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PRIMARY QUANTUM CONVERSION IN PHOTOSYNTHESIS

Melvin Calvin and G. M. Androes

“if (Incorporating disaussions with Kenneth Sauer, I. D._Kuntz Jr. and P. A. Loach)’r

T e Mo S Co T e
- Department of Chemistry and Lawrence Radiation Laboratory
~University of California, Berkeley 4, Californai .

Ly

o . ABSTRACT

. © August 25,1962

N

4'*'Fnrther-studies on'the photoinduced electron paramagnetic resonance

)”;Q Js1gnals found in photosynthetic tissue as a function of wavelength, ‘as well
‘;fas temperature, have made - pOSSlble & more precise definition of the nature
.”ﬁ”of the primary quantum conversion act. These observations, taken together
;':\hfwith nev as’ well as older observations on the light-induced spectral changes
‘&Ftlin both bacterial chromatophores and green plant quantasomes, have allowea
.f:ns.to Specify the placevat which two distinct and separate qnantum conver-
fsion'electron‘transfer reactions ocour.in green plants.,
The*transfer'from a‘chlorophyll'agéregate-to an acceptor substancev
yoccurs similarly in the green plants as well as the bacterial systems. The
:other act the transfer of an electron from a donor system producing a highly
mJJiionidized hole to the chlorophyll aggregate,\is limited to the green plant.
.i'tf;This latter, highiy oxidized material then collects its- electrons ultimately

cof. =. o with
: **;‘from water/the production of oxygen.

In the green'plant, the spread in energy between the primary donor
.'Y molecule in the second-act and thé-brimary acceptor molecule of the first

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

l'fi,'51tes for the production ‘of ATP and for the spontaneous passage of holes and

rvof electrons from these primary donor and acceptor sites, respectively, to thelr

'u

. wWltimate . sites 1n,moleculer oxygen, ongtbe one hand, and reduced-pyridine

" nucleotide on thefotherq:"e;:V
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F T S :'INTRODUCTION e

'Ono;of the cutstanding and posaibly unique features of.the process
of photosynthesis as it occurs in nature today is the ability of the organ-
ism, either green plant or bacterium, to utilize a quantum of energy of the
order of 38,000 calories for green plonts and 30,000 for the bacteria to
. accomplish an orderad chomical transformation at room temperature Wlth a
relatively hzgh_dogreo of efficiency. When we remember that the apparatus |
uwhich occomp;ishea this is of labile organic construction and that tne
.Qi;therma; reactioué wnicn can be performed by'auch a system.rarely, if euer,
finvolve cnergy-changes higher than 10,000 or 15, 000 calories. it is an im-~
’? pressive accomplishmant indeod to bo able to manipulate a package of energy

A

'?ﬁié two or three times that size without damage to the apparatus and in a highly

[ . e, o b
Y s L P

'lﬂﬁ'* dxrected and specific way.
fi;n;f; ve. The ultimate prodccts of this onergy transformation have long been
b knownito us in the form primarily of carbohydrate and oxygen, but, of course,
;g; includxng all of the plant substances., In fact, 1t is currently poss1ble :

to describe some more lmmodiate products of this snergy conversion process

in terms of mora transxent speoifio energy»storing materials. To be parti-

1

e s At
" A

: cular. we have every reason to believe that two such enorgyustorlng inter- ‘

roy
oy

A e B e

S fr" ¥ - The work described in this paper was aponsored by the U.S.
LLh .00 Atomie Energy Commissions 1%
* .. This paper was presented at conference on Photosynthesxs at

;,:jf"ﬁj' e Glf-sur»Yvette, France July 23$27 1962
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i'l&f'; mediates‘wnioh can be used te produce theéfinal. or more long tern; storage

‘j-'naterials ore reduced nyridina nucleotide and adenosine triphOSphate.‘ It
‘g may turn out that other transient energy-bearing chemical intermediates
“vvmlght be still olosor to the enargy transformation step itself.

| 3t this point it is perhaps worthwhile to define, as nearly as’ we‘
";ocan, tho pnoportleoﬂof the onergy-baaring intermed;ate(s) which we w1lll
;.oonsioen‘aa'ono oorlloot form of chemicol energy into which the eleonro;
'fii“négnetic quantun may be converted, Such a material would be the First
’-?chemically definaola componnd in %hernalveqnilibiium with its environment,
. but, quite clearly, not in ohemical aquilibrium with it. ‘since under such a
i[ defxnxtion. oxygen ltself could not be evolved, N

