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'PHOTOSYNTHESIS - THE LIGHT REACTIONS

Kenneth Sauer

- INTRODUCTION

During the past three or four years there has been a

substantial advance in our knowledge of the light reactions

invphotosynthésis. This comes at a time of heightened

_interest in sunlight as a source of energy for our daily

needs. The exploration of potential practical applications

- in this area will be helped by identifying the common features
of the light reactions in higher plants and algae and in the
~ simpler photosynthetic bacteria. These include the processes

"'of light absorption by an antenna of chlorophyll (Chl) and

other pigment mblecules, the transfer of excitation to a
photochemical reaction center and the initiation of the

electron transfer reactions - all within a few picoseconds

" of the arrival of the photon.

Because the field of this review is broad (the author -
has identified over 550 relevant articles published during

1976-785,'major developments will be emphasized and mention

-Will be made of numerous other review articles that cover

substantial portions of the subject matter.

Light harvesting by a pigment antenna The light-collecting

:pigment”mdlecules'include (bacterio)chlorophyll; carotenoids

and, in some organisms, phycobilins, whose absorption spec-
travcollectively span the ultraviolet, visible and near

infrared spectra to about 1.06 uym. The chromophores are



located'largelyain.well4defined'complexes ﬁithiprotein,

and these are closely assoc1ated with or 1ntr1n51c -to .
_1nternal membranes of the cells or organelles.i nght
absorptlon results 1n electronlc ex01tat10n that is rapldly
transferred w1th1n this plgment hed, durlng tlmes-ln.the
_psec'or‘subepsec‘range.; Nbrmally the_target of'this exci-'
tation_transfer is the photdchemical‘reaction center,rand the
process must be rapid because“it competes With alternative.
ex01tatlon decay ‘modes, such as fluorescence, that. can be
- very eff1c1ent for many of these pigment molecules.'

[Reviewed in (1,2,3,“)].

Charge separatiOn iﬂ.é reaction center_ Avspecialicomplex
vof chlorophylls and orotein with other electron-donors and
’acceptors 1s the site of initiation of. the oxldatlon-
reductlon reactlons.. The ‘primary donor,: P870 or P700
consists of (bacterlo)chlorophyll molecules in. a dlmer or‘
"special palr" that has unique optlcal absorptlon, c1rcu1ar
diéhrOism‘and EPR properties. Usually the-long wavelength
absorption band of the reaction center (B)Chlﬂlieslat lower
energy than the corresponding‘light4harvesting'chlorophylls;
bacteria contalnlng BChl b are a notable exceptlon..
‘Complexes enrlched in reaction centers contain 1ntermed1ate
electron carriers, I, low-potential electronvacceptors (A,Q,X)L
and sometimes secondary electron donors. [Re&iewed in (5,6,7,

8 9,00,11,12),] A general equation describing the primary



electron transfer can be written

hv | | +_- +_ - :
_PIA-“—»>P*‘IA —>PIA~>P IA — ....

~ The events shown occur typlcaily in the sub-nanosecond

'~ pegion and have aspecfs that are temperature independent

to 4°K. [Reviewed in (13)];

- Charge migration in an electron transport chain A series of

~ donors and acceptors on either side of the reaction center

complex Serves,to»stabilize the initial charge separation’

' against otherwise rapid back reactions. At the same time an

electric field appears across the membrane as a consequence

~of the preferential accumulation of positive and negative

charges' on opposite surfaces. The surface carriers not only
communicate with thoplaSmic oxidants and reductants involved

in metabolism, but they also are involved in binding or re-

leasing protons in a fashion that results in H and other ion

gradients to appear rapidly between the inside and outside
spaces. The resulting electrochemical potential is the

thermodynami¢forigin of phosphdrylation coupling. [Reviewed

~in (5,141,

PHOTOSYNTHETIC BACTERIA
The light reactions of thevphbtosynthetic'bacteria have
been the most extensively_sfudied and are the best,known at

present. [Reviewed in ( 5,12513,15,15,17)]. - Each bacterium



contains one type of reactioh center, by contrast with higher
plahts where two different light reactions_operate in series.

An exhaustive compendium of ‘information is available in The

Photosynthetic Bacteria, editéd by Clayton & Sistrom (18). | o | "

Reaction Centers
Reaction center complexés_have been isolated from a
large number of photosynthetic bacteria. -Thoéé-isélated

from a barticular’cafotenoidléss mutant, R-26, of

Rhodopseudomonas sphaeroides,'first by Rééd 8 C1ayton, have
v.béen'described in the most detail (19,20). Theyvcontain Yy
BChl a, 2 BPh, 1 or 2 quinones'(usually'ubiquinone), Fe and
peptides of 21,.2ﬁvandv28 kdaltons. Preparations differ in
_whethef they also_cohtain cytochromes or light-hafvesting
.v BChl or bdtﬁ (16). Treatmenté that remove the Fe and the
28 kdalton peptide sfili‘retain a- measure of feaction center
activity;-héwever, extractionloféthe'quinones causes a
(reversible) loss of,activity.(2llp

Uﬁon illumination an active reaction center complex
uﬁdergoes an eléctronvtransfej that results in'bleachingf
;of.absdrption aséociatéd wifh‘a portiéh.of thevBChl,:
__comménly designatéd P870,:and_the-appeérancé of absorption 
in'fhe'néar infrared (at 1250 nm) and eléeWheré attributable
to P870+. Within a féW~psec the electron appears on an
| intermediate cérrier.I that appéars_to,be one of tHeIBPh

molecules in the reaction .center complex. The. radical paif
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Figure 1

_ _ +
that results, P870 I , lasts for about 200 psec before the
electron'isvtransferred to a quinone (ubiquinone or mena-
quinone) complexedpwith Fe. Subsequently, the electron moves

to a second quinone that is associated with the reaction center

in vivo. The P870 is rereduced on the microsecond time scale

bypcytoéhromes, the eléctroﬁ transport chain components fhat
donate electrons.tovthe reaction center BChl. Absorption
of a sepond photdn can then lead to the pransfer of a secondv
elgctron to the Ql[Fe]Q2 complex, which has been shown to
occur in both oneveieCtron- and two electron-reduced states.
The overall process is summarized in Figure 1.

