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An andlysis of outstanding problems s t i l l  presenting d i f f icu l ty  
I . . 

with respect t o  understanding the quantumkonversion process ' 

in photosynthesis is presented. .Considerations of how some 

of these d i f f icu l t ies  m y  be overcome a r e  included. The dynamic 
I '  

process of energy conversion is. considered in terms of 

photon absorption, electronic energy transfer,  trapping in 

long-lived excited s tates ,  p r imry  oxidants and reductants, 

and the electron transport chain leading t o  products representing 

stored chemical potential. The physical structure of the apparatus 

accanplishing this energy conversion is  sought i n L t h e  framework 
,. . 

of the concept of the photosynthetic unit .  The nature of 

this unit - its size, cnrnposi t ian,  arrangement and ,orientation 

of components, internal  e lec t r ica l  and. p o l a r i ~ a b i l i t ~  properties , 
and assembly and aggregation i n  the chloroplast - .and the 

problems related t o  i ts  determination are  essent ial  consideration:; 

in the overall approach t o  the  understarding of the mechanism 

.of energy conversion. ' ,. 

* 
This paper was presented at the UNESCO Symposium on Amplification 

Techniques i h  Cell Biology, at  the ,  Department of pharmacology, 

School of Pharmacy, State  University of New York a t  Buffalo, 
. . 

Buffalo, New York; October 22-27, 1962. 
** , 

U.S. Pllblic iIealth Service Fellow, 1960-63. 



INTRODUCTION 

Without doubt the greatest gap in our present knowledge ... 

' about photosynthesis concerns the nature of the mechanism 

. whereby radiant energy from the sun is converted .into high-enemy, 

stable chemical intermediates . . useful for  the biosynthesis of 
1 

organic molecules by the plant. This i s  not t o  say tha t  our 

. knowledge of the so-called "dark reactions" whereby plant 

cellular m t e r i a l s  a re  synthesized is complete or  even 

approaching completion; however, the p i j a j o r  e f for t s  of the past 

15-20 years i n  the laboratories of Melvin Calvin, A.A. Benson, 

J.A. Bassbarn, Daniel I. Arnon and many others have produced 

an outline of t h e  most important steps i n  the biosynthetic 

pathway (Calvin, 1962) 1 and we have every reason t o  believe 

that this outline w i l l  prove t o  be essentially correct i n  the ' 

l ight of future experiments. 

The mgnitude of the  effor ts  t o  find out the nature of 

the primary light-to-chenical energy conversion'process is  

no l e s s  impressive; yet, a h o l l y  satisfactor$ and widely 

accepted. explanation of the . I )  mechanism has not.  resulted. 

Cert;ainly one of the princi&l reasons is ,the fac t  t ha t  

r e  are  at!tem,ting t o  chart an a r e i  of imture'which appears t o  

be uniqueiard for  which we have nb s G l e ,  readily urderstandable 

analogy. 

I would bike t o  begin by breaking:down what we know, 

about the energy conversion process into a sequence of events 

'described in general t e r n ,  i n  sp i t e  of the obvfous danger of 

thereby introducing specifications which rray, in the long run, 

turn ,out t o  be misleading or fncorrect. 



(1) We can consider ' the process of photosynthetic quantum .'' 

conversion t o  'originate with the absorption df vis ib le  or near- 

vis ible  radiation by 'the various pigment molecules associated ' 

with photosynthetic' organisms. This absorption process, 

which by the Franck-Condon Principle must occur in.about 

1615 k c  following the capture of a photon, leads direct ly"  

t o  the production of an excited,electronic'state of t he  

pignerl; molecule involved. 'l!lis process is  reasonably w e l l  

understood and need not concern us i n  principle i n  i ts  par t icular  

( 2 )  The i n i t i a l l y  produced electronic exci ta t ion energy 

can, i n  general, be readily and rapidly (i.k?.. i n  t o  

10-l1 sec ) transferred f'rorn one pippent molecule t o  another.-- 

e i ther  of l i ke  o r  of dif ferent  kind - with the necessary r e s t r i c t i on  

that i n  a l l  such processes energy conservation nust be maintained. 

I n  essence this rnems.that a l l  such t ransfers  must occur t o  a 

s t a t e  which contains the sane o r  l e s s  electronic energy. 

(3 )  The termination of the  pathway of i.i 1.i.L i . ::!. electronic 

excitation occurs when the energy becoyek trapped a s t a t e  

e i ther  .wNch. i~ re la t ively 1dr-g-lived and/or from which it can 

be 'converted ! to  some other energy form. 

( 4 )  A t  this or sane closely subsequent point it i s  generally 

assumd tha t  the prinary oxidizing an3 reducing species are  



(5) The pr imry  oxidant and reductant then proceed t o  

drive what i s  commonly called the  electron transport  

s y s  t a n ;  whereby 

(6) The energy or iginal ly  present in the photon i s  converted 

with re la t ively  hi@ efficiency t o  thermodynamically s tab le  
. . 

chemical intermediates. I n  t h i s  process i n  higher plants 

and algae water is. s p l i t ,  oxygen is  l iberated,  TPN i s  

reduced and ADP is  phosphorylated t o  produce AiFP. The 

dark, enz@-catalyzed biosynthetic reactions then follow. 

It is necessary t o  point out tha t  even this generalized 

statement of the  process, which is  consistent with m c h  

of the  recent research on the energy conversion pathway, 

would by no means receive approval by a l l  t h e  reputable workers 
. . 

i n  the f ie ld .  I t  probably does ,, however, represent a majority 

view. 
. . 

