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1. 

Advances in the characterization of reaction 

center components of Photosystem I have been rapidly accumulating 

in recent years. The availability of high!Y 

purified Photosystem I subchloroplast fragments 

and the application of nondestructive physical 

techniques, such as optical and electron paramagnetic 

resonance (EPR) spectroscopy to these materials, 

has allowed a detailed probing of components uniquely 

associated with this reaction center. This report will 

describe the current status of electron carriers 

involved in the Photosystem I reaction c~nter and 

their role in the primary photochemistry of this photo

system. 

Since there is presently no structural information 

availabie on the molecular architecture of the Photo

system I reaction center, this account must necessa~ily 

be limited to a discussion of a considerable body 

of less direct evidence about the involvement of molecular 

components within the reaction center. The components 

which will be considered in detail are the reaction· 

center chlorophyll (P700) and the reaction-center electron 

acceptor. Since neither of these compone~ts has been' 

isolated and characterized in vitro, conclusions about 

primary photochemistry have mainly been derived from 

spectroscopic studies of the components in functional 

systems. 
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The exist~nce of preparative techniques which 

result in the isolation of subchloroplast fragments in 

which the Photosystem I reaction center is enriched 

and the Photosystem II reaction center is :absent has been 

important in recent developments on this photosystem. 

Early preparations (see Table I) had about three to five 

times the content of the Photosystem I reaction center 

on a chlorophyll basis as compared with unfractionated 

chloroplasts while more recent preparations are approxi

mately ten-fold enriched. All these preparations show 

photochemical activity at physiological temperatures 

but recent studies. indicate differing· photochemical 

properties at cryogenic temperatures. 
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3. 

It should be noted that.~hese preparations do not 

approach the, simplicity of . .reaction centers prepared 

from photosynthetic bacteria~ as fer example, the bacterial 

reaction center from the carotenoidless mutant R26 of 

Rhodop•eudomonas spheroides as first prepared by Reed 

and Clayton11 and later in a modified manner by Feher~ 2 . 

These bacterial preparations contain only six pigment 

molecules in addition to the primary. electron acceptor 

and are devoid of antenna chlorophyll while the chloro

plast Photosysten I preparations still have~ as a very 

minimum, 30 to 100 antenna chlorophyll molecules per 

.reaction center. 

In ~ddition, although the generab.thesis proposed 

by Emerson and Arnold13 and by Duysens14 that a col

lection of antenna chlordphyll molecules harvests far 

red light efficiently and that an efficient transfer 

process operates to localize the absorbed energy at a 

"trap" or. reaction center, there is little direct in

formation available on the arrangement of these components 

in vivo in Photosystem I. A con~iderable.body of 

information on photon capture and excitation tra~sfer 

in vitro and comparisons to in vivo systems has been 

reviewed by Sauer~ 5 . Knox16 and Norris, Scheer and Katz~ 7 

Thus, in the absence of definitive structural information 
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on the organization of antenna chlorophyll and the 

reaction center of Photosystem I, it is best to proceed 

to a discussion of the present state of knowledae about 

the participants in the photochemical reaction of 

Photosystem I. 

The photochemistry of Photosystem I can be described 

by the following two reactions: 

(1) ChlAntenna + ChlRC + hv _ __,..). Chl~C + ChlAntenna 

+ (2) A + ChlR_c-· -~) ChlRC +A 

wh~re Chllc may include both singlet and triplet states of 
. + 

chlorophyll, ChlRC will be identified with P700, and A is 

the primary electron acceptor of Photosystem I. 

THE PRIMARY ELECTRON DONOR OF PHOTOSYSTEM I.· 

Absorption of light by the antenna chlorophyl~ 

matrix and subsequent energy transfer to reaction center 

chlorophyll results in a bleaching at~700nm; this 

absorbance change, designated P700, was first discover~d 

by Kok18 in both algae and higher plants. Kok also 

provided evidence that this absorbance decrease was a 

property of a small portion of the chlorophyll present 

and not a general property of the bulk antenna chlorophyll 
19 of Photosystem I. 