Most bacterial reaction center preparations also contain
a large (cé 20 molecules) pool of gquinone which can accumulate

electrons transferred pairwise from Qg-; however, this pool

xig'readily.removed_by extraction without blocking the primary

reaction center activity. In active bacterial intracytoplasmic
membranes there are, in addition, light-harvesting BChl-protein
complexes, additional carriers for electron transport, and.the
coupling facfor complex required for photophosphorylation'(2).

Reaction centers isolated from different organisms

contain the following principal distinctions: Rps. sphaeroides,

Strain 2.4.1, retains about one molecule of the carotenoid

Sphéeroidene per P870 (22); those from Rps, gelatinosa contain
only two distinguishable polypeptides (23); functional

reaction centers from Rhodospirillum rubrum with only 0.5

:

e
Rl



molecule of - ublqulnone per P870 have been reported (16,24);

organlsms such as Rps. v1r1dls contaln the plgment variant

'_BChl b, an altered pattern of.polypeptldes, and menaquinone

instead of ubiquinone (25).

‘Primary Electfon Donor,iBChlzu(P87d):

| The primary photoprocess involves the transfer of one
‘ eleetron per reactlon center P870 and occurs with a quantum _
yield reported to be 1.02 # 0 o4 (26) and largely 1ndependent
of'temperature (27). ‘The electrochemlcal midpoint potentlal
for this step is + 470 mV (15). The formation of P870"
results in the.appeerance.of'an EPR signal with a linewidth
narroWer by about v¥2 than that of‘mondmeric BChl‘al+ 1n organlc
solvents. The optical, E?R and ENDOR spectra of P870° have
been_interpreted in terms of delocalization of the unpaired
electron between the tonBChllmolecules of a "special pair";
[Reviewed in (11,28)1.

BChlz.

The_optieal changes of Rps. sphaeroides are representative

for those of BChl a—cohtaining organisms. The most prominent
effects are bleaching at 870 and 590 nm, an apparent baﬁd
shift toward the blue at 800 nm, and an 1ncrease in absorptlon
at long wavelength,leSO nm (19). The set of 4 BChl and

2 BPh are_closely”coupled in the.reaetion center_(Zg); evi-’

' dence based on Circular,dichroism (CD) spectra implicates
molecular exciton interactions-emong these molecules (30).

Low tempereture.absorption (31,32) and CD spectral studies

help to resolve 4 exciton components associated with the BChl.

molecules and 2 more with the BPh in the long wavelength regioh;_
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The assignment of the 870 nm band to the oxidizable BChl2 is

- based on its'total bleaching upoh illumination; the coupling

‘of this transition to a much weaker'absorption component at

810 nm, as proposed by Vermeglid & Clayton (32), is supported
by sfudies of linear dichroism (33), polarized photoselection

(34) and circular dichroism (30,35). [A similar assignment

 has been proposed for coupling betWeen the 960 and 850 nm bands

of the BChl b-containing bacteria Rps. viridis and Thiocapsa:
pfennigii (36,37,38,39)]. The other two BChl molecules in the
réaction center appear to be spectators, in the sense that

they do . not have a known direct rqle in the electron transfer

process.. The spectroscopic assignment presented here is not

uniformly accepted (u40,41).

Additional information about the arrangement of the BCh;

~associated with P870'has_come from studies of triplets formed

in the reaction centers Wheﬁ the photbchemical reactions,are
blocked, usually by chemigal_redﬁction Qf the eiectron
aéceptors (42). Analysis of the zero-field splittihg para-=
meters and spin polarization‘wasrpresented-infterms of the
BChl2 "special pair" by Uphaus, Ndfris and Katz (u43). |
Transitions among the triplet'sﬁblevels at zero mégnetic

field using optical detection (44) have been interpreted in

terms of reaction center geometry (45,46). Unfortunately
there is disagreement_among,feported values of the decay

constanfs_(&S,ﬂ?,MS), and questions have been raised about



whether the ex01ton model is adequate for calculating the
molecular geometry (48,149). The’rolevof trlpletS'ln
'photosynthes1s has been exten31vely rev1ewed (28 50).

The klnetlcs of bleachlng of the reaction center BChl2

of Rsz sphaer01des was studled u81ng plcosecond spectroscopy

(51 ), and a rise. tlme of 7 + 2 psec was observed The
tran81ent state formed has a lifetime of 150 psec (52) to
250 psec (53), whereupon 1t decays to a second state ‘in
vwhlch the BChl absorptlon bands remain bleached. The
vappearahoe of the absorption of BChl2 at 1250 nm within'

10 psec following a brief flash demonstrates that the first
produot deteoted'containsvokidized BChlévahd is not just
an'eleotrohically”excited-state (54). Once oxidized; the
BCh 1;
charge'recombination by a baok reaction. The 200 psec

lasts for. microseconds or longer unless it undergoes

~ absorption changes result from transfer among the electron

acceptors, which are discussed below.

.
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Intermediate Electrdn'Carrier, BPh (1)

“The first carrier to serve as an acceptor of the

éﬁectr@n from the BChl, (P870) is an intermediate, commonly

2
designated I. The charge-separated state P870+I_ was

designated PF when it was first observed in Rps. sphaeroides

by Parson, Cogdell and coworkers (15,55555) using nano-

second flash specffoscopyr PF was seen when the subsequent

electron acceptors Q[Fe] were reduced chemically prior to
the flash illumination. The difference absorption spectrum,

in addition to the bleaching of BChlz, showed an absorption

‘decrease near 540 nm that suggested the involvement of

BPh (15,53). The assignment of BPh as the intermediate.

. carrier was confirmed by Fajer, et al (57) who demonstrated

a close resemblance between the absorption‘difference
spectrum ofvPF andifhat eﬁpected from the appearance of
BChl+Bth.following an -electron transfer. - Of the two
absorpfion‘compdnents attributable to BPh at 532 and 5uu

nm seen in low temperature difference spectra, it is the

- longer wavelength one that contributes to the formation

of PF (27).
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- The decay of PF in the'presence‘of reducing agents

'occurs in 10 nsec at 293°K foilowing a flash (56); even at

25°K it occurs in 20 nsec (55). Under‘reducing conditions

the decay Qf PF C6incides with the appearance of the state

PR; which has been identified with the reaction center BChl

triplet:Cl7;U9).:

- Studies on the psec  time scale using mode-locked laser

pulse‘éxcitation’fevealed a sfate corrésponding to PF even

when the secondary acceptérs were not reduced (52,53). Under

these_conditions the'initial_charge-separatéd stateiappears

within 10vpsec of the light pulse, and it decays subsequently
in 200 i 50 psec to a staté‘ih‘which EChl; isvstill-present,b
but there is no longer a bleaching of BPh at 540 nm. (5 ,58).

