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Electron Paramagnetic Resonance Studies:

of Triplet States in Photosystem I of Chloroplasts

4 By
Mary F. Blackwell

RBSTRACT

-The work presented in this thesis iS divided into two categories of
investigation: experimental studies of chlorophyll triplet states in
ch]ofoplasts and photosystem I subchloroplasts by means of electron
paramagnetic resonance (EPR) spectroscopy, and theoretical studies of
triplet state photokinetics.

Experimental studies presented in Chaptefs Three through Five concern
the mechanism of primary photochemistry in photosystem I. -In Chapter
‘Three, we present evidence that charge recombination between 700" and A™
| populates the triplet state of P700. In Chapter Four, we show fhat when X
is not reduced prior to measurement, A~ does not always transfer its
electron to X, but instead undergoes charge recombination with P700*. We
show that this observation is consistent either with heterogeneity of
phétosystem I reaction centers, or with the existence of a branch point in
_photosystem I primary photochemistry. In Chapters Four and Five we present
evidence for the existence of a chlorophyll antenna species which is not
integral to the photosystém I reaction éenter, but which can transfer
photoexcitation to P700. |

The theoretical analysis of triplet photokinetics presented in Chapter
Two starts with a quantum mechanical derivation of the quantum yields for

triplet spin sublevel population. The rate equations descriptive of triplet



photokinetics are shown to contain the quantum yields exp]icitly; We
demonstrate that the spin lattice relaxation rates between the spin .
sublevels are time dependent as a result of the metastability of the
triplet state. Explicit account of the time dependence of the spin lattice
re]éxation rates yields Simple solutions of the triplet photokinetic rate
; equations which are exact in the high temperature limit.

: The theofetica] development is continued in Chapter Five, where we
derive expressions for the photokinetics of triplet EPR signals. Our
theoretical analysis yields a new trip]ét EPR signa] polarization
mechanism, making it the first analysis which can ful]y»describé EPR signal
polarization dynamics. | )

In Chapter Five, we present a final experimental and~theoreticé1
analysis of P700 and antenna triplet photokinetics. We show that the
| theoretical analysis presented in Chapters Two and Five is successful in
describing the photokinetics of both the P700 and antenna triplet EPR

signals.
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" CHAPTER ONE .

'INTRODUCTION TO PHOTOSYNTHESIS AND PRIMARY EVENTS
"IN PHOTOSYSTEM I

1. Why We Need to Understand Photosynthesis

Photosynthetic organisms are the only self-sufficient 1living things on
earth: they need not eat other creatures in order to live. Plants create

themselves from fairly simple molecules available in the environment by

’ simply basking in the sunlight. Not only are plants the first food in the

&

food chain, but'they alsé provide almost all the oxygen in the air which
animals must breathe in order:to 1ive.,fhus the very'ekistence of §11 other
life forms, including humanity, depends ultimately and crucially on plants.
A fUndamentél human fear is that society will be limited by the capacity of
plants to prbvide enough energy to support our growth.vone of the greatest
evils within human society is the spectre of mass starvation, which is
occurring most of the time somewhere on-earth. The‘fenergy crisis’' is

really no different from what has always been the most crucial issue facing

- any organism: finding a secure source of energy to exploit for existence

and growth., Yet despite the efforts of technology, we have failed to come
up with a source of food which would bypass the need to eat other living
things, or of energy which is more convenient and abundant (i.e.

"economical®) than fossil fuel - ultimately plants, again. There is an

~elegant simplicity in Calvin's [1] suggestioh that we simply grow and burn
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high fuel-yield plants as a source of energy: our most sophisticated{so]ar
engineering is no match for the engineering of even the simplest
photosynthetic prokaryotes.

 Obviously, it is of more than academic interest to ask: How do plants
do it? Can we do it too? The hope is that by understanding the principles
of photosynthesis, we can imitate plants, and thus free ourselves from our
animal-like dependence on other living creatures.

The ultimate human creation would have to be the genetic engineering
of photosynthetic people: no doubt these would soon realize that they need
do nothing more with their lives but fihd a niche where they could securely
bask in the sun. And so humén technology would end where 1ife on earth |

started: with the creation of plants.

2, Basic Princig]es of Photosynthesis

We have a rough sketch now of the basic principles of photosynthesis:
all further work will fill in the details without causing any fundamental
changes in the design. A1l living things get energy for 1ifé‘by means of
membrane-bound electron/proton transport chains. A specific ehvironmental
substrate, which we discuss below, initiates the transport of electrons and
protoné by means of the Chain;vthe transport -occurs across a membrane which
separates aquéous spaces, thus causing a locé] or global trans-membrane |
potential which is usable free energy. In higher plants and animals, the
transported electron itself ultimately reduces NADP or NAD, which in turn .
provide reducing equivalents for reactidns fn the synthesis.of cellular ¢
constituents; the transmembrane potential is stored in a third phosphate
bond when ADP is phosphorylated and becames ATP; This phosphate bond énergy

is used whenever cellular reactions are energetically unfavorable (i.e.
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nonspontaneous).

In eukaryotic cells, the most fundamental difference between the

respiratory organelle (i.e. mitochondrion)‘and the photosynthetic one (i.e.

vch1orop1a$t) is that the latter is green: as we shall now discuss, the

constitution of the respiratory and photosynthetic transport chains are
otherwise remarkably similar. So we Eome to the question: why are plants
green? The answer is_twofb]d. The first part involves the composition of
the transport chains. The respiratory chain of mitochondria is represented
by the lower scheme in Figure 1, whereas the photosynfhetic chain is
represented by the upper scheme. We note that both chains span the free
energy difference between the HZO - 02 couple and the NADPH-NADPT or
NADH-NAD' couple., Both chains contain similar groups of electron;proton
transferases: a NAD(P)H oxidase grouﬁ which contains iron sulfur proteins
and a flavoprotein; a quinone-cytochrome-Rieske iron sulfur protein
oxidoreductase; and a'metal-cytochrane group involved with_the‘oxidatiqn or
reductioﬁ_of water (we note that the metal-cytochrome group is much less
well characterized in chloroplasts). The most notable difference between
the respiratory chain and the photosyhthetic chain is that the latter
requires two energy inputs which are the light reactions of photosystem I
and photosystem I1. That is, the charge transport chain in plants contains
large assemblies of chlorophyll molecules organized in specific ways by
bonding within membrane proteins. The chlorophylls associated with each
photosystem harvest sunlight and transfer it to a 'special pair' of
chlorophylls, called the primary donor, which is then able to donate an
electron to the first acceptor in the charge transport chain. Light-induced
oxidation of chlorophyll and reduction of its partner in the reaction

center is thus the initiating (primary) event in the photosynthetic light
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Figure. 1 .

Schematic representations of the electron transport chains of ch16rop]asts
(top. scheme) and of mitochondria (lower scheme). Both chains span the free

energy difference between the H,0 - 0, and the NAD(P)+ - NAD(P)H redox

‘couples. The 1ight arrows in Figure 1 indicate the direction of electron

flow through the chains. In mitochondria, the free energy.differenées
between the two redox couples is negative, corresponding to a spontaneous
flqw of electrons from NADH to_Oz.r In chloroplasts, the free energy
differencé between the two redox couples is positive, corresponding to a

nonspohtaneous flow of electrons from HZO to NADPT. The energy which

vA.drives the flow of electrons in the photosynthetic chain is provided by

sqnlight, which is absorbed by chlorophylls and accessory pigments

associated with photosystems I and II. This photoexcitation is transferred

to special chlorophyll molecules in the reaction center which are able to

undergo}charge separation, represehted by heavy arrows in Figure 1. Figure
1 illustrates the similarities in composition of the two chains. Both
contain: a NAD(P)H oxidase group which contains a flavoprotein and both

soluble and membrane-bound iron sulfur proteins; a quinone-cytochrome-

- Rieske iron sulfur protein oxidoreductase group; and a metal-cytochrome

group involved with the oxidation or reduction of water.