I. 
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Optical light minus dark difference spectra.of 

P700 and spectra of oxidized chl6rophyll ~ support 

the conclusion that P70n arises from photobxidation 

of a chlorophyll a species~ 9 , 2 ° Further studies oh 

the chemicar oxidation of P700 in chlor6plasts and iri 

subchloroplast fragments have shown that P700 has an 

oxidation-reduction midpoint potential of approximately 

+SOOmv,2,21-23 

At this point, it might be useful to consider the 

requirements for participants in primary photochemical 

reactions in photosynthesis: (i) It is important that 

the products of photochemistry and sub~equent charge 

separation c~pture a large fraction of.the incident 

photon energy (1.67eV for a 740nm photon, the longest 

wavelength for which Photosystem I operates ~ff~ciently) 

so that the participation of Photosystem I in the overall 

bioenergetics of chloroplast photosynthesis can b~ 

energetically favorable; (ii) It is expected that the 

photochemical reactants be formed rapidly and that 

these reactants also be formed at cryogenic temperatures 

(77K and below) where ordinary diffusion~dependent 

chemical reactions are strongly precluded [it should 

be cautioned that reactions subsequent to the initial 

charge separation may still oc~ur at cryogenic temperatures, 
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as have been demonstrated in Phptosystem II 24 ]; 

{iii) The quantum efficiency of the formation of the . 
primary photochemical reactants should approach unity 

at all temperatures. 

Thus far it has not been possible to measure the 

rate of the photooxidation of P700. Ke 25 reported that 

P70D was produced in less than lOOns at 300 K in 

Photosystem I fragments from a blue-green alga; Witt and 

Wolff 26 lowered this upper limit t6 20ns in measure

ments made on subchloroplast particles isolated by 

digitonin treatment of chloroplasts. In this regard, 

it is important to state that oxidized chloroplyll 

formation in bacterial reaction centers has been shown 

to occur in less than 10psec 27 and that Photosystem I 

components have not been investigated in this time domain. 

In addition to the optical characterization of P700 

as a measure of the photooxidation of the Photosystem I 

reaction center chlorophyll, EPR spectroscopy has 

revealed a free-radical paramagnetic species which 

closely follows the properties of P700. This para~ 

magnetic species discovered by Commoner, Heise, gnd 

Townsend, 28 was further characterized by Sogo, Pon, and 

Calvin, 29 by Weaver and Weaver, 30 by Vernon, Ke, and 

Shaw31 and by Warden and Bolton. 32 , 33 The EPR 
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characteristics of "Signal I" are shown in Fig. 1; a 
' . 

·second EPR signal, "Signal .I I," is present in the dark 

and is not related to Photosystem I. ''Signal 1" has 

an EPR g-value of 2.0026, a linewidth (peak-to~peak) 

of about O.BmT and has been readily observed in chloro

plasts·· or subchloroplast particles enhanced· in Photo

system I activity at temperatures from 300K down to 4K. 

"Signal I" can also be produced by chemical oxidation 

and the oxidation-reduction midpoint potential is the 

same as for the optical change of P70o. 23 , 33 , 34 

Quantitative EPR experiment~ have determined that there 

is a· 1:1 ratio betwee~ unpaired spins (S=l/2) in "Signal I" 

and optically detected P700. 3 ~' 36 Simultaneous optical 

and EPR kinetic experiments by Warden and Bolton32 show 

the decay kinetics of P700 and "Signal I" to be identical. 

Thus it is clear that the bleaching at 700nm and the 

observance of EPR "Signal I" are both manifestations of 

the photooxidation of Photosystem I reaction center 

chl·orophyll. 

The EPR linewidth displayed ·by P700+ in vivo is 

narrower than the linewidth in chemically oxidized 

chlorophyll in vitpo;the extent of this narrowing 

argues for P700 being composed of a chlorophyll dimer 

with the unpaired electron wave function being delocalized 

over both chlorophyll molecules. 17 , 37,38 

\ 
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THE PRIMARY ELECTRON ACCEPTOR OF PHOTOSYSTEM I 

For a review of the history of earlier proposals 

and molecular tandidates for the primary electron accep

tor of Photosystem I, the reader is referred to review 

articles by Ke, 39 Bishop, 40 Bearden and Malkin 24 and by 

Siedow, Yocum and San Pietro. 41 

The primary electron acceptor (A) role in the photo

synthetic process can be defined in a variety of ways, 

but it would appear reasonable to define the acceptor 

as the molecular species which participates in the pri-. 

mary photochemical· charge separation and allows a stable 

charge separation to exist for a time long enough for 

dark electron transfer processes to utilize the energy 

gained by photochemistry. Our concept of the primary 

electron acceptor must be considered in relation to 

recent studies utilizing picosecond spectroscopy with 

bacterial reaction centers. These studies have demon-

strated that a short-lived transient or intermediate, 

possibly involving a reduced bacteriopheophytin molecule, 

is formed in -10 psec and donates an electron in -150 

t b . . . 1 27,42 psec o au 1qu1none-1ron comp ex. · The latter car-

xier has usually been designated as the bacterial pri-

mary elettron acceptor even though it is now known not 

to be the first reductant formed. The assignment of the 
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ubiquinone-iron comple~ as tbe primary ele~tron acceptor 

is based on the relative stabilitY of the reduced form 

of this complex compared with the stability of the re

duced form of the. transi~nt; the latter has a lifetime 

of nanoseconds and cannot be used in dark electr6n trans

fer processes other than donation of its electron to 

the ubiquinone-iron complex. Although there is no com

pelling evidence for the role of any similar intermediate 

iri the primary electron transfer process of Photosystem I, 

it is poss~ble that such excited state anions might be 

involved in a transient passage of an electron to a more 

stable acceptor.species. For example, if chlorophyll in 

the triplet state were involved in the normal route of 

photosynthetic primary photochemistry, it might be possi

ble for the charge separation to proceed with the Chl~ Chl

biradical representing a limiting case of the chlorophyll 

triplet state. 

