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ABSTRACT

| IWe report iight-induced EPR triplet spectra from samples
of chloroplasts or digitonin PhotosyStem»I_particles which
depend upon the dafk redox state bf‘the bound acceptors of
,phbtosystemil. If‘theireaction centers are prepared in the

redox state P700 A X-Fd;'Fd then upon illumination at 11K

AI
we observe a polarized chlorophyll triplet species which we
interpret as arising from radical pair recombination between

p700% and A”. This chlorophyll triplet is apparently the

analog of -the P, state of photosynthetic bacteria [Parsons,

R
W.W. and’Cogdéll, R.J. (1975) Biochim. Biophys ‘. Acta 416
185-149]}. If the reaction centers are prepared in the dark

redox state P708 A X_Fd; Fd,, then upon illumination at 11K

AI
we observe a different triplet species of uncertain origin,
possibly pheophytin or carotenoid. ' This species is closely
associated with the Photosystem I reaction center, and it

traps excitation when P730 is oxidized.
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' Electron paramagnetic resonance (EéR) detection of triplet
5states‘has provided-an effective probe of both the mechanism
‘tof the prlmary llght reactlon of bacter1a1 photosynthe51s and
.the structure and geometry of reactxon center components (1).
The flrst-observatlon of a trlplet state 1n‘photosynthet1c'
bacteria by EPR.methods-by Dutton, Leigh and seibert (2) has
led to a,Significantjadvance in our understanding~of the
“initial charge-separation process. They showed that intense,
sp1n polarlzed trlplet EPR sxgnals arlse upon 1llum1natlon at'
“low temperatures when normal photochemlstry is 1nh1b1ted
Further work in thls area has revealed that thls triplet

state, de51gnated P forms on the pr1mary electron donor,

R’
P860, as the reSult of.a-charge recomblnatlon reaction
between_the photoreduced electron acceptor, Hf_,vano‘the
'phdtookidized primary donor'P86é+ (3).. HOwever,'in.green
plant and algal preparations; only iow intensitY-EPR triplet
signals‘which.mostblikely originate outside the reaction'
Center.have beenareported,jand‘no'unambiQUOUS assignment of_a
triplet.statehto'the prjmaryiphotoreactions has been,made
(4f9); A cOmponent of delayeq luminescence‘obserVed
'_opticaily.by Shuualov et,.al. (10,11) Was'attributed to
; tribiet formation dependent‘upon the redox state of‘the.
.reactiontcenter'of'Photosystem 1. | |

Our ch01ce of sample condltlons for studylng EPR triplet
“spectra was gu1ded by the current model of the Photosystem I

reactlon center, wh1ch ‘may be represented

P700AXFd dAV



P70d is thehprimary.electron donor (12). FdB-and FdAvare
iron Sulfur centers (13,14). X ie'a species of unknown
chemical cbmposition which can be observed in its reduced
state by EPR at liquid’helium temperatUtes (15); In‘samples
conteining reduced"FdB and FdA,villumination at liquid helium
temperature reduces X to X~, which then;uhdergoes.a back‘
reactidntwith P7@G+ with a deCay time of 130 msec (16). A is
an acceptor spec1es wthh part1c1pates as an intermediate in
the llght—lnduced charge separatlon between P700 and X
'v(16,17). wheh X has been reduced prlor to illumination
(16,17) or wheh.x and the ircn Sulfurvcentersfare chemically
inactivated (18;19), a back reactien attributed to P706+ and
A” occurs with a decay time of 1 msec at liquid helium'
temperatures in Photosystem I»scbchloroplést particles.
"Under the samevredox conditiohs in‘chioroplasts at liquid
helium temperatures, two components with halftimes of 122
Fsec and-i;7‘msec contrihute to the decay (20) . Motiveted hy
these neQ findings we have desighed experiments to.detect
. triplet stétes by EPR in samples where the normel
photochem1stry of Photosystem I is blocked 1mmed1ately beyond
the 1n1t1a1 electron acceptor.
' MATERIALS AND METHODS
Chloroplasts were isolated from market spinach in a medium
' conteining 0.4 M SUcrose,AO.ﬂl‘M NaCl, B.85 M‘Tris buffer
(pH 8.0) and 167> M EDTA, and collected by cehtrifugétion at

5000 x g for Seminutes;



