO % of those in chloroplasts from 
wild-type organisms 8 suggesting that plastocyanin is required for ferricyanide re- 
duction and phosphorylation. However, it is apparent that the characteristics of 
ferricvanide reduction in subchloroplast particles differ markedly from those in 
chloroplasts 2. Thus, in subchloroplast particles, ferricvanide may readily accept 
electrons from the oxidation chain at a site before that of plastocyanin. In fact, 
C. T. LIEN AND T. T. BANNISTER (personal communication) have shown that dichloro- 
phenolindophenol can be reduced at two sites in sonicated chloroplasts and that only 
one site is dependent on plastocyanin. 

It would appear that plastocyanin is not directly involved in cyclic phospho- 
rylation. The stinmlation of pyocyanine-dependent phosphorylation by plastocyanin 
may be readily explained by the ability of plastocyanin to enhance the reduction of 
pyocyanine. It has been recognized that a mediator of cyclic electron flow must be 
partially reduced to give rapid rates of cyclic phosphorylation 3°,31. In chloroplasts, 
the reduction of pyocyanine from water can be accomplished by a Photosystem II 
reaction, since pyocyanine-dependent phosphorylation was inhibited by DCMU 
(ref. 32). In the sonicated chloroplasts, DCMU also abolished pyocyanine-dependent 
phosphorylation when oxidized pyocyanine was used. DCMU had little effect on phos- 
phorylation in the presence of partially reduced pyocyanine and, therefore, it is 
probably that electrons from water can be used to reduce pyocyanine. Since pyo- 
cyanine would most likely be reduced at a site after that of plastocyanin, plastocyanin 
should stimulate pyocyanine reduction. PMS-dependent phosphorylation assayed in 
white light was not stimulated by plastocyanin and was insensitive to DCMU. In 
red light, however, DCMU abolished PMS-dependent phosphorylation. In white, but 
not red, light PMS is reduced nonenzymatically a°. Thus, plastocyanin would not be 
required for the reduction of PMS in white light and therefore phosphorylation 
coupled to PMS-induced cyclic electron flow should be insensitive to DCMU, as was 
in fact observed. In red light, however, the reduction of PMS must be accomplished 
by the chloroplast electron transport chain using water as the electron donor and 
phosphorylation was therefore found to be sensitive to DCMU. 

ARNOX et al. aa showed that PMS-dependent phosphorylation in the small par- 
ticle produced by the action of digitonin on chloroplasts s4 (D-I44) was independent 
of plastocyanin, even though the particles were deficient in plastocyanin. These 
results have been confirmed and extended in this laboratory' .  Very high rates of 
PMS-dependent phosphorylation (300-600 ktmoles Pi esterified per h per nag of chloro- 
phyll) in the D-I44 particles were found, whereas pyocyanine-dependent phospho- 
rylation was less than 1% of PMS phosphorylation. If, however, reduced pyocyanine 
was used, the rates of phosphorylation approached those observed with PMS. Simi- 
larly, only a very low rate of PMS-dependent phosphorylation was observed in red 
light and phosphorylation under these conditions was markedly enhanced by 

" G. HAUSK,X AND R. E.  MCCARTY, unpublished o b s e r v a t i o n s .  
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ascorbate, which reduced PMS. In no case was phosphorylation stimulated by 
plastocyanin in agreement with the fact that D-I44 particles are incapable of 
System II-linked oxidation of water. 

Finally, the lack of effect of plastocyanin on cyclic phosphorylation in plasto- 
cyanin deficient chloroplast fragments gives a clue to a possible site of energy conser- 
vation in photophosphorylation. Plastocyanin is thought to act in the chloroplast 
electron transport chain between cytochrome f and PT00 (ref. 35). Thus, since cyclic 
phosphorylation does not require plastocyanin, it is possible to conclude that a phos- 
phorylation site exists within the electron transport between the primary reductant 
of System I and PT00. It  is possible, however, that the residual plastocyanin in the 
digitonin and sonic chloroplast fragments (<5  %) is enough to allow cyclic electron 
flow. In view of the high rates of cyclic phosphorylation with PMS which may be 
observed in the D-I44 particle, this possibility is not too likely. 
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