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The maintenance of life on earth is ultimately de- 
pendent on the series of complex chemical reactions 
which comprise photosynthesis. Thus solar radiant 
energy serves as the driving force for the creation of 
“negative entropy,’’ the growth of highly structured 
biological organisms out of a universe tending 
toward chaos. The overall chemical reaction of pho- 
tosynthesis can be represented as 

COP + HZO -% L/,(c&H,,o6) + 02 
AH =, 112 kcal mol-‘ 

where Y ~ ( C ~ H I ~ O ~ )  represents the basic unit of a car- 
bohydrate molecule. This process occurs through the 
“photoenzyme”, chlorophyll, a ubiquitous pigment of 
fundamental importance for light acquisition and 
transduction to chemical products. The incredible 
complexity of photosynthesis has necessitated the 
cooperation of physicists, chemists, and biologists to 
decipher the mechanisms of light absorption by the 
plant and the consequent transfer of energy to a 
chemical conversion center where chemical free ener- 
gy is obtained. Additionally, the process whereby 
chemical free energy is utilized to form stable meta- 
bolic products (e.g., glucose) remains to be elucidat- 
ed fully. Although significant advances in under- 
standing of photosynthesis. have been made in the 
past 30 years, our knowledge is far from complete. 

The purpose of this Account is to provide for 
chemists (and of course any others who read this 
journal!) an overview of some of the recent develop- 
ments in photosynthesis, particularly those related 
to our own field of interest, namely, light-induced 
paramagnetism. Since our coverage cannot be ex- 
haustive, key references will be given, especially to 
reviews where they exist. 

General Formulation of Photosynthesis 
It is advantageous and realistic to examine the 

photosynthetic process from the viewpoint of a redox 
couple (see Figure 1). 
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This oxidation-reduction reaction is localized in 
green plant leaves or algae (excluding the prokar- 
yots) within small organelles called ch1oroplasts.l 
The essential details of the reduction half-reaction, 
that is, the carbon fixation pathway, have been fairly 
well u n d e r ~ t o o d ~ , ~  for some time. Thus, we will focus 
on the light-mediated oxidation half-reaction, an 
area of photosynthesis which is still enigmatic. In 
passing we will simply note that four electrons are 
required per COZ molecule reduced. This reducing 
potential is provided by two molecules of the inter- 
mediate NADPH (reduced nicotinamide adenine di- 
nucleotide phosphate), and additionally, two to 
three molecules of ATP (adenosine triphosphate) 
supply the energy necessary for the assimilation of a 
single CO2 molecule. Both NADPH and ATP are 
products of the oxidation half-reaction, the latter by 
a process designated photophosphorylation (Figure 
1). 

Photosynthesis, however, is not limited to green 
plants and algae. Certain species of bacteria possess 
the ability to fix carbon photosynthetically, although 
without a concomitant oxidation of water.’ Thus, the 
photosynthetic process might be represented in a 
more generalized form 

CO, + 2HzA 1/&$H,,106) + H20 + 2.4 
where H2A may be hydrogen sulfide, an organic sub- 
strate (e.g., 2-propanol) or even hydrogen, depending 
upon the species of bacteria.’ Of course, in green 
plant or algal photosynthesis HzA is water. This gen- 
eral formulation for photosynthesis was first pro- 
posed by Van Nie14 and has stimulated much of the 
research on photosynthetic b a ~ t e r i a . ~  For details on 
these and other aspects of photosynthesis, the reader 
is referred to the excellent monograph by Rabinow- 
itch and Govindjee.6 

Electron-Transfer Reactions in Photosynthesis 
Current formulations of the photosynthetic mecha- 

(1) R. B. Park, Annu. Reu. Plant Physiol., 22,395 (1971). 
(2) M. D. Hatch and C. R. Slack, Annu. Rev. Plant Physiol., 21, 141 

(1970). 
(3) J. A. Bassham and M. Calvin, “The Pa th  of Carbon in Photosynth- 

esis,’’ Prentice-Hall, Englewood Cliffs, N. J., 1957. 
(4) C. B. Van Niel, Aduan. Enzymol., 1,263 (1941). 
(5) A. W. Frenkel, Biol. Reu., 45,569 (1970). 
(6) E. Rabinowitch and Govindjee, “Photosynthesis,” Wiley, New York, 

N. Y., 1969. 
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Figure 1. A diagrammatic view of photosynthesis. The light-in- 
duced oxidation half-reaction is represented by the compartment 
on the right, whereas the reduction half-reaction, which can pro- 
ceed in the dark, is illustrated by the left-hand compartment. 
The net photosynthetic reaction is visualized as a flow of elec- 
trons from the upper right corner to the lower left corner of this 
diagram. 
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Figure 2. The bacterial electron-transport mechanism, as cur- 
rently defined for purple non-sulfur photosynthetic bacteria. 

nism (henceforth, to denote only the light-driven ox- 
idation half-reaction) are based on the premise that 
light energy is converted into electrical energy by 
light-induced one-electron transfers. Subsequent 
dark reactions leading to storage of chemical free en- 
ergy are also believed to proceed in most cases by 
discrete one-electron steps. All reactions comprising 
the oxidation half-reaction are postulated to occur 
within a single domain, designated the photosynthe- 
tic unit (PSU).7 A photosynthetic membrane can be 
regarded as an ensemble of PSU’s. 