For our  purposes ' it w i l l  be desi rable  ' t o  discuss. 

the  energy oonversion apparatus of photosynthesis under 

two mj or  headings. Under: the first ,of these I' s h a l l  r a i s e  .. 

quest&ns concerning the detaiLed &chanisrn whereby the  
I 

d,ynamib processes described above a r e  carr ied out: Under the  
I 

second 'I s h a l l  propose methods Of <nvesti@tion i n t o  the  

physical nature of t he  s t ructure  tbt is able  t o  perform 
i 

the energy conversion so rapidly and so well. , 

The Dynamic Processes of Energy Coriversion 

B c i t e d  electronic s ta tes .  Letting, pass f o r  the  present the process 

of photon absorption i t s e l f ,  ' le t  us f i r s t  consider t he  n a t i r e  

of the  excited s t a t e  produced and the  mnner i n  which energy nny 



be transferred from one excited s t a t e  t o  another. A ra ther  large 

variety of pipgents can occur i n  photosynthetic systems: the  several 

kinds of chlorophylls and carotenoids plus the phycobilins genera1:ly 

mke  up the  pr incipal  complement. With some jus t ice  the question 

may be raised ds t o  whet her.^ of these besides chlorophyll - a. 

i n  green plants and marine algae, bacteriochlorophyll in 

photosynthetic bacteria,  etc., are rea.lly essen t ia l  t o  normal 
. , 

Peasonably e f f i c i en t  photosynthesis. Although d i s t i n c t  funct ions, 

including tha t  of l ight-gather ik ,  can be demonstrated fo r  the so-called 

llaccessory pigments", it has not been demonstrated unequivoca1l.y 
I, ( 

' tlut they play a nece33ar-y r o l e  iii pl~utosyrltticsis (Haxo, 1 9 6 ~ ) .  

In  nearly al l  cases studied s o  far, it appears that. energy 

absorbed by accessory pigments (and i n  the short  wavelength absorption 

bands of chlorophyll' - a) is tmlsfer*z*eii t o  a low-lyim excited electrode 

s t a t e  of c h l o r o p h y l l a a s  a necessary prerequis i te  t o  i t s  use 

i n  the pl~otosynthetic pathway (Duysens, 1952). Recent s tudies  on . 

the  various proposed ro les  f o r  carotenoids, for example, as 

provided evidence t o  the contrary or  have ra ised serious question5 

abaut the  va l id i ty  of the  propositions (Yamnoto, Chichester and 

IJakayam, 1962 a, b; Sauer and Calvin, 1962b. . ;) . These points s t i l l  

await a f i n a l  answer, but f o r  our present purposes we can consider 

the par t ic ipat ing excited electrorkic s t a t e s  of chlorophyll a 
> 

or  bacteriochlorophyll alone, and can limit our discussion of 

.energy t ransfer  t o  t ha t  involvint; these s ta tes .  



The electronic transi. tioris responsible fo r  all.  the  

readily observt? v i s i b l e  a17d ilea- itflrared absorption bands of the 
* .. 

chlorophyils a r e  of' the n -n s inglet  c lass .  The correspondinp; 

t rarni t ion '  dipoles a l l  l i e  i n  the  plane of the porphyrin r i n g  of 

the chlorophyll molecule. Several discussions of the  par t i cu la r  

molecular o rb i ta l s  associaterl with the  various components have 

appeared i n  the l i t e ra ture .  (P l a t t ,  1956; Seely, 1957; Goutenn3-I, 1961). 

,The lowest l y i n ~  of these s t a t e s  i n  chlorophyll a has a natural  

fluorescerlce yields arid decay times ( ~ r o d ~ ,  1957; Brudy and 

Izonz-lived excited s ta tes .  ~ ~ l a n y  workers f e e l  t h a t  a longer- 

lived, e lect ronical ly 'exci ted s t a t e  i s  required f o r  t he  enerpj  t o  be 

localized for  a suff ic ient  time so t h a t  i ts  conversion i n t o  
C 

liigli-energy chendcal inteiw~ediates can be .effect&. ?tvo such 

s t a t e s  have been proposed: one is  the lowest t r i p l e t  s t a t e  of 

chlorophyll and the other is t h a t  r esu i t ing  from an n-* 

t ransi t ion - possible owinir, t o  the  par t ic ipat ion of a 
I 

carbonyi, poup.  i n  the r i ng  conjugation ,of chlorophyll a. Both 

these exbited .electronic s t a t e s  have been observed - i n  v i t ro . .  -9 

\ however, ;no d i r ec t  evidence has been b resented fo r  t h e w  
I 

pwticipdtj.on i n  the photosynthet\c knergy conversion process i n  v i m .  

I ! On the cohtrary, experiment$ of W i t t  and coworkers (1960) show that 
" 

photo-induced absorption changes a t t r ibu ted  t o  t r i p l e t  chlorophyll 

can be observed only when absorption changes associated with 

the functioning photosynthetic apparatus a r e  quenched. Further 



search f o r  the  part icipation of such long-lived s t a t e s  -- i n  vivo 

is called for.  I n  the case of the t r i p l e t  s t a t e ,  it would be 

reasonable t o  look f o r  associated e,lectron spin resonance signals.  

