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SUMMARY 

I. Triton concentrations of about o.oi % uncouple photosynthetic processes and 
speed the light-induced reduction of cytochrome b 6 and oxidation of cytochrome 
b-559. Above 0.05 % Triton, electron flow rates rise to a maximum and a slow, almost 
complete, oxidation of cytochrome b-559 can be observed. 

2. Chloroplasts treated with o. 1% Triton are thereafter dependent on Triton for 
photochemical activity. 

3. Kinetic evidence supports the following sequence of electron carriers in 
relation to Photosystem I: 

cytochrome b-559-?-cytochrome f-plastocyanin-P7oo-Photosystem I-?-cyto- 
chrome bs. 

INTRODUCTION 

The soluble copper protein plastocyanin is known to be necessary for the 
photochemical reduction of NADP+ by sonicated chloroplast fragmentsl, ~ or by a 
Photosystem-I particle obtained upon resolution of chloroplasts with detergent a. 
Since the midpoint potential of plastocyanin is + 0.37 V at pH 7.0 (see ref. 4), lying 
close to the value for cytochrome f, 0.365 V (see ref. 5), it is considered likely that 
these two heavy-metal catalysts interact. Evidence for their functioning in alternative 
parallel routes to the oxidizing end of Photosystem I has been presented by KoK, 
RURAINSKI AND HARMON 6. However, FORK AND URBACH 7 a n d  AVRON AND CHANCE 8, 

citing experiments using the inhibitor salicylaldoxime, propose that plastocyanin 
reduces cytochrome f. A third possibility, that plastocyanin mediates electron flow 
between cytochromef and P7oo, is supported by data of GORMAN AND LEVlNE 9 from 
a Chlamydomonas mutant lacking plastocyanin and data of WESSELS 10 using digiton- 
in-resolved chloroplast particles. 

This paper reports experiments in which the sensitive technique of double-beam 
spectrophotometry employed by other workersS, 9 is combined with detergent treat- 
ment of chloroplasts to render them deficient in plastocyanin. Restoration of purified 
plastocyanin should then allow determination of its specific interactions with other 
chloroplast components. 

Abbreviat ion:  DCIP, 2,6-dichlorophenolindophenol. 
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MATERIALS AND METHODS 

Chloroplasts were isolated from spinach leaves by grinding in (raM): NaC1 300, 
Tris-HC1 20, MgCI~ 4, sodium ascorbate 2 (pH 7.4)- After filtration and sedimentation 
the chloroplasts were washed once in (mM) : sucrose 200, Tricine 30, MgC12 3, sodium 
ascorbate 2 (pH 7.4). They were then suspended for IO min at o ° in (raM): NaC1 20, 
Tricine 20, MgC12 2, sodium ascorbate 2 (pH 7.0) to which was added I.O mg Triton 
X-Ioo  per mg chlorophyll. After sedimentation by  spinning at 30000 × g for 7 min, 
the green supernatant  containing some liberated Photosystem-I  particles n was 
discarded and the pellet resuspended in the same medium minus Triton and ascorbate. 

Crude spinach ferredoxin was prepared by  acetone fractionation as described 
by  SAN PIETRO AND LANG 1~. Purified ferredoxin was obtained by 2 subsequent 
passages through DEAE-cellulose 13. Plastocyanin was prepared by  the procedure of 
KATOH, SHIRATORI AND TAKAMIYA 4, but starting with isolated chloroplasts and 
omitt ing the third chromatographic separation. 

Difference spectra were obtained using a Chance-type double-beam spectro- 
photometer.  The cell compar tment  was cooled to + 2  ° . Actinic light was passed 
through a 7o5-nm interference filter, half bandwidth 12 rim, and a Corning CS 2-64 
blocking filter, giving an incident energy of 2. lO 4 erg-cm -~. sec -1 (below satn.). The 
composition of reaction mixtures was adjusted to maximize the absorbance change 
due to a given chloroplast component, and minimize overlapping absorbance shifts of 
other components. For this reason several different reaction mixtures were used, 
though variations were kept to the necessary minimum. All on- and off-responses 
ascribed to a specific pigment were verified by  plotting a difference spectrum 16. The 
faster absorbance changes were also recorded on an oscillographic recorder to obtain 
the quoted response rates. 