Legend FeS = Iron sulfur protein
FP = flavoprotein -
cyt = cytochrome
Q = quinone
PQ = plastoquinone
Pheo = pheophytin
PS = photosystem
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reaction and is represented by the heavy arrows in Figure 1. Thus plants
utilize sunlight rather than oXygen as their fundamental energy source. For
.-higher animals, the ultimate initiating substrate is 02. The first part of

the answer to the question, why are plants green?, is thus that'the Tlight
reactions of photosynthesis'are necessary; because the oxidation of water

to yield 02 is not a spontaneous process.- Moreoyer,vthe 02 released by ..
photosynthesis is the energy source for respiration.

Why are the assemblies of‘ch]orophy]] in the chargé transport chain so
large, that is, why are there more than simply the two reaction center
chlorophylls which undergo bxidation? Figure 2 shows the spectrum of
sunlight which reachs the surface of the earth without being absorbed by
the atmosphere (Q) and the spectrum of 1ight which is absorbed by the leaf
of a plant (O)[2]. There is remarkable agreement between these two spectra:
the‘plant can absorb all the sunlight available to it. The absorption
spectrum of chlorophyll in vitro, shown in Figure 2 (X) does not match the
spectrum of sunlight very well, nor does the absorption of any single
chlorophyll species in the leaf [3]. The second part of fhe answer to the
question, why are plants green?, is thus that plants mimic‘the spettrum of
sunlight. In order to do so, plants need morevthan a single kind of
ch]orbphy11; it needs chlorophy1l in diffefent pbotein environments with
different absorption speCtra; plus some “accessory" pigments, such as
carotenoids, which absorb where ch]ofophy]] dpes not,'These assemblies of
pignents are called light-harvesting and antenna proteins [3]. Of course, o
if these species could not tfansfer}their excitation to the reaction - L
| center, the 1ight absorbed by them could not be converted to usablé free

energy. The details of the mechanism of energy transport from sunlight to

the reaction center via light-harvesting and antenna pigments are therefore



333 400 500 1000
Wavelength (nm)

XBL 829-11490



Figure 2

The spectra of solar energy incident on the Earth's surface (¢) [2], of

light absorbed by a fig leaf (@) [2], and of light absorbed by chlorophyll

~a in vitro (X).
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crucial for the understanding of the efficiency of photosynthesis. However,

we mention these aspects of the harvesfing of sunlight in plants here, only
to put the reaction center in its proper context; and to do more than that
takes us beyond the scope of this thesis.

The broader focus of the work presented in this thesis.has'been the
constitution of the photosynthetic electron transport chain. That is, we
are addressing the very specific questions: what is the mechanism of

primary charge separation? How many early electron acceptors are there, and

what are their chemical identities?

3. Composition of Photosynthetic Reaction Centers

The composition of the electron transport chain and the details of the

1ight.reaction in the simplest photosynthetic organisms, the prokaryotic

purple bacteria, is fairly well established in detail [4]. Although each

‘organism has to some extent its own special assembly of pigments and its

" own membrane morphology in order to establish an evolutionary niche for

itself on earth, all purple bacteria share the same fundamental reaction

~ center design; The primary donor is a “"special pair" of

bacteriochlorophylls called P870 in most organisms [5]; the earliest

acceptor may be one of a second pair of bacteriochlorophylls [6]; fhe

“second acceptor is one of a pair of bacteriopheophytins [7]; and the next
two acceptors are in a COmp1éx of two 4uinones with a single iron atom [8],
-called the iron-quinone complex. A1l of these components‘are housed within
~ a reaction center'protein'comp1ex which weigﬁs roughly 100 kf1ograms per

~mole, and which is ubiquitous among the purple photosynthetic bacteria [4].

The reaction center composition of a second large group of simple

photosynthetic prokaryotes, the green bacteria, has.only recently been
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studied [9]. This reaction center, which may also be ubiquitous among the
green bacteria, also has a ‘special pair' of bacterioch]orophy]l molecules
which functions as the primary electron donor. The earliest electron
acceptors to be observed, which may not turn out to be the most primary
acﬁeptors, appear to be iron-sulfur proteins.

It has long béen known [3] that the higher plants and algae differ
from the photosynthetic prokaryotes in that they contain not one but two
photosystems, denoted photosystem I and photosystem II. The two prokaryotic
reaction centers we have discussed above are 1ike1y to be‘the evo]utionafy
precursors of the two photosystems in higher plants. Recent evidencé f10]
overwhelmingly sUggests that photosystem 11 is analogous to the purple
bacterial reaction center: its donor is likely to be a ch]orophy11 monomer
[10], pheophytin i§ known to function as an early acceptor [11] and it has
‘been demonstrated to contain an iron-quinone complex [12]. Using the
detailed knowledge about the purple bacterial reaction center, workers have
been able to suggest experiments to perform on photosystem II which have so
far given results affinﬁing.its analogy to the purple bacterial light
reaction. The situation is reversed in the case 6f the analogy between
photosystem I and the green bacterial reaction center: we know far more
about the former than the 1atter,'but the recent experiments [9] confim
the anaTogy so far. |

The exact nature of thé coupling bétween photosystem 1 and photosystem
IT in plants has been called into question lately, owing‘tovrecent advances
in the understanding of chloroplast membrane organization [13,14] and the
stoichiometry between photosystem I and hhotosystem IT [15]. Whereas "the Z

scheme" [16], requires a 1 : 1 stoichiometry between photosystem I and

photosystem II, recent experiments fail to confirm this stoichiometry
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[15,17]. Moreover, it is supposed [13] that oxygen evolution,_ which. is
associaté&“with photosystem II, occurs chiefly in the granal thylakoids,
whereas photosystem 1 appears to have a uniform density throughout the
chloroplast lamellae [14], or to be located only in unstacked regions [17].
Therefore, there is some justification to study the two light reactions
separately, as has in fact so far been done somewhat out of necessity, and
~ to reserve questions about the exact nature of their coupling to one
another for future inVestiéations.

We henceforth confine ourselves to the primary reactions fn

'photosystem I.

4. The Photosystem I Reaction Center

The physical structure of the photosystem I reaction center unit has
, beenvextehsively.studied during the last decade [18], and is evidently far
more complicated than the purple bacterial reaction center. In contrast to
the latter's small subunit housing six chromophores and the secondary
acceptor, the most highly simplified photosystem I reaction centers
isolated to date have contained about 20 chlorophylls [18], including P700.
There have been reports of procedures for isolating reactfbn centers with 6
[19] or 10 [20]‘chlorophylls per P700, but there is reason to believe [18,
20] that these reaction centers are profein complexes of the same size as
those which contain more'chlorophy11s, but from which chlorophyll moiecules
have been stripped. The excess chlorophylls in the reaction center protein

complex almost certainly function as antenna for the photosystem I light

reaction. The reaction center chlorophyll protein complex has been reported

to have a molecular weight of between 70 and 200 kilograms per mole

[18,20]. Most workers seem to think that the reaction center chlorophyll

SRtz
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protein contains only chlorophyll, i.e. that it does not contain any of the
‘iron-containing species which function as early electron acceptors [18,20][
These are evidently contained in smaller subunits weighing from 12 to 40
kilograms per mole, which are also observed during sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS - PAGE) of highly purified
photosystem I reaction centers [20]. Because the iron-containing species
are known to be denatured by harsh detergents such as SDS [20], their
presence in the reaction center chlorophyll pfotein complex as well as
their relationship to the Sméllervsubunits rgmain to be determined. All of
these characteristics.together suggest'that the photosystem I reaction
center is more complicated and differentiated than that of the purple
bacteria and hence of photosystem II.

