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~-. : ABSTRACT 

August 25,1962 

.. 
Further studies ~m the photoinduced elect-ron paramagnetic resonance 

·:· .. signals round in photosynthetic tissue as a function of wavelength, as well 
·f .·:· ).·-~ ~ ·i 

···-. .... ·:--· as temperature, have made possible a more precise definition of the nature 
·: '-.. - -~. 

· : of the primary quantum conversion act·. These observations, taken together 

· · ·.:,':. ···with new as· well as older observations c::m the light-induced spectral changes 

'· 
in both bacterial chromatophores and green plant quantasomes, have allowed 

"f .. • • ~~ .:: • I 
.·• 

'·..> .. us to specify the place at which two distinct and separate quantum conver-·-. ·,.· 

. ·,, .. ·. sion. electron transfer reactions occur in green plants •• 
·':I.· 

~;:·( · , The transfer from a chlorophyll aggregate to an acceptor substance 
i ' 

·,, :·. . . . . ·, 

. <Occurs similarly in the green pla.pts as well as the bacterial systems. The 

other act, the transfer of an electron from a donor system producing a highly 

oxidized hole to the chlorophyll aggregate .-,is limited to the green plant • .. , . . \ ' . 
I, 

·' · .This latter, highly oxidized .material then collects its electrons ultimately 
· .. with 

from water/the production of oxygen. 

lo,) .... 
In the green·plant, the spread in energy between the primary donor 

. ' ·,·, f.~. 

i . . . -~· .-~- ···. 
···:· I -~-

>· ... 
molecule in the second act and the primary acceptor molecule of the first 

•.'., 

1 ,• ' .. 

l' .. ··. : :, '.'' : : . ·- .:._. . '. ', ! . .. . ' / 

act may be as much as 2 ev, providing for at least three, and possibly more, 

sites for the production of ATP and for the spontaneous passage of holes and 

J, .· 

.. 

I or· electrons from these primary donor and acceptor sites, respectively, to their::· ! -- ' 
ultimate-sites in molecular oxygen, on the one hand, and reduced-pyridine 

. ' 

~ nucleotide on the other~ ~ . ' 

. . ~ 



.··. 

··'· 

. 
' 't 

. . ' ';" '· 
' . . ' <.i· * 

PRIMARY QUANTUM CONVERSION IN PHOTOSYNTHESIS'' 
.' . '. 'I 

· .. INTRODUCTION 

' One ·Of the outstanding and possibly unique features of the process 

order of 38,000 calories for green plants and 30 8 000 for the bacteria to 

· accomplish an ordered chemical transformation at room temperature with a 

•· relatively high degree of efficiency. When we remember that the apparatus 

•, which accomp.+ishes this is of labile organic construction and that the 
. . 

thermal reactions which ca~ be performed hy such a system.rarely, if ever, j . ' ,, . . . 
I .. ).·~.I"·; . . ~involve energy changes higher than 10,000 or 15 .ooo calories, it is an im-
. I . ) ~ :: 

J .J.' }. ;i; ~.:: '·' pressive accomplishment 'indeed to be able. to manipulate a package of energy. , I ' . . ... , . · .. :, ~ ;. \. 

\' •. '·· two or three times that size without damage to the apparatus and in a highly 
.'-\ 

f ·.· . ~ ~· :· : " ' . .. ,_• ~ ~ 
1 . , · • · · · · '-' directed ·and specific way. '' 
; . . ·. ' .. ,_ 
1 ,•,'' ~ • I ' 

l . .'··: ; ... ·. :·'..·· 
I ...•. ··:, .. 

! 
..... ..... , .. .. ·. -~ 

I 

\ 
\ ·; ·i .,,.. 

. ~ .. ·~. ""··; .. .,·' . 

. ~~ '· \ :, l . ' .. ' 
'.'· 

1' 

', .· "\:' The ultimate products of thi~ ~nergy transformation have long been 
: ~-·· . ' 

known to us in the form primarily_of carbohydrate and oxygen, but, of course, 

including all of the plant.substances •. In fact, it is currently possible 

to describe some more immediate products of this. energy conversion process 

in terms of more transient specific energy-storing materials. To be parti-

cular• we have every reason to believe that two such energy-storing inter-

The work des·cribed in this paper was sponsored by the U.S • 

* 
Atomic Energy Commission. 11 .11 

. '··• This paper was presented at conf~rence on Photosynthesls at 

:. · Gif-sur-Yvette 0 france 8 July· 23t-27, 1962. 

·.·; 

·!, 
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J .' ·: > .. ~ mediates which can be used to produce the final, or more long term• storage 

l .. ?'·.~~:~· .• ·~ ·materials are reduced pyridine nucleotide and' adenosine triphosphate. It 

f·. :.L:·; r ::·:··.:: ~ay turn out that other ~ransient energy-bearing ~hemical intermediates 
·.~ ~:·. --~ .. ": ~.:. :~:· ::~ ~~-' .. ;:;: ... ~~~· ···. . . 

l·.,,'! · · ··'·''· .. ·might .be still closer to·t'he energy tra~sformation step· itself. 

~~ \-~~~?J" can, the ::o::i::i:: ::. ~n:::::;:h::::~:i:::~:: 0 w:c:•:l:i::, we 
l , : ··.'<~·<· '; consider ~s th~ ear~iest form of chemic~l energy into which the electro­

J !-.:.:~ .. :·:.·~:~.·.>~agnatic. quan~u~ .may .be converted• Such a material would be the first 
I ::·;:,:. ::~ ? .. ·:;.;- ; . . . . . . 
l .:·:··:.·.; ·:c.~ .. ·· : chemically definable compound in thermal equilibr~um with its environment, 
'l .. • '.. • . ' ·~; 'v ' .. • ', I 

. ~ 
)'·' t ·, '. ',but, quite clearly, not in chemical equilibrium with it,. since under such a 

J ~' ··. ·:·· .. :·~··{ · ·.·_··~ def~nition-, oxygen~tself 'could not be evolved •. · · .. 1 . . ,,.. '-
1 .:: .:·? .'·~-:;; .. . . 
'#. " . : .~ .. ~ ... - ,;_ ··-~- ... 

·' We will co~sider tl)e primary, quantum conversion act • then 1 as that 

j • .. ·~.~~. ( ·~ :- . act, or sequence of events 1 following. t~e absorption of the electromagnetic 
'it . ::: ,;.._1. <.;.:1,' ·. ~-. . 
j :. ,: .~.~ ·,;; ·~.· .· quantum and terminating with the appearance. of a thermally relaxed chemi-
l ...... __ · ~-~.--~: <'·' ~-~: -~: .. ~ ... ' . . . ' . . . 
i ~ ~· . ."".: · :{ ~ . .' cally defined individual which may then proceed by direct thermal work-
j > ·, ' ·~ l• . • .. ~ • 

·l , ,.)< performing reactions to produce the next transient· and, finally, the ulti-

j. -~~~>~·{;~~> , : mate products of photosynthesis.~·. 
:1 . -~- '; ~; "t: 

. ~:~~-~ ~: .. -: ~.: .- Under such a definition,·an electronically excited state of a 
j . . . . : . ~ ~... . 