Our discussion of the electron-transport mecha- 
nism of photosynthesis will commence with the pho- 
tosynthetic bacteria, since these organisms appear to 
be less complex than algae or green plants. A widely 
accepted construct for light-driven electron transport 
in bacteria is illustrated in Figure 2. The incident 
light quanta are absorbed by a “harvesting” bed of 
bacteriochlorophyll (or accessory pigments such as 
carotenoids) and are ultimately transferred as singlet 
excitation to a special bacteriochlorophyll species. 
This species, designated P870, which denotes a pig- 
ment absorbing a t  870 nm (actually species depen- 
dent, varying from 850 to 980 nm), functions as an 
energy trap. Here the excitation energy is converted 
to electrical energy through a single electron transfer 
from P870 to a low-potential component, labeled X. 
Subsequently the electron is transferred from X- 

( 7 )  R. Emerson and U’. Arnold, J Gen. Physiol , 16,191 (1970) 

X 
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Figure 3. The Z scheme for green plant and algal photosynthetic 
electron transport. Net electron flow is from lower left to upper 
right. The components shown are identified in the text. 

back to P870+ uia a cyclic electron-transport path 
which includes a pool of 8 to 12 ubiquinone mole- 
cules (UQ) and two or more cytochromes. The ener- 
gy stored by the primary photochemical act is uti- 
lized to reduce NAD+ (nicotinamide adenine dinu- 
cleotide) and to support photophosphorylation. 

In green plants and algae the transfer of an elec- 
tron from water to NADP+ theoretically requires an 
energy equivalent of 1.2 eV. Although -1.8 eV is 
available in a photon of red light, this gap cannot be 
bridged (with the requisite photophosphorylation) in 
one photochemical process and still be consistent 
with the second law of  thermodynamic^.^,^ Hence 
the evolution of organisms capable of oxidizing water 
to molecular oxygen necessitated the development of 
a second photochemical system. The concerted par- 
ticipation of two photochemical systems in green 
plant and algal photosynthesis has been documented 
by a wide variety of experiments,6 leading to the de- 
velopment10-12 and general acceptance of the reac- 
tion scheme (commonly called the Z scheme) illus- 
trated in Figure 3. These two photochemical systems 
(e.g., assemblies of chlorophylls and associated pig- 
ment or redox components) have been labeled photo- 
system 1 (PS 1) and photosystem 2 (PS 2).  Photo- 
system 1 is associated with the reduction of NADP+ 
and can utilize light of wavelength longer than 680 
nm to sustain electron transport. In contrast, photo- 
system 2 utilizes light with X <680 nm and mediates 
the oxidation of water to molecular oxygen. Al- 
though there is still considerable uncertainty con- 
cerning the identity and relative positions of the in- 
termediates in the Z scheme,13 the overall process 
involving two photochemical reactions remains the 
basic model for current research in green plant and 
algal photosynthesis. 

The Z scheme (like the bacterial photosynthetic 
scheme) postulates that each primary photochemical 

(8) L. N. M. Duysens, Brookhouen Symp. Biol., 11, 18 (1958). 
(9) R. T .  Ross and M.  Calvin, Biopiiys. J., 7,595 (1967). 
(10) R. Hill and D. Bendall, 1Vature (London), 186,136 (1960). 
(11) L. N.  M. Duysens, J. Amesz, and R. M. Kamp, Nature (London), 

(12) H. Kautsky, W. Appel, and H. Amann, Biochem Z., 332, 227 

(13) N. I. Bishop, Annu. Rec;. Biochem., 40,197 (1971). 

190,510 (1961). 

(1960). 
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event results in a one-electron oxidation-reduction 
reaction. Subsequent electron-transfer processes cou- 
ple the electrical energy to the ultimate reduction of 
NADP+ and to two or more coupling sites for photo- 
phosphorylation. 

In view of the numerous one-electron transfer 
mechanisms that have been proposed for bacterial, 
algal, and green plant photosynthesis, it is not sur- 
prising that light-induced changes in paramagnetism 
have been dete~ted14-l~ in photosynthetic materials 
by electron spin resonance (esr) spectroscopy. We 
will not attempt to explain the principles of the esr 
technique since adequate and readable treatments 
are available.17J8 In the following sections we will 
concentrate instead on the contributions of electron 
spin resonance spectroscopy to the elucidation of the 
identity and location of various components in the 
bacterial and green plant photosynthetic apparatus. 
Light-Induced Electron Spin Resonance Signals 

Although a number of light-induced esr signals 
have been detected in photosynthetic systems, only a 
limited number of these have been well character- 
ized. For most resonances the analysis and identifi- 
cation of the physiological origin of the species re- 
sponsible for the signal are incomplete and require 
considerably more work. In the subsequent discus- 
sion we have adopted a systems approach; that  is, 
each of the observed light-induced esr signals will be 
discussed in its relationship to the physiological sys- 
tem being studied. In this regard we are adopting a 
different approach than previous reviewers of this 
subject.lg-z1 We begin thus with the esr signals asso- 
ciated with the bacterial system, since our knowl- 
edge is most complete for that  system. The less- 
characterized systems associated with green plant 
and algal photosynthesis, system 1 and system 2, 
will then be considered. 