Recent research on the nature of the primary elec

tron acceptor of Photosystem I have relied on measure

ments at cryogeriic temperatures in an attempt to trap 

relatively stable species associated with the Photosystem 

I reaction center charge separation. Parallel studies 

by EPR and optical spectroscopy have presented evidence 

for a bound iron-sulfur center serving in this role, but 
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several investigators have r.ecently presented data which sug;.. 

gests that a different compo:qent functions prior to the 

bound iron-sulfur center. Because of this current con-

troversy on the identity of the Photosystem I primary 

electron acceptor, a detailed account of the proposals 

will be presented. It should again be stressed that 

the studies to be ftescribed have attempted to identify 

a relatively stable photo-produced electron acceptor and 

do not preclude short-lived components being formed as 

intermediates in the produ~tion of this stable species. 

In this regard, a recently described emission EPR 

signal associated with Photosystem 143 might arise from 

such a transient state. 

Malkin and Beardel\44 in 1971, observed by low

temperature EPR spectroscopy (25K) a.new paramagnetic 

species in whole spinach chloroplasts after illumination 

with white light at 77K. This EPR species displayed 

g-values (gx= 1.86, gy= 1.94, gz= 2.05) which are char

act·eristic of the one-electron reduction of iron-sulfur 

centers 45 . These g-values are ncit identical with those 

of reduced soluble chloroplast ferredoxin (gx= 1.~9, 

gy= 1.96, gz= 2.05) and the light-induced paramagnetism 

which appears in addition to "Signal I" is found upon · 

illumination at low temparatures of washed, broken chloro- . 
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plast fragments in which at least. 90% of the soluble 

ferredoxin has been removed. Thus, the iron-sulfur 

center was not identical with soluble chloroplast fer

redoxin but indicated the presence of a bound iron

sulfur center which could be photoreduced at cryogenic 

temperatures~ Further studies by Bearden and Malkin46 

showed that this ne_w photoreduced bound iron-sulfur 

center was produced as efficiently by far-red light 

(715 nm) as by the red light (645 nm) and that the 

bound iron-sulfur center was enriched in subchloroplast 

fragments enriched in the Photosystem I reaction center. 

These studies allowed these authors to conclude that 

this bound iron-sulfur center was reduced irreversibly 

in the light, concomitant with P700 photooxidation, and 

that this process occurred at low temperatures (down to 

4K) where molecular-diffusion chemistry was unlikely. 

It was therefore proposed that this iron-sulfur center 

served as the stable electron acceptor for P700 in the 

pri~ary photochemistry of chloroplast Photosystem I. 

These measurements were confirmed in a number of labor-

• 4 7- 4 9 . h f •' t f . d . t f ator1es · w1t ragmen s rom a w1 e var1e y o 

photosynthetic systems. Figure 2 shows the l~w temper

ature (25K) light-induced paramagnetic signals associated 

with the components of Photosystem I: the three charac-
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teristic g-values of the reduced bound iron-sulfur center 

and the free-radical signal of oxidized P700. 

At about the same time as the studies using EPR 
so . 

spectroscopy were presented, Hiyama and Ke reported 

a rapid optical absorbance decrease at 430 nm after 

illumination of Phot.osystem I subchloroplast fragmenfs 

with a 20 microsecond flash. In the presence. of added 

redticed 2,6-dichlorophenolindophenol (DPIP), the recovery 

of the initial absorbance became rapid and in the pre

sence of added methyl viologen as well as DPIP, ihe 

magnitude of the absorbance recovery became smaller, 

slower, and biphasic. The slow component o£ the absor

bance recovery was associated with the blue band of 

P700 previouslyidentified by Kok; 19 the faster.component 

(P430) was proposed to be an indicator of the primary electron 

acceptor of Photosystem I on the basis of (1) the.accel

eration df the absorbance recovery by the presence of 

low oxidation-reduction potential dyes such as methyl 

viologen, (2) the observation that P430 photobleaching 

occurs with a high quantum efficiency in far-red light, 

(3) the rapid production (<100 ns) after illumination, 

and (4) the fact that P430 had a mid-point oxidation

reduction potential of -470 mv. 50 , 52 
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The ·equivalence of the spectroscopic parameters of 