- - We will oonsider the primary quantum conversion act, then,Aas that -
T;laof, or sequence of events, following the absorption of the electromagnetic
'“quantum and terminating with the appearance of a thermally relaxed chemi- .
" cally defined individual which may then proceed by direct thermal work~ v
‘fperforming reactions to produco the next transient and, finally, the ultl-€ 

Ny

;. mate products of Photosynthesis.* .,“;;,' . '*" 4fg
- Under such a definition; an electronioally excited state of a _b
*o moleoule or array of molecules, suoh as might result from the prlmary
;,;7; absorption of a quantum of light, would not:, be considered as a chemxcal

.; entity distinct from the parent material beforo.light absorption. Only
PR after the energy stored in this alectronically_oxcited state is transformodv
| " into new chemioal speoies9 whioh can then proceed to react. ‘or interaot,
with its environment along thermodynamio principles would he oonsider

Zﬁi} the qpantum conversion prooess aooomplishad. All sucoeeding reactions from

: these initial ohemioal speoies wouldD of oourse. be dark reactions.‘,

REIP




'Very aarly in the considerations of theories of phetosynthesis’it' ”‘a} M

"";~was’rec03nized from the nature of the ulximate reaetion that an oxldation

' .and a reduction st ba. involved. For some time, the earlier proposals in~ -

Ty R

ii{volved a direet transfo;mation ef ‘the electronic exextetien into the energy ’
j:;""of atomlc rearrangement, resulting in the transfer of hydrogen from water to .
:; carbon dioxida. There have been many varieties of this preposal. Howaver,
‘,;d‘it remained for the brilliant analysis of van Niel on the ccmparative b10~
ntg chemistry cf the photosynthetic proceea throughout the scale of llving organ- .
{f isms to simplify the. primdry quantum conversion act into the product;on of a

1 These could

i»dprimary transient oxidant and a primary transient reductant.
“then go about their separate ways, the reductant ultlmately converting the
':%earbon dioxide to the level of carbohydrate and the oxidant converting some
~‘f suitable substrate, in the case of the bacterzag to an oxidized form, or

', ulximately being eliminated as molecular oxygen in the higher green plants, -

This separation of oxidant and reductant was formulared by van Niel

’ ‘

gin terms of EOHJ and [H] as represantative symbols of the oxidant and reductant,

‘?‘{respectively, In green plant photosynthesis, these two fragments would
'fultimately be derlved from water. However, the essential feature is the
;eprimary produetion of oxidant and reductant, and in physical terms this meads )
J - the production of a molecule or species, avid for elactronse frequently re=:
?Gf presented by~ + . or "hole", and a speciee generous with its electrons,
A i.e.. with a relatively high eleetron presSure, most readily represented '
by .or simply @ { ‘ L

"How these two particles, or.species, which would be produced as

s

‘a- result of the conversion of 30 to uo keal of. energy might be Separated




. £rom each other 86 &s not to‘baok‘react represents cne”of the problems.:
ii;Any mode of reaction, such as moleoular rearrangement or diseociatlon,
w which might be used to store the 30 or uo kcal must. of necessity, be so
?Qarranged that the product (or products) does not 1mmed£ately revert to its .
\?;initial,statefwith the evolution of thae stored energy aither in the form.

kgof electromagnetic radiation or as heat. This requires that either a suit=

‘.‘able energy barrier be interposed between the primary products and the

: "inltial state, or that the primary products are’ effectively separated from‘

PR
L -

LVthe use of" such a large fraotion of the initially absorbed energy quantum
;_to overoome‘it that the total energy stored in tha process must, therefore,

"be a relatively small fraction of the quantum absorbed. ‘Here the relatively

ican be most easily accomplished if the reaction prOducts are not massive

K

.;atoms, but only electronsq We ara tbus led 'to the obvzous suggestion that

;the primary quantum conversion act involves a separation of electrons

from the “holes", op posxtive charges, which they leave behind in the mole-

,;’cules from which they come, a theoretical suggestion made very early by

R .

