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ABSTRACT

An analysis of outstanding problems still presenting difficulty
with respect to understanding the quantum—conversion process
in photosynthesis is presented..Considerations of how some
'of these difficulties may be oVercome are included. The dynamic
process of energy conversion is considered in termslof
photon absorption, electronic energy transfer, trapping in
long-1ived excited states, primry oxidants and reductants,
and the electron transport chain leading to products repreSenting
stored chemical potential. The physicai structure of the apparatus
'accomplishing this energy conversion is'sought in the framework
" of the concept of the photosynthetic unit. The nature of
this unit - its size, nnmpns1f10n arrangement and orientation
of corponents, internal electrical and polarizability properties,
ani}assembly and aggregation in the chlorOplast - ard the
problems related to its determination are essential_considerations
in the overall approach to the understanding of the mechanism

of energy conversion.
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| ~ INTRODUCTION
. Without doubt the greatest gap in our present knowledge
about pnotosynthesis concerns the nature of the mechanism
whereby radiant energy from the sun is converted into high-enersy,
stable chemical intermediates useful for the biosynthesis of
:‘organic molecules b§ the plant. This is not to say that our
'~.know1edge of the so-called "dafk reactions" whereby plant
'eellular materials are synthesized is complefe or even
approaching completion; however the mjor efforts of the past
115-20 years in the laboratories of Melvin Calvin, A.A. Benson,
J.A. Bassham, Daniel I. Arnon and many others have produced
an outline of the most important steps in the biosynthetic
pathway (Calvin, 1962% and we have every reason to believe
that this outline will prove to be essentially correct in the
light of future experiments., B
The magnitude of the efforts to find out the nature of
- the primary light-to-chemical energy conversion process is
no less impressive; yet, a Wholly satisfactor§ and widely
accepted-explanation of the mechanism has'not resulted.
CerLainly one of the principal reasons is the fact that
We are attenmting to chart an area of]nature which appears to
be unique and for which we Have no simple, readily understandable
analogy. ' »
I would hike to begin by breakingfdown what we know
about the energy conversion process into a sequenceé of events .
‘described in general terms, in spite of the obvious danger of
- thereby introducing specifications which may, in the long run,

turn out to be misleading or incorrect.

-4



-2

(i) We can consider the process of photosynthetic quantum
conversion to originate with the absorption of visible or near-
visible radiation by the various pigment molecules associated
with photosynthetlc organisms. This absorption process, .
which by the Franck-Condon Principle must occur in about
|10 15 sec following the capture of a photon, leads.directly"
to the production of an excitsd_electronic‘state of the
pigment molecule 1nvolved.'This process 1s reasonably well
urnderstood and need not concern us in principle in its particular

.manifestation in photosynthesis.

(2) The initially produced electronic excitation energy
can, in general, be readily and rapidly (i.e.. in 1072 to
1071 sec) transferred from one pignent molecule to another--
either of like or of different kind - with the necessary restriction.
that in all such processes energy conscrvation mst be maintained;.

In essence this means. that all such transfers musﬁ occur to a

state which contains the same or less electronic energy.

(3) The termination of the pathway of Sidiial electronic
excitation occurs when the energy. becomes trappcd in a state
elther which 18 relatively long-lived and/or from which it can

be 'converted!to some other energy form,

(4) At this or same closely subsequent point it is generally
assumed that the primry oxidizing and reducing specles are
produced.



(5) The primary oxidant and reductant then proceed to
drive what is commonly called the electron transport

system; whereby

(6) The energy originally present in the photon is converted
with relatively high eff101ency to thermodynamically stable
- chemical intermediates. In this process in higher plants
and algae)water is. split, oxygen is liberated, TPN is
reduced and ADP is phosphorylated to produce A“P; The

dark, enzymé-catalyzed biosynthetic reactions then follow.
*ﬂ*#**********“ﬂ*******#ﬂ!**ﬂ**ﬂ********&***ﬂ******'**&****** .