P430 and the bound iron-sulfur protein was suggested by 

Ke and. Beinert. 53 They investigated the conditions 

necessary for the appearance of the low-temperature EPR 

signal when a secondary reductant (methyl viologen) 

was added to the chloroplast fragments (D-144) and the 
/ 

sample was illuminated before freezing. In the presence 

of a secondary electron acceptor that can accept elec-. 

trons from the reduced primary acceptor at room· tempera

ture, the EPR signal of the reduced primary electron 

acceptor (bound iron-sulfur center) should be absent 

_and only the signal of the photo~oxidized P700 (P700+) 

should be present. Subsequent illumination of the sam-

ple at low temperature would not cause any accumulation 

of reduced boun~ iron-sulfur center since P700 was oxi-

dized and thus unavailable for further reaction. These 

results were confirmed experimentally; the bound iron

sulfur center became reduced (and visible by EPR spec

troscopy) only when the preparation was warm~d to room 

temperature and allowed to stand in the dark or when a 

chemical reductant was added to reduce the P700+ and 

m~ke it available again for a photochemical reaction at 

low temperature. P430 also follows this behaviour. 

These results indicated that P430 and the bound iron-
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sulfur center are two spectral manifestation~ of the 

primary electron acceptor of Photosystem I in chloro-

plasts. 

In their earliest experiments, Malkin and Bearden44 

found EPR signals from reduced bound iron-sulfur centers 

after the addition of reductant (dithionite) in the dark. 

Similar observations .with reductant 49 and observations 

with a combination of reductant and light 49 , 54 as well 

as the initial chemical analyses of the content of non

haem iron and inorganic sulfide 44 have shown that in all 

probability there are several iron-sulfur centers asso-

ciated with Photdsystem I, only one of which appear~ 

to be photoreduced. In contrast to the bound iron-

sulfur center which is photoreducible (g-values of 1.86, 

1.94, and 2.05 after low-temperature illumination), the 

chemically reduced species displays a variety of g-values, 

although all of these signals are of the 'g = 1.94' 

variety characteristic of reduced iron-sulfur centers. 45 

The oxidation-reduction midpoint potentials of the 

bound iron-sulfur centers of Photosystem I have been 
. 54 . . 55 

measured by Ke et.aZ. and by Evans, R~eves and Cammack. 

The values obtained by these two groups are not identical 

but are similar: Em(pH 10) ~ ·540 mV for one component 

(g = 1.86, g = 1.94, g = 2.05) and·Em(pH 10)~ -600 mV 
X y . Z 
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for the· second component (gx.=l.89, gy=1.92, and gz=2.05). 

Light-induced studies have ·sh6wn ihat the center with 

Ern==-540mV is the photoreducible center while some 

variation in results have been obtained on the extent 

of the photoreducibility of the second c~nter. 

It is of interest to compare the midpoint oxidation

_reduction potential measurements of the Photosystem I 

iron-sulfur centers with values estimated for the 

primary ~lectron acceptor by other methods. The latter 

have been obtained by measuring the extent of P700 

photooxidation at cryogenic temperature as a function 

·of ambient potential estabiished prior to freezirig. 

The basis a£ this technique is that P700+ formation 

~ill ri~t ~ccur when the electron acteptor is chemically 

reduced prior to freezing. Measurements by Lozier and 

Butler56 and by Ke 57 have given a value of -530mV for 

the primary electron acceptor by this method. This 

value agrees with the midpoint oxidation-reduction 

potential of the photoreducible iron-sulfur center and 

is consistent with its role as the reaction partner 

for P7oo. 
An important finding in the assignment of the 

photor~ducible iron-sulfur center as the pti~ary 

electron acceptor of Photosystem I is the observed 
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stoichiprnetry between photoreduced iron-sulfur center. 

and photooxidized reaction-center chlorophyll (P700). 

Quantitative EPR estimation of the number of photo

reduced iron-sulfur centers and photooxidized P700 

molecules in chloroplasts and Photosystem I subchloro

plast fragments (D-~44) showed a 1:1 correspondence 

after illumination and measurement at 25K under 

conditions where the photoinduced charge separation is 
. . . bl. 58 1rrevers1 e. More recently, investigators studying 

the reversibility of the primary reaction of Photosystem I 

at cryogenic temperatures have attempted to verify the 

relationship between P700 and the· bound iron-sulfur 

center. 

t ·z 61 e a . 

B d · d M lk · 59 v· · z 60 ear en an a 1n, . 1sser et a . , 

. + 
found that the decay of P700 could be 

and Ke 

correlated 

with that of the reduced bound iron -sulfur center at 

temperatures ranging from 10 K to 225 K . These results 

indicate that the reduced iron-sulfur center and oxidized 

P700 can recombine at temperatures where chemical 

processes do not occur, presumably by a reaction in-

volving a tunneling mechanism. 