RESULTS 

The effect of Triton was first studied using chloroplasts which had not been 
subjected to previous incubation with the detergent. For this purpose a chloroplast 
sample was withdrawn from the final suspending medium (NaCl-Tricine-MgC12- 
ascorbate) prior to the Triton addition. Light-induced absorbance changes at the 
cytochrome be and b-559 ~-band maxima were monitored n, as well as the NADP + 
reduction rate. 

Fig. I shows that  the initial NADP + reduction rate was more than doubled by  
o.oi % Triton, while above this concentration a strong inhibition set in. Beyond 
o.o4 % the rate increased gradually again to a new maximum. This behavior was noted 
earlier by  VERNON AND SHAW 14. Concomitant with the enhancement of reduction rate 
by  o.oi % Triton is an increase in the illuminated steady state extent and initial rate 
of the cytochrome be absorbance change 15. The peak enhancement is observed at  a 
higher Triton concentration than that  found for NADP + reduction presumably 
because a higher chlorophyll concentration is employed for observation of cyto- 
chrome responses. There is no secondary rise in the extent of the cytochrome b e 
response. 

Cytochrome b-559 is known to be reduced by  ascorbate and oxidized by  Photo- 
system-I  light in uncoupled chloroplasts le. Increasing Triton concentrations promote 
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an ini t ia l  small  rise and  fall followed by  a gradual  rise in the extent  and  on-response 
rate  of the cytochrome b-559 absorbance change (Fig. I). 

T rea tmen t  of chloroplasts with Tr i ton  as described in MATERIALS AND METHODS 
led to a deplet ion of p las tocyanin  and  ferredoxin, and  loss of the abi l i ty  to evolve 
oxygen. Wi th  such a low detergent  concentrat ion,  significant resolution of the two 
photochemical  p igment  systems did not  occur. If p las tocyanin  and purified ferre- 
doxin  were added, the chloroplast f ragments  were capable of photoreducing NADP + 
in the presence of ascorbate and  2,6-dichlorophenolindophenol (DCIP) with rates of 
about  250 ~moles/mg chlorophyll/h in sa tura t ing  red light. The control rate of 
N A D P  ÷ reduct ion in the absence of p las tocyanin  and  ferredoxin was between IO and  
2o% of this value. 

When  Tr i ton- t rea ted  chloroplasts are washed free of Tr i ton  and placed in a 
Tri ton-free reaction mixture,  no photochemical  ac t iv i ty  is detectable (Fig. 2). Upon 
addi t ion  of Tri ton,  ac t iv i ty  is rapidly  restored in proport ion to the amoun t  of added 
detergent .  The Tr i ton  concentra t ion  dependence of NADP + photoreducing ac t iv i ty  
shown in Fig. 2 is similar to the secondary rise of NADP+ reduct ion rate shown in 
Fig. i .  So also is the Tr i ton  requi rement  of the cytochrome b-559 oxidat ion rate. Since 
removal  of Tr i ton  from t reated chloroplasts leads to c lumping of particles, it  seems 
probable tha t  the high-Tri ton effect is due to some gross physical change in lamellar  
s t ruc ture  caused by  the detergent,  resul t ing in exposure of photochemically active 
components  such as P7oo. 

Fig. 3 (top) demonstra tes  tha t  p las tocyanin  accelerates the rate of cytochrome 
5-559 oxidat ion in Tr i ton- t rea ted  chloroplasts, with methyl  viologen as the electron 
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Fig. I. The effect of increasing Triton X-ioo concentration on NADP + reduction and cytochrome 
responses in illuminated untreated chloroplasts. NADP + reduction rate, O - - O ;  cytochrome b B 
on-response (reduction), O - - O  ; cytochrome b-559 on-response (oxidation), A - - A .  The relative 
extents of the cytochrome b 6 and b-559 absorbance changes were also indicative of the relative 
initial on-response rates for the same cytochrome. The half-response times were for cytochrome be, 
o.25 sec; for cytochrome b-559, 8 sec, at o.o2 % Triton. The reaction mixture contained in 1.5 ml, 
I.I ml of chloroplast suspension (360 /~g chlorophyll), sodium ascorbate o. 5 /,mole, DCIP o.35 
/~mole, NADP+ I.O /*mole, crude ferredoxin 0.24 mg. For NADP + reduction assays only 12o/2g 
chlorophyll were present. NADPH was determined at 380 nm using e = I. 4 mM -1. cm -1. 