.:···-~ ·,··:::. :;:.' .. molecule, or array of molecules • such as I might ,result from the 
~ .. \'I~ ,- t "-' ~~~ • •: r •• ' ' • • ' 

primary 

, , . .:~ .. ,:· ·~ ·absorption of_ a quantum of light, would not\be. aonsideJ:"ed as a 
.. ~\-~ ~-: ·-

c}lemical 

" , .... 
. ~ -, -1·· ···-. 

. ' ., 

.... -~ .. ' ... 
. '· ': 

. 1 ·.'··· 

., .. ' 

,, entity distinct from th<a parent material before ~lght absorption. Only 

' ,. 

after the energy stored in this electronically excited state is transformed 

into new chemical species .. which·. can 'then proceed to rea~t ~.or interact. 

with its environment along thermodynamic principles would Ne consider 

the q~antum ~onv~rsion process accomplished.· All succeeding reactions from 

·these initial chemical spe~iea ~ould 8 of coura~. be dark .reactions~ 
\. 

- .. 
. . '•('. ' . . ·,~ ,:. ~ . ' ... 

,~:' .~.·, 

,. 
' . .' :'\\ ·. 

' 'lo H ·' 

'·' 

·' .. 1'•0 
• :~:. • < ~ .;..: l 

,., ' 

. -
--.· ... · 

.. 
I 

. . -~ ~ . ' 
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., 
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_;_ 

: ,'1. 



i :. . ·•1,' ·~ 

l ... . :r 
' ' , ___ :· '-', .. ' 

i ,. • ··/ .. ·. ~-- ~ ~ 

I : ~- , -
l ' ',~ . .-

. ~ . ' ... .. 

·;, .. 

J ·' . ' .. ~ ~.. . ,. 
I ' .. ' ,_,·;' . Very early in the considerat'ions of theories of photosynthesis it ·' 

~-. -.;.;··-:; , , was recognized from the natu.:e of tho ultimata· reaction that an oXidation 
l : ~~<' _·,· :, _ _, :· . ' ' 
i •·-"' -~. · · · and a reduct_ ion must be. involved~ For same time • the ear lie~ propos~ls in-
l' r .:· . ~ -~:: _.:;:·· . :-. . ~ . 

oj "> ,. , ... \ ' • t ' ! • ' ' 

j ·; . ,/: , .. :-valved a direct transfo .. 'mation of 'the electronic excitati~n · .int~ the energy 

1-:~~~:.· ':: ;-~: ::r::~:~:::a:::~:::::::~::::::•:::::~: t:s ::~::::~~~::::::~to 
j : :·-.:.:,- .-~--·. ,chemistry ~- the .photos~nthet.ic procefu:: throu.gh~t the s~ale of living organ-
l . 

·! : ;_:·.·• ( -~· •: ·. -isms to simplify the. primary quantum conversion act into the production of a 
j \. . ' 
! ' ,., : .. _ ::·~ ~:·_ · primary transient oxidant and a primary transient reductant., 1 These could 

I : ·~· ; ·':~ _::·? ;· ;}~~-then go abo~t their separat~ ways • the reductant ultimately converting the 
f .: -,,, :- '·" :~' .' ... ' ,·. "'\~' 
1 . ··' .. 
! . ~ ' .- , -carbon dioxide to the level of carbohydrate and the oxidant converting some 

' . I . ,, _, , . 
1, ':}\·>;. __ . suitable substrate, in the case of the bacteria 0 to an oxidized form, or 

I~ ..,:; .. :,_:··r~.·/;~;> _- · ultim~tely being eliminated as molecular oxygen in the hlgher green plantso 
· .. ' ~ . , . -~ ~.. '. . . 

This separation of oxidant and reductant was formulated by van Niel 
~ ~·;· :,/ 
j. :-:.-. •' ~./~·-:,'_;:,in terms of (OH) and (H] as representative symbols of the oxidant and reductant, 

! . x;:, ,',' ~~_ .. ' respectively. ' In green plant photosynthesis 0 these two fragments would 
~ ' .. ~··~. .. . . . ' . . ~ . ' . ~".~..,. ... :~ :" .. '.·· .. - . . ' . 
1 \ •••. ' .>' · · . .-:· :ultimately be derived from water. 
I.", '·Y,_;····-.,, . • 

Howeveri the essential feature is the 

;. - · ': :~-· ·, ;·· primary production of oxidant and reductant, and in physical terms this means 
) ;f'·/ . ·k, ·~.· 

: :. ·_ · ·, the production Of B molecule• or species, avid 'for electrons. frequently re ... 
j !-

{~ . '•"-" ·,. ·. -~ ' 

; ·,: ·~: _ . ·. · · presented by . or "hole", and a species generous with· _its electrons, 
_, .. 

...... ; . 

''· 

f '· •. 
: ·' 

... ~·~~'""!: ... ¥~ .. ~ 
_,' .. ·~ 

.:c •• /'. 

.) :_ ... 
' ' 

~ . . 

. ' ~ ·. 

ir' .• 

i.e •• with_ a relatively-high ·electron prassure,;most readily represented 

by ' 0 or simply 0-~- -· . . . ~ ... 
Ho~ these two particles; or( species, which-. wotild be produced as 

' I ~ • • ' . 1,. • • ' ~ • ' • 

• ·• I 

.-' 
a·result of-the conversion of 30 to ~0 ·kcal of. energy .might be 'separated 

.- ' , • ; '-,. J \ ' • :, • ' ., • .. ' " 

;•". I· 

-:._··; 

:~ :. ;-~~ ~ 
··';"~ 

' .·,... ... ~ . ~ 

-. 
• .. · ,t• .. ~:" .. 

.. '· ' 
' 

· .. "' 
•• ,J 

. . 

' ' \' 

' ' . . : 
.~.~· .. · . 

. . ·~ 

': ·' \,·~~ .• v i' 
.··'1' 

'.' . '· 

·.t . ' 
) · . 

' '' 



~~ ' . ~}~· ~-:: ·~.~~ ·~A·~·2• I ·'<:(.: .. 
i 
~ . 

j ~ :, 

' ....... .. 
• ..... l. I 

.:,~.. • ...... ~.._.- ." • r -~ .._ . ""1, ... 

. ' 

.· (. 
·"J:l't..,· ,, . >. . ' 

t: . . . ~-~;. from each other so as not to back react represents one of the problems. 