The Bacterial System. The first light-induced esr 
signal observed in photosynthetic bacteria was by 
Sogo, e t  al., in Rhodospiril lum rubrum in 1959.16 A 
recent trace of this signal (now designated signal B1 
after Kohll9) is given in Figure 4. The line shape is 
gaussian, with a first derivative peak-to-peak line 
width rl Hpp = 9.5 G. Signal B1 lacks any observable 
hyperfine structure, has g = 2.0025 f 0.0002, and 
saturates a t  moderate levels of microwave power. 
This g factor is characteristic of a “hydrocarbon- 
type” environment for the unpaired electron. Growth 
of photosynthetic bacteria in deuterated media re- 
sults in a signal narrowing to 3-4 G,22923 thus indi- 
cating that a large fraction of the observed line 
width is due to unresolved proton hyperfine split- 

(14) B. Commoner, J. J. Heise, and J,  Townsend, Proc. Nut. Acad. Sci. 

(15) B. Commoner, J. J. Heise, B. B. Lippincott, R. E. Norberg, J. W. 

(16) P. Sogo, M. Jost, a n d M .  Calvin, Radiat. Res. Suppl., 1,511 (1959). 
(17) J. E .  Wertz and J. R. Bolton, “Electron Spin Resonance-Elemen- 

tary Theory and Practical Applications,” McGraw-Hill, New York, N. Y., 
1972. 

(18) H. M. Swartz, J. R. Bolton, and D. C. Borg, Ed., “Biological. Appli- 
cations of Electron Spin Resonance,” Wiley-Interscience, New York, N. Y ., 
1972 (see especially Chapters 1-3). 

U. S., 42,710 (1956). 

Passonneau, and J. Townsend, Science, 126,57 (1957). 

(19) D. H. Kohl, Chapter 6 in ref 8. 
(20) E. C. Weaver, Annu. Reu. Plant Physiol., 19,283 (1968). 
(21) E. C. Weaver and H. E .  Weaver, Photophysiology, 7 , l  (1972). 
(22) D. H. Kohl, J. Townsend, B. Commoner, H. L. Crespi, R. C. Doug- 

(23) J. D. McElroy, G. Feher, and D. C. Mauzerall, Biochim. Biophys. 
herty, and J. J. Katz, Nature (London), 206,1105 (1965). 

Acta, 172,180 (1969). 

R .  rubrum /-7 

Figure 4. Signal B1 (R. rubrun) as observed during illumination 
with light, X 800 nm. 

tings. Oxidation-reduction titrations have estab- 
lished that signal B1 arises from a one-electron oxi- 
dation pr0cess .2~3~~ Signal B1 is photoproduced a t  
low temperature~,269~~ even as low as 1.8 K,23 a fact 
which is consistent with the view that signal B1 
arises from the primary photochemical act. 

The identity of signal B1 was the subject of much 
speculation and investigation during the early years 
of interest in the primary reactions in photosynthetic 
bacteria. A clue was provided by the fact that  almost 
all bacterial systems exhibit a reversible light-in- 
duced bleaching (oxidation) in a bacteriochlorophyll 
band a t  -870 nm which has kinetic characteristics 
very similar to that of signal Bl both at  room tem- 
peratureZ8 and at  4 K.23 In addition, a mutant of R .  
spheroides possessing the normal complement of 
bacteriochlorophyll but lacking the bleaching a t  870 
nm showed no signal B1 formation.29 Careful quanti- 
tative work has shown that the ratio of bleached 
P870 entities to signal B1 entities is 1:l within ex- 
perimental e r r ~ r . ~ O , ~ ~  The quantum yield for P870 
bleaching30 and for signal B1 p r o d ~ c t i o n ~ ~  is essen- 
tially unity. 

Comparison of the i n  vivo signal B1 with the i n  
vitro bacteriochlorophyll radical cation (BChl+ ) 
shows a close correspondence in esr characteristics 
for both protonated and deuterated systems.23 How- 
ever, the line width of the i n  v ivo signal B1 is always 
about 30% less than the i n  uitro BChl+ signal. This 
discrepancy remains even after hyperfine and g an- 
isotropy line width contributions are considered32 
and has been interpreted by Norris, e t  al., 33 in terms 
of a delocalization of the unpaired electron 
over two BChl molecules, which are linked by 
a “bifunctional” ligand, possibly water (Le., 
[BChl.H20.BChl]+). This view has received dra- 
matic confirmation in recent electron nuclear double 
resonance (endor) s t ~ d i e s 3 ~ 3 ~ 5  where the proton hy- 
perfine splittings i n  vivo are found to be exactly half 
of those i n  uitro. This explanation has also been in- 

(24) M. Calvin and G. M. Androes, Science, 138,867 (1962). 
(25) P. A. Loach, G. M. Androes, A. F. Maksim, and M. Calvin, Photo- 

(26) G. M.  Androes, M. F. Singleton, and M.  Calvin, Proc. Nat. Acad. 