To prepare dlg1ton1n Photosystem I subchloroplast
'partlcles, chloroplasts were resuspended to a chlorophyll
'concentratxon~of 0;3—@;4 mg mlr in Sﬂ mM-Tr1s buffer (pH
l8.ﬁ) containing'lﬁ mM;Mg+2 to‘assure'cleanvfractionation'of.
‘Photosystem I from PhotOSystem II_(ZI).' Digitonin was added
to the_chloroplaSt"suspension as a 10% (w/v) solution to give
G.5% (w/v) digitonin. After incubation for 2'hrvat 4C the
V detergent incubate-was'centrlfuged'ﬂlS hr at 30, Gﬂﬂ'xmgl 'The
bsupernatant contalned Photosystem I partlcles w1th the |
characterlstlcs Chla/Chlb = 5.6 and Chl/P7ﬂﬂ =vl75.

The supernatant was concentrated for EPR stud1es by .
’ prec1p1tat1on with protamlne sulfate as descr1bed by Nelson,'
et al (22).

Treatment w1th d1th1on1te. Chloroplasts or digitonin

4

'Photosystem I pellets were'degassed‘under vacuum_and mixed
-w1th sodlum dithionite in 1¢0 mM ghmnne' buffer (pH lo)*under
- a n1trogen atmosphere ‘to give 12 mM dlthlonlte.' |

Treatment with ferricyanide Chloroplast or digitonin

:;Photosystem.I pellets were mixeddwith»K3Fe(CN)6 in 50 mM Tris
buffer (pu 8) to give 1 mM'ferricyanide.

The treated pellets were then conblned with an equal
volume of ethylene glycol sealed in EPR tubes and stored at
v77K.a Final chlorophyll concentration of the sanples was
about 2 mg ml 1. Samples prepared in Condition [l] descrlbed_
h'below were illuminated by ‘@ tungsten lamp for approx1mate1y 3
minutessand fro;en_to'dry ice-acetone temperature‘under |

illumination before storing at 77K.
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EPR measurements Qere acconplished using a Varian E-109
spectrometer at X-band with 160 KHz field modulaﬁion and
gquipped wifh an Aif'Produc;s Helitron cryostat. >The.triplet
state signals Qeré detécted using a light modulation - |
technique wheré the egciting Iight»was chopped at 33.5 Hz.
The output of ;he.EPR s?stém was‘fed‘direcﬁly-to a PAR
(Princeton Appliéd Research) Model 219 selective émplifier
_andrthen to a PAR Model 220 iock—in amplifier which was. |
referenced to the chopper. o |
Excitation was provided by an Oriel 19080W xenon lahp
filtered by‘S cﬁ of wafér. Temperature measurements wére
performed using é gold/chromel thérmocodplé. ‘No dhange in
the felative sighs of the EPR signal occurred upon reducing
' - the microwave powef ﬁo bpw, }owefing_the chopPe;'frequency to
11 Hz or alte;ing,the detecto;-phase anélé on the lock-in
amplifier. - |
| RESULTS

condition {1] Dithionite, pH 10, frozen under illumination.

Chloroplést or digitonin'Photosyétém'I particles which were
frozen under illumination in thévpresence of dithionite give'
the dark EPR spectrum shown-in Fig. la. In the
light-modulated triplet state Spectra for chloroplasts (Fig.
2a) and digitonin'PhotosyStem I particles (Fig..3§) prepared
in condition (1] one_majqr triplet, éenoted'tfiplet,I, isi
observed. 'Tfipletvl haé the spih-polariiation‘pattern égg
aae, whére a denotes a signal iniabsorption‘and.g denotes a .

sighal in emiSsioh."The'zero—field splitting parameters of

A}
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triplet I are ID| = 0.0278 + 0§0009-cm-l and |El = 0.0039 +

1

0.8009 cm - (Table 1).

,Conditicn'[zl Dithionite, pH 10, frozen dark.

'Chlorcplastfand_cigitonin‘Photosystem I particles which were
frozen dark in'the presence of dithionitevgire'the ilK dark
EPR:spectrum shown_in Fig; lb._.Figs; Zb'and 3b show the

~ light-induced triplet,signals,cbtained'in Condition‘[Z] fron
chloropiasts.and digitonin Photosystem I particles, ”
respectjvely.’aone major triplet state, denetec triplet 11,
is observed Trlplet II has the spin polarlzatlon pattern

- eae aea ‘and zero- fleld spllttlng parameters lDl = 0.0383 +

-1

6.0013 cm ! and |EI = 0.0040 + 0.0013 cm™ ! (Table 1).