Workers for the most part have gi?en up the idea that a reaction
center as simple as the one isolable from purple bacteria will ever be
‘isolated from higher plants and algae, i.e. that we will find a simple
reaction center 'core' which contains only P700 and the early acceptors,

like the one obtained fram purple bacteria.

5. The Primary Reactions in Photosystem I

The current model of the photosystem I reaction centér may be
represented as P700 A X FdB FdA. We shall be discussing each of these
species sunewhat in detail. In order to facilitate what is necessarily a
complicated presentation of data, we have compiled it all fn one place,
namely fn Table 1. Items under discussion from Table 1 appear in

parentheses within the following text.
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_Table 1
A suﬁmary of the photochemica1 reactions which have been reported for‘
photosystem I reaction centers in various redox states. References to work
which support the assignment of a rate to a particular process appear in

brackets.

I. Dark State P700 A X FdB FdA

Reaction # Temp, Light Reaction

?

—3p700"A"X FdB FdA

IA | room P700 A X FddeA
200 ps[30]
1B room P700 A X FdBFdA )P700+A X“FdB FdA
<100 ns [25]
3 + =
IC room _ P7001c X FdBFdA 3P700 A X FdB FdA
ID 30 ms [26a]
?
+
IE 10 K P700 A X FdBFdA 3 P700 A X FdB FdA-

N
PAY

IF 10K | ~ irreversible [22]
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Table 1 (cont'd)

- II, Dark State P700 A X FdB'FdA'

Reaction # Temp.,

Light Reaction

I1IA room
118 room
1IC room
11D room
11E 10 K
IIF 10 K
11G 10 K
ITH 10 K

g Fdp

- +
P700 A X Fdg Fd, »P700 A-X Fd

3us[26a,30] 10 ns [30]

(3p700) ¢

10 ns [30]
\ + -, = -

P700 A X Fdg FdA

[

250 s [26a]

- - 4+, - - -
P700 A X FdB FdA »P700 A X FdB FdA

(1ms[26b,36, >
3p700 €
Chs. 485]
10 ns [30]

U S
—)P700"A X“Fdy"Fd,

P700 A X Fd 'FdA'

T‘ B

120 ms [29]
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Table 1 (cont'd) -
II1. Dark State P700 A X“FdgFd,”

Reaction # Temp. ~ Light Reaction
<10 ps [30]
| e . Frooer e -
I1IA room P700 A X“Fdy"Fd,"————>P700"A"X"Fd;"Fd, "
3 us [26a,30] 10 ns [30]
1118 room ' 3p700 4~
| o ? tpmymey ey -
I111C 10 K P700 A X“Fd;"Fd, - » P700"A"X"Fdy"Fd,
1ms [26b,Ch.5]
111D 10 K 3700 &
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The Primary donor, P700, and Secondary Acceptors, Centers A and B

P700 is the 'special pair' of chlorophylls which functions as the
primary electron donor in photosystem I [3, cf. ref 21, which presents
evidence that P700 is hot a dimer]; and FdB and FdA are iron-sulfur centers
[22] which function as secondary electron acceptors. P700 and Centers’A and
B were observed fairly early for a good reason, which is that it is fairly
easy to observe them, The oxidation of the reaction center chlorophyll in
the light is accompanied both by changes in its optical absorption spectrum
around 700 nm and in the Soret [3] as.well'as in the near infréred region
[23], and by the appearance of electron paramagnetic resonance (EPR)
arising from the unpaired electron left on the P700 cation, which has been
called Signal I [24]. The reduction of iron-sulfur proteins is also
associated with optical absorption changes around 430 nm [25], and with}EPR
signals observable at temperatures below about 25 K [22].

Another”reason that these spectroscopic characteristics can be
observed easily is that at room temperature the charge separation between
P700 and Center A is 1ong-1ived, about 30 ms in isolated reaction centers
[26a] (Reaction ID), so that the light-induced absorption changes
actunpanying this charge separation may be observed under conditions of
steady-state measurement at room temperatures. At temperatures below aboﬁt
100 K, the light-induced charge separation between P700 and Center A is
irreversible [22] (Reaction IF), again making it easy to observe

1ight-induced changes.

Component X

Evidence that the transfer of electrons from P700 to Centers A and B

involves at least two intermediate acceptors was not so easy to obtain.
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McIntosh et al. [27] and Evans et al. [28] observed EPR signals at liquid-
helium temperatures from photooxidized:P700 and a photoreduced acceptor,
denoted X, during continuous illumination of samples in which Cehters A and
B had been chemical]y reduced prior to illumination. In samp]és in this
redox state, the EPR signals from P700 ¥ and X~ are not observed in the
absence of illumination. Thus it was concluded [27, 28] that the
1ight-inducedvcﬁarge separation between P700 and X is reversible down to
temperafures as iow as 5 K. Sauer et al. [26b] and Shuvalov et al. [29]

observed that photoinduced charge separation decays biphasically in samples

“in which Centers A and B are reduced but X is not reduced prior to

"~ illumination. The siower phase, which was determined to have a halftime of

120 ms at 5 K [29] (250 us at room temperature [26a]), was attributed to
charge recombination between P700 cation and X anion (Reactions II H and D,
respectively). The faster phase, having a halftime of 1 ms at 5 K (3,§s at
roon temperature), will be discussed below. In order to assign the 120 ms
component of P700+,decay to charge recombination with X7, Shuvalov et al.
[29] measured the decay kinétics of the EPR signal arising from X~. A
halftime of 120 ms at 5 K Qas obtained from a difficult measurement in
which events of 2500 flashes were averaged. However, this decay time is in
comblete agreement with the halftime ébserved in the decay of P700 changes
[29], allowing fhe confident assignment of thfs hal ftime to the P700
cation/X anion charge recombination (Réaction IIH)Q

X~ may also be observed in the dark at liquid helium temperatures if

~samples are illuminated during freezing in the presence of good electron

donors prior to EPR measurements. That is, X may be phototrapped in its
reduced state so that the reaction centers are prepared in the state

P700 X'FdB'FdA'. Figure 3 shows the EPR spectrum which is observed at 10 K
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Figure 3

EPR spectrum recorded in the dark at 10 Kelvin in a sample of phoiosystem I

~ reaction centers which had been prepared in the redox state P700AX'FdB'FdA
prior to measurement. Assignments of spectral features to Centers A and B
and component X are given in Table 2. Spectrometer conditions: 12,500 gain,

20 Gauss modulation amplitude, 100 kHz modulation frequency, 20 mW

1

microwave power, 9.16 GHz microwave frequency, 250 Gauss min~ " scan rate.
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Table 2
Principle g values assigned to membrane-bound iron sulfur Centers A and B

and Component X.

