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/ UCRL-16283 

ACTION SPWTRl.Jl-1:. AND OOANTtJM REQUTIIDJEJ.'frS FOR TI-lE PHOTOREDUCTION 

OF CYTOCHROME c \liTH SPINACH CHLOROPLAsrS* 

Jeffrey Kelly and Kenneth Sauer 

ABSI'RACT: The photoreduction of cytochrome c in the presence of · · .: 

intact. chloroplasts occurs with a hjgh quantum efficiency~· using. 

reduced .tri.'Ylethyl-p-benzoquinone (TI1QH2 ) as reductant and in the 

presence of 3-_(3.,11-dichlorophenyl)-1,1-dimethylurea. (DCl·'lU). This 

reaction has a requirement of 2 quanta absorbed per. electron trans-. · 
I 

ferred to cytochrcme c for excitL"lg light ·in the wavelen~'th region 
' ' 

from 620 to 680 mJJ; tbe quantum requ:irement then fal.ls to 1 quantum 

per electron at l'la.Veleflt:,"'ths greater than 700 m~. Trese results con­

finn the conclusion ~f Vernon and Shaw (1965) that this redox 

reaction is mediated by chloroplast pigment system I in the presence. 

of DCMU,. The quantum requirement of unity observed at long \lfave-

lengths shows that the reaction probably occurs with the max:imum · · 

efficiency obtainable .• 

The evaluation of the action spectrum for cytoc11r0me c reduction 

together tdth that for the chloroplast Hill reac.tion, photocatalyzed 

by p1&9nent system II (Sauer nnd Park, 1965), strongly sup;;ests that 

there is no appreciable transfer of electronic excitation energy 

bet1-reen the two pigment systell."> in spir.a.ch chloroplasts. The two 

light reactions apparently interact only at the chemical level of 

photosynthetic electron transport. A model is presented which 
i 

rationalizes' this conclusion by the physical separation of the t'I-JO 

p~ent systems on opposite sides of the chloroplast lamellar unit. 
**~HHHf***** 

*From the Department of Chemistry and Laboratory of Chemical Biod;yr .. arnics, 

University of California, Berkeley._: 'I'he ~'fOrk descr5.be--J in this paper 

was sponsored in part by the U. S. ·Atomic Energy C6mmiss:ton. 

·! 
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The recent studies .of Vernon and S'naitt (1965) demonstrated that 
.. , 

the photor~ction of cytochrome c by whole chloroplasts is\stimutat~ 
. ',· ') 

' 
by the addition of various hydroquinones, includi~g reduced trimethyl-

" . . . . . ): 
~ j • 

p~benzoq\i:lnon~ ('IN~) .1 The stin1U1ation is· only partially decreased 
: ' . I • 

~{the. presence of:bcMU,,' apotent inhibitor of·oxygen evolution by 
" I , . ·. . . 
chloropJ.z;.sts. :This. firrlfug suggested to· Vernon a.tld ~havt·that these 

' . 

hydroquinones se.rVe as electron donors for· the· long-wavelength· p~r.crnent · 
. . . . . . 

. ' . 

system I of chlbroplasts • 

The present investigatio~ seeks to det.ermine by mearis· of /.ts · 
•. I . . . . . . . .J 

action spectrtim. \'m.ether this photoreduction is a system I reaction~ · 
I . • ' , . 

. I . . . . . . . . 

The
1 

evidence strongly suggests tr..at such is .the case, and th~ da.ta are 
. 1. ' ,. • ' ' . • ' 

u;;ed to derive the sr-ectral absorption of pigment system. I.· The action 
I 
I . . . . , . . . 

spectrum for cytochrome c reduction by chlorcplasts is f0\!...'1<.1 to W 
I 

similar to that reported previously ·for the photoreduction of NADP 
. . . . ' . 
with DCPIP~ ·and ascorbate in the presence of DCI,1U--a knm·m system I 

reaction. (Hoch and r.!clrtm, 1963; Sauer and B.1ggins, 1965).. Further-

more, the consideration of the action spectrum for. cytochr'cme c reduc- . 

