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“ . - ABSTRACT

The primar; quéﬁtum'conversion act in.phétbsynthesis is defined
~as that evént during which electronic excitation is converted into chem-
ical species whgch are separable and which may be isolable, As yet
novunambiguous assignment for such an event has been made.

There appear to be tvo major alternative approaches. The first
is that a molecular avent cccurs leading directly to a chemical species
from the excited molecule. While a great‘deal of work has been done
“over the &ears toward this énd, no assignmeiit of this sort has }et
_been aéhievéd and work from this point of view continues. The second g
approach, involving the transfer of én electron from one molecule to
anocther as the primary event, givez rise to a one-electron oxi@ant
and a one-electron reductant in twe different sites physically Separﬂ‘
_ated.from each §ther as the primgry chemical storage products., It is

~  this latter poinf of view which is now being most actively su;tained
and it is the evidence fér thig viegpoint which is examined iﬁ the pres

-+ sent paper. While a good many different kinds of evidence have been

N ' brought to bear, we will discuss only two, namely, thatwderived from

the optical changes induced in the photosynthetic apparatus by actinic

light and the magnetic changes induced by the actinie light.

fe National Science Foundation Fredoctoral Fellow, 1861=6H.

owo The work described in this paper was sponsored by the UuSe
Atomic Energy. Commission.
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An examination of the vaviety,df these changes and the kinetics

of their formation and diséppéarance, as well as the dépendence of Y

these kinetics on physical and chemical environmental variszbles, leads

“‘i‘

to the supposition that the sequenéé of events is: absorption of light; . - g,

migration of the exciton to the point of ele¢ctron transfer; electron

<

transfer producing a trapped electroncand mobile ﬁole; or, conversely,

a trapped hole énd mobile electron; followed by migration of tﬁe mobile
particie to another poin; in the photosynthetic appératus to a corresponag\
ing trap of opposite type. The reactions succeedihg these events, such
as.the formation of adénosipe triphosphaté and thé reductionvof pyridine

nucleotide, are dark enzymatic chemical reactions, some of which have

been separately. achieved.

P

! . . : L4 .
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INTRODUCTION

The overall‘process of phﬁtosynthesis in green plan£3'is simply.
represented by Chart I. The energy stored in this processz is of the
order of 110 kecal per mole of oxygen liberated. Thg Question before
us is how the energy of the quantum, which is of the order of 7000 2

{35 kcal per quantum) %s stored in chemical fcrm; The maximum effi-

ciency with which this reaction can be carried out is quite high. The,

meoasurements vary from lower than 30% to.as high as 80%.

“We kmow a good deal about the(chemical‘reaétions involved in géing'
from carbon dioxide to carbohydrates, Our knowledge of thé path of
carbon (4)’ahd the efficiency of the various steps involved in passing

from the carbon dioxide to the carbohydrates, indicates that the effi-

: ciency of thls chemical conversion is not more than 85%, beginning thh
- the agents which are required to carry tbis out, i.e., carbon ledee,
| reduced pyridlne nucleotide as well as some selected number of collabor-
- ative energy sources,, Thus, starting with CO0, and these energy-rich .
. molecules, the efficiency is of ther Qrder of 85%. Tha‘efficiency gf
' fhe chemical rea@tions from_the’primary‘photoprcducts to the energy~

~rich molecules‘used in this reacti@n (NADPH and ATP) is not known,

but is presum,d to be of. the same order of magnitude. A, corresponding

uncertainty exists about the nature and efficiency of the chemzcal re-

“actions leadlng from the primary photopreducts to molecular oxygen. If

we take this also to be 85%, the chemical efflcmency follcw&ug pr_mgrv

gquantum conversion would “amount to ,60%.

O D, . s
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(35 Kcals) hy

Primary Quantum Conversion
Efficiency} 50% —100%

COZ + Hzo ~ > | > [>(CH20)n+ 02
JI, i A N

)

I

NADPH) (Eff.~?% v |

| |
€——-=- Eff. [ (~85%7
ATP L _Eff- | (~85%?) |

Chemical eff.~ 85%

A\ 4

AF = +110 Kcals/ mole 0o

Overall efficiency measured between 30% ond 80%

MUB—-2966
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Thus if th; overall efficiency of the raction hay be as low as

t

. . . ‘ .
30%, the efficiency of the primary quantum conversion cannot be less

-5- S UCRL-11668
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than 50%, If we allow the maximum overall efficiency to be any higher, .

i

then the quantuh.coﬁvarsion act will have to be:correspondingly great*
er, reaching more than 90% efficiency, partiéularly if we allow anything
much less than }oo% afficiency for the chgmical path from the primar?u
photoproduéts té molacular oxygen.' |

Before defining what we mean by %ﬁe quaﬁtum convatsionvact, 1ef
us look at the series of reactions from coé to carbohydrate whichvwe
know sémething ;bout and point but where that quantum conversion act

plays its'roleﬁ

H

FIGURE 1 shows this in a schematic fashion. The carbon

dioxide,enters,‘reacting with a sugar molecule, giving an intermediate.