Aribther recent measurement which supports the 

assignment of iron-sulfur. center as the primary electrbn 

acceptor comes from a study of the low-temperature 

reactions in P700-Chlorophyll a- protein complexes 
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isolated the blue-green algae, Phoridium luridium. 8 

One complex, prepared by the use of Triton X-100, is 

photochemically active at 300 K and displays photooxida

tion of P700 (g=2.0026) and photoreduction of an iron

sulfur center (g =1~86, g =1.94, g =Z.OS) at 15 K as 
X y . Z 

shown in Fig. 3 ... Another complex, .isolated from the same 

organism by the use of sodium dodecyl sulfate (SDS) , shows 

photooxidation of P700 only at room temperature but 

is not that active at 15 K. This SDS preparation, as 

is shown in Fig. 4 also displays a lack of the photo-

reduced iron-sulfur center signals. A comparison of these 

two complexes when treated with a reductant (sodium 

dithionite, and methyl viologen as a mediator) in the dark 

shows that the Triton X~lOO preparation clearly contains 

iron-sulfur centers (Fig. SA) whereas the SDS-treated 

preparation lacks chemically-reducible centers of this 

type (Fig. SB). These results indicate. that the 

presence of the iron-sulfur centers is a prerequisite for 

charge stabilization at cryogenic temperatures. 

Iron-sulfur centers in isolated proteins are known 

to contain either two iron atoms and two acid-labile 

sulfur atoms or f6ur iron atoms and four acid-labile 

sulfur atoms (the eight iron, iron-sulfur bacterial 

proteins from, for example, Peptococcus aerogenes or 

Clostridium pasteurianum contain two centers of the second 
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kind). The question of the type of centers represented 

, in the bound iron- sulfur c.omponents of Photosystem I 

has received ~ttention from the earliest descriptions 

of these components. 44 The presence of rhombic g-values 

(g I g r g l and the extremely low value for g (1.86) 
X y Z · X 

for the photoreducible component are more compatible 

with a known two-iron, two-sulfur center than any 

four-iron, four-sulfur center. 

Malkin, Aparicio, and Arnon62 have isolated arid 

characterized a four-iron, four-sulfur protein from 

acetone~xtracted chloroplast fragments. ·This protein 

was unusual in that it could not substitute in NADP+ 

photoreduction for soluble chloroplast ferredoxiri; iron

sulfur proteins from either photosynthetic or nonphoto

synth~tic bacteria readily substitute for soluble 

chloroplast ferredoxin in this assay. Unfortunately the 

low-temperature EPR spectrum of this purified four

iron, four-sulfur protein was not the same as the EPR 

spectra of either bound iron-sulfur center in vivo; the 

spectrum of the extracted component being nearly axial 

with components at 1.94 and 2.05. Therefore, it is 

impossible to draw a conclusion from this work about the 

in vivo states of bound iron-sulfur centers. 

\ 
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Cammack and Evans63 hav.e attempted to determine 

the answer to this questioq by reduction of Photosystem I 

particles in 80% dim~thylsulfoxide (DMSO) and comparison 

of the low-temperature EPR spectra in the treated 

material with a similarly treated known two~iron, t~b-

sulfur iron sulfur protein (soluble chloroplast ferredoxin) 

and a protein known to contain two four~iron, tour-

sulfur centers (the ~ight-iron, eight-sulfur protein 

from Clostridium pasteurianum). Their conclusion was 

that these fragments contained two four-iron~ four-sulfur 

centers and that there was no eviden~e for two-iron, 

. two-sulfur centers. In light of recent evidence that 

treatment with 80% DMSO can facilitate dimer-to-tetramer 

conversion in synthetic anal6gs of iron-sulfur proteins 

and in extrusion procedures applied to the iron-sulfur 

protei~s, 64 and that iron-sulfur center extrusion 
~ 

chemistry may be complicated by the membrane-binding 

of these components, it is best to defer a definite 

answer to the question of how many iron and acid-labile 

sulfur atoms are present -in th~ bound iron-sulfur 

centers of Photosystem I until the chemical methods 

are more definitive in this regard. 

In contrast to the evidence presented above that 

supports the assignment of an iron-sulfur center as the 
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primary electron acceptor of Photosystem I, a number 

of recent
1
publications present evidence to the contrary 

and indicate that another component functions prior 

to the iron-sulfur center as an electron carrier and 

that the irdn-sulfur center serves to accept electrons 

from this new component. The basic experimental 

observation which has led to this model for Photosystem I 

is the finding of a small amount of P700 photooxidatioh.at 

cryogenic temperatures under conditions where the iron-

sulfur centers are fully reduced and undergo no further 

light-induced changes. 