tion togethei- with that for the chlotoplast.lilll reaction (Sauer and· 

Park, 1965)--a system II rroction~provide~ strong. evidence to support 

the hyPothesis that there is no trahsfer of eiectror~c·excitation energy 
' . ' 

bettr;een the tt•;o pi@nent systems in spinach chloroplasts • 

• J 

1Abbreviations: Tl'I!QH2, reduced trimethyl-~benzoquinone; NADP (NADPH2) ~ 

nicotinamictk .adenine dinucleotide phosphate; DCPIP (DCPIPH2), 2;6-
:h . ' ; . . ' . •· . ' 

dichlorophetiol1ndophenol; DC.MtJ, 3-(3 ;4-dichlorophenyl)-1,1-dimethylurea. 
. F • 
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Materials. am Il'lethods 

Chloroplasts were prepared either from fully grohn commercial 
. . . 

spinach leaves or from 6-8 i'teek-old plants·grown ·rrom, seed in a f9:"0itlth · 

chamber, as described previously (Sa.uer and Park; 1965).~ Horse heart . 

cytochrane c ~ obtained from Sigma Cheinical Co. ~ St. Louis 11. 'fias dried 
.. 

Samples of the dried cytochrome were 
.. . ' 

oxidized id.th ferricyanide and. reduced ."fdth dithion:tte~ and a 
. . . . 

~ .. red-ox . of r· 9. · x 104 t4nole-l-cm~l wa~ observed · This is in o-ood · · 
""549.5 ffi)J . • . . ' . . . .. • ~:> . 

agreement with vaiues. 'of-1. 9-2.1 x 104 .t..;mole-1-cm-1 in the. literature . 

(Pal~us and Nielands, 1950; I1assey~ 1959)~··DCf"lU '~'<'aS'eibtaj.ned from 
: ' . . 

duPont de Nemours, vlil.mii-lf;ton. 

TMQti2 ·was prepared by reduction of 'ITi'IQ (K & K Laboratories, Jmr.aica, 

.N~ . Y.) with dithionite in a twO-phase reaction mixture of r-:rater aoo 
toluene. Further purification ~as achieved by crystallization of the 

TMQH2 from toluene or· diethyl ether followed by sublimation iTI vacuo •. 

A partial reoxidation to Tl'-1Q \\ras observed in air either upon recrys­

tallization or upon solution of the solid TM~12 in ethanol to prepare 

the reagent solution. Thusb the reaction mixture contained some TMQ 

at the start of the photoreaction.· · . 

Reaction rates were obtained by continuously monitoring the 

absorbance of the reaction mixture at 549.5 m~. (the a-band rraxjmum for · .. ·:.r· '> 

cytochrome c) while ·the sample w~s being irradiated from the side. wlth 

longcr-'l'tavelength light. A Cary Hodel llt. spectrophotome~er l'dth a 
'·f· . 

modified Mogel 1462 scattered-transmission accessory ~tas used, as 

described by 'Sauer and Bigg:tns (1965). Exciting light was obtained 
~ ·, ' \ ' . ' . 

from a Bausch and Lomb n1onochi-omator 't':ith supplerncn~ary cut-<:>ff fllter9; 

and light intensity measurements, corrected for reflection losses, 
\ ' 
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~~remade using a calibrated photovoltaic cell.· 

The reaction mixtUre containe-d potassium phosphate,· pH 7. 5~ ·· 

0~05 .!vl; sucrose,' o.i l\1;. and the follow:ing 111 ~moles per liter:: cyt~ 

chrome c, 50; TNQH2 ~ · 85; and DCt'lU b 0. 9 ~· (The 'IH~ and DCr!U were made 

up in ethanol solutions, which l'mre diluted 100- and 200-fold; 

respectively, in the reaction mixture.) A sufficient amount· of the . . . 