.The light produpés the reducing power and other high energy molecules
'wbich are required to run fhis carbon cycle. The 85% efficiency figure
- .which I gave you'wés the efficlency figure for actually running the car-
“bon cycle, using the reduced pyridine nucleotide and AT; to keep it
‘gﬁing. " (There is a p;stscript to this which I woﬁld like to mention:

We now know a little more about the nature of this carboxydismutase

‘reaction (5) and it seens to be a carbdxylation of thiolenedioi'forméd

from a sulfhydryl group in the carboxydismutase enzyme and ribulose di-

phosphated



CH,OH
G=0

o
HG=OH
GARBOHYDRATES HG=OH ATP
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PHOTOCHEMISTRY QE'CHLOROPHYLL

Let us return now to the gquestion of the nature of the light
reaction insofar as we can break it down. The first thing that happens
is that the chlorcphyll, on which the photosynthesis depends, first

absorbs a gquantum to form an exclited ‘chlorophyll molecule (Reaction (1),

FIGURE 2), It appears that all of the chlorophyll molecules in the

plant are not actually sites at which the quantum conversion occuré,
bﬁt the excitation 6f one chlorophyll molecule allows the migration ofi
that exciton.amOng other chlorophyll molecules to a particular chloro-
phyll molecule, or‘particular pigmants‘located somewhere in the photo=-
synthetic apparatus and possibly asscclated with some other unknown
moleéule (¥) (Reaction (2), FIGURE 2). This is a migration of exciton
energy stiil in the form of electromagnetic ehérgy -~ electronic exci-
tation only -~ from one molecule into a patter; of molecules to séme
particular sité. Then comes the pbint. having reached this particular .
species aséociated with a particular type of pigment, at which the re-
action occcurs which leads to a §roduct which‘must.eventually produce

an exidized and a reduced form (Reaction (3), FIGURE 2). The overall

- reaction with which we are dealing is an oxidation-reduction reaction ~-

the COy is reduced, the water is oxidized, 50 we know that at some point
in the energy c¢onversion scheme there must be an intermediate oxidant -

and reductant produced, which will ultimately lead chemically to thaSe

Ctvo kinds of final products.

e

ey
X et sty e o a0 302 « i
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E.M.
Ch*+ (Ch) - M > Ch'- M (2)
Ch*M Q.C
——[]+[R] [®
PR EEN
/separation \/
[0x] [Red]| @
\
5a (5)
04 H,0
(E~
CH,0
MUB-2967

Fig. 2
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This is the beginning of the quantum conversion act, but it is
not yet the whole act, because whatever these two or more species ave,

§0J and [R], they must be formed contiguous to each other, sinece they

are formed from a single quantum. The next step in order to prevent the

_ l
back reaction is the separation of these two, physically from each othee

(Reaction (), FIGURE 2). This separation act is part of the primary

quantum conversion act., From here on, the intermediate oxidant [Ox] under~

goes & whole Series of chemical transformations, leading ultimately to

~ molecular oxygen (Reaction (5a), FIGURE 2). Water, of course, will

be involved in this sequence &t some point, and perhaps some additional
energy may be introduced (possibly in the form of high energy phosphate).

Similarly, the reduced species [Red] will go on and”rgduce carbon diox~

*'“~ide,‘and'here, also, energy in the form of high energy phesphate will

participaté, giving carbohydrate (Reaction (5¢), FIGURE 2). The high
energy phosphate which we need for thesé_;eactions is;acquired by a .
combinaticn of the separated oxidénf and reductant, g&ving éhergyn‘
containing compounds, some in the form of ATP (Reactign S5b)y FIGURE 2),
The bigh energy containing compounds may play a role at various sites.
in thé'qizéntum4c¢nversion procesé.n,ATP may form during the passage

of oxidant down in potential toward molecular oxygen. However, these

steps remain to be determined. The onlY-one we know anything about is

--the recombination reaction between the chemically separated intermediate

oxidant and intermediate reductant.

The overall systems of Reactions (3) and (s) (as enclosed in FI-

GURE 2) is what we are now defining as the primary guantum conversion

[,

e
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. acte. You'will note that what happens before that time Is a physical

transformation and fransfer of energy, and what happens afterward is
ordinary chemistry—biochemistry»enzymatic chemistry, It-is in this
region that we make tﬁe breai between physical excitation and chemicél
species., -
The high efficlency reéuirements for the primary quanfum conversion
act ara for the following reasons: If we must coavert the quantum with
an efficlency even as high as 50%,(and maybe higher fhan 90%), it is
clear that the initial products muét have vefy nearly the same potential
energy as the absorbed guantum ~- it can only bg less by the amount

that the efficiency is less than 100%. If the energy content of the

. two products,(0 + R, FIGURE 3) is very nearly the same as the energy of

the excited state from whiech they are formed, there cannot be a potential

energy barrier for their back reaction of apy appreciable magnitude (FI-

GURE 3). This is really what the problem is. A very large bundle of .

energy. =~ 30 to 35 keal =~ is to be transformed into chemical species

‘which we know to have a chemical potential to liberate very nearly thatsame

amount of energy. Therefore, there cannot be a very high poteﬁtial barrier

for back reaction., If Reaction (3) FIGURE 2 is 80% &fficient, then the

barrier for back. reaction cannot be more than 3 keal (one-tenth of the‘

totél quantum). The alternmative would be to allow é'lS'kcal barrier to
the back reaction, fhus 1imitihg the efficiéncy 6f'the primary quantum
conversion‘to 50% and the overall efficienéy to less than 20%.

