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1. Introduction 

The conversion of light energy to chemical potential in photosyn-

thesis is a form of energy transduction. It begins with the absorption 

of incident photons by chlorophyll or by various accessory pigments and 

reaches its goal with the bio~ynthesis of the carbohydrates, proteins, 

lipids, etc. that make up the complex biological organism. This chapter 

will treat the very earliest stages in this highly complex process--just 

through the point at which the first chemical intermediates _appear. It 

will necessarily treat both the dynamics of the process and the chemical 

nature and arrangement of the molecules involved . 

. The first stage of photosynthetic energy conversion is commonly known 

as the ''physical" part. This is by contrast with the later stages, where 

the i~uences of "chemistry" are dominant. The most penetrating experi

mental methods of investigating the primary processes of photosynthesis 

involve techniques of the physicist or physical chemist. These approaches 

often appear remote and mysterious to the student of biology, who may feel 

uncomfortable upon encountering the formalism and theoretical tmderpinnings 

that the physicist assumes as basic tools. As a result there often arises 

a language barrier or commtmication gap between the two groups. It will 

.be a major objective of the present chapter to interpret the physical 

phenomena and concepts in a way that will provide insight for the biologist 

without being teclmical beyond comprehension. 

The physici~t approaches his task by making measurements, formulating 

models based on the observations, and then developing mathematical expres-

sions to interpret the models in terms of ftmdamental physical laws. Here 

we will describe the same measurements and models, but we will use pri-

marily diagrams and word pictures for their interpretation. The apparent 
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complexity of the mathematical equations of the physicist should not 

deceive the uninitiated into overestimating their sophistication, for 

it is generally the quality of the model that determines how closely 

the physicist is able to approximate the truth. 

The primary events of photosynthesis will be divided into four 

sequential steps and will be examined more or less .in this order: 

(1) The absorption of light and the formation of electronic 

excited states of the pigment molecules; 

(2) tl1e transfer of electronic excitation among the mole

cules in the pigment array (see also Chapter 4); 

(3) trapping of the excitation at a particular location 

known as the reaction center; 

(4) the initiation of chemistry via the transfer of elec-

trons from donors to acceptors. 

In addition to examining the dynamics of these steps, we will also treat 

the energetics of the processes and the nature of the molecUlar complexes 

in which they take place. 

In. order to develop a general picture in which the fundamental 

processes are not clouded by a host of often controversial details, it 

will be necessary to be selective from the vast literature on the subject. 

For this reason emphasis will be given to current views and a statement of 

outstanding problems. For comprehensive literature surveys and the his

torical background the reader will be referred to the many monographs and 

review articles on the subject. .~ng the most valuable of the general 

references Which deal extensively with_the primary processes are the mono-

graphs by Clayton (1965; 1970; 1971) and by Rabinowitch and Govindjee 
' 

! I 
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(1969) •. Clayton (1972) has also "Titten an excellent summary of the 
,. 

current status and outstanding problems in the realm of physical processes 

of photosynthesis. For a comprehensive treatment of work prior to 1956, 

the volumes of P~binowitch (1945, 1951, 1956) are invaluable. 

2~ Chlorophyll SpectroscopY 

2 •. 1 Chlorophylls--The Essential Pigments of Photosynthesis 

The central light-absorbing pigments of photosynthesis are the chloro

phylls: chlorophyll a (Chl a) in plants and algae, bacteriochlorophylls a 

(BChl a) or b in photosynthetic bacteria. The. molecular structures of Chl a 

and BChl a are shown in Fig. 1. No organism is known to carry out photo-

synthesis without one or another of these essential pigments. In addition, 

there may be one or more.accessory pigments that absorb light and make the 

resulting excitation available to the photosynthetic light reactions. Such 

accessory pigments include chlorophylls b, c and d, chlorobiurn chlorophyll, 

carotenes, xanthophylls and phycobilins. Despite the wide occurrence of 

these accessory pigments and the doubtless beneficial effect of their 

presence in the organism for optimal performance in the natural environment, 

each of them is expendable as far as the essential photosynthetic energy 

conversion is concerned. 

2 .. 2 The Absorption of Light 

Photosynthetic energy conversion is initiated by the absorption of 

light, either by a chlorophyll or by one of the accessory pigments. In 

order to understand the nature of this process we will need to examine 

same important aspects of photon absorption by molecules. A very readable 

and comprehensive account of the subject is given in the small monograph 

by Clayton, Light and Living Matter, Vol. 1: The Physical Part (1970). 
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Phytyl 
or 

Farnesyl 

BACTERIOCHLOROPHYLL A 

XBL729-4759 

Fig. 1, MOlecular structures of chlorophyll a and bacteriochlorophyll a. 

The porphyrin n-electrons are indicated by the shading. Absolute 

configurations are shown for the asymmetrically substituted porphyrin 
I 

carbon atoms and for phytol. The esterifying group (phytol or trans t • 

trans-farnesol) of BChl a varies with the bacterial source. 1 Chl b 

differs from 011 a in th~ replacement of -a-£3 on ring I I by -~. 

The convention for x and y directions within the plane ·Of the por

phyrin r~ng is indicated by the arrows . 
.... ,~J!p#-

' 
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The following is a simplified survey of absorption, circular dichroism 

and emission spectroscopy, emphasizing those elements of particular importance 

in photosynthesis. The properties of the chlorophylls will be used to illus-

trate the general principles. In this regard we will consider spectroscopic 

properties that yield information about molecular interactions and associa

tions and that can give important clues concerning the local environment. 

We will be especially interested in those spectroscopic states Lhat parti-
1 ' 

cipate in the light reactions of photosynthesis. 

The absorption or capture of an incident photon by a molecule leads 

to a rearrangement of the distribution of electrons within its nuclear 

framework. The new state of the molecule is known as an excited electronic 

state and its energy is greater than that of the initial or ground state. 

The extra energy comes from the absorbed photon and is governed by the 
he 1

· Planck relationship /!,.£ = £ 1 - Eo = hv = ~' 'Yhere v is the frequency of 

the absorbed radiation, :\. is its wavelength, h is Planck's constant of 

proportionality~ c is the velocity of light, and e:1 and e: 0 are the energies 

of themolecule in the excited (final) and ground (initial) states, 

respectively~ The absorption process is alternatively described by an 

equation 

Chl + hv -+ Chl* [2-1] 

There is actually a set of such excited electronic states, each with its 

own characteristic energy and electron distribution. Incident radiation 

is absorbed only if it has the correct energy to achieve one of these 

"allowed" states from the ground state of the molecule; photons with inter

mediate energies are transmitted by the compound and leave it unaffected. 

The absorption process is illustrated by an energy-level diagram (Fig. 2A). 
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Fig. 2. Absorption and fluorescence of chlorophylls. The illustration 

is scaled for BChl a, but applies qualitatively to Chl a and Chl b 

as well. (A) Energy level diagram, showing spectral transitions 

(vertical arrows). The energy levels are broadened (shading) by 

vibrational sublevels that are not usually resolved in solution 

spectra. (B) Absorption spectrum corresponding to energy levels 

of part A. This spectrum is turned 90° from the usual orientation 

in order to show the relationship to the energy levels. Conventions 

for designating the spectral transitions (Qy, Qx, Bx, BY, where x 

and y refer to the axes shmvn in Fig. 1) are shown. (C) Diagram 

showing radiationless rel~~ation (dashed arrows) and fluorescence 

(shaded arrow). (D) Fluorescence emission spectrum corresponding to 

part C. ~ote the red shift (shorter arrmv) of the fluorescence com

pared with the corresponding Qy absorption illustrated in parts A 

and B. This Stokes shift owes to vibrational relaxation prior to 

fluorescence emission. 

,_. 
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An absorption spectrum, which can be determined experimentally, is a graph 

of the probability or intensity of radiation absorption versus energy 

(usually plotted versus wavelength, A, of the radiation). For molecules 

like chlorophyll, the energy levels are rather broad because of the pos

sibility of exciting molecular vibrations as well as the electrons them-

selves. This is seen in the absorption spectrum of BChl a shown in Fig. 2B. 

(In Fig. 2B the absorption spectrum is turned by 90 degrees from its con-

ventional orientation in order to relate it to the energy level diagram.) 
I , 

The electronic absorption spectra of the chlorophylls consist of a 

set of reasonably well defined bands extending through the ultraviolet 

and visible regions of the spectrum, terminating with a long wavelength 

(lowest energy) band that lies between 600 and 1000 nm in the red or near 

infrared. An important property of an absorption band is its strength or 

intensity. It can be characterized by an oscillator strength (on a scale 

that goes from 0 to 1 for simple, non-degenerate transitions), by an absorp

tion cross-section (i.e., the target size for an incoming photon), by a 

transition dipole moment, or by various other related measures. The inter-

relationships among these quantities are described in books on electronic 

absorption spectroscopy (Hanna, 1969; Sandorfy, 1964; Orchin and Jaff~, 

1971). The electronic absorption bands of the chlorophylls are compara

tively intense, indicating that the corresponding transitions from the 

ground to the excited states are strongly allowed in the presence of a 

fl f h A 1 b f 1 . . . 1 10-s 1-l f ux o p otons, an cu e o a so ut10n contam1ng on y m- o 

a chlorophyll is intensely colored. This intense absorption is, of 

course, of great value in providing for the efficient capture of photons 

for photosynthesis. The oscillator strengths are typically in the range 
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0.1 to 1.0, corresponding to absorption cross sections of 10 to 100 A.2. 
I I 

Another way to appreciate the strength of the absorption is to compare 

these absorptjon cross sections with the cross sectional area of the por-' 

phyrin ring, roughly 150 ~2 ; We can understand from this comparison that 

most of the photons of the appropriate energy that are aimed at the mole-

cule are absorbed. 

A second important property of the absorption band is its charac

teristic energy, t:,r; (alterndtively, the wavelength, A; or frequency, v), 

of the absorption ma.xinruin. These quantities are related by the Planck 

formula.. In the case of chlorophyll a, the· lowest energy or longest 

wavelength transition occurs at about 660 nm in solution. The corres-

ponding energy is 1.9 electron volts per molecule or 43 kcal per mole. 

Energies of this magnitude are equivalent to those required to dissociate 

weak covalent chemical bonds, such as that in the I 2 molecule. No bond 

dissociation occurs at these wavelengths for the chlorophylls, however. 

The excitation process results only in a change in the electron distribu-

tion within the nuclear framework. (The nuclear positions are only slightly 

different in the excited states from those of the ground state.) Typically, 

the redistribution of electron density is confined mostly to one or a few 

of the most labile electrons.. In chlorophy1ls these are 'IT-electrons from 

the conjugated porphyrin ring system (Fig. 1, shading). As we shall see 

later, these electrons are much more weakly bound in the excited molecule, 

and in the presence of a molecule, A~ with a strong affinity for electrons 

(a strong electron acceptor), an electron from the excited molecule may 

be transferred entirely, resulting in an ion-pair 

C + A ~ C* + A--+ C+ + A [2 -2] .. 

This does not usually occur in simple solutions, however. 
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The qualitative picture of electronic absorption described above 

is greatly simplified. The process can be treated (approximated, at 

best) using the formalism of quanttml mechanics. In the quanttml mechani

cal picture, the properties of the electron distribution in the ground 

state are described by a wavefunction, 1jJ • The excited state is described 
. ' 0 

by a different waveftmction, ljly Each wavefunction, which varies in ampli-

tude with the position (x,y,z) within the molecule, has the property that 

its square, ljl
2, gives the electron density or probability of finding the 

electron at each point in the molecule for the respective state. 

The absorption transition itself is represented by an operation that 

describes hbl'l" the molecule couples to the oscillating electromagnetic 
! 

field associated with the incident light. The relevant quantity is the 

transition dipole moment, ~Ol' 

J.to1 ·= Iff ljio .JC. 1/11 dxdydz [2-3] 

where J.t is the dipolemonient operator and the integradon is carried out 

over the entire space where the wavefunctions are significantly greater 
. 2 

than zero •. ~01 is the tran$ition dipole strength, ~hd~h is a direct 

measure of the intensity of the transition and can be related to the area 

Wlder an abSOrption band. This is one of the many ways in which the pre

dictions of quanttml mechanical theory can be tested using experimentally 

obserVed properties. Even from this cursory view of a process which is 

much more complex when examined in detail, one can appreciate two important 

aspects of the absorption process: 

(1) The strength of the absorption depends in a very direct and 

sensitive way upon the wavefunctions of both the initial and final statefs, 

hence on the distribution of their constitutive electrons. 
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(2) The transition has a vectorial character, because the dipole 
I 

moment is a vectorial quantity and imparts a directionality (with respect 

to the molecular axis system) to the transition. A collection of mole-

cules which are ordered, as in a crystal or two-dimensional monolayer, 

will preferentially absorb incident light that is plane polarized in the 

direction of the transition moments. This is the phenomenon known as 

linear dichroism. Solutions of molecules with random orientations do not 
I 

exhibit linear dichroism. 

The properties of two of the absorption transitions of BChl a are 
I 

shown pictorially in Fig. 3. At each of the porphyrin atoms where there 

is appreciable n-electron density, a circle is drruvn to show the magnitude 

of the change in charge density accompanying the transition. This may be 

either an increase or a decrease in charge density, as indicated by the 

two kinds of shading. (There is no change in the zero net charge of this 

neutral molecule, only in the charge distribution.) Following the transi-

tion, certain regions of the molecule have changed their charge densities 

JOOre than others. Careful analysis of the redistribution of charge per

mits one to establish the direction and intensity of the absorption transi-

tion. It is important to appreciate that the pictures shown in Fig; 3 

are the result of theoretical calculations using molecular orbital theory. 

There is no good experimental way as yet to measure the details of the 

redi~tributions of charge associated with such transitions. 

2.3 Circular Dichroism 

MOlecules which are asymmetric and, therefore, not superimpoJable 

with their mirror images possess a property known as chirality or 

handedness.. This is the property that distinguishes a screw cut with 

.~./ 
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Fig. 3. Transition Inonopole representation of the Q and Q absorptions y X 

of BChl a. The different shadings represent an increase or decrease, 

respectively, of the electron density at the vario~s atoms. (The 

transition dipole is a response to the oscillating electromagnetic 

field of the incident light. Consequently, there is no absolute 

sign associated with the transition moment.) Note that the Q y 

transition is nearly syrrunetric across the y""axis, and that the 

principal charge displacement occurs in the y direction; just the .· 

opposite is true for the Qx transition. The magnitudes of the'changes 

in electronic charge are represented by the areas of the circles .. 

Furthennore, because each contribution to a dipole moment is the · 

product of charge times distance, charge changes farther from the 

center of the molecule make a correspondingly greater contribution 

to the transition moment than do those closer in. Taking into account 

the cancellation produced by adjacent increases and decreases, the 

reader should be able to discern that the magnitude or intensity of 

the Qy transition is greater than that of the Qx transition, in 

agreement with the experimental result shown in Fig. 2. The diagrams 

shown in Fig. 3 represent the results of theoretical calculations 

carried out by Dr. C. Weiss, Jr., as described by Philipson, Tsai 

and Sauer (1971). 
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a left-hand thread from one which is cut l\"ith a right-hand thread. The 

distinction is intrinsic to the screws and is not lost even if their 

orientations_are scrambled. In a similar way the electron density dis

tributions or wavefunctions of chiral molecules, sud1 as the chlorophylls, 

have aspects of handedness associated with them. Chlorophyll a, for 

example, has five asymmetrically substituted carbon atoms--three asso-

cia ted with the porphyrin ring part and two in the phytyl ester. TI1ese 

are shown in the molecular structure depicted in Fig. 1. If you were 

to examine a contour map of the electron density throughout Chl a, then 

you would easily be able to distinguish it from the map of its mirror

image molecule. (The latter molecule does not actually occur in nature, 

of course.) By using circularly polarized light, whose electric vector 

sweeps out a helix as it passes through space, to measure the absorption 

spectrum of chiral molecules, one can detect small differences in the 

absorption of left (handed) circularly polarized light from the absorption 

of right circularly polarized light. This difference, ~ = A1 -AR is known 

as the circular dichroism or CD. It is a property that results from the 

fundamental asymmetries of the wavefunctions. Circular dichroism is 

typically small (10-S to 10-2) compared with the absorption itself and 

. is correspondingly difficult to measure. Nevertheless, sensitive CD 

spectrometers exist and numerous reports of CD spectra are appearing in 

the 1 i tera ture . 