(27) K. Cost, J. R. Bolton, and A. W. Frenkel, Photochem. Photobiol., 

(28) P. A. Loach and D. Sekura, Photochem. Photobiol., 6,381 (1967). 
(29) W. R. Sistrom and R. K. Clayton, Biochim. Biophys. Acta, 88, 61 

(30) J. R. Bolton, R. K. Clayton, and D. W. Reed, Photochem. Photo- 

(31) P. A. Loach and K. Walsh, Biochemistry, 8,1908 (1969). 
(32) J. D. McElroy, G. Feher, and D. C. Mauzerall, Biochim. Biophys. 

chem. Photobioi, 2,443 (1963). 

Sci. U. S. ,  48,1022 (1962). 

10, 251 (1969). 

(1964). 

biol., 9,209 (1969). 

Acta. 267.363 (1972). 
I~~ I~ 

(33) J. R. Norris,’R. A. Uphaus, H. L. Crespi, and J. J. Katz, Proc. Nat. 

(34) G. Feher, A. J. Hoff, R. A. Isaacson, and J. D. McElroy, Abstr. Eio- 
Acad. Sci. U. S., 68,625 (1971). 

phys. Soc., 17,6la (1973). 
(35) J. R. Norris, M.  E. Druyan, and J. J. Katz, J.  Amer. Chem. Soc., 

95,1680 (1973) 
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Figure 5. Signal B2 (R. spheroides) as observed a t  1.4 K by Feher 
using light modulation for signal detection.37 The signal appears 
here as an absorption trace, rather than the usual first derivative 
presentation (modulation light wavelength, 900 nm). (Reprinted 
with permission from ref 37.) 

g = 2.0023 

Figure 6. Signal B3 in a reaction center preparation from R. 
spheroides from which iron has been removed by SDS treatment. 
(Reprinted with permission from ref 40.) 

voked for the line-width narrowing in plant and algal 
signal I (v ide  infra) .  

In light of the weight of evidence presented thus 
far there can be little doubt that  signal B1 arises 
from a dimer cation radical of bacteriochlorophyll 
which results from a light-induced one-electron oxi- 
dation in the primary photochemical process of bac- 
terial photosynthesis. 

With the recent availability of well-characterized 
reaction center protein preparation~,~6>37 some prog- 
ress has been made in the identification of the pri- 
mary acceptor X. A t  room temperature there is little 
evidence of an esr signal from X, even though a 
change in paramagnetism must occur. This paradox 
was first resolved by Feher;37 he observed a very 
broad light-induced esr signal a t  1.4 K (see Figure 5) 
which he ascribed to the primary acceptor. He 
claimed that the signal, which we will henceforth 
refer to as signal B2, was consistent with an Fez+ 
species in an S = 1 state. A similar signal (centered 
a t  g = 1.82) has also been observed a t  10 K by Leigh 
and  coworker^.^^^^^^ This esr species exhibits redox 
behavior analogous to that attributed to the primary 
acceptor39b and additionally possesses kinetic param- 
eters consistent for the redox partner of P870.39a 
These significant investigations by Feher and Leigh 
and coworkers strongly attest to the involvement of 
non-heme iron in the primary charge separation pro- 
cess. 

Ubiquinone may also be involved as part of the 
primary acceptor entity as an esr signal (which we 
designate signal B3) is seen in reaction-center pro- 
tein preparations which have had iron remoued40 

(36) R. K. Clayton and R. T. Wang, Methods Enzymol., 23,696 (1971). 
(37) G. Feher, Photochem. Photobiol., 14,373 (1971). 
(38) J. S. Leigh and P. L. Dutton, Biochem. Biophys. Res. Commun., 

46,414 (1972). 
(39 )  (a) P. L. Dutton, J. S. Leigh, and D. W.  Reed, Biochim. Biophys. 

Actn, 292, 654 (1973); (b) P. L. Dutton, J .  S .  Leigh, and C. A .  Wright, FEBS 
(Fed. Eur. Biochen. Soc.)Lett.,  36,169 (1973). 

(40) G. Feher, M. Y. Okamura, and J. D. McElroy, Biochim. Biophys. 
Acta, 267,222 (1972). 

Figure 7. Signals 1 and 2 in broken chloroplasts from spinach. 
The two signals are superimposed during illumination, but only 
signal 2 is observed in the darkness following illumination. 