_Condition [311 ; t .Ferricyanidetrpﬂ 8.
-‘Figs"zc ,and:3c show thevlight;induced;triplet signals
voptajned in'condition.[ij for chlorcplasts andvdigitonin
Photesystem'l;particles, respectivcly. Once again we observe
_triplet II as the major species, with the poiarization _
pattern eae -aea and zero field splltt1ng parameters ID} = t
© 0.0383 + 0.0613 cn} and |E| = 0.0046 + 0.0913 cn ! (Table
"il); ) | | o | |
| DISCUSSION

‘The'dark siénals atlg = 1.78 and g =-.1.89 in Fig. ia
‘indicate that X and'FdB-beccme redcced in'samples frozen,.
“under 111um1natlon in the presence of dlthlonlte (23)
.Durlng subsequent llght—modulatlon experiments in thls redox

' state we observe llght—lnduced 51gnals whlch accompany the"

uprocessvof chargeiseparatlpn andvrecomblnatlon,(16,17,20)



which we interpret as

- - - 4+ - - - _
B . ——
P7q0 A X FdB EdA — ‘P700 A X | FdA |

7’1/2 = 1 msec

The égg aae polar{;atién pattern of tripleﬁ I is
characteristic of triplets formed via a charge recombination
' réadﬁion, and is best explained by the radicalApair mechanismn
(i).,'Accbrding.to thié_mechanism, the system ié initially
prepared in an éxcited singlet stéte. Aftef one electron is
transferred from a donorvto an acceptor, a change in spin-
correlation occurs‘beﬁweéh the eiectroh loéaiized on the |
acceptor and the one“:emainiﬁg on tﬁe_donof. This mikes'the
singlet state, S, predominantly with.thé_middle:energy.high

field triplet spin sublevei, T The effect of this process

g.

is to drive population into the T, level selectively. Hence,

)
the aee égg_pair polarization pattern is observed in the
triplet state EPR spectrum.

| The radical pair:mechanism eXplains the observation in
the photosynthétic»bacteria of the triplet state, Ppv which
has the radical pair-polarizétion pat:ern'(3,24). Also, . the
radicél pair.mechéniém is known to be operating in Photo-
éystem I ffbm_recent studies of chemically induced dynamic
‘electron polarization (CIDEP) observed in green élant |
:preparations (25;26), which were interpreted by Friesner, et

al (27) to arise from'a dynamic interaction between P700,.A

and X.  We believé that triplet I;'whbse spectrum is shown in



Figs. 2a and 3a is the ';_Photosystem I a‘nal"og of - the_’ hacterial
ég state. | | |

o ‘The zero-fleld splltt1ng parameters for tr1plet I (see»
'Table 1l) are. prec1sely those observed for monomerlc chloro-
‘phyllva‘(24,28). The-bacter1al PR state zero—fleld splitting
parameters are -about 20% smallerbthan the-corresponding
monomeric hacteriochlorothll'a valuesvmeasured'ig:iiELQ
(l,24).j'This is’consistent Qith the'idea'that'the triplet
State, Prs
bacterial reactlon center prlmary donor, P860, is a bacterlo-

1s delocal1zed over more than molecule, i‘e. the

vchlorophyll d1mer (1,24). In view of the fact that P700 is
thought to be a chlorophyll a dlmer (1,29), the observat1on
of monomerlc chlorophyll a ID} and jEI values for trlplet I
;s puzzllng; | o N |
l”If_triplet I is not localized on P708, it could be

centered'on-a chlorophyll a monomer closely aSSociated'mith
the reaction center and on.mhich'the-Charge‘recombination
xreactlon energy isntrapped. Such ‘a érocess would have to
occur coherently so that-the‘spin polarizationvisvpreservcd.
Alternatively, triplet I may remain-on-the,acceptor A, after
‘charge:recomhination betweenbp’fﬁﬂ+ and A_'takes place. It
has been suggested that A is a chlorophyll spec1es (27) We
are not aware, however, of any precedent for this kind of
event