chloroplast preparation 11.ras added 1n the dat:k at the stort of each 

rneasurGTient to GiVe an absorbance o·r chlorophyll at; 678 rn~ of 0.3 to 

0. 7 for a 1 ern path. It l·m.s found that a solution containing cyto-

chrome c and TI>'iQ~ becomes deactivated slO\·rly upon ~ta.rrling in the 
. . . ~ ' I 

dark; conseq'tently ~ a .fresh reaction mixture (2 rnl) was prepared for 

each waveler~th of exciting light studied. Altogether,.aeven different 

chloroplast preparations ~reTe used in the study. These generally 

exhibited no loss in activity for periods up to .. 5 .houre 1n :the dark at 
. \ 

ff' c. All measurements. \'<'ere made in air, except where noted~ and at 
. . . ' . . . ' I· . 

room temperatt~re. 
j • ·.\. 

. . . . . . . . I 
In no case was the photoreaction c_arried to more 

t~ 15% C( wersion of the cytochi'-ome c. . :_, 

I 
' ! 

Results ' . I • 

·.: The photoreduction was studied as a function ·or light intensity 
. . . . •' . '' . 

' . 
over a 5- to 307fold . range at each· of 24. wavelengths in the region 

fro~ 620 to 740 l'lljJ. At each wavelength, the calculated quantum requ.1.re-
l . . 

; . ' . 
menta ~~re found to increase somewhat ~~th increasing incident light : I , . . . . . . . . . ' . . . 

intensity.· ftS iri previous studfes (3auer and Bi,?'£;1ns, 1965; Sauer and 
: . . i . . . . . . . . . . . . . . . . . . . : 

Park, 1965 j, ~he measured quantum rcquiranents were extrapolated· linearly 
. i • 

• f • • : 

to zero light intensity. · The zero intensity quantum requirements are 
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6UTTillST1Zed ·~s a function of wavelength in. Fig.· '1 for the two chloro-

plast preparations studied most. extensively. Three other preParations 

gave results. in excellent agreanent with trese; iri the othe.r t'tiO there 

·. was a partial inactiva~ion of the chloroplasts · d~~ the isolation 
. ' . . 

procedure an:i. quantum requirements. about twice as. large were obtained; 

but with the .same ~~velength dependence. 
. ' . . 

The system usUc'l.lly e.:rJlibits a fairly strone back-reaction in the 

dark following illumination,· although for two preparations of chloro-
. I i . .. ·:. . • 

p1asts it '\~as virtually absent. The rate of the back-reaction, \'Jhen 
. _. I 

' \• ' 

it occurred~' ~as proportional to the percentage conversion of the cyto-
.1 \ ' • • ';' 

chrome c, and all photochanical rates reported are corrected for the 

ap~ropriate interpolated dark reaction. An attempt to reduce· this 
' . 

back-reaction by purging the reaction mixture h~th nitrogen proved 
t. j 

unsci.ccessful; r19 change :1n rates of eit;lier the back-reaction or the 
. : '• 

photoreduction was observed. 
I • • . 

•· i . A reaction mixture in \':hich the chloroplasts had been heated to 

65° 1 C for 3 · in; conditions knov..rn to destroy. system I activity (Vernon •. 

and :zaugg, 1960; Rumberg and Witt, 1964), exhibited no cytocbrane c 
\ . 

phOtpred~ctiqn when it. was illuminated at 680 ml-1. This · is taken as an 
'. ' ' ... ' 

. indica~iO:"l that the photoreduction requ:ires the integrity of the chloro-
, 

pJ.a:st structure and not just the presence of the pigments. 

Methyl amine is knO\m to uncoupie the chloroplast Hill reactions 

fran photophosphorylation and to lov.'er the quantum requirements for th~ 
. . . . ' ' . . . . 