(see Figure 6). Signal B3 is also seen in iron-free 
photoreceptor subunit preparations from R. ru- 
brumS4I  Comparison of signal B3 with the signal 
from an i n  vitro preparation of the ubisemiquinone 
leaves little doubt that  signal B3 arises from the ubi- 
~ e m i q u i n o n e . ~ ~  Signal B3 has also been detected by 
Bolton and Cost42 using flash photolysis-electron 
spin resonance. They propose that iron and ubiqui- 
none form a complex which functions as the primary 
acceptor. This picture is given further credence hy 
the fact that the optical difference spectrum for X - 
X- corresponds almost exactly with that of UQ - 
UQ-.43 

Before leaving the bacterial system we will com- 
ment on the very unusual back reaction from X- to 
P870+. This dark reaction can be most easily ob- 
served a t  low temperature where signal B1 exhibits a 
first-order l / e  decay time of -30 msec. This time is 
virtually independent  o f  temperature from 1 to 150 
K.23 Above 150 K the decay time increases, until at  
300 K the decay time is -110 m ~ e c . ~ ~  This behavior 
has been interpreted in terms of a quantum-mechan- 
ical process for the electron r e t ~ r n . ~ ~ ? ~ ~  The increase 
in decay time a t  higher temperatures is ascribed to a 
“breathing” of the protein causing P870+ and X- to 
be further apart. Model calculations indicate a dis- 
tance of -40 A between P870 and X.45 

Green Plants and Algae. The existence of two 
photochemical systems in the green plant and algal 
photosynthetic apparatus is reflected in the dichot- 
omy of the two light-induced esr signals, designated 
signal 1 (after system 1) and signal 2 (after system 
2 ) ,  observed a t  room temperature (Figure 7 ) .  Assign- 
ment of the two resonances to a particular photosys- 
tem is supported by fractionation experimentslg 
(chemical or physical separation of the two photosys- 
tems) and action spectra  determination^.^^ System 1 
most closely resembles the bacterial photosystem 
and thus will be dealt with first. 

Photosystem 1. Although chronologically the dis- 
covery of signal 1 predated the observation of the 

(41) P. A. Loach and R. L. Hall, Proc. N a t  Acad. Sci. I I  S . ,  68, 16 

(42) J. R. Bolton and K. Cost, Photochem. Photobiol., 18,47 (1973). 
(43) (a) L. Slooten, Biochim. Riophys. Acta, 276, 208 (1972); (b)  R. K. 

(44) E. S. P. Hsi and J. R. Bolton, Biochtm. Biophjs. Acta, in press. 
(45) J. D. McElroy, Ph.D. Thesis, University of California, San Diego, 

(46) L. P. Vernon, B. Ke, and E. R. Shaw, Biochemistry, 6,2210 (1967). 

(1972). 

Clayton and S. C. Straley, Biophys. J . ,  12,1221 (1972). 

1970. 
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bacterial signal Bl,I4 the analysis of signal 1 has 
been hampered by the lack of well-defined biological 
samples (e .g . ,  chromatophores or a reaction center 
protein preparation), the complexity of the chloro- 
plast with its dual photochemical systems, and the 
lack of sensitivity and stability, which was charac- 
teristic of early esr spectrometers. The development 
of solid-state spectrometer systems, the computer of 
averaged transients (CAT), the flash photolysis tech- 
nique, and techniques for separation of the two pho- 
tosystems has recently sparked a rebirth in the in- 
vestigation of the photosystem 1 esr signal. 

Signal 1, like its bacterial analog, is a single un- 
structured resonance, possessing a gaussian line 
shape and g = 2.0025 f 0.0002 (Figure 7). In con- 
trast to the approximate 10-G line width of signal 
B1, plant or algal signal 1 has a AHpp of 7.2 f 0.1 G. 
Signal 1 exhibits saturation at medium microwave 
power levels (-30 mW) with a saturation curve 
[curve amplitude us. (microwave p ~ w e r ) l / ~ ]  typical 
of an inhomogeneously broadened line. Analogous to 
bacterial signal B1, deuteration of algae results in a 
narrowing of signal 1 to approximately 3 G.22,23 Ad- 
ditionally, signal 1 arises from a one-electron oxida- 
tion with a midpoint potential (at pH 7.0) of -+450 
mV,24 and can be photoproduced at  liquid nitrogen 
temperature.26 3 2 7  

The close similarity of signal 1 to signal B1 
suggests assignment of signal 1 to oxidized P700, the 
system 1 counterpart of the bacterial energy trap, 
P870. Such a correlation of P700+ and signal 1 was 
first proposed by Beinert, Hoch, and Kok in 1962;47 
however, a later quantitative comparison of the 
number of spins to the number of bleached P700 en- 
tities was not consistent with this a ~ s i g n m e n t . ~ ~  Re- 
cent kinetic and quantitative measurements in our 
laboratory using the simultaneous optical and elec- 
tron spin resonance technique have justified the 
early correlation of signal 1 to oxidized P700.49150 
Signal 1 and P700 were shown to possess similar for- 
mation and decay kinetics, and the ratio of bleached 
P700 moieties to unpaired spins was -1:l. This as- 
signment has additionally been confirmed by quanti- 
tation experiments performed during steady-state il- 
lumination of a system l p r e p a r a t i ~ n . ~ ~  