Camponent 97 9y 9y
X~ 2.09 1.90 1.78
Fdg~ 2.05 1.93 1.89
Fdy~ 2.05 1.95 (1.86)2

40t visible in Figure 3. Feature at g = 1.86 in Figure 3 is part of the 9y

signal of X .
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when X,.FdB and-FdA-aré-reduced, and Table- 2- shows fhe~assignment which has
been made for each of the spectral features in Figufe 3. The EPR spectrum
of X~ indicates that it is én iron-containing speciés but does not fit
easily into any category of spectra from biological iron species [28] and
is difficult to observe in practice. The EPR.signals of Centers A and B, as
well as those of most iron-sulfur proteins, are microwave-power saturated
at roughly 30 mW [22] at 10 K, whereas that of X~ is not saturated at 100
mW power [28]. Moreover, EPR signals of most iron-sulfur proteins may be
observed up to about 30 K without too much difficulty (i.e., poor.
signal/noise), whereas X~ may be observed only below about 10 K [28], and
then usually with poor signal amplitude. What makes X~ easily observabie
via EPR is that it has atypical g tenéor anisotropy for an jron-sulfur
“protein: as shown in Figure 3 and Table 2, two of the principal g valués
‘are distinct from those arising from the other membréne-bound ferredoxins
and are, therefore, not convoluted with the signals from Centers A and B.
The saturation characteristics of the X~ EPR signal, as wel]_és its Q
tensor anisotropy, have suggested to same [28] that the.signal may arise
from a species similar to the iron-quinone complex of bacteria, which has
EPR properties similar to those of X~, rather than from an anomalous
iron-sulfur center,

In the Chapters Three through Five, the.EPR spectra of the
iron-containing species in photoéystem I will. be routinely presented as an

assay of the redox state of photosystem I.

The Intermediate Acceptor,'A

Evidence that.X is not the only acceptor was obtained first from

studies of the kinetics, in the time regime of 1 us to about 10 ms, of
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optical absorption changes by Sa,uer_gg'_a_lL [26a,26b], and of optical and
EPR ehanges by Shuvalov et al. [29,30]. When X has been phototrapped in its
reduced state,.so that the reaction centers are in the state P700 X~ prior
to kinetics measurements, both groups observed that P700 is oxidized by a
laser f]ash, and it returns to the ground state during the dark period
following the flash with a ha]ftime of 1 ms at 5 K (3 ys at room
temperature)(Reactions III B and D). The oxidation of P700 by a laser flash
under these redox conditions thus provided evidenee for the existence of an
earlier acceptor than X or Centers A and B (Reaction 1IA).

Both groups noted the similarity between the decay rates of P700
changes in this redox state and the fast component of the biphasic decay
when X is not reduced prior to flash illumination (Reactions II B and F).
An explanation for the puzzling ebservation of biphasic kinetics when
Centers A and B are reduced but X is not reduced prior to illumination is
suggested'by the experiments presented in Chapter 4 of this thesis, and is
discussed in detail there.

While these studies provided evidence for the existence of a new
acceptor, denoted A, they also raised the isSue of the mechanism of
recovery of P700* to the ground (singlet) state, i.e. of what physical
processes give rise to the 1 ms decay at 5 K (3 us at room temperatures) of
P700 changes. Before we address this question, it is useful to emphasize
what is actually being measured in the kinetics measurements we have
discussed so far, end why these measurements ere difficult compared to the
steady-state measurements mentioned above. A first point is that the assay
for charge separation in the kinetics experiments was the observation
either of optical absorption changes or of EPR changes arising from the

photooxidation of P700. In these experiments one is often forced to make
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the assumption that_changes observed..from-P700- can-be correlated-to changes -
in its reaction partner, because the latter changes may not themselves be
easily observable or, if observable, may not be easily deconvoluted from
P700 changes. All that one canvsay with confidence is that the decay
kinetics of P700 observed during optical kinetics experiments ref]éct the
return of P700 to the ground state; they do not say much about any
intermediate state that P700 may pasS through in addition to the cationic
state, so long as the intefmediate state has a different absorption
spectfun frdn that of P700. This point has caused same confusion, and has

only recently begun to be appreciated [23]. We will address this point in

Chapter 3.

A second point is that if significant'sbectral’changes are occurring
on a time scale which is much faster than 1 us, they must of course be-
observed with instrumentation capable of higher time resolution than that
used in the experiments of Sauer et al. [26a,26b] or that used, at first,
by Shuvalov et al. [29,30]. Even before more highly time-resolved
experiments had been reported, there was reason to doubt that the 1 ms
halftime at-5 K (3 us at room temperature) could be attributed to the
P7007A" radical pair lifetime. The P870-bacteriopheophytin radical pair in
bacterial reaction centers was known from optical measurements to have a
temperature-independent 1ifetime of 10 ns [31] under analogous reaction
conditions, i.e., when forward photochemistry is blocked and the radical
pair lifetime is the charge recombination time rather than a forward
electron transfef time. It was thought [32] that a 1 ms halftime for the
corresponding reaction in photosystem I, beinQ five orders of magnitude
longer, was unreasonable. Subsequent optical experiments in the 1 ps to

about 100 ns time regime have confirmed this intuition. Shuvalov et al.
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[30] observed ét room temperature a biphasic decay of optical changes .
attributed to P700" A~ radical pair formation when reaction centers were
prepared in fhe redox state P700 X~ prior to illumination. They assigned a
10 nsec component at 694 nm to the recovery of changes in the spectrum of
A; the remaining change decayed with a halftime of 3 us (Reaction III B).
These kinetics are compatible with the idea that charge recombination
occurs within photosystem I with a:halftime of 10 ns, just as in bécteria;
the state which charge recombination populates is however not the ground
state, otherwise P700 changes would also décay with this hal ftime., Studies
of the temperature dependence of fhese kinetics haveinot been reported.
Again making the analogy to the bacterial light feaction, where the Eadica]
~ pair (PR) state populates the triplet state of the primary donor (the pR
triplet) as an intermmediate in the backreaction between P870 and
bacteriopheophytin, one might>predict that the backreaction between P700
and A would populate 3p700. We [33] obtained the first direct evidence that
this is in fact the case. | |

We come finally to the real focus of this thesis. We observed the

3P700 in chloroplasts and photosystem I

light-induced EPR signal from
subchloroplasts prepared in the reddx state P700 A x'FdB'FdA'. These
experiments are presented in Chapter 3 of this thesis. These experimehts
establish that the triplet state of P700 is at least sometimes populated as
an intermediate in the backreaction between P700% and A", and so they
suggest, but by no means determine, that the 1 ms (3 us) decay of P700
optical and EPR chanées may correspond to the lifetiﬁe of the P700 triplet
state (Reactions III B and D). In order to détennine this point, we needed

to make direct measurements of the P700 triplet state lifetime. We studied

the kinetics of the triplet state of P700 by looking at its EPR signal
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kinetics.- These- results are -presented in-Chapter 5s-However; in-order-to
extract the P700 triplet l1ifetime from the EPR signal kinetics data, it was
first necessary to develop the existing theory of EPR triplet signaf
dynamics, and this theoretical development is presented in Chapter 2, along
with some background material regarding triplet state energetics and

dynamics.

The Forward Photochemical Reaction Rates

In order to complete our discussion about Table 1, we need to discuss
the forward photochemical reactions represented by Reactions IA,B,C and E,
by Reactions II A,C,E and G, and by Réactions IIT A and C. Very little is
known for certain about most of these rates, as is indicated by the number
of question marks in Table 1. However, it is fair1y clear from the work of
Shuvaldv et al, [30] that the charge separation between P700 and A occurs
in-less than 10 ps, and that under conditions in which Centers A and B are
not reduced prior to illumination, the optica} changes due to the
photoreduction of A reverse in 200 ps. This suggests that forward electron
transfervto'X'occurs at that time (Reaction IB). However, when Centers A’
and B are reduced prior to measurement, the reversal time of changes due to
A- slows ‘down to 10 ns,'regardless of whether X is reduced prior to
measurement [30]. These re§u1ts suggest that both the forward electron
transfer time from A~ to X (Reactions IIC and G) and the radical pair
P700*A™ 1ifetime (Reactions 1IB, IIF, IIIB and IIID) each have roughly 10

ns hal ftimes.