1.' ·:~;-::? :~-~:f::·: .. Any mode of reaction& such as molecular rearr~ngement or dissociation; 

i \ :<~.;:;_>_~~--~.;; : ~~ich ~i~ht. be used to store the 30 or 40 kcal·nn.ist·. of necessity 1 be so· 
J ~·; ~ ~~r p· <\':: .;-~_ 2.. · · . · /!). • • • • . • _ • 

1;:;;~·,'_.,::~·.~> :f ar~anged that .the product '(or products) does not immediately revert to its 

J::,.~f~:>.'··:; initial.atate with the .evolution of the stored energy either in the form 

j. . . ..... ~ t r , of electromagnetic radiation or as heat. This requires that either a suit"" · 
~.' ; . ,· 

l ._'; · ;,. :~~; -~ <?. ·able en~rgy barrier. be interposed between the primary products and the 

\ ;,i·:t.::.:·;: . itiitial state. or that the primary products are effectively separated from 

• · ·· ~ .: . J .:•: · each other physically so that the recombination is statistically improbable~ 

.I'. );}::. ": : · i, " The in~erpOsitio~ ~ a barrier of any ap preeiablo eize would require 

!·· ... ·:>;':·the use of· such a large fraction of the initially absorbed energy quantum . · 
., 
~ 

'l ·:~ · ,,·; :. to' overcome· it that :the total energy stored in the process must • therefore • 

~:\;t,~,;:::~'},}· ·be a relatively small fraction at the quantum absorbed. Here the relatively 

f; ;A;·~:·!~( ·.'high eff•iciency of the 'overall process limits us~ and so we turn to the other 
-·~ i~,~:~:· j\~~.~-:-~\.r;·_;·::_ j__ • ~ •• 

. I):~~<:~/''!._:··;,;.":_:_ alternative, namely, flf'feative separation of the reaction products. This 

1':~:·;~.~·:::· ~an be mos~ easily accomplished if the. re~ction ~roducts are not massiVe 

j:·,~.,,f•~ 1;'.~;:f}~~~~):atonls, .but only electrons,, We are thus led 'to the ·obvious suggestion that 
!·; ~-;~T~~:-~t~.~~ -·-.,-_:.: -- _, --- : . . . .. 
! ;:<.;:· .... ·.·;· the primary quantum conversion act involves a separation. of electrons 

' i ·,' . ·,; -.. \ ' . <' ~ 

.i :.·;-,, ·. -: · ·. ';· .. from the "holes" 1 or positive charges • which. they leave behind in the m·ole­
·: ~ t :~/ ~·---~<<~/ ~ -~~;-

• # • :--~~ , .. ~- • l ~~:'.-t:( ,_(- ::::: 2f~: :::c~::·:~:::t:dt;::::::;;;;:;::.·::• ::.::: :::l:i::lar 
: i .:~ '}_ e: . . . . . 

theoret.ical reasons~-s and based upon. model experiments6~8 and direct 

... 
. ! .S" · . ,, ,, 

,, 

.. 
;~ -
/ 

: -~~ 
:.'"-; 

"'"/ .~ . 

'·. 

.·, 



~ .... - . . ... - - . ,. . i . ' :. t • I ~·\:?'' ·/: '. ··-s- : ... , , 

l> ·· :.) With the discovery of cytochrome f in. the green tissues of plants 

J ~-~:::·::~~ : .- by Davenpo~t ~nd. Hill13 • aiil was even able. to"' suggest that. the separation 
~ #: .· .. ':,_ .~· ~ ~ ,~~ --~ . ' . ... . . 

F~:·,'\)j> ':. ·:; took place i~ 'two ·di~ti~ct quantum steps.1'+•15· ·.The first one led to the 
L· ;~-'i: '+.' .... , ~-· > - - . . · --·. · · ·- · · . . , · '. -· . - . . · · · · . · -
1 ~<it:Ef::./ft--··~- reduct~on. of th~. c~oc~r~! associa~e~ ~i~h th~ p~od~c~ion -~f a ~igh level 

:i ;'"}:~· ); ,-.~is·~ ·•: oxidant and the eecond ultimately to the oxidation of cytochrome with the 
~ ~·-~;~-?-~~.\~~~- ... :.~<.: ;~t~:~ ·i· - · . a .. . , 
I >'~;.;·t--.{ ')_;;;~/concomitant production' of/strong reducing agent. -~'·i -· . ' 

·j · _ .. ,·:-.~·-i .:·;~;-.·.r .. :> . :. - . · · ·:.. .' · . ~ -· : · · · , · · ·. 
1 <"' >; _:,~.:·< .. · · _ . , Experimental evidence for such a process has 'since been accumulat-.' '-
r·-:::··: _·::·:·_ -;.-~.. . . . - . . . .... ,·· ~- ... · ... , .• _ - - -. . .. 
'.; ' ·~ :~ ;· :_.,,., · ing. ·That ~he il~umination of the 'photosynthetic apparatus of either green 

--~-. ~->·( ;·:t .: ' . 'of< 

·' ·:'·'····plant or. bacterium ~ould ·res~lt ·ultimately· in an electrOn transfer reaction 

··f~· ~, . . was first seen in the ~esult~ of. Lunde~ardh16.· and. Duyse~s. 17 ;lS They demon ... 

.r:~~!il~:f~!·.L' ~trated by mfeNn~~:l speotroPhOt;..etry :hat, the illuminated plant, or 

: L )·.:_;T":~· · ·:_·~" particle• carried more oxidized cytochrome than did the corresponding plant 
(f.~~'-~-~~-:·_·-.. ~.~·~~.·-~--~.--~~:~ ... . :· . ' < . . ' . ·. ' . . . ; ·. . . . 
( ··-~ ~:';.:;,,~ . >or particle kept in 'the dark~ Since then, this type of experiment has been 

(.:\[~litl1):~ ·.~~oadly,~::::::,1:t ~::a:~r;::r::::h~:. t~pe ··~. observation_ to show. un-

··:·· . . . 

. t . ·:r~:--;~.~:+~~ :., ;. equivocally that . the absorption of light by the apparatus of any photosyn:--.. '.' 
;·t~:~-}~~~~~~~>t~~:·~i~,~~.:l~t> • ,• ' ' , ~ ,> ' ~ :; I ~ ,. . ., \. ( '< 

,f;::;::{;,;\;:;;.:~:. -~:\ ·, thetic organism resulted in the ~ransport of. an electron from a paired . · . 

. Fi~!';r;1~~;~·/{ .. ' c~ndition at .on~· site' to an unpaired ·condition at an~th~r .. Such an obser- ·· · 
•)<::.:~,~~~~-~: ~~ ~-~~ .. ~•v'~ ''' ' • t • ' • t '• • ' • : L.:~;;~-~ ·~-/' ··;~/~.~·:vat ion would distinguish· between the transport of one electron from the 

• '1- • •• .. 

of a pair. The unpaired electron ··should make itself apparent 
•. - ,• . • . .• ';' "., .. ;.-___{';) _;:- ·. .;., ! '~ .·.~: . . 

of 1ts paramagnetJ.sm, and withthe:appearanceof microwave tech-
. -~ . 