Hill reactiop,at moderate llr~t intensities (Sauer and Park, 1965). In 
. b . . . . . . 

the case. Of C.ytochrome C reduction, ho\'leVer, methyl amin~ (10 J.ffilOles-rnl-1) 

had no effect or. the rates of either the photoreduction or the back-

reaction. 
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Discussion 

On ·the basi~· of their o'bservation that 'the. photoreduction· of 

cytochrome c by TMQ.t.I2 in the presence of chloroplasts .is largely 

DCI"'U-insensitive, Vernon and· ShaH (1965) proposed that .in· the. presence . 

of DC11U the reaction is catalyzed by pigment system· I. The action 

spectrum presented in Fig.. 1 of th1spaper strongly· supports their 

conclusion~ The action spectrum has a fairly constant · zero-intensity 

qu.antvm requirement of 2 quanta absorbed per equivalent oi.' .cytochrome c 

reduced for wavelengths from 620 to 680 mJJ. At longer l'JUVelengths 

there is a decrease in quantum requ1ranent to 1.0 quant~ per equiva­

lent at about 710 m11, \-vhich remains constant to 740 ffiJ.a,. · Tbe very high 
. . ' 

efficiency (1m·; qua.'1tum requirement) at h'a.Velel".gths lor1ger than 700 IDJ.I 

is a characteristic. feature ·of systan I·--cata'lyzed reactions by higher 

plant ·chloroplasts. It differ·s strongly from the action 'spectrum of 

the Hill reaction using DCPIP or ferricyanide, \~here the quanturri 

requirement is 2-3 from 640 to 680 ffi).l and then increases as much as 

lO...:fold at wavelengths longer than 690 mli (Sauer and Park~ 1965) ~ The 

action .. spectrum.for cytochrOme c reduction by _chloropJAsts is ~imilar 
' ' .. ' 

to that for. the chloroplast. catalyzed photoreduction of NADP by ascorbc'lte , 

coupled -w1.th a small amount of DCPIPH2 and :1.."1 the· presence of DCMU (Hoch 
' . ' ' 

end r~.rt1n, 1963; Sauer and B;lf":;;.;ins, 1965) •. The ascorbate;'CCPIFH2 couple 

provides electrons. in lieu. of 'VJater and does not' . apparently' require 

the participation of pigment system II. 
~ I • ' '• : "! : '. ' ' 

The quant\lm requ:trernents for the· cytocriom~ c·:... 'TI'1~ reaction are 

un1fonnly lOVler than those observed previously for NADP reduction using 
_that · · 

ascorba.te/DCPIPH;z, and we feel/the former are more. representative· of the 
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optimum· photochemical potentiality of p1E9nent · system I. On the basis 

···.of the best evidence available from the 1iteratur.c it see.'ns· that the 
. - " . ' . ' : . ! ' ' . . ~ 

. :cyYO(:hrome· c .... TMQP'2 photoreduction :is ari energy-storir,g reactlon 
. ' . . . . 

' ... 
which· require$ more than just -a suitable catalyst iri ord.er' to proceed. 

. . ' . ' 

: Ei. for ferro-ferricytochro.-ne q is +0.26 v from pH 2. to 7.8 (Rodk~y c.nd-
. , ' . ' . . 

:Eali, ._l950), v;hereas Eo ror TI1Q~-TMQ is 0_.527: f. (Clar~) 1960)_. At 

· pH 7 .5, .''/here t!le present -measurements v;ere _carried ou:t, E0 pH .7 ;5: j_s . 
' .: : ' ' . . . 

calculated to be -0.18 .v for the Ti'10Ji2 - fel-:ricytoch:z:·ome ·reaction. 
·'· ' . . . 

·TJ:o.us,. the position of equilibrium lies in th~ direction of re~ctants 
I . 

and an appreciable.· extent of reaction of TivCJ·I2. ·with ferricytochrome 

can occur only by means of energy prov:i,ded, by the chloroplast. light 

reactions •. As a consequence, this phot'oreaction cCli'U1ot be a- photo-· 
. . ' 

catalyzed. chain reaction# and it must obey :the. Einstein lav..- of photo-

crerr.ical equivalence. The cause of the .h:l<:;her. quantU.-n r<;quirernents of 

Sauer and Bi,f,!!._.tns (1995) for NADP reduction is unkno\\n,' but some con-
••. J . • 

tribut:tng factors can b~ postulated •.. ·It is possible that a: cyclic as 

well as a non-cyclic path~ay exists for electron transport. betr.1een 

NADP arid th~ .DCPirH2/ascorbate couple. In too cyclic pathway D NADPH2 

would react with DCPIP/dehydroascorbate to complete the cycle and the 

·net reduction of !OOP would consequently be decreased. This 1t10uld ser've 
. ·. . ' 

to increase. th~ observed quantu.11 reqUiremei1t from .t:r;lt resultil'1.g fl:•om 

the .non-cyclic 
1
path'way alone. ·,It has been ·reported that ferredoxin, 

.. I • . ,. . 