In cohjunction with these experiments it was found that'

- extraction of quinone serves to prevent secondary electron

transfer in much the same way as chemical reduction with

dithionite.

The primary electron transfer steps are.eSSentially '

temperature independent from .300 to 4.29K, both the transfer

within 10 psec from BChl, to BPh and the subsequent 200 psec

2 _
transfer from BPh™ to Ql (59). ‘The processés,;therefore,

have the character of ‘electron tunneling, in'which there is

no thermal activation requirement. Detailed analyses of

the light reactions of photosynthesis in terms of electron
tunneling havé been presented by Hopfield (60) and by

Jortner (§1).

w



~ the maximum absorbance change at 1242 nm (BChl

11

Several reports in the literature suggest that the

inferpretation of charge separation events presented above

o is oversimplified} ‘The observation of a 40% attenuation of

+
2

produced by psec pulses compared with that observed upon

formation)

continuous illumination led Moskowitz and Malley'(62) to

propose that stimulated emission at the high intensities
of the mode-locked laser pulses competes as a de-excitation

path. Evidence that the reduction of BChl, involving

bleaching at 800 nm for a duration of 35 psec, precedes the

reduction of BPh has been'reported for Rds. rubrum by Shuvalov,

et al (63). In addition, one interpretation of the doublet

EPR spectrum of I  in Chromatium vinosum (sée below)

invokes a delocalization of the electron between BPh and

BChl (64). The earlier studies on Rps. sphaeroides did not

show evidence for an acceptor preceding BPh in that organism,

however (52,53).
The rapid reversal of the P870+I- reaction, even at low
temperatures, made studies of its spectral properties

difficult. Shuvalov, Klimov and coworkers (65,66) demonstra-

‘ted that the lifetime of I can be prolonged to several seconds

in reaction center complexes from Chromatium minutissimum

with dithionite present as reductant. Under these conditions

a prominent absorption. increase occurs between 620 and 690 nm

‘and is assignable to BPh™. Spectrophotometric titrations showed
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Lthat BPh~ can be seen upon illumination when:the_potential,
isvmore negative than -60 mV_ét pPH 7.5, and that it continues
to be formed at potentials as low as -620 mV, at PH 10.5

(66). The difference in the kinetic behavior between RpS. -

sphaeroidésvand C. minutissimum (also C. viuosum) resu1ts

from the:presencerf coupled‘cytochrcme.electron donation
tc'BChl; ih'the'latter crganisms (65-67)’. Under reduc1ng
condltlons and prolonged 1llum1nat10n, BPh becomes reduced by
electron trans fer from the assoc1ated cytochrome; leadlng to

the state Cyt BCh12BPh . At the same tlme there 1s a dlsap-
pearance of recombination lumlnescence, of the 'EPR spectrum

"of the react;on‘center BChl trlplet state and-of caroten01d
,triplet formation that are normally the consequence of ‘the
BChlEBPh- back reaction (65). From en analysis of the difference
spectrum in the regioh around 800 nm,Avan Grondelle et al (68) }
_‘concluded that the electron on I is located onjBPh and is hot-V
shared with a BChl.

" The formation of I~ at low potentials (~-430 mV) in

Chromatium is accompanied by the appearance of an EPR signal

that, at room temperature, is a single linet(g -'2.0025,.AHpp
12.5 G) with a decay time (30 sec) corresponding to that of

BPh o |
Apr 15 G) is seen along with a seccnd’signal (g = 2.003,

(65). At low temperatureSVa similar signal (g = 2.003,

double line split by 60 G) that has a different temperature
and microwave power dependence (5 ,60,67). This cohplex
low temperature EPR appears at potentlals below 0 to -100 mV

(5). It 1svformed upon illumination by a one—electron
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trans fer from cytochrome 0553 (64,67). The origins of the

two signals and of the_splitting.of the second one are

unknown; an analogous signal split by 100 G has been seen in

'Rps. viridis (69). It has been proposed that they arise

from interactidns»between the eléctrdn,on the BPh* and the
nearby Fe Qr'b[FeJ of the éecondaryvacceptof bomplex; 6r
perhaps from delécalizatioh to one of the réaction center BChl
(5 ,86 ,éu,57)_. | -

| A'component of the fluorescence emission near 900 nm in

reaction centers from Rps. sphaeroides is increased about

3-fold in intensity when the centers are "closed" by chemical

vreduction (70). Under the reduced conditions, where the fluorescence

quantum yield is about 10_3, Clayton (71) has found it to

be temperature independent‘between 40 and 180°K. If it were

known what fraction of this fluorescence results from charge

‘recombination, then it would be possible to reach some

conclusions concerning the energy of the charge separated
state relative to that of the fluorescing excited éinglet’
state of the reaction center. In principle, this can be

determined from fluorescence lifetimes, but the relevant

information is not at hand.

The fluorescence lifetime, 1, of a homogeneous population

~of excited molecules is the product of the fluorescence yield,

¢, times the natural lifetime, T, The value of T, for BChl
has been estimated to be 20 nsec (7g). Thus one expects

observed lifetimes of 20 psec for closed reaction centers,



1y
where ¢ = 10—3, end,about 6 psec for open ones. Such lifetimes
are yeryedifficult to measure;eespecially at the long wave-
lengths where this fluorescerice occurs. Using a mode~locked

: ruby'laser~pulse incident on reaction centers of Rps. sphaeroides

under‘unspecified reduced'condltlons; Knox, Adamova et al (72)
foundva prominentlls psec decay component in the 850 950 nm o oW
region; The rise time of.lO psec was within the 1nstrument
resOlutibn;<ano the rapid decay component dlsappeared'upon
..chemieal oxidation of the BCh12- -A’eecond‘andfslower deoay
oomponent.of 250 psecnduration-was seen both_in the  long
wavelength'region'andfet'shorter wavelengths (710-820 nm)
where. the 15vpsecedeCay component was not.observed.v Probebly
.the"slower CQmponent‘arisesvffom pigments not directly in the
reaction.cenfer. Infacf oells of this orgenién exhibit
singleaexPonential fluorescence decay-in 200 psecb(73).
fISolated chromatophores (intracytoﬁlasmic membranes) exhibit
a 300.psec decay component, which' increases: to 550 psec- as
the reaction centers are closed by chemlcal ox1datlon or. by
background 1llum1natlon (78).