The CD spectrum of BChl a in ether solution is shown together with 

the nonnal absorption spectrum in Fig. 4. In general there will be a CD 

feature associated with each of the major absorption components. Notice 

that the CD bands can be either + or - This property of the. CD can be 
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Fig. 4, Absorption and CD spectra of BChl a in ether at 10-S m-1-l con

centration. In this solvent and at this concentration the BChl a is 

monomeric.· Spectra taken from Philipson and Sauer (1972). 
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of practical advantage in enabling one to decompose or separate transi-

tions that overlap strongly in the· absorption spectrum. 

By contrast with linear dichroism, even a solution of randomly 

oriented asymmetric molecules will exhibit circular dichroism in the 

absorption bands.. This is because the chirality is intrinsic to the 

molecules and not a function of their orientation in space. For surveys 

of this subject the y-eader is referred to the monographs by Crabb~ (1972) 

and by Velluz, Legrand and Grosjean (1965). The applications to photo

synthesis have. been reviewed recently (Sauer, 1972). 

2 A Fluorescence 

The fluorescence of the chlorophylls is the subject of several chap-

· ters in this volume. It has special significance as an indicator of 

processes occurring very near the primary steps of energy conversion. It 

is important, therefore, to understand its origin and the manner in which 

alterations of the environment can change its characteristics. 

Fluorescence is the ·process by which a molecule in an excited state 

undergoes a spontaneous Jecay and returns to the ground state with the 

simultaneous emission of radiation. It can be seen in the energy level 

diagram (Fig. 2C,D), and it can be represented by the equation 

Chl* -+ Chl + hv' [2 -4] 

The fluorescence of Chl a is typical of large aromatic molecules in the 

following respects: 

(1) The fluorescence occurs only from the lowest excited state 

reached via absorption. Higher states, such as 2,3,4, etc. in Fig. 

lA, undergo a very rapid relaxation to state 1 without the emission 

of radiation. 
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; (2) Because of thermal relaxation that ·occurs in the tfXci ted 
! 

states,. the maximum in the fluorescence emission spectrum typically· 

lies a fe,.; nanometers to longer wavelength (lower energy) from the 

absorption max:imum.. This is known as the Stokes shift. 

(3) The measured fluorescence 1 ifetime, •, of Chl a in ''good" 

solvents (see section 2i-9) is very short--only about 5 nsec (5 x 

10-9 sec) (Brody and Rapinowitch, 1957; Dimitrievsky, Ermolaev and 

Terenin, 1957). 

(41 The proportion of excitation that results in fluorescence 

is about 30% for Chl a in solution (Latimer, Bannister and Rabinowitch, 

1956; Weber and Teale, 1957). Fluorescence quanttun yields less 

than 100% indicate the presence of competing processes for deacti-
! 

vation of the excited state. 
' 

(5) The origin of the fluorescence emission process is governed 

by the same kind of relktionships among the wavefunctions as govern 

absorption. For this reason, fluorescence has essentially the same 
. , I 

polariza;tion as the long wavelength absorption band. ' - ' 

Each of these five properties can give useful information about the excited 

state and its various decay processes. 

Fluorescence is not the only way in which the excited state can decay. 

Some important competing processes are shmm in the following equations: 
k 

Chl * --4. Chl + hv ' 
k 

Chl * -4- Chi + heat 

Chl* ~ Ch1 T + heat 

Ch1 * + Q ~ Ch1 + Q* 

(fluorescence) 

(internal conversion, radiationlessj 

(intersystem crossing to triplet) 

(quenching) 

[2-4] 

{2-5] 

[2~6] 

[2-7] 
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There may be additional processes ui'lder special circumstances, ~' very 

high excitation intensities, high concentrations, photochemical reactants 

present, electron donors or acceptors present, etc. All of tl1e reactions 

listed above are kinetically first order in Chl* concentration. The life-

time of Chl* is determined by the rate constants for all of the reactions 

involved.. A common way of treating this is in terms of a quantum yield. 

The quantum yield for fluorescence, cf>p is given by the ratio of the fluores

cence rate to the sum of the rates of all deactivation processes. \~en the 

processes are all first .c;>rder, the concentration of Chl* cancels out, 

leaving 

[2-8] 

Tiie constant kF is· considered to be an intrinsic property of the molecule, 

governed by the quantum mechanical properties of the ground and excited 

states, Its reciprocal •o = -fc: is known as the ''natural" lifetime of the 
F 

exc~ted state. This is simply the lifetime that the excited state would 

have in the abs~nce of any processes competing with fluorescence. The 

natural lifetime can be calculated from directly measured quantities, such 

as the oscillator strength of the transition. Because the denominator of 

Eq. 2-8 above is just the reciprocal of the actual (observed) lifetime, •, 

we can rewrite the equation as 

4> = -·- [2-9] F •o 
On the basis of the. observed values of cf>p and • given above for Chl a in 

solution, the reader may readily confirm that •o for Chl a is about 15 nsec. 

This ~grees closely with the value 15.2 nsec calculated from the absorp

tion band intensity (Brody and Rabinowitch, 1957). The observed lifetime, 

T, will always be less than this value in the presence of competing 
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deactivation processes, thereby providing a very useful measure of the 

contribution of th~se competing processes. As we shall see shortly, the 

fluorescence yield and observed 1 ifetimes of chlorophylls in their in vivo 

situations vaD' over a wide range, depending on environmental circumstances. 

2 .S Triplets and Phosphorescence 

The excited states that are reached directly via absorption of radia

tion by grmmd state chlorophylls are known as sii1glet states. The tenn 

singlet refers to the fact that the electron spin quantun numbers of 

electrons in the excited state correlate completely with those of the 

ground state, where all of the electrons are paired. There exists an 

additional important set of states, known as triplets, where two of the 

electrons have become unpaired. These triplet states are normally not 

produced via direct absorption of radiation by the ground state molecules; 

for quantum mechanical reasons, the oscillator strengths for these transi

tions are usually less than 10-7 and the transitions are observed only 

under very special circumstances. The triplet states can be reached by 

intersystem crossing from the excited singlet states, so long as the 

process is energetically favorable (i.e., not uphill). This is the 
. -

process represented by Eq. 2-6 above. 

Triplets can be observed by their characteristic emission spectrum 

(phosphorescence), which has both a much longer lifetime (reflecting the 

very low oscillator strengths for the corresponding absorption process) 

and a different wavelength dependence than does fluorescence. The triplet 

absorption spectra (excitation to higher triplet states) can be measured 

using the techniques of flash spectroscopy suited to short-lived species. 

The triplets of Ch1 a and Chl b were first observed using flash absorption 
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spectroscopy by Livingston,, Porter and Windsor (1954). The observed life

times depend on the solvent, etc .. , but values of a5out 10-3 sec are com-

monly observed (Livingston, 1960). Bowers and Porter (1967) made quanti

tative measurements of the quanttun yield of triplet formation, <l>r· In ether 

solutions, the values were 0.64 for Chl a and 0.88 for Chl b. Since the 

quanttun yields for fluorescence in the same solvent are 0.32 and 0.12, 

respectively, it is apparent that these two processes together account 
. ' 

£o;r over 95% of tfie excited singlet state decay for the chlorophylls in 

simple solutions .. 

Phosphorescence of chlorophylls is difficult to observe because of 

a very low quanttun efficiency. Apparently the triplets return to the 

ground state predominantly by radiationless intersystem crossing or by 

quenching reactions. Emissions with decay times of the order of 10-3 sec 

have been reported for Chl a at 755 run and for Chl b at 733 run (Fernandez 

and Becker, 1959) •. {Longer wavelength emissions are also observed (Singh 

and Becker, 1960).] Because these wavelengths are greater than the cor-

responding fluorescence ruaxima, it suggests that U1e lowest triplet 

energy level lies somewhat below the first excited singlet state shown 

in Fig. 1. As a consequence, the long-lived triplet state has been a 

persistent dark-horse candidate for the process of trapping (extending 

the lifetime by decreasing the energy) of the excitation in photosynthesis 

(see section 4-2). 

2.6 Dichroism and Fluorescence Polarization 

The orientations of the electronic transition moments of different 

excited states of a mol~ule can be determined on a relative basis by 

fluorescence polarization studies.. lh these measurements the exciting 
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light wavelength is varied tl1roughout the region of absorption and the 
I i 

polarization of the fluorescence, which always· comes from the first excited 

state,' is measured.. It is important that the molecules not undergo rota-

tion during the excited state lifetimes; hence, viscous solvents are used. 

The measurements can be carried out on an ordinary solution containing 

randomly oriented molecules so long as they do not undergo rapid rotation. 

The information achieved is limited, however; one can only determine the 

angle bebveen the absorption and the emission oscillators, and not the 

absolute orientation of either ,with respect to the molecular framework. 

In order to make absolute polarization measurements one needs to use 

an oriented sample, such as a crystal or monolayer. In this case either 

polarized absorption (Jinear dichroism) or emission can be used. Because 

of the very strong absorption properties of the chlorophylls, it has so far 

not been possible to measure spectra of single crystals. Too little light 

gets through to permit reliable measurements. 

The most extensive studies of polarization of the chlorophyll spectra 

were carried out by G:>edheer (1957, 1966). He studiec'l not only fluores-

cence polarizations, but also the dichroism of chlorophylls incorporated 

into two"'dimensional myelin figures. With the aid of some theoretical 

insight into the origins of the transitions, he was able to assign them 

to either the y or the x direction within the porphyrin plane, (See Fig. 1) • 

These band assignments, which are indicated in Fig. 5, have been confirmed 

by later studies (Gouterman, 1961; Gouterman and Stryer, 1962). 

With this brief introduction to spectroscopy, we will now proceed 

to examine some of the properties of different chlorophylls and of the 

significant influences of the environment on the various spectra. 
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2 .,7 Comparison of the Spectra of Different Cfiiorophylls 

Any influence·which affects the electronic distribution of either 

the ground or the excited state of the molecule will, in general~ be 

reflected in the absorption band intensity, wavelength position, circular 

dichroism strength, fluorescence efficiency, etc .. · In this and the fol .. 

lowing sections we will explore the consequences of some of the mo~e 

important of these influences in order to uncover systematic effects. 

For a comprehensive survey of the spectra of the chlorophylls, the reader 

is referred to the following sources: Smith and Benitez (1955); Strain 

and Svec (1966); Goedheer (1966); and Gurinovich, Sevchenko and Solov'ev 

(1968}. 

Differences in chemical structure of the chlorophylls produce spec

troscopic effects that can be treated systematically. For example, the 

molecules Chl a and BChl a differ in two respects: (1) Ring II of BChl a 

is saturated,. w-ith hydrogens on the peripheral carbon atoms, but ring II 

is unsaturated in Chl a; and (2) the acetyl substituent on ring I of BChl a 

is a vinyl group in Chl a (See Fig. 1). The absorption spectra of these 

molecules differ appreciably in the wavelengths and intensities of the 

bands (Fig. 6). From systematic studies of related molecules (~, Chl a 

with acetyl instead of vinyl on ring I), it can be demonstrated that the 

difference in the absorption spectra of Chl a and BChl a arises almost 

entirely from the saturation of ring II in the latter. compound. Such 

spectral differences can be rationalized in terms of the electronic wave

functions using molecular orbital theory, and we are now able to make 

reasonably reliable predictions of the spectral effects arising from 

molecular structure changes. 
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Fig. 6. Absorption spectra of BChl a and Chl a in ether solutions, 

compared in terms of equal molar concentrations. Millimolar 

absorptivities are plotted along the ordinate. Band assignments 
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are based on polarization measurements and theoretical evaluations. The 

origin of the differences in intensity and wavelengths of the maxima 

is discussed in the text. 
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The most important influences are (1) the extent of saturation of 

the porphyrin ring system, which increases from protochlorophyll to Chl a 

or Chl b to BClH a; (2) the presence of magnesium or other atoms at the 

tenter of the porphyTin system; and (3) the occurrence of the cyclopente-

none ring Y in the molecule. Of lesser significance is the specific 

nature of the groups substituted peripherally aTound the ring; groups such 

as vinyl or acetyl which can conjugate with the porphyrin rr -electron system 

have more influence than do alkyl substituents. Certain changes have veTy 

little, if any, detectable effect on the absorption spectrum. Examples 

are (1) the replacement of the phytyl esterifying group with methyl or 

ethyl and (2) epimerization (reversal) of the asymmetry at the saturated 

carbon of ring V .. As might be expected, this last change does have a 

readily detectable effect on the CD spectrum. In fact, systematic studies 

have shown that each of the asymmetric centers associated with the porphyrin 
I 

ring exerts a largely independent influence on the co. The contributions 

of the individual as;mmetric substitution sites are, therefore, additive 

(Philipson, Tsai and Sat,~r, 1971). 

2.8 Solvation 

For a chlorophyll with a particular chemical structure, the environ-

ment of the molecule has effect on the spectra which can be highly infer-

mative. It is usual in spectroscopy of small molecules to use as a 

reference point the absorption in the absence of environmental influences, 

i~e., the situation in the gas phase at low pressure. TI1is kind of iso-

lation has not yet been achieved for the chlorophylls, because of their 

negligible vapor pressures at moderate temperatures and their tendency to 

c~campose at higher temperatures. l~en a substance is dissolved in a 
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"good" solvent, there is a favorable interaction between the solvent and 

the solute which generally results in a lowering of its energy in the 

ground state .. This may result from strong dipole-dipole interactions in 

the case of polar solutes in a polar solvent, or from weaker London dis-

persion forces in the case of non-polar components. Other interactions, 
. ! 

such as hydrogen bonding, can also contribute. For the same reasons the 

energy of the excited electronic state is lower for the molecule in solu~ 
' 

tion relative to the same excited state in a vacuum. However, the electri-

cal properties of the excited state are different from those of the ground 

state, as we have seen above. Strongly allowed transitions usually result 

in an excited state which has a dipole moment appreciably different (either 

greater or less) from that of the ground state. In addition, the excited 

state electrons are more polarizable (more loosely bound) than those of 

the ground state. Because both the dipole moment and the polarizability 

~an contribute to the interaction with a solvent in solution, in general 

the excited state energy will be influenced to a different extent by sol

vation than will the ground state. As a result, the absorption bands will 

exhibit a red shift if the ground and excit~d state energies are brought 

closer together, and a blue shift if they separate. 

~!vent effects on chlorophylls have been widely observed, the most 

extensive examination being that of Seely and Jensen (1965) for Chi a. 

For ~he red band the range of positions is from about 660 to 675 nm for 

a set of forty common solvents. l~ile several influences clearly con

tribute, there is a readily discernable trend of increasing red shift 

with increasing dielectric constant of the sol vent. This is the expected 

result if the excited state has a larger dipole moment than does the ground 

state .. 
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Because of the electric dipole origin of these effects, which fall 

off rapidly with increasing separation, those solvent molecules' which are 

'in the immediate environment of the chlorophyll will make the overwhelming 

contribution to the absorption shifts • Certain molecules, such as the 

strongly polar or nucleophilic compounds water, pyridine, acetone, etc., 

have a very strong tendency to associate with chlorophylls, probably 
I 

binding at the fifth and sixth coordination positions (nonnal to the por

phyrin ring plane) of the magnesitml. In ''poor" solvents (saturated hydro

carbons, benzene, carbon tetrachloride) the addition of only millimolar 

concentrations of a nucleophilic ligand to chlorophyll in solution will 

produce a solvent shift essentially as large as if the chlorophyll were 

in the nucleophilic solvent alone. This ability of spectroscopic 

properties to signal the immediate environment of the molecule is of 

great value in deducing the nature of the surroundings in vivo. 