The photo-Muced es r  signals at g = 2.00, which a r e  eas i ly  produced and 

readily observed in newly a l l  functioning photosynthetic organisms, 

do not r e su l t  *om a t r i p l e t  s ta te .  1 . i p l e  resonances a t  

g = 2.00 give r i s e  t o  very broad absorption spectra, owing t o  t he  

zero-fiel<,splitting of the t r i p l e t  energy leve ls  and t o  the  random 

orientation of t he  chlorophyll molecules i n  the  bulk r a t e r i a l '  

(Ingram, 1958). Illuminatiori of' the sample with polarized l ight,  

so  as t o  exci te  preferent ia l ly  those molecules of a given 

orientation; w i l l  probably not give much improvement owing 

t o  the rapid, e f f i c i en t  energy t ransfe r  which occurs among 

chlorophyll molecules -- i n  vivo. It m y  be, however, t h a t  a search 

with high-sensitivity . apparatus a t  g = , 4 ,  where the  broadening 

effects  do not operate, w i l l  produce evidence, bearing on the  par t ic ipat ion 

of the t r i p l e t  s ta te .  Studies with pure c rys t a l s  of' chlorophyll a - 

would const i tu te  a valuable preliminary t o  the  search i n  biological  

An a l te rna t ive  method f o r  the  possible observation of.  long-lived 

excited s t a t e  par t ic ipat ion presents i t s e l f  i n  the  recently rediscovered 

magnetic opt ical  ro ta t ion  e f fec t ,  first noted by Faraday. 

E'xperimentatlon along these l i ne s  is  currently under way i n  our 

laboratories i n  Berkeley. Faradayls observation, s ta ted  i n  its 

s i i i l e s t  foi~1,  was tha t  transparent substances placed i n  a suitably 

oriented lxzgnetic f i e l d  may induce a ro ta t ion  of the plane of 



polarization of incident plane-polarized l i gh t ,  ever1 i f  the  na t e r l a l  

does n o t  contain asymnetric sit.es. It i s  known tha t  the  Fa rday  
a .  

ro ta t ion .exhibits dispersion character is t ics  i n  the  v ic in i ty  of 

absorption bands of atans o r  molecules (Waring and Custer, 1960; 

Hameka, 1962). Furtiermore the select ion ru l e s  governing these Fkraday 

,, rota t ion anomalies a r e  not the  sane a s  those governing normal e lect ronic  
' 

ti 'ansitions observed spectra l ly  i n  the  absence of a rmgnetic f i e l d .  
. . 

Thus, it is  possible t ha t  electronic t rans i t ions  which a r e  forbidden 

on the  basis of t h e i r  e l ec t r i c  dipole t r ans i t i on  probabi l i t ies  w i l l  

. nevertheless exhibit dispersion e f fec t s  i n  t h e i r  Faraday ro ta t ion  

spectra. I n  t h i s  -my it m y  be possible t o  locate  the  proposed 

long-lived excited states of chlorophyll in v a  and, by studying 

the effect  of sui table  exci t ing l i gh t ,  t o  determine whether they 

play a ro l e  i n  the  photosynthetic energy conversion process. 

~lec'tron-hole conduction 'mechanism. suggestion 

(1949) pranpted Sogo, Pon ard Calvin (1957)' t o  propose t ha t  the  

heart of' the energy conversion process 'consists  of the  production 

of electrons and holes i n  conduction bands of the type observed 

i n  molecu 'k  crysta ls .  These : electrons and holes, resu l t ing  from 

the trappjng of exci ta t ion energy ,at sui table  s i t e s  in the  chloroplast, 
I 

are' thou@$, t o  be the prirrary reductark. and oxidant species rzsponsible 
i * ,  

fo r  originating the  subsequent reaqtions of the  e lectron transport  
. . 

chain, f o r  the  oxidation of water, ,'and f o r  t h e  ultimate production 

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

of t h i s  proposal is tha t  the  rapid, independent migration of 

holes and electrons i n  a sui table  matrix provides a convenient 

explanation f o r  the  absence of a s ignif icant  back-reaction of the 

p r i ~ w j r  oxidized and reduced species once'thejr a r e  prwJuce3. The 



absence of appreciable back-reaction is  essent ial  fo r  photosynthesis 

of high efficiency . Although 'experiments on suitable model 

systems have 'demonstrated that  the photo-product ion of sucl? 

charge car r ie rs  i s  of common occurrence (Kearns, in press), 

only c.ircumstantia1 evidence is  thus far available t o  . support 

t he i r  participation i n  photosynthetic energy conversion. This evidence 

is chiefly the observation of photo-induced absorption changes, 

electron paramagnetic resonance absorption,ard d ie lec t r ic  and 

conductivity changes, a l l  of which can occur rapidly and sometimes 

reversibly even at the temperaturks of l iquid nitrogen, and, 

i n  one "study, of liquid' heli11.m. Although most of the  techniques used 

t o  date have not been capable of measuring time constants shoPter. 

than about 1 sec, the studies by Witt and coworkers (1960) of absorption 

charges produced by l igh t  f'rom a f lash  lamp have prpduced effects  w i t l i  

time constants of sec o r  shorter. The accurate measurement 

of the r i s e  and decay times, especially of the phenomena which 

appear t o  be temperature independent, is a challenge t o  

experimental ingenuity. Such informtion would be invaluable 

for. Lhe asslgment of these effects,  which apparently do not 

involve the migration of individual atark or molecules. 
. . 

. . Intepyation'of low-level s i ~ l s .  A paramount experimwntal proble~n 

which must be overcome ar i ses  from the fac t  tha t ,  fo r  the phenmena 

l i s t ed  above, the observed experimental signals r idc  on a noise 

leve l  which is  scarcely l e s s  than the quantity sought. S W l y  

improving the  time response of the instrument w i l l  not, i n  general, 

provide the necessary petention of discrimination. A solutian t o  t h l  a 

problem, and t o  mnan:? related measurements of time t ransients  where 



low signal-to-noise ra t ios  are  a problem, may come i n  the 

application of one of a number of recently-developed . 

integrating techniques. Particularly i n  situations where; the 

. transient phenolnenon is readily reversible and can be rdpeated 
I 

again and again, the coherent information in the photo-!nduced 

signal can be added by a suitable device fas te r  

than w i l l  be the random or incoherent noise.. A somewhat crude, but 

more familiar, analow is present i n  the measurement of radioactivity. 