While meny workers are willing‘to;accept the feq#i;ehen: of at least
8 quanta éer mole of oxygén producéd, ;e'oufseivas (6) feel that we ﬁave -

demdﬁstrated a long term requireﬁent of less than 7, and perhaps as low
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as 6, as have a numPer of others (7,8). There 1s one group which claims
a long term requirement of 4 or less (9). It is our intention, there-
fore, to proceed here ocn the basis of a 90% efficiency requirement for

the primary quantum conversion. Therefore tie energy level of the [0] + [R]

must not be more than 10% below the energy of the entire quantum (FIGURE 3),

The guantv ~akes us up to a level, marked E.S, FIGURE 3,.which is only
10% above the value of the potential energy of the products, if.we are
going to store 90% of the guantum energy. Therefore, the barrier over
which the chemicals have to pass on the way back, down to the starting -
point, can be only of very small size.

There is no model in sclution photochemistry,thét approaches this
- kind of an energy storage° There are many photochemical reactions'kﬁown, i
but, in general, the engrgy of the products of the photochemical reactions
is very low in relation to the quantum used to prodﬁce them. The quantum
haad5-10 times the amount of'energy that one can Store ip stable products,
‘normally in ordinary solution photochemistry such as an isomerizatién
reaction, tautomefization, dimerization, d;ssociation, etc; In_ordin*
ary photoche&iéal reactions the prcducté‘which can be separated,
and the energy thus stored, xs generally very small, In the quantum
conversion act we must store 80-90% of the energy in "stable" Chehlcal
preducts,

Qe have nof given uprlooiing for chemical changes in the chlorophyli
-which might posszbly be related to these stable chemical intermediates,
but the tendency has been to seek ways and means in whlch this separa-

tion could occur other than in terms of solution photochemistry. The
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priqcipal types of raactions for which there are models for such a separ-
ation ar: electron transfer and electron higraticn reactions which can
;ndeed achieve this kind of an energy storage. It appears that the eQi—
dence which is now accumulating is moving pretty definitely in this di~
rection, although I must say it-is not unequivocal,

For the present, we are going to discuss the evidence that an
electron transfer reaction followed by eiectrun~hole migration'is
the principal way in which the primary quantum conversion is achieved.
The electron-hole migraticn separates the two primary products of the
reaction, the formation of which is only part of‘tha quantum conversion
problem. We must not only get fhe intermediates,‘but they have to be
sgparated so they don't baék reactvin a random, nonproductive Ffashion;

they should have th» possibility of reacting unde%éiochemically'con-

trolled conditions, so that useful products may result.

THE BIOLOGICAL PHOTOSYNTHETIC APPARATUS

What'is tﬁe apparatus which performs the quantum conversion? Chlor§~
phyll (FIGURE 4) is the principal energy~capturing agent, and‘i have al-
ready Indicated to fou that there is a good deal of chemistry being done
on chlorophyll with the idea that it may be undergoing some kind of cb-
servable chemical change in which nuclei are moved, As ﬁet né unequivo=
vcal‘evidence that such has inéeed occurred in blological systems is at
hand., The actual biological épparatus which performs the quantum conver=-

sion is in the chloroplasts, which contain in them a high degree of struc-

ture. FIGURE 5 shows the structure of one lumellar piece of a chloroplast,
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Asprdistra chloroplast lamina
Weier, 1962.

ZN-4500
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230 chlorophylls

160 chlorophyll a
70 chlorophyll b

438 carotenoids

_ luya-carétene
- 22 lutein:

;5 violaxanthin
: & neoxanthin
‘ .
46 quinone compounds
s
16 plastoquinone A
8 plastoguincne 8 -
4 plastoguinone C
8-10 A-tocopherol
4 d~-tocopherylguinone
4 vitamin Kj

| 116 phospholipids

(phosphatidylglycerol)

©1uy digalactosyldiglyceride

345 monogalactosyldiglyceride
48 sulfolipid
? sterols

unidentified lipids

. Protein ‘ o e o
9,380 nitrogen atoms as protein

| 2 mangangsé
- 12 iron including two cytochrome

6 copper

Total 1ipid + protein

QUANTASOME COMPOSITIO

LT . " FIGURE 7

UCRL:11667

N (10¢) _\

o

Lipid (composition in molecules per-quantasome) Molecular Weight

206 ,400
143,000
63,400
27,400
7,600
13,600
3,600
31,800
12,000
9,000
3,600
3,800
2,000
2,000 \
‘ 80,800
134,000
268,000
11,000
. 15,000
175,600
Total 990,000
928,000
110
872
L 218
Total . __ 930,000
1,920,000



‘there is a relatively large electric dichreism_which correspends to a
-Gl _gorresponds to -
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important role in the various electron»fransport reactions which are
the chemical reactibns foliowing'the quantum conversion act,