Mcintosh, Chu and Bolt~n65 using flash illumination 

and EPR measurements at 6K found partial reversibility 

of P700 photooxidation (1-5% of the total P700 change) 

and found this .reversibility was not reflected in either 

reduced iron-sulfur center. This led these workers 

to search for a component which did correlate with P700 

under these conditions and resulted in the detection 

of a new EPR-detectable component (experimental g-values 

of 1.75 and 2.07) which showed decay kinetics similar 

to those for the residual P700 change. The kinetics 

reported were temperature independent from 5-150K and 

had a decay half-life of about 0.8 sec. 
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Evans and Cammack66 extended these measurements to 

other subchloroplast fragments. These experiments 

involved studying ihe effect of chemical reduction of 

iron-sulfur centers on subsequent P700 photor~actions 

at cryogenic te~peratu~es. The chemical reduction pro

cedure was extensive, involving treatment with sodium 

dithionite at alkaline pH values for up to one hour. 

These workers also observed a small amount of P700 

oxidation which could not be correlated with changes 

in the iron-sulfur centers. Further investigations 

by Evans et aZ. 67 demonstrated that a portion of the 

P700 could .be correlated with an EPR component with an 

experimental g-value at g=l.76 under conditions 6f 

prior chemical reduction of iron-sulfur centers. 

Subsequently~ Evans, Cammack and Evans 68 obtained a 

complete EPR spectrum of the new component at lOK and 
.(, 

found g-values of gx=l.78, gy=l.88 and gz=2.08. 

In none of the above d~scribed reports has an attempt 

been made to ~ompare the extent of the P700 photoreaction 

under conditions where the reaction center is fully 

active (P reduced and A oxidized prior to illumination) 

with the state obtained after the addition of dithionite. 

Bearden and Malkin69 have reexamined the question 

of a correlation of P700 photooxidption and bound iron-
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sulfur center photoreduction in unfractionated chloro

plasts and in two Photosystem I subchloroplast particle 

preparations. Using again low-temperature EPR "Signal I" 

as an indicator of primary photochemistry (P700+ formation), 

it was found that in unfractionated chloroplasts pre

incubated with sodium ascorbate and phenazine metho-

sulfate (PMS) prio~ to freezing (traps fully open), there 

is a large irreversible P700+ photooxidation at 18K. 

Samples frozen without the addition of.ascorbate and 

PMS did not exhibit full photooxidation as about 60% 

of the P700 was oxidized prior to illumination. The 

addition 6f sodium dithionite (pH 10) prior to freezing 

caused the elimination of ....... go% of the photooxidation 

of P700·at 18K. These results on unfractionated chloro-

plasts are shown in Fig.· 6. Similar r:esults on the 

extent of low-temperature photooxidation of P700 as 

measured by the appearance of EPR "Signal I" were ob-

tained with D-144 subchloroplast fragments (Fig. 7) 

and with a p~eparation highly enriched in Photosystem I 

components obtained by the use of the detergent dodecyl

dimethylamine oxide (LDAof (Fig. 8). ~ithionite treat

ment also eliminated 90% of the photoreduction of bound 

iron-sulfur protein as shown in Fig. 9. This is 

because the dithionite treatment hps chemically reduced 
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the iron-sulfur centers in the three preparations 

studied as shown in Fig. 10. 

These results indicate that a small residual 

P700 photoreaction can be observed in the presence of 

dithionite but that the extent of this reaction is only 

10% of that observed when the reaction centers are 

fully open. It is important to note that the detection 

of EPR changes in P700 is approximately twenty time~ 

greater than that in reduced iron-sulfur centers due 

to the differing linewidths of these EPR signals and 

that small changes (-10%) in the EPRsignal of the 

reduced iron-sulfur centers would be impossible to detect 

by conventional EPR techniques (for more detailed 

di~cussion, see reference 69). 

Evans et az~ 67 have indic~ted that the newly de-
' 

tected EPR component is presumed to function prior to the 

i~on-sulfur center and is not reduced by dithionite 

alone in the dark. This would suggest that the addition 

of ·dithionite would have no effect on the extent of the 

P700 photoreaction, an expectatiOn which is not borne 

out by our previously described experiments. Our find

ings are consistent with the electron acceptor for P700 

photooxidation being dithionite-reducible, a property 

demonstrated by the bound iron-sulfur center. 
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Measurements on low-te~perature photooxidation of 

P700 under defined pH cond.i tions 70 have also presented 

a new area of uncertainty in interpreting previous 

results. + It has been found that the extent of P700 

formation is dependent on the pH of the preparation 

prior to fr~ezing. Figure 11 shows the low-temperature 

light-minus-dark EPR spectra of P700+ and the photo

reduced iron-sulfur center in Photosystem I sub

chloroplast fragments after illumination at low 

temperatures for samples incubated at pH 8 and pH 10 

in the preserice of ascorbate. The extent of P700 photo

oxidation in the sample incubated at pH 10 is markedly 

decreased when compared with the preparation at pH 8 
+ (-20% of the P700 formed at pH 8) while the extent 

of reduction of the iron-sulfur center is unaltered. 