; niques for the. ~bs~~ati.on of electro~· par~~ghetfc. resonane~ and with the 

., high sensiti~ity. it ·provided~ ·it was possibl~ to demonstrate just such 
; ~ . ' 

- ,. . . '·• ., . . . .. '19.20 ',_·. ::_:, ;'' ' ... - - -'-·'~:·:. ·., ,,;·,. \' ·' 
·~:::7ll;·.;;~: .. ;·· '-··.a process. . :.. ,. · .. 

·i :ri~~;:~r·•;:::~ ·::~::·:::~;~:i~:::::i::~::::~:::~a:~::·:::::::t:::::::: .. 
:_J · ... ~ . ', !>-. 

~. • ,1' 

the optical' change~ :upon il~~inat~on·, .which are many and varied. 

. :-:·. 

'l 

1. . ;, ~-:_·. :. •' ' ,• . 
,. - ~· ~ ... 

. . . 
,.. ~~- \ • ~ 't . •. 

' . . ,.~ \ . ··. ~ 
. ' 

' 

, . 
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:' ~-)~;)~·t:t . When :ph~oaynth~tic. tissue, Suitably' ~repa~• ls illuminated in ' 

.... "·;l;,, ~:~·.. · a cavity of an electron 'paramagnetic resonance spectrometer• it is possible,· 

:t'·~;*·,~;;c •, to see tho ·~~ctron par~"'snetiC resOnan~e .'of t~e' Unpl.irod electi'Ons that 

l~<'J~ : .. ~ .. : .... · . ~ . ar-e produced • . Such signals are produced in whole spinach chloroplasts~ both 
:;{· ·. ;>.:\ :·~. :_:. . . 0 :'. .. ' ' ' . 
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·shown iri Fig\ire l for \-ihole spinach chloroplasts. SignaiS produced in 'the .· '· 

! . . '>-, :, . 

f. ~ .. ,, ' .. whole organism of Rhodosgirillum rubrum maintained at v~rious temperatures · 

:j . ··~nd. i~luminated. wit;~ white .light. are, shown .in r.t~re 2~ .. Th~ sign~ls pro-
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in the iso~ted chromatophores ·from these organis.ms are identical in 

. ':shape and form and other physical properties. insofar as we have been able .. 
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That these'unpaired spins aee}Produced.by llght. absorbod by the 

L, . ; · :r.~:·:::~:t·: corresponding chlorophyuS is shown in 'the action spectra for green plant 
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and in RbOdoieirillum rub rum chromato-
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.: .. ,:.~'in the .action of light. at wavelengths' ~om~h:~t'"iong~r than· 700 mu. 
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It has been possible to 'separate the green particle'fPR signa!' 
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EPR (darR signal QnJli~ht signal 1 if any) in several 
green particle fractions. 
(a) Whole . chloroplasts 1 (b) quantasomes plus.· soluble 

<-. . protein• (c) colorless soluble protein bleached from 
., . >·,;';-'(':,·: whole chloroplasts; (d) washed quantasomes; (e) quantao 

.. -.1 ;·· ..... -~.:: somes plus soluble· protein. 
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'jy<:,~~~;:;·/,>-In each case• ·the trace containing the larger signal is 
the one produced in the light. The magnetic field increases 
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ate them into a green particle containing~all, or almost all, of the chloro-

·. . . . 23 . . . . . . . . . 
phyll (the quantasome), . and a soluble component,· but also to show that the 

;· . ' 

sharp signal' remains, associated with the quantasome particle while the broad 
' .· . . ' . ·'· . . . . ~ . ' ' . 

l I> I . • : • I ' I ~ • t' . . ' . 

! i. :;:·.~~:.·~:-;/1,,' one is washed out -with :the soluble ·component and· ~n be .observed separately,· 
!;>:::,::.;; :~· ;:~>f~(~' . . . ,,<'' . "'* ·:.; }· ·. ·.: .. ·; ' · .... ::: : : l • . • • .• 

J: .. ·''\ ·:f::;. as shown in Figure Sc, .. -. · ··:-·-• ... , .. · ., .. : '• 1"'~- -.,;,t.'·:,, ;- " •· 
~ .:.;: .• : .. {~.·~;c,.·-~-7'. ' . . . . ':,-. ~: . ~' .. ).-·. . ' . . . . ... 

·-~. ,., 

l :'!:>!} ~.::.;, i, '· Tem;eerature Effects ··· · .: · · · · · . ; · . '·· ~ " ·· .-., ·. 

jJ~{·;·:.'.'::,,:. • ... ·. · ~~ry early in ~he w~rk .. on the obse;'*ion of the produ~tion of unpaired .,. 

1 .: .. .. ~- .. spins in photosynthetic tissue it was recognized that one physical variable· · · · _ , 

J :::_:-'>::·r~. ::_.which wo~ld help ·to distinguish ba'tween the producti()n of ordinary chemical 
'I ;, .; • ' ' : .:·. 
l ,. . . • .., . 

l .: .. t··:·;, ·· r free· radicals 'involving either the separation of a~oms or at least the diffu-
~ J ::, '!. ~--.· -~~~-~·'~~.::<" :.!~~:·.-:r :· ,. ' -, • .· I._\, . • • •. .. • ' . 

t \~.~,--.. :. · : .. sion of molecular particles_, ;was the temperature.. Quite clearly the ability 
i '\ '; . ·. ,, . ·. . . . . . . . . . . 
!:0 /' · :t:. :,, ·.' of Slch signals to, appear at very low temperatures, at least ·as low as liquid 
J• ._, .. ::·~ ~·,· ; .• ~ ; . . . . . 
J-: <'·.· ;> . , .;: nitrogen. temperaturE!~ and perhaps lower • would imply the physical nature of 
j. : -:. 
l l' . . . the mechanism. for forming them. ' , 

f.r·.. ..; 
1, :· >: _·:Therefore, the appearance of ther;e signals was examined as a function 

· of tempera-cure• almost down ~o liquid nitrogen temperatures. Thus in Figure '6 ··· 
·i'-IJ 

we 'see that the rise time of the spin produced in whole'spinach chloroplasts 
~·· ; 

. is 'still faster than ·the instrument response 'time• even. at the low temperatures.;· 

':·.:'' It is important to note• however, that in this material the signal once pro~ 
I . . 

at: low temperatures does not decay until the material is warmed • 
.. 

When the temperature is lowered on. the. chr.omatophores from !• rubrum 
, • I • '"· . 

•the rise time is again unchanged within the limitations of 'the instrument 
.. 

