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SUMMARY 

(1) (a) A concentration range of ferricyanlde (~  0 1254) 5 mM) can be found 
which in the dark causes oxidation of cytochrome f with two distinct kinetic com- 
ponents of comparable amplitude The slow oxidation has a half time of 1-2 mln 
(b) The oxidation of cytochrome f by ferrlcyanlde is rapid and monophastc after 
the chloroplasts are frozen and thawed (c) The oxidation of cytochrome b-559 by 
ferrlcyanide in the dark is mostly monophasic with a time course similar to that 
of  the fast component in the cytochrome f oxidation (d) Ascorbate reduction of 
cytochromes f and b-559 appears monophaslc Reduction of cytochrome b-559 by 
ascorbate is somewhat faster, and that by hydroqumone somewhat slower, than the 
corresponding reduction of cytochrome f 

(2) (a) The kinetics of dark ferrlcyanlde oxidation of cytochromeJ after actlnlC 
pretttumlnatxon m the presence of an electron acceptor are approxnmatety monophasic 
with a half time of about 30 s and do not show the presence of the slowly oxidized 
component observed after prolonged dark incubation (b) The effect of acttmc 
prellluminatlon in altering the time course of ferrtcyanlde oxidation appears to 
persist for several minutes in the dark (c) PrelllumlnatIon causes an increase In the 
extent of cytochrome b-559 oxidation by low concentrations of ferrtcyantde The 
increase is Inhibited if 3-(3',4'-dichlorophenyl)-l,l-dlmethylurea is present during the 
prelllumlnatlon (d) The presence of 3-(3',4'-dichtorophenyl)-1,1-dlmethylurea during 
preilluminatlon does not inhibit the amplitude or rate of ferrlcyanlde oxidation of 
cytochromef,  although the presence of the mhlbltor KCN does cause such Inhibition 

(3) It is proposed that a slgntficant fraction of the cytochrome f population 
resides at a position in the membrane relatively inaccessible to the aqueous interface 
compared to high potential cytochrome b-559 Actinic illumination would cause a 
structural or conformational change m the cytochrome f and/or the membrane re- 
sultmg in an increase m accessibility to this fraction of the cytochromefpopulat lon 

Abbreviations DCMU, 3-(3' 4'-dlchlorophenyl)-I 1-dlmethylurea, DBMIB 2 5-dlbromo-3- 
met hyl-6-1sopropylbenzoqumone 

* Present address (1974-75) Laboratortum voor Blochemle, Plantdge Muldergracht 12 
Amsterdam-C, The Netherlands 
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INTRODUCTION 

There 1~ reason to beheve that the components of the chloroplast electron 
transport chain differ with respect to their accesslbdlty and distance from the outer 
membrane surface Evidence for such heterogeneity in the locaUons of some of the 
electron transport components, electron donation and acceptor sites, and different 
chloroplast functions has been clearly summarized by Trebst [1] The data on the 
relauve posmon of the electron transport components themselves is thus far hmlted 
to reactwlty with antibody, from which it has been inferred that ferredoxln [2] and 
ferredoxm-NADP + reductase [3] are accessible to antibody Plastocyanln and cyto- 
chrome f r o  chloroplasts do not react with antibody and are considered to be relatively 
inaccessible by these criteria [4] Information on the position of other electron trans- 
port components might be obtained from the use of small charged chemical oxidants 
and reductants, whtch could also be used to probe the accesstbdlty of components 
for which antibody Is not available Establishment of the relatwe posmons of the 
electron transport components, as well as changes m these posit~ons upon dlumi- 
nation, is of considerable ~mportance to consideration of pathways of electron trans- 
port and mechanisms of energy coupling 