Further studies are necessary to ascertain the mechanism 

of this reaction, but it does not appear to be related 

to any change in the EPR properties of P700 per se since 

chemical oxidation at either pH 8 or pH 10 produces the 

same intensity EPR free-radical signal. These results 

indicate that conclusions about donor-acceptor pairs in 

Photosystem I based on the extent of the P700 reaction 

at alkaline pH values are complicated by the non

stoichiometric relationship between oxidized chlorophyll 
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molecules and reduced iron-sulfur centers under conditions 

where the traps are fully OJ?en (in the presence of ascorbate) 

prior to illumination. Note however that the quantitative 

EPR r~sults which showed a 1:1 stochiometric relationship 

between oxidized reaction·-center chlorophyll. (P700+) 

and a photoreduced iron-sulfur center were obtained at 

neutral pH and thus are not affected by the dis~overy 
+ ' of P700 effects at alkaline pH. 

These observations of pH effects on the measurements 

of reaction center components brings back into focus the 

difficulty of drawing conclusions about the nature 

of the photoche~ical reactants in the absence of fast 
' 

formation-kinetics measurements. Again, it is important 

to state that a correlation of the decay kinetics for a 

patticular pair of components does not, in general, offer 

a unique solution to the question as to whether the 

pair of components involved in the reaction are 

primary reactants but only indicates a specific type 

of secondary reaction (a charge neutralization). As 

no experiments of fast kinetics have been reported, 

final conclusions on the order ~f electron acceptors in 

the reaction center of Photosystem I cannot be made 

although results and conclusions as have been summarized 

in this paper obtained over the past five years have in

dicated that a bound iron-sulfur center, intimately 

associated with the Photosystem I reaction center, can 

function in a way analogous to the ubiquinone-iron com-
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plex in photosynthetic bact~rial reaction centers in 

that it might .afford a mol~cular mechanism· for the 

st6rage of the electron produced by photochemistry 

for a time sufficient for dark-electr6n proc~sses to 

utilize the stored energy for biosy.nthetic.purposes. 
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TABLE I. PROPERTIES OF PHOTO SYSTEM I SUBCHLOROPLAST FRAGMENTS 

P700 
Reaction Photooxidation 
Center (P700) : Cytochromes at Cryogenic 

Fragment Chlorophyll Present Temperature Ref. 

.. 1. D-144 (Digitonin) 1:200 yes yes 1 

2. TSF-1 (Triton) 1:100 yes yes 2 

3. HP700 (Triton) 1:30 no yes 3 

4. P-144 (French press) 1:100 yes yes 4 

s. LDAO fragments 
(LDAO) 1:30 no yes 5 

6. P700-chlorophyll a-
protein-(Triton) 
higher plants 1:40 yes yes 6 

7. P700-chlorophyll a- 1:40 no no 7,8 
protein-blue-green 
algae (SDS) 

8. P700-chlorophyll a- 1:40 ? yes 8 
protein-blue green 
algae (Triton) 

. 9. Digitonin Photosystem I 
fragment 1:100 no ? 9 

10. Diethyl Ether Extracted 
Photosystem I fragment 1:10 ? ? 10 . 
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FIGURE CAPTIONS 

1. Chloroplast free-radical EPR signals recorded at 25°K. 

The signal present in the dark is 'Signal II'; the 

signal in the light i~ 'Signal I+ Signal II'. The 

light minus dark signal is 'Signal I' alone. From 

Bearden and Malkin. 58 

2. Light-induced EPR changes of bound ferredoxin in whole 

spinach chloroplasts after~illumination at 25 K With 

715 nm monochromatic l~ght. From Bearden and Malkin.5S 

3. Photochemical reactions at 15 K in the Triton X-100 

P-700-chlorophyll a-protein complex .. The reaction 

mixture contained the chlorophyll-protein complex 

(chlorophyll, 0.25 mg/ml), sodium ascorbate (10 mM), 

and phenazine methosulfate (10 ~M). Spectra were 

recorded in the dark and then the sample was illumi

nated at l5°K for 30 s. In (A) the EPR conditions 

were:. Frequency, 9.22 GHz; microwave power, 1.0 mW; 

modulation amplitude, 2.3 G; amplifier gain, 40. In 

(B), the EPR conditions were: Microwave power, 10 mW; 

modulation amplitude, 10 G; amplifier gain, 400. 8 

4. Photochemical reactions at 15 K in the sodium dodecyl 

sulfate P-700-chlorophyll a-protein complex from a 

blue-green alga. The reaction mixture was as in 
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Fig. 3 except that the sodium dodecyl sulfate complex 

was pres~nt. EPR conditions for (A} and (B) we~e as 

. F. 3. 8 1n 1g. . 