theoretical reasons% ? and based upon model experixnents6 -8 and direct

bzologioal onservation in recent years. A good deal of evidence has been

accumulating 1n the last half dozen years that this is indeed the case.g ;2

ST

:ﬂf*each other physioally §0 that the recombination is statistxcally improbable, .f

The intorposxtion of a barrier of any appreciable size would requlre e

: lhxgh efﬁdciency of the overall process limits us, and so we turn to the other_

: alternative. namely, effective separation of the reaction products., This fi '

';}Katzsz' It has been elaborated 1ndepend65{1y/in cur laboratory for Slmllar o



With the discovery of cytochrome f in the green tissues of plants

' by Davenport and Hillla, Hill was even ablo to suggest that tho separatlon

took place in two diatinct quentum steps,l&tls The first one led to the jﬁ'«e,;:p-~
reduction of the cytoohrome associated with the production of a hlgh level L
i oxidant and the ‘second ult;mately to the ouidation of cytochrome thh the fd*:
concomitant production 'o.f/ztrong reducing agent .’ e ":’ ol ’

d . - R

”[}7h ‘ Experimental evidenco for such’ a process has since been accumulat-'

: lng. That the illumznation of the photoeynthetic apparatus of eitner green

f plant or bacterium would result ultimataly in an electron transfer reactlon

;5:was first seen in tho results of Lundegardh16 and Duysens. ‘18 They demon~ - '

‘ﬁ

‘g”strated by differential speotrophotometry that the mlluminated plant, or i- ;ﬁ )

vlparticle. carried more oxidized cytochrome than did the corresponding plant

"or partzcle kept in the darkg Sinoe then. this typo of experiment has been’

PR v ..(» . *

broadly expanded in many ‘laboratories. 1’:,7- D 4: ‘ ,.QQ‘”:~'
However, it remainod for another typo of observation to show un~ * . Q3§f’ o

'=equ1vocally that the absorption of light by the apparatus of any photosyn-

thetxc organism resulted in the transport of an electron from a paired

-,

condition at one slte to ‘an unpaired oondition at another. Such an obser-,%f S

Vation would d;stinguish between the transport of one electron from the '

‘transport of a pair. The unpaired eléctron should make itself apparent

T, B
-'»—, . .

v:by vxrtue of its paramagnet;sm, and with the! appearance “of microwave tech-'

o . .
Teny o - SR

j_niques for tho observation of electron paramagnetic resonance and with the ?_Agfvﬁ

’

:\hign sensxtivity it provided, it was possible to demonstrate just such J:»’
| 119,20 TR 8 |

f‘a ptocess _ _
" Ve will be concerned with the information that can be obtalned by

such measuremente in conjunction with other physical and chemical parameters ﬁ'

< L

that .can'ba’ varied, as uell as the relationship of these magnetic changes to

B “ o

the optical changes upon 111umination, which are many and varied.

‘ 4
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Kto see. the electron paramagnetic resonance of the unpaired electrons that

. are produced.. Such eignals are produced in whole spinach chloroplasts. both

utjat 25 C and. at -150°C at a rapid rates The rise time’ is Faster than the re=- ,fﬂlff '
‘sponse time of the’ instrument in both cases. The signals 50 produced are - ﬁt_}‘

_shown in Figure 1 for whole spinach chloroplasts.20 Signals produced in the ¥V7i

Aol

'i; whole organism of Rhodospirillum rubrum maintained at various temperatures

,and illnminated with white light are_shown in Figure 2, The signals pro-'

'duced in the isolated chrcmatophores from these organisms are ldentical in

7

ito determines'“ o '
"\ That theae unpaired spins ac%produced by light absorbad by the P <
:corresponding chlorophylls is ehown in "the action spectra for green plant

qpantasomes reproduced in Figure 322 and in Rhodospirillum rubrum chromato-
: 22

; phores shown in Figure 4. It'is 1nteresting to. note the pOSSlbillty of .

;the existence of an inflection point on the long wave side of the absorp-

s

?tion of the quantasomes corresponding to what might poss;bly be a difference

'; in the action of light at wavelengths somewhat longer than '700 mu.