For a l l  but the smallest number of counts, the precision with which 

the radioactivity:can be determined increases with the square r6ot 

of the t o t a l  number of counts i n  the m l e .  The accuracy improves 

as well, since long counting times an3 exterfied background deter- 

minations improve the sys temt ic  corrections which.:need t o  be 

applied. In principle,. any specified level of precision can be : 

obtained if the experimenter has t h e  patience t o  wait long enough. 

Improvement of signal-to-noise can be achieved f o r  many 

relatively time-independent phehmna simply by lengthening ' , , ' 

1 
the t h e  constant of the masuring,device aid waiting suff ic ient ly  

, 

for  the indicating 'meter t o  achieve a @pod approximation of the f ina l  

r e s t  point. Galvanometer and balance damping and electronic filtering' 

o r  narrow-banding are  familiar techniques of this k i d .  They can 

generally be extended i n  a sbple ' fashion t o  improve the sens i t iv i ty  . 

and precision of measurements such as absorption and fluorescence 

spectra, electron paramagnetic resonance spectra, or  quantum 

requirement measurements . 
The patient researcher. who i s  w i l l ' h g  t o  trade time fo r  

information stands t o  gain considerable improvement over many 

'conventional procedures current i n  laboratory practice. The 



. simple integration r n e t l ~ o d  of extending maswing  time constants 

is not a. [,c::.imcea, however. Tilere <we phenomena such as the  study 

of rapid trarrs.ients, i r reversible  processes, unstable systems, 

and potential sat;)-:ration effects (as in nuclew nup;lretic resonance) . 

where other methods arc demded.  

By way of i l lus t ra t ion ,  consider the  p.mblem of masurlr-q 

low level photo-lnduced absorptlcm spectral  changes i n  photosyr$hesis. 

A .mjw source' of noise i n  such measmremnts arises sinp~ly from 

the s t i l t is t icd.  erxLss1on of photons by the nieasuri.ng Il.(=~j,~t; scxzllrcP, 

This noise is wvol.dahle; it Is also ''wklfteV tloiba, i r l  the ecrse 

that  it contains all frequency components up t o  a very, high level. 
. . 

For f a i r ly  monochromatic' l igh t  from a 500 watt tungsten l i g h i  

suitably incident on a sample, t h e  inherent noise in the m e a s u r ~  

beam alone i n  the frequency range 0 t o  1 megacycle may correspond t o  

a signal-to-noise of 1000:l. Thus, an absorpti,nn change nmountlrg 
. -- -, 

t o  a few t.enths' 1 percent with Q minm:racoxl time c o ~ s L w t  wouid ' 

. . 
be barely obsennble under the bcot of cundltions; accurate ~ n e t i k  a 

. . . . 
~~leasurements would be out of the question. 1ncreas.d incident ligl!t 

. . 
:, 1. 

interisity, more eff ic ient  hpt.iss, electrcrr~lc .nar;i.row-banding 

techizfques, etc., can be used t o  give sane impmvement, but the 

best solution :to the problem l i e s  In another direction. 

Through the proper application of electmrdc or other 

time-mting techniques it is possible ' to pick out two representative 

points i n  the duration of the  transient phenomnon arld bo study at 

s- length the t e su l t ing  signal from these two points only. This 

i s  done by repeat& induction of the t ransient  and by proper phasing 

of , the  @te positions, as is i l l u s t r a t ed  for  a representative t r w i e n t  ' 

, 
signal i n  Fig. 1. In case A, the dtffercnce between the s l~~xi l  ... 



amplitudes a t  gate positions 1 and 2 is  nearly zero; whereas 
c 

i n  case B the corresponding amplitude difference is substant ia l iy  

larger. In the case of a real t ransient  signal r id ing  on a very high 

noise level, the difference i n  the  amplitudes a t  the  two gate  positioris 

can be "integrated" by repe t i t ion  f o r  a s  long a s  necessary t o  : 

achieve a specified signal-to-noise. The examples of such masufements 

shown i n  Fig. 2 were obtained through the use .of a ' ' b ~ x c m ~ ~  

integrator of the  type 'described by Blume (1961). The device 

operates essent ia l ly  on the principle of increasing the  charge j on a 
.. . 

capacitor i n  proportion t o  the .  mgnltude of the amplitude difference 

. between the  two gates and in proportion t o  the  nurnber of repet i t ions  

of the transient observed. It is possible t o  adjust  the  RC: 

time-constants of the  "boxcar" c i r c u i t  so tha t  it corresponds t o  

different numbers of t ransient  repeti t ions.  I n  Fig. 2 are shown 

4 6 three s i tuat ions  corresponding t o  lo2,, 10 .a$ 10 t ransients ,  

respectively, i n  the duration of  the'^^ time c o k t a n t  of the  c i rcu i t .  ..:. 