5. Chemical reduction of bound iron-sulfur centers in 

the sodium dodecyl sulfate (SDS) and Triton P-700-

chlorophyll a-prqtein complexes. The reaction mix

ture contained either complex at a chlorophyll con-

centration of 0.25 mg/ml, 100 mM glycine buffer (pH 

9.5), methyl viologen (0.1 mJ'-t), and sodium dithicinite 

(2 mM). Di thioni te was added under anaerobic condi- ' 

tions under a stream of nitrogen gas. EPR conditions 

were as in Figs. 3B and 4B except that an amplif1er 

gain of 320 was used. 8 

6. Kinetics of P-700+ formation at 18 K in chloroplasts. 

The reaction mixture contained unfractionated chloro-

plast fragments (1.0 mg chlorophyll per ml), 0.1 M 

glycine buffer (pH 10) and, where indicated, sodium 

ascorbate .(10 mM) and phenazine methosulfate (PMS) 

(20 ~M). A small amound solid sodium dithionite 

(-5 ~mol) or 5 ~m61 of a solution of freshly prepared· 

sodium dithionite (in·o.5 M Tris • HCl buffer, pH 8.8) 

was added under a stream of nitrogen gas. Samples 

were incubated in the dark for l min at 4 C prior to 

freezing. The P-700+ response was monitored at the 

• 
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low-field positiv.e peak qf the first-derivative 

absorption-mode free radical EPR signal at l8°K with 

the following spectrometer con~itions: frequency, 

9.220 GHz; microwave power, 2 mW (to the TE 011 cavity); 

cavity Q(loaded), ~5006; modulation amplitude (rota-

ting frame), 5 G; microwave detector current (Micro-

wave Associates MA-40075 diode}, 0.2 rnA. All traces 

.were recorded at the same amplifier gain of 120 • 10 3 • 

The power saturation properties of P-700+ were iden· 

tical in all traces; under these spectrometer condi· 

tions, P-7oo+ displays less than 20% deviation from 

1
. . . 69 
1near1ty. 

7.· Kinetics of P-7oo+ £ormation at 18 K in D-144 Photo-

system I subchloroplast fragments. The conditions 

were the same as in Fig. 6 except that the D-144 

fragments were present at a concentration of 0.2 mg 

of chlorophyll per mg. All traces were recorded at 

the same amplifier gain of lOOxl0 3 •
69 

8. Kinetics of P-7oo+ formation at 18 K iri dodecyldi~ 

methylamine oxide Photosystem I subchlorpplast frag

ments. The conditions were as in Fig. 6 exc~pt that 

the dodecyldimethylamine oxide fragments were present 

at a concentration of 0.12 mg of chlorophyll per mg. 

All traces were recorded at the same amplifier gain 

of 100 • 10 3
•
69 
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Photoreduction of bound iron-sulfur protein at l8°K 

in chloroplasts. The reaction mixture was as in Fig. 

6. the light·minus dark difference spectra were ob-

tained by computer subtraction of the dark. spectrum 

from the spectrum obtained after illumination in the 

presence of either ascorbate plus phenazine metho

sulfate (PMS) or dithionite (see ref. 4). EPR condi-

tions: frequency, 9.220 GHz; microwave power, 10 mW; 

modulation amplitude, 10 G. 69 

10. EPR spectra at 18 K of dark-adapted dithionite-reduced 

chloroplast and Photosystem I (PS I) preparations. 

The reaction mixture was as in Fig. 6 except for the 

following concentrations: chlo~oplasts, 1.0 mg .of 

chlorophyll per ml; D-144 fr~g~ents, ·0.5 mg of chloro

phyll per ml; dodecyldimethylamine oxide (LDAO) frag

ments, 0. 2 S mg of chlorophyll per ml. EPR conditions 

were as described for Fig. 4. ·Amplifier gain settings 

. for the upper two spectra were 250 • 10 3
; the lower 

spectrum was recorded at a gain of '100 • 10 3 • 
69 

11. Low-temperature light minus dark (15 K) EPR spectra 

of photoinduced ~ignals ('Signal I': g = 2.0026, 

reduced Fe-S center: gx = 1.86, gy = 1.94i gz = 2.05) 

in the presence of sodium ascorbate incubated at pH 
70 8.0 (upper trace) and pH 10 (lower trace)~ 

• 
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