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ABSTRACT

August 25,1962

Further studigs on the photoinduced electron paramasgnetic resonance
signals found in photosynthetic tissue as a function of wavelength, as well
as temperature, have made possibie a8 more precise defihition of the nature
of the primary quantum conversion act. These observétionsp taken togethér
with new as well as older observations on the light-induced spectral changes
in both bacterial chromatophores and green plant quanﬁasomes, have allowed
us to specify the place at which two distinct and separate quantum conver-—
sion electronvtransfer reacﬁions occur in green plants.

The transfer from a chlorophyll aggregate to an acceptor substance
occurs similarly in the green plants as well as the bacterial systems. The
other éct, the transfer of an electron from a donor system producing a highly
oxidized hole to the chlorophyll aggregate,\is limited to the green plant.
This‘latter, highly oxidized material then c;llects its electrons ultimately

- with
from water/the production of oxygen.

In the green plant, the spread in energy between the primary donor
-molecule in the second act and the primary acceptor molecule of the first
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
of ‘electrons from these primary donor and acceptor sites, respectively, to their
ultimate sites in molecuiar oxygen, on the one hand? and reduced pyridine

nucleotide on the other.
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Halvin Calvin and &, M. Andpoes

(Incorporating discussiong with Kenneth Sauer, I. D. Kuntz, Jr. and P, A. Loach)
- v ' ‘ %
" Department of Chemistry and Lawrencs Radiation Laboratory*%
University of California, Berkeley

INTRODUCTION

"One of the outstanding and possibly unique features of.the process
of photosynthesis as it occurs in nature today is the abillity of the organ-
ism, either green plant or bacterium, to utilize a quantum of energy of the
order of 38,000 calories for green plants and 30,000 for the bacteria to
accomplish an ordered chemical transformation at ra&m temperature with a
relatively high degrea of efficiency. When we rememﬁer that the apparatus
which accomplishes this is of labile organic construction and that the
thermal reactions which can be performed by such & system rarely, if ever,
involve energy changes higher than loﬁoooior 15,000 calories, it is an im-
pressive accomplishment indeed to be able to manipulate a package of energy
“two or three times that size without damage to the apparatus and in a highly
directed and speclfiec Qay»

The ultimate products of thig energy transformation have long been
known t; us in the form primarily of carbohydrate and oxygen, but, of course,
including all of the plaﬁt 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 balleve that two such energy=-storing inter-

" The work described in this paper was Bponsored by the U.S.
Atomic Energy Commission, "
* . This paper was presented at conference on Photosynthesls at

Gifesur-Yvette, France, July 23#27, 13862.



mediates which can be used to produce the'final, or more long term, storage
materials are reduced pyridiﬁa nucleotide and adenosine triphosphata.‘ It
ﬁay turn ouﬁ that other transient energy*baéring chemical intermediates
might be still closer to the enargy transformation step itself,
ﬂt‘this'pcint it is perhaps worthwhile to define, as nearly as we
can, the properties of the energy-bearing intermediate(s) which we ﬁili
; consider as the earliest form of chemical enaergy into which the electro-
ﬁagnetic quantum may be converted, Such a material would be the first
 chemically definable compound in thermal eqﬁilibrium with its environment,
but, quife clearly, not in chemical equilibrium with it, since under such a
definition, oxygen itself ‘could not be evolved.

We will consider the:primary quantum conversion act, then, as that
act, or sequence of aevents, following the absorption of the electromagnetic
quantum and terminating with the appearance of a thermally relaxed chemi-
cally defined individual which may then procsed by direct thermal work-
performing reactions to produce the next transient and, finally, the ulti-
mate products of photosynthesis.-

Under such a definition, an électronically axcited state of a
molecule, or array of molecules, such as might result from the primary
absorption of a quantum of light, would not be considered as a chemical
entity distinct from the parent material beforae light absorption. Only
after the energy stored in this electronically excited state is transformed
into new chemical species, which can then proceed to react, or interact,
with its environment along thermodynamic¢ principles would Lie consider
the qﬁantum conversion broéesé accomplished. All succeeding reactions from

‘these inftial chemical species would, of course, be dark reactions.