In studies of‘chromatophofes from fourrsfrainS‘of 325. B .

sphaéeroides, Campillo, Hyer et al (75) . used picosecond

flashes and a streak camera and obtained decay times of 100 o,
psec in the wild type (strain 2.4.1): and 300 psec in the

’R-26 mutant Their measurements at higher flash intensities

(above 10ll+ photons cmfz)'demonstrated the contribution of
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lifetime of Campillo, Hyer et al, and that of Rubin & Rubin (74)

15

exciton annihilation in decreasing the yield and, thus,

the lifetime. It is not apparent, however, that annihilation

accounts for the difference between the low intensity limiting

who reported values bf‘300-550 pséc using an intensity of 5'x lOl2

photons cm_?. Perhaps the different Rps. sphaeroides strain,

v‘l760ei, is the cause. The'presencé and,'présumably, the

nature of the éarofenoids in the membranes does appear to

have a significant influence on the fluorescence lifetime
_(75)..'Fluorescence lifetime studies are reviewed in (76).

Radical Pair Mechanism of Charge Separation

It is presently believed thét the primary photo-induced

charge separation occurs by the radical pair mechanism. 1In

 this picture, diréct absorption of a photon or excitation

transfer to the reaction center BChl produces an excited.

Singlet state. When one of the electrons of the excited

"BChl#% is transferred to the electron acceptor, I, the radical

2
pair formed is initially in the singlet configuration, in

the sense that the two separated electrons have their spins

- correlated and opposite to one another. The rapid kinetics (< 10
.psec) ‘ associated with. the charge separation process is

‘a strong argument against the initial formation of a triplet,

3.

"BCh1l in the reaction center. Because the odd electron -

2’
on the oxidized donor, BChl+, and that on the reduced

acceptor, I°, have different local magnetic environments,
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singlet-triplet mixing occurs on the sub-nanosecond
time scale, and the radical pair dévelops triplet character

by a'process‘described_as
: PR S I
L(en1} 17) = -3(BChlé 1)

If there isvé prbper“amount gf’magnetic interaction dﬁring
fhis period;,then eiectron.spin'polarizatiOn [aiso calléd
Chemically-Induced'Dynamic Electron Polarization, CIDEP, or
Light Induced Magnetic Polarization, LIMP (28)] may develop.
This is deteCtéd in EPR studies as stimulated emission or
super—abSorptioh of microwave radiatioh. As the electrons

of the radical pair become dephased, usually by spin-latticé

' : .
relaxation or coupling with other paramagnetic species present,

they-lose‘the memory of theiﬁ initial corrélation and the

spin polarization disappears. Meénwhile, the electrons (hblés)
héy transfer to secondary acceptors (donors) which alters the
local magnetic environment.

'Aé this charge separation continues to develop, it results
in the electron trénsport process normally aschiated with
photosynthetic_energy coﬁversion. It may reverse, however,
resﬁlting in a recombination of the charges fhat were separated
in the radical pair. 1In this case it may produce either a
singletV;(Bbhlz)* or triplet 3(BCh12)* excited state in the =

reaction center. The singlet will have a probability of

fodd

4
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producing’ delayed fluorescence, where the delay or

unusually long decay profile is a measure of the lifetime

of the radical pair states. Often this decay process is

coﬁplex;,indicative of théanriety.of electron donor and
acceptor species that caﬁ participate in the fadical péirs.
The triplet 3(BCh12)* that is formed by radical pair re-
combination can be detected by its optical absorption‘chahges.
(i.e. the state PR of Péfson«and coworkers) or by using_EPR
or‘qptiéally—detectéd magnetic resonance, ODMR. Again,

tﬁé radical pair origin produces a characteristic spin
poiarization, or non-thermal initial population distribution
among fhe triplet spin sublevels; In addition to spin lattice
relaxation processes;-the triplet spin sublevel distribution

will change in time because of different rates of relaxation

-to the ground state. When carotenoids are present in the

reaction centers, this relaxation process results in the
formation of.triplet carotenoids (17.

vReaction center BChl tripleté in bacteria were reported
by conventionai EPR methods by Dutton, Leigh and coworkers

(42). The apparent discrepancies between the lifetimes of

'triplets observed using optical-absorpfion (15,17) and

EPR (42) appear to have been resolved (17,44,48). Based on
comparisons‘of triplet spin polarization in vivo and in vitro

(43), Thurnauer et al (77) proposed the radical pair origin

of these triplet species. ODMR studies were reported by
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}Clanke et.al’(uu)Aat about tﬁis time,-and detailed sfndies
vof.the population of the tripletvsublévels by Hoff (47 49) .
have been 1nterpreted 1n terms of a radlcal pair origin (48 78)
The radlcal pair mechanism also serves to account. for the ob-
'served'magnetlc—fleld dependent decrease in trlplet formatlon.
(79,80,81) and fluorescence 1nten81ty (82) in reduced reactlon_
centers. Although electron spin polarlzatlon has not yet been
‘detected. in 1ntact bacterla or chromatophoresv(83,84) 1trhas

: been.cbsefvedvin reaction,cenfers Where the iron is removed
from the ir0n—quinone chplex (8L4), Complex‘spin polariZé—
tion'decay kinetics’are«attributed to contributions from

both partners in the radical pair.