It will be assumed m this work that the charged amon ferncyamde Fe(CN)o 3 
can be used as a selective oxidant of electron transport components whose oxidation 
sites are close to the aqueous interface of the thylakold membrane The assumption 
~s based upon the theoretical constderatlon that energy ~s reqmred to move a water 
soluble ion into a hydrophoblc membrane (&electric constant ~ 2) m the absence of 
any specml lonophore or carrier mechamsm The energy reqmrement is a consequence 
of the increase m "self-energy" of the electrostatic field m the presence of the lower 
dielectric constant [5] This energy barrier has been calculated to be approximately 
40 Kcal/mole for a single electronic charge with an lomc radius of 2 /k  at the center 
of a 70/k thick membrane [6] The energy barrier would be approximately 360 Kcal/ 
mole for an ion of the same ra&us with three uncompensated charges It ~s found m 
practice that small morgamc ions do not penetrate continuous phosphohpid bio- 
molecular leaflet membranes m the absence of a carrter (e g ,  ref 7) and it has been 
shown that ascorbate as a charged water soluble reductant does not penetrate hpo- 
some membranes [8] The assumption that ferncyamde is a selectwe oxidant neglects 
the posslbdlty of specml ferncyamde channels extending into the chloroplast mem- 
brane 

The general purpose of the experiments presented here is to obtain quahtatlve 
data on the relative accessibility and on accesslbdity changes of electron transport 
components wtth similar oxidation-reduction potentml Ferrlcyamde has been used 
prewously as a probe for the locahzatmn of cytochromes m intact and somcated 
mltochondnal membranes [9] Charged reagents which carry radioactive label have 
been used to define membrane protein components of red cells (e g ,  ref 10) and 
chloroplasts [11, 12] which are located relatively close to the aqueous interface 

In this work we compare the accesslbdity to oxidant and reductants of cyto- 
chrome J and high potential b-559, both of which have a midpoint potential of 
approximately + 0  35 volts [13-16] Positional or conformatlonal changes of the 
cytochromes considered m terms of changes m accessibility to ferncyamde are in- 
vestigated after illumination and treatment w~th mh~b~tors 
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METHODS 

(1) Chloroplast preparation and medta 
The procedure for rapid isolation of coupled chloroplasts from spinach leaves 

grown in a controlled chmate facility (20 °C, 8-h hght cycle) has been described 
previously [17] Chloroplasts at a concentration of 80 pg/ml of chlorophyll were 
resuspended in a hypotonlc medmm containing 25 mM Tricme-KOH, pH 7 8, 5 mM 
K2HPO 4, 5 mM NaCI, 2 mM MgC12 and 0 1 mM methyl wologen at 22-23-C 
unless otherwise noted 

(2) Dual wavelength spectrophotometrv 
The rate and amplitude of chemically-induced absorbance changes were stu&ed 

using a dual wavelength spectrophotometer with a reference wavelength of 540 nm 
Addmons to the sample were made in the dark w~th a microsyrmge to a magnetically 
stirred (mixing time ~ 1 s) thermostatted cuvette without interrupting the measure- 
ment The measuring beam was chopped at 120 cycles/s and had a half-band width 
of 3 nm The actimc light had an intensity of 6 5 104 ergs/cm 2 per s at 645 nm (red) 
and 713 nm (far-red) 

(3) Low temperature measurements 
The sample compartment for the measurements at hquld nitrogen temperature 

was very simdar in design to that described by Butler [18] It was found to be necessary 
to cover the dewar with a plastic d~sc to avoid oxygen condensation m the sample 
The sample volume and thickness were 1 0 ml and 0 35 cm, respectively Samples 
were frozen in the hypotonic reaction medium immediately after addition of 0 3 M 
sucrose to the hypotonlc medium in which chloroplasts were incubated with 250/~M 
ferricyanide for specified time intervals 

(4) Single beam spectra 
Continuous measurements of cytochrome difference spectra at 77 ^K were 

obtained by using a stepping motor under computer (Data General 1220 with 16K 
memory) control to drive one monochromator of the Aminco-Chance duochromator 
in 1/8 nm steps with the band width of the monochromator set at 14 nm The 
wavelength drive and gear train for the stepping motor were built by Mr Barrett 
Robinson and Dr Gerald Birth Normalized spectra and appropriate difference 
spectra were stored in memory, plotted on an X-Y recorder and stored on tape The 
interface between spectrophotometer and computer utilized an operational amphfier 
(Analog Devices 42J), an Analogic MP 2814 analog to digital converter, MP 255 
sample and hold amphfier, MP 4108 multiplexer, and two Datel VR12B3D &gital- 
to-analog converters The computer program was written m assembly language by 
Mr Michael Squires 