Vary aearly in tha conslderations ¢f theories of photosynthesis it
was reCngized from fh@ nature of the ultimate reaction that an oxidation
and a reduction must bs involved. For some time, the earlier proposals in~
volved a direct fransfo;maéion of the electronic excitation into the energy
of atomie rearrangement, resulting In the transfer of hydrogen from water to
carbon dioxida. There have baen mény variefies of this pﬁbpmsals Howaver,
it remained for the brilliant analysis of van Niel on the comparative bio-
chémistry of the photosynthetic process throughout the scale of living organ-
isms td Simplify the primary quantum conversion act into the production of a
primar§ transient oxidant aﬂd a primary transient reductant,l These could
then go about their separafe vays, the roductant ultimately conver{ing the
carbon diox%de to tha levael of carbohydrate and the oxidant converting some
suitable substrate, in the case of the bacteria, to an oxidized form, or
ultimately being eliminated as wolecular oxygen in the higher green plants, -

This sepaﬁation of oxidant and reductant was formuiated by van Niel
'in terms of [OH] and [H] as repre&entative symbols of the oxidant and reductant,
fespectively, In green plant photosynthesls, these two fragments would
ultiﬁately be derived from water. However, ths essential feature is the
primary production of oxidant and reduct&nfa and in physical terms this‘means
the prodﬁction of & holacule, or species, avid for electrons, frequently re=-
presantéd by + or "hole", and a species generous with its electrons,
i.e., with a relatively high electron pressure, most readily represented
by ‘ox- simply ®a
“ How these two particles, or speclies, which would be produced as

a-result of the conversion of 30 to 40 kcal of energy‘might he separated
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from each other so as not te baek react représenta one of the problems,

Any mode of reaction, such as molecular rearrangement or dissociation,

which ﬁight be used to store the 30 or #0 keal must, of necessity, be so

arranéed that the product (or products) does not immediately revert to its

initial state with the evolution of the stored energy aither in the form

of electromagnetic radiation or as heat. This requires tﬁat either a suit-

able energy barrier be interposed batweén the primary products and the

initial state, or that the primary products ara effectively separateé from

each‘other physicaily 80 that the recombination is statistically improbable,
The interposition of a barrier of any appreciable size would require

fhe use of such a largs fraction of the initially absorbed energy‘quantum

to overcome it that the total cnergy stored in the process must, thercfore,

be a relatively small fraction of the quantum absorbed, Here the relatively

high eff&ciency of the overall process limits us, and so we turn to the other

alternative, namely, effective separation of tha.reaction products. This

can be most easily accomplished if the reaction products are not massive

atoms, but only elactrons., We ara thus led to the obvious suggestion that

tﬁe primary quantum conversion act involves a separation of electrons

from thae "holes", or positive charges, which they leavé behind in the mole-

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

Katz,? ‘It has been elaborated independentiy -in our laboratory for similar

58

-r .
theoretical raasons% ° and based upon model experiments and direct

biological observation in recent years, A good deal of evidence has been

accumulating in the last half dozen years that this is indeed the case.g_l2



With the discovery of cytochrome f in the green tissues of plants
by Davenport and Hillla, Hill was even able to suggest that the separation

14,15

took place In two distinct quantum steps. The first one lad to the

reduct;on of the cytochrome associated with the production of a hipgh level
oxidant and the second‘ulkigately to the Qxidaiioﬁ of cytochrome with the
concomitant production of/:tvong reducing agent.,

Experimental evidence for such a process has since been accumulate
ing. That the illumination of the photosynthetic apparatus of either green
planf or bacterium would result ultimately in an electron transfer reaction

18 and Duyaens.l7‘la They demon-

was first seen in thae results of Lundegardh
 strated by differenti;ljspectrophotometry that the illuminated plant, or
particle, darried more oxidized cytochrome than did the corresponding plant
or particle kapt‘in the dark., Since then, this typé of experiment has been
broadly expanded in many laboratories. '

" However, it remained for another type of observation to show un=-
equivocally that the absorption of light by the apparatus of any photosyn-
vthetic organism resulted in the transport of an electron from a.paired
condition at one site toman unpaired condition at another. Such an cbser-
vation wouldvdistinguish between the transport of one electron from the
transport of a pair. The unpaired electron should make itself apparent
by virtge of its paramagnetism, and with thé’appearance of microwave tech-
niques for the obsarvation of electron paramaghetlc resonance and with the
high sensitivity it provided, it was possible to demonstrate just such
a proceés.lg’zo |