6. The Signifi;ance of Chlorophyll Triplet States

Before leaving this general Introduction about photosynthesis, it is
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useful to stand back and look at the focus of this thesis in itsvlarger
context. Given that photosynthesis'itself has, as we showed above,
fundamenta1,significance to humanity, what possible meaning do chlorophyll
triplet states have within the context of normmal photosynthesis, much less
in mutilated chloroplasts at 10 Kelvin? The meaning is twofold. First, the
triplet state may have a physiological role as a photoprotector. What
happens'if the reaction center is closed, i.e. cannot initiate charge
separation after excitation? The forward photosystem I turnover rate is so
efficient that under physiological conditions the reaction center would
probably only be closed by very high sunlight intensities. This is a
condition which is potential]y damaging to the plant, f.e., one which may
cause irreversible photodégradation. The plant must have some efficient
means of dissipating excess 1ight energy. One way would be fluorescence,
but it has long been known [34] that photosystem I does not fluoresce
significantly at room temperature. Another way'the plant can avoid
irreversible photodamage to chlorophyll is if the latter can.undergd a
transition from the photoexcited singlet states to triplet states. Not only
is this a way for chlorophyll to dissipate energy it has absorbed, but it
is photoprotected while it is in the triplet state, because the triplet
state has insignificant absorption in the‘regions were sub]ight has its
highest intensities [2]. Because the absoEption of 1ight'is very fast (on
the ordér of 10'15 s) and the population of the triplet state by
intersystem crossing is also fast (1-10 ns)[35], the long triplet 1ife£ime
(.1-1 ms [36, Chapter Five]) makes it possible for chlorophyll to spend
much of its time in a state in which it is transparent to sunlight. We can
use our understanding of photdprotection in plants to advance solar energy

technology, for which a major stumbling block is irreversible
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photoprocesses.

Secondly, aside from their possible physiological importance, triplet
states are important as an assay for charge separation. Again, because the _
P700 triplet is so long-lived, from the observation of it using a standafd
EPR spectrometer, we can deduce the occurrence of charge - separation and
charge - recombination processes that occur on a timescale (1 - 10 ns)
which is much faster than the limiting instrument response time (about 50
ns with a cavity Q of 5000). If we try to.remove various acceptors or to
reduce them, we can say with confidence that we have not fu11y reduced the
primary acceptor as long as we see the P700 radical pafr triplet. We used
this argument in our interpretation of the resu]fs in Chapter 4. Indeed, it
would seem possible to use this method to deduce the number of acceptors
_which mediate thé»transfer of electrons from P700 to X and Centers A and B,
which was in fact the initial motivation behind the work presented in
Chapter'Fbur'bf this thesis. However, this brings us to what has turned out -
to be the serious limitation of the P700 triplet EPR experiments, namely .
that, as Dutton said with regard to the bactefia] PR EPR triplet which he
helped to discover [37], "We a]Ways see it"[38]. This statement means that
the P700 triplet populated by a back reaction between P700 and A would not
be distinguishable from that populated by any backréaction between P700 and
an acceptor preceding A, assuming that these backreactions both occur on a
timescale much faster than the EPR response time. Thus the observafion of
the triplet state of P700 alone will never prove the exiétence of an
acceptor earlier than A; for this we also need to establish the redox state
of A prior to illumination. This was attempted for same of the work
presented in Chapter 4, which unfortunately gave ambiguous or negative

results.
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We are however confident to depart from this general Introduction with
the statement that the experiments presented in thisvthesis constitute a
nearly complete description of the characteristics of triplet states in

photosystem I.
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CHAPTER TWO

TRIPLET STATE EPR SIGNAL DYNAMICS

1. Introduction

For a system of molecules such as chlorophylls for which the ground
state is a singlet state, the occupation of triplet states is normally a
dynamic brocess. Population of triﬁlet states occurs when the system is
perturbed by chemical or photochemical processes and, in the case where
theée do not result in irreversible chemistry, the system always returns
eventually to the grdund singlet sfate. Triplet state dynamics are thus
determined by theoretical analyses of the triplet state population and
depopulation mechanisms, and by experimental studies of the corresponding
rates. The purpose of this chapter is to describe the theory of triplet
state energetics and dynamics, and to describe the triplet state EPR
signal.

We shall start out at a fundamental level, by giving a quantum

mechanical description of the triplet state.

2. The Quantum Mechanical Origin of Singlet and Triplet Electronic States

The division of the states of e.g. chlorophyll molecules into two
manifolds, the singlet and the triplet, arises from a super selection rule
which is the basis of the division of elementary particles into fermions
and bosons. Singlets and triplets are two-particle states, that is, the

simplest case of Femi statistics.
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A super selection rule for two indistinguishabie‘particlgs may be
stated thus: the two-particle state must be either symmetrit or
antisymmetric to the exchange of the two particles. A mathematical
representation of the rule starts with the definition of an operator X

which exchanges the coordinates of the two particles, i.e.

where ¢(1,2) is the two-particle state. Then, because X commutes with the

two-particle.Hami]toniah, H(1,2), i.e. because,
() [X,H(1,2)]1=0

it is clear thqt w(i,Z) must also be an eigenstate of X, j.e. that
(3) | X ¥(1,2) =1 v(1,2)

and, finally, that 1 = * 1, because
(4) sz(l,é) = xzv(l,z) = ¥(1,2).

We now include the parity symmetry explicitly by writing the wavefunction

as v,(1,2), where
(5) 5_ ":’(1’2) = t‘l’:'(laz)

The super selection rule is then that the two-particle state vector must
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either be symmetric (» = +1, "Bosons") or antisymmetric (x = =1,
"Fermions") to the exchange of the two particle coordinates, and can never
be a superposition of symmetric and antisymmetric.

Thus the two-electron system is described by an antisymmetric state
vector, v (1,2). To see in detail the implications of the state vector
antisymmetry, we shall first assume that a two-particle state vector may be
written as the product of general spatial and the spin state vectors,
¢i(r1r2) and xi(slsz), respectively. This means that we may only look at
systems describable by a Hamiltonian that does not contain any operators
that couple the spatial coordinates to the spin coordinates. After we look
at such systems, we shall add the Spin-orbit coupling and see how it
contributes to triplet state dynamics. In the absence of spin-orbit
coupling the assymmétry of the ¥_(1,2) to the exchange of the two electrons
requires-tﬁat either the spatial or the spin wavefunction be éntisymmetric,

but not both. Thus we write y_(1,2) in the form
(6) "_(1,2) = ":"‘1 r?_) X;(Slsz)

where (-) implies antisymmetry and (+) imp]iés symmetry to exchange. Two-
particle states described by a symmetric spatial function and an
antisymmetric spin funciion aré singlet states, whereas those described by
antisymmetric spatial functions and symmetric spin functions are triplet
states.