Fourth order finite difference spectra were calculated using successive in- 
crements of 16. 14, 12, and 10 times the 1/8 nm wavelength step, or 2, 1 75, 1 50, 
and 1 25 nm, respectively, basically using the approach of Butler and Hopkins 
[19] 
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R E S U L T S  

I C]temtcal o'¢tdatlon and reduction ofcvtochromes / and high potential b-559 
Cytochromes f and b-559Hp are xmtlally fully reduced m the dark in coupled 

chloroplasts mcubated m the dark m the hypotontc medmm utthzed xn these experi- 
ments Absorbance changes of cytochromesJ and b-559 are measured at 551-552 nm 
and 561-562 nm, respectively, to mmlmlze mterference There is no interference 
from C-550 and cytochrome b-563 in the chemically mduced absorbance changes 
because both of these components are mmally oxidized and neither is ascorbate 
reducible The mutual interference of the absorbance changes of cytochrome f and 
b-559 on the long wavelength side of cytochrome f was approximately calculated 
assuming a gausslan absorptmn curve with a half-band width at half maxtmum of 
4 nm for both cy tochromesfand  b-559 The contrlbutmn of the cytochromeJ absor- 
bance change at 561 nm would be 0 14 of a pure cytochrome / change measured at 
552 nm By symmetry, 0 14 of a pure cytochrome b-559 absorbance change measured 
at 561 nm would be seen at 552 nm 

Addition of ferrlcyantde causes a decrease m absorbance whtch ts btphaslc with 
a slow (r½ ~ 1 mm) component of appreciable amphtude when measured at 552 nm 
(Fig 1A) The fast component can be seen wtth better resolution (Ftg 2A) The 
slow component in the ttme course of the ferrlcyantde-mduced absorbance decrease 
~s not present at 552 nm if the chloroplasts are first trozen and thawed before fern- 
cyamde is added (Fig IB), nor ts I t  present in the absorbance decrease measured at 
561 nm (F]g 2B) The mam effect of the mutual interference discussed above on the 
patterns of the different kinetic changes seen in the cytochrome f and b-559 regtons 
is that approximately one-third and one-fourth of the fast component seen in the 
cytochrome foxldat lon traces of Figs 1A and 2A ts due to high potential cytochrome 
b-559 

The slow component in Fig 1A arises mostly from cytochrome /c oxtdatmn 
as shown by the spectrum for the slow component measured at room temperature 
(Fig 3), and as well in a comparison of low temperature absorptmn and fourth-order 

A 5 5 2 - 5 4 0  a s c  

I 

F~cy 
B 552-540 after asc (-) 

Freeze/ thaw . J -~ 

~ • "v ~ - ,  ~'v" ~"'N" "~,, (+) 

FeCy 

F ig  1 C h e m , c a l  o x i d a t i o n  and  r e d u c t i o n  o f c y t o c h r o m e  f m e a s u r e d  m u m l l u m l n a t e d  c h l o r o p l a s t s  
C o n c e n t r a t i o n  o f  f e r n c y a m d e  125 itM, a n d  a sco rba t e ,  2 m M  C y t o c h r o m e f  o x i d a t i o n  w] thou t  (A)  
and  w~th (B) t r e a t m e n t  by f reez ing  to  77 ° K  a n d  t h a w i n g  before  a d d i t i o n  o f  f e r n c y a m d e  A m p h f i e r  
t i m e  c o n s t a n t ,  1 s O x i d a t i v e  n e g a t i v e  a b s o r b a n c e  c h a n g e  is s h o w n  as u p w a r d  de f l ec tmn  
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Fig 2 Ferncyamde oxidation o f  c~tochrome f (A) and b-559 (B) with expanded time scale Fern-  
cyanide concentration,  500/tM Amphfier t~me constant 0 7 s 