It has been poasible to separate the green particle ﬁpR signal
into two components, as shown in Figure Sa. There can be seen in the whole

;chloroplasts two distinct signale._ One’ of them is a sharp signal thh a’ _“;Lﬁii-j
fftvery rapid growth and decay time at room temperature, and the other is a much -

Tﬁbroader one’ with a slow SPOWth and decay time at room temperature. T has

been possible. by suitably fracturing the chloroplasts. not only to separ-

PNRURE IR AR ¥ A




* 'LIGHT 'SIGNALS FROM WHOLE ' SPINACH 'CHLOROPLASTS: I .7
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Figure 5¢. EPR (darR signal endlight signal, if any) in several o ;'

i green particle fractionms. : ) v

. (a) Whole.chloroplasts; (b) quantasomes plus soluble.

. protein; (c) colorless gsoluble protein hleached from -
whole chloroplastsj (d) washed quantasomes; (e) quantas -

. somes plus soluble protein. L v : -

“the one produced in the light. The magnetic field increases
. to the right. Defining a basiec chlorophyll concentration
~of C, as 15 mg of chlorophyll/ml of sample, the chlorophyll
e S - concentration in the samples containing pigmented particles
S s iy et (@) a3 € (b) A Cop (d)2 Coi (e)~Co

o St LA e s TR I

i In'éach'case,'fhe'tracévcontéining the larger signal is .




rl B L - N . Tt . o "
A0 - M . * .
o ﬁlzoi o [ - .
: . T -’ﬁ' R I I
. . .

;ate them lnto a green partiole containing’all. or almost all. of the chloro=
‘a‘phyll (the quantasome), " and a soluble component, but also to show that the

' sharp signal remains associated with the quantasome particle while the broad

Y. 1

‘ . g
'as shown in Figure 5c. f;ffw

PR

Temperature Effects

Very early in the work on the obsermaion of the production of unpaired
'fwhich would help to distinguxsh between the product{on of ordinary'ohemloal
:'free radzcals invclvxng either the separation of atons or at 1east the dlffu—

f;sion of molecular particles. was the temperature,_ Quite olearly the abllity

f ofsuch signals to appear at very low temperatures, at least as low as liquld

"we ‘see that the rise time of the spin produced in whole epxnach chloroplasts

.It is important to note, however, that in this material the signal oncé pro=
/

duced at low temperatures does not decay until the material is warmed,
When the temperature is lowered on the chromatophores from R, rubrum

B

?the rise tlme is agaln unchanged within the llmitations of the ingtrument

¥

fplex at room temperatures. that is, showing a number of different decay con~

. stants, byhhe tlme 1t reaches -112 c and down to ~150°C. all of the slow de-;"n

e e s e

(2

ﬁ'spins 1n photosynthetic tiaeue it was recognized that one physical variable_th

fone is washed out wlth the eoluble component and can be observed separately,‘_}ixw

_%g., R . . “
oy T AR N [ B

jis still faster than the xnstrument response time, eVen at the low temperatures.z

»(Figure 7)« However, there is an important difference in this organism from ;i .

.fthe green plant material.vnamely, that while the decay of the signal ie comuw“p'f;y

;gcays have been frozen out; all that remains is a decay tlme more rapid than f*“"
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_"a system for the productxon of unpaired epins at low temperature which appears

R

| to be k;netically temperature 1ndependent, both for its formation and its

T N - . x,“ ) ' -vﬁ,‘_vu,.'.n‘,r‘\_ .- s
T 22 <o P P S PR
decay. S T T Y U oy

.FiiJ thical Density Changes Ce f'u .":i

.

An examxnatmon of the kinmxcs of the color changes in both of these
materiale (chromatophores and quantasomes) has been underway in several
laboratories, partioularly those of Duysene. of Witt, of Chance. and, moreﬁd :

fr recently, of Kok. It was observed by Chance and Nishimnra that the color

‘¥‘¥ changes in the region 550» 523 and uao m induced by illumination could be fr'n;r

‘achieved at liquid nitrogen temperature quite as rapidly as they could at

o room temperature.zg However° they did not decay at liquid nitrogen temper-

Gt‘ture.- A similar change at around 550, nao and 405 m induced by nllumlnationj.::

;3of chlorwplast material has also been induoed at 1iquid nitrogen temperature

ébut they do not recover, i.e.. the optical density changee are "frozen in,"2°

}rTheso changes have been called cytochrome oxidations in both cases. It is

‘}therefore clear that at least'in the case of the purple bacteria (Chromatium; | e
Rhodospirillum rubrum, Rhodooseudomonas 8pheroides)26 the unpaired spin signal