Wa will be conéerned with the information that can be obtained by
sucﬂ.measurements in conjunction with other physical and chemical parameters

that can be varied, as well as the relationship of these magnetic changes to

the optical changes upon iliumination, which are many and varied.
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EXPERIMENTAL RESULTS

Electron Spin Resonance Experirnents21

When photosynthetic tissue, suitably ﬁrepared, is illuminated in -

" a cavity of an electron paramagnetic resonance spectrometer, it is possible
té see the elactron paraﬁ;;netic resonanée of the‘unpaired electrons that
are producad..;Such slgnals are produced in whola spinach chloroplasts, both
at 25°% and‘at -150°C at a rapid rate., The rise tima ig faster than the re~
sponse time of the instrument in both cases. The signals so produced are

_shown in Figure 1 for vhole spinach chloroplasts.20 Signals produced in the

whole organism of Rhodospirillum rubrum maintained at various temperatures

and illuminated withmwhite iight.are‘shown in Figure 2. The signgls pro-
duced in the isolated chr;matophores from these organisms are identical in
shape and form and other physical properties, insofar as we have been able
to determine.

That these unpaired spins aﬁelproduced by light absorbud by the

corresponding chlorophylls is shown ih the action spectra for green plant

quantasomes reproduced in Figure 322 and in Rhodospirillum rubrum chromato-
phores sﬁown in Figure 4.22 It is interesting to note the possibility of
‘the existence of an inflection point on the long wave side of the absorp-
“tion of the quantésomes corra;ponding to what might possibly be a difference
in the action of light at wavelengths some&hat'léngér than 700 mu.

It ﬁas been possible to separéte the green particle PR signal
into two components, as shown in Figure 5a. There can be seen in the whole
chloroplasts two distiﬁct signals, One of them is a sharp signal with a
very rapid grqwth and decay time at room temperaturé, and the other is a much
broader one with a siow gréwth and decay time at room temperature, It has

been possible, by suitably fracturing the chlorOplasté, not only to separ-
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Flgure 1- lLight signals from whole SPinach chloroplasts.,
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ESR SIGNALS FROM RHODOSPIRILLUM RUBRUM
5 MINUTES CONTINUOUS ILLUMINATION

i
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Figure 2. EPR signals from Rhodospirillum rubrum; 5 minutes
continuous illumination
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Figure 3, Absorption and action spectra of quanfaaomes from

spinach chloroplastse
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: Figuré‘u.' Absorption and action spectra of chromatOphores

from Rhodospirillum rubrum,
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EPR (darR signal andlight signal, if any) in several
green particle fractions,

(a) Whole chloroplasts; (b) quantasomes plus soluble
protein; (c) colorless soluble protein !ileached from
whole chloroplasts} (d) washed quantasomes; (e) quantas
somes plus scluble protein. |

. In each case, the trace containing the larger signal is

the one produced in the light. The magnetic field increases
to the right. Defining a basic chlorophyll conecentration
of C, as 15 mg of chlorophyll/ml of sample, the chlorophyll
concentration in the samples containing pigmented particles
iss (a)~ 3 CO; (b) A.Cot (d)a2 C3 () aCo



s dl e

~ate them into a green particla contalning -all, or almost all, of tha chloro-
phyll (the quantasoma).23 and a soluble cOmponént, but also to show that the
sharp signal remains associated with the quantasomae parficle while the broad
one is washed cut with the soluble component and can be observed separately,
R '

~ as shown in Figure Sc.

Temperature Effects

Very éarly.in the work on the observiion of the pro&uction of unpaired
sping in photosynthetic tissue it was recognized that one phy§1031 variable
which would help to distinguish between the production of ordinary chemical
free radicals involving either the separation of atoms or at least the diffu-
. sion of molecular parficlés,.waa the temperature, Quite clearly the ability
of such sigﬁals to appear atlvery low temperatures, at least as low és liquid
nitrogen. temperature and perhaps lower, would imply the physical nature of
the mechanism for forming them,

- Therefore, the appearance of these signals was examined as a function
of temperature, almost down to liquid nitrogen temperatures., Thus in Figure 6
we ;ee that the rise time of the spin produced in whole Spin;;h chloroplasts
is‘still‘%aster than the instrument response time, even at the low temperatures,
It is important to note, however, that in this material the signal once pro-