Fig. 2. The dependence of NADP + reduction and cytochrome b-559 oxidation on added Triton, in 
chloroplasts pretreated with Triton. NADP + reduction rate, O - - O  ; cytochrome b-559 oxidation 
extent, x - -  x, and initial rate per rain, 0 - - 0 .  Chloroplasts were washed twice after incubation 
with Triton (see MATERIALS AND METHODS). The reaction mixtures, chlorophyll concentrations and 
NADPH assay were as described for Fig. I. 
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acceptor. The slow back-reduction by  ascorbate has a half-time of about 12 sec at 
pH 7.0. Plastocyanin has a similar effect when ferredoxin and NADP + replace 
viologen as the acceptor (Fig. 3, bottom, right). The initial cytochrome oxidation rate 
corresponds with transfer of 2 electron pair ffequiv per mg chlorophyll per h. The hi- 
phasic reduction of cytochrome b-559 is not understood. In the same suspension the 
observed NADP + reduction rate was initially 40 and then after io sec or so, 20 ffmoles 
reduced per mg chlorophyll per h (Fig. 3, bottom, left). I t  follows that  cytochrome 
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Fig. 3. The  effect of p l a s tocyan in  on cy t och rome  b-559 kinet ics .  I n  add i t ion  to t he  c o m p o n e n t s  
listed, t he  reac t ion  m i x t u r e s  con ta ined  in 1.5 ml ,  i .o  ml  of T r i t on - t r e a t ed  ch loroplas t  suspens ion  
(4oo # g  chlorophyll)  and  1.3 % Tr i ton  X-1oo.  D o w n w a r d  arrow:  act inic  l ight  on. U p w a r d  a r row:  
act inic  l igh t  off. D o w n w a r d  t race  deflection: decrease in absorbance .  N u m b e r s  in pa ren theses  a re  
equ iva l en t  ffmoles N A D P H  per  m g  chlorophyl l  per  h. '559-546 '  denotes  AAssgnm-AA546 nm, 
and  so on. 
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Fig. 4. The  effect of p l a s tocyan in  (PC) on P7oo and  cy t och rome  f responses .  The  reac t ion  m i x t u r e s  
(1. 5 ml) con ta ined  m e t h y l  viologen 125/2M, ascorba te  3 mM, chlorophyl l  4o0 fig (top and  b o t t o m  
curve) or 2oo/2g (right), 20 fig p l a s t ocyan i n  where  ind ica ted  and  1.3 % Tr i ton  X- ioo .  D o w n w a r d  
and  u p w a r d  arrows m a r k  t h e  beg inn ing  and  end  of a I .o-sec f lash of act inic  l ight .  Brief  i l lumina t ion  
min imized  in ter ference  f rom slow c y t o c h r o m e  b-559 changes .  D o w n w a r d  t race  deflections s ignify  
a decrease in absorbance .  F igures  in pa r en t he se s  are  equ iva l en t  #mo le s  N A D P H  per  m g  chloro- 
phyl l  per  h. Under l ined  figures are  ha l f - response  t imes  (sec). 
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b-559 plays no significant role in the mediation of electron transfer between ascorbate 
and NADP +. 

In contrast, the cy tochromef  oxidation rate is enhanced 7- or 8-fold by plasto- 
cyanin, giving a value of 12.3 equivalent ~moles NADP + per mg chlorophyll per h 
(Fig. 4, top) and the absorbance change induced by a I-sec flash is correspondingly 
larger. Both with and without plastocyanin, ascorbate fully reduced the cy tochromef  
as determined by  the absorbance decrease at 554 nm upon addition of an excess of 
potassium ferricyanide. 

Fig. 4 (bottom) shows on a longer time scale the reduction of cytochrome f by 
ascorbate following an illumination period. Plastocyanin accelerates the reduction 
slightly, from a half-time of 3.4 to 2.6 sec, but  the maximum initial reduction rate is 
only 1.2 equivalent ~moles NADP + per mg chlorophyll per h. 