. , o
; which 1s reversible" at low temperature does not reside in the cytochrome.26 R

Some color change. however. can be induccd by illumlnation in purple f
"bacteria which is reversible even down to l°K. ) nold and Clayton observed

o an optical density increase at approximately uzo ma in chromatophores from

\i Rhodopseudomonas spher01des which vas reveraible down to 1 %, 12 Purther '

'studies by Clayton on purple bacteria have demonstrated that reversible
changes at around uao mu can be’ observed withcut concomitant cytochrome

: .changes»27- It therefore appears certain that at 1east some of the optical

[V

densxty change observed in. the 420 mu region is not due to cytochrome but

- to .some. other ohange resembling a simple physical electron transfer reaction.-i-

!
. . . : . SE e o N B
Coe, Y LS ey O J . BT A, TV -
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T

,carried to thie lower temperature, the fact that no. change et all ideither

the eignel or its kinetics has been obeerved on passing from -ll2°c tOfﬂwi

“ . .‘K t. . . L. ‘ '
peratures. _We are therefore prone to associate the unpaired Spln which we '

?420 mu seen by Arnold and Clayton. jﬁT

Redox Reactions f-*frE,QQ,;“ «‘" ~?\ f;f f,fif G

0 : e e

S

JIm an’ attempt to place the redox level of some of the constituents T

T iy

in the electron transport chain which seem to be here involved, the assump-

'-w, H

{sponding redou levelﬁ A variety of such couples has been used, ranging in
ﬁn‘potential from those having a high electron pressure, apptoaching that of -
'??Ayridine nucleotide at ao 3 volt, to those having a high electron affinity
;such ‘as ferricyanide with a potentisl of about 40,45 volt.

. When bacterial chromatophores were treated with a varizy of such
"redox systems, it was found that ferricyanidevwould induce optical changes
_i“ the chromatophores which resemble very. closely those produced by illu-ha:if“;t

1

& mination. A comperison of these optical density changes induced in the :
ot e o
hromatophotes of a carotenoid«less mutant of Rhodopseudomonas spheroldes‘g‘

* a,-

. is shown in Pigure 8, taken from the work of Clayton.gsm It seems auite

A clear that the major optical density decreeses at 870«890 m are indeed :

. xln'.;,

4':","

.. associated with the oxidation of chlorophyll. -

A similar relationship between the lightuinduced optical changes ;

i e B

.. and those induced by ferricyanide on the green particles (chloroplasts or*_

quantasomes) has been observed by Kok and hoch29 and also by witt.25*}3;<




'BLUE-GREEN MUTANT _ _
R.SPHEROIDES .~ ' _ g R
- LIGHT-DARK '
| ==='OXID.~ RED. :
400 . 600 ebo T 00 1200 w400
‘  WAVELENGTH (mg) .~ R
: . CLAYTON,l962 - (e
AT L e wwaarare g .
Optical density changes induced by ferricyamde o  _ o
_in chromatophores: of carotenoid-less mutant of R . T -
- spheroides (Ref, 28) & . SR . :




Here the change is a decrease in optical deneity at 705 mu as well as a
f, decrease at &30 mu. The fact that the lightuinduced Optical density

e changes are reversibieat low temperetures in the chromatophores and not >

"'amely. he chiorophyll. ‘-.v_rd ;f

Finally, it has been found that the electron spin signal can also

by Kok.30 Since the oxidation of the chlorophyll could produce a Chl* .
5 radical or "hole“ in an ordered array, it would appear that the optical l

;~signal and the epin signal might. to. a first approximation, be due to the

Optical density change or by the electron epin resonance signal in the

-dark the magnitude of the light-induced optical changes and the light-:a.

H

"induced EPR signals ie diminished.

.'( .o
ev,

. In fact, when a quantitatiVe estimate is made of the amount of

A,n.
* sy

oxidation-produced BPR signal as a funotion of the ferro-ferricyanlde

’-e_ \ -

~ lratio“ (and thus the electrochemical potential) in the medium and compared

ol

o AT .

'with the amount of edditional unpaired spin that can be induced by the

T

iblight on the same system. a complementarity between the two is exhibited

s ) PR . - e e
Sy B . ¢ - .

R .r._ .
"( . .

Q:i 1ishment and measurement of the potentials in these experiments.