) Is it possible to séy énything:about the molecular arrangemeﬁt
of these components in the‘qdantasomes? Thare is a bit of evideﬁge to
the effect that a small fraction of the chiorophyll iz oriented -- it1~"
is not rgndomly arranged'in sdution, (11) FIGURE 8 shows thgvelectric

dichroism of the quantasome fragments..The dotfed'line shows the absorp~

tion spectrum and the solid line is the dichroic ratio..At about 700b‘2

small fraction (5~-15%) of the total chlcrophyll with its absorption
at this point. Avsiﬁilar conclusion was arrived ét by Bufler'(iZ) from
an examination of the fluoréscence of chlorophyll in intact chloroplasts.
He found that there was a fluorescence which was pdlarizéd and which
seemed to bb dué to this particular kind of chlorophyll, the fluores-
cencé seeming pé be of somewhat longer w$§elength than the fluorescence
of the bulk of the chlorophyll.

. Th#svtheré'éeem fo be.tgo di-ferént Eiqu of évidence that

in the green mafér;gl there is at least one component of the chlerophyll

" which is highlyﬁordered, The molecules are ordered enoﬁgh so that

~ they can be aligned in an electric field as well as a mechanical field

(£low dichwolsm (1lla)), and, furthérmore, these ordered molccules seem
to be the ones toward which all of the absorbed quanta in that particular

pigment system migrate by exciton migratiom, and from which the fluores-

 cence comes. The fluorescence is a competitive (@usteful) reaction to

the quantum conversion act, which is also presumed to take plaée in .

. { .
these very speclal chlorophyll molecules.
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The fluorescence evidence,.togetﬁer'with tﬁé structural evidence,
is part of the basis for our notion that following the.pbimary'absorption
of the quantum anywhere in the bullk chlorophyll it (the quantum) migrates
as the exc1ted state to spccmrxc sites in the photosynthetic appgratus,

and it is at these sites that the quantum conversion takes place,

THE SPECTKOSCOPIC METHOD Ei BIOLOGICAL MATERIALé
In order to find out what ;s héppening at that site, which .
 is defined as the site of (ehlorophyll) pigment 705 (approximately
the wavelerzth of the maximum dichroiém), We must try to take the
'fragment apar~ still further, to see 'If we can find mateﬁlals that
“have - ‘such an absorption and examine tbeir Lnd1v1dual photo‘ and bio~
chemistry. It turns out that whenever this is attempted by going
~ down to structural levels below that of the quantasome, the reactions'
which we recognize as either whole or partial reaétions of photosyn~

thesis fail., It is for this reason that we are conflneq. so far at

~

least, to studyhg thesa prlmary quantum converaxcﬁ“acta~;rm.*lxly com-_

plex chemical and relatively highly ordered physiéal.systems. Those

) 6f you who haveibeen accustomed to the sucéessful approach”which bio-
chemistry has taken in the last 20;30 years, lL,@.q disééntliﬁg the

' biological apparatus.to the individual mélecules ﬁf which'it is con--
structed and examining each of the reactions which the individual mole-

cules can carry out and theﬁ reconstructing the system fron that frag~

mentary study, will be somewhat skeptlcal or perhaps dlsappointed. So

3

Ao
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far we have not succeeded in carrying the fragmentation of the photo-
éynthetic appanzué dowﬁ below this quanfééome level andvstill retain
the properfieg whiéh ve recognize as components of the éhotosynthetic
. process, Therefore we have to find.other ways and means of examining
them in this complex biologicel systemn,
There i3 really only cne way in which such a complex system

can be examined, so to speak (and I mean literélly look at it) to

find out anything about what is going o without déstroying it, This
) Tgsﬁhy a :,ecﬁroécopic me i i of.some sort. One has to examine the
system with electromagnetic radlation of a sultable wauelength; One
can use anything from radiofrequencies down to X=-rays, but this is
really the only way that we. can examine directly what is going on
inside this complex structure and analytically separate the various
" processes, one from,nother. We can do this Sy éxamining what happens
inside the quantasome particles, using the principle of the double
bean spectrophotcmeter (FIGURE 9), With a device which uses radiation
(either radio, visible, infrared, microwave, etc,) és an analytical
tool, we can loék at the materizl in the twe Yessels and compare the
emerging beam. |

if we shine actinic light on one and have the_othe: vessel in

darkness, and compare the two emergent analyticél'beamsvby various de-
vices, we?gzv&ng a look at whatvthe actinic'light does t;.ﬁhe:one by
comparing the change‘in the iliuminated sanple with the material in the
dark. There are many variatioﬁs of this typé of experiment, but such a

comparison is essentially what the spectroscopie examinetion is. The

rast of the5paper will deal with this subject, using two kinds of
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electromagnetic'énergy‘as analytigal tools, one of them visible
light and the other one microwave frequencie#. With these two
methods, we can examnine two diff&renf properties'of the particulate
material of the quantum convefsion apparatuc. A third type of ex-
amination would ba to 160k at the fluorescence, but we are nét
golng to discués tbis in detail here. I have already brought
out one of the basic pieces of informetion resulting from such a
studf, nanely, thet exciton migration cccurs qnd that the quantum
conversion act probahly takes place in one, or possibly two, differ-
ent kinds of traps for the quanta.,