2.9 Aggregation 

Attempts to remove the last traces of nucleophilic ligands from 

chlorophylls in non-polar solvents usually results in aggregation of 

the chlorophylls, leading eventually to precipitation. Detailed studies 

of this phenomenon have been carried out by Katz and coworkers (Katz, 

Dougherty and Boucher, 1966; Ballschrniter, Truesdell and Katz, 1969; 

Ballsclnniter, 1969). It appears that, in the absence of other nucleo

philic compounds, one chlorophyll may serve as ligand for a second 

molecule, resulting in the fonnation of a d:imer or, with increasing 

aggregation, of a precipitate. Katz, Ballschmiter et ~ (1968) have 

summarized the evidence that water is commonly present as a linking 

molecule in these aggregates. 

• 
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A new effect, knoM1 as exciton splitting, occurs in the absorption 

spectra of aggrq;:ttccl chlorophylls. This results from the coupling via 
.. 

coulomb interaction of the transition dipole moment of one molecule with 

the corresponding transition moment of one or more identical (or very 

similar) molecules. Exciton coupling amongst small and large sets of 

closely arrayed chromophores has been described in reviews by Kasha (1963) , 

Tinoco (1963) and Hochstrasser and Kasha (1964). The result of the exciton 
. I 

coupling is that each excited electronic state is split into a set of 
I \ 

N exciton sthtes, where N is the munber of coupled molecules in the array. 

What one typically observes is the formation of multiple absorption bands 

in regions where there was only one for the monomer. These bands are 

often incompletely resolved, for the energies of interaction (band split-

tinr,s) are seldom ImlCh greater than the intrinsic band widths. Resolution 

may be appreciably imoroved by making measurements at liquid nitrogen tem

perature or lower (see section 3.5 and Fig. 11). The intensities of the 

individual exciton comoonents and their spectral location is not invariant, 

but depends sensitively on the geometry--the relative positions and 

orientations--of the interacting molecules. For asynunetric chrornophores 

or for synunetric chromopho~es asynunetrically arranged (as for the bases 

in a helical nucleic acid molecule) each exciton component appears also 

in the CD spectrum. Both the magnitude and sign of each CD exciton com

ponent depends intimately on the geometry of the array. It is this 

dependence on geometry that is potentially of great value in using 

e~citon splittings to interpret molecular arrangements and interactions 

in biological systems. 
'' '::'··.' 

There is a classical analogy that may help in appreciating the origin 

of this exciton interaction. This is the coupled pendultnn problem. If 
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one mounts two identical .pendulums near one another and sets them inde~ 

pendently in motion, each will swing with a period or frequency deter

mined only by the distance of its center of mass from the point of 

attachment. The periods of' the two identical pendulums will be precisely 

identical, and each wilJ sHing in a constant fashion whether the second is 

also in motion or not. In this condition they are said to be "isolated" 

from one another. If one now attaches a weak elastic band between the 

two pendulum arms, they are observed to interact with one another to an 

extent detennined by the strength of the coupling provided by the elastic 

band. (Other coupling mechanisms serve this purpose, including motion 

imparted to the air surrounding the pendulums or insufficient rigidity 

of the mount from which they are suspended.) In the coupled situation, 

one pendultun will be observed to swing slightly faster and the other 

slightly slower than the period of the previous, independent (tmcouplcd) 

case. The effect is seen very dramatically, for the pendulums will pass 

smoothly from swinging in phase with one another, to swinging completely 

out of phase, then back to in phase, etc., indefinitely (or until they 

finally come to a stop). The coupled oscillators (pendulums) are 

characterized by a pair of new frequencies that are a property of both 

oscillators (including the coupling interaction). In the exciton case 

the molecular absorption oscillators (transition moments) are the ana

logs of the individual pendulums, and the coulomb interaction is the 

origin of the coupling. It is important to recognize that the new 

exciton states are properties of the entire array; we cannot assign one 

state to one molecule, another to the second molecule, etc. (This may 

not seem obvious· from the pendulum analogy, for we arbitrarily chose to 

-. 
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focus attention on the different periods of each of the coupled pendulums. 

We could have as well described the motion of the system by the average 

period and the time between successive in-phase motion, i.e., the period 

of beating, In this case neither number is separately representative of 

.the motion of one or the other pendultnll.) 

For certain geometries (~, perpendicular orientation or parallel 

orientation of the transition moments) all of the absorption or CD intensity 

of a set of N molecules may appear in only one transition component and no 

intensity in any other. Although a number of such arrangements may exist 

for large m.unbers of coupled oscillators, these arrangements are still 

relatively few in compari?on with the very many other possibilities 

(angles other than 0° and 90°) where each exciton component is present 

and observable.. Neverthele.ss, counting the number of exciton components 

can provide us with only the minimum munber of coupled molecules in the 

array.. In practice, especially as it may be difficult to resolve small 

splittings or detect components with small amplitude, it is necessary to 

-exercise caution and be conservative in drawing conclusions about the 

molecular origins of these spectroscopic effects. 

It is also important to be aware that the exciton interaction is 

appreciable (i.e., measurable) over only relatively short distances. 

These are typically 20 A or less for molecules like the chlorophylls; 

i.e., only three times the thiclmess of the porphyrin ring and less than 

twice its diameter, By contrast, the F&rster (1965) resonance inter

action (see Chapter 4) may be observed out to distances as great as 100 A. 

This distinction becomes significant in connection \vi th the analysis of 

mechanisms of delocalization of electronic excitation (see section 3 . .7 of 

this chapter, and Chapter 4) . 
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ChloroDhyll molecules provide excellent exrunples of the usefulness 

of the analysis of exciton ipteractions, particularly wi tJ1 the ability 

to observe them in CD as \'Jell as in absorption spectra. In sui table sol-

vents, such as carbon tetrachloride, it is possible to prepare solutions 

that contain a high proportion of dimers of chlorophylls. The assignment 

of these species 3S di::mers is confinned by measurements of equilibriLun 

(Sauer, Lindsay Smith and Schultz, 1966), apparent molecular weights, and 

IR and N'1R spectn (Katz, Closs et al., 1963; Closs, Katz et al., 1963). --- ----, . 

Absorption sncctra of these solutions of (bacterio)chlorophyll 'confirm 

the presence of dimers in the appearance of two exciton components (one, 

a long wavelength shoulder). furthennore, CJ) spectra clearly show the 

presence of two bands of opposite sign where only one is present in mono-

meric chlorophyll solutions (Dratz, Schultz and Sauer, 1967). Fig. 7 shows 

the absorption and CD spectra of a solution of BChl a in carbon tetrachloride, 

llllder conditions where ":he BChl a molecules occur largely as dimers. The 

consequences of the exciton interaction can be observed as a splitting of 

the absorption bands (note the new "shoulder" on the long wavelength or 

Qy band) and, much more dramatically, in the multiplicity of the 0) bands. 

Compare the spectra of Fig. 7 with those in Fig. 4 for BChl a in ether, a 

solvent where the monomer predominates. Inspection of the CD spectra will 

demonstrate that the amplitudes of CD exciton components of the dimeric BChl a 

are several times larger than the CD bands of the monomeric fonn of this 

molecule. The effect of the exciton interaction on the energy ley~ls of 

some of the electronic,states of BChl a is illustrated schematically in 

Fig. 8. 

Chlorophyll crystals provide an interesting example of the usefulness 
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Fig. 7~ Absorption and CD spectra of BChl a in CC1 4 at 10-3 rn-1-l 

concentration. Under these conditions the BChl a is largely 

d~eric~ Spectra taken from Dratz, Schultz and Sauer (1966). 

CD amplitude has beenrnultiplied by 0.5 at wavelengths longer than 

700 run. Relative to the absorption, the CD amplitudes of the dimers 

are several fold greater than, those for the monomers, shown in 

Fig. 4. 
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Fig. 8, Energy level diagram for BChl a, showing the splitting of 

excited state levels resulting from exciton interaction in the 

dimers. The various energy levels are characterized by their 

frequencies, in on-l. This diagram illustrates the origin of the 

differences between the spectra shown in Fig. 4 and in Fig. 7. 
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of tJ1e 0) spcctrtl as a supplement to absorption. Microcrystall inc suspen-

sion.<> of Chl a in _saturated hydrocarbon solvents exhibit a very sh::rrp 

absorption band, strongly red shifted out to about 740 run. This band remains 

unresolved even at liquid nitrogen temperatures. The CD spectrum in this 

region exhibits t\-;o large components of opposite sign (Dratz, Schultz and 

Sauer, 1966). This indicates the presence of at least two exciton states, 

albeit nearJy degenerate, for Chl a crystals. Even so, why shollld tJ1ere 

be only tHo components in a spectnun of crystals where there is potentially 

a very large number of interacting molecules? Analysis of this problem shows 

that for a periodic array of molecules, as in a molecular crystal, the maxi-

nrum number of allowed transition components is equal to the nlUilber of mole-

cules in the w1it cell (Hochstrasser and Kasha, 1964). The detailed X-ray 

crystallography of Chl a has not been determined; however, it is known to 

have a similar crystal habit and unit cell dimensions to that of methyl 

pheophorbide a (Chl a minus Mg and 1vi. th phytyl replaced by methyl) . Recent 

analysis of the single~crystal X-ray diffraction pattern of methyl pheo

phorbide a shows it to contain two molecules per unit cell (Fischer, 

Templeton et al., 1972). It is apparently the predominant interaction 

between two molecules in the unit cell that we observe in the CD spectnun 

of the Chl a microcrystals. 

The origin of the very pronounced red shift of the long wavelength 

absorption band in the crystals is obscure. Although the effect of an 

· enviromnent of other molecules of Chl a cannot be duplicated by a colorless 

solvent. nothing we know from solution spectra would lead us to expect such 

a large absorption band shift.. It would appe<l:r that there are effects 

operating in the crystal that have no counterpart in solutions of either 

the monomeric or aggregated pigment. 
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The fluorescence properties of the chlorophylls are affected even 

more dramatically PY aggregation.. Watson and Livingston (1950) observed 

a strong quenching of Chl a fluorescence with increasing concentration 

in ether, and Weber (196"0} has shown that the quenching behavior is consistent 

with a model inwhich·the excitation is transferred to non-fluorescent 

dimers.. A similar quenching occurs as a function of surface concentration 

of chlorophylls in a two-dimensional monolayer at an air-water interface 

(Tweet, Bellamy and Gaines, 1964). 

2 .)0 The Usefulness o£ Spectroscopic fvteasurements 

Before going on to examine the spectra of the chlorophylls in vivo, 

it will be \'iOrthwhile to present a brief stumnary of the different spec

troscopic parameters and the kinds of information that can be deduced 

from them. The following abbreviated list is drawn from the more 

detailed descriptions just completed .. 

(~) Wavelength. shifts of absorption maxima provide informa

tion about the electrical characteristics of the surrounding 

matrix.. The inclusion of chlorophyll crystals, for example, in 

photosynthetic membranes would be readily apparent.from the 

extreme red shift of the long wavelength absorption maximum. 

(2) 'Multiple bands that disappear upon extraction into a 

"good" solvent are indicative of plural molecular sites or of 

coupling hct\vcen closely associated chlorophylls. C..D spectra 

provide even more dramatic evidence than do absorption spectra. 

(3) Polarization of absorption (dichroism) or fluorescence 

may be indicative of net molecular orientations wi.thin the sur

rounding matrix. 
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(4) Decreased fluorescence lifetimes or efficiencies can 

occur 3S a result of chJ.orophyll aggregation, the presence of 

specific excited state quenchers or competition from photo-

chemistry. 

(5) Transient species, such as the triplet states, give rise 

to their. own characteristic absorption or emission spectra. 

(6) Bleaching or disappearance of the absorption of pig-

mcnts provides direct information about the photochemical fates 

of the responsible molecules. As we shall see in the next 

section, this has been a most valuable tool in elucidating the' 

primary photochemical processes of photosynthesis. 

These are but a sampling of the many ways in which electronic spec

troscopy can furnish useful information about photochemical kinetics and 

molecular structure. .Many ne\v techniques are emerging and give promise 

of expanding the horizons of our search. Some of the most exciting of 

these are X-ray or electron-induced electron emission spectroscopy, 

resonance Raman spectroscopy, double resonance methods and high-intensity, 

ultrashort pulse laser spectroscopy. The imaginative application of these 

approaches to photosynt~esis research can be expected in the near future. 

3. Chlorophylls in Photosynthetic Membranes 

3 . .1 Spectra of Chlorophylls in the Biological Envirorunent 

Measurements of in vivo absorotion and fluorescence spectra of entire --- . 
photosynthetic organisms (leaves, algae, bacteria, etc.), of organelles, 

membrane preparations, and of subunits have been made with increasing 

sophistication during the past 40 years. The following general observa.,. 

tions are noteworthy: 

.,, 



-36-

(1) ChJorophyU absorption bands are much more complex in vivo 

than they are in solution.. This is most readily apparent for BChl 

in the photosynthetic bacteria, where a m.unber of well resolved com

ponents- are observed in the near infrared (Clayton, 1963a) . In 

algae and higher plants the presence of as many as 8 to 10 spec

tral components has been reported in in vivo absorption spectra, 

especially at low temperatures (Brown and French, 1959; Frei, 1962; 

Butler~ 1966; Butler and Hopkins, 1970a,b). 

(2) Fluorescence spectra also exhibit composite character, 

although generally of lesser complexity. In some cases (especially 

for higher plants and algae), new components appear only at very 

low temperatures (Brody, 1958; Goedheer, 1961; Butler, 1961). 

l3l Extraction of the photosynthetic membranes with organic 

solvents invariably leads to a complete collapse of the struc

ture of both the absorption and fluorescence spectra. There is 

no good evidence that the pigments in vivo are chemically any 

different from the '::hl a, Chl b, BChl, etc. molecules found in 

the extracts (Clayton, 1966a) . 

(4) The wavelength rnrudma are generally appreciably red shifted 

from those in solution, but not nearly so much as for the crystals. 

There is no evidence to support the earlier notion that chlorophyll 

in the membranes is in a crystalline environment. 

(5) .Neither absorption nor fluorescence is strongly polarized, 

supporting the idea that the pigments are not ordered in a simple 

periodic lattice (Goedheer, 1957; Olson, Butler and Jermings, 1961, 

1962) •. The polarization evidence is not entirely negative, hm-,rever. 
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There is some indication. from these studies of an underlying 

order of a more complex character (Jvbrita and Miyazaki, 1971; 

Breton and Roux, 1971}. 

(6) Both the absorption and fluorescence are known to be 

kinctically.hctcrogcncous. Small portions of the ubsorpt.i.on may 

disappear or shift in wavelength upon photoexcitation (Duysens, 

1952; Kok, 1956). A large portion of the fluorescence exhibits a 

change in its efficiency upon photoexcitation ("live" fluores-

cence), but another portion does not ("dead" fluorescence) (Clayton, 

1969). See section 4.3 for· a fuller description of thes~ forms of 

fluorescence, The shape~ of absorption envelopes can be altered 

appreciably by varying the growth conditions or in response to 

genetic mutation. Such changes occur dramatically in the course 

of the greening of seedlings germinated in the dark and then trans

ferred to the light (Shibata, 1957). 

These observations support a picture in which the chlorophylls occur 

in vivo in a variety of ~nvironments. 1·1uch of the work during the past 

fifteen years has been aimed at determining the number and nature of the 

different environments, what role is played by the pigments in each 

environment, and how the individual components are coupled together in 

the natural photosynthetic membrane. 

3.2 Photosynthetic Membranes--Structure and Organization 

Photosynthetic bacteria and chloroplasts from higher plants and algae 

are filled with internal membranes or vesicles. TI1ese can be readily 

visualized by electron microscopy (Park~ 1966:; Branton and Park, 1 96 7; 

see also Chapter 2 of this volume)~ and they are known to contai'l the 



-38-

chJororhyll pigl!lcnts and the sites of photochemical actiyhy (S~ha9hm:m 1 
I 

Pardee and Stanier; 1952; Park and Pon, 1961~ Lintilhac and Park, 1966). 
I 

Preparations· of these isolated membranes and their fragments from broken 

cells have been subjected to chemical and spectrophotometric analysis. 