Quinone[Fe] Electron Acceptcrs, QLFe]

Thevacceptopathat receives the electron from theeintere
mediate, I,.is a ccmplex_of quinone (ubiquinone or menaquinone)
and inon; Early experihents asscciated tnis reduction with ab-
sorpticn changes in the ultraviolet and visible (16,85) regicns,e
These changeS'occnn reversibly, even at temperatures of 100°K
(86). A broad (600 G) EPR signal at g = 1.82 associated with this
acceptcr is seen atvlow temperatures (31,87). -Uncn'removal of
the ;e'by extraction techniques, a new-EPR signal_asscciated
with reduced quinone is-inducible by>iighf (l6,88)} ThevEPR

'signal at g = 1.82 [at 1.87 in Rds. rubrum (89)] has been inter--

B preted in terms of a [Fe]UQ* complex in which ‘the unpaired elec-

tron and, hence, the‘reducingvequivalent is located mainly on the

. ubiquinone (20). Electrochemical titrations at various pH values
have not demonstrated a clear correlation between the g = 1.82
”EPR_signal and the state of Q[Fe],.however_(ﬁ)w

{5
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There ‘are several identifiable pools‘of quihone associated

with the electron transport path in photosynthetic bacteria.

Differential extractioh techniques ¢an be uSed‘to identify two

molecules, designated Ql'and,Qz, that are closely associated

with the reaction centers. Okamura, et al (21) showed that

if complete extraction is carried out leading to loss of
- photochemical activity, then reconstitution can be achieved

by the addition of 1.0 stoichiometric equivalents of ubiquinone.

By contrast, Morrison et al (24) found only 0.48 * 0.05 UQ

to be present in partially extracted reaction centers with

‘unimpeded activity. These results and others have led lLoach

to formulate a duplex model for the bacterial reaction centers

in which two donor complexes are associated with a single elec-

tron acceptor (16, 24) Other current v1ews assume a 1:1-

st01ch10metry, however (5 20,90).

Experiments 1n_whlch a series of single turnover flashes
-trans fer electronsidne at a time from the donor complexvshow
Qscillations of period 2 in the sSpectra of the electron .
acceptor Q[Fe]-(91,92)._ These are interpreted to reflect the
acquisition of electrons singly by QLFe] on each fiash,
followed by the pairwise'transfer to a subsequent accéptor
on alternate flashes. A current mbdel involQes two aééociated
bound: ublqulnones, UQl and UQ2, where electrons are transferred,

one at a time from UQl to UQ2 and pairwise from UQ2 to the

~larger qulnone.pool (93). The two_bound UQ_molecules can

_be distinguished,optiéally'(93), kinetically (94) and by

EPR (995).
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‘ 'An additional role of the ubiquinone reduction is in
proton binding. -Baroﬁch 8’Clayton'(96).found‘that proton
blndlng occurs only on even-numbered flashes when the UQ
,becomes fully reduced. ‘Excellent reviews of thls area
have‘been prepared;recently (90,96).

PHOTOSYSTEM I OF PLANTS

Progress in understandlng the structure of the reaction
centers and the mechanism of the prlmary photoreactlons in
-higher plantsvhas lagged_behind that in the photosynthefic'
bacteria. Parfly this is because it has not yet been-poSsible
to 1solate simple reaction center complexes free of associated
antenna chlorophyll. [Rev1ewed in (1 , 3 )]. Commonly
there are 40 or more Chl-a associated with eacthhotosysteh
I reaction center, although sﬁaller complexes'have been
reported (98 ,99 ,100). |

A_phofosysfem I reaction center preparation described
by Bengis.and Nelson - ( 99,101,102).contains 5 or 6 peptides
thaf arevattributable to the several donor ano_acceptor'species
present. This can be broken down to a simpler*complex that
appears to have two copies of'only a‘single polypeptide-along
with the reactlon center chlorophyll (99 ,102).

Prlmary Electron Donor, Chl2 (P700)

The electron donor of PhotosyStem I, designated P700,
exhibits both characteristic optical changes (absorption,
CD, linear:dichroism)'andva transient EPR signai, known as

Signal I. The molecular species involved appears to be a
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dimer of Chl a molecules with many properties (exciton band

| splittings, double CD, narrow EPR line, ENDOR) similar to

those seen in the bacterial systems [reviewed in (8,11,103) 1.

- The midpoint potential for the one-electron photoxidation of

P700 has been reported to be +460 to0 520 mV (104,105,106,.
107,108)- Two recent studiés appeéred to detect lower
values,-afound +375 mv (109,110); however, it is possible B
that these measﬁrements reflected the midpoint pofential of
cytochrome f (105) that serves as electron donor to P700+.
The time required for P700 to undergo bleaching has been

measured to be < 60 psec at 293°K by Shuvalov et al (111)

using a mode-locked ruby laser. Earlier reports indicated

that Photosystem I differéd from the bacterial light reaction

in that P700 reversible bleaching was not observed at low

" temperatures (112). Recent studies, however, have demonstrated

fully reversible optical changes of millisecond duration down
to 4°K in P700.detefgent particles (113,114 ) and in intact
chloroplasts (115). A photo-induced reversible EPR Signal I
at iOW'temperature has also been repOrted.(116,117).

Intermediate Electron Carrier, Chl Séll

Evidence for an intermediate carrier analogous to the I

‘of bacteria has come from recent studies of flash-induced

transient absorption changes (118). The electron transfer

from P700 to the intermediate carrier, designated Al’ reVerses
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in 3.us at room‘temperaturéVWhéh subsequent eléCtron acceptors,

X and ferredoxin-céntérs [A] and [B],_have been ‘reduced prior
to‘thé flash. 1In Photosystém!l reaction'cénter particles '
from which the bound iroh¥sulfur prbteins have been removed
usiﬁg anionic'detergéntv(llg); a simiiar rapid_reQérSal of the
P700¢absdrption changes ié seén,veyen at low tempgratures
(113). Because there is_e&idendg‘for the absence gf pheo-
phytin (Ph) from the Photosystem I reaéfion‘center (1 )

the A acgeptbr is thought to be Chl a.,;Evidence supportihg
'this assignment comes fromld6mparisbn 6f the PS IibptiCal
differéhce,specfra atvroém'fembérature for SDS particleé (120)
‘or at léw temperéture for Tritoh particles (121) with those .

" of the radical:anions of Cﬁir_and Ph* in solution (122).

The midpoint potential for the formation of Chl® in vitro is

| -0.88 V (122);vhowévér, thé_effectiVe value in Photosystem -
I reaction centers is not known.