which is an essential cofactor for· the NADP prJOtoreduetion by chloro-

pla~ts, can rri?kiiate cyclic photosynthetic electron trat1sport (Taea.v.e., 
' ' : . ' ! ' ; . ! . 

· Tsuj imoto and Arnon, 1963; Arnon, Tsuj .llnoto and NcSwafn., 1964). Other 

· .. i ·,_ ::;::J)lctors ':.-.:hi<:b'.~!? .possible .causes·.£17' .the lov;er·.:eff.ici9f1cy. of. this.:photo:. 
' ~ I \ 

reaction are the different source of spinach used by Sauer and 

. I 
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Biggins' the :qlrficulty m characterizmg accurately the chloroplast 
'1 ~ 

ferrectoxin/ferredoxin-NADP reductase preparation (PPNR);, and the unex-
. : ' 

plored effects associated .. \'lith tl'le uncoupling of photop~sphoryiation ·. 

from the NADP reduction.:·_,·· ", K• "i ·'::.· · ... ; :· .• 

;:-. ,· · ' .:. The presence· of a cyclic pathvta.Jr seems to· us to 
. . . 

. be the most likely explanation; however, further studies are required 

to clarify this question. 
•. ' 

Fig. 2 shows activation spectra obtained by the technique of Sauer· 

and Park (1965) ·~f multiplying the observed zero-intensity quantum 
! 

yields (reciprocal of the quantU~-n req~ement) ·at each i~.Javelength by 

the normalized total absorbance of spinach ctuoroplasts •. The activation. 
'. 

spectra obtai."'led in this way represent the absorption spectra: of the 

"active pigments"; i.e., tl:">.c'"lt portion of the total pigffients responsible 

for the. sensitization of the particular phot~reaction being studied. 

The experi."nental points (o) and the dashed. curve tr..rough them sunntarize 

.. the results of this study on the cytoc~ome c -:- TfltQ!~ reaction. · The 
. . . 

activation spectrum for the Hill reaction using DCPJJ? (Sauer. and ·Park, 
,' ;•, 

1965) is also presented :in Fie •.. 2 for ccmparison (A, solid curve) •. The 

diffe.rences bett-reen _these tm activation spectra are· most pronounced at 

\'Javelengths longer than 680 !lilJ, where the former spectrum is virtually 

identical. with the nom.alized absorption spectrum (topmostcurve i.Yl Fig~ 
'' 

2) and the latter activation spectr-l.lin is nearly zero •. 1n addition, the 
. . . ' 

" 

maximum of the cytochrome c - TMQl-!?activation. spectrum (system I) occ~s 

at about 680 Itill, whereas the rr.ax:lmu ... "n of. the DCPIP Hill reaction act iva-. 

tion spect~ \system II) · is nearer 675 mll·· The. differences 1n the 
. . . . . ' ~ . 

region of inaxmal~ .chlorophyll b. ab;:;orption .(ca~ 650 rnil) are slight. It 

1/ 
\Vo 
'.0-
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~rould be hazardous to assign chlorophyll b primarily to pigment 

system .II on the. bas~s of the evidence of Fig. /2. 