In addition to the chlorophyll and carotenoid pigments, the membranes con

tain a variety of cytochromes, quinones, non-heme iron (including bound 

ferredoxin, in the case of chloroplast membranes), proteins and colorless 

lipids (Park and Biggins, 1964; Oelze and Drews, 1972). The membranes are 

tYPically of the order of 5-6% by weight of (bacterio)chlorophyll, which 

corresponds to an average concentration greater than 0.05 M. For such a 

complex and heterogeneous system it must be recognized that the physical 

and chemical prorerties of the chlorophylls in vivo may bear little rela

tionship to those of chlorophylls in dilute solutions, in homogeneous thin 

films or in pure crystals. 

NUmerous early, and even recent, models for photosynthetic membranes 

incorporate pigment monolayers, linear arrays, quasFcrystalline aggre

gates, homogeneous solid solutions or other readily v1sualized arrange

ments. Although such arrangements may be convenient for purposes of 

carrying out theoretical calculations, it is the purpose of this section 

to present evidence that suchmodcls are quite unrealistic. The picture . 
that emerges from recent investigations is one in which the membrane is 

a co~posite of individual macromolecular subunits arranged in a regular, 

ordered fashion (Branton and Park, 1967)~ The major subunits include 

reaction center complexes, small chlorophyll-proteins, electron transport 

proteins such as the cytochromes and ferredoxin, and the components 

responsible for coupling of phosphorylation. The overall structure also 
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includes the carotenoids, quinones, colorless lipids and proteins and, 

in the case of higher plants, the apparatus involved in oxygen evolution. 

The manner in \-ihich these individual components are associated in ftmc-. . 

tional photos}nthetic membranes is one of the most active and challenging 

areas of current investigation. 

3,3 Reaction Centers 

Ever since the pioneering and highly imaginative studies of Emerson 

and Arnold (1932a,b), it has been known that the concentration of sites 

of photochemical activity in chloroplasts corresponds to only a small 

fraction (typically less than 1% in chloroplasts; of the order of 1% in 

bacteria) of the chlorophyll present. The initial studies described the 

maxUuuffi photochemical yield of o2 evolved or co2 fixed resulting from a 

brief (psec) saturating flash of actinic light. This picture was subse

quently amply confirmed when active membrane components were identified on 

the basis of photoinduced absorption changes (Duysens, 1952; Kok, 1956), 

chemical analysis of the content of cytochromes, quinones, ferredoxin, 

manganese, etc, As soon became apparent, key components in the light 

reactions were observed in-the photoinduced reversible absorption changes 

in bacteria of a small portion of the BChl known as P870 (Vredenberg and 

Duysens, 1963) and a similar small portion of Chl a known as P700 in the 

case of higher plants (Kok and Hoch, 1961). (The numbers refer to the 

wavelengths of maximum absorption change and are somewhat variable, 

depending on the organism, method of sample preparation, etc.) The photo

induced bleaching of these components is due to the reversible oxidation 

of a small portion of the (bacterio)chlorophyll.. 
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A most important advance in our ability to examine the details of 
~ . ' .. I 

the bacterial membrum~ qrgan;lZation occurred when it W:.JS eli scoveretl that 

chemical treatments (~, strong oxidants-, detergents) or illumination 

at high intensity of a carotenoidless mutant results in the exposure of 

the photochemically active sites. These are nmv generally known as reac-

tion centers and are free of the overburden of chemically inactive, light 
; 

absorbing pigments, called the antenna or light-harvesting pigments (Clayton, 

1963b~ Loach, Androes et al. r 1963; Kuntz, Loach and Calvin, 1964; Clayton, 
. 

1966a) .. The reaction center preparations exhibit photoinduced absorption 

changes and unpaired electron (EPR signal) production characteristic of 

the intact chromatophores or bacteria. The absorption spectra and the 

photoinduced absorption changes characteristic of one of the earliest and 

most widelystudied of thesereac:tion center preparations are shown in 

Fig. 9. 

The isolation and purification of a reaction center subunit was first 

reported by Reed and Clayton, (1968). They treated chromatophores of~ 

spheroides, R-26 (carotenoidless) mutant with Triton X-100, a non-ionic 

detergent, followed by sedimentation in a sucrose density gradient and 

polyacrylamide gel ·filtration. The reaction center subunit was shown by 

Reed (1969) to have a molecular weight of about 650,000 daltons, rela

tively large amounts of ubiquinone, iron and copper, together with P870, 

PSOO and cytochromes (see Table I) . Recently procedural variations have 

produced an active reaction center particle with lower molecular weight· 

(Clayton and Wang, 1971). In addition to the photochemically active 

bacteriochlorophyll absorption changes, the reaction center particles 

exhibit an EPR signal at g =1 

2,0025 that is stoichiometric with and 

+ kinetically similar to P870 (Bolton, Clayton and Reed, 1969). 
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Fig, 9., Reaction center complexes from~ spheroides, R-26 mutant. 

(A) Absorption spectra taken in the "dark" (solid curve) and under 

cross-illumination by a beam of 800 nrn actinic "light" (dashed 

curve). (B) Difference spectnnn, "light" minus "dark", between 

the illtuninated and unilluminated samples. Figure is taken from 

Reed (1969). 



Table I. Comparison of Properties of Isolated Photosynthetic Bacterial Reaction Centers 

Free of Antenna.Bacteriochlorophyll 

Organism Detergent MW Cl::t 562 
(kdaltons) P865 

~ sEheroides Triton (1%) 650 2 

(R-26) Triton (2 .3%) 0.8 

LDAO 70 
LDAO+EDTA 

SDS+LDAO 37 

LDAO <v100 0 

~ sEheroides SDS 200 <0.02 

(wild type) SDS/AliT 120 <0.02 

~ SEheroides CTAB 150 
(strain Y) . 

Cyt 442 
P870 

R. rubrum (G-9) Triton 0.5 

R. rubrum SDS 80-100 ~1.0 -
(wild type) 

~t 558 
P960 

~ viridis SDS 110 2 

Cyt 552 J!.Q._ 
P865 P865 

1 1·3 
0 7.4 

1 

1 

0 <0.1 

0.90 3.3 
0.25 1.2 

1.5 8 

J&. 
P870 

1.7 

Cvt 553 
P960 

5 

Fe Reference P865 

1:.4} 
Reed (1969) 

3•2 ) Feher (1971); Feher, 
0.8 Okamura and MCElroy 

0.2-0.3 (1972) 

Clayton and Yau (1972) 

20 } Slooten (1972) 
I 
~ 
N 
I 

0.5 Reiss-Husson and 
(non-heme) Jolchine (1972) 

Gingras·and Jo1chine 
(1969) 
Smith, Sybesma and 
Dus (1972) 

i[Thornber, Olson et al. (1969) 
Thornber and Olson TI97l) 

. 
' 
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By using the zwitte:rionic detergent laury1 dimethyl amine, oxide 

(LDAO}, Feher (1971] was able to isolate an. active reaction center particle 

lvith a molecular weight under 100,000 daltons .. Each reaction center P870 

was associated with about 1 molecule of ubiquinone and 1 non-heme iron . 

Clayton and Yau (1972) reported the absence of cytochromes from a similar 

LD:\0 prepar;-1tion and, by contrast with the previous report, the presence 

of only 0,1 molecule of ubiquinone per P870. Further treatment of the 

IJ>AO particles with the anionic detergent soditnn dodecyl sulfate (SDS) 

split them into bvo subunits; one with a molecular weight of 37,000 

retained the P870 activity (Feher, Okanrura et al., 1971). This is the 

smallest active subunit so far reported. We shall return to discuss its 

properties below .. 

Following the initial report by Reed and Clayton, a ntnnber of· other 

organisms were investigated. A surrnnary of some of the properties of reaction 

centers from several of these preparations is given in Table I. Reaction 

centers have now been isolated from several species of photosynthetic 

bacteria, including somt wild-type species with the normal' complement of 

carotenoids. Various detergents have been used and a wide range of molecu

lar weights is seen. Similarly, a considerable variation in the content 

of demmstrated or potential electron transport cofactors (cytochromes, 

ubiquinone, non-heme iron) is found. In each case a few molecules of 

pheophytinized BChl are associated with the reaction center; however, 

their role in the primary photochemistrt is not yet clear. In each of 

the cases described in Table I, the bulk or antenna BChl is completely 

absent in the reaction center preparation.. This results in a decrease of 

about 30 fold in the overall BChl content compared with the intact chromato-

phores, 
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Organisms other than the purple photosynthetic bacteria cited in Table I 
I ' I I 

have thus far resi?ted such a dramatic enrichment in reaction cente1r pig-

ments relative to the antenna. Detergent solubilized preparations from 

Chromatiurn D exhibit molecular weights· of about 500,000 daltons, but still 

contain about 40 antenna BChl molecules per active center (Garcia, Vernon 

and ~·bllenhaucr, 1966; Thornber, 1970) .. Still larger photoactive particles, 

\vith molecular weights in excess of 1.5 x 106 daltons, have been prepared 

without the 1.1se of detergents from the green bacteria ~ ethylica! (Fowler, 

Nugent and Fuller, 1971) and Chlorobium thiosulfatophilum (Fowler, Nugent 

and Fuller, 1972; Olson, Philipson and Sauer. 1972) .. Particles of much smaller 

molecular weight were obtainedusing simultaneous treatment at high (alkaline) 

pH with urea and TritonX-100 (,AUT) from~ spheroides (M\'/160,000 daltons) 

(Loach, Sekura et al., 1970) and from R .. rubnnn (M.v 100,000 dal tons) (Loach, 

Hadsell et al., 1970). Nearly all of the antenna pigments, bacteriochloro

phyll and carotenoids, is retained in these preparations together with the 

photochemical reaction centers. . In an interesting extension of these _studies, 

Loach and Hall (1972) report that column electrophoresis removes most of 

the iron from these preparations, leaving a ratio Fe/P865 = 0.2 to 0.3. 

This is of special relevance with regard to the possibility that the pri-

mary electron acceptor contains non-heme iron (see section 4.5). Feher, 

Okamura and MtElroy (1972) report a similar low value for the iron content 

of the 37,000-dalton particle from~ spheroides, R-26 mutant, obtained· 

by combined LDAO/SDS treatment .. 

Attempts to prepare expo_sed reaction centers of P700 from higher 

plants have been frustrated by the inability to remove all of the antenna 

pigment, although enrichments of 10 to 20 fold have been reported. Yamamoto 

and Vernon (1969; Vernon, Yamamoto and Ogawa, 1969) obtained a preparation 
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(HP700) of particles with a Chl/P700 ratio of 30:1 us1ng extraction with 

organic solvents (acetone:hexane) followed by suspension with Triton. 

Sane and Park {1970) have used low temperature acetone extraction to 

achic\'C a preparation with a 15: 1· ratio of Chl to P700. Other particles 

have been prepared from chloroplasts and from a blue-green alga by Thornber 

and coworkers using SDS treatment follmved by hydroxylapatite chromatography 

(1hornber and Olson, 1971; Dietrich and Thornber, 1971); however, these 

have larger contents of antenna Chl a.. Vernon, Shaw et al. (1971) used 

Triton to achieve an enriched particle with photosystem 2 activity from 

chloroplasts. 

We shall return to consider the photochemical properties of these 

reaction centers in section 4 .. 

3.4 Chlorophylls in the Reaction Centers 

A major feature of photoinduced absorption changes in purple photo-

synthetic bacteria, chromatophores and reaction centers is the bleaching 

of absorption around 870, 600 and 375 nm, associated with the major BChl 

absorption bands,and acc0mpanying increases in absorption at 1250, 1140, 

980 and 4 20-450 run (Clayton, 1962a). These are now thought to result from 

the one-electron oxidation of a reaction center BChl molecule (see section 

4.4). At the same time there occurs a blue shift of 3-4 nm in the position 

of a second absorption peak at 800 nm. Clayton (1966a) and Clayton and 

Sistrom (1966) made extensive studies of the relationship of these components 

and reached the conclusion that the absorption at 800 and at 870 nrn results 

from BChl components of the same reaction center, Because the absorption 

bands occur in the ratio 2:1 in a variety of bacterial reaction centers 

and because oxidative bleaching resulted in a loss of at most one third 

of the total absorption residing in the two components, the view was put 
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forward that P870 represents a reactive oxidizable BChl molecule, and 

that P800 represents two other BChl molecules that participate in the 

reaction center but do not become oxidized. Not only is the light 

absorbed at 800 nm transferred efficiently to the reaction center (Clayton 

and Sistrom, 1966), but fluorescence from the reaction center is distinctly 

less polarized when excited at 800 than at 870 nrn (Ebrey and Clayton, 1969). 

This evidence supports the idea that the excitation at 800 nm produces 

electronic states that are distinct from but closely coupled to' those 

reached directly via absorption at 870 nrn. 

Circular dichroism spectra provide support for strong coupling 

among several associated BChl molecules in the reaction centers. Sauer, 

Dratz and Coyne '(1968) observed eviden~e of exciton interaction in the 

CD spectra of reaction center particles from the R-26 mutant of ~ 

spheroides. The CD sp~ctrurn indicated the presence of at least two 

energy levels (states) in the 800 nrn absorption band and one more at 

865 nm for the reduced reaction center preparation. Upon chemical oxida

tion or illumination with actinic light, the CD spectrum changed in a way· 

consistent with a smaller number of interacting molecules. The absorption 

and CD changes are illustrated in Fig. 10. This evidence supports the 

idea ~hat at least three BChl molecules are strongly coupled in the 

(reduced) reaction center particles, and the resulting exciton inter

actton gives rise to three states in the absorption and CD spectra (see 

section 2.9). Because ,each state giving rise to an absorption or CD com

ponent results from the coupling of all three molecules, it is not appro

priate in this model to assign one molecule to each absorption band. 

Upon oxidation, the three coupled molecules lose one electron to the 

acceptor, and an altered exciton interaction is left among the remaining 

two BChl molecules .. 

.. 
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R. spheroides ( R-26 mutant) 
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Fig. 10. Reaction center complexes from~ spheroides, R,.26 mutant. 

Absorption spectra (top) and CD spectra (bottom) for samples either 

in the dark (solid curves) or under cross-illumination by an actinic 

beam, (Sauer, Dratz and Coyne, 1968). 
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Examination of reaction center preparations from R. rubrwn. and !5£.:':..:.. 

viridis shows them to exhibit CD properties similar to those of ~ 

spheroides (Philipson and Sauer, 1972b). Even the particles from Chromatium 

(Thornber's Fraction A) containing substantial antenna BChl, exhibit similar 

changes in the CD spectrum upon illwnination. In each case oxidation of 

the reaction center particles results in bleaching of only one of the 

exciton components; the others merely shift in wavelength and exhibit 

altered exciton coupling. Is this simply a fortuitous circumst~nc~ of the 

exciton states for the particular configuration of BChl molecules in the 

reaction centers from at least four different bacteria, or is Clayton's 

original picture involving a P870 molecule and two P800 molecules indeed 

closer to the truth? Perhaps one of the BChl molecules is sufficiently 

uniquely sited so as to give rise to the 870 nm absorption band inde

pendently. The remaining P800 molecules simply indicate or sense at a 

distance the redistribution of electronic charge upon oxidation of the 

reaction centers. 