'\ 

, (Figure 7). However, there is an import_ant difference_ in this organism from -
······ . . . 
·the greeri plant material, nam~ly • that whi.le the decay of the signal is com-
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plex at room temperatures 1 -that 'is• sho~ing·~ number of different de~ay con-
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1 ,c-.~ . • ·:-.<.·to ·be kinetically 't~mperat~r~ ·ind~pe~dent, both. t:'o~ its formation and its · · 
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' :. : .. ··· · . , · Optical Density Changes · . 

; ' ~ ~ ·~ ..... "' 
• ~~ ' '~ • ' t : : • •• t-
11,~~.. . ·. · An 'examination of' the ldntics of the color changes inboth of these 

·.) :·.~> ·-.... ·:._:_;· ~ ~terial.s (chromatophores' and quantasomes) has been unde~way· in several 
~ ;~ .. ~~~ .... . , ' . . . . . . ' 

} ; .: ~ . : ... : :·. · laboratories 1 particularly those of Duysens 1 of Witt • of Chance • and 11 more 
~ ~ ~ _ .• ~ / ., ~- ~ • 1 :. * • ' ·' ' 

~ ... t ' 
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'j ; ', .··. ·; ,,. .. --, . , recently', of Kok, It was observed by Chance and Nishimura that the color 
·t.; ·"·,· ' '•! I ' ' ' ' 

j:/.. . .';.~ .. changes.in the region~550 0 523 and 430 mu induced by illumination could be 
1 

i I/-:: • , , 

j ,.-.; . >~. achieved at liquid rd:t:rogan' temperature quite as rapidly as they could at ' 
r ~ -·.~ ·~ 

·1 . ;, . '> . ·2J.t. . 
L · > .. >' •:- . room temperature. · However• they did not decay at liquid nitrog~n temper-
--; . • ~ j: . ~ • 

. ~· -

.j ,
1
.,. ·~- e:·:, · 'ture! A similar change at around 550a ~30 and 405 mu induced by ~llumination 

: :~ :- : ' . " .' . : ·... . \ . . . . . . . . 

f; ¥. , .:,,., >.of chlor'a»plast material has also been induced at liquid nitrogen temperature 
:i ( ;., :~f. ·<~~-: : : ~ ; . . . ; . . . . . . . 5 

l r • -~ :.-;,;.but they do not recover, i.e.~ tho optic.al density changes are "frozen in."2 

!. ·;:~f.~ .. >;·(· ;.;'~ .··These changes have been called cytochrome oxidations·· in both cases. It is 
~ ~· # i : .. :~ .·. ~· ~.-: therefore clear that at least· in the case of the purple bacteria (Chromatium, 

' . :.,, . 

• r~- . _·.~':_;:· · Rhodospirillum rubrum., Rh~opseudomonas spheroides)
26 

the unpaired ·spin signal 

:[ · which is reversible ·at low temperature does.not reside in. the cytochrome. 26 

'J 
!··· . I 

Some' color change• however, can be induced by ·illumination in purple .. 
~cteria which is reversible even' down ~~· i.°K." ··Arn~ld and Clayton observed 

• \\ '.,; • < I, ' 

an opti~l density increase at approximately 420 mu in_chromatophores from 
'·. : ~· ~· . 

, . Rhodopseudomonas spheroides which was rev~rsib.i.e>down·t·o l°K.12 

. ; 

Further 

studies by Clayton on purple bacteria have demonstrated that reversible 

changes'at around 430 mu can be'observed without concomitant cytochrome 

·;:~';-. ·,changes~ 27 It therefore ·appears certain ·that at least· some of the optical 
' -~ .... 

<;iensity' change observed in the. 420. ·~:.region is not due t~ cytochrome but .. 
. ., : . 

. ·· · to .. some other ·change resembling a :simple physical'eleotron transfer reaction. 
' r, ;'·' 1 . ' • l ~ ' ) ' ' . • • • 
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'while .the ~lectf.'on.spiri Y.'esonance experiments have-n9t yet been 

i·:···::~·{)< .. _;,;.. '_,':>.carried. to. thi_s.: lower_ temper~ture• the fact -~hat no_ changejt all i1either_ 
!',-.- ,-··..: ._ -.- c -. • ,_ ' ' ' - •• ' ' ' ' '. -' •. ;' ' ' 

I ; \:>';, :.:: .... >:~. the :ignal .~f.' its._ ~-~net'i~. has, been _obs~rve~ ~~ ,pa~s~~g fr·om. -ll2~C ·to .. '. 

i ~ ~~,·: 1
-:··. ':~ ·"·;; ::-150 C suggests that the. situation will remain _unchanged _at lower. tern-.·.: 

1 ~~ _)~.::•.:.:.; .. __ ;~-\l(r:·~~~-~~ ~--. · _ , ; ' · ~ . ~- t · ~ ·, ' •. ' ' • • .• 

. · ·'- ··· '::; -.;-;·-;· J~ ?t.'. ~eratures. . We . are, therefore prone to' assoeiate .': t_he "unp~~red. spin . which. we . 

. ·,' 

: .. ! 

···- .• 

t-

; ., ·\':.<;~~:· _:7:-~:·:::•~i;-:(-. have. ob~erve~ ~l-th th~ ~ight induced r-eyerslble·,_optlc'a'l._de-nslty change at 
l i, •,.':;~ \ :- • :· ' ,. . - , ' . . I ~ , : • . • , " ,- - • , >, .- ' ' ' ; _' , 

'. ·.t' } 

l · -Y \_ '<-:·: Jt·T· 420 mu seen· by Arnold· and 'Clayton.·· _;·r_·:.·· __ '_;~ ... ,;.·_:~-~·-.·.!_.··-.--·;·:::·-·.:_~ .• --~· ::.~_.,·_:_;,~: ';; :·: • ,. 
}>·:'f{:·t·.: -}:_' -: ; !,,'' :.' :.- .. - .-· ' ·. . . .,. 
f ·.-:;: .... ', · .~ Redox Reactions '· ::;- , . '··' . .-, 

·.:d •. , 

• • : 1~ ;, • 

\ ;: ": '.')- - ~ ·. :. .6 ' i. l! . . . ' ·, ("•' . 

I , ; ' :: · -:·;· '\j- .. ~ 1 · _.' , I a an·. attempt to place the redox level. of some of the constituents 

k : r : ·.',: ~,,: ~i~ :the elect~ t~~~o~ ~~ain which seem to ~ here involved. the assump-

1 , /~,:,_-. :~~/i("~f~:~:tio,n has bee~ made that an·. external redox couple could control t}\e oxida-

t ' ' -, ';, tion level o~ a component in the electron tz:oansport chain at the corres- _ 

!·-:! t:_> ~ ·~,>: .. t:;_ .. ~.~ ···t ponding redox. levelQ -A. var-iety of such couples has been used• ranging in 

I · _ ~·:~· i! :-~:: potential from those. having .a high electron pressure• approaching that of 
t . ' .,. ~:.~· .';. ._~~.·~\ \. .. ·~·· 

f.'-'·:·'_· .. :~:~·~'\' _;pyridin'e nucleoti4e at.-0.3 volt 1 to.those having a high-electr-on affinity 

! .. · '<'-'.·: ·· ~:;-such ,as ferricyanide. with a potential 'of about +0.45 volt. 
i . ' ~ \ .... ( t. . ~ 

!··_: A ·.·,: 

! .. 
I 
i ;: 

l 
I 
I 
j 
I.·. 