dtfference spectra measured m samples frozen 2 mm (Fig 4A) and 20 s (Fig 4B) 
after ad&tlon of ferrlcyanlde The spectrum of Fig 3 is weighted toward the long 
wavelength side indicating that there is also a small amount of cytochrome b-559 
oxt&zed slowly at this ferncyanlde concentration It should be noted that the amph- 
tudes of the absorbance changes shown in F~g 1 associated w~th the oxidation of 
cytochromeJ are relatively small The reason ~s that the ferncyamde concentration 
used m Ftg 1 is 125/.tM and the total absorbance change ofcytochromes/'and b-559 is 
dependent upon ferrlcyamde concentration as shown m Fig 5 The blphastc oxidation 
of cytochrome / is not consistently observed with high (>/ 0 5 raM) ferncyamde 
concentrations In contrast to the blphaslc oxtdatton of cytochrome / by ferncyamde, 
the reduction of cytochromeJ by ascorbate (Fig IA, B) and hydroqumone (Fig 6A) 
does not seem to revolve more than one kinetic phase The reduction of ferncyamde- 
oxl&zed cytochrome b-559 by hydroqumone (Fig 6B) and ascorbate (data not shown) 
also appears to be monophas~c Ascorbate reduction of cytochrome b-559 is more 
rapid than cytochrome / (Ftg IA, 7A vs 8B) Of the three chemtcal redox reagents 
(ferncyamde, ascorbate, hydroqumone) employed here, the only one which reacts 

.2:i . . . .  

I 
I I / I 

,546 550 5 ,54  55~1 562 
X(nm) 

Fig 3 D~fference spectrum for the s low component  m the tm~e course ol the l emcy a md e-md u ced  
oxidat ion change shown in Fig 2A 
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Fig 4 Absorption and fourth order fimte difference spectra at hqmd mtrogen temperature for the 
~omputer-corrected difference between samples incubated with 250/tM ferncyamde (FeCy) for 2 mm 
(A) or 20 s (B) and a reduced sample not treated with ferncyamde 
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F i g  5 Total absorbance decrease measured at 551 nm (O) and 562 nm (L~) as a function o| the 
concentration of added femcyamde 

more  rapidly in the dark  with cy tochrome J than with b-559 lS the more hpophlhc  
c o m p o u n d  hydroqulnone ,  whtch reduces cy tochrome J with a half  t ime ~< 1-2 s 

(Fig 6A) compared  to a half-tzme of  4-5 s for the reduct ion o f  cy tochrome b-559 
(Fig 6B) 

II  The effect oJ actmtc predlummatton on the tmle course oJ chemteal o~ctdatton and 
reductton o f  cvtochrome f and b-559 

The blphastc oxidat ion o f  cy tochrome J by ferncyanlde  in chloroplasts  which 
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IOsec B 561-540 ~ (-) 
HQ 
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Fig 6 Time course of hydroqumone (1 raM) reduction of ferrlcyamde (125/~M)-oxldlzed cyto- 
chrome f (A) and b-559 (B) without prior fllumlnaHon Amphfier time constant 0 3 s 

have been transferred from a stock suspension to the cuvette m darkness is not  appar-  
ent after the chloroplasts are first exposed to actinic hght (Fig 7) The ferncyamde 
oxidation of cytochrome f after pre l l lummatlon appears monophaslc  and has a 
half-time of  20-30 s (Fig 7B), approximately midway between the half-times of the 
fast and slow components  observed in the absence of actlmc I l luminat ion There is no 
obv]ous change m the pattern or kinetics of the ascorbate reduct ion of ferrlcyamde- 
oxidized c y t o c h r o m e f  following actmtc l l lummat lon  Actmlc d lummat lon  does not  
cause a slgmficant change in the rate of femcyanlde  oxidation of cytochrome b-559, 
but  does increase the total amphtude  through an addi t ional  slowly oxidized c o r n -  