Several recent stu~les support the exciton model involving strong 

coupling between several BChl molecules in.the reaction centers. EPR 

spectra of both protonated and deuterated algae and bacteria show 

characteristic EPR line narrowing for the signal at 2.0025 in comparison 

with the EPR of chemically oxidized Ch1 or BChl in solution (Norris, 

Uphaus.et al., 1971). The explanation put forward for this line narrowing 

is that the positive charge of the oxidized pigment in vivo is delocalized, 
I ---

probably over two molecules. Similar conclusions were reached by t-tcEl roy, 

Feher and Mauzerall (1972). This is clearly at variance with a picture 

in which a single P870 molecule becomes oxidized in the absence of strong 

coupling with at least one other molecule. 
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In the case of photosystem I from higher plants, recent studies of 
l 

the HP700 preparation of Yamamoto and Vernon (1969) using CD spectroscopy 

(Philipson, Sato and Sauer, 1972) confirm the earlier observation of OOring, 

Bailey et al.. (1968), Murata and Takarniya (1969) and Vernon, Yamamoto and 

Ogawa (1969) that the P700 absorption change is coupled to a weaker photo

bleaching at about 680 run. Photoinduced CD changes of about equal magni-

tudes but of opposite sign occur at the two wavelengths (Philipson, Sato 

and Saue~, 1972). Although the P700 oxidation has been shown to correspond 

to a one .. electron transition, the decrease in absorption intensity is 

apparently distributed, albeit unequally, between two components of an 

exciton pair. In this case it seems clear that there is no 'T700 mole-

cule" per se. 

In principle, it should be possible to count the number of coupled 

BChl molecules in purified reaction center preparations from the number 

of components in the absorption or CD spectra. In practice it is possible 

to d~termine only a minimum number, as mentioned in section 2.3, because 

same of the transitions may be degenerate and unresol>~d, or the strengths 

of one or another of the transitions may be fortuitously very small owing 

to the particular molecular configuration. For reaction centers from 

~ spheroides, .8..:_ rubrtm1. and for Chromatium, Fraction A, we estimate a 

minimum of three interacting BChl molecules in the reduced state (Sauer, 

Dratz and Coyne, 1968; Philipson and Sauer, 1972b). Other estimates range 

from 2 to 5. Clayton (1966a) originally concluded that the number was 3, 

on the basis of observed extinction coefficients in reaction center 

preparations and because nearly one-third of the absorption at 800 and 

870 rnn was lost upon light or chemical oxidation. Furthennore, alcohol 
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extracts 9f reduced and of oxidized reaction centers recovered BChl in 

the ratio 3:.2. A similar stoichiometry was proposed for reaction centers 

prepared from~ spheroides, strain Y (Jolchine, Reiss-Husson and Kamen, 

1969), ~ rubrum (G-9 mutant) (Gingras and Jolchinc, 1969) and R. viridis 

(Thornber and Olsen, 1971; Thornber, 1971). 

Recently, several reports have presented evidence that supports 

different stoichiometries. Feher (1971) analyzed the metal content of 

highly purified LDAO reaction centers from Rps. spheroides and fouJd a 

ratio of 5:1 for Mg/Fe.. The possibility that this was also the ratio of 

BChl to the primary acceptor led Feher to suggest that the previously 

accepted values be reexamined. Clayton, Fleming and Szuts (1972) analyze 

the case for 3, 4 or 5 BChl per reaction center complex on the basis that. 

BPheo is an integral part of the reaction center complex (Yau, 1971) and 

quoting unpublished reports of Mauzerall and of Straley that the ratio of 

BPheo/BChl is 1:2. Recently Reed and Peters (1971) and Reed and Ke (1972) 

presented reports favoring 2 BChl per reaction center. The evidence 

available suggests that these workers are not simply dealing with dif-

ferent materials, for there seems to be general agreement on the absorbance 

ratios P760:P800:P870. Values greater than 3 BChl per reaction center 

inevi~ably lead to quantum yields greater than unity for certain substrate 

oxidations and to a loss in the correspondence between oxidized P870 and 

the number of unpaired electrons as measured by EPR. On the other hand, 

numbers less than 3 are very difficult to-reconcile with the absorption 

and CD spectra. Attempts are currently underway to resolve these dis-

crepancies. 

.. 

.. 
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3.5 Bacteriochlorophyll- and Chlorophyll-Proteins 

In addition ~o the various particles containing active reaction 

centers with or without accompanying antenna pigments, a variety of 

(bacterio)chlorophyll proteins without any measurable photochemical 

activity have been isolated. These fall into two distinct classes: 

(a) water-soluble pigment-proteins that are obtained by sonication or 

other methods of cell rupture followed by fractionation of the cellular 

debris, and (b) pigment complexes obtainable only through the usc of 

detergents, which are requi'red both to excise the complexes from the 

internal membranes and to provide them with sufficient hydrophilic 

character to become water soluble. 

A prime example of the first type is. the water soluble BChl protein 

isolable from sonicates of the green bacteria ~ ethylica or Chlorobium 

thiosulfatoohilum (Olson and Romano, 1962; Olson, 1971). This substance 

has been highly purified and is readily crystallizable. It has a molecular 

weight of 152,000 dal tons and consists of four equivalent subunits, each 

containing five BChl molecules (Thornber and Olson, 1968}. The BChl are 

apparently well covered by a protein coat 'and are in close proximity to 

one another within the subunits, giving rise to pronounced exciton split-

tings in low temperature absorption and CD spectra (Fig. 11). The spectre-

scopic properties of the BChl-protein do not, however, closely resemble 

those of the membrane-bound antenna BChl associated with green bacterial 

reaction center particles (Fowler, Nugent and Fuller, 1971; Olson, Philipson 

and Sauer, 1972). Despite the conclusion that it is not an integral part 

of the photochemically active membranes of the green bacteria, the water 

soluble BChl.,.protein is able readily to transfer electronic excit:1tion to 
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Fig. 11. BChl-protein complex from ~ ethylica; absorption and CD 

spectra taken for the same sample at room temperature (dashed curves) 

and at 77°K (solid curves). Both an increase in resolution of the 

comoonents and a considerable enhancement of the CD features are 
I 

evident at the lower temperature. Curves taken from Philipson and 

Sauer (1972a). 
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the photosynthetic reaction centers in order to drive the light reactions. 

Several interesting Wqter~soluble Chi-proteins have been isolated 

from higher plants. One obtained from ~henopodium album or from cauli

flower has a molecular weight of 78,000 daltons and contains 6 Chl a and 

1 or 2 Chl b (Yakushiji, Uchino et al., 1963; Takamiya, 1971; Murata, 

Toc:L."l et al., 1971). Upon· illumination the pigments of the Chi-protein 

from Chenopodium undergo an irreversible photooxidation. The Chi-protein 

from cauliflower is light-insensitive. Other small Chi-proteins have 

been isolated from Lepidium; however, their function in these organisms 

is not knmm (Takamiya, 1971; Murata and Murata, 1971). Frozen, aged 

and thawed spinach chloroplasts release two small water-soluble chloro-

phyll proteins that contain plastoquinones and carotenoids as well 

(Tachiki, Parlette and Pon, 1969). 

The second class of inactive pigment-proteins requires solubilizing 

detergents for their isolation. Two BChl-proteins obtained from 

Chromatium D, fractions B and C, using SDS have molecular weights of 

about 100,000 and contain about 10 BChl molecules together with carotenoids 

(Thornber, 1970). A much smaller pigment protein with molecular 

weight about 14,000 and containing one molecule of BPheo (presumably 

converted from BChl during an acid-extraction step) was obtained from 

~ spheroides using SDS (Fraker and Kaplan, 1971; 1972). A protein 

of similar size associated with the antenna BChl has been isolated by 

Clayton and Haselkorn (1972). This is the smallest of the pigment-

proteins isolated to date. 

Chlorophyll-proteins isolated from higher plant chloroplasts 

incubated with SDS are of two types (Kung and Thornber, 1971). One 

has a molecular weight of 100,000 and a Chl a/b ratio 5:1; the other 
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has a molecular weight of 35,000 and a Chl a/b ratio 1:1. These are 

thought to derive from photosystems 1 and 2, respectively. 

It is tempting to postulate that these detergent solubilized 

(bacterio)chlorophyll proteins without reaction centers represent sub

uni~s of the antenna pigment systems. In several cases they are obtained 

in yields corresponding to mor,e than half the (bacterio)chlorophyll of 

the membranes prior to detergent treatment. Nevertheless, in most cases 

it remains to be determined that the pigment-proteins exist in a similar 

configuration within the active membranes and that the detergents have 

not caused a major rearrangement of the constituents. This note of caution 

applies equally to the reaction center preparations described in section 3.4. 

3.6 MOdels of Photosrpthetic Lamellae 

The preparation and elucidation of an almost bewildering variety 

of reaction center particles, reaction centers with associated bulk 

pigments and inactive (bacterio)chlorophyll proteins has led to the 

formulation of various models for the photosynthetic lamellae. Thornber 

(1970) has envisioned a set of basic components or building blocks 'which 

are suitably arranged to give both the light-harvesting properties and 

the photochemical activity of the photosynthetic units. The building 

blocks consist of a set of reaction centers containing the primary elec

tron donor and acceptor molecules, cytochromes serving as secondary 

dono~s, and (bacterio)chlorophyll proteins serving as the antenna. The 

basic units of the latter may contain between 2 and 20 pigment molecules 

encased in protein.. These basic units are preswned to be held together 

by lipid components that are extracted by the solubilizing detergents. 

.. 

. ' 
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The two,-climcnsional photosynthetic lamellae of higher plants are 

thought to contain repetitions of the photosynthetic units in a closely 

packed array (Branton and Park, 1967), Similar models for bacterial mem-

branes or vesicles are envisioned by Reed, Raveed and Israel (1970) and 

by Slooten (1972). The picture that emerges from these ideas is akin to 

the tesselated or pebble mosaiC floors characteristic of ancient pavements 

uncovered in the Near East. Imagine a characteristic and well defined 

unit pattern compmmdec1 from a set of differently colored or shaped 

pebbles, and then imagine this compound unit repeated extensively in each 

direction on the surface. Mbsaic models with varying degrees of rigidity 

have been presented for a wide variety of subcellular membranes (Green, 

Allman et al., 1967; Singer and Nicholson, 1972). This pebble mosaic 

madel, illustrated in a conjectural fashion in Fig. 12, hasfeatures which 

should command the attention of those who seek to understand the essential 

properties of active photosynthetic membranes. We Will examine some of 

its consequences for the phenomenon of electronic excitation transfer in 

section 3.7. 

Other models with lesser degrees of internal organization have been 

postulated by Kreutz (1970) and by Weier and Benson (1967). These differ 

in placing all or part of the pigments in a kind of two-dunensional layer 

or sheet with interleaving carotenoids or colorless lipids, and do not 

emphasize the packaging of the chlorophylls in individual small protein 

subunits •. Numerous earlier models exist, but they are even more specula-

tive because they did not profit from the recent studies of membrane 

substructure. 

Support for rather specific interactions of particular proteins 

with reaction centers or light hi}rvesting pigments comes from studies of ,. 
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Fig. 12. A highly schematic illustration of the pebble mosaic model. 

At the top is an expanded view of a single unit, consisting of an 

integrated array of different "pebbles": the electron transport 

cofactors (Fd, Cyt f, PCy, A, Q~ etc.), reaction centers (RC 1 and RC 2) 

and specific pigment-protein subunits (Chl a - proteins and Chl a + b 

proteins). Carotenes and uncharged colorless lipids may be inter

spersed bebieen componen~s as a kind of glue; charged sulfo- and 

phospholipids m:1y occur at the peripheral surface of the unit in 

contact with the aqueous surroundings. The model omits such addi-

tional features as phosphorylation coupling factors, for which the. 

stoichiometry and placement are even less well known. At the bottom 

is pictured a portion of a single thylakoid membrane, which consists 

of a two-dimensional mosaic of the individual units. Electron micro-

graphs show that the arrays are not always so regular as indicated 

here. This variability may control the extent of electronic excita-

tion energy transfer from one unit to its neighbors. 
I 

..• 
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protein composition following extensive detergent treatment (Remy, 1971; 

Clayton and Haselkoin, 1972). Mutants \'.nich are missing the light reaction 

or reaction center activities are found to be deficient also in specific 

proteins (Gregory, Raps and Bertsch, 1971; Segen and Gibson, 1971; Clayton 

and Haselkorn, 1972). 

The membranes or thylakoids of chloroplasts are enclosed vesicles, 

for which the inside and outside surfaces are distinguishable using the 

electron microscope (Branton and Park, 1967). In addition, labeling 

studies using diazonium compounds (Dilley, Peters and Shaw, 1972) or 

antibodies (Briantais and Picaud, 1972) indicate that these faces differ 

in their activity, with access to photosystem 1 on the outside and photo-

system 2 on the inside of the chloroplast thylakoids. 

3.7 Excitation Transfer and Trapping 

Within·a few picoseconds (1 psec = lo-12 sec) following the absorption 

of a photon by a chlorophyll anywhere in an antenna of up to son rno 1 C'cul es, 

the resulting electronic excitation arrives at the photochemical trap 

(see section 4.3). This rapid transfer of excitation places severe demands 

on the properties of such an array. The mechanisms invoked for the excita-

tion transfer range from the diffusion of an exciton wave throughout a more 

or less homogeneous array of closely spaced chlorophylls, to a migration 

via a Ftlrster mechanism (resonance transfer) involving the hopping of the 

excitation to neighboring molecules more or less at random (random walk). 

The purpose of this section is to point out aspects of this problem which 

have not been given sufficient consideration in any theoretical model to 

date. A detailed description of the models that have been studied and of 

their predictions is given by Knox in Chapter 4. 
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r.bst of the models o~ excitation transfer have used a simple picture 

of a regular repeating lattice (in 1, 2 or 3 dimensions) of identical pig

ment molecules (Duysens, 1964; Bay and Pearlstein, 1963; Robinson, 1966; 

Knox, 1968). The photochemical traps are assumed to be dispersed more 

or less uniformly in this array, although some models consider only iso

lated photosynthetic units containing a single trap. Evidence gathered 

·:from studies of fluorescence yields as a f1.mction of the fraction of 

reaction centers in the oxiuized conuition (and presumably not capahlc 

of acting as traps) suggest that excitation can pass relatively easily 

from one such unit to another in photosynthetic bacteria and photosystem 2 

of algae (Clayton, 1966c, 1967; Duysens, 1966a; Borisov, 1967; Tumennan 

and Sorokin, 1967). 

Several models have considered heterogeneous arrays in which molecules 

which are closer to the traps have somewhat lower energy excited states than 

do those molecules farther away (Duysens, 1966b; Seely, 1971). In certain 

arrangements calculations suggest that the speed of trapping can be 

increased in this way as much as 10 fold over that of equivalent homo-

gencous arrays (Borisov and Petisova, 1971). 

A different kind of picture is suggested by the pebble mosaic model 

described in section 3.6 and illustrated in Fig. 12. The isolation of 

pigment-protein complexes containing a small number (2 to 7) of strongly 

coupled (bacterio)chlorophyll molecules suggests that the antenna may 

consist of a repeating network of such pigment proteins. This model is 

spatially heterogeneous, in the sense that the ante~a array consists of 

repeating units of groups of closely spaced chlorophylls in chlorophyll-
. d;:~~~-

protein subunits. The consequences: of this model cannot be appreciated 
.'/ 

/,;' 
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by simply re-ordering the lattice points in the previous studies, however, 

for there is mnl)le evidence that the underlying mechanism of molecular 

interaction is quite different for the closely grouped molecules within 

each protein subunit from what it is for interaction between adjacent sub-

unit groups ._ 

The absorption and CD spectra of Olson's BChl-protein from green 

bacteria (Philipson and Sauer, 1972a) and of both a Chl a - Chl b-protein 

~d a Chl a-:-protein from higher plants (Murata and ~-rurata, 1971; MUrata, 

Philipson and Sauer, unpublished results) suggest that the (bacterio)chloro-

phyll molecules within these proteins are relatively strongly coupled. 

The resulting exciton states are properties of the molecular group. In 

these exciton states it is appropriate to consider the electronic excita-

tion to be spread over all of the chlorophylls in the group, probably in 

a time shorter than the lo-13 sec characteristic of thermal relaxation in 

such molecules. Furthermore, there is probably a similarly rapid transi-

tion (intersystem crossing) to the lowest energy state(s) in the manifold 

of exciton levels. Evic' mce to support this view comes from the 10\'1 tern-

perature fluorescence spectnun of the BChl-protein (Olson, 1971), where 

it is seen that the fluorescence spectnnn is the mirror image not of the 

entire absorption manifold, but only of the long wavelength exciton com

ponent. Although the fluorescence lifetime undoubtedly is much longer 

(ca. 10-9 sec) than the relaxation lifetimes that we are concerned 

with above, the fluorescence result emphasizes the conclusion that we should 

not consider these closely coupled pigment molecules to act as individual 

entities for purposes of excitation transfer calculations within or between 

photosynthetic units. 