We now write the spatial function vi(rlrz) in terms of single

particle spatial vectors, LA and ®p> in the following way,

(7) v(ryry) = [o,(r )ep(r,) £ ¢,(ro)e(r)].
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Only now are we prepared to make sense of triplet-state energetics. -
First of all, it is clear that the antisymmetric linear combination in Eq.
7, i.e., the triplet spatial function, corresponds to what are generally
called antibonding states, whereas the symmetric, singlet spatial function
corresponds to bonding states. Now,.we a]ready knoQ that bonding states
and antibonding states have different energies. However, in order to show
that they do, we consider only the orbital part of.ﬂ(1;2) and denote it

.ﬂ(rlrz). Then, because
' : * : . *
(8) srv_(1,2) ﬁ(rlrz)w _(rlrz)drldr2 =Jfot(r1r2)_ﬂ(r1r2)q,i (rlrz)drldr2

we can see that the singlet and triplet states are separable into two
manifolds. Secondly, we know that these two manifolds will indeed have
their own energetics, because we may write Eq. 8 in the form,

(9) Ifwi(rlrzni(rlrz)wi*(rlrz)drldrz - Elab . Ezab o kb 4 g3

where the Eiab = (E 2y Eib)/z, kab is the coulomb interaction energy, and

ab

i
is the exchange interaction energy. Thus the'energy difference between

. b
¢+(r1r2) and v_(rlrz) is 20°,

J

Finally, we note from Eq. 7 that the spatial function will vanish for
the triplet state in which two electrons have identical spatial'functions,
.i;e., for the case that 4, = ‘b; That is, there is no tfip]et staté 1°
which has the antisymmetric spatial function that corresponds to the

symmetric spatial function of the ground singlet state S°.
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From now on, we shall use a more convenient notation in whichvwe'write,
(10)  w_(ryro)x,(s;s,) = 1™

and ¢+(r1r2)x_(slsz) = |s™

where m and n are energy indices.

3. Singlet-Triplet Interconversion Dynamics

In the brevious section, we assumed that the state vector could be
written as the product of the space and spin vectors, as in Eq. 5. It is
clear in that case that radiative transitions between singlet and triplet
states are strictly forbidden, because the transition probabilities are

given by
(1), P(s" - ;™) = 1<s") er gT,™)2

Eq. 11 is zero because, according to Eq. 8, the singlet and triplet spin
states factor out and their dot product is zero.

However; in most organic molecules, there is a small amount of
coupling between the spin and the orbital angular momenta, represented by
the spin-orbit coupling Hamiltonian, so that the state vector may no longer
be written as the product of the space and spin vectors. Rather, we write
the states of the total Hamiltonian, H, which now includes spin-orbit

coupling, as

(12)  Is* =z (s S + 2 THam s
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1T = £, [S™ T + 1 (TN

Although H is diagonal in the sense that

(13) <"l HIs"> =E 6

and < K |f"‘> = Ep’ 8,

the st éﬁd T¥ manifolds are no longer separable, because
S*LHITY #0

We can also see by inspection of Eq. 12 that

i

(14) <%l er [T £ 0

In summary, then, spin-orbit coupling perturbs the system so that
radiative transitions are allowed between the perturbed quasi-stationary
states of H. Eqs. 12 and 14 have been used [1] to estimate the radiative
lifetime of the lowest lying triplet stétg, Tl, which can return'td the
ground state s° by emitting a photon. That is, the radiative lifetime of
T! has been fe]ated to the matrix element of the dipole operator, er, in
Eq. 14. | ‘

For our purposes, it is equally important to understand the

non-radiative intersystem crossing and internal conversion processes
1

which populate s and T'. The intersystem crossihg process is generally

represented phenomenologically by rate equations of the form
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an 1
(15)  g¢ = kiNg
ang! 1
dt = “EikiNs
where Nil is the population of Til and NS1 is the population of Sl.

We now wish to justify thése phenomenological rate equations by giving
"~ them a quantum mechanical interpretation. We know that we may write the
time dependence of the state vector in terms of complex energies when there
are irreversible processes like internal conversibn, radiative decay and

intersystem crossing going on, e.g. that we may write
n _.n_  1..n

Suppose that the syétem is photoexcited from the ground state s° to one of

the eigenstates s" which has the complex energy E Then consider the

n
. S ’
case that " is rICn’ the internal conversion rate. The probability that

the system is still in state s" at time t is given by

(17)  1<s™t>12 = 1<s™ 10512 exp(-r . Mt)
> 100 1

By agreeing to look only after times much longer than any of the (rICn)';,

we guarantee that we may describe the system by
= oqel .ol
(18) |t> = |S >exp(-1ESt)

~

where the complex part of E1

S is yet to be specified. We can write Eq. 18
because of Kasha's rule [2], which states that the emitting level of a
given spin multiplicity is the lowest excited level of that multiplicity.
Kasha's rule thus implies that the rICS are much larger than the

corresponding radiative rates.
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We now write

1

21 1., 1
where ks1 = znziki" + kD. kD_is the sum of radiative and non-radiative

decay rates from S1 to S°, and the kin are intersystem crossing rates to

sublevel Ti". Then the probability that the system is in state sl at time t

is given by
(20)  I<stie>)? = exp(-k¢lt)

In order to satisfy Eq. 15, the probability that the system is in the

state Tin at time t must be given by

. k"
(21) 1<T1"|t>|2 = ;lT{l - exp(-kslt]
‘ S :

If we now define the quantum yield of intersystem crossing to level Tin as

k"
n_ i
(22)  o" =g

kg

we obtain
(23)  KTM1% = "1 - exp(-kg't))

- The populations of the Tin for which n # 1 will undergo rapid internal
conversion to Til by Kasha's rule. We assume that internal conversion
conserves MS, so that the probability that the system is in triplet

sublevel i of T! at times t which are much longer}than the internal
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conversion times, is given by
1 2 _ 1
(24) I<T3 718517 = ¢4(1 - exp(-ks‘t)) .

where

_...n
(25) $; = ;n ¢i

Our final result is therefore that a derivation of Eq. 15 from quantﬁh
mechanics fesults in expressions for thé popuiations of the triplet spin
sublevels which include the quantum yields explicitly. We shall use Eqs. 24
and 25 later on in Eq. 51, where we set up the rate equations for the
magnetic resonance dynamics of Tl. |

However, the origin of the ki in quantum mechanics is still rather a
mystery. We maj suppose that, just as the radiative decay rates correspond
to the matrix elements of the transition dipole operator, er, the ki
correspond to the matrix elements of an intersystem crossing Hamiltonian.
This is indeed the case [3]. |

The matrix elements of the intersystem crossing Hamiltonian given in
[3] are extremely complicated, and so we shall not write them out here. We
note however that they are funétions of the position and momentum
coordinates, and do not contain any dependence on the angular moﬁenta [31.

Therefore, they do not see an externally applied magnetic field, that is

(26)  [Hygcs Hzged = O
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whereuﬂlsc is the intersystem crossing Hamiltonian; and H . is the Zeeman

interaction Hamiltonian given by

(27)  Hzpp = 918871751 + 9585571

ﬁo is the external field, and Z is the direction of“ﬂo. Eq. 27 assumes that
the two spins are J‘sotropic._ The imp]icati,on of Eq. 26 is that the
intersystem crossing proéesses will popu1.ate the zero field spin éubleve]s,
regardless of whether w.e are detecting tr!e 1_:r1’p1et state via 'EPR, i.e. in
an externally applied magnetic field. We shall see the significance of Eq.

26 following a discussion of triplet spin sublevel energetics, which‘ we

present next.