552- 540 

A Dark asc 
I 

I | ~- - 
FeCy I 

(+) a~c 

FeCy 

713 643 

Fig 7 Comparison of the kinetics of ferncyanlde oxidation of cytochromefwlthout (A) and with 
(B) prior actlmc illumination Ferncyamde and ascorbate concentrations, 250/~M and 2 raM, respec- 
twely Amphtude time constant. 1 s Upward arrows actml~, hght on, downward arrows, hght off 
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Fig 8 Comparison o f  the kinetics offcrrlcyamde oxidat ion ofcytochrome b-559 with (A)  and with- 
out (B) pr ior  actlmC dlummatlon and wl th pr ior  i l luminat ion m the presence o f  5 # M  D C M  U (C) 
F e r n c y a m d e  and  ascorba te  concen t ra t ions  are 125 p M  and 1 m M ,  respectively, Amphf ie r  t ime ¢.on- 
s tant ,  1 s 

ponent (Fig 8A, B) when low concentrations of  ferricyanlde are used No effects of  
actinic illumination on chemical oxidation of b-559 are detectable when the fern- 
cyanide concentration is 0 5 mM or greater The absence of an effect of  pre-dluml- 
nation on the kinetics of b-559 oxldaUon by ferrlcyanlde provides evidence for the 
monophaslc absorbance change measured m Fig 7B arising mostly from cytochrome 
J, since the rate of  the ferrlcyanlde oxidation of cytochrome b-559 after illumination 
is much faster than the monophaslc oxidation of cytochrome f The prelllummation 
regime includes successive apphcatlons of  far-red and red actinic light The kinetic 
changes m cy tochromefox lda t lon  can be achieved with far-red light alone (data not 
shown) The red light is used just to reduce c y t o c h r o m e f m o r e  rapidly 

Actinic illumination evidently causes an umdentlfied change in the state or 
properties of  the cytochrome or the membrane,  which is obviously expressed in the 
modification of the post-dlummatlon kinetics of  cytochrome f oxidation by ferrl- 
cyanide Measurements have been made of the hfetlme of this altered state in terms 
of the time course of  the predlummatlon femcyamde oxidation (data not shown) 
It  is difficult to calculate a half-time for the reversion of the post-dlummatlon state 
to the dark state, as the changes in fast and slow components do not correlate m time 
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FeCy ff g '~ 
1~ ~ ~ ,U. 713 643 
713 643 
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Fig 9 Comparison of  the time course of  femcyamde (0 5 raM) o×~datmn of  cytochrome f after 
prior d lummatmn m the absence (A) and presence (B) of  20/~M D C M U  

552-540 
A C o r f f ~  

713 643 L~d~' ' - 
B K C ~  

FeCy 
713 64:3 

C C o ~  

1-1- • - [  L ,.~. M~III~uLA j/~m ~ 
FeCy . . ~ ~ ' ~ "  ~F 

D KCN Dork ~ (.~l 

h' = ~ ~A- 002 
,=/~/ 40sec I 
v"~l .t 

FeCy (+) 
Fig 10 Comparison of  the hme course of  ferrlcyamde oxldatxon of  cytochrome f a t e r  prior illumi- 
nation m the absence (A) and presence (B) of  potassmm cyamde Control addltnons of  ferncyamde 
v~ere made m samples kept m the dark without (C) and wnth prior mcubatmn m KCN (D) The KCN 
incubation was performed essentially as m ref 20, chloroplasts were resuspended m 10 mM N-2- 
hydroxyethylplperazlne-N'-2-ethanesulfomc acid (HEPES)-NaOH buffer, pH 7 4, 0 1 M sorbttol 
2 mM MgCI2 at 2 mg chlorophyll/ml The chloroplasts were incubated at 1 2 mg chlorophyll/ml 
m 60 mM tnc lne -KOH,  pH 8 l, 501tM ferncyamde, and 30 m M  KCN for 60 m m  The chloroplasts 
were then dduted to 80/,g/ml chlorophyll in reaction medmm for spectral measurements 
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We would estimate that the half-time of an altered post-dluminat~on state is between 
2 and 5 mln, with observable differences m the time course of ferrlcyamde oxidation 
persisting for 5-10 mln after illumination 