It is necessary to point out that even this generalized
statement of the process, which is consistent with mach

of the recent research on the energy.conversion pathway,

would'oy no means receite approval by all the feputable wofkerS"

in the field. It probably does , however, represent a majority
view. - | | | |

For our‘purposes‘it will be desirable?to discuss’

the energy conversion apparatus of photosynthesis under

- two najor headings. Under the first of these I shall raise

‘questions concerning the detailed nechanlsm whereby the
dynamlo processes described above are carried out. Under the
second I shall propose methods of 1nvestigation into the
physical npture of the structure tnat is able to perform

the energy conversion SO rapidly and so well,

The Dynamic Processes of Energy Conversion

Excited electronic states, Letting pass for the present the process

of photon absorption itself, let us first consider the nature

of the excited state produced and the manner in which energy may



=l

be transferred from one excited state to another. A rather large
variety of pigments can occur in photosynthetic systems: the several
kinds of chlorophylis and carotenolds plus the phycobilins generally
make up the principal complement. With some justice the question
" may be raised as to whether.aﬁy of these besides chlorophyll a .

in green plants énd marine algae, bacteriochiorophyll in

photosynthetic bacteria, etc., are really essential to normal

reasonably efficient'phofosynthesis. Although distinct functiéns,
including that of light;gatheridg, can be demonstrated for the so-called
"accessory pigments", it has not been demonstrated unequivocally
‘that they play a neceasary rolé in photosynthesis.(Haxo, 1960).

In nearly all cases studled so far, it appears that. energy

absorbed by accessory pigments (and in the short wavelength ébsorption
bands of chlorophyll a) is transferred to a low-lying excited electfbnic
state of chlorophyll a as a necessary prerequisite to its use

in the photosynthetic pathway (Duysens, 1952). Recent studies on
| the various prqpoéed roles for carotenoids, for example, as i
hydrogen or oxygen carriers or as oxldation inhibllors eihher.have‘y
provided evidence to the contrary or have raised serious questions
abbut the validity of the propositions (xamamoto, Chichester and
: ﬁakayana, 1962 a,b; Sauer and Calvin, 1962b-.:). These points still
await a final answer, but for our pfeseﬁt purposes we can consider
the participating excited electronic states of chlorophyll a
or bacteriochlorophyll alone, and Lan limit our discussion of

energy transfer to that involving these states.
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The electronic transitions responsible for all the
feadily observed visible and necar infrared absorption bands of the
' chlorophyils ére of the men’ singlet class. The corresponding
transition'dipdles all lie iﬁ the plane of the porphyrin ring of
the chlorophyll molecule. Several discussions of the particularl
molecular orbitals associated with the various components have
A appeared in the literature. (Platt, 1956; Seely; 1957; Gouterman, 1961).
The lowest lying of these states in chlorophyll a has a natural
1ifellne 1u vivo of only 1.5 x 10"8‘sec, as measured from
* fluorescence yields and decay times (Brody, 1957; Brody and
ﬁabinowitch, 1957). |

Long-lived excited states. Many workers feel that a longer-

lived, electronically excited state 1s required for the energy to be
localized for a sufficienﬁ time so that its conversion iﬁto
high-energy chemical intermediates can betﬁffected. Two such

spates have been proposed: one 1is thé lowest triplet state of
chlorophyll and the other is that resulting from an n-m

transition - péssibie owing'to the participation of a
cérbonyﬂ.grOup'in the rihg éonjugationlof chlorophyll a. Both

~ these exéited,electronic stétes.have been.observed ig_giggg;

i

‘however, no direct evidence has been Lresented for their
| ' : .

participétion in the photosyntheéic énergy conversion process in vivo.
On the cohtrary? experiments of wiltt ;nd coworkers (1960) show that g
photo-induced absorption changes éttributed to triplet chlorophyll