One additional curve, representing the. su.in of the system I and 

system II activation spectra, is presented in F1.g. 2. This synthe-

. sized spectrum is seen to be very similar, both in, shape and magnitude~' 

to the observed absorption spectrum; giving strong confirmation to the 

proposal of Sauer and Park (:'' 965) that the activation Spectra are really 

the absorption: spectra of the respective pigment systems, and th3.t the 

sum of the activation spectra is simply the overall measured absorption 

Spectrum. This would not necessarily ·be the case if .. there l'rere appre-

ciable transfer of elect.ronic excltation energy from one pigment system 

to the other.. To the extent that this occurs in any \l.'a~elength region;, . 

each photoreaction can utilize quanta absorbed by boyh pigment syctems and 

its potential efficiency would be raised. Wnen the activation spectra 
~ / . 

for a system I and for a system II reaction are then ~dded, one would 
. r 

anticipate the ~ssibility that the sum would .be appreciably greater 
' 

than the absorption spectrum, particularly :in the , .. 'avelength region from 
j • 

' I . . . 

620 . to 685 mtJ wl';lere ooth systems appear to absorb ccmparably. . 
' . 

. i An alternative method of analyzing the results is 'presented in 

Table. I, w~.re quantum yields for the cytochrome c reduction and fo; 
.. 

. ,', 
the DCPIP-P.J.ll reaction are tabulAted at the various wavelengths of 

i 
exciting ,light~· In the last column of '!'able I are given values for 

, I 

the sum of the quantum yields for the system I and system II reactions . 
i . 
I ' . 

at .each wavelength. If electronic energy transfer were possible between 
' 

the two p1e7nent ·systems, the sum of quantum yields for their respective 

reactions could be as high as 2 at sane 'iiavelengths. If no electronic 

.... 
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energy transfer :ts possible~ then the sum cannot be greater than 1. 0 

·. ~ any ~velereth. The data in the· last colurim ·of. ·Table I. are quite 

clear. on this pOint. The values obse~ed . are . all' l ~ 0 ± 0.1 1n the \\:ave­

length region fr~ 620 to 74o ImJ, with the e~~eption· of ·the: region 
. : ,· 

. around the absorption 'maximUill at 678 ITIJ.I, 'i'lhere the' Suin fallS to 0.83. 

(Vie now have evidence that the lo\·1 values 1n this region' result. from. 
' ' 

the monochromator band hal.fwidth Of 10 lTIJA USed routinely in theSe a"1d 

the previous studies. In tW.s particular region ·of the spectru:n; ·the. 

sample is appreciably more transparent to light in the wings· of the 
! . . 

band of 1-va.velengths incident on it th:lll to ~hose near the center. Con-

seqtientl.y, the fraction of light absorbed by t~ sample tends to be · 

overestimated sc:mewhat in our calculations. The correction is not · 

· larger than that required to brlng the quantum yield sum to a value of· · 

. l. o, ho\-vever.) · 

It might be argued. that one or the other, or both~ reactions ·are 

proceed~~ well below optimal efficiencies a~_that energy·transfer 

aids in briJ-,g.ing the yields up to the levels .. observed.·. The finding 
. . . 

that the sum of quantum yields is 'Nithin about 10% of unity over such 
_ then · . .·.· .. _ . · . 

a wide wavelength range_ ~~d/be_ a fortuity defying any simple explana-

tion. . \'le have every reason to believe tlY.it the· cytochrome c' -. · TI1QH2 . . . 

reaction is~ in fact~ operating at optimum efficiency) since cnly one 

absorbed quantun is required for each electron transferred at Wa.ve-

lengths longer than 700 Inl-1. It is not eas·y to postulate a s:Lrr.ple 

mechani&n whereby tb!s 1ntr1..11.S:1c quantum yield '1·s then reduced to 0.5 
. . . . . . 

at shorter wavelengths.t at. the same t:iiDe permltting efficient electronic 

energy transfer ·to occtir •. ' The authors believe' that· the simplest explana-. 
. . . . 

tion lies in the postulate that electronic energy transfer can occur 

'I 
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, ... only. within each p:ig:nent system and not beti\'-een them$ and that the 
:·:.r . . , . . ·. . . .. ' 

coupling of the t'l'ro pignent ·systems occurs only at the chemical level. . ; . ' . . . .. . . . . 

. This postulate .is not one \'Jhich is necessarily obvious a priori. 