1II Effect of  electron transport mhibttors on the post-dlumlnatton statc 
The electron transport lnhlbltors DCM U and K C N  affect the post-illumination 

ferrlcyanlde oxidation of cytochrome [ in different ways The presence of DCMU 
(20 #M) during illumination does not inhibit the amphtude or rate of the cytochrome 
J oxidation by ferricyanide, and the rate of ferricyanlde oxidation may occur even 
faster with D C M U  present during prelllumlnatlon (Fig 9) The ferricyanlde oxidation 
rates are faster in Fig 9 with 0 5 mM ferricyanlde than in Fig 7B where 0 25 mM 
ferricyamde was used DCMU, which acts close to Photosystem II and cytochrome 
b-559, does inhibit the increase in amphtude of cytochrome b-559 oxidation by low 
concentrations of ferrlcyanlde (Fig 8C) When chloroplasts are incubated in KCN, 
photooxldatlon of cytochrome f l s  inhibited during the prelllummatlon [20] as is the 
rate and amplitude of the subsequent ferrlcyanlde oxidation ofcytochromeJ  (Fig 10B) 
The amplitude of dark controls (Figs 10C and 10D) measured after 60 nun is normal. 
although the fast component  of cy tochromefox lda t ton  is absent m Fig 10D The 
kinetics of  the latter control were somewhat variable The effect of DBMIB present 
during illumination on the ferricyanide oxidation of I is ambiguous (data not shown) 
because DBMIB increases the rate of dark reduction after illumination [21] 

DISCUSSION 

The time course of  cy tochromeJ  oxidation by ferrlcyanlde shows two distinct 
kinetic phases (Figs 1A, 2A) The slow component  (r~ ~ 1 mln) has a rate constant 
which is orders of  magmtude smaller than that for ferrlcyanide oxidation of cyto- 
chrome c in solution [22] and is also at least one order of  magnitude slower than the 
oxidation of the cytochrome / after freeze-thaw treatment (Fig 1B) and the bulk of 
the high potential cytochrome b-559 (Fig 2B) The rate constants for the fast com- 
ponent of  the cy tochromefox lda t lon  and the oxidation of cytochrome b-559 cannot 
be determined in this experiment because of the extended mixing time Part of  the 
cy tochromefmlght  be oxidized slowly (a) because of hindrance in the protein struc- 
ture or (b) a membrane barrier preventing penetration of the ferrlcyamde In either 
case, the blphasic ferrlcyanlde oxidation of cytochrome / argues for two distract 
species of  cytochrome J in the membrane in the dark There is no evidence for a 
heterogeneity of cytochromeJ  with respect to midpoint potential which could account 
for the blphaslc response 

One cannot totally exclude the posslblhty that the slow component  of  the 
cytochrome f oxidation by fermcyamde is due to steric effects of the cytochrome 
protein structure, but the monophaslc oxidation of cytochrome f after freeze-thaw 
treatment would rather suggest the existence of an appreciable membrane barrier 
as the cause of the sluggish oxidation That the total cytochrome fcomplement  is at 
least somewhat removed from the membrane surface is shown by the inability of  
cytochrome f antibody to react with cytochrome f in chloroplasts [4] These data 
together with the relatively rapid oxidation of cytochrome b-559 by ferrlcyanlde lead 
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Fig 11 Interpretation of  the effect of  chemical ox=dant and reductant on cytochromes f and b-559 
before and after pre-dlummatmn in terms of  the positron of  these cytochromes relative to the aqueous 
interface of  a hydrophoblc membrane 