... ~ . ' ... ' ~ , When bacterial chromatophores were treated with a varl«y of such ; ·:.: · 
. . . . . 

-: ... 'v, 

.·. :~< .' redox systems • it ~as. found that ferr-ioyanide · would induce optical changes 
(· ·,--::.··:· .: ' • ! ~ ·~ 

.. ):·in the chromatophores which res_emhle ver~; .clos.~~~ ··those produced by illu- ·. 

mina.tion. A comparison of these Optical density changes induced in the 
• ',• ~\-- _< ; •• ' .-

chroma~ophores of a. car-otenoid-less mutant. of Rhodopseu~~monas spheroides , 
. -. ' ·. . - .. :· 'l ' ''' 28. 

, , is shown in Figuf.'e a • taken ff.'om the . work of Clayton • · .. • It seems quite 

.clear that the major optical density, decreases at ,870-890 mu are indeed .. ·. 
~.,· ·;·( ~~ ··~ '.\·:_.:.... . 

. -- >: associated with the oxidati.on ·of ahlorophyll. _, ' 
. . ~ . 

. ·'.1.._ 
A similar relationship between the light•indueed optical . changes . -

··." 

and thos~ induced by ferricyanide·on .the gree~ pai.ticlea (~hloroplasts or· 

. quanta~omes). bas· b:e~~ o~served by ~ok, ~nd ~o~~29 and :a~o by Witt·. 2S ·. · ·> 
• l. ' •, ·~ I 
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Here the change is ··;a· decrease in optical density at 705 mu as well as a 
. · .. . . . 

l - ,_ .. ·< :';: · decrease at 430 mu. 'l'he fact that the light•indu'ced optical density . 
':.· 

. ~ ) . 

,:, r? -{~, ,J~;;,;_·::. changes ..... revereibleat low temperiltureo in the chromatophore• and not -' 
J -,_(::,;:,':~t- ::~-: ~~~:{;_:~- reversibl~ at l~w temp~r~tures _in_ the_ quantasom~s, thu~ corresponding to 
I .. . . ._, .· ' . . \ 

~.· l _:; ': : \. behavior of the_ unpaired spina in both cases 6 is_ added evidence ·that they 
''.. ·; 

. '. . ·i ,"• 
$ • ~-- • ~ .. -. are indeed due 'to the same 1 Qr closely relate4, speeies in each case • 

l::_,j:::;:c~r~:·}:· namely. the chlorophyll. . ... 
' . ' 

. ~ . 

. , 'I ~-

l · '.··. - · ' · -· · Finally 0 it has been found that the electron spin si~al can also 

l .~.: ·_}:;:; ... _ . ·'·'--be induced in these· t~o particles by oxidation with fer~icyanide6 This 

j ' ~· :+ , 't(:,: ~: :::~=ly S:::. •:: ::::::~• 
0
:h::. r:::::h::: :~~c::::Qn a a C::: alga 

j .. , . 
1 • ·• •· · radical or "hole" in an ordered array, it would appear that the optical I , .. ,_ 
j ' , .. 1....... '\ • •. l ~. 
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signal and the spin signal might. to a,first approximation, be due to the: 

· induced EPR siB?als is diminished. 

In fact• when· a quantitative estimate is made of the amount of . ...... • .. 1 

. ' 

oxidation-produced EPR signal as a functi~ _of _the,ferro-ferricyanide 
' . ,_., ·\ . . : "' . ' . ' 

. . .· I , . . . , 

ratio!: (and. thus the electrochemical potential) in- the medium and compared 
.· . ' ' 

amount of ·additional unpaired spin that can be induced by the 

light on the same system, a complementarity between the two is exhibited • 
.. ·. ' . if.· 

· · as shown in Figure 9o 'l'he point for the production of the dark signal up· 
~ ' ' .. . . . - '\:. . ·, ,· .. 

. ~ .... ~ . . . ... J : .. j~ :~ ,. ~ ~ ' ~ 
1_ ~ ~ .' • . • .... • • ' l 
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P li&hment and measurement of the potentialS in .these experiments;, 
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POTENTIAL 

_, 

l'ARK SIGNAL 
MAX. DARK SIGNAL 
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' ''.• f .· tq half .S, ta maximum. value· corresponds approximately to the point for . .. . ·.:. 

I j\L.\ 
1 

, , ,j;F:::' iha ~edueti"'{of the light-~ndue~d signal t~ half of i~s. m~Kimum value, ~ . · . / 

~ )i::~:~~~:·~;.j:~:\:.~:.:, ~· ~th ~f ·~1;~e~Q lying ~at .an .a~parent ox~d~ti~~·~r~~uc~ion potent~al of ·. ·· ._. . ,:-·,{ '· 

j .'·;,,?-;,:.~; '
1
/ ·.:6;f<:,·~ about '+0.46 volt. A si.nilar .value was .obtained in particles from red :· .... ···· ~ t;. • i ,'!>~;:·: '.~ .~;_~:~:·. "> ': , ' . ' ' . 3 0 . ' ,·. ~' ...... ». 

, -~~··:.:··>.c.;·~·: . . algae by Beinert 1 l<~k. and Hoah.. . : ... , r: .. ::·.~~.:~··}.: /-,.··.·~: .· .· .. ) . . 
l.. .. , ' ~·, ;, ·< :/:,. · A ·cQrresponding complementarity; would ee expected to exist in 

}:·' -.:·\·.(~ ,':·:;:·~-~<:·:~.· th~:;r~duc:tion· of the .spectral chang~~ induced by oxidation w~th the· l ;(,; ' .::.':(': ;:>·"- '· ' ' : .. - . ·. ' ' 
" same chang~ introduced by· illumination. Experimentally the magnitude :; 

. :· ~~ . .,. ; \ 

'··' :., of. the change. in optical density at ?00 mu and 420 mu produced by· 
. ' ' 

-;. :·illumination of the quantasomes decreases with increasing degree 
. • A 

;' '_:of_, oxidat,i.on determined by the ferro-ferricyanide ratio in the medium .... 

in. chroma~op't:lores, the data for which .. ~re shown in Figure 10 • A, 
. 

complementarity .. ln the light-induced optical density changes also 
II· 

· exists here o : i 

~- .. , .. 
- <.., 

· · under reduCing conditions. 
.... .- An addition~l feature appears in the chromatophores~ Under 

-._ .. 

· /:·· these- c(?nditions .the .. light-inQ.~ced spin signal is suppressed, (Figure 
'· t' - .r,. 