Observation a t  18-25 K of a broad light-induced 
resonance following irradiation a t  25 or 77 K has 
been interpreted by a number of laboratories as evi- 
dence for participation of a non-heme iron protein in 
the primary electron-transfer e ~ e n t . ~ ~ - ~ &  First ob- 
served by Malkin and B e a r d e x ~ , ~ ~  this signal possess- 
es a nonaxial g tensor with g factors (g = 1.86, 1.94, 

nun., 7,209 (1962). 
(47) H. Beinert, B. Kok, and G. Hoch, Biochem. Biophys. Res. Com- 

(48) H. Beinert and B. Kok, Biochim. Biophys. Acto, 88,278 (1964). 
(49) J. T .  Warden and J. R. Bolton, J. Amer. Chem. Soc., 94, 4351 

(1972). 
(50) J. T. Warden and J. R. Bolton, J. Amer. Chem. Soc., 95, 6435 

(1973). 
(51) R. A. Baker and E. C. Weaver, Photochem. Photobiol., 18, 237 

(1973). 
(52) R. Malkin and A. J. Bearden, Proc. Nat. Acad. Sci. U. S., 68, 16 

(1971). 
(53) C. S. Yang and W. E .  Blumberg, Biochem. Biophys. Res. Commun., 

46,422 (1972). 
(54) J. S. Leigh and P. L. Dutton, Biochem. Biophys. Res. Commun., 

46,414 (1972). 
(55) (a) M.  C. W. Evans, A. Telfer, and A. V. Lord, Biochim. Biophys. 

Acta, 267, 530 (1972); (b) B. Ke, R. E. Hansen, and H. Beinert, Proc. Nat. 
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and 2.05) and line-shape characteristic of a reduced 
iron-sulfur protein. Bearden and Malkin have eleg- 
antly demonstrated that this iron-sulfur resonance is 
associated with system 1 and is formed stoichiomet- 
rically in a 1 : l  ratio to signal 1 . 5 5 C  However, the pres- 
ence of multiple nonheme iron r e s o n a n c e ~ ~ ~ ~ , ~  as well 
as an alleged kinetic disparity between signal 1 and 
the nonheme iron do not permit a t  this time 
a conclusive assignment of this species to the pri- 
mary electron acceptor. 

Although the primary electron-acceptor moiety 
cannot be observed a t  ambient temperature by esr, 
the redox interactions of the primary donor and ac- 
ceptor and subsequent electron flow in system 1 have 
been ascertained by monitoring the transient kinet- 
ics of signal 1 following a saturating flash a t  room 
t e m p e r a t ~ r e . ~ ~  These kinetic investigations generally 
support the conceptual framework summarized by 
Ke57 and document three possible pathways of re- 
duction for P700+ in PS 1 subchloroplast prepara- 
tions and in chloroplasts: (1) direct return of the 
electron from the primary acceptor; (2) cyclic elec- 
tron transport involving PS 1 components in intact 
chloroplasts or an artificial electron carrier ( e . g . ,  
TMPD), serving both as donor and secondary accep- 
tor, in system 1 preparations; (3) noncyclic electron 
flow involving a donor to P700+ (e .g . ,  photosystem 2 
for chloroplasts or a reduced dye for PS 1 prepara- 
tions) and a different oxidant for the primary accep- 
tor. Chloroplasts capable of assimilating C02 (pre- 
pared by the Jensen-Bassham method58) do not ex- 
hibit pathway 1; however, osmotically shocked chlo- 
roplasts display a prominent direct electron-return 
~ o m p o n e n t . ~ ~  Analogously, osmotically shocked 
chloroplasts possess an easily observable signal 1 
during steady-state, far-red illumination, whereas in 
fresh, intact chloroplasts very little signal 1 is seen. 
Thus, esr additionally can serve as a monitor of the 
physiological state of the chloroplast. 

The identity of the physiological donor to P700+ 
has over the years remained a subject of much con- 
jecture.13 Recent esr investigations, however, have 
indicated that this donor entity in chloroplasts must 
transfer an electron to P700+ in less than 10 p~sec.~6 
Additionally, chloroplasts illuminated with far-red 
light and subsequently frozen to 25 K reveal a reso- 
nance typical of protein bound Cu2+ .59 On the basis 
of its spectral parameters and abundance this signal 
has been assigned to plastocyanin, a copper-contain- 
ing protein that is known to be closely associated 
with system 1. These observations, combined with 
the additional report that another possible donor, 
cytochrome f ,  to PS 1 is oxidized in -200 psec a t  
room temperature,60 suggest that  plastocyanin may 
function as the endogenous donor to system 1 at  
room temperature. 