Dbt B S smris i B S,

is probably the same process as that reported for perticles from a red alga

PRRUCINUR

Sy

" formation of chit o Further evidence can be found in the fact that when the i

Chl is produced: chemically by ferricyanide, as evidenced either by the ::f;%

nas shown in Pigure 90 ' The point for the production of the darh eignal up v:'ﬁ

% g We are grateful to Dr. P, A; Losch for collaborating in the estab—z.'




QUANTASOMES FROM SPINACH CHLOROPLASTS
Em (Fe>'/Fe?* Cyanide) = +0.44 volts + pH =7.2
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"Redox titration.of the chemically-induced and §

Pigure 9.
R in quantasomes from spinachA

o) photo=inducéd EP
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the reducti of the light-induced signal to half of its maximum value.

4

. same change introduced by illuminatlon. Experzmentally the magnitude LL

N of the change in optical density at 700 m and 420 my produced by
,;illuminatxon of the quantasomes decreases with increasing degree
of oxidation determlned by the ferro-ferricyanide ratio in the medium. :
| ﬂ(bmplementarity in electron spin signal has also been observed \

},f in chromatophores, the data for which are shown in Figure lO. A, -f y

; complementarity in the light~induced optical density changes also

' w0 - ST T e e

" exists here,;_ .3_,_ Co ._.t'ﬁ < Aj'ﬂ CeLonT S .
o : ' ' under reducxng condltlons.

An addxtional feature appears in the chromatophores/ Under e

R Rt

?these conditions the llght-induced spin sxgnal is suppressed (Flgure
\10)‘ Slmmlarly, the. light-induced optical density increase of the o ’}d

f;chromatophores at uao mu is also suppressed by this reducxng med1um.:;;i~d

"‘”’ faperee %

not yet been made.

&




o Established by odding NapSo0, o
o and A POTENTIAL MEAS. . )
A Established by phenosafranine couple

o and @ POTENTIAL CALG: Egn(Fe3*/Fe2®cyanide)® +0.44v.
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* Redox titrat:.on of the chemically-induced and photo- :
induced EPR in chromatophores‘_fram R. rubrum




. For the moment, ihen,'we wlll'presumb that the“oxidatioﬁ—'*y' ;

induced EPR signal and optical density changes are due to the removal

of an slectron from chfbrophyll. or bacterlochlorophyll as the case

e

may be leaving behind a cna’ radical ion situatad among neutral

chlorophyll moleculesa It may thus be called a positlve "hole." O

r

Since the light is not sharply monochromatic and since the two preni'

sumed absorpt;cn wavelengths in green material are not so widely B

. .
.

separated, it is possible that at least part of the light~lnduced - o

5

' EPR signals here might be due to a second primary species, e.g.

Chl . not to. speak of the secondary possibilities. The EPR 81gnal:.7 C

‘would be expected to be very similar to that of BChl . . “: S o




L.t DISCUSSION iy i: |

< e

down to the very lowest temperatures (optical density change down to l°K

“

~f5 eleotron spin, Sisnal down to 77°K) requires first that the electron trans~ﬁpﬁ

; fer reaotions whioh produce these species to be simple physical transfep
B reactions not involving the migration of molecular species, and, sec0nd1y, ?;

ﬁthat the return to the original condition, both with reSpect to opt;cal

' dens;ty and spin signel, go by a path oorrespovding to the reversal of
iits formation. Thuss we.require the energy level for the electron acceptor
formation of the .

in the case of the/chlorophyll positive ion radical, or hole, as belng

’ separated from it (the hole) by very nearly the full value of the quantum l'g;qv'

.

'of energy which is accomplishing the electron transfer¢ Wevare thus con--

- PP

,fstrained to place the electron acoeptor potential at a very negatlve value,_”'$

flPerhaps even as’ Yow | as ~l volt, or ‘more (Figure ll)' Direct evidence for

Aa simllar wide separation between donor and acceptor in a-second quantum "“"

'act, which would be involved in the neutralization of the hole, is ot yet

v

v .. + . .. .
¢ RS ’ o ‘ . . .
’ Ao : ; S 1

available. ‘.'vj; -f'l B ‘~.“ o R . t~ .

While the action spectrum for spin productlon does show some in-

4

varxable with wavelength for us to be able to speciﬁy the existence of .