Thé first electron acceptor A, of Photosystem I is
further_éharacterized aé a radiéal species with an isotropic
g-tensor at g ~ 2;00?7baéed on electron spin polariZation
(CIDEP) studies of the photo-induced charge separation (123,

124 ) and direct observatiQh‘(lzl). ‘These proﬁérties rule out
the known iron-sulfur proteins as candidates.‘ The spin
polarization studies require ﬁhét the eléctroh normal1y'
staysron.Al only a few hundred psec befbré transferring to

subsequent,acceptoré-(12u). Fast optical transients associated
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with Chl* observed recently in the subnanosecond time regime

(111) indicate that this electron transfer occurs in 200

psec.

Electron Acceptor X (A,)

Charge separation under somewhat less reducing conditions

results in electron transfer from P700 to a second electron
. acceptor,. Aé, that then back reacts in about 300 Hs at room

‘temperature (118). The optical difference spectrum of A2

reéembles_that of a bound ferredoxin or iron-sulfur protein (107,

121). On the basis of-indirect evidence it has been

associated with a carrier that has a midpoint potential of

=730 mvV (125).

A characteristic low-temperature EPR signal associated
with this low potential electronvacceptor, designated X,

was reported by McIntosh, Bolton, Evans and coworkers (116,117,

~126). The g-tensor components (1.78,1.90,2.09) are somewhat‘

unusual for an irén-sulfur protein, and the chemical identity

- of X is currently unknown. Studiés of oriented chloroplast

membranes show that X is immobilized in the reaction center
complex and in a geometry such that the gy © 1.78 component

of the EPR signal is roughly parallel to the membrane normal

| (123). .Again, electron sﬁin polarization studies require

 just such an orientation and high-field g;tenébr for the

~second acceptor, A, (1085124). ' The conclusion that X and

}A2 are identical is supported by the parallel loss upon chemical

treatment of both iron-sulfur proteins and of absorption changes

~ back reaction (127).

attributed to the P700+A2
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In_tﬁe.absence df strong;réduéing agenfé,ifhéinofmal
lifetime(bf the electron on Xiis probably'a few,naﬁoseconds
before it moves:to'the.next‘aécéptor(é), béund;ferredoxin
(124). o
Bound Ferredoxin Centers [A] and [B], (P430)

The bound ferredokin of éhlorqplast membrénes was observed
in'1971-in'bothzoptical (128)énd 1ow4temperature EPR studies'-.‘
v(129)! Two such species, designated centers [Aj and [B], exhibit
midpoint'potentiéls of ~540 and -585 mV, réspe¢tively. They
behavé like t&o 4FelS centers that are closely;éoupled to one
another. - [Reviewed in ( 7 ;lb ;130)]?

Release of the labile sulfur_asséciated with the iron-
suifdr'proteins Qf Photosystem I does‘not destfoy the P700
(131),‘but the 1ight-induced absorbance changes associated
with.électron trans fer beyqnd\Al disappear cbncurrently with
-the loss of 10-12»Fé48 pairs (l27,132). This is stoichiometri-
cally in accord witﬁ_the proposal that X, Fd[B] and Fde] are
each 4FelS centers (123). | | “

The distinction between ferredoxin centeré [A]l and tB]
can be made on the basis. of their elecfrochemical potentials
and their EPR_spectra,'but‘thefrelation of these two components
is not enfifely clear (.7 ).5 The evidence is ambiguous |
regarding the~immobiiization'oflcenter [A], but center [B] is
oriented iﬁ such avway that.the yecomponeﬁt of its g-tensor

is parallel to the membrane normal (123). If center [A] is
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first reduced chemically, then illumination at'ldw temperature

produces reduction of center [B] by electron transfer from

'P700 (133). In addition, optical studies show that two

'équiValents of electrons can be transferred to electron

acceptors, presumably centers [A] and_[Bj, before a subse-
quent flash leads to_thé back reaction of P700' X~ (118). A
reasonablebinterpretation of these fgsults is that the electron
transport components of PhotqsyStem I occur in the'iinear

sequence P700 A, X Fd[B] Fd[A]; however, a parallel arrangement

1

- of some of the acceptors cannot be ruled out.

The substantial variable fluorescence seen in intact
chloroplaéts_at room temperature islassociated almost ex-
clusively with Photosystem.II. At low temperatures (80°K)

a coﬁsiderably enhanced emission at long wavelengths (735 nm)
has been associated with PS I (134,135) however, the absence

of this cbmponent in certain preparatipns enriched in P700

make it doubtful that the reaction center itself is directiy
involved.. (135,136). Butler, et al (137) have aftributed

it to a.spécial Photosystem I antenna Chl, C705, thaﬁvtransfers
excitation to:P700 efficiently at room temperatufé. A search

vfor variable fluorescence at long wavelengths at 80°K found

‘none (138) in intact chloroplasts; hoWevef, Photosystem I

particles exhibit a variable fluorescence at 690-695 nm

 that correlates with the level of P700 (139,140,141),
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' Early studies of fluorescence lifetimes.iﬁ ehloroplast5>
‘using mode-locked laser puISes'Wereaeomplieated by multi—hit 'v'
| phenomena leadingitovSihglet-sihglet-annihilatioﬁ (lu2,1u3)
andva buildup.of triplet quenchers:duringvthe'trains»of
| high—intensity pulsesf(luz;lué,luu). In the lowsintensity
limit,‘the long anelength fluorescence has a decay component -
about 100fpsec_in duration’at'rOOm temperature, but this
" lengthens to severai nsec at ldw.temperatures.(145;1u6). The
kinetics‘of excitation transfer within the antenna ch;orothlls'
(14_2»', 145',‘11;7) and the buildup of triplet or other 'lclm'g-'lived
quenchihg species (76v;1u2;IMU) . have been imVestigated
by studyihg the fluorescence yield or lifetime as a functien
of'fiash pulse intensity or the number of closely—spaced_
pulses used | |
PHOTOSYSTEM II OF PLANTS

The least well characterized llght reaction 1s that of
Photosystem II which is assoc1ated w1th water splitting and
oxygen evolutlon in hlgher_plants., In part.thls deficiency
is becauSe_the associated machinery is the most ffagile; it
.does not readily survive aging, mild heating, strongly
oxidiiing conditions or detergents aimed at disSecting it
into its cdmpenents.- | | | |

Although several preparations that are enriched-in;
Photosystem IT act1v1ty have been described, they appear to
contaln large membrane fragments from which Photosystem I

actlylty has been removed rather than small reaction center’
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: pérticles. 'Typically‘there are err 100 Chl moleculés
.‘,aséociAted with éach'reaction_cenfer,:the 02—evolving
apparétus is either missing of severely damaged, and the
photochemical kinetics are modified from the‘in vivo situation.
As a conseguence novcomponents have been characterized ﬁhich
" have a sufficiently high electrochemical potential (> 800 mV
‘at pH 7) to be good_candidates for participatioh in the
water oxidation reactions.