If tr1plet I is localized on P700, then we must explain
vthe fact that the zero- fleld Spllttlng parameters COf[LSpOHd

to_monomerlc'chlorophyll;a_values, 'Llarke et.al. (39,31)



have proposed é simple exciton model which they use to
calculate the angle betweeh the chlorophyll planéS'of the
bactérial dimer, P860, based on a cqmparison between
monomeric bactériochiorophyll zero-field splittings measdred
in vitro and thosebobta}ned fdr several species in vivo. |
Following this reasoning our results could be explained by a
plane-parallel P700 dimer.étructurebwhere the monomeric
magnétic-axes are éll pérallel. This_possibility was -
bsuggested as the model for P700 by.Foné k32), 'HoweVef, this-
interpretation is not fully consistent with the P7G®'circular
~dichroism spectrum obtéined by Philipson;'Sato ahd Sauer
‘(33). Furthe; experiméntal and theoretiéal_investigations
will be needed to éofroborate.structural models based on
observed triplet state parameters with those obtained from
opticalvmeasuremehts, |

_ The signal.at g =1.89 in Eig 1b indicates that FdA and
Fdg are reduced (23), but the'absencerf a signél at g = 1.78
showsvthat X is not reduced Qhen samples.are frozen dark in
the presence of dithionite. Subseqdént‘illuminétiOn at-
liquid heliunm temperétures of samples in this redox state
causes the rapid transfér of an electron frdm P700 to X.
Because'thé donor system to”§700+_does not.functioh at low
tempgratUrés (éﬂ) and fhé,chargg recombination time between
P7OG+ and.x- is 100 sec (16), illumination produces the
redox state | B |

| P700% A X~ Fd_." pq.-

. o : B -A
‘during light mddulatioh'expetiments,_

L}
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The'eaevaea polar12at1on pattern seen in: tr1plet Il is -
one among many patterns whlch can arise from a molecular
1ntersystem cr0551ng_mechanlsm populatlng-thevlowest triplet
state of an aromatio molecule,"Such-a mechanism'has been
- studied in great,detail £0r aromatic hyoroCarhons (34—36) and
~chlorophylls (37—39) The eae aea polarization pattern |
" indicates that the most - populated trlplet spln sublevel is
the middle energy zero—fleld level (38) The populatlon is
driven 1nto this level as the result of spln-orblt and C
'v1bron1c_coupllng-between the slnglet and triplet manlfolds
‘of.states of'an‘isolated»moleoule (40, 41} ‘In contrast to
the radical pairamechanism, no charge transfer- reconblnatlon..
process needvhe-operating:for the.tr1plet'to be‘formed.
Consequently, spin polariiation patterns distinct from;the‘
radioal'pair ﬁéchahiém:pattern.are obserVed. -

Thus, we believe that_triplet;II‘forms while the -
-Photosystém ivreaotion oenter is‘in the charge separated
P700+>A X~ FdB— FdA* state. Because the back reactionotime
between X~ and_P790+ is‘SOEEiciently slow (see above), the_
jPlﬁﬂ trap remains'closed‘to excitation. during the light-
modulation tlmL per1od The excess excitation energY
1nc1dent on the sample is funnelled 1nto a dlfferent trap
where molecularelntersystem cr0551ng takes place to form’
-trlplet II. | | | | -

The zero- fleld spllttlng parameters of trlplet I1 (see

,_Table 1) are substantlally larger than those of elther
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éhlotophyll or pheophytin monomers (24,42). similar triplet
state parameters were obtained by Hofﬁ, et al. (9) using‘
optical detection of magnetic resonance techniques on reduced
chloroplasts or digitphin pérticles prepéred.without intense
illuminatidn while freezing (our condition [2]); They
suggestedvthat the oBserved sighalsrarose from é nbn—
chlorophyll species, possibly phebphytin. Vie feel that ft is
also possible that the signals arise from ca;otenoids;
Numerous oétical expefiments 6n gtéen plants and bacteria
have revealed ﬁhat.carotenoia triplet.states_ser?e-as sinks

- for excess enerqgy (43-47). However, triplet stéte EPﬁ | |
sﬁectra”of these systems afe.sparée,’pfesumablyrdue to the
difficulty éfvphotoexcitihg carotehoidsvdirectly into their
triplet statesv(dé); Chlorophyll sensitization greatly
enhances the carotenoid triplet population (48).