" . 
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lt is reasonable to suppose and consistent with the meager experi-
i 

mental data available that excitation transfer between adjacent BChl-protein 

or Chi-protein molecules in the antennas occurs via the very \veak coupling 

typically invoked in the Forster mechanism.. The rate of such transfer 

varies inverse 1 y as the sixth power of the distance between centers and· 

is proportional to the overlap bet\veen the emission spectnnn of the donor 

group and the absorption spectrum of the acceptor group. 

While an arrangement such as that described above has not been 

explored by quantitative calculations, we can predict some of its features 

relative to that of a homogeneous array of regularly spaced, individual 

chlorophylls. Because intergroup transfer will be much slower than the 

intragroup delocalization, the effect of grouping the pigments is to 

reduce the number of F~rster steps required to reach the trap by a factor 

Ng' where Ng is the number of pigment molecules in each closely coupled 

group. The time required to reach the trap is therefore shortened by a 

stmilar factor. On the other hand, the overlap between the fluorescence 

and absorption envelope! may be reduced for the groups as compared with 

the separated molecules (monomers). The fluorescence comes only from 

the lowest state(s) of the manifold, whereas the absorption is distri-

buted (albeit uneaually) among all of the states. The relevant properties 

of the groups need to be known in greater detail, however. Bnissive 

transition probabilities for the groups and their orientation with respect 

to adjacent groups play a strong role in the transfer probability (Knox 

and Chang, 1971). The forces of interaction between the protein sheaths 

of adjacent chlorophyll ,..proteins provide a plausible rationale for sup

posing that the antenna consists of a "regular" array of these subunits 

with some well-defined, as opposed to a random, mutual orientation. 
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It \11il1. he a challenge for the future hoth to thcoretici;ms and to 

experimental ]sts t_o explore the properties and cOJISC<[Ul'Jiccs of the pchhle 

mosaic model of photosynthetic membranes. 

3 .. 8 Synopsis of Photosynthetic Membrane Organization 

Before going on to discuss the photochemistry of the reaction centers, 

let us first stmnnarize some of the contributions that electronic spectroscopy 

has made to our lmowledge of the function and arrangement of the chloro-

phy11 pigments in photosynthesis. 

(1) The chlorophylls in vivo are hound into lipoprotein mem-

branes and occur there in several distinct spectroscopic and ftmctional 

forms. 

(2) Antem1a chlorophyll molecules, typically 99% of the total, 

serve to absorb incident photons and to transfer the resulting elec-

tronic excitation to the reaction centers. 

(3) Reaction center chlorophylls, roughly 1% of the total, 

participate directly in the primary photochemistry. The reaction 

centers utilize the excitation energy to pump electrons from donors 

to acceptors in the electron transport chain. 

(4) Small BChl-containing proteins with the general charac-

teristics of either the antenna or the reaction center BChl have 

been isolated from photosynthetic bacteria. These proteins have 

a small number (2 to 7) of BChl per molecule. 

(5) Photosynthetic membranes probably consist of assemblies 

of antenna chlorophyll proteins, reaction center complexes, electron 

transport proteins and other smaller molecules packaged into inte

grated units that are repeated in a more or less regular array dis-
' 

tributed over the membrane surface. 
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(6) In the pebble mosaic model, photon ab,sorption results in 
I 

electronic excitatio~ that is very rapidly delocalized vj
1

a strong 

exciton interaction among several pigment molecules within each 

antenna chlorophyll prote]n. The excitation is then transferred by 

a slower hopping process to other antenna chlorophyll prote]n mole

cules tmtil it event~ally reaches the reaction center. 

4. Primary,Photochemistry of Photosynthesis 

4.1 Definition of Photosynthetic Energy Trapping · 

For the purposes of this section we shall define photosynthetic 

energy trapping as the process that results in the disappearance of 

(singlet) electronic excitation. The onset of the "chemical" stages 

occurs upon the appearance of the first of a series of oxidized and 

reduced intcmcdiates. It is important to. recogn.izc that there is an 

unexplored region lying between the trapping of electronic excitation 

and the initial electron transfer reactions. Speculations have populated 

this region with triplet states and other metastable ~~ecies, but there 

is little evidence at present to support their direct participation in 

the energy conversion process. The process of trapping is, therefore, 

defined operationally in terms of certain initial and final states. The 
I 

precise boundary between the physics and chemistry of the process may 

prove difficult to locate, however, unless the model is carefully speci-

fied~ 

An alternative way of looking at the trapping process ts t.o consider 

the motion of electrons arid holes (missing electrons) in the activated 

system, The absorption of radiation by the photosynthetic pigments 
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results in the promotion or excitation of a bound electron to a higher 
I 

energy level and leaves a hole behind in the original level. During 

excitation migration this electron and its associated hole move together 

among the molecular arrays (~, between adjacent Chi-proteins) in a 

correlated fashion~ One feature that is characteristic of this correlation 

.is that the excited electron always has the opposite spin to tltat of the 

remaining electron in the orbital containing the hole. When trapping occurs 

this spin correlation is lost .. 1be electron and the hole eventhally move 

independently of one another, either in conduction bands or amongst a set 

of donor and acceptor molecules. The free energy of the electronic excited 

states has then become converted into stored chemical potential, and we 

have entered the region of chemistry. 

Recent reviews emphasizing various aspects of the photochemical 

trapping have been written by Fork and Amesz (1970), by Witt (1971) and 

by Clayton (1972). Tributsch (1971) has presented a fonnulation of the 

trapping process in electrochemical terminology. 

4. 2 Primary Photochemical Processes 

The experimental evidence suggests that the first events conse-

quent upon trapping of the electronic excitation are oxidation-reduction 

(electron transfer) reactions. The evidence varies in detail, depending 

on whether photosynthetic bacteria or higher plants are studied. It is 

worthwhile starting with some generalizations to provide a framework for 

interpreting the detailed observations. 

The earliest detectable event appears to be the transfer of an 

electron from a chlorophyll or bacteriochlorophyll in the reaction center 

complex to a primary acceptor, according to the ,equation 

[ 4-1] 
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This process is very rapid ,(< 20 nsec) and proceeds with a quantwn effi-
1 I .. : I ! 

cicncy of the order of unity. It is temperature indcpcrKlent and occurs 

even at 1°K. The reaction can be observed by characteristic changes in 

the absorption spectnun (P870 or P700) and by the distinctive EPR signal 

of the oxi_dized pi~?nents .: 

Reaction 4-1 competes very favorably with the other mechanisms of 

singlet excited state decay listed in section 2.4. As a consequence, 

photosynthetically active reaction centers exhibit a lmv yield of fluores-

ccnce, short fluore~~cence decay times, low yields of triplet formation, 

etc. relative to chlorophylls in solution. We \rill see in section 4.3 

how measurements of these quantities can be used to deduce information 

about the kinetics or the primary photochemistry. 

Following the primary event, several secondary processes may occur, 

either separately or together. 

(a) The primary acceptor may pass the elec.tron to one or more 

secondary acceptors 

[ 4 -2] 

(b) An electron may be transferred from a donor associated \'lith 

the reaction center complex: 

D1 •· C + • A1 ~ .C ~ •· C • A1 
[ 4-3~ 

(c) Th~ process may reverse to regenerate the pigment excited 

state, leading to delayed fluorescence 

+ cn
2 

•. n
1
.c) [ 4-4] 
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(d) The red~ced a!ld oxidized species may be coupled via an external 

(cyclic) electron flow pathway 

+ (D ·D ·C) · (A ··A).,. ....,. D·C·A + heat 
2 1 1 2 

[ 4 -5] 

The processes represented by steps (a) aild (b) are extended through other 

electron carriers in no11-cyclic electron transport. The ultimate electron 
' 

donor in higher plant photosynthesis is 1120 and the electron acceptor is 

co2 via ferredoxin and NADP+. Process (d) may also result in the produc

tion of stored chemical potential via a cyclic phosphorylation step. 

\~1ile the events described above have been extensively docwnented, 

several additional intermediate stages have been proposed but have not yet 

been convincingly demonstrated. For example, the triplet state of chloro
i 

phyll has been 1 invoked as an intermediate in the trapping process prior to 

the initial electron transfer step (Robinson, 1963, 1966; Franck aild 

Rosenberg, 1964). Although evidence is available supporting the occur

rence of the Chl triplet in photosynthetic organelles or membranes, the 

triplet state is observed only when the primary electron transfer step is 

blocked (1-.brawandWitt, 1961; Rikhireva, Sibel'dina~al., 1968; Dutton, 

Leigh aild Seibert, 1972; Borisov, Godik and Chibisov, 1970). We cannot, 

however, rule Otlt the possibility that triplets do participate in the 

normal course of the photOS)~thetic energy conversion but that their 

lifetimes are too short or concentrations too low to have been observed. 

An alternative mechanism for photochemical trapping invokes the 

separation of electrons and holes into conduction bands characteristic of 

large molecular arrays (Calvin, 1958; Arnold, 1965). Such a delocaliza-

tion of charges over a large matrix would provide a favorable entropy 

barrier against their \vasteful recombination. 111e hole and electron 
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would productively be captured by an electron donor and an aCL'Cptor, 
I 

rcspc~tivcly, asso.ci:1ted \vi th the molecular array. 
I 

Subsequent! events 

would occur much as in the simpler mechanism presented previously. 

Photoconductivity and .light-induced dielectric changes have been 

observed for dried films of chloroplasts (Arnold and Shenvood, 1957) or 

chromatophores (Arnold and Clayton, 1960) in DC experiments. Recently, 

high frequency (1010 Hz) photoconduction has been observed using an 

electrodeless (micrO\'JaVe cavity) technique (Blyumenfeld, Kafalieva et 

al., 1970; Bogomolni; 1972). Bogomolni made measurements of the !!all 

effect of this photoconductivity. He obtained evidence for both positive 

and negative carriers in both chromatophores and chloroplasts, but'the 

quantum yield for their formation was less than 10"" 2. 

Reaction center preparations do not contain the antenna BChl mole-

cules, and there is only a veiy small number of molecular sites over which 

charge delocalization can occur. From the ability of these reaction center 

preparations to carry out normal photochemical trapping it would appear 

that electron conduction bands typical of organic semiconductors are not 

necessary for photosynthetic energy conversion. 

4 .. 3 Trapping Times Deduced from Fluorescence Measurements 

Once a reaction center becomes activated, it will not be able to 

+ -utilize additional excitation until C and A1 [Eq. 4-1] are returned to 

their dark states. During this dead time no further photochemistry is 

possible, and the additional absorbed energy is lost via heat or emitted 

radiation. The refractory period lasts until the secondary donor, o1, 

transfers an electron to C+ and the reduced primary acceptor, Ai, is able 

to transfer an electron to a second.ary acceptor, k., • ... 



-68-

[ 4 -6] 

TI1e available evidence (sections 4-4 and 4-5) suggests that there is only 

one oxidiz:1ble (bacterio)chlorophyll and one primary acceptor molecule in 

· each reaction center complex. Hmvever, the secondary donors and acceptors 

can, in many cases, transfer or accept more than one electron upon succes-

sive flashes or co11tinuing illumination (Parson, 1969b; Case and Parson, 

1971). Once these secondary pools are emptied or filled, additional 

refractory periods or kinetic rate-limiting steps will be observed, 

As the primary trapping sites become progressively filled there is 

a concomitantly greater probability that absorbed photons will be released 
i 

as fluorescence, As a consequence, an increase in fluorescence efficiency 

(i.e., the ratio of emitted to absorbed light intensities) is observed 

with increasing intensities of actinic light (Duyscns and Sweers, 1963; 

Vredenberg and Duysens, 1963). Fluorescence, thus, becomes a relatively 

more important pathway for excitation loss as the chemical steps saturate. 

We expect, on the basis of Eq. 2-9, that an increased fluorescence effi

ciency will be accompanied by an increased fluorescence lifetime. Studies 

by Tumerman and Sorokin (1967), and by MUller, Lumry and Walker (1969) of 

the fluorescence lifetime of Chl a in Chlorella did indeed show a strong 
. 

intensity dependence. The lifetime increased from a value of 0.35 nsec 

at lmv intensity to 1 • 9 nsec at saturation. . (This observation appears to 

resolve earlier discrepancies in lifetime values [Brody and Rabinmvitch, 

1957; Tomita and Rabinowitch, 1962; Butler and Norris, 1963; Nicholson anJ 

Fortoul, 1967], asstming that the different experiments were carried out 

at different exciting light intensities.) ~rutants with non-functional 

reaction centers did not show any significant variation in fluorescence 

lifetime over the same intensity range OMUller, Lumry and Walker, 1969). 
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Two significant properties of this in vivo fluorescence are worth 

noting.. The miniJnum fluorescence efficiency·, extrapolated to zero actinic 

intensity, is distinctly greater than zero, and the saturat~on value is 

distinctly less than that for the Chl a or BChl in solution. From the 

observed 1 ifetir.1e of 0. 35 nsec at low intensity O·!Ullcr, Lumry and Walker, 

1969) and the intrinsic lifetime of 15 nsec for Chl a, we can calculate 

(Eq. 2) an expected quantum efficiency of 0.023. This is in excellent 

agreement with the observed value of 0.024 for d1lorella at low intensi-

ties (Latimer, Bannister and Rabinowitch, 1956) .. Clayton (1969) has 

interpreted tlris as "dead" fluorescence which is insensitive to the con-

clition of the photochemical traps. The variable fluorescence is desig-

nated "live" fluorescence, by contrast. Clayton attributed these two 

forms to different Chl pigments or Chl in different situations in the 

lamellae~ 

The live fluorescence has been extensively studied, both in higher 

plants and in bacteria, as an indication of the condition of the photo-

chemical traps. Clayto1 (1967) has provided a detailed analysis of 

the quantitative aspects of this correspondence. The live fluorescence 

of higher plants appears to originate in photosystem 2, and entirely from 

the Ch1 a antenna pigments. Fluorescence from PS 1 can be observed only 

at low temperatures. No live fluorescence of PS 1 has been reported. 

The absence of both live and dead fluorescence from PS 1 at room tempera-

ture is not tmderstood at present, but it suggests a rather different 

reaction center configuration from those of PS 2 or photosynthetic bacteria. 

Zankel, Reed and Clayton (1968) have studied reaction centers isolated 

from~· spheroides and have observed a "live" fluorescence that appears 
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to originate frotn the reaction center pigments themselves. On the basis 

of the very low qu·antum yield, :1pproxjmatciy 'l x 10- 4 , one c;:m calculate 

a lifetime of 7 psec (7 x lo- 12 sec) for the electronic excited state of 

the RChl of the reaction centers. The lifetime of the live fluorescence 

was investigated for intact bacteria using a sensitive phase fluorometer 

by Borisov and Godik (1970). They concluded that excitation reaches the 

open traps within 30-50 psec, which was at the limit imposed by their 
I 

instrument. At the other extreme, the dead fluorescence from the 

bacteria \vhen the traps were closed had a lifetime of 1.35 nsec. Since 

the quantum yield for photochemistry at low actinic intensities is of the 

order of unity in these preparations, the photochemical trapping must 

occur \vi thin a few picoseconds following absorption of a photon. 

4.4 P870 and P700 -.Primary Electron Donors 

The first experimental evidence for the direct participation of 

bacteriochlorophyll or chlorophyll in the primary photochemistry was the 

observation by Duysens (1952) of a photoinduced, reversible bleaching of 

a small portion (ca. 1%) of the absorption spectrum of bacteriochloro

phyll in intact bacterial cells or chromatophores. A1 though the difference 

spectrum varies somewhat from one organism to another, we shall refer to 

this species as P870, after the long-wavelength component of the bleaching. 