Let us now discusg the réaults obtained by the two methods:
(l)Achange in the visible absorption spectrﬁm~induced byAthe actinic
light and (2)'changes in the microwave absqrption Spegtrum, and

compare the two.



version act. The apparent lncrease and subsequent decrcase in the -
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EPR IN CHROHATOPHORTS

FIGURES 10 and llAshow the result of an examination of
baéferial material for bbotoinducéd unpaired electrons. The
photesynthetic bacteria seem to he, at least in one respect,
somewhat simpler in their photochemical guantum conversion than
the green plants. The bacteria do not havé one of‘the very impor-

tant photosynthetic functions, namely, the ability to make mole-

‘cular oxygen. So, in a éense,‘they have less of a job to do than

the green material cf the plants. The next figures will show
spectra of the chroﬁatophores, the chlbrophyll;containing frag-
ments removed from the photosynthetic bacteria of various kinds.
FIGURE 10 shous the §r5ductio$ of unpaired electrdhs in the whole

bacteria as a function of temperature. Hore is what appears to

be a single absorption band, and you can see that the reaction

proceeds even at liquid nitrogen temperatures, just as it d6as i _
at room temperature. The important fact is that we can't do very
much ordinary biochemistry at —1600; 30 we can be confident that

this reaction is something very close to the primary quantum con-

steady-ﬂt&té number of unpaired spins with falling temperature

¢

undoubtedly represents a freezing out of successive radical re--

v
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ESR SIGNALS FROM ARHODOSPIRILLUM RUBRUM
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Fig., 10
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RISE AND DECAY OF THE EPR IN
CHROMATOPHORES OF R. rubrum
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actiens froﬁ the biochemical system, Host‘of the unpaired spins at
?50 are surely secondary thiAgs, formed in a series of radical reactions
after the primary quantum conversion act: When they freeze out, only
the physicallquanéum conversion act itselffis left behind.

If that is the case, you might éxpect that the growth and decay
of the room temprature radicals would be slow, whereas the growth
and decay of the radicals made at liguid nitrogen tewmperature would
have a less slow component == everything woul& be fast. This is
. shown in FIGURE 11 where you can sc¢2 in the ratés at room tempera-
ture both a rapid and slow ;ising component, as well as rapid and
slow falling components. When the naterial is cooled, all the slow
components freeze out and only thg rapid components are left. Since
this §hotograph was made, we have gone to faster times, using a
. different kind of equipment (flash photolysis) and have Bbteined/;ore‘
detailed kinetic picture of the growth and aacay_curves. (15) The

unpaired spins are formaed even at liquid nitrogen temperatures and

thus must be very close to the primary quantum conversion act itself,

OPTICAL CHANGES IN CHROMATOPHORES

There is ancther Spectral region whieh we can—examine,-namely,
the vigible, in exactly the same way to see what changes in the visible
absorption are introduced when we shine ligat on one-half of the experi=~
mental system, FIGURE 12 shows the visible absorption spectrum of

particular
‘particles from a/bacterium, chromatophores of R, rubrum. The
two bands at 880 and 375 mu are the two principal bacteriochlorophyll

bands; the cytochrome bands are hidden underneath, particularly in the
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. e

e

. . - Tt
~ carotenoid region. The lower spectrum shows the difference in oprieal———

density (chamge in absorption) between the illuminated set of chromato-
phores and the dark set of chromatophores. There are a large number
of thingé happeniné: changes are occurring'throughout the absorption

spectrum of the R, rubrum, One of the big changes is a drop in the ab-

_sprption of the chlorophyll at 865, and the -810 and the +790 peaks

look like a shift of some sort at 803, Note that the scale on the

:igh; is larger than the one on the left. by a factor of‘twé. These many

peaks and valleys represent optical changes taking place inside the Rs

rubrum chromatéphBres in different pigments. The question is: Are thesé '
changes in one;or several systems, and how,canvthisvbé recognized? ilow
can we tell yhat these_differe;ée.spéctra represent, some of them being
increases and éome of them being'decreaSes’in absorbtion,'_ |

The ideﬁtification'of the changes that are occurring in this

i . .