In each case the  ' f i r s t - h a l f  of t he  t race  would r e s u l t  f'rom tile 

gate arrangerent sketched i n  Fig. 1A, and the  second part as 
. . 

i n  Fig. Uj. The integrated t races  are recorded on an XY-pen recorder' 

with a writing speed of 3 inches/minute. By moving the  posi t ion 

of Gate 2 through the  complete t ransient ,  as indicated i n  Fig. l C ,  

the en t i re  p rof i le  m y  be precisely recorded over a time which m y  

be a million o r  more times longer than the  duration of a single ' . , 

t ransient pulse. A c o ~ ~ e s ~ o n d i n i ~  impmvemnt of one thousand 
. . 

fold or  more id signal-to-noise m y  be expected. An i l l u s t r a t i o n  



of a ten-fold overal l  improveinent i n  sipxil-to-noise resu l t ing  f'rorn 
. . 

the  use of the  scanrtily: "boxcar" technique i s  sho:m, from top t o  

bottoi,~, i n  the  three Curves a t  the  r i gh t  i n  ~ i$.  3. The curves at  

' .  t l ~ e  l e f t  l:~&re obtained by reducing, from top t o  bottom, the ;high 

frequency cutoff of an AC coupled amplifier. The resul t ing hrprovement 

i n  sipal-to-noise i n  this case i s  accompanied by serious d i s to r t i on  

of' the shape of t he  t ransient  due t o  t he  l o s s  of the  kd@- 

frequency co~nponents necessary f o r  i ts  accurate representation. 

i~lo such d i s to r t ion  need occur i f  .intefyatinp; tecluilques a re  

~)r~opc.rly appliecl. An elegint  examuJ,e of t h e  s q 1  i ng rnekhd. has 

been rcported f o r  the  measurement of fluorescence rise and decay 
-9 

curves r d t k i  t h e  constants of the  order of 10 sec (Bennett , 1960). 

'!!'he integration process can be ca- r ied  out more e f f i c i en t ly  i f  

rnorc than t:uo gates are applied t o  kach transient.  liulti-channel 

pulr,e-hei~;ht analyzers are comrcinl1.y a.val l a h l e  w,hj.~h rei$3i&y 

i?anKl.e 2'116, 400, 512 ancl up t o  8000 and morc channels. 

A representation of this gatiW' pat tern  is  shorn In Fig. ID. 

r-11 1 i 1 ~  5 improverne'nt i n  disckimination of' low leve l  s i ~ l s  using 

tecimirues of this kLnd can be astounding. M a y  measurements 

associated cvith photosynthesis are susceptible t o  substant ia l  
\ 

i i ~ ~ r o v m e n t s .  t i-~uugh proper couglirg. with rnodern electronic 

devices. N o  l e s s  nw~lerous a re  applipations t o  other areas of 

c e l l  ijiolo;.y; e.s., i n  the  study of '  nerve impulses, membrane 

potent ia l  t ransients ,  visual  gigrnent responses, mechanical 

cnanges i n  ceLl colSorrntiorls and the  k ine t i c s  of reactions 

illvolvin~; very sri)all amounts of substra tes  o r  very few enzyme 

molccules as cata lysts .  

51ec t ron spin resonance. E:lectr.on spin  r e s o m c e  signals, 

due presuixi'oly t o  molecules containifi;: :i;in:;:Le unpaired electrons,  



I3ave been observed in most photosynthetic organisms. As bhown in  ' 

.., . 
,..I.;.;. 4 ,  the si~gmls a re  of t r o  types. One has a 'narrow ( ,d l0  gauss) 

ba.nc.1-~:!icltn, g = 2.002, is  strongly light deperdent and'rhormdlly 

absent in ti12 dark, and exhibits  re la t ive ly  f a s t ,  largeL.  temperature - 
inliepen~e~.ic, Idnetics (< 1 sec, l imited'by the  instrume t).' This ' p .  
signal has been showr~ t o  be associated with the  p i p p e n t 3  s t ructures  

. . 

of chloroplasts and bacteria (i. e., the quantasomes a d '  chromktophores, 

respectively) and ;-;cems t o  be due t o  a species with a revers ible  

oxidation potent ia l  of +0.45 vo l t s  (chlorophyll posit ive ion?). 

The second signal i s  broader (-20 gauss) with g = 2.005, is  somewhat 

li@t depedent but ranaim strong in: . the  dark, and exhibi ts  

siow (mrinutes), temperature-dependent ri'se and decay times. 

Tnis signal appears t o  be associated with: some component which i s  

e i ther  soluble i n  t h e . s t r o m  of the  chloroplast o r  i s  at l e a s t  

readily extractable from the chloroplast in aqueous media (Androes, 

Singleton and Calvin, 1962). ~ i n e  ,s t ructure  has occasionally been 

observed f o r  this e s r  signal. The t rue  assignment o f  t he  

molecular species responsible f o r  e i t he r .  of these signals has not 

y e t  been achieved, nor has it been conclusively demonstrated that 

the associatied species a r e  involved in t h e .  d i r e c t  pathw' of 

photosynthetic e n e r a  conversion, although the  evidence t o  

support such a view i s  mounting. Further i n f o m t i o n  about these 

resonances m y  be expected from measurements of the  rapid t h e  

constants - perhaps through the  use of .integrating; techniques 'as 

described above, from'the precise determination of quantum y ie lds  anl 

action spectra, by carrying the  measurements down t o  1°K,  and by 

double resonancb LWR techniques t o  show with which nuclei  t h e  electrons 

in te rac t  most strongly. 



i!,lect;ron tllari:;port rcac tions . :In qencral, the ident i f  i.cat ion 

of the carr.ierls of k h e  electron tmmport; chain i s  fczr frorn compl.ete, 

A number ol' possible carrier:; - such a:; cyt;octri>mcs bG and f '  i n  

green plants ar-d LW and cytochrome c2 i n  bacteria, plastoquinones 

(three types), vitamin K, coerlzyme 8 7 and ferrecloxin (PPNR) - nave 

been identified and par t ia l ly  characterized. The nature of the 

participation of these substances i n  electron. transport and, in 

~ t i c u . ~ ,  the coupling t o  substnnccs ascent i n  the elm.t;r80ri 

transport chain and t o  phosphorylation, a re  a l l  l i t t l e  understood. 