Our studies of chloro‘éiasts and digitonin Photosystem I
particles treated with ferridyanidé confirm the hypothesis
that triplet II appears when the P760'traps.ére closéd. In
.the.preSénce of'ferricyanidé we have tﬁe redox state.

p7o0t A X Fdé.FdA,‘
in the dark., One can see from Figs-Zb,Zc;Bb; and 3¢ that the
séme3tfiplet Stateispectrdm, triplet fI, arises ei;her'when
'béll-beﬂ traps are'closed:by.Chemical oxidation (conditibn
(3)'or'whén‘x is ﬁot reduced (condition [2]). This result.
- provides evidencé.that t:iplet_ll is not localizéd on one of

the main components active in the primary charge transfer
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eyénts of Photosystem I, but serves as an energy sink for
eicéés.excitationbwhich nevef reaches P700.

- Our Observation of £he.fadiéal-pair pblarizétion of
trlplet I is con51stent with the observatlon of a radical
pair mechan1Sm polarlzlng the EPR Slgnal from P700 nd

;g1v1ng rise to CIDEP durlng normal forward photochemlstry at
btomn temperature in chloroplasts (26,27) . _Furthermore; the._
'obsefvationiof t:iplet I'provides independent”cor:obOration_
tha£ an_e1éctron carrier A mediatcsvin the'éha:ge transfer
froom P700 to X (17;16). |

FOUr conclusion thét'triplets I and II a;é;aSsociated

 with P700 in the Photosystem I reaction'éénter is supported

~ by [1] the quht-ihduéedfaP?eatance of triplet'I:oniy when X
-ié'redhcéa prior to thé EPR expetiméntr [2)Y the dzsappearance
of trlplet I and Lhe appeardnce of trlplet II when P700 is
;oxldlzed;_and‘[3]rthe_observat10n of_these_events in a

Photosystem I ~enriched digitonin fraction.
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FIGURE. CAPTIONS

'EPR'Speétra of reduced chloroplasts observed in ﬁhe dark

at 11K. The conditions under which the samples were

frozen are: a)dithionite, illumination while cooling; b)

. dithionite, dark. The EPR éonditions for both spectra

-

are: microwave power, 10 mW; sweep time, 2 min; time
constant, 8.5 sec; modulation amplitude 16 G; modulation
freQuehcy, 100 kHz; microwaveAfreqUenéy, 9.879‘GHZ;

receiver gain, 2500.

Light modulated triplet state spectra of chléropiasts.
The conditions under which the samples were erzen are a)
dithibnite, illumination while cooling; b) dithibnite,'v
dark; é) ferricyanide. The.EPR'cqnditions fof all three
spectra are: microwave power, 1 mi; swéep timé,,l hr; |
recorder time constént; 30 séc; moaulation amplitude,-

16 G;m§du1ation frequency, lOﬁkaz;-receiver gain,‘8ﬂ;
microwave frequency,; 9.875 GHz; light modulation

frequency 33.5 - Hz.

Light modulated triplet state spectra of digitonin

 Photosystem i‘particles. The conditions under which thé
 samples.weré frozen ére; a) dithionite, illumination_

‘ while cooling;-b)_dithionite,'dark;’c) ferricyanide., The

.-EPRvconditioné.fqrvspectra a) aﬁd b) are: microwave

- power, 1 mM;ISWeep time, 1 hr; recorder time constant, - 30
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sec; modulatién éhplitude,,lG G modulatioh ftéquehcy;
lﬂﬂvkﬂé; receiVet_gain;.ZG: microwave frequéncy, 9.075
_GﬁZ}_light moduiation‘ffequency, 33.5 Hz. EPR conditions
fbr Spectrﬁm>c)'ére the. same as in a)’énd b)»except £or

-

receiver gain, 80.
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TABLE I Zero-field spiitting parameters and_elec;foh,spin
polarization éatterns of.the_obSeived tripiet_state signals. The
grrors repfesént the:uncértainty in the parameters as'deduced from
ithe repeatability_of the field~p§si;i0n measurementé,. a = 7

absorption, e = emission..

DI lEI . Polarization pattern

Triplet I '.6278i'.6069cm-1 .9039i ,ﬂﬂﬂ9cm—; ~ aee aae
1 1 eae aea

Triplet II .0383% .@0l3chm ~ .0840+ .@013cm”
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