·It :ts known that electronic excitation can te transferTed over fairly 

{. . , :·~arge distances (30-40 ~) bet1-;eenmolecules of chlorophyll a in. solu-

... tion; (Watson a.."ld Liv:tP.gstone, 1950; Weber;' 1960) ~ There is no good 

re~.son to believe that such processes would 'not be possible in vivo 

as well. . It may be that the absorpt5.on and e'nission oscillators of . 

the pigment molecules of the t~A'O pigment sy~tems in ~ are oriented 

unf~vorably \d.th respect to one another, in sttch a· ma.I".ner that .radiative 

transfer .has .a low probability •. 'l'his proposal seems unlikely in viet-1 of 

the failure to observe any' strong orientation of the bulk of the pigment 
' • > • • ' • 

molecules in chloroplasts or active,lamellar fragments isolated from 
. ··. 

than; using the tests of fluorescence polar~zation (Arnold and J'leek, 

.1956; Goedheer, 1957), or. dichroism (Gocdheer, 1955; lS67;,. Olsen, D,.ttler 
. . 

.and Jemings 11 1962; Sauer and Calvin; 1962; sauer,. 1965). A much 

s~ler explanation is that. the two pigment systems are'physically 

separated in vivo. by a distance greater than 3o-J.10 R, and that tr..e 

medium separating them is. one \vhich does not especi?J.ly facilitate . ' . ·,·• 

the transfer of electronic excitation energy; particularly for those . . . 

excited states produced by the absorpt1.on of \-evelengths longer than 

600 IDJJ • 

A model for p:l&gnent ordering within the chloroplast:~ consistent · 

both with the requ:iranent . of separated pigment systE.;ns a11d with the 
. ' . ' . ' \' 

current .Pictul;'e of chloropJ+tst lamellar structure~ e~ecially as 
. . . ; . 

elucidated by the electron microscope studies of· Park az1d cov .. orkers 
i , I 

I . 
• I 
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(Par~ a."1d Pon, 1961; 1963; Park and Biggii1Ss 1964; Parkj)_ 1965), is shoi'm 

in. F';m •. 3. The model· consists of a.. J.arnell~ ~Y ~f the order ioo ~ 
. . • . . . ,! 

I . . . . 

thick .made up of a planar. asse-!ibly of qua..'1tas6me particles, with the 
, . I . ..:,·. . . . . : 

~lecules _of the two pigment systems :imbedded on opposite faces of ~he ' 
\ .. . 

planar array and separated by a matrix containing protein a"1d colorless 

·.·lipid. · Separations of at least . 30-4o R. ,.;ould be perf~ctl~ feasible 

in such a model. The . intervening lipopr~tein ~trix ~uUld .contain many 

of 'th~ ~:·intermediate' cofattors _' ·(cytochromesp quinones$ plastecyanin, 
.. - ,: ',!.';.···· •' 

' . . 
' . ' . . . ' 

phosphorylation sites» etc.) which couple the t~u pigment systems at 
I 

. the chemical level. If adjacent lamellae are in an anti-parallel 
. l 

a.rransement, indicated in the r.tOOel and strongly suggested by the 

electron microscopic studies, then the model has the additional advantage 

of providing for the physical __ separation of the p~i-rerful reductants 
' ' 

(chloroplast fe..."'Tedoxin, NADP~) normally produced by pigment system I 
' ' ' ' : ' I . . . :. . . .. 

· 1 · reactions and the powerful_ oXidants (molecular oxygen, etc. ) which are 

products of pigment system II reactions. Any direct coupling between 

these products by what would be a highly exothermic dark reactj_on would 
. ' . 

constitute a di-ssipative process \·<hich would seriously reduce the effi-
. . . 

. ' . . . 

ciency of photosynthetic energy conversion. · 

Other models are Possible •. For ~arriple.* if the respective Pisnent 
. ' . 

systems were always separately .located on quantaro'!les in different regions 

of the lamellar array, which is consistent with the views of Olson., Eutler 

and Jerm1ngs (1961) and of Gross, Becker an:1 Shefner (i964), the requisite 
I ' 

separation in space ~uuld be accomplished •. \o-le know of n~ canpelling 

evidence~ either morphological or p~tochemi~l, in support of this 

hypothesis. On the other hand, it seems to make the problem of chenical 
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•• • •• •• !.- •• 

; ' 

',) 

·,f'" 

-13-

comrmmication between the two pigme.14t syste.rns th'lt much more difficult. 