The electron donor, P680, associated with Photosystem II
is more difficult to study than that of Photcsystem I or
bacteria because the associated absorption and EPR signals
"are more difficult to detect. Partly for this reason, much
more ﬁse has been made of measurements of variable fluorescence
yield,'delayed'fluoreSCence, absorption changes associated
with the electron acceptor Q (or X320) andvselective inhibitors
or treatments that permit access to sites in the electron .
transport chain close to the reaction center. There is an
extensive literature covering this work. [Reviewed in ( 9 ,
148,149,150) 7. |

Primary Electron Donor, P680.

"The reaction-center of Photosystem II exhibits both
optiéal absorption changes and an EPR signal fhat suggest
the participation of a form of Chl a, perhaps a dimer, as
the primary electron donor. The optical absorption.changes,
first reported by Doring, et al (151), exhibit multiple decay
- . components in fhe Usec and éub usec region. These refiecf

the donation of electrons from several donors as well as
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backnreactiohs with reduéed_acceptors; Van Best & Mathis (152
 found a'degay component of 25745 nsécvduratibh that'aCCbm_

: panies,singlellaSer pulsefexcitatibn; however, evidénceibased’
‘on'fhé kinetics'of the rise.of the fluorescence yield (153 154 )
and more feceﬁt absorption trénéienf stﬁdies (155) suggesté
fhat fbf mulfiplevexcitation studies the rate—limiting.step
fis.slbwer‘fbﬁ acfiVatiohs after'the first éne; " The résults

of Oz'evolufion:and flﬁopescéncg induction stddieé also support
“the idea that the first flash iilumination after'prolbnged
darkness has enhapced "double hit" characterisficé (i.e., the
probability of two electrons tréhsferred per brief flash) thani
do subsequent flashes in'a‘train,(1545156,157).

Earlier kinetic studies using repetifive fiash Sequehces
identified decay componehts.at;fbom.temperature:§f~35 and'ZOQ
usec, (15§) a faster one of abouf 4.5 psec ( 15&159),.and a
decay:of 130-200 usec characteristic of a back reaction when
access by the secondany'donors isvblocked (155,160,161).
»The'Photosystem.II.light reaction occurs reveréibiy'at low
tempefaturesfas:Wéll, but ‘with slower deéay'kinéticé (162,
163).;'KinetiCSvsimilaf to those of P680 are seen not Oniy in
the fapid fluorescence rise, but‘alsq-in the 20 uSeéfrisetime.

of EPR Signal IIV (164 ), the decay of delayed‘fluorescence

f
(150,161,165) and the rate-limiting steps involved in advancing

the S-states leading to 0, evolution (166 ,167). :

A rapidly reversible photoihduced'EPR signal (g = 2.0026,

Apr 8 G) attributed to the reaction center chlorophyll of
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Photosystem II is seen at 77°K under strongly oxidizing condi-
tions (168,169 ,170 ,171) or at low pH (172 ). The decay time

of 2-5 msec (163,173) is similar to that seen for P680 at

‘low temperature. However, the disappearance of this EPR

signal at potentials below +475 mV (169 ) does hoﬁ correspond
With the behavior of P680, which does undergo rapid reversal
at low temperature even under non-oxidizing conditions (162).

It may be that the electrochemical transition seen in the EPR iﬁ

~originates from a secondary componént of the reaction center

tﬁat serves in its reduced form as an efficient relaxer of
thé electron spins.

Althoﬁgh there have been no ENDOR or CD‘studies to suppoft
the proposal that P680 is a dimer (170) or even a trimer (174)
of Chl, studies éf the polarization of the absorption changes
of P680 indicate that i1t does have a definite orientation in
the éhloroplast membranes (175).

Intermediate Electron Carrier, Ph

The parficipation of pheophytin as an intermediate
eléctron carrier in Photosystem II is suggested by the
observation of photoinducible, reversible absorption changes
attributable to Ph at low potentials, -50 to -400 mV, both
at room temperature and at 100°K (176). -Accompanying fhese_ k

absorption changes is a decrease in the fluorescence yield,

indicating an association with the reaction center photochemistry.

At potentials of -400 mV and below, the light-induced bleachihg

of Ph still occurs, but the reversal is much slower.
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Electron_ACCeptor_g (X320)

The-transfer ofcan_electron from the primary donor to

the electron acceptor ofvPhotosyStem II results in a several-

fold increase in fluorescence yieldAassociated with "closing"

' the reaction centers."Duysens and Sweers (177 ) equated the

extent of quenchlng of fluorescence by "open" reaction centers

w1th the fractlon of the electron acceptor, Q, in the oxidized

'state. Leter it wasvrecognlzed that reactlon centers with

okidiZed'electron:donors'alSo have a low fiuorescence yield.
a78).. The.extensive studies of this variable fluorescence
phenomenon have been reyiewed in~deteil§ (g, 1lus 149).
Absorption changes asSociated with reductiOn of the
electron aCCeptOr, designated X320,_were”discovefed in the
ultraviolet spectral reglon @A79). The difference spectrum

is characteristic of the one- electron reductlon of plastoguinone

to the unprotonated semi-quinone (1305131), and the identi-

fication of the X320 species with the'fluorescence quenchef

Q is supported by kinetic and electrochemical similarities (182).
Evidence supporting}the moleculer originlof these changes.as.e.
plastoquinone derives from experiments involvingfextraction
With'organic solvents,.which;abolishes the transient changes
associatec with the reaction centef.of Phot0systen II.
Reconstitutionhoccgbs when plastoquinone is added-baCk (183;184);7t
An alternative spectroscopic candidate,lCSSO, for the_electron.
acceptor did not become recohstituted‘at'thevsame time unless

B-carotene = was added back as well; C550 is currently thought
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to be an iﬁdirect indicator of the redox state of the
acceptor Q. |

A second,vfurther reduced state of the electron‘acceptor
b‘partlclpates in generatlng oscillations of period 2 in net
substrate reduction (185), in fluorescence yleld ( 186, 187 189
and ‘in absorption changes (189,190 ) associated with Q (X320).
Among several models proposed to account for these results,
‘a current view holds that there are'two.acceptor quinones,‘
Ql and'Qé, that sccumulate electrons and transfer them pair-
wlse to a larger pool of plastoqulnone, much as in the
photosynthetlc bacterlal reaction centers.