O f  particular interest  would be the charact&izatdon of the prfmary 

chemic-a donors arrl acceptors associated with the s i t e  at which 

quantum conversion occurs. Other problems , re la t ing  t o  two-wavelength 

enhancement and t o  two non-overlapping pigment systems, t o  the mechanid 

of oxygen formation, etc., a r e  s t i l l  mystifying. I n  most cases 
. .  . 

.classical experimental techniques have much t o  offer  t o  the k ine t ic i s t  

interested i n  unravelling the complex reactlorn associated with 

electron transport. 

Quantum efficiency. 'of photosynthesis. A rraj or  outstanding issue ' 

which is  s t i l l  unresolved tcd&,aft&r more thah thrbe decades of 

i n v b s t i s t i o n  i s  the minimum quantum requirement of carbon. f ixat ion 

i n  normal photosynthesis. Despite the large number of measurements which 

suggest that about eight quanta a re  required per C02 fixed, there 

I , remains an important and perhaps now even a growing school which 

fee ls  that the quantum requirement may be a s  low as  three quanta per 

COT For a number of mechanisms wllich @ve been proposed t o  account 

f o r  energy corlversion i n  green plant photosynthesis it mkes a big 

difference whether . the - quzntu.n requirement i s  a t  leas t  eight or 

whethei. it is significantly l e s s  than this value. One would think 



. .  ' .. . 
, . . , t h a t  , the dis t inct ion beheen a quantum requirement of threh i1-d a ' .  

. . .  I . . ;; . reqbireinent . of eight or more would be readily s e t t l ed  exp$imentally,,' 
! 

in .  ..... sp i t e  of the  admitted cmplicat ions  of' the overal l  prodess. S t i l l ,  . 

I ' an. umm?xLguous answer eludes us today. It m y  be t ha t  we & m o t  
I 

formulate a meaningful answer t o  t h i s  question u n t i l  we know more about 
I 

the detailed,  mechanism, includi l~g the  mrly f eed-back channels, 

which .is operative i n  the overal l  photosynthetic process. With this 
,.a ' 

, view, the most 'profi table approach a t  t he  present stage i n  our knowledge 

m y  be t o  attempt r e l i ab l e  measurements on the  various p a r t i a l  

reactions of photosynthesis, including those which a r e  exhibited 

a s  physical changes or  t ransients ,  the  I f i l l  reaction, photophosphorylation. 
. ( . .  . . . 

and TPM-I formation. Fxperiments a l o z  these l ines  a r e  under way, but 

much more needs t o  be done. .- .. . ' 

Quantasome =....--.. an3 . Chranatophose Structure 

The secol-d'major aspect, of the  problem of photosyntl?etic energy 
- .  

conversion on which I would l i k e  to'make some cornlent is t;he question 
C .- 

of the 'physical  nature or  s t ructure  of the  apparatus involved. The 

s u a e s t i o n  of Eherson and Arnold (1932), based on t h e i r  s tudies  using' 

flashing l igh t ,  that there  ex i s t  photosynthetic un i t s  within the 
. . within 

chloroplast has received elegant. c o n f i m t i o n  / . the  past  few years. 

Studies us ins  electron microscopy (Park and Pon, 1961; iIealy and Park ,  pr ivate  
c.anmunieation 

coupled with the demonstration of ce r ta in  ;.spects of photos,ynthetic 

ac t i v i t y  i n  chloroplast subunits produced by sonic rupture, strongly 

support this concept of a viable photosynthetic unit .  Nhether t h i s  

uni t  contains 100 or  400 chlorophyll molecules wiL1 utxloubtedly 

be answered by research presently under way. iJe cannot underemphasize 

the importance of the finding tha t  e f f ic ien t  quantum conversion 
. '. 

re la ted * t o  the photosynthetic pathway can b e  accomplished by pa r t i c l e s  - 



4. 

5 

called quantasamfs - which are  100-200 1 i n  diameter, l e s s  than one hulxiredt 

the diameter of the R t a c t  .chloroplast. A similar si tuat ion obtains . 

for  photosynthekc b&teria,, where the chromtophore or  i ts subunit 

consti tute an &logGs of act ivi ty .  The problem of determining 

tile s t ructural  charac$eristics of t h e  s i t e  of quantum conversion, 

d i f f i cu l t  a s  it is, gs imneasureably simplified fo r  the photosynthetic 

uni ts  i n  comp$ison with w h a t  it would be i f ,  the en t i re  chloroplast or 

bacterium were involved. 
*r + 

Cfiemical omposi;tion. Frelimi~lary anakytical data have been 

obtained for  spinach q,uantasome~ (Park and ~ , > n ,  1.$3) . The prirloipal 
1: 

u: 

cor~onents  a re  protein (50%.,of the dry weight) and colorless 
n . . I! 

l ipids,  .probably phospholipids, ( 30%). Chlorophyll mkes up nearly 10% 

of the t o t a l  dry weight. The remainder consists of a variety, perhaps 
\ 

- - 
x -* 

a large variety, of components, including carotenes and 

, xanthophylls (4$), a t .  lea& three plast.nq~.!! nones ( to ts1  1$), 

cytochrome be and vi t .min K. A number of additiolla.1 or-!en . w i l l  

urdoubtedly be fouxl.. Measurements on the mirnr)merfc. quantasome 

suggest a molecular weight bf 1.6 x lo6, based on experimentally ' .  

determin& density oP 1.18,' which is intermediate hetween those 
I 

, 0 

of. . l ipid of 'lhb'numbbr of c t l l o r ~ ~ ~ ~ l ~ s  per uni t  can 
.t 

be estimated i n  va-ichs ways: the l'iZr!ge runs from 115 t o  180. One 
I 

i W n e s e ,  f ive  iron 2nd fike COni:t:.i- ~t,r.r::: :<re p:?esent i n  some 

form i n  each quantasdme n~ribr;ier. krl exterision 01' such measurements 
< 

is  an essent ial  prereipis i te  t o  the corlceDtual reconstruction of 

the ,qmntasome. r 

. . klith par t ic les  of the intermediate coq&xi.t;y of quantasornes 

~KI chromtophores, analytical techniques based on physicai properties 

of the components can be brought t o  bear. 30th infrared and 11uclear 
.I 



mtipetic resonance spectra of the  materials wou.ld be expected 

t o  give complex but possibly very useful  information. Coupled 

with extractiori and separations techniques it may be possible 

t o  learn .the nature of the components present (e.g., the  color less  
. . 

phospholipids) and perhaps abaut t h e i r  intermolecular association. . 