/
duced at low temperatures does not decay until the material is warmed,

When fhe temperature is lowered on the chromatophores from Re rubrum
the rise'time is again unchanged within the limitations of the instrument
(Figure 7). However, fhere is an important difference in this organism from
the green plant material, namely, that while the decay of the sighai is com-
plex at room temperatures, that is, shoﬁing é number of different decay con-
stants, bylthe time it reaches -112°C and down to -1509C, all of the slow de-

cays have been frozen outj all that remains is a decay time more rapid than

the instrument can follow, Inhother words, there exists in the chromatophores
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Figure 6. Growth and decay curves from whole spinach chloroplasts.
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Figure 7, Rise and decay of the electron paramagnetic resonance
in the chromatophores of Rhedospirillum rubrum
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a system for the production of unpaired splns at low temparature which appears
to be kinetically temperature indspendent, both for its formatlon and its
”decay.zz |

Optical Density Changes

An examination of‘féa kintics of the color changes in both of these
materials (chromatophores and quantasomes) has been unde?way in several
laboratories, particularly those of Duysans; of Witt, of Chance, and, more
recently, of Kok, It was observed by Chance and Nishimura that the color
changes in the region 550, 523 and 430 mu Induced by illumination could be
achi;ved at liquid nitrogen temperature quite as rapidly as they could at
room temperatum;24 'Howeyerg they did not decay at liquid nitrogen temper-
ture, A similﬁr change at around 550, %30 and 405 wu induced by illumination
of chloroplast material has also been induced at iiquid nitrogen temperature
but they do not recover, i.e.,'the optical density changes are "frozen in,n23
These changes have baen called cytochrome oaidations in both cases., It is
therefore clear that at least In the case of the purple bacteria (Eégggggigg,
Rhodospirillum rubrum, RhédOpseudomonas 8pheroides)26 the unpaired spin signal

. []
which i3 reversible at low temperature does not reside in the cytochrome.26

Some color change, however, can be induced by illumination in purple
bacteria which is reversible even down to 1°K, Arnold and Clayton observed
an optical density increase at approximately 420 mu in chromatophores from

Rhodopseudomonas spheroides which was reversible down to 1%.12  purther

séudies by Clayton on purple bacteria have demonstrated that reversible
changes af around 430 mu can be observed withoﬁt concomitant ecytochrome
changes.27 It therefore appears certain that at least some of the optical
densit& change observed in the 420‘mu region is not due to ecytechrome but

to some other change resembling a simple physical electron transfer reaction,
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While the electron spin resonance experiments have not yet been
carried to this lower temperature, the fact that no change at all iﬁelther
the signal or its kinetics has been observed on passing from -112°C to
-150°¢ suggests that the situation will remain unchanged at lower tem=
. peratures. We are theréf:re prone to associate the unpaired spin which we
~ have dbseyved with the light induced reversible optical'&enaity‘change at
420 mu seen by Arnold and Clayton, s
Redox Reactions | |

! Ia an attempt to place the redox level of some of the constituents

in the electron transport c¢hain which seem to be here involved the assump=-

tlon has been made that an external redox couple could control the oxida-

* tion lavel of a component in the electron transport chain at the corres-
ponding redox level. A variety of such couples has been used; ranging in
é;tential from those having a high electron pressure, approaching thaf of
pyridine nuclectide at ~0,3 volt, to those having a ﬁigh‘electron affinity

-such as ferricyanide with a potential of about +0.45 volt,

i When bacterial chfomatophores were treated with a varidy of such

redox systems, it was found that ferricyanide would induce optical changes

.- 1n the chromatophores which resemble very closely those produced by illu-

mination. A comparison of these optieal density changes induced in the

chromatophores of a carotenoid-less mutant of Rhod opseudomonas spheroldps

is shown in Figure 8, taken from the work of Clayton.28 It seems QUlte
clear that the major optical density decreases at 870~890 mu are indeed
associated with the oxidation of ghlorophyll.