us to propose a qualitative model for the distribution o f c y t o c h r o m e f a n d  cytochrome 
b-559 in relation to the membrane surface (Fig l l )  We would place cytochrome 
b-559, or at least its site of  chemical oxidation, close to the aqueous interface, since 
most of  the b-559 is rapidly oxidized even at low ferrlcyamde concentrations The 
blphaslc cy tochromefoxlda t lon  leads to the suggestion that part of  the cy toch romef  
complement in the dark is positioned relatively far from the membrane surface No 
statement can be made about  the absolute distances of the components from the 
membrane surface The biphasic oxidation curve for cytochrome f lmpl les ,  as noted 
above, that the cytochrome f population is heterogeneous and the rapidly OXl&zed 
component  should be closer to the membrane surface The discussion of the position 
of the cytochrome components m the membrane, based on the ferrlcyanide oxidation 
experiments, really concerns the oxidation site of  the proteins, since the oxidation 
site of a cytochrome may be distinct from the site of  reduction [23] With respect to 
reduction, the cytochrome b-559 is also somewhat more accessible in the dark to the 
polar reductant ascorbate than is cytochrome f, which is consistent with the model for 
cytochrome positioning shown in Fig 11 The approximately monophaslc kinetics for 
cytochrome f reduction by ascorbate in the dark might suggest that the sites of  re- 
duction are more homogeneously distributed than those for oxidation, but the ascor- 
bate concentrations used for reduction are necessarily high 

Actinic illumination of the chloroplasts causes a large change in the kinetics 
of the subsequent dark oxidation of  c y t o c h r o m e f b y  ferrlcyanide (Fig 7) The mare 
effect is the disappearance of the slowly oxidized component  after prelllummatlon 
This is most simply described by an increase in the effective accessibility of  the cyto- 
ch romefpopu la t ion  (Fig 11) The increase m accessIblhty of part  of the cytochrome 
f population shown in Fig I I IS meant to be symbolic, since the two cy tochromeJ  
populations could be (a) different subumts or (b) intact cytochromes at different 
positions in the membrane In ad&tion, the increase in accesslbthty of  part  of the J 
population after illumination could be caused by (a) actual transmembrane motion 
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of the cytochrome relative to the membrane, or (b) hght-lnduced activation of a 
carrier shuttling between the maccessible f component  and the membrane surface I f  
ferricyanlde, in fact, can truly only react at the membrane surface, then a carrier is 
absolutely required to reach a buried cytochrome 

Whatever model one uses to describe the change in the time course of  ferrlcya- 
rode oxidation of cytochrome f after illumination, it would appear that the actinic 
light causes a structural or conformatlonal change in the cytochrome and/or the 
membrane In what way does the actinic light trigger the structural change r The slow 
component  in the ferricyanlde oxidation of cytochrome [ disappears as well if the 
actinic illumination is provided in the presence of D C M U  The effect of  the actinic 
light is then either exerted through the pigment system or through limited electron 
transport involving photosystem I alone Cyclic electron transport should be negligible 
in the presence of methyl vlologen and aerobic conditions Since it is known that 
cytochrome c undergoes large conformatlonal changes in going from the reduced to 
the oxidized state (see ref 24, for example), a simple mechanism for triggering a 
conformatlonal change of cytochrome f would be through its photooxidation This 
hypothesis is consistent with the ability of far-red light alone to achieve the actinic 
effect, but would require that the structural change not be immediately reversed by 
red light reduction of cytochrome J One might test the role of photooxldatlon in 
causing the accessibility change by illuminating the chloroplasts under conditions 
where cytochrome f photooxldatlon is inhibited This can be accomplished through 
incubation of the chloroplasts in high concentrations of  KCN for an extended 
period [20] The result of  the K C N  experiment is consistent with the hypothesis 
that cytochrome [ photooxldatlon triggers a conformatlonal change responsible 
for the alteration in kinetics of  cytochrome 3' chemical oxidation However, the 
I (CN result can be Interpreted In addition to mean that plastocyanln is a carrier 
mediating the dark chemical oxidation of cytochrome f 