. . 
The low inherent sens i t iv i ty  f o r  biological materials  of 

nuc lca r  (especially proton) mgnet ic  resonance techniques . : 

can h e  geatly 'enhanced by coupling the  spectrometer with a multi- 

channel analyzer, a s  described in .o ther  terms above. ?'his application 

has recently been explored by Klein and Darton (Lawrence Radiation 

Laboratory, Livermore) and by  a group at Varian ~ s s o c i a t e s  (Palo Alto, 

California). 

Internal  s t ructure  and aggregation. Beyond the straightfomrard 

q ~ n n t i t a t i v e  determination of the quantasome or  chrmtophore  corporient's 

it is essen t ia l  t o  learn the  m e r  i n  which they a re  assembled. 

After .ascertaini.ng, the  mcromolecular properties of m n m e r .  

quantasomes, one . w i l l  want t o  le&n whether co- subunits ex i s t ,  

a s  is the case f o r  t h e  &ementary par t ic les  of ritochondria. 

The new developments i n  high-resolution e lectron microscopy by 

Dr. 'Fernandez- ora an w i l l  const i tu te  & invaluable tbo l  with which t o  

study t h i s  problem. The possibility of u t i l i z i n g  the  natural  contrast  

of unstained m t e r i a l  dl1 open wide areas of application presently 

only dreamed of.'Tkle quantasomes would seem t o  o f f e r  par t icular  
, . . . 

advantages fo r  t he  studies using natural contrast  e lect ron microscopy, 

since each par t ic le  contains naturally .atoms of iron,  mrqanese 
I . . . . 

and copper, a s  well as the  considerable amount of m,gnesium-containing 

chlorophyll. . . 

% ~ s u w b l y  the  pr incipal  s t ruc tu ra l  m t e r i a l s  bf the  quanta- aornes t r e  



the protein and tile phospholipids. On the basis of recent dlectmn 
L 

4 

microscopic studies, carried 0n.by.R.R. Park a t  Ekrkeley, on lipid- 

extracted vs unextracted quantasome .agpe@tes there .is good reason 

t o  believe that the .lipid and protein do - not  for^ a re la t ive ly  homogeneous 

lipoprotein network. One model wculd. suggest a two-phase separation 

between a hydrophilic p m t e h  region and a lipophilic phospholipid 
, 

region. The s i t e  of energy conversion may be closely associated .kith the 

boundary between these two regions. Studies o f . e l ec t r i c  dichroism . 

of quantasotne aggregates Suggest that an essent ial  element of the , . 

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

a srpll'fYaction of the chlorpphyll,:. a as specially orient$ . :  ' . , - 
(Sauer ,dnd'.~alvin, 1962%) as listk previously, 

molecules . / b w  temperatube transient studies of various kinds . .B* suggest. . , 

fbrther that oriented o r  f i x e d  donor and' acceptor molecules may be 

incorporated i n  this s i t e .  Further studies of the  nature 'of the 

s i t e  and of the associated moLecules are d e r  wa,y; these a re  

based largely on , polarization (dichroism) rlleasurements on oriented 

naterials.  In addition, one m y  hive tha t  t i r  gigantic s t r ides  nade 

in recent years in the decoding of complex molecular structure f'rorn 

X-ray diffract  ion 'pattf?rns d h l .  coon caTy I'u~warB t o  . cover 'a 

still '  .greater level  of comple;dty represent,& by the v&ious sub-- 
, 

' 

ce l lu lar  par t ic les  of mitochondria an3 chloroplasts. Thus far, only 

. a few interplanar spacings have be& .obtained, through diffract ion 
, . . .  

techniques applied t o  chloroplast gr& (Kreutz and Menke, 1960) ; the 

precise and complete determination of the in te rna l  molecular strl)ct\i.r;? 

of quantasomes ard c h r ~ m t o ~ h o r e s  presents a challenge of 

unparalleled complexity and oigWlcmce to the i n v e s t i ~ t o r s  

of macromolecular confomtions.  
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Profi le  of d i e l ec t r i c  properties. The d i e l ec t r i c  and other 

electromappetic properties' of quantasomes, and .especially t he  
. . .  

i l m e r  i n  which these properties vary within the  quantasome, 

my be of pr'irrary significance t b  .the enerey conversion process. 

A number of the  reactants and p r d u c t s  of intermediary e lectron 

transport a r e  ionic or other water soluble species. l h e s e  can be 

separated o r  confined by bounding l i p i d  regions, which i n  tu rn  

w i l l  harbor other potent ia l  cofactors  i n  the  process.. This 

separation i n  space m y  be e s s e n t h l  t o  an order ly ,and  e f f i c i en t  

energy conversion process. The. transport  of metabolites such a s  
\ 

. . 

ATP and TPNH, and even 02.from the ac t ive  s i t e s  and ADP, phosphate, 

TPNt and water t o  t h e  s i t e s  i s  closely re la ted  t o  the  m e r  

i n  which the  q u a n t a s m s  are put together i n  the  lamellae and 

pans of ' the  chloroplast. 