- material is our principal objective, One can easily see changes in the

£65 region, agdAthese have been attributed to the chlo;ophyll itself,
. The ~38% and éﬁe!iaép cﬁange is probabiy Aue'to a shift in the Soret =
band of the,chloroghyll. There are othar éigments also involved in this
There ére at least t£:§fways of identifying éhesé various changes. ‘
Ong of themnm ié, of course,'to get the indiﬁidual plgment ocut Which.is
ggggg§§4blg fbr the changeﬁ in a form which corresponds to the forﬁ in-
which it axisie in the'cbﬁomépoéﬁoréfbr quantasbmes, and tSen to demon-
strate the chénge in spect;ﬁm‘g}"some chemiééi method -~ for exampla;

introduce electrons or take electrons away, We have been able to do

! ' - :
that with only one pigment, i.e., the cytochromes. The cytochrome can be

——
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removed from the chromatophores or the chloroplasts and can bs subjected
oxidation
to/or reduction by chemical methods, The spectral changes are observablae
and can be ldentifled with a small part of the total difference spectrum,
shown for Chromatium chromatophores in FIGURE 12b,
The rast of lt, however, cannot be. The chlorophyl) cannot be,
because tha moment the chlorophyll is removed from the plant as chloro-
" phyll molecules in ordinary solution, its spectrum is completely differe
ent. Therefore, it is not possible to identify the chlorophyll by any
other method, We can show that this is aa‘oxidation of chlorophyll, or
at least a destructlion of it by oxidation, because we can produce the
same spectral result by oxidation of the chromatophores by ferricyanide
as {8 produced by lght. So we say that the light is indeed oxidizing
at least one small bit of the chlorophyll. (16) The light is also
oxidizing the cytochromes; at least in the Chromatium chromatophores,
FlGURﬁ la.shows some of the low temparéturc avidence for the
primary character of some of the light-induced spectral changes; this
is some work of Arnold and Clayton (17) of several years ago showlng that
the absorption changes at 4200 R for a purple bacterium go on at very
Jow temperatures, The absorption at 4200 R is increased when the light
is turned on and decreased when it is turned off, and this takes place
even at liquid helium toﬁperatures. Therefore, one can be falrly sure

that these changes correspond to no ordinary chemical reactions

ocourring at this temperature,
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KINETIC EXPERIMENTS ON CHROMATOPHORES

So far you have seen the total spectral changes when you shine
light on one cell and keep the other one as = Aark standard. ¥We have
tried to identify sous of those changes with certain plgment changes,
by Isolating the pigments and performing some chemical analyses on them,
Howsver, the only one upon which this has been successfully accomplished
is vi.2 cytochrome. The other changes have so far falled to yleld to this
method. Therefore, we have <o use other methods for differentiating
these changes; to determine whether these many changes are due to one
and the same molecule or due to different molecular species,

One way of doing this would be to measure the rate at which
the changes appear at the different points in the optical spectrum. If
the rates are different, either for thelr appearance or @isappearancc,

- then quite obviously they are due to different moleculs species. If the
ratas are the same, they may or may not be due to the same molecular
species, HWe are now_trying to distinguish between all the various
changes which we see iIn the steady light by the rate at which they
appear or disappear upon flash 1llumination. We are using the methods
of repeated flash photolysls, shown here in FIGURE 14, The change in
optical absorption produced by a single fast pulse of light is often

80 small that it is hidden in ;he noise. What we have done Is put on a
pulse of about one bundved milliseconds of light and recorded the growth
and decay of the changs, and we have done this repeatedly. We have had

the apparatus coupled togethsr in such a way that every time we go through
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this scanning operation we start at the same point in time with respect
to the light flash, and just kept addiﬁg up the figures. The nolse is
random and cancel itselffout,

IGURL 15 shows soma of the kinetic results of the flash
photolysis. With R. rubrum chromatophores you can see that the chunge
at 433 mu has quite a differgnt decay rate than the change at 792 mu
and 810 mu, which, in turn, is differeﬁt from the décay rate at 865 mu.
This already tells us that these three chances -- the 433, 792-010 and
865 «~ are Indecd due to three diffefent species. They are disappearing
at different rates and are therefore not due to the same specles, This
is an important plece of evidence because it looked at the start as
though the 792-800 my band was right on the side of the 865 mu baend,
and we thought they were vibrational components.of the chlorophyll
absorption band., It now appears that they are two diffegant pigment
changes ~-= they may both be chlorophyll, but, if so, they are two
different chlorophyll molscules. The change at 433 mu is spectacularly
different and quite obviowsly lis not the Soret band assoclated with
the 885 mu pigment. These are three different specles, then.

With this kind of technique, in which We can measure accurately
growth and decay rates of slgnals, we can now compare the prowth and decay
rates, say, in the R, rubrum chromatophorez, of the oxidized chlorophyll.
which {s measured by the changévat 865 mu, with the growth and decay rate
of the unpaired spins in the same organism, which we can produce with
the same light; He now have two different ways of looking at the mater-
fal, Ye can observe the optical absorption at 865 mu, which seems.almost

cartainly to be chlorophyll, We con examine it in the 3 ¢n microwave
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region, which "sees" an unpalired electron, and we can determine whether
the oxldized chlorophyll shows its unpalred electron, which it should
show If & single electron transfer has been made, FICGURE ;6 shows that
comparison, and you can see the fine wavy line which is the{growth and
decay (performed by the flash photolysis mothod) of the paramagnetic
resonance signal. It i3 quite evident that 1t does not éorrespond at all
with the decay of the 265. The 865 change decays much more rapidly than
does the unpaired electron. The unpaired elentron, however, does decay
at the same ratse as the 433 change,