The anti-Parallel 1.8.me1iar.· hypothesis illustrated in Fig •. 3, \\ihere · 
. . . . . . . . 

· · . the p1gment systems are on. opposite sides of the same quantasomes a."1d 

" 

· the central region provides the principal pathway .of chemical comrnuni-

cation .betv;een them9 appeals to \lS as being simple conceptually and 

compatible \'lith the notion . of the chloroplast as an. a:rray of photo­

synthetic units roughly the size of quantasomes. 

. Acknm .... ~edg;rryent s . 

The authors extend their appreciation to Prof. R •. B. Park for· 
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· TAELE !:· Quantum Yields for Cytochrome c Reduction by 'If~Q~ and 
, • •' • I , 

I .: 

for.the DCPIP P~11 Reaction of Spinach Chloroplasts at 

· · ·: ·. · , . Various t·:avelengths 

·Quantwn.Yie1ds 
(eouivalents/ejnstein absorbed)· 

cp .... ~p-pa . 
Ul..i .1. . 

0.44 .0.94 
i. 

0.49 0.99 
•;: . 

. 0.50 1.00 

0.51 1.01 

0.52 1.01 

0.51 1.00 

0.48. . 0~96'. 

0.42 ... •. 0.90. •, 

0.39 . 0.86' 

0.38 
. ~ . 

0.84 . 

0.31 o.S3 
0.36 0.84 

0.36 0.88 

0.26 0.98 

0.18 1.01 

0.13. 1.01 

0.08 1.08 

(Continue--d) 



TAPLE I (Continued) 

Wavelength 
(~~) 

' 

i . ; 

720 
:' 
7~0 

740 

I 
• ·i, 

. ~Cyt . 

1.00 

1.00 

·.1.00 

~.16-

. . . Quantu:n Yields I . ' 

· (o/Qllivalents/einstein absorbed) 
. a 
4lDCPIP <>c~ ·... + . $DCPIP 

o.o8 1.08. 

o.o4 .. . . 
.l.o4 . 

.' 
' ' 

. I . • . . . 

a Data tal<en frcm the results. of S3.uer and. Park (1965). 
I . . . \ . 

. :1 . 

.. / 

". 
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Legends for F~~es 

F~e 1: · Action. spectrum for the reduction of cytochrome c by 

'Uil~ using ~pinach chloroplasts: _(2 different preparations).· 1'he 
• , , :· , ~ • . · . , ' · • r , · 

auantwn requirements are values obtained from extrapolations to' zero .... i ' . .. . ' 

·light ·intensity at each \~Velength. 

F~ 2: ·. ·Absorption spectra ot pigments responsible for cytochra11e c 

. reduction by Ti•i~ 1n presence of DCNU (O, and lower dashed cu..vve) and . ,. . . . 

· for: the ·ncPIP Hill reaction (4, and lol-;er solid curve; data from Sauer . 

and Park, 1965) by spinach chloroplasts. Upper solid curve gives the 

norrr~ized absorption spectrum of- spinach chloroplasts; corrected for 

light scattering (Sauer and Biggins, 1965). Upper dashed· curve is t!~ 

sum at each Yclvelength of the t;-.:o lmrer curves. 

Figure 3: A model of a cross-section of the chloroplast lamellar system; 

sho\>.1.ng a proposed physical separation of the t\\'0 pigment systems and of 

the products of their photoreactions, Portions of several identical 

quantasom¢,units are sketchc~. 
. ' . 
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. REDUCTION OF CYTOCHROME C BY TMQH2 WITH 

·. SPINACH CHLOROPLASTS 

,/• 

A.,m}J. 

. MUB·6691 

Fig. 1 .· 

l . . . 
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Fig. 3 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation,, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that 'the use of ari.y information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