Measurement of the  in te rna l  d i s t r i bu t ion ,o f  the  various 
. . 

e l ec t r i ca l  properties of smll pa r t i c l e s  is  not an easy task. . , 

.It may be, however, t ha t  through the  use of s e k i t i v e  se lec t ive  
, 

extraction methods it w i l l  be possible t o  piece the pic ture  together 
I 

from a se r i e s  of bulk measurements. HoeJer., U~~tMnk..tUs..:.ig.~- 
a .  

~ k i y  .* .! we!: my well consider how experiments might be designed 
\ 

t o  mp out..ihe in te rna l  d i e l ec t r i c  and polarization proper t ies  of 
I 

q-tasomes !and chrornatophores. khether we have a protein 

nucleus ::covered with a l i p i d  coating, whether it i s  a two- or 

. three- o r  a multilayered sandwich, o r  whether some more complex 

basic pat tern  i s  involved is  essen t ia l  t o  our understanding 

of photosynthetic transport properties. 

Sumrrary and Review. " ' . 

All in all, t'ne outstandin$, problem associated with the  , 



quantum conversion process i n  photosynthesis consti tute an 

imposing .challenge t o  present-day ingenuity an3 experimental 

techniques. The questions I have raised a re  going t o  be answered - 
some of the answers are  being forrrulated even now, Tnere 1.s no 

reason why studies along any of the l ines  I have suggested 

cannot profitably be s tar ted tomorrow. S t i l l ,  these .me intended 

t o  be merely suggestive directions t o  catalyze response among 

those who would contribute t o  the solution of one of nature's 

cleverest puzzles. 

# * C ' * I * . : * * * * $ * ' * 1 * *  

' The author wishes t o  acknowledge the contribution of 

M r .  I. Kuntz, who provided the tracings used' t o  i l l u s t r a t e  the llboxcarll 

integrating method. 
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Fig. 1. Gating pa t t e rns  f o r  various modes of inte.grating s i g n a l s  

IYorn a try?,othetical t r ans ien t  repeatedly  presented. Gate 1 

re91,escnts a reference posi t ion;  ;y:at~!~ 2, 3, 4 ,  etc.  represent  
. . 

saiple posi t ions.  !?or Surther detail; . ; ,  see' t ex t .  
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Fig.   2.   Integration of noisy dc 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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Fig.  3.  InteF:r'ation of transierit photo-induced  absori  tioi:  chan/b-70.
*-M.

Traces at left were obtained us.inK several different ]iL:b-frequency

limits for an ac amplifier. Traces at right were  obtained  usin S  the

"boxcar"   inte:grator. Measurements provided   by   I.    Muntz.
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Fig. 4. Separat2on of overlapping e lectron spin  rc?sonanccs 
I '  

in spinach chloroplasts. s ignals  f r m  (a) color less  so1ubl.c 

strolm m t e r i a l s  leached from 'chloroplnst s, ( b  ) \!hole 

splrlach chloroplasts, ( c  ) washed chloroplast f r a m e i t s  

(~~uantasomes ):. Arldroes and Calvin ( i n -  press) . 



  his r e p o r t  was  p r e p a r e d  a s  a n  a c c o u n t  o f  G o v e r n m e n t  
s p o n s o r e d  w o r k .  . Msi t h c r  t h e  Uni t.ed S t a t e s ,  n o r  t h e  Com- 
m i s s i o n ;  n o r  a n y  p e r s o n  a c t i n g  on b e h a l  f  o f  t h e  C o m m i s s i o n :  

A .  Makes a n y  w a r r a n t ' y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  o r ,  
i m p l i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  c o m p l e t e n e s s ,  
o r  u s e f u l n e s s  o f  t h e .  i n f o r m a t i o n  c o n t a i n . e d  . i n  t h i s  
r e p o r t ,  o r  t h a t  t h e  u s e  o f  a n y  i n f o r m a t i o n ,  a p p a -  
r a t u s ,  m e t h o d ,  o r  p r o c e s s ' d i s c l o s e d  i n  t h i s  r e p o r t  
may n o t  i n f r i n g e  p r i v a t e l y  owned r i g h t s ;  o r  

B. Assumes  a n y  l i , a b i l  i t i e s  w i t h  r e s p e c t  t o  t h e  u s e  o f ,  . 
o r  f o r  d a m a g e s  r e s u l t i n g  f r o m  t h e  u s e  o f  a n y  i n f o r -  
m a t i o n ,  a p p a r a t u s ,  m e t h o d ,  nr p r o c e s s  d i s c l o s e d  i n  
t h i s  r e p o r t .  . . 

A s  u s e d  i n  t h e  a b o v e ,  " p e r s o n  a c t i . n g  o n  b e h a l f  o f  t h e  
 commission'^ . i n c l u d e s  a n y  e m p l o y e e  o r  c o n t r a c t o r  'o f  t h e  Com- 
m i s s i o n ,  o r  e m p l o y e e  o f  su 'ch  c o n t r a c t o r ,  t o  t h e  e x t e n t  t h a t  
s u c h  e m p l o y e e  o r  c o n t r a c t o r  o f . t h e  C o m m i s s i o n ,  o r  e m p l o y e e  . . 

o f  s u c h  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n , a t e s ,  o r  p r o v i d e s  a c c e s s  
t o ,  a n y  i n f o r m a t i o n ' p u r s u a n t  t o  h i s  e m p l o y m e n t  o r  c o n t r a c t  
w i t h  t h e '  C o m m i s s i o n ,  o r  h i s  e m p l o y m e n t  w i t h  s u c h  c o n t r a c t o r .  