This informatfon has one positive and one negative consequence,
The positive fact ls that it looks as though whatever is changing at
433 (i.e., whatever that change iz due to) is véry closely associated
with, if not identical to, the species responsible for the unpaired
electron. It also tells us, negatively, that the oxidation of chlorophyll
by the removal of one electron, which we can demonstrate with ferricyapide
corresponds to that 865 change, does not show an unpaired spin., This is
an important negative conclusion, and is one of the few cases In which a
negative observation may be important, The situatlion may be represented
by the following change, showing the electron transfer from the excited
chlorophyll molecule in its special logation (FIGURE 17). We recognize
the chlorophyll positive lon radical by its 865 spectrum, but no EPR
can be identified with it yetr. 'If this were an ordinary chlorophyll,
either by itself in solution or attached to the proteln molecule, and
was Indeed alsingle'chlorophyll molecule not inwacting with other
chlor&phyll Qol&cules. we would and should see an unpaired electron on
it as we do with other organic free radicals, but we don't. Thus, al=-

though the presence of the chlorophyll positive lon radical can be
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demonstratod.by‘th§'opficai.d§naity chﬁﬁg; ;ffB€5'Eéménfpxidiigd chldrbff?%m.
phyll ﬁy-a ferricyanide tltratioh uith one.;licfrdn;h;ééing; it shows 56";f{fr:”3
uﬂpaired spin, This may mean that the uhpﬁir&d‘apin'ia'ﬁot localized on
that chlox‘ophyll‘molecho. : ' o - " o ’ ‘ . "*‘
. The unpaired spin {s presumably delocdlized over the wholé bed 'f?ijfg}f.'u;ﬂ.; .
of chlorophyll molacules in one of the chromatophore pigment particles,fvﬁ{ﬁigifh ';'”
This deloculization may very well be tho essential process for the
'saparation of che intermediate oxidant and the intermediate reductant, .
Since this is delocalized and can, in effect, move from cne chlorophyll
to another, {t can be conceived o{ a charge migration 1n .an array of
chlorophyll mo;acules. This is what we.suggest as the heart of the

energy conversion process: that the separation occurs by virtue.of -lifnff"-

electron delocalization fn an array of chlorophyll molecules. . - ffj?;-:;;“ﬁ}i'f-

SPECTROSCOPY IN Qummsonss FROM GREEN PLANTS

In' green plants we can also do microwavo and optical atudies,v';f-f:}ﬂ3
) \ . N .
.FIGURB 198 shows a result of the examination wlth microwava frequency.

It {s an abgsorption apectrum in the 9 kmc raglon whlch\ia 1nduced in

the.ehloroplaata by shinlnu viaible actinic llght on them and shows the ]ﬁwdﬁjgw'

.,prcuence of unpaired electrons in the grean materials. Two kinds of

- spectrum are clearly visidble (PIGURE 10 (a)). The aeparation of the' A
. _two different kinda of uupaired elcctrona can be ach!eved by soparatlng
the chloroplast into the nongreen cowponent (c) and the‘green component (d).
Ve have separated out most of the broad band. which As present in the fﬁff;:
~intact chloroplaat. and have left only a very aharp. narrow, very |

rapidly decay&ng aignal vwhich is chavacteriatic o£ the sreen component ff

.
LI
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of tha chloroplast, We thus hava evidenca that light has introduced un~
paired electrons into the green material of the plant. This is the firat
clus which we had that the light was actually pnpairing electrons rather
than producing an isomerization, tautomerizrtion, ete. == that it was
actually separating paired electrons from each other. (13,14)

FIGURE 19 shows schematically, on the left where it i{s labeled
"hacteria", a model of the process as we now hypothesize it: Light ab-
sorption by the chlorophyll molecule, exciton migration from one chloro-
phyll molecule to another in this array until the exciton finds its way
to a specific localized pigment, at which place specific electron transe
fer occurs, fbllowéd by hole migration to another point at which the cyto~
chrome is oxidized, This process =~ absorption, exciton migration, elec~
tron transfer and hole migration ~- can take'pléce even at liquid nitro-
gen temperatures, From that polnt on, it is chemistry, in both plants
and bacteria. The essential feature Is exciton migration following abe
sorption, electron transfer perhaps in a charge—tr&nsfer complex as
'the initiation of the quantum converting act, but the quantum conversiocn
is not complete until the hole is separated from the electron. That kind
of separation has to be achieved in some way, and we are proposing that
it is achieved in this array by charge migration.

The difference spectrum (light-minus-dark) for some plants

(Scenedesmus) is shown in FIGURE 20 and it exhibits the same kinds of

effects that we saw with the bacteria, except it doesn't go out beyond
o .