‘Based on a series of electrochemical studies, beginning
with those of Cramer and Butler (191), it now appears that
the fluorescehce.yield quencﬂer undergoes two stages of one-
elec*t;ron reduction (192,193) with E_, o of -U45 to +25 and
-247 to =270 mvV, respectively, and the latter showing a 50
mV per pH unit dependence (192).

vAttempts tc analyze the relaxation kinetics of components
associated with Photosystem-II are complicated by factors
arising from heterogeneity, either of the electron donors
and acceptors (154,156,194) or of the reaction centers
'themselveS'(ISZ,lQS). At least a portion of these'complications
‘derive from double hits or other processes that occur uniquely
upon the'first_illumination:after orolonged darkness (154,156,
157). A detailed analysis of fhese'phenomena is beyond the

,scope'of‘this review.
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“The vériabie:fluOrescence'yiéld that is characteristic
of Photosystem II élsd’results»in a variable fluorescence
lifetime; Analysié of thése.obsérvations was obscured inl
early stﬁdies because of‘the difficulty in fesolvihg short
lifétimeS'and‘mulfiple exponential-décay'curvés ﬁéing
phase shift techniQueéf(igs). More reéehfiy, the‘use of
high-intensity modé-lOcked laser pulsesvhas pfoduced cdmpli—
.cations from multi-photon processes leading to singlet
exciton annihilation,,(142,145,147,197;198;199,200) the build-up
of metastéble (tripiet) quenchers during repetitive pulse
trains_,' '(1u2’,-41u_3 ;197,198 ,189) and the difficulties in analyzing
noisy decay curveé-obtained from' streak camera records (146 ,201).
_'Néverfheless, it is §1ear that thefe are components of
Phbtosystem’II fluoresceﬁce whose decays are éensitibé to the
state of the reaction centers in chloroplasts (146,202,203 ,204,
205 ;206).andv Chlorella(199,201,206). Low intensity studies
usiﬁg either the phase shift method (205) or sihgle-photon
couhting detection (146 ,206) measure.an exponential decay
for Qpen_traps of 200-500 pséc, depending on the organism
vstudied and factors such as Na' or Mg2+ concentrations.
- When the traps are closed by inhibitors or background
illumination or both, this decay timevincreases severalfold
(204,205 ,206 ) and an_additional'contributiqn'from a longer,
ca 1300 to 2000 psecvdecay component appears,(146;199,201?202,
206 ). The significande of these'new-findings is yet to - be

determined, but they should be helpful in revealing excitation
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tranSfér'witHin and among the,photosynthetic,uhits, as well
as ciarifying the feaction'éenter processes themselves.
[Reviewed in (135 ,207)1. |
CONCLUSION

. This over?iew of recent progress in the:iﬁvestigation of
the_photosynthétic light reactions reveals‘numerous common
features. Following the absorption of a photoh by chloro-
phylls of the light—harveétiﬁg'antenna,vthe excitation migrates

to an adjacent reaction center where it produces initially

~an excited singlet state in a small aggregate of reaction center

chlorophyllé. Within a few psec there occurs charge separation

leading to radical pair formation: the electron donor is an

aggregate (special pair) of (B)Chl in the reaction center and

the intermediate acceptor is either a (B)Ph or Chl molecule,

also apparently an integral part of the reaction center itself.
Estimates of the electrochemical potential associated with

this initial radical-pair formation are 1.0-1.1 eV for purple
bactéria, 1.35 eV for PS I and 1.4 eV for PS II. These values
are 70-77,‘76‘and 76%, respectively, of the energy of the
reaction center excited singlet state and, hence of the .
longeét'wavelength absorbed photon that is efficiently usedf

The charge separation is not yet "stabilized", however, for

‘the electron spends less than a nsec on the intermediate

carrier before going on to a second electron acceptor. As
Parson has pointed out‘QOS)s one cannot apply the usual

thermodynamic (2nd law) limitations to these transient states

that are not equilibrated with their surroundings.
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The'mdleéulés.involved’ip the. next sfagé of ele¢tron
 __accéptobs show significahf diffefences be tween bacteria
(Q[Fe]); PhotOsystéﬁ I (iron-sulfur‘ﬁrotéins) and Photosysteml
'II (plastoquinone). -Neveffhélesé, in each casevthére is |
evidence that electronS'canvaccumulate.pairwise upon -subse-
E’quent flashes and then’participate in twb—electfoh reductions
ifof componénts further along the:bhain of eiectrbn carriers.
Thé:reductiqn of the oxidized reaction center‘(B)Chl speéial
pair'by‘énddgenousvelectron donors ‘occurs after an interval
of several tens of nsec to useé;g.Invbacteria; cytochromes -
appeér_tovbe'the secondary dénors; but in highef plants

the. molecular nature of the species feSponsible in each light
reaction.rémains to be identified‘052,209). Qﬁce the |
'charge—separétion has become “stabilizedV on thevsecondafyi
donors and accéptofs,,the fraction of the absorbed photon energy
that is stofedvis aboufk30% for purple bacteria and 50% fof .
the-higher p1ént light reactions. .

One of the objectives of this transfer of electrons and
"holes along a chain of carriers is to produce chérge sepa-
ration'between'the inside and oﬁtside surfaces‘ofgthe membranes
; in which the reaction centers are imbedded. .Thevimmdbilization '
‘of the réactiqh center componenté and'their'brientations with
respect to the mémbfane'normal'ére»becoming known through
studies of obtical polarization and dichroism and of EPR
 studies on oriented membranes. The'spatially-segregated ~

charges produce transmembrane fields. They are the origin of



35

proton and other ion translocations that provide direct

‘sources of the chemiosmotic potential used in photophosphory-

lation. It may be at this level of microscopic membrane photo-

pofential»that the most valuable prospect lies for practical
solar energy conversion based on the photosynthetic model.
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