. can be observed only when absorption changes associatéd wiéh

the functioning photosynthetic apparétus are quenched. Further



search for the participation of such long-lived states in vivo
is called for. In the case of the triplet state, it would be
reasonable to look for associated electron spin resonance signals.
The photo-induced esr signals at g = 2.00, which are easily produced and
readily observed in nearly all functioning photosynthetic organisms,
do not result from a triplet state. Triple resonances at
g = 2.00 give rise to very broad absorption spectra, owing to ﬁhe
zero-field, splitting of the triplet energy levels and to the random
orientation of the chlorophyll ﬁdlecules in the bulk material-
(Ingram, 1958).'Illum1nation ol the sample wiph polarized light,
so as to excite preferentially those melecules of' a glven
orientaﬁion; will probably not give much improvemeﬁt owing
to the rapid, efficient energy transfer which occufs among
chlorophyll molecules in vivo. It may be, however, that a search
with high-sensitivity apparatus at g = 4, where the broadening
effects'do not operate, will produce evidenee bearing on the participation
of the triplet state. Studies with pure crystals of chlorophyll a
would constitute a valuable preliminary to the search in biological .
materials. '. | |

' An alternative method for the possible observation of long-lived
e*cited state participation presents ltself in the recently rediscovered
magnetic optical rotation effecﬁ,'first'noted by Faraday.
Experimentation along these lines is currently under way in oer
laboratories in Berkeley. TFaraday's observation, stated in its
simplest form, was that transparent substances placed in a suitably

oriented magnetic field may induce a rotation of the plane of
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polarlzation of incident plane-polarized light, even if the material
does.not-contain asymmetric sites. It is known that the Faraday '
rotationrexhibits dispersion characteristics in the vicinity of
absorption bands of atams or nolecules (Waring and Custer, 1960;
Hameka, 1962). Furthermore the selection rules gpvernlng these Faraday
“.rotation anomalies are not the same as those governing normal electronic
* transitions observed snectrally in the absence of a magnetic field.

' Thus, it is possible that electronic transitions which are forbidden
on the basis of their electric dipole transition probabilitiesAwill

. nevertheless exhibit dispersion effects in their Faraday rotation
'spectra. In this way it may be possible to locate the- proposed
long-lived excited states of chlorophyll in vive and, by studying

the effect of suitable exciting light, to determine whether they

play a role in the‘photosynthetic energ& conversion process.

Electron-hole conduction mechanism. A suggestion by Katz

(1949) prampted Sogo, Pon and Calvin (1957)‘ to propose that the

" heart of the energy conversion process con51sts of the production

of electrons ard holes in conduction bands of the type observed .

in molecular crystals These electrons and holes resulting from

the trappinp of excitation energy at suitable sites in the chloroplast,
are thought to be the prinary reductant and oxidant specles responsilble
for orlginating the subsequent reactions of the electron transport
chain, for the oxidation of water, and for the ultimate production

of molecular oxygen and reduction of TPN. One very nice feature

of thils proposal is that the rapid, independent migration of

holes and electrons in a suitaole matrix provides a convenient
explanation for the absence of a significant back-reaction of the

primary oxidized and reduced species once'they are produced. The

4
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absence of appreciable back-reaction is essential for photosynthesisA
of high efficiency. Although'experiments on suitable model

syétems have demonstrated that the photo-production of such

charge carriers is of common occurrence (Kearns, in press),

only circumstantial evidence is thus far available to - support

their participation in photosynthetic energy conversion. This evidence
is chiefly the observation of photb—induced absorﬁtion changes,
electron paramagnetic resonance absorption,and dielectric and
conductivity changes, all of which can occur rapidly and sometimes
reversibly even at the temperapures of liquid nitrogen, and,

in one study, of liquid helium. Although most of the technlques used
to date have nqt been capable of measuring time gonstants‘shofter;
than about 1 sec, the studies by Witt and coworkers (1960) of absorption
changes produced by light ffom a flash lamp have produced effects withi

time constants of 10~

sec or shortef. The accurate measurement
of the rise and decay times, éspeciallyrof thé phenomena which
appear to be temperature indcpendent, is‘a challenge to
experimental ingenuity. Such information wbﬁld be invaluable
fur Lhe assigrment of' these effects, which apparently do not’

_involve the migration of individual atoms or molecules.