A simllar relationship between the light-induced optical changes
and those induced by ferricyanide on the green particles (chloroplasts or

quantasomes) has been observed by Kok and Hoch29 and also by witt,4°



‘;L‘l"‘

107 BLUE~GREEN MUTANT
R.SPHEROIDES
0.5+
0.0.
o v L - 2"’ L] 1 Ll 1
0014
Ir‘\\ '
\} .
AOD. 0 AN /ﬁ/\v ----- N P / ) z"wj\
- ,"\
- O'_
° — LIGHT-DARK
~—— OXiD.~ RED.
-002 '
Ll L] ‘_2 2 k3 ¥ ¥ ~ ¥ L
200 400 600 800 1000 1200 1400
WAVE LENGTH (mp)
CLAYTON, i1962
! Mmy.27270
b
. % Q-\l
" Figure 8. Optical density changes induced by ferricyanide

in chromatophores of carotencid=less mutant of R.

sEheroides Ref, 28)



Here the change is a decrease in optical density at 705 mu as well as a
decrease at 430 mu. vThe fact that the light=-induced oPticél density

- changes are reversibleat low temperatures in the chromatophores and not
reversible at low tempgerures in the quantasomes, thus corresponding to
behavior of the unpaired spins in both cases, is added evidence that they
ére indeed due to the same, or closely related, species in each case,

| namely, ‘the chlorophyll.

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

- be induced in these two particles by oxidation with ferricyanide. This

is probably the saﬁe process as that reported for particles from a red alga
by Kok.30 Since the oxidation of the chlorophyll could produce a Chlt
radical or "hole" in an ordered array, it woﬁld appear that the optical
signal and thelsgin signal might, to a first approximation, be due to the-
formation of Chl¥. Further evidence can be found in the fact that when the
chit is produced chemically by feéricyanida, as evidenced either by the
optical density change or by the electron spin resonance signal in the
dark, the magnitude of the light-induced optical changes and the light-
induced EPR sigpais is diminished.

In fact, when a quantitative estimate is made of the amount of
oxidation-produced EPR signal as & function of the ferro-ferricyahide
.ratiOL (and thus the elactrochemical potaﬂ&ial) in the medium and compared
with the amount of additional unpaired spin that can Ee induced by.the
light on the same system, a complementarity between the two is exhibited,
as shown in Figure 9.* The point for the produgtion of the dark signal up

% We are grateful to Dr. P, A, Loach for collaborating in the estab-
lishment and measurement of the potentials in these experiments,

¢
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to half its maximum value corresponds approximately to the point for

the reductionof the lighte-induced signal to half of its maximum'value.

both of them lying at an apparent oxidation-reduction potential of

" about +0,46 volt., A simlar value was obtained in particles from red

algae by Beinert, Kok and Hmchuao
A corresponding complementarity would be expected to exist in
the production of the spectral changes induced by oxidation with the
same change introduced by illumination., Experimentally the magnitude
of the change in optical density at 700 mu and 420 mu produced by
illumination of the quéntasomes decreéses with increasing degree
of oxidation determined gy the fevro~ferrieyanida ratio in the hedium.*
8 wmplementarity in electron spin signal has alsc been observed
in chromatophores, the data for which are shown in Figure 1.0, A

complementarity'in the light~induced optical density ahangas also

%

exists herea, . ,
under reducing conditions.

An additional feature appears in the chromatophores/ Under
these conditions the light-induced spin signal is suppressed (Figure
10), Similarly, the light-induced optical density increase of the

b5

chromatophores at 430 mu is also suppressed by this reducing medium,

A quantitative correlation between the two has not yet been made.

e ————

* I. D. Kuntz, Jr., and P. A. Loach, unpublished observations in
this laboratory. ‘
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'Figure 10. Redox titration of the chemically-induced and photo-

induced EPR in chromatophores from R. rubrum




For the moment, then, we will presume that the oxidation=-
induced EPR signal and optical density changes are due to the removal
of an electron from chlorophyll, or bacteriochlorophyll as the case
may be, leaving behind a en1t radical ion situated among neutral
chlorophyll.molaculesw It wmay thus be called a positive "hole,"
Since the light is not sharply monmchromatia and since the two pre-
sumed absorption wavelengths in greén material are not so widely
sepafated, it is possible that at lsast part of the lighteinduced
EPR signals hera might be dus to a second primary species, e.g.

: Chi’i not to speak of the secondary possibilities. The EPR sigﬁal

_ + 81
would be expected to be very similar to that of BChl .