·, ·. 10) • '·- Similarly • the .light• induced optical density increase of the · · ··· ~.-:;. -:·. · ~:~.; .-
'. 
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.EPR signal and optical density changes are .due to th~ removal 

Since the ·light is not sharply monochromatic and since the two pre-

sumed ah~orption wavelt.ngths in green material are not so widely 

separated, it is,possible that at least part of the light..:ind~ced. 

EPR signals h~~~,·~ight be due to a second primary specdes,·e.g. 
. , 

Chl- • not to speak· of the secondary possibilities. -The EPR signal 

+ 
would. be. expected to be very simila~ to that of BChl • 
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I·. ... 'irlduced optical density 'C::J.langes in the chr~matopho~es seems to be reversible- '_): 
• • I • I • ·': • o ~ • ' ' ' ~- • ,lo,: ... f:' : ~ 

i . 
I ·.·r· t '·/. 'ct>' l . . . - .• t..:::·;-.;.. ~ ;.·,~~;··- electron spin signal down to 770V..) requires first _that the electron trans-
l-~d~1 . . 
r -_'::,, / ., -~ ,! ~: ::·: fer react~~~s; .whic~ :pr~uce these ~pecies t~ be simple __ physi~a;t t:ransfer 
t . -~-t • ... ' ~ . -~ 

l '>;; _;,;;--;: · · :·reactions not involving the migration of molecular species. and• secondly, 
l: ., ' .. _- . ·. ~. •, . .. . 
v.,·./·' -:.~· ~- _,_:_that ~he return to the o~~ginal condition. both with respect to opt.~cal l .. -
t dez:is~ty a~d spin signal~ go by a path correspond~ng to the revers~~· of 
1- ·--~ • .t ~: 
L · its formation.- Thl.is 0 we .require the energy f-:t.- · · · · formation of the 
i · · "' in the case of the/chlorophyll positive ion 
I· ... :.~. -;~: -
~1;_;·;?,:.:?•_.:~-· :":: ,: :~~par~ted from it (the ·hole) by very n.e~.rly the full value of the quantum 

r . ;~ · ::::. of energy which is accomplishing the electron trans~~r• . We are thus con- · 

:·down to the ·very lowest temperatures (optical· densl ty change down to 1 <1<:; 
. . , I I 

.. t .f; 
< ~~~ • ~ 

i: ·, •· 
. ' 

~ .. 

level for the· electror: acceptor· 

radical, or hole, as being 

,,·.,. .. 

\· · . ": . strained to ·place the electron acceptor poten~ial a~ a very negative value • · ··_ . 
t .• . 
. \ >·" 

.i' 
i. 

f 
,I ,. 

j 

i 
l 

•i' 
-~- ~ -~ . 
·· .:': ·: perhaps even as low as -1 volt • or more (Figure ll). Direct evidence for 

:-!_ .-.a similar wide separation between donor and acceptor in' a. second quantum ·· 
' ~ t • • . I . , 

:· 'act, which w~ __ ld ~,involved in'the nErutralization. of the hole, is not yet 
• • • ' ' • • • • p ~ ' \ •• 

.... -~ '. : 

. _,available. 
' '~'-: .. " 

' . ~ '}. ' ~- ' 

' ...... -.-
While the action spectrum for spin production does show some in-

. . \ ' ·, ' 
_..j 

. flections on the long wave side, the spin_signal- itself is not sufficiently 
·' . . • "'··. . . . ! • 

-· . 
·'· j 

··•.' .. · 

-~- ·variable with· wavelength for us to be able to specify the existence of, 
, ,..,:_~·: .r .·. ~-~ ,' , 1 .-

, · ~·- \, _two different: kifki:s of unp.dr.r.d spins produced by two different -colors. 

~ - ' . 
. . •' ! . ~-.' 

.·. ·.:-, •. 

of light~ However, the accumulating literature seems to involve a second 
I' ' I 
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The ev ide nee prompts us to introduce · : · ···- .. .. . . . ~ - ~. ·:.- ,_ .. ' 

' ~-· ~ o' \- I 1 • 'o , : : :. , 't • l : ·: '·~; • •.' , ; ., ' • • , i I • ~\i•'! '..; '•;,, I' 
0 

> .. , •; ' 

transfer ilct for which tha pxo64u.ct in this case is Chl.-: . '<'· · 
• , 1 ' • • ~ ~ . • 

.· 

J' • . r .. ·\:''. ~ • ..,' ' :· ' I • ,,; '-~- •• • "'' t - • ... :~; ·-~~-~ ~ 

radJ.cal. ion. also imbedded in a matrix ,of rneutra~ chlorophyll molecules. ' l • ". '>' 
·,thu~: c~rr~spondl~·g,~o a ;:,~~~ction ~~~~tron~ ·,H~r~··-~;flcienoy arguments . , -~'.r ·' 

.. 

. ;'tO ailo~ f~r ~--qu~htum ·-req\lirement of 'less' than 8 WoUld. seem to require :'.<~:-·:·::,;: ;·, . 
.. .-., .... ~~r~~.~·· ·~ .. + --~ • • : •• _. .. ~.- ..... ~ ··- •• ~ !;. -. . : :_·~. ·!-. • • • ~ - _. .. ;. - ·'f-

. ----.'the donot' molecule for this electron· transfer act to h~e a potential in'~·._;':' •' 
. . . . l . . ~ '~ . 

I I • . •.·, :·· I . ' ; > • '.:I j, • ~ •' ,' • ', I ' o - ~ ~ <J; ; • ' ~ • ' J ' 

-.s.the vicinity of,tl.S v~lts, th~s making more erf1cient use of. the quan- :: .. :. ': •.. 
. ~-._.)I; ·. ·,·:~· •• ·/ ,·_· ~ • "'. • -, ', •.• .'· ~- ,. ··.·.I..... ·~ ~"· :r _.--- •. ~ 

by' provi<ling ·an additional sita for ATP producti<?n."·' · · · · · · ~~- ~· · 
\ • < • ·, ';. ' • ~ ' • ' ' • j •• 

We thus arrive at ·a modification of the·two-q_uantum ·proposal of ·: · ·· .... 

'h~lil4 ,l5• -.:~ of_~?t.t33, 'Kok30 • and of Duy~-ens~~~ ·in ~hlc~·~he primary.---·.··:· __ ·,. 
. . ~ ~ .. 

. donors and primary 'acceptors at each end of the·scale ai-e further apart 
. '•',_ 

' ~ . 
than has heretofore been supposed, and thus provide two additional . 

' . . ' . ; 
. 'r. 

. . 
. . ·: ·" 

·• I - , 

.:. po::asible sites for ATP production than 'does Hill's scheme. The first of . ... . . . -•. .-: ·~~--

. . . 
these sites would be at energy available in the passage of the electron_ 

.•. 