Photosystem 2. The only paramagnetic manifes- 
tation of photosystem 261 observable a t  room tem- 
perature, signal 2, is a broad (AHp, -19 G) struc- 

(56) J. T. Warden and J. R. Bolton, Photochem. Photobiol., in press. 
(57) B. Ke, Biochim. Biophys. Acta, 301,1(173). 
(58) R. G. Jensen and J. A. Bassham, Proc. Nat. Acad. Sci. U. S., 56, 

(59) R. Malkin and A. J. Bearden, Biochim. Biophys. Acta, 292, 169 
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tured resonance (g = 2.0047 f 0.0002) with asym- 
metric line shape and four or five hyperfine compo- 
nents (see Figure 7). With saturation behavior typi- 
cal of an inhomogeneously broadened line ( i e . ,  there 
is no line broadening or change in line shape a t  high 
microwave powers), signal.2 saturates a t  -25 mW.62 
Signal 2, as Weaver indicates,20 is a light-induced 
resonance, possessing a long decay time. In spinach 
chloroplasts signal 2 decay follows complex kinetics 
with faster and slower  component^.^^-^^ In algae 
similar behavior is found except that the slow decay 
is invariably faster (t112 -30 min). 

Although signal 2 was first ascribed to plastosemi- 
quinone,65 Kohl and coworkers in 1969 demonstrated 
that the i n  vitro esr signal of immobilized plastoqui- 
none did not resemble that of signal 2.66 Further- 
more, by isooctane extraction of plastoquinone from 
chloroplasts and subsequent readdition of deuterated 
plastoquinone, Kohl was able to show that signal 2 is 
formed from p l a s t ~ q u i n o n e . ~ ~  By comparison of sig- 
nal 2 to immobilized a-tocopheroxyl free radical 
Kohl and Wood proposed a plastochromanoxyl 
structure for the r a d i ~ a l . ~ 7  Despite a tentative iden- 
tification of signal 2, no functional role for this com- 
ponent in photosynthesis has been determined, even 
though two hypotheses for the mechanistic origin of 
signal 2 are presently in contention. Hypothesis A 
regards signal 2 as a reflection of the behavior of a 
quinoidal component situated near the reducing side 
of PS 2.20,66-68 Hypothesis B, on the other hand, 
views signal 2 as reflecting the oxidation state(s) of 
components which function on the water-splitting 
(oxidizing) side of PS 2.63,69 Future investigations of 
signal 2 are likely to resolve these conflicting hypoth- 
eses, thus clarifying the relationship of this stable 
radical to photosynthetic processes. 

Experiments a t  77 K in ferricyanide-treated chlo- 
roplast or PS 2 subchloroplast preparations have re- 
vealed the presence of a new light-induced, feature- 
less esr signal.70 This species has tentatively been 
assigned to the PS 2 reaction center chlorophyll on 
the basis of similarity of the esr parameters (AHDp 
-8 G, g = 2.0025) to those of signal 1. This signal is 
only observable a t  low temperatures and in the pres- 
ence of high concentrations of ferricyanide. This 
chlorophyll-like resonance is generated most effi- 
ciently in red light, that is, light which supports 
photosystem 2 reactions. Although the esr behavior 
of this “photosystem 2” signal is analogous to the 
ferricyanide-induced fluorescence quenching reported 
by Okayama and B ~ t l e r , ~ ~ , ~ ~  no optical confirmation 
has been reported to support the assignment of this 
new resonance to P680, the PS 2 counterpart of 
P700. Likewise, no esr signal corresponding to the 
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primary electron acceptor, Q, of system 2 has been 
observed, even though one might be expected. 

The six-lined resonance characteristic of manga- 
nese is often observed in chloroplast or algal prepa- 
rations. Bound manganese has been implicated in 
the oxygen evolution process and is a necessary re- 
quirement for plant The manganese sig- 
nal commonly seen in aged or hydroxylamine-treated 
samples is believed to result from photosystem 2 
centers which have lost bound manganese. Although 
steady-state changes in the manganese signal inten- 
sity during photosynthesis have been r e p 0 r t e d , ~ 3 2 ~ ~  
no concrete evidence for in vivo manganese partici- 
pation in system 2 has been established by esr. Ex- 
amination of system 2 functional manganese by esr 
may be prohibitive, since this protein-complexed ion 
may possess a very efficient relaxation process. In 
addition, the extreme line width of the manganese 
spectrum (-600 G )  renders the detection of any 
transient intensity change arduous. However, appli- 
cation of a light-modulation detection ~ y s t e m 3 ~  to 
the study of photosystem 2 may overcome this obsta- 
cle. 

Other Esr Signals. Additional esr signals are 
often seen in photosynthetic materials; however, on 
the whole, these have not attracted the attention ac- 
corded to the previously discussed resonances. Often 
signals arising from transition metals present in 
growth or suspension media ( e . g . ,  iron or manganese) 
may be observed; however, these interferents can be 
removed by washing or complexation, or ignored. 