4. Triplet Spin Sublevel Energetics

To the Hamiltonian of Eq. 13, we must now add the dipolar interaction

Haniﬂtom‘an, EDIP’ which removes the degeneracy of the triplet spin
sublevels at zero field. Pure singlet and triplet spin states are states of

the coupled spin angular mamentum operator, S, where

(28) S=5;+5,

The coupled spin states, |S MS.>, are eigenstates of §2 and §Z’ i.e.
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2 <2
(29)

S71S Mg> = MG IS Mc>

where S = S1 * 52 =1 or 0. The state S = 1 is threefold degenerate in MS,
i.e. Mg has three values, M = 1,0 and -1, whereas the state S = 0 is
nondegenerate, with MS = 0. The threefold degenerate state S=1is of
course the triplet state, whereas the nondegenefate state is the singlet
state. In terms of the notation we shall.be using, and in terms of the

individua] spins, & and B, the triplet sublevels in Eq. 29 are given by

|1 1> = qa = Tl
(30) 110> = 272 (ag 4+ ga) = T,

1 -1> = 88

T
whereas the singlet spin state is
10 0> = 271/%(ag - ga) = 5

" We note that these spin vectors haQe the proper symmetries with respect to
the exchange of the electrons that is required by Eq. 6 above.

B The dipolar Hamiltonian, EDIP’ removes the degeheracy of the three
triplet spin sublevels in Eq. 30, that is, results in the construction 6f
three nondegenerate zero field spin sublevels, TX, TY and TZ. The form and

action of ﬂDIP has been extensively described elsewhere [4,5], and so we
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shall give only a cursory. description here. -ﬂDIP is an anisotropic

operator of the form
_ 2 2 2
(31)  Hppp = XSy~ - ¥5¢" - I35

where X,Y and Z are given by averages over the electronic wavefunction of

the operators

Y 2. _
_2.2,r7. - 3x°, . _22,r -3 - ql 2 r
(32) X-gs-(———5—>‘,Y-gs<ﬁ—l— Z=g% ——5—>

where r = ry = Tos and where g (g1 + 92)/2. Clearly, X +Y +Z =0, so
. that the system is overdetermined, and may be described in terms of two

parameters, D and E, such that

D=2(X+Y) -1
(33)
= (X - ¥)

which are called the zero field splitting parameters. Then we define the

states TX’ TY and TZ’ by

(38)  HppplTy> = XITPs  HypplTy> = YITps  HypplTp> = Z|T >

Eqs. 33 and 34-yie1d the energy level d%agram given in Figure 1 for the

zero field spin state energetics.

5. The Triplet State EPR Spectrum

If we now apply an external magnetic field, we must add to the above
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the Zeeman Hamiltonian of Eq. 27. Recall that the commutation properties of
the spin angular momenta are represented as [§j, §d] = ieijk§k’ where €5k
= 1 for cyclic pemutations, and €ijk = -1 for anticyclic permutations.
Then it is clear that_}j_DIP and ﬂZEE do nqt commute, and therefbre, that
they cannot have simultaneous eigenstates. It is also clear from Eqs. 27
and 29 that the vectors of Eq. 30 are eigenstates of Hypp 1 we continue to
assume that 9, = 92 = g, as we did when we wrote Eqs. 31 and 32. In the
case of most-organic molecules, the Zeeman interaction energies at X-band
(corresponding to-—ﬁo = 3400 Gauss) are 10 - 102 times as large as thé
dipolar splittings. Thus the high field eigenstates can usually be
represented by the triplet spin vectors of Eq. 30, and the dipolar
splittings are present in the EPR spectrum as an inhomogeneous broadening.
Figure 2 shows the dependence of the triplet spin states on the
external magnetic field strength. The AMS = 1 EPR transitions are |
indicated by arrows in Figure 2: the arrows are all the saﬁe length
because the EPR spectrometer operates at a fixed.microwave frequency and
the magnetic field is swept. We see that the magnetic field at which
resonance will occur depends upon the angle that the magnetic field ﬁ;
makes with the molecular~axis éystem defihed by Hpip- We shall always be
looking at systems which give rise to a powder spectrum in the dipolar
'ihteraction, and so we haveliﬁcluded‘in Figure 2 the triplet state powder
spectrum which one would observe in a Spectrbmeter which uses field
modulation for signal detection. Field modulation produces a first
derivative of the microwave absorption spectrum [6]. As shown in Figure 2,
extrema in the first derivative occur when ﬁo is parallel to the X and Z
>

molecular axes, whereas the first derivative crosses zero when Ho is

parallel to the Y molecular axis.
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Figure 2

A schematic representation of the dependence of the triplet spin sublevels
on the strength of an applied magnetic field. TX, TY and TZ are the zero
field eigenstatesvof the dipolar interaction Hamiltonian; Tl’ T0 and T_1
are the eigenstates of the Zeeman interaction Hamiltonian; andTio is the
applied magnetic field. Tﬁe three diagrams from top to bottom represent the
energy levels when the external field ﬁo is oriented along the X,Y and Z

- molecular axes, respectively. The arrows indicate where AMS =1 EPR
transitions would take place in an EPR spectrometer which operates at a
fixed microwave frequency and in which the field is swept. The lowest
figure shows the EPR powder spectrum obtained when the triplet sublevels

' are'populated according to the Boltzmann law, and when>the signal is
detected by means of magnetic field modu]ation. Xt, Y+ and 7% indicatevthe
positions of these transitions with respect to the alignment of ;; along

the molecular axes.
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The zero field splitting parameters, {D| and |E| are calculated from

experimental data by use of the following relations

Ht - H,” = 2101

(35)  Hy' - Hy” = |D] + 3|

+ -
= |D] - 3|E]

X
<
!

o 4
-
|

where Hyt is the magnetic field positibn of the extrema or zero crossings

indicated in Figdre 2. These readings from spectral data give the

1

parameters in Gauss. The parameters in cm ~ are usually.reporfed, and are

4 el

obtained by use of the conversion factor, 1 Gauss = 0.93482 X 10

6. EPR Polarization

The powder spectrum shown in Figure 2 is the first derivative of the
EPR ébsorption. That is, it corresponds to a Boltzmann distribution 6f the
popuTation'of the triplet spin sublevels. As we mentibned in the
Introduction to this chapter; the population of the triplet state is
dynamic. Thus, the selectivity of pobu]ation and depopulation rates, kivand
Ki’ respectfve1y, often results in polarized EPR signals, which reflect a
non-Boltzmann population of the triplet spin sublevels. That is, one of the
AMS = 1 transitions of the pair for each ori’entation'of"ﬁo is observed to
be in emission and the other in absorption. We shall see th{s more clearly
later, when we give triplet state kihetics a thorough examination.

However, we will now describe the two population mechanisms which can

result in EPR polarization.
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The Intersystem Crossing Mechanism

The first mechanism we shall look at is the intersystem crossing
mechanism, which we discussed in detail above.. We said that intersystem
crossing always populates the zero field spin sublevels, and we now know
that this means the levels TX’ TYvand TZ. Thus the ki correspond here to
kx, kY and kz. In terms of these zero field rates, the rates we shall

observe at high field, i.e. kl’ k0 and k-l’ are

| .k =
(36) Ky = plky + k) =k )5 kg = kg

> _
when H  is parallel to the k molecular axis. Here the i,j,k are

permmutations of X,Y and Z. We note that Eq. 36 results from the fact that

->
+1 0 k “hen H s parallel to k

(37) T =-%(Ti £ 1) ToeT
If we assume the ki's to be all different, then the quantum yields of
Eq. 24 will also be all different. The polarization of the triplet state
EPR signals observed under the six‘pOSSible permutations of ¢i’¢j > ¢ are
listed in Table 1.
| We note that the EPR signals may also be polarized by selective
depopulation of.the triplet spin sublevels, as we shall see later on. The

relations between the depopulation rates,Ki, and the highfield rates, Kl’

K0 and K-l are given by Eq. 36 if we let k + K.