7000-8000 &, The main difference lles at about 7000 A, That change can

be made the dominant one (at 705 mu), presumed to be at the ordered

pigment which showa the electric dichroism, FIGURE 21 shows the absorp-
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‘tion of the Chlérella cells corrected for light scattering, and the spectrum
iy shifted from what it is in chlorophyll in solution, ;n FIGURE 22 is given
a more highly resolved difference spectrum, taken on Chlorella,obtained with
the flash photolysis, in which nore significant detail cﬁn be discerned.
It shows a very large positive change at 520 and a negative change at 480,
This particular change is dominating in most green plants, while it is
present only to a very small extent, if at all, in the bacteria or blue--
green alpae, The ldentity of that change is not yét clear, although it is
believed to be due to the presence of the plastoquinone in the chloroplasts,
and may be due to a charge-transfer comglex hetwaen the quinone and the
 chlorophyll. However, this has hot yet bean established, It may also be
a charge-transfer complex between the carotenold and the chlorophyll,

The kinetics of the absorption changes in the green plants can
also be determined. and we are Jjust beginhing to do that on the same
scale that we did it with the bacteria, FIGURE 23 shows ;ome of the
kinetics with Intact Scenedesmus cells. It shows the tihe course ‘of
the changés at 525 mu only. The time course of that change is dependent
on the wavelength of the light used to Induce the change, i.e., actinic
light of different wavelengths produces a different time course of change
at 525, The 525 obviously cannot be due_éo a single kind of change, &
gingle kind of electron transfer reaction; It must have at least two,
and perhaps more. It looks as though one of the component changes is
brought about by the long wavoiength at 720 mu, and both of them are
brought about by thé shorter wavelength at AR50 mu, Thus, there would be
two different electron transfer reactions showing an absorption change
at 525 in the green plant, one of theh brought about by 720 mu light

and both of them by the 650,
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optical evidence that the light is really transferring an electron from
one molecule to another, but so far all wWe Liave seen with the light are
the molecules from which the electrong are being remo&éd, and we have

not yet seen unequivocally anything of where the electrons are going,

QUANTUM CONVERSION IN PHOTOSYHTHESIS

The foregoing iz a confirmation of the notion that there are
two different kinds of quantum conversion acts in the green plants,
which was first really hinted at by the work ©f Emerson about ten years
ago. (22), when he found that hé>c§uld increase the quantum yield of
xoygen in a green plant by light of longer thanm 7000 R £ ne had, in
addition to that, light at about 6000 K. In other words, the sunm of
the two quantum conversion acts, when two lights were shining on the
plant together, was‘greater than when they were used on the plant
separately. The products of these two different quantum converting
acts could collaborate at producing higher efficiency than either one
along could do. Thls {8 the extra complication in phofosynthesig in
green plants. This is now a well established notion == that there are

two different quantum converting acts in green plants, whereas it

appears there is only one in bacteria. The nature of that collaboration

has'yet to be unequivocally established.

It i{s clear that information about the collaboration mechanism
may be obtained from a detailed study of the kinetics of the production
and decay of the optical density changes as they eare effected by differ-
ent wavelengths of actinic 1ight applied in a variety of temporal and

intensity relations to each other. Such work has already begun in various



-53 UCRL-11668

laboratories, relating different optical density changes with different
actinic wavelengths, (23,24) Now we are felating variable kinetles at
one analyzing waveleﬁgth as a functlion of different actinic wavelengths,
with two or more different molecular changeo manifesting themselves at
single wavelength,

The general tone of some current ldeas i= contaiﬁed in FIGURE 26
which shows one way in which to set up_the/§:§ferent quantum converting
acts (25). The first one, celled here h 1 is supgested, in the case of
the bacteria, as taking place with light in the 879-890 nu region, and
in the green plant the changes are at 700 mu, This is presumed to be the
first quantum converting act. A chlorophyll transfers an electron to
some acceptor, The oxygen redox level is only at .8 volt, and the pyri-
dine nucleotide level is 6nly at -.4 volt, and in between them lles
about 1.2 volts, which 18 Jjust about what one quantum could do by it~
salf, It appears that the products of the two quanta can cross-react,
FIGURE 26 shows one current view of how they cruss-react, with the
plastoquinone pooi in between, and mosat of the high energy phosphate
is created in the flow of the eldctrons from one act into the product
or vacancies created by a second act. It looks as though, at the moment,
most of the schemes which you will find in the literature involve two
acts of this kind, with plastoquinone, cytochrome f, cytochrome bg and
plastocyanin, all in the intermediate region, coupling the two differ-
ent quantum ¢onverting acts.

However, the nature of the two quantum converting acts would
be the same in prineiples exciton migration followed by charge migrationl
in the final separation procedure. Both Quantum converting acts as

they now appear are $iown in FIGURE 19: the absorption of light by
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chlorophyll to give an exeited chlorophyll; the exciton migration from
absorbed chlorophyll to particular sites in the quantasome or chromato-
phore; the charge~transfer oparation at that particular site, glving a
hole and an electronj and oné or the other of these (perhaps both of
then ﬂn the two separate piguent systems as Indicated on the left and

on the right of FIGURE 1Y, can move by delocalization amongst the chloro-
phyll array so that the oxidant and reductant are separated. In one
pipment system the oxidant (hole) moves by delocalization, and in the
other pigment system, in fhe graen plant, the reductant (electron) moves
by delocalization. This, then, 1s what we are now using as our current
hypothesis for the primary quantum conversien act as earlier deflined,
From this point on the process is biochemistry, involving ordinary
enzymological reactioné of the standard type, and the recombination can

take place in a manner very similar to that which is occurring in oxi-

dative phosphorylation to give high energy phosphata,.
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