Shortly thereafter, Kok (1956; Kok and Hoch, 1961) reported an analogous 
-

species, P700, characteristic of higher plants and algae. P700 is now 

knolvn to be associated with photosystem 1 (PS 1). In a search for a cor-

responding species associated with PS 2 in oxygen-evolving organisms, 

OOring and coworkers (Wring, Stiehl and Witt, 1967; OOring, Bailey et al., ---
1968; OOring 1 Renger et al.., 1969) uncover.,ed a rapidly reversible bleaching 

-- i 
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at 680 run; however, they concluded that its role may be an indirect one and 

not reflect the oxidation of a PS 2 reaction center chlorophyll 0Vitt, 

1971). Floyd, Chance and De Vault (1971) showed that a portion of the 

P680 decays with kinetics corresponding to the oxidation of cyt b559 at 

low temperature. They favored placing P680 as an active component of 

the PS 2 reaction center. Butler (1972) has written a detailed analysis 

of this question, concluding that th~re is no good evidence at present 

to n1le out P680 as the primary electron donor of PS 2. 

At about the same time as the photoinduced absorption changes P870 

and P71JO \vere first observed, studies using EPR techniques uncovered 

the photoproduction of unpaired electrons in chloroplasts and in photo

synthetic bacteria. Sharp, structureless EPR signals were observed to 

appear upon illumination and to decay in the dark (Connnoner, Heise and 

To\vnsend, 1956; Calvin and Sogo, 1957). At first it proved difficult 

to establish the relationship between the absorption changes and the EPR 

signals~ however~ extensive studies carried out in several laboratories 

during the past few years have established a common origin for them. 

We are now reasonably confident that the bleaching of P870 or P700 and the 

appearance of the EPR signal (signal 1, in the case of higher plants) both 

witness the one~electron oxidation of (bacterio)chlorophyll in the reaction 

centet. Kohl (1972} has written a comprehensive review of the properties 

of the EPR signals associated with. the photosynthetic reactions. 

·Both P870+ and P700+ and the corresponding EPR signals in chromato

phores and chloroplasts can be produced chemically in the dark through the 

use of an oxidant such as ferricyanide. Each active pigment undergoes a 

one-electron oxidation, and the reversible midpoint potentials arc +0.44 V 
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. . + . + 
for P870/P870 (_Kuntz, Loach and Calvin, 1964) and +0 . .43 V for P700/P700 

(Kok, 1961). The light.-induced changes disappear progressively as the 

pigments are oxidized chemically, as shown in Fig. 13A~ In Chromatiwn a 

somewhat higher potential of 0.49 V for P870 has been reported by 

Cusanovich, BarL~ch and Kamen (1968). 

Loach and Sekura (1967) showed that the decay kinetics of the photo-

induced absorption changes owing to P870 are identical to those of the 

EPR signal.. further kinetic and stoichiometric evidence supporting the 

identification of P870+ as oxidized BChl and responsible for the EPR signal 

was reported by Bolton, Clayton and Reed (1969) and by McElroy, Feher and 

~huzerall (1969). Fig. 14 illustrates this similar kinetic behavior for 

reaction c~nters from Rps. spheroides. Bolton, Clayton and Reed (1969) 

showed, furthermore, that the quantum yield for the formation of P870+ and 

of the EPR signal are both unity. In the case of higher plants, studies 

of \Veaver (1958) and of Warden and Bolton (1972) demonstrated the identity 

of the kinetics of'P700 bleaching and EPR signal 1, at the same time resolving 

some apparent earlier discrepancies for this species. 

lhl.der high intensity, laser-pulse illumination the onset times of 

the P870 and P700 absorption changes are too rapid to measure using cur

rently available techniques of sensitive flash absorption spectrometry. 

The experiments show that they are faster than 50 nsec for P870 (Seibert, 

Dutton and De Vault, 1971) and faster than 20 nsec for P700 (\vi tt and Wolff, 

1970). These limits are still very much longer than the trapping time of 

7 psec (7 x l0-12 sec) estimated by Zankel, Reed and Clayton (1968) on 

the basis of low fluorescence yields in reaction center preparations. 

New techniques perhaps based on the mode-locked laser, will be required 
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Fig. 13 .. Oxidation reduction titrations of the light-induced P870 absorp.,. 

tion change in chromatophores of R .. rubn.nn. The t\vo figures are 

taken from Kuntz, Loach and Calvin (1964} .. (A) Oxidation of P870 by 

added ferricyanide (open symbols), follmved by a reductive titration 

with sodium dithionite (solid symbols). Measurements were made at 

three different wavelengths characteristic of the primary photochemical 

oxidation. The solid line is the theoretical curve for a' one-electron 

oxidation with a midpoint potential of +0.439 V. The dashed line is 

the theoretical curve for a two-electron oxidation. (B) Titration 
J 

of P870 at low potentials, presumably the reduction of the electron 

acceptor. The experimental procedure was varied for the different 

. symbols (see original reference for details) .. The solid line is the 

theoretical curve for a one.,.electron reduction with a midpoint 

potential of -0,044 V; dashed line is for a two-electron reduction. 
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Fig. 14. Kinetics of the EPR and absorption changes at 795 nm for reaction 

centers of~ spheroides, R-26 mutant, upon actinic illumination .. 

The same sample was used· for both experiments. Rise times at 77°K, 
' ' 

which vary with incident intensity from 14: 3 msec (at 105 erg-cm- 2-
-1 + 4 -2 -1 + sec ) to 30 - 5 msec (at 10 erg-em -sec ) , agree within -10% for the 

two measurements. Decay times are 30 : 3 msec for both measurements 

at 77°K, and exhibit no significant change down to 1.7°K. The figure 

and the numerical results are taken from McElroy, Feher and ~lauzerall 

(1969). 
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' -11 to investigate the nature of intermediates present between 10 · and 

10-8 sec. 

Further evidence supporting the primacy of both the absorption and 

EPR signals comes from their characteristically high quantum yields and 

yirtual independenc? of temperature. for bacterial systems both the EPR 

signal (Sogo, J~st and Calvin, 1959) and the P870 absorption change 

(Arnold and Clayton, 1960) can be induced rapidly by light at loW' tern-
' I . 

peratures·, even down to 1 °K. At room temperature the quantum yields are 

close to unity for both the P870 change (Leach and Sekl1ra, 1968; Parson, 
I 

1968; Beugl ing, 1968; Bolton et al., 1969; Clayton, Fleming and Szuts, 

1972; Clayton, Szuts and Fleming, 1972; Slooten, 1972) and for the EPR 
I 

signal (Loach and Walsh, 1969; Weaver and Weaver, 1969; Loach and Hall, 

1972) 'for chromatophores and reaction center preparations. 1he quantum 

yield of the P87p bleaching is changed hardly at all c..t l°K (Clayton, 
! 

1962b). 

The wide range of evidence cited above provides strong support for 

the proposal that the primary electron donor associated with the photo

S)~thetic light .reactions is (bacterio)chlorophyll in a special environ-

ment. In addition to the other chlorophylls present in the reaction 
I 

centers (section 3.4), one important feature of this special environment 

is the close proximity of a good electron acceptor. 

4.5 ·Primary Electron Acceptors 

The primary[ electron acceptor is defined as the first component 

to receive an electron from the primary donor, now presumed to be P870 
I 

or P700, It must be recognized at the outset that the primary acceptor 

may prove to be more than one molecule(~, a pool of acceptors), or 

I II II! 
',I 

I 
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there may be several different primary acceptors for a given donor 

(parallel pathways). Furthcnnore, the specific primary acceptor(s) may 

change depending on reaction conditions (~,·electrochemical potential) 

or other chemical treatments which the photosynthetic materials have 

undergone. 

A variety of compounds have been proposed for the primary electron 

acceptor in reaction centers. 111ese include quinones, non-heme iron 

proteins, pteridines, cytochromes, a second chlorophyll molecule, and .. 
other components identified only in tenns of absorbance changes or I:PR 

signals. This is one of the most active areas of current research. 

The difference between the electrochemical potentials of bxidized 

(bacterio)chlorophyll and the reduced primary acceptor defines the chemical 

potential produced from the absorbed photon. Ross and Calvin (1967) present 

arguments based on the second law of thennodynamics that limit this dif-

ference to about 1 .. 2 eV for organisms containing Chl a and about 0.8 eV 

for photos}~thetic bacteria. Since the oxidation of P700 and of P870 

each exhibits a midpoint potential of about +0.44 V, 'lis places lower 

limits for the potentials of the primary acceptors of about -0.76 V and 

-0.36 V in plants (PS 1) and bacteria, respectively. 

If an external chemical reducing agent added to the photosynthetic 

materials is able to reduce the primary acceptor 

C·A+e ~C·A [4-7]' 

then P870 or P700 are no longer able to transfer electrons·upon illLnni

nation and the associated absorption and EPR changes disappear. The state 

C·A is inactive photochemically and exhibits a high fluorescence effi-

ciency (Clayton, 1966b). Kuntz, Loach and Calvin (1964) found a midpoint 
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potential of -'0.04 V for a reversible, one-electron reductive titntion 

of P800 (couplcJ to 1'870) in the bacterium R .. rubnnn (rig, 13B). A simi.Jar 

,_·aluc, -0.0:: V, h:ls founcl by Nicholson and Clayton (1969) for isolated 

reaction centers from~ spheroides. Both of these investigations used 

Using flash spectroscopy following brief (10 nsec) 

laser pulses,· Duttoo (1971) and Seibert and De Vault (1971) found values 

nca;r -0 . .14 V for Chromatitnn D and for Rps •. gelatinosa, and obtained evidence 

that a small portion of the light reactions was operative dmvn to -0.35 V. 
I 

Although these potentials are measured for different organisms and, there-

fore, need not be the same, it is important to recognize that measurements 

made using steady illumination may differ from those using brief flashes 

even for the same organism. TI1e origin of this difference is kinetic 

rather than thermodynamic, and \ve shall return to consider the underlying 
I 
I 

reasons shortly.· 
I 

In the case. of chloroplasts from higher plants, a. series of studies 
I 

using added weak electron acceptors (Kok, Rurainski and 0\vens, 1965; 

Zweig and Avron, 1965) point to a potential of about -0.50 V for the 

primary acceptor. In some cases added electron acceptors \vi th midpoint 

potentials belo\v -0.60 V could be reduced to some extent by chloroplasts 

(Kok, Rurainski and Owens, 1965; Black, 1966). TI1ese studies were all 

carried out using steady illumination; however, they did not involve 

reversible titrations of an endogenous chloroplast electron acceptor. 

It is possible ~or an electron donor to reduce an acceptor with a more 

negative midpoint potential if the concentration ratios of oxidized and 

reduced forms of the respective molecules favor the transfer. For one-

electron carriers, in accordance with the Nernst equation, each order of 

I [I 
111 ., 
I 
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magnitude ch~mge 1n the concentration ratio adds (or subtracts) 1).06 V 

to its effective potential. As a consequence, one must be cautious in 

interpreting the results of such studies. 

In none of these cases does the outside limit for the potential of 

the primary acceptors appear to challenge the thennodynamic constraints. 

As more definite infonnation becomes available, it will be interesting to 

learn what is the actual thermodynamic efficiency of photosynthetic energy 

conversion .. 

Attempts have been made to isolate and characterize the primary 

acceptor of chloroplasts. Ferredoxin has been proposed to serve this 

role, particularly by Arnon (1969). The midpoint potential of soluble 

ferredoxin, which is -0.45 V, would seem to make it too weak a reductant 
I 

to account for the photo-reduction of the viologen or dipyridyl dyes (Kok, 

Rurainski and Owens, 1965; Black, 1966). A ferredoxin-reducing substance 

(FRS) has been reported by Yocm and San Pietro (1969; 1970), but it has 

proved elusive in other laboratories and has so far defied a clear defi-

nition. 

The primary acceptor is membrane-bound both in plants and in bacteria; 

the P870 and P700 absorption changes survive cell breakage and extensive 

washing.. Recent studies by Hiyama and Ke (1971a, 1971b, 1972) have identi

fied an absorption change with a maximum at 430 run in chloroplast particles 

enriched in photosystem I activity and having the characteristics of the 

primary acceptor. It couples to P700 and exhibits a one-electron reduction 

with a midpoint potential at about -0.47 V.. The rise time for this absorp

tion change is 100 nsec or less following a brief laser flash. Observations 

have been reported only for detergent treated or sonicated membn:~cs so 

far, and there remains the possibility that this acceptor is not the physio

logical primary one. 
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Membrane-bound ferredoxin has been found in chloroplasts and has 
I I 

been implicated ~s thJ primary acceptor in higher plants on the basis of 

low temperature EPR spectroscopy by Malkin and Bearden (1971; Bearden and 

Malkin, 1972). In this case whole chloroplasts were studied, but it was 

necessary to cool the samples to 25°K in order to assay the reduced 

acceptor ... The evidence consists of several EPR features, typical of those 

observed for the non-heme iron, labile sulfur proteins of which ferredoxin 

is an ex<l!Tiple .. ,A comparison of these EPR signals is shmvn in Fig. 15. 

The EPR spectn.nn appears upon illumination of chloroplasts at 77°K or room 
I 

temperature (Leigh and Dutton, 1972; Evans, Telfer and Lord, 1972), or 

from chemical reduction using dithionite.* Yang and Blumberg (1972) report 

that amount of ferredoxin signal measured at 1.5°K is only 10-20% of the 
I 

P700 EPR signal amplitude; however, Bearden and Malkin (1973) find a ratio 

close to unity in a set of carefully documented quantitative measurements 
I 
I 

Neither kinetic nor redox titration studies have been possible us1ng 

the low temperature EPR assay in order to establish ti ~ role of this com-

ponent under physiological conditions. Because of the apparent require-

ment for a primary acceptor with a midpoint .potential of -0.50 V, the 

membrane-bou.nd "ferredoxin" may have a somewhat lower potential than does 
I I 

the soluble ferredoxin or it may be a chemically distinct species with 

the observed EPR spectnnn. Such a modification or chemical distinction 

would be required to reconcile the EPR results with the P430 of lliyama and 

Ke (197lb), for 
1

soluble ferredoxin does not exhibit the absorption dif

ference spectrum reported for P430 (Fig. 16) .. 

*Dithionite is conm1only used as a "strong" reductant; however, its effective 

potential is difficult to deduce because of a complex dependence on pll and 

because of the instability of the species in solution .. 
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A) SPINACH FERREDOXIN 

(Reduced) 

dX H----+ -dH 

t 
g = 2.04 

t 
g = 2.05 

t 
g 1: 1.96 

t 

g = 1.89 

8) WHOLE CHLOROPLASTS 

(Light minus dark) 

t 
g = 1.94 g = 1.86 

Fig. 15 .. EPR spectra of species obtained from spinach chloroplasts. (A) 

Soluble spinach ferredoxin, chemically reduced with sodium dithionite 

and measured at 20°K (Malkin and Bearden, 1971). (B) ~Vl1ole spinach 

chloroplasts, illuminated using 715 nm light and measured at 25°K. 

The spectrum of an unilluminated (dark} sample. has been subtracted 

(Bearden and Malkin, 1973). The large signal (lt about 3320 gauss 
' . . 

is t~e g ~ 2.0025 signal of P700+. The features at g = 1.86, 1.94 

and 2 .. 05 are to be compared with the EPR spectiwn of reduced ferre-

doxin in part (A). 
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-, .... FERREDOXIN 

' '',(oxidized~reduced} 
' ' 

p430 
(dark-1 ight} 

A, nm 

.... 
' 

500 

' ' ' ' ' ' ' ' ..... .... ..... 

XBL 729-4773 

Fig. 16. Comparison of the dark minus light difference spectn.nn of the 

P430 of Hiyama and Ke {1971) with the oxidized-minus-reduced difference 

spectnnn of spinach ferredoxin. The two curves have been arbitrarily 

nonnalized near 430 nm for purposes of comparison; however, Hiyama and Ke 

estimate that 6e:43.
0 

(light-dark) for P430 is 12 ~ 3 mM-lan -l, whereas the 

6e:430 (oxidized-reduced) for ferredoxin is only about 3 mM- 1cm- 1. 