Although triplet excitation mechanisms have been 
proposed in photosynthesis, until recently there has 
been no esr evidence for existence of triplet inter- 
mediaries. Dutton, Leigh, and Seibert have reported 
the observation of a triplet species a t  8 K in chroma- 
tophores unable to carry out photochemistry.75 This 
triplet spectrum was somewhat unique, since some of 
the transitions were observed to be in emission. This 
phenomenon can be explained by a selective popula- 
tion of some of the triplet spin states due to long 

’ electron spin relaxation times inherent a t  cryogenic 
temperatures. The zero-field splitting parameter, D, 
determined for this biological system (0.0154 cm- 
is notably less than that observed in an i n  vitro chlo- 
rophyll triplet (0.0306 cm- .76  This difference may 
be attributed to the more ordered, compacted array 
of chlorophyll inherent in the photosynthetic unit. 
Alternatively, the reduced D value may result from 
stabilization of the two unpaired electrons on adja- 
cent reaction center chlorophylls comprising the hy- 
pothetical dimer proposed by Norris, e t  ~ 1 . ~ ~  The 
participation of this triplet entity in the primary 
charge separation process, although p o ~ t u l a t e d , ~ ~  
has not yet been established. A similar triplet reso- 
nance has also been demonstrated in spinach chloro- 
p l a s t ~ . ~ ~  

Weaver has recently reported an additional light- 
induced signal in the blue-green alga, Anacys t i s  ni- 

(72) G. M. Cheniae and I. F. Martin, Biochim. Biophys. Acta, 197, 219 
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dulans. 77 This resonance is nonstructured, has a g 
factor of 2.0042, and is not readily saturated by mi- 
crowave power. Formation and decay kinetics are 
complex for this species, and dichlorophenyldimeth- 
ylurea has been demonstrated to inhibit the forma- 
tion of this radical. Although Weaver has named this 
resonance signal 111, we prefer not to apply this title 
until this species is demonstrated to occur in other 
algal species. A similar resonance has been detected 
by Norris, et ~ l . , ~ ~  in the thermophilic blue-green 
alga Synechoccus lividus. However, the S. lividus 
signal appears to be associated only with PS 1 and 
has been assigned to the flavoprotein flavodoxin. 

Projections 
Although a sizable number of radical entities have 

been observed by esr in photosynthetic organisms, 
future investigations must focus on those that are 
not presently detectable. Many of these “hidden” in- 
termediates could provide the basis for cracking such 
difficult puzzles in electron, transport as the oxygen 
evolution center, sites of photophosphorylation, and 
the nature of the intermediate electron-transport 
chain. Additionally, future research will increasingly 
be concerned with the formation of model systems 
and the reassembly of photosynthetic units from 
constituent parts. 

(77) E. C. Weaver, Nature (London), 226,183 (1970). 
(78) J. R. Norris, H. L. Crespi, and J. J. Katz, Biochem. Biophys. Res. 

Commun., 49,139 (1972). 

Application of such powerful techniques as stop- 
flow, rapid-freeze, and flash photolysis will continue 
to dominate photosynthetic esr investigations. Ex- 
tension of transient flash photolysis esr systems into 
the microsecond domain should make possible the 
search for short-lived radical components in the in- 
termediate electron chain (e.g., plastosemiquinone). 
Likewise, steady-state or light-modulation experi- 
ments can be expected to increase our knowledge of 
pool sizes and energy migration mechanisms. Al- 
though spin labeling has been generally neglected in 
photosynthetic studies, specially tailored cofactors 
could provide a means for esr to monitor changes of 
transition metal species a t  physiological tempera- 
tures or conformational changes of protein complexes 
involved in energy storage (photophosphorylation). 
Application of cross-relaxation phenomena may like- 
wise allow the esr practitioner to view changes in the 
paramagnetic state of significant ion species (e.g., 
Mn, Fe). 

This overview of the contribution of esr to our cur- 
rent knowledge of photosynthesis has been necessari- 
ly brief. However, i t  is the authors’ desire that the 
spirit of hope and anticipation for future success in 
esr investigations in the biological realm will be 
transmitted to the reader. 
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“I consider induction to be that form of 
demonstration which upholds the sense, and 
closes with nature, and comes to the very 
brink of operation . . . for hitherto the pro- 
ceeding has been to fly a t  once from the 
sense and particulars up to the most general 
proposition, as certain fixed poles for the 
argument to turn upon, and to derive the 
rest . . . Now my plan is to proceed regularly 
and gradually from one axiom to another, so 
that the most general are not reached till the 
last; but then, when you do come to them, 
you find them to be not empty notions but 
well defined, and such as nature would really 
recognize as her first principles, and such as 
lie a t  the heart and marrow of things . . . 
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Those who aspire not to guess and divine, 
but to discover and know, who propose not 
to devise mimic and fabulous worlds of their 
own, but to examine and dissect the nature 
of this very world itself, must go to facts 
themselves for everything.” 

F. Bacon, 1620 

“The principles of thermodynamics occupy 
a special place among the laws of nature . . . 
their validity is subject only to limitations 
which, though not, perhaps, of themselves 
negligibly small, are a t  any rate minimal in 
comparison with many other laws of nature 
. . . there is no natural process to which they 
may not be applied . . . considerations of mo- 
lecular theory are less suited to correct es- 
tablished thermodynamical laws than to be 
themselves accommodated thereto.” 

W. Nernst, 1917 

“The underlying physical laws necessary 
for the mathematical theory of a large part 