DISCUSSION - |

The fact that the light-induced spin signal, éa well as the lighte-
induced éptical denaity»cpanges in the éhrpmatapherea seems to be reversible.
down to the very lowest temperatures (optical density change down to ldK;
electron spin signal down to 779) requires first that the electron trans-
fer reactions which produce these species to be simple physical transfer
'reaétions not Involving the migration of molecular species, and, sécondly,
that the retﬁrn to the original condition, both with respect to optical
density and spin signalP go by a path corresponding to the reversal of
its formation, Thus, we require the energy level for the electron acceptor

' ' formation of the . : '
in the case of the/chlorophyll positive ion radical, or hole, as being
éepargted from it (the hole) by very nearly the full value of the quantum
of enargy which is accomplishing the electron transfer, We are thus con-
strained to place the electron aceeﬁtor potential at a very negative’valua,
perhaps even as low as «l1 volt, or more (Figure 11). Direct evidence for
a similar wide separation between donor and acceptor in a second quantum
act, which would.be involved in the neutralization of the hole, is not yet
available, ”

While the action spactrum for spin production does show some in-
flections on the long wave side, the spin signal itself is not sufficiently
variable with wavelength for us to be able to specify the existence of
two different kinds df unpzired spins bfoduced by two different colors
of ligh;. However, the accumulating literaﬁure seems to involve a second
light act in the green material. It stems from the early suggestions of

’ ; 32
Hi.l.l“l‘u'l5 and the experimental observationa of Emerson  and more recently
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"in the primary quantum conversion act(s)
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of Kok3% and witt>® and Duysena,3*

The evidence prompts us to introduce
~another electron transfer act for which the produst in this case is Chi™
radical ion, also imbedded in a matrix of neutral chlorophyll molecules,
thus‘covrésponding to a.équuctibn electron. Here efficlency arguments
to allow for a quantum requirement of less than Brwould_saeh to require
the donor moléculé for this electron transfar qct to have a potential in
the vicinity'of +1.5 QOIts, thﬁs making mora efficient use of the quan-
~ tum by providing an additional site for ATP production.

' We‘thus arrive at a modification of the two-quantum proposal of
Hilll”'ls, and of‘Wittas! Kokao, and of Duysensau, in which the primary
donors and primapy acceptors at each end of the scale are further apart
than has heretofore been supposed, and thus‘provide two additional
possible site; for ATP production than does Hill's scheme. The first of
- these sites would bg at energy available in the passage of the electron
from the primary acceptor, at «l volt, down to tha ultimate reducing
agent, such as TPN, at aSout -0,3 volt, perhapé passing ghrough either

such cofactors as lipoic acid, PPNR35 (ferredoxin), both, or several

7
36,3 ' The second site would be tha one proposed

others on it§ way.
by Hill and would lie along the pasaage of the alectron from the‘flrst

acceptor, at ~ 0.0 volt (Cyt bg, plastoquinone), to the Cyt f at. 0.4

volt, when it would enter the second pigment system., It is interesting
to note in this connection the recently reported probable value for

the number of ATP molecules produced by elesatron tranafer in bacterial

38
chromatophores as being 2, The third site for ATP production would

be at the other end of the scale, during which the elactron pasées from



Y.

~ water to the primary donor, through as yet unknown cofactors, and among
~which we may expeét to find a manganeée function.ag The ultimate result
~ of such a scheme would be the separationsof the oxidant and reductant to
'the levels of.pxygen aﬁd%pyridine nﬁcleofide and the éroduction of three
ATP molecules thbough the action of two suécessivé quanta, as shown in
Figure 11. | | . |
If the quantum‘requirement for overall photosynthesis can indeed
be méde less than 8, then some of the excess ATP moleculés could be used
‘to promote the reductant-oxiddnt separation at some point in the potential
scheme (Figure 11) and thus reduce the demand for quanta for thlS pur-
Ilpose.“o ' | h |
: (Figure 12) -

A physical depiction of the entire quantum conversion process can
now be formulated in terms of the absorption of light bj the pigment,
followed by exciton migration to the site of electron tvansfer. 8’4;’42
In thevcase of tﬁe'baateria, this elecfron transfer would involve the
. prodhctién of a BChl' radical ion and a reduced acceptor at high reduction
‘potential, Th; BCh1Y radical ion could migrate by hole migration to a
site where it may recover its elactron from suhh‘a donor as Cyt cé,

which is common in the”bacteria.43

In the green plant, a second chloro-
phyll system is prévided vwhich undergoes Similaf exéitation and exciton |
migraéion to a site'of electron transfer, But, in this‘case, the elec=-
tronvtransfer is from the donor at some potential ﬁigher than that of
molecular oxygen =-=- that is, equal to or greater than one volt‘-— and
the electronic conduction process carries the resulting electron in the
chlorophyll system to the site of 1ts deposition at the connecting link

!

between the two chlovophyll systems."
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