~ ol I i• 
'•' 

! 
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The search £or the primary acceptor in photosynthetic bac:teria has 

resulted in similar complexities.. Feher (1971J reported an EPR spectn.un 

of three broad lines that accompanies the sharp signal of BCh1+ of Rps. 

spheroides reJction centers at 1.4 °K (Fig. 17). The broad lines, tvhich 

arc generally reminiscent of non-heJne iron~ arc produced in the light 

+ and they decay in the dark with the 30 msec time constant of the BChl 

EPR signal. The preparation of reaction centers used in this particular 
'! 

study by Feher contained one iron per P870. A similar low temperature 

EPR signal has been observed for subchromatophore particles from Chromatiurn 

(Leigh and Dutton, 1972). 

Subsequently Loach and Hall (1972), working with a preparation of 

photoreceptor subtmi ts from ~ rubrum containing active P870 but only 

0.30 equivalents of Fe per reaction center, observed a rather narrow EPR 

signal at g = 2. 0050 which was kinetically similar to the BChl +signal at 

g = 2.0025. This observation was corroborated by Feher, Okamura and 
. i 

McElroy (1972) using a new low-iron preparation of active reaction centers 

from ~ spheroides obtained by more extensive detergent treatment of their 

previous preparation (Fig. 18). By measuring this EPR spectrum also at 

higher microwave frequencies, these workers were able to demonstrate a 

strik~ng similarity to the EPR signal of the radical anion of ubiquinone. 

They postulate that ubiquinone is not the physiological primary acceptor, 

but }:las adopted this role by virtue of the removal of the iron-containing 

species. Ke (1969) had previously examined absorbance changes at 280 run 

attributable to ubiquinone in untreated Chromalium chromatophore:.>. On the: 

basis of the disappearance of these changes in the presence of reducing 

agents that did not abolish the P890 changes, he cone I udcd th:1 t i.t behaved 
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1.or-;..~ -- .:-.:_;··.- 2 o·--~-: -·· ____ ; · ·3 o:- .:rA o ~::: ::-:·_:·:so 
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Fig. 17. The light induced EPR signal at 1.4°K for~ spheroides (R-26 

mutant) reaction centers using either actinic light (upper trace)-or . . . . 

infrared radiation that is not actinic (10\•er trace), taken from Feher 
I 

(1971). i\otc, in comparison with the traces shoKn in Figs. 15 and 18, 

that this scan is over a much "ider range of ~agnetic field, and that 

the spectrum is shm.n in the absorption mode rather than in the more 

conventional first derivative mode. 

J .. :-.. .. 



...J 
<( 
:z 
C) 

c;; 
ex: 
a.. 
uJ 

t 

0 .) 

Reaction· Centers Rps. Spheroldes R-26 
I 

X-Radical 

~ 
' h I I 

/i \ I 
I .... IOGAUSS 

I /i "' I ' 

' II l 
I_/ i i I 

' 
I I ! I ,....i 
~H 

i 

. - i .I, I 
~ 

I :7 I ! I 

I i I \J_ ! 
f-1 ! ~ I I I l 

I T 

I I I I I 
i I I ! 
I I l ! I 

I II"\ : I' I()~ 
I /. i T 

/i \i ' 
. I I \i ~- ; 

\ ,/r; ' -~--: . : j 

..... -+H 5.1 ~- --:-
' :I 

I 

s 
8 
N 

' I: iJ 
I -T 

I I~ 
u•9.2 GHz 

~ ··-· ·--
' 

- I 
; i 

i 

: I I 

I l i I 

i ; 

I 

I I I 

v•34.9 GHz f--
I I 

' ; 
l.- ' 
:"" I l i I 

I 
; ·---~ ~ 

i P-Si IIIOfker 1 
: /'f i 

;;.-'"! :\ 
,., . 

I 
I 

i i i 

I• .J j 
I 

-8 S--

Ubiquinone Radical 

~ - -T -T I 

1:\ I 1 ' ..._ L 

/i' 
,.,.. ~GAUSS .... 

: i I 

i / ! \ ' ! 
i../ ! i : I 

i ; Vi i 
. -~-H \ i/' I ._+ 

I 
: \:/ i I 

r-..+-- v ! I 

: ~ I : I 1 I 
I 

! ! ! i ! 

i·/\ 
I ! I 

' -1-- ---4 ' _....., __ . - _;__ ~GAUSS ~ 

' i - ! 
... 

r \ I ! i l 
I /i \ ; j 

' 
! ..... I I \i ! T 
i ' \ A 1J ...,., 

I 
' 

:rH ;v ; I 
! I i i I ! V:, I I I 

I I 

_ Fig,_ 18. The light induced EPR signal for a subUnit of~ spheroides 

(R-26 mutant) reaction cen~ers with low iron content (spectra at 

the left) and the EPR spectra of the radical of ubiquinone Q-50 

(spectra at the right} (T = 1.3°1.) .. Curves· shown at the top and 
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Bottom in each case were measured at different microwave frequencies. 

The higher ndcrowave ·frequency provides a much better resolution of 

the components of the g-tensor. Figures are reproduced from Feher, 

Okamura and NcEl roy (1.97 2) , 
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like a secondary rather than a primary electron acceptor from BCh1. Reed, 
I 

Zankel and Clayton (1969) came to a similar conclusion for reaction centers 

from~ spheroides. Clayton, Fleming and Szuts (_1972).presented evidence 

for a one~electron acceptor prior to ubiquinone in reaction centers from 

~ spheroides, confirming the conclusion of Ke and of _Reed, Zankel and 

Clayton. A new spectroscopic component undergoing absorption changes at 

450 rum has been studied by Clayton and Straley (1970) and proposed as a 

candidate for the priJnary electron acceptor. 

With such a plethora of possible primary acceptors, it is refreshing 

that some previous candidates can nm" apparently be ruled out. Reed and 

Nayne (1971) have looked for pteridines in chromatophores and reaction 

centers prepared from the R-26 mutant of Ros. spheroides and have found a 

convincingly insufficient amount present for it to remain a serious candi-

date. 

Rather than leave wide open the question of why there should be such 

apparently contradictory evidence concerning the nature of the primary 

acceptor, it is worthwhile first to examine some possible limitations 

inherent in the experimental findings. The distinction between primary 

and secondary electron acceptors is important to appreciate. Primacy 

is determined by which of several acceptors receives the electron first 

from the chlorophyll. If the electron is transferred quickly to the 

secondary acceptor (see eq. 4-2) or if there is rapid equilibration between 

the primary and secondary acceptors, then bpth of them will appear to 

change with the kinetics of the C ~ C+ reaction. There are still several 

ways in which the distinction could be made, however. By using very short, 

high intensity light pulses the primary process (eq. 4-1) may be speeded 

up sufficiently to separate it from the secondarY Ai + A2 ~ A1 + A; 

I I' 
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I 

reaction, as 1n the studies of the 280 mn absorption change by l\e (1969). 

Alternatively, an :inhibitor of this last reGction that still pennits 

electrons to be transferred to A1 , can serve to distinguish between 

them. Clayton, Szuts and Flerrting (1972) report that o-phenathroline 

serves further to cf)aracterize ubiquinone as· a secondary acceptor in ·~ 

spheroides reaction centers, However, in this approach, as \vi th the exten

sive detergent treatment, there remains the possibility that the normal 
i path1vays are altered and non-physiological ones are exposed by the chemi-

cal treatment .. 

A second complication arises in the event of rapid equilibration of 

p_r:imary and secondary electron acceptors. Chemical titrations or photo

chemical processes occurring on a long time scale will sense only some 

average property--~, midpoint potential- -of the heterogeneous· pool . 

Even when the addition of substances accelerates or retards the rates of 
I I 

the coupled reactions to the same extent, one cannot be certain that the 

primary and secondary accJptors do not equilibrate at a still more rapid 

rate. Reductive titrations, such as the disappearance of the P870 change, 

\'l'ill then appear to involve two (or more) electrons, as was observed for 

whole cells and chromatophores of ~ rubrum by Loach (1966). For the 
I 

bacterial chromatophores of Rps. gelatinosum, but not for those of 

Chromatium, Dutton (1971) found titration evidence of two primary acceptors. 
I 

One has a midpoint potential of -0.14 V, but the other is still active at 

-0.35 V. He considered t~e possibility that these participate in two 

different reaction centers in ~ gelatinosum. 

The primary reactants of photosystem 2 of higher plants are even less 

well understood.. The case for the fast absorption change of P680 reflecting 
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the primary electron donor was described in section 4 .4. A component that 

appears to control the variable fluorescence of PS 2, designated Q by 

Duysens and Sweers (1963), has been implicated as the primary acceptor. 

It behaves identically to a component, C-:.550, that is seen in difference 

absorption spectra (Knaff and Arnon, 1969~ Erixon and Butler, 1971) and 

may be the same as the species responsible for the EPR signal associated 

with PS 2, which is probably a plastoquinone radical or closely similar 

species· (Kohl and Wood~ 1969; kohl, 1972) .. 

Recent experiments of Mauzerall (1972) showed, however, that the 

fluorescence rise controlled by ~ is delayed following a brief laser 

flash. The delay is 25 nsec following the first flash after prolonged 

darkness, but it increases to 3 lJSec for subsequent flashes in a closely 

spaced series.. These delays are sufficiently long to provide evidence 

against Q being the primary acceptor of PS 2. Because the studies of 

Erixon and Butler (1971) did not involve fast kinetic measurements, there 

remains the possibility that c~sso acts prior to Q and is an earlier 

acceptor.. The th'o components could be oxidatively coupled in a pseudo

reversible fashion on the slower time scale. Support for a component 

between the primary donor and Q comes from experiments of Govindjee, 

Dtlring and Govindjee (1970). In studies on lyophilized chloroplasts 

extracted with ''wet" heptane, the characteristic absorption changes of 

P680 are still present. · The constant, high fluorescence yield of this 

preparation is an indication that Q has been removed, or at least inacti-

vated~ Butler (1972) discusses the consequences of these experiments in 

some detail (but without knowledge of the result of Mauzerall) as well 
\ 

as making a case for P680 as the primary electron donor. 

Because of the many and sometimes conflicting reports of the nature 

of the primary process in photosynthetic energy conversion, it is useful 
,j II 
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to outline a, current picttn·c of some of the important fc·:1ture~ 1 <jjscusscd 
! 

in the preceding p;tragraphs. This picture must be considered provisional, 

owing to the uncertainties of some o{ the conclusions. 

(J) The bmmediate consequence of excitation trapping is a one

electron transfer reaction that occurs with a quantum yield near unity. 

(2) The primary electron transfer occurs in a time less than 20 

to 50 nsec and is temperature independent down to l°K. 

(31
} The primary electron donor is a chlorophyll or bacteria

chlorophyll molecule that shares its (photo)oxidized state with one 

or two 
1

additional(bacterio)chlorophylls in the reaction c~nter com

plex. The midpoint potential for this oxidation is about +0.44 V. 

(4) .TI1e identity of the primary electron acceptor molecule(s) 

is lillcertain, but ferredoxin-like non-heme iron proteins or quinones 

are popular candidates. The reduction of the primary acceptor occurs 

with a midpoint potential of -0.03 V or less in photosynthetic bac

teria and -0.5 V or less in PS 1 of higher plants. 

4.6 --- And Beyond 

With this discussion of the nature of primary electron do~ors and 

acceptors we have reached the limit of the territory that we set out to 

explore. We can see pathways leading off in various directions; in many 

cases their topography is described in other chapters in this volune. 

For example, we have said relatively little here about the processes 

associated with oxygen evolution in higher plants and algae, which is 

central to the discussions of Chapters 5, 7 and 11. 

New insights l'llill help to open fresh avenues of approach to photo

synthetic energy conversion. To cite just one example, recent studies 
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of Parson and cqworkers (Case and Parson, 1971; Callis, Parson and 

Goutennan, 1972) show that the storage of free energy in the primary 

process in photosynthetic bacteria is primarily an entropy effect, and 

has little if any contribution from enthalpy or chemical bond energy 

sources. One way to interpret this finding is to view the primary 

process in terms of a photoinduced rearrangement of the electron distri-

bution of the molecules in the reaction center complex, in a way that 

does not ~esult in an increase in the enthalpy of the system. The chemical 

potential associated with this charge redistribution may arise in a fashion 

analogous to that for solid-state photovoltaic devices (solar cells). 

The EPR evidence that indicates the delocalization of the unpaired electron 

over more than one chlorophyll molecule in photoxidized reaction centers 

(section 3.4) may be a manifestation of this entropy contribution. On the 

basis of absorption and CD spectroscopy, all reaction centers studied so 

far appear to contain more than one (bacterio)chlorophyll molecule. 

In most of the work that has been described in this chapter, more 

questions have been raised than have been answered. JU. though we have 

come a long way in the past 40 years, the next generation need have no 

fear that the major outstanding problems are all but wrapped up. We still 

are very far from knowing nature's secret for converting solar energy into . 
useful chemical potential on such an enormous scale. At the same time there 

is r~ason to hope that we can improve on the present utilization of sun

light. Photosynthesis makes use of only a fraction of 1% of the intensity 

at suitable wavelengths falling on the surface of the earth. This is an 

important direction that we must explore in order to conserve our d\vindling 

resources of conventional (including fissionable) fuels. 

,,, 

·~ .. 
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5. Surrunary 
! 
I 

I I 
In the prece4ing pages a broad map has been sketched, covering the 

processes of absorption of radiati011, excitation transfer and photochemical 

trapping. Although much detailed information is still missing, it is 

worthwhile presenting a brief stnnmary of· those areas that we feel confident 

about and those which are largely unknown. 

(1) The excitation of molecules of chlorophyll (Chl a, BChl a, etc.) 

is prerequisite to photosynthetic energy conversion. l~ile other molecules 

may serve for the initial absorption of radiation, excitation which is not 

transferred to one of the principal chlorophyll pigments is not available 

for photochemistry. 

(2) Th~ sites at which the photochemical trapping occurs are located 

in lipo-protein membranes. In these membranes they occur at a relatively 

low concentration (1% or less) in comparison with the total chlorophyll of 
i 

the antennas. 

(3) Quanttun yields for photon utilization can approach 100%, which 

demonstrates that excitation can move from the many antenna molecules to 

the few traps with very little loss. 

(4) The isolation of chlorophyll-proteins, reaction center particles 

and electron transport proteins in good yields has led to the formulation 

of a membrane model--the pebble mosaic model--in which these and other com

ponents constitute subunits of a photosynthetic unit. TI1e membranes are 

visualized as larger arrays formed by repetition of these basic subunits in 

an interacting network. 

(5) Excitation transfer occurs via two distinct mechanisms: exciton 

de localization within small closely coupled groups of chlorophylls in the 
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chlorophyll proteins, and resonance or FtJrster transfer between the chloro-

phyll proteins. 

(6) Trapping occurs when the electronic excitation has been converted • 

to separate oxidized and reduced species in the reaction centers. The 

molecule oxidized is a special reaction center chlorophyll; the specific 

nature of molecule reduced is uncertain, but non-heme iron proteins or 

quinones are current popular candidates. 
i -13 -8 (7) There is a span of time, between 10 a.nc.l 10 sec following 

photon absorption about which we know almost nothing. There may be 

essential steps in this interval involving conduction electrons, triplet 

states, or other entities that will only be confirmed by a aew generation 

of experiments. 

(8) Finally, nothing that we are reasonably certain of in the current 

body of photosynthetic knowledge leads us to require processes outside our 

current experience in physics or chemistry. Quantum yields are comfortingly 

at or less than unity; neither the first nor the second law of thermody-

namics is under attack; tested mechanisms of excitation transfer are ade-

quate to account for the efficiency of trapping; and the chemical properties 

of the primary donors and acceptors are reasonable ones for the molecules 

proposed. 

In other words, we need not look for totally new phenomena to be at 

the heart of this fundamental biological process. It appears that the best 

set of tools for elucidating photosynthetic energy conversion will include 

solid foundations in chemistry and physics--and an adventurous mind. 

'·' 
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