The Radical Pair Mechanism

We note that two polarization patterns which are not included in Table

1 are aee aae and its opposite, eaa eea. It is easy to see by a
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Table 1 -

Inifia] polarizations of triplet state EPR signals induced by se]ectivé
populations of the zero field triplet spin'sublevels. X+,Yt and Z+ indicate
the positions of the high field and low field,'respectively,,AMS =1
transitions when the external magnetié field is oriented along the X,Y or Z

molecular axis (see Figure 2). e denotes the emission and a denotes the

absorption of microwaves.

7 X~ \ Y x*t zt relative quantum
...................................... yield

e e e a a a bys by > o7

a a a e e e ¢y> ¢y < ¢7

a a e a e e bys b7 > oy

e e a e a a bys &7 < by

e a e a e a bys 07 > by
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consideration of Figure 2 that these patterns are "high field" patterns,
i.e. that aee aae corresponds to the case ¢; > ¢;, ¢_; and eaa eea
corresponds to % < ®1s &_q- Eq. 36 is inconsistent with either of these
two patterns, so that neither of these patterns can result from intersystem
crossing.

However, the polarization pattern aee aae is consistent with a
mechanism that popu]ates_the T0 Tevel in excess of its population of the T1
and T_1 1é§els. The radical pair mechanism does.just that, and so the
polérization pattern aee aae is called the radical pair polarization
pattern. A triplet state EPR signal with this polarization pattern is
called a radical pair polarized triplet signal.

The radical pair mechanism was first invoked by Levanon and Norris [7]
to explain the observation by Dutton et al. [8] of a triplet EPR signal in
photosynthetic purple bacteria which had the radica1 pair polarization
pattern. The quantum mechanical description of this effect is, however, .
contained in the CIDEP (Chemically Induced Dynamic Electron Polarization)
literéture, where it was first elucidated by Adrian [9].

The model is as follows. A system consisting of an electron donor and
an electron acceptor‘undergoes charge-separation following photoexcitation,

which is represented as
+ -
'DAhx D°A°

The system is supposed to start out in a pure singlet spin state. However,
this state is not an eigenstate of the radical pair spin Hamiltonian, Hpp.

The radical pair spin Hamiltonian is given by

e aslf - 1
(38)  Hpp = 918IHy15)7 + 65810, 1Sp; - 9(25,.5, + 7)
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For simplicity,-we will neglect the hyperfine interaction, which leads to
spin polarization at zero field.

The sfates of‘ﬂRp are given by the expressions

(39) ﬂRP|:RP> = to|t" )

where
Y- 2,1/2 _
w= (J° + &%) and ¢ = BHo(gl - 92) .
and where
L 1/2 12 o,
RP +J RP -J RP
(40) 1+ = (5555 ST+ (=) 1T
172 - 41/2
RP, _ J) ISRP>

+ J RP -

17> = B0 1Ty > - B
Eqs. 39 and 40 assume that in an external magnetic field, the Ti and T_1
states are not close enough to the singlet state for there to be any mixing
between them. In the radical pair, the S-To splitting, 2J, is small enough
that the coefficients in Eq. 40 may be 1arge..

The Adrian [9] analysis considers that at time t, the state of the
system is given by
-RP|SRP)

(41)  |t> = exp(-iut) [+"P>+RPISRPy & exp(iwt)|-RP><

50 that the probability that the system is in state T, at time t is given
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by

2 -2 .5 2

(42)  1<TPie>)? = sfuPsintut

Clearly, the preparation of the system in a non-stationary state gives rise °

to quantum mechanical mixing between S and To- ..

'However, Eq. 42 predicts an oscillation of infinite duration, and'for
our purposes, we need the radical pair to undergo irreversible transitions
to the molecular T0 state of the donor, which we denote T D. We can try to

define complex energies as in Eq. 16, such that

< 1.
@), -ue i,

P _ 1-.

E- = - + -2-11‘-‘

where the'r+ and r_ are related to matrix elements of the radical pair

recombjnat1on.Ham11tqn1an,'ﬂkc, j.e.

(48) T, = [<H] Hoe ITeD12

+

L Dy, 2
1<-] Hoe Ty >l

-3
i

Then Eq. 41 becames

(45) [t> = éxp(-iE+t)l+RP><+RP|SRP> + exp(-iEut)léRP><-RP|SRP>
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so that Eq. 42 becomes

2. ‘
(46) 1<187 1512 = ﬁ—ﬁ{exp(-r+t) + exp(-T_t) - 2(cos(2u)t)exp(-3(T, + _)t)]

The triplet population in Eq. 46 will be significant only when w = &, i.e.,

when J < &, in which case T_ = T_. In that case, we will obtain

| , |
(47)  IKTRPItS] = ysin?(ut)exp(-rt)
W

Because [<ToRFIt>(2 + |<s®P[t>)2 + <1 Dt>|? = 1, the decay of population

in the radical pair triplet state, TORP, will correspond to a buildup of

D

population in the T0 molecular state of the donor.

Now that we have introduced the theoretica]ICOncepts of triplet state
energetics and dynamics, we wish to deVelop a theory of triplet state

photokinetics which we can use to analyze experimental results.

6. Theoretical Analysis of EPR Triplet Signal Dynamics

Figure 3 shows the model which has been used [11,12] for the analysis
of triplet state photodynamics. In this model, molecules in the ground
s;ate, S°, are subjected to one of a variety of illumination regimes, such
Aas continuous illumination, 1ight modulation and square wave or laser pulse
excitation. These illumination regimes are represented in Figure 3 by the |
general function F(I,t). Illumination results in photoexcitation to higher
singlet states, followed by rapid ( < 10'.12 sec) [13] internal conversion

to the lTowest excited singlet state, Sl. Molecules in state S1 may return

directly to the ground state, e.g; by fluorescence, with a rate kD. They
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The model used for the analysis of ‘triplet sfate'photokineticé. % is the
singlet ground state; S1 is the first singlet excited state; T1 is the
lowest lying trfplet state; the Ti are the spin sublevels of Tl; F(I,t) is
a function describing the illumination conditions; kb is the rate of decay
. of the population of S1 directly to the ground state;%ki is the rate of

population of Ti; Ni is the rate of spin lattice relaxation from Ti to Tj;

J
and}Ki is the rate at which population in sublevel Ti returns to the ground

state.
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may also populate the triplet manifold by intersystem crossing [11-13] or
radical pair [7-9] mechanisms, which is again followed by rapid internal
conversion to the lowest lying triplet state Tl. These processes result in
the selective population of the triplet spin sublevels, Ti’ and are
represented in Figure 3 by the rates ki' Because bbth population mechanisms
result in a non-Boltzmann population of the Ti’ spin lattice relaxation
drives the population of the triplet state toward the Boltzmann population

with the rates Wse Triplet molecules eventually return to s® with the

J
sublevel decay rates, Ki'

Triplet State Rate Equations

The dynamics of the triplet state in Figure 3 are described by the

vector equation:

Y

di |
(51)  qp = -k R - WA+ FIN

where ﬁ'is the'vectoh of triplet spin sublevels,

N

2
3

=
"
Ve =2 =1

=

K is the triplet decay rate matrix,

j=
"
o
=

N
o
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W is the spin lattice relaxation rate matrix,

W2 + W3 Wy W31
¥ - Wpp . Mgy tWp3 Wy,
ek Wp3 W3yt Wy
and & is the quantum yield vector we obtained in Eq. 24 above,
-