·":from the primary acceptor. at •l volt, down to the ultimate reducing . · 
'' . . . ' ' ; .. ~ .... ·, 

~::agent • such as· TPN • · ·~t a-bout· -o .3 v'oi.t ~ .. perh~p~. passing ghrough ei t~e~ 
- ~ .. - ,r,. ! ' . 1.' . . .. - •,-.. • -...,'·. . •' ." 35 ·. I ' ' ·, • .,"- t ·.,· . 

'such cofactors as lipoic .acid• FPNR · (ferredo>_tin) • both 11 _or sev_eral · 
. . : ~ ;, . ~ . t - . " ., -

. ·' . 36 37 
others on its way. : ~ · ,' The second site would be tl:le one proposed , ~. 

';' • •• • :-., ... ,... J~~- - .··~- .~· ·!:;. --~ ..... ..! ''' 

by Hill imd would .. lie_ along the passage''of the electron· from the 1first' 
• .. ~ :~ 1', ,,. +~·::t-~~f\.->:··~ .. ---~~_::".~,.1;~;'{:·· ~- ' 'I 

acceptor. at~ o.o volt (Cyt bs 1 plasto_~uinone),_'to ~~~ Cyt·f at,., 0.4 ... ··-.:·. · · 
•, j ~ ' • • ' ' ' : ~. • ' ! ' I < < > ' "~ < • ' • • }- '• .~ • : "- ~ ;' • 

whEm it would. enter the second pigment systemi · It ls ·interesting ·' ~~ -.. 
.... ' ·. 

. ; . 

to note in this connection the recently reported.prob~ble'value_for 
• ' < ' - .J--,• ,. ' • • 'r -f • ' • • . j. -~' -:t -~ . 

.the number of ATP m6l.~c:uies_.:produced by-electron:transfer in'bacterial' -~~ ·.:'' .. 
. ' ~- ,_: ,, ' :' ' '• ~ :38 ; ... ': ; '", ; ' . ; ' . 

chranatophores as being 2 •.. · The third si;te for ATP 'production would·. · -: . ..;.. , .. . _: 
;\ ' ~ I.'J•, • ~~(,' ~ ;·:.. ,·~ .:j~ 'I• ~· ;rl .'~··. t ·,. ~~ ~.:;, . .:. "' •. ·' ,·~~ .-u ' •; ;_;_{,;·~ 

,; be at the other· end. of. the scale, durin·g whic~ the· electron passes from . ·, .. · 

.. ·::;t \:·I-Jb, .lf·~~ · ~~' ':·: 1: · ::ft:ifJ~~!!-'_;;fS, ·' ;y: : :.~·;·:, ·" . _,. " · .. 
,· ,'·. 
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·;'·. • .. ~ . ,. 
~ator .1:o. the primary donor~ through as yet unkriown cofactors. and among 

l~'t·i~k;,:f~~~~~C;~\'~i;::~hlch we:'~y exp~~t to: find' a mangane-se fun~tio~. 39 The ultimate result\,'~/> i,. 
·rt~;-s:±f-,:~;1>-~;l~n.,;-':· <. ' ., · ... , .. ' . ' "'' ';, ·. :-' ..... '\ ; -~ ,:_ '. ' .~ ... ' '\)', ' . ··~ .. r -':. • < ., . '·.: . . ' 

', 1;~;.~,:·:.f!',!'t,::;,;~,h::./·t ·of such a scheme would be .the separation of the oxidant and reductant to .• ,. 
' f;{-Xi;_J;\:,;&})~(.)~23~~-·,·.·.: : • _ . . , _. ., . . . < >';' ~ e • · · . '' , • • · . . .· 
' -~,;~-~!~'ll~r;:~~~--\;~~·:,:~.-~,the levels of~oxygen·and pyridine n~cleot_ide 'an~ the 'productio~ of three_;.: 

r,. i. : ,· ... :;_ · .. :. :.·~ .. .:~ ... :4· ~· ."··. ::. ~ ·, ;. 1· . .. ~ .. .' :: / .. ' ... : .'·.: ·~ ':. ~ ~' ~~ ~··. • . : f ~. .... 1 ~ ... 

molecules through· t,he action Of two successive' ·(luanta~ as~ shown in 
. . ··;. ... •••.• ·,~. t ,., ~."' ~· ~',.::· • .. ·. l t.· •• i~ : ,,,(~ ,. f'i,: .. ·· 

-~ '5· • ; " . • ' ··:.:.:- ~·· ~ - \: • ~- ~-( - :·~: 11.· ~, f·, ~~:· 11 tt~'P• '•I!~,-~"'J I'~ :·.>·~'. ~ 
,· ,' • " .·~, ... :~\··~' -~ ~-\ r o ~~ ·,. ,. 

• • . -.. ~ I. t ' •, ' :_, ' I • '\ ': ,/• .'· ' , ~: ·• 

... ~f· the' quantum requ~rement for overall photosyn.thesis can indeed ' 4 
/. ,:. , 

.... ~·... ..,,~. ~ • , .. c.- ~-· ";.• ·._."': •• '· ... •'! • -:~ J, .: . . 

made less than a. then some of the excess ATP molecules could be used· 
; ' 

promote.the i:'eductant-oxidant sepax-ation·at ~orne point in the potential 
'• ' ' ' f ~ • 

-j_ · :; [:;:· .· ·;:;-.;\< <~.: ;:--s~heme (Figure .li) and thvs reduce the demand .for quanta for_ this pur.;. 
j_ ::· 

' .,, . ! ·- ~ • J .• J· . .. -~--
'~ t ~ .' 

' , . . · · · .: ' (Figure 12) . . · .. .' , • , 
A physical depiction of the entire quantum conversion process can 

.... ~. 

.' ..... 

now be formulated in terms of the absorption of light by the pigment, 
.· 

,j :.::-~ .. ;··r·~~'·; . followed by exciton migration to the site of ~lectron transfer. • • , ... :.~·· -~··;· 
~-~;·i' .. ~f\JC'~:it;?-)>;~..,;~.~·. . ·. · .. ·,. ~ :, ~ . 1'.. .·.• .. ~ ' ' ·:r_._; 

:j··~·!·.t~'~.f:~·,)i'J;~:~i.\)?' In the case· of the bacteria • this· electron transfer would involve the ·. :!. · , 

j,Wi~~~~~kprod~C,1:ion ~ ·: .BChl+ :.idical ion and a r~duc~a;~coept();",at high reductiOn • 

J.i:~;~t;!;E~,;t;~~~~~:;:- ~ote~tial. ~h~· ~~~~-~ radical ion could mig~ate ~:·:~~~e,:~igrat.ion ·to a 

'j ~ .. ~t'X{:t;{~;~::\:'\8:·~~- site where it may _recove~ its electron 'from subh. a donor as. Cyt c2 •. 
\ ' ••• , 't' < ·~ ~ :: • • :f'·;··. ' ' l' 
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