Integration of low-level signals. A paramount experimental problem

which nust be overcome arises from the fact that, for the phenomena
listed above, the observed experimental signals ridc on a noise

level which is scarcely less than the quantity sought. Simply
imbroving the‘time response of the instrument will not, in general,
provide the necessary tetention of discrimihation. A solutian to this

problem, and to many related measurements of time transients where
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low signal-to-noise ratios are a problem, may come in the
application of one of a number of recently-developed
integrating techniques. Particularly in situations wherq the
~transient phenomenon is readily reversible and can be repeated
again and again, the coherent information in the photo—inducedl4
signal can be added by a suitable "integrating" device‘ﬁaster
than will be the random or incoherent noise.. A somewhat crude, but
more familiar, analogy is present in the measurement of radiocactivity.
For all but the smallest number of counts, the precision with which
the radioactivity'can be detetvrlined increases with the square root
of the total number of counts in the sample. The accuracy improves
as well, since long.counting times and extended background deter-
minations improve the systenatic corrections which need to be
applied In principle, any specified level of precision can be
obtained 1f the experimenter has the patience to wait long encugh.
Improvement of signal-to—noise can be achieved for many
.relatively time-independent phenomenapsimply by lengthening
the time constant of the measuringpdevice and waiting sufficientiy
for the indicating'meter to achieve a gpod epproximation of‘the final
rest point. Galvanometer and balance damping and electronic'filtering
or narrow-banding are familiar techniques of this kind. They can
generally be extended in a simple fashion to improveethe sensitivity"
and precisiOn of measurements such as absorption and fluorescence
spectra, electron paramagnetic resonance Spectra, or quantum
requirement measurements.
' The patient researcherjwho 1s willing to trade time for
information stands to gain considerable improvement over many

‘conventional procedures current in laboretory practice.'The
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simple integration'method of extending measuring time constants
ié not a.pnnaceé, however. There are phenomera such as the study
of rapid transients, irreversible processes, unstable systems,
and potential saturation effectis (as in nuclear magnetic resonance) .
where other methods arcs demanded.

By way of illustration, considef the problen.of measurlrnyg
low level photo-induced absorption spectral changes in photosydthesis.
A major source of nolse in such measurements arises simply from
the statistiéal emission of photonis by the measuring 1ight souree.
This ‘nolse is—unavoidable; it 1slalso "whlte" hOiso' in the scnse
that it contains all frequency components up to a very high level.
For fairly monochromatic light from a 500 watt tungsten light
suitably incident on a sample, the inherent noise in the measuring
beam alone in the frequency range 0 to 1 megacycle nay correqpond to
a signal-to-noise of 1000:1. Thus, an absorption change nmountlug
to a few fonths m 'Epercﬁnt with o minrmoagund time couslant would;;
be barely observable under the bcab of conditions; accurate kinetié:
measurements would be out of the question. Increased‘incident liéﬁt.
‘.intensity, more efficient hpticﬁ, electrOuic_nafrow-banding -
techniques, ete., can bé used to give same lmprovement, but the
best solutionjﬁo the problem lies in another direction.

' Through the proper application of electronic or other
time-gating techniques it is possible to pick out two representativé
points in the duration of the trahsient phenomenon and to study at -
some.length the resulting sigﬁal from these two points only. This
1s done by repeated induction of the transient and by proper phasing
of .the gate positions, as 1s illustrated for a representative transient

signal in Fig. 1. In case A, the diff»rence between the signal
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amplitudes at gate positions 1 and 2 1is nearly zero, whereas

in case B the correspondiné amplitude difference 15 substantially
larger. In the case of a real transient signal riding oﬁ a very high '
noise level, the difference in thé amplitudes at tbé‘two gate po?itioﬁé
caﬁ be "integrated" by repetition for as long és necessary to |
.achieQe a specified signal~to-nolse. The examples pf such measuremenfs
shown in Fig. 2 were obtained through the use-of a "boxcar"