The effect of plastocyanin on P7oo reduction was studied at 440 nm (Fig. 4, 
right). This is 4 nm higher than the wavelength maximum of the P7oo Soret band, 
but is chosen because interference from cytochrome changes is here minimaP 5. The 
P7oo oxidation rates, being faster than the machine response time, are not calculated. 
The reduction rate was found to be increased from 1.2 to about 22 equivalent ~moles 
NADP + per mg chlorophyll per h. Among the pigment systems investigated this is 
the greatest observed enhancement due to restoration of plastocyanin. The AA at 
44 ° n m  per x-sec flash was consistently less in the presence of plastocyanin. 

In the restored system, the cytochrome f oxidation rate is about half the P7oo 
reduction rate, suggesting that these pigments and plastocyanin interact with reason- 
able efficiency. However, the observed slow rate of cytochrome f reduction indicates 
that  this pigment cannot participate significantly in continuous electron flow between 
ascorbate and viologen. 

DISCUSSION 

The complex response of untreated chloroplasts to Triton X-Ioo (Fig. i) has 
been interpreted by  VERNON AND SHAW 14 as follows. The stimulation of electron trans- 
fer by low concentrations of detergent is due to an uncoupling of rate-limiting steps 
concerned with photophosphorylationlL The inhibitory phase at slightly higher con- 
centration is associated with the loss of soluble chloroplast components as evidenced 
by the ability of added plastocyanin to enhance electron flow rates in this range. The 
increase in the NADP + reduction rate at high Triton levels is ascribed to chloroplast 
fragmentation and exposure of P7oo to artificial electron donors. 

The increase of the cytochrome b e reduction rate and extent concomitant with 
the low-Triton uncoupling effect supports the view that  this cytochrome is reduced 
by Photosystem I rather than by Photosystem II. The rise in the cytochrome b-559 
oxidation rate at this same concentration suggests that this pigment may be on the 
reducing side of the phosphorylation site. Since the oxidation rate of cytochrome 
b-559 at high Triton levels (Fig. 3) is too slow for this cytochrome to play a significant 
role in ascorbate photooxidation and since its reduction rate is even slower, the 
interaction of cytochrome b-559 with Photosystem I may be entirely unphysiological 
under these experimental conditions, depending on chance contact of resolved 
Photosystem I and II  fragments n. 

Cytochrome f clearly contributes little to the overall flow of electrons to PToo 
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on account  of its slow reduct ion by  ascorbate, yet  its oxidat ion rate is markedly  in- 
creased by  addi t ion of p las tocyanin  (Fig. 4). In  un t rea ted  spinach chloroplasts the  
c y t o c h r o m e f o x i d a t i o n  half- t ime is about  1.3 msec (see ref. I8), while in Fig. 4 (top, 
p l u s  plastocyanin) it is 17o msec. This ra ther  long half-t ime might  be decreased 5-fold 
by  increasing the light in tens i ty  to sa tura t ion  bu t  the remaining  difference mus t  be 
ascribed to s t ruc tura l  derangements  resul t ing from detergent  t rea tment .  

The great effect of p las tocyanin  on P7oo reduct ion rates (Fig. 4) supports  earlier 
claims lg tha t  these pigments  form a photochemical ly active complex. Our data  lend 

no suppor t  to the hypothesis,  based on exper iments  with added cytochrome f, tha t  
p las tocyanin  and  cytochrome f are both  direct ly oxidized b y  P7oo (see ref. 6). Nor is 
there any  evidence tha t  p las tocyanin  may  mediate  to a significant degree in cyto- 
chrome f reduct ion 7, s. 

The major  source of electrons dur ing  P7oo tu rnover  in Tr i ton- t rea ted  chloro- 
plasts is p resumably  plastocyanin,  which is directly reduced by  ascorbate 4. The 
sequence of electron carriers relat ive to Photosys tem I is deduced to be: 

cytochrome b-559-?-cytochrome f - p l a s t o c y a n i n - P 7 o o - P h o t o s y s t e m  I - ? - c y t o -  
chrome b 6. 
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