Having discussed the evidence based on the use of  a charged oxidant and 
reductant which leads to the model of Fig 1 l, It is necessary to explain why the more 
hpophlhc hydroqulnone will reduce cytochrome ] more rapidly than cytochrome 
b-559 which we infer to be closer to the membrane surface An ad hoc explanation is 
that a channel for hydroquInone reduction exists in the membrane, possibly through 
the plastoqulnone pool, and that intrinsically the reduction of oxidized cytochrome 
f by hydroqulnone is more rapid than reduction ofcytochrome b-559 

ACKNOWLEDGEMENTS 

We would like to thank Judith J Donnell and S Kent Phillips for their assis- 
tance on these experiments, Mrs Mona lmler for her help in typing the manuscript, 
and Mr Ted Van Rljk and the machine shop of Mr Eric Henss We are grateful to 
Professor Achlm Trebst for kindly sending us his review paper prior to pubhcatlon 
This research has been supported by NSF grant GB-34169X and N I H  Research 
Career Development Award I KO4 29735 from the Institute of General Medical 
Sciences 



360 

R E F E  RENCES 

1 Trebst ,  A ( 1 9 7 4 ) A n n u  Rev Plant  Physlol 25, 423-458 
2 H ledemann-Van  Wyk,  D and  Kannanga ra ,  C G (1971) Z Natur forsch  26b 46 50 
3 Berzborn R J (1968)Z  Natur forsch  23b, 1096-1104 
4 Racker  E ,  Hauska ,  G A ,  Lien, S ,  Berzborn R T and  Nelson,  N (1971) Proc 2nd Int Cong 

Photosyn  R e s ,  Stresa, (Fort1 G ,  Avron,  M and Melandn ,  A ,  eds), pp 1097-1113 
5 Abraham,  M and Becker, R (1950) Electricity and  Magnet i sm,  p 83, BlackJe and Sons, Ltd, 

London  
6 Parseglan, A (1969) Nature  221 844-846 
7 Bangham,  A D ( 1 9 7 2 ) A n n u  Rev Blochem p 765 
8 McConnel l ,  H (1971) Biochemistry  10, 1111-1120 
9 Chance,  B (1970)Proc  Nat l  Acad  Scl U S 66, 928-935 

10 Berg, H C (1969) Blochlm Blophys  Acta  183, 65-78 
I I Dtlley, R A ,  Peters G A and Shaw E R (1972)J  Memb  Blol 8, 163-180 
12 Gmquln ta ,  R T ,  Dllley, R A and Anderson ,  B J (1973)Blochem Blophys Res C o m m u n  52, 

1410-1417 
13 Davenport ,  H E and  Hill R (1952)Prot .  R Soc Lond Set B 139, 327-345 
14 Bendall D S (1968)Blochem J 109, 46p 
15 Kna f f  D B and Arnon ,  D 1 (1971) Blochlm Blophys Acta  226, 4 0 0 4 0 8  
16 Boardman,  N K Anderson ,  J M and Hdler,  R G (1971)Btoch lm Blophys Acta  234, 126- 

136 
17 Cramer ,  W A and  Bohme,  H (1972) Biochlm Blophys Acta  256, 358-369 
18 Butler, W L (1972) Methods  m Enzymology  (San Pletro A ,  ed ), Vol XXIV,  Part B p 5, 

Academic  Press New York  
19 Butler, W L and  Hopkins ,  D (1970) Pho tochem Photob~ol 12, 451-456 
20 Izawa, S ,  K r a a y e n h o f  R ,  Ruuge  E K and DeVault  D (1973) BlochJm Blophys Acta  314 

~28-339 
21 Bohme,  H and Cramer  W A (1971) FEBS Lett 15, 349-351 
22 Brandt  K G Parks, P C ,  Czerhnskl  G H and Hess G P (1966)J  BJol Chem 241, 4180- 

4185 
23 Margohash ,  E Ferguson-Mdler ,  S ,  Tulloss,  J ,  Kang,  C H Femberg,  B A ,  Brautlgan,  D L 

and  M o r n s o n  M (1973)Proc  Nat l  Acad Scl U S 70 3245-3249 
24 Takano ,  T Kallal, O B ,  Swanson,  R and  Dickerson,  R E (1973) J Blol C h e m  248, 5234-5255 