P

two different kin}s of unpri red spins produced by two d;fferent colors
¢
;,'of llght. However. the accumulating literature seems to involve a second

C e

light act in the green material. It stems from the early suggestlons of

‘ 32
Hilllu }s and the experimental observatione of Emerson and more recently

L g




Quantasome
AQ0D(-) 430my

Chromatophore
AOD(+) 430
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L S N MU.27274
ff'igure np Schematic diagram showing the approximate redox SRR ;
relationshlps of some species proposed as- involved .
in the. primary quantum conversion act(hs) ' o ,




of Kokaq and Witt \ and Duysens.é“ The evidence prompts us to introduce

* B ¢

Aanother eleotron transfer act for which the product in thie case is Chl

f
5 o ¢ '

radical ion, elso imbedded in a matrix of neutral chlorophyll molecules, ;.;
: , R N

tum by prou ng an additional site for ATP production. vﬁi"-ﬁl‘f”,h%:;'

'\
5. EN

He thus arrive at ‘a modification of the two-quantum prOposal of

o hW

_vHilllu lS’ and of Wittss. kok3°, and of Duysens3 » in which the primary

‘ donors and primary acceptors at each end of the scale are further apart f}{_:f9

;than has heretofore been supposed. and thus provide two additional el e ;5
,zpossible 81tes 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 reducmng

: agent, such as- TPN, at about -0 3 volt, perhaps passing ghrough either

~ L

35.

such cofactors as lipoic acid, PPNR (ferredoxin). both, or several

7 MR e -
¢ others on its way. ?,? The second site would be the one proposed
y Hill and would lie along the passage of the electron from the‘first "
'tQ__tlje c’yt"f‘ st 0Lk

_,,r..~. B

volt, when it would enter the second pigment system. LIt is interesting'

cw [
- e <

to note in this connection the recently reported probable value for f'

‘the number of ATP molecules produced by electron transfer in bacterial

--38
chranatophores as being 2..,‘ The third site for ATP production would

"“ N '-,.‘}-3; ‘! ) 3‘1 N "1'.~.' j -+

'vbe at the other end’of the scale, during which the electron passes from }5,




,nwhich we may expect to find a manganese function.ag The ultimate result

. vy Bl . it T,
.Am } 1-»‘\“ »,.J g,,.‘.. s ..,,

£

~If the quantum requirement for overall photosynthesis can indeed

“:,- RE : s ,

¢ : =

7;be made less than 8, then some of the excesa ATP molecules coula be used

=3 «

o promote the reductant-oxidant separation at some point in the potential.; ﬁfﬁ

b \’% foe oo e

;scheme (Pzgure ll) and thus reduce the demand for quanta for thls pur- ﬁ,”

. L. 7 ."b'l. - i: 4 4'1 ' . ) ;v' . 3 '. K v>~ e » ,“ . .:A.‘
ﬂpose_‘no S POty wesn 0 e
NPT B ‘ (Figure 12) A S
A physical depict;on of the entire uantum oonversxon process can

q

- - +

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

’ 4 42'
'followed by exczton mlgration to the site of electron transfer 28 l

K Lot v

- ; . A B S
'In the case of the bacteria, hls electron transfer WOuld znvolve the

e

productlon of a BChl* radical ion and a reduced accaptor at hiah reductmoni

potential.- The BChl+ radical ion could migrate by hole mlgration to a

. ( A .,,‘. ' ot
. i

'site where it may recover its electron from subh a donor as Cyt c2, .

.:t.

e

which is common in the bacteriaa 43 In the green plant. a second chloron‘x

o 5"

phyll system is provided whioh undergoesvslmilar‘excitatlon and excxton

‘ . N Y
I8 -,

- mlpration to a site of electron transfer. But. xn this case. the elec- ‘F-??f;~ o

tron transfer is from the donor at some potentlal hlgher than that of _flp
v'molecular oxygen e that is. equal to or greater than one volt — and

1 L : et Ta s - B
* 1 PEL N . S

: tho electronic oonduction process carrles the resulting electron in the’

f

¥ .
. kt

\1_.,

- chlorophyll system to the site of ita depOsitioniat the connecting link | Alfk¥f




& s b

S

. o - ___Light
Chl.(705)_\ \ v " '—v—Eﬁ:ig?:ﬁon
' : Electron Transfer
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quantum conversion act(s).
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hole migfation on one side and
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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 any 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.
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