integrator of the type~descriﬁed by Blume (1961). The device

oéerates essentially on the principle of increasing the charge:on é '
éapacitor in préportion to the magnitude of fhe amplitude différencehf

| betweeﬁ the two gates and in prOportion'to the number of éepetitions

of the transient observed. It 1s possible to adjust ﬁhe RC
time-constants of the "boxcar" circult so that it corresponds to
dlfferent numbers of transient repetitions. In Fig. 2 are shown

uAanq 106»transients,

three situations corresponding to 102, 10
respectively, in the duration of the RC time‘conétant of the circuit.~fi
In each caée the first half of the trace would result from the '
gate arrangement sketchea in Fig. 1A, and the second'part as

in Fig. 15. The iﬁtegrated traces are recorded'on an XY-pen recorder =
witﬁ a writing speed of 3 inches/minute. By moving the position t:'
of Gate 2 through the complete transient, as indicated in Fig. 10,.4?
the entire profile may.be precisely recorded over a time whicﬁ méy

be a million or more times longer than the duration of a single’

transient pulse. A correépohding impfovement of oné thousand

fold or more ir signal-to-noise may be expected. An illustration
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of a ten-Told overall improvement in signal-to-noise resulting from
the use of the scanning "boxcar" technique 1s shdwn; from top to
bottom, in the threc curves at the right in Fig. 3.'The curves at
the left were obtained by reducing, from top to bottom, the high
frequency cutoff of an AC coupled amplifier. The resuiting improvement
in signal-to-noise iﬁ this case is accompanied by serious distortion
of the shape of the tranéient due to the loss ofAthe high-
frequency canponénts.necessary for its accurate representation.
o such distortion need occur 1f'integrating technliques are
properly applied. An elegant example of the sampling methnd has
been reported for the measurement of fluorescence rise ahd decay
curves with time constants of the order of 107 sec (Bennett, 1966),
“he integration process can be carried out more effiéiently if
more than two gates are applied to each transient. Multi—channei
pulse-height analyzers are c¢ommercially ava11nh1p which readily
handle 246, 400, 512 and up to 8000 and morc channels,
- A representation of this gating'pattern‘is shown 1n Fig. 1D.
The improvement in discrimination of low level sighals using
techniques of this kind can be astounding,. Mahy measurement.s
associ%ted with photosynthesis are susceptible tq.substahtial
improvements. through proper coupling. with modern electronic
devices. Nb less numerous are applipations to other areas of
cell biology; e.z., in the study of:nefve impulses, membrane
potential transients, visual pigment responses mechanical
changes in cell conformations and‘the.kinetics of reactions
involving very small amounts of substrétes or very féw enzyme
molecules as éatalysts.

i;lectron spln resonance. Flectron spin resonance signals,

due presumadbly to molecules containini sinsle unpaired electrons,
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have been obser&ed in most photosynthetic organisms. As Shbwn in -

Piz. 4, the signals afe of two types. One has a rarrow (~10 gauss)
band-widtn, é = 2.002, is strongly light deperdent and' rlormally

absent in the dark, and exhibits relatively fast, largely temperature-
independerit, ldnetics (<1 sec,'limited'by the instrumeft).'This '
signal has been shown to be associated with the pigmentéd.structures
of chloroplasts and bacteria (i.e., the quantasqmeé and;chrométophores,
respectively) and seems to Be due to a speéies with a reversible
oxidation botential of +0.45 volts (chlorophyll positive ion?).

The second signal is broader (~~20 gauss) with g ; é.OOS, is somewhat
lignt deperdent but‘remains strong.inﬂthe dark, and exhibits

"slow (minutes), temperature-dependent'riée and decéy'times.

This siznal appears to be associated with some component which 1s
either soluble in the'stroﬁa of the chloroplast or is at least

readily extrgctable from the chloroplast in aqueous media (Androes, -
Singleton and Calvin,'1962). Finélstructuré has'occasionally been
observed for this esr signal. The true.assignment of. the

~molecular species respénsible for either of these éignals has not

yet been achieved, nor has itvbeen conclusiveiy demonstrated that

the associaged species are involved in the direct pathway of . |
photosynthétic energy conversion, aithough the evidence to

'support such a view.is mounting. Further information about these"
resonances may be expected from measurements of ﬁhe rapid time
copStants -~ perhaps thréugh the use of»inteéfating techniques as
described above, from the precise determination of quantum yields and
action spectra, by carrying the measurements down to 1°K, and by
double resonance ENDOR techniques to show with which nuclei the électfons

interact most strongly.
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iilectron transport reactions. In general, the identification

of the carriers of the electron transport chain is far from complete.
A number of possible carriefs - such as cytochromes b6 and { in

green plants and RHP and cytochrome c, in bacteria, plastoquinones
(three types), vitamin K, coenzyme Q7 ard ferredoxin (PPNR) - have
been identified and partially chafacterized. The nature of the
participation of these substances in electron,traﬁsport and, in
particular, the coupling to substances adjacent in the elestron
transport chain and to phosphorylation, are all little understood.

Of particular interest would be the characterization of the prinary
cﬁemical donors ard acceptors assoclated with the site at which -
quantum conversion occurs. Other problems relating to two-wavelength
enhancement and to two non-overlapping pigment systems, to the mechanish
of oxygen formation, etc., are still mystifying. In most cases
classical experimental techniques have much to offer to the kineticist
interested in unravelling the complex feactiohs associated with

electron transport.

Quantum efficiency ‘'of photosyrnthesis. A major cutstanding issue
which is still unresolved today’aftef more than three decades of
investigation is the minimum quantum requirement of carbon fixation
.in normal photosynthesis. Despite the large number of ﬁeasurements which
suggest that about eight quanta are required per CO, fixed, there
remains an important and perhaps now even a growing school which
' feels that the quantum requirement ﬁay be as low as three quanta per
C02. For a number of mechanisms which-have been proposed to account
for energy conversion in green plant photosynthesis it makes a big
difference whether the quantum requiremeﬁt is at least eight or

whether it is significantly less than this value. One would think'
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'L}thaf'the distinction between a quantum requirement of three and a

~'; réquirement of elght or more would be readily settled equrimentally,'
S r

in gpite 6f the admitted complications of the overall proéess. Still,

. an- unambiguous answer eludes us today. It may be that we cannot

1

formulate a meaningful answer to this question until we know more about

i

the detalled mechanism, including the many feed-back channels,

", which is operative in the overall photosynthetic pfocess. With this

view, the most profitable approach at the present stége in our knowledge
may be to attempt reliable measurements on‘the various partial

reactions of photosynthesis, including those which aré exhibited

as physical changes or transients, the Hill reaction, phofophosphorylation
and TPNH formation. Fxperiments along these lines are under way, buf

much more needs to be done.

Quantasome and Chromatophore Structure .
The second major aspect of the problem of photosynthetic energy

conversion on which I would like to make some corment is the question

el

of}the’physical nature or structure of tﬁe apparatus involved. The

suggestion of Emerson and Arnold (1932), based on their studies using'

flashing light, that there exisf photosynthetin4§a§fs within the

chloroplast has received elegant‘confirmatioh /ﬁ thgqpast few years.

Studies using electfon microscopy (Park and Pon, 1961; Healy and Park, 5rivatef

. coupled with the demonstration of certain :.spects of photosynthetic commnieation
actiVity in chioroplast subunits produced by sonic rupture, strongly

support this concept of a viable photosynthetic unit. Whether this

unit contains 100 or 400 chlorophyll molecules will undoubtedly

~ be answered by research presently under way. We cannot underemphasize

the importance of the finding that efficient quantum conversion

related to the photosynthetic pathway can be accomplished by particles -
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called quantasomes - which are 100-200 } in diameter, less than one hundredt
the diameter of the i%taCtebhloroplast. A similar situation obtains.

for photosynthe%ic bégteria, where the chromatophore or its subunit
constitute an analogous uniﬁ of activity. The problem of determining

the structural charac%erist}cs'of'the site of ‘quantum conversion,

difficult as it is, i; inmeesureebly simplified for the photosynthetic
units in comparison with what it would be if‘the~entire chloroplast or

bacterium were involved.
. w

»

Chemical canpoéition.}?reliminary analytical data have been
obtained for sninach euantaemnes (Park and an 19h3). The principal
components are protein (50% of the dry weight) and colorless '
lipids, probably phospholipids (30%) Chlorophyll makes up nearly 107
of the total dry weight The remalnder consists of a variety, perhaps
a large variety, of components, 1ncluding carotenes and
,xanthophylls (4%), at least- three p]aqfnqn1nnnps (total 17),
cytochrome be and vitamln K A number of additiona1 ares will '
urdoubtedly be found, Measurements on the monameric quantasome
suggest a molecular welght of 1.6 x 106, based on an experimentally ‘-
determined density of 1.18, "which is intermediate hetween those |
of-1ipid and of protein. The number of thoronhylls per unit ¢can
 be eutlmated in VaPiOUo wayS‘ the range runs from 115 to 180. One
manganese, five(iron.end flye conner abogs are oresent in some
fofm in each.quantasene mononrer, An extension of' such measurements
is an essential prerequisite to the corceptual reconstruction of
the guantasome, N

With particles ef the intermediate complexity of quantasomes
and chromatophqres, analytieal techniques based on physical probertiesA

" of the components can be brought to bear. Both inffared and nuclear

<
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magnetic resonance spectra of the matcrials would be expected

to give complex but possibly very usefui information. Coupled

with extraction and separations techniques it may be pOssible'

| to learnlthe'nature of theAcomponents present (e g., the colorless
phospholipids) and perhaps about their Jntermolecular association.
The low inherent sensitivity for biolqgical materials of |
nuclear (especially proton) magnetic resonance technlques

can he greatlv enhanced by coupling the spectromcter with a multi-
channel analyzer, as described in-other terms above. This application
has recently been explored by Klein and Barton (Lawrence Radiation
Laboratory, Livermore) and by a group at Varian Associates (Palo Alto,
California). | | |

Internal structure and aggrezation. Beyond the straightforward

quant.itative determination of the quantasome or chromatophore components
it is essential to learn the manner in which they are assembled.
After'ascertaining,the macromolecular properties of monomer
quantasones,'one'will want to learn whetner.major subunits exist,

as 1is the case for the elementary particles‘of mitochondria.

‘The new developments in high—resolution~electron microscopy by

Dr. Fernandez-Moran will constitute an invaluable tOOl with which to
study this problem. The possibiiity of utilizing the natural contrast
of unstained material will open wide areas of application presently
only dreamed of, The quantasomes would seem to offer particular
advantages for the studies using natural contrast electron microscopy,
since each particle contains naturally atoms of iron manzanese

and copper, as well as the considerable amount of magnesmm.—contalnino
chlorophyll

Presunably the principal structural materlals of the quantasomes are
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the protein and the phospholipids.‘On the basis of recent électron

mieroscopic studies, carried on.by R.B. Park at Berkeley, on lipid-

extracted §S'unextracted quantasome.aggregates there 1is good reason

“to believe that the‘lipid and protein do not forin a relati&ely homogeneous

lipoprotein uetwork. One model wou;d'suggest a two-phase separation

between é hydrophilic protein region and a lipoohilic phosrholipid

region. The site of energyAconversion may be closely associated with the

boundary between these two regions. Studies of"electric dichroism .

of quautasome aggregates SugéeSt that an essential element of the

energy conversion site - the quantatrope - 1s a regiou containing

a small fraction of the chlorophyll. a as specially orlented . :
(Sauer and-Calvin, 1962a) : as listed previously,,

molecules /Low temperature transient studies of various kinds,suggest

further that oriented or fixed donor and acceptor molecules may be

incorporated in this site. Further studies of the nature of the

site and of the'associated molecules ere urder way; these are

oased largely on.polsrization (dichroism) measurements on oriented

- materials. In addition, one my hope that;the glgantic strides made

in recent years in the decoding of complex molecular structure from

X-ray diffraction:patferns will . soon carry furward to cover a’

st1ll’ greater level of complex1ty represented by the various sub--

cellular particles of mitochondrla and chloroplasts. Thus far, only

‘a few interplanar spacings have been'dbtainedvthrough diffraction

techniques applied to chloroplast grana.(Kreutz and Menke, 1960); the

precise and complete determination of the internal molecular strctur?

of‘quantasomes and chromatophores presents a challenge of

unparalleled complexity and signiflvance to the investipators

‘of macromolecular conformations.



J'Profile of dielectric properties. The dielectric and Gther

electromagnetic propertiee of quantasomes, andtespecially the
1muver‘in which theseAproperties vary within the quantaéome,

' may be of pfinary significance to the energy conversion process.
A number of the reactants and products of intepmediary electron
transport are ionic or other water soluble species.'These can be

#separated or cOnfined by'bounding lipid regions,'which in turn

" will harbor other potential cofactars in the process. This
separation in space nay be essential.to an'orderly'and:efficient

.energy converslon process. The. transport of metabolites such as

. ATP and TPNH, and even 0, -from the active sites and ADP, phosphate,
TPN and water to the sites is closely related to the manner
in which the quantasomes are put together in the lamellae and
grana of the chloroplast.

Measurement of the internal distribution of the various
electrical properties‘of small particleé is not an easy task.v
It may be, howevef, that through.the use of sensitive selective
extraction\methods it wiil be possible to piece the pictnre together‘
from a series of bulk measurenents. HowéVer,tIﬁthjnkzthisgisQun-
<11keiy;ufWéimay well consider how experiments might be designed
to map outvthe internal dielectric and polarization properties of
qnantasomes?and chromatophores. Whether-we have a protein
nucleue »covered with a lipid coatiné, whether it 1s a two- or
three- or a multilayered sandwich, or whethep some more complex
. basic pattern is invoived is essential to our understanding

of photosynthetic transport properties.

Summary and Review, =

- All in all, the outstanding problems associated with the
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quantum conversion process in photosynthesis constitute an
imbosing.challenge to pfesént-day ingenuity and experimental
techniQues. The questions I have raised ére goipg to be answered -
" some of .the answers are being formulated even now. There is no
reason why studies aiqng any.of tbe lines I have suggested

cannot profitably be started tomorrow. Still, these are intended
to be merely suggestive directions to catalyze response among
those who would contribute toithé solution of one of nature's

cleverest puzzles,

? * * #* ¥ *.. % * * * * * # * * *

The author wishes to acknowledge the contribution of
Me. I. Kuntz, who provided the tracings used to illustrate the "boxcar"

integrating method.
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GATING  PATTERN- FOR  INTEGRATING  CIRCUIT
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Fig. 1. Gating patterns for various modes of integrating siznals
from a hypothetical transient reneatedly presented. Gate 1
represents a reference position; gates 2, 3, 4, ebte. represent

sarple positions. For further details, sece' text.
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Fig. 2. Integration of noisy de signals using a "boxcar" circuit.
For the three cases shown, the signal-to-noise ratios are in

the proportion 1:10:100. Traces provided by I. Kuntz.
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SEPARATION OF OVERLAPPING RESONANCES

MU.27448

. Fig. u Separation of overlapping electron spin resonances
in spinach chlofoblasts. Signéls from (a) colorless soluble
stroma materials leached from ichlor'oplasts, (b) whole
‘spjinach ch;Loroplasts, (¢) washed chloro*blast f_ra@nents

(quantasomes ). Androes and Calvin (in- press).
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sponsored work.. Neithcr 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

Assumes any liabilities with fespect to the use of, -
or for damages resulting from the use of any infor-
mation, apparatus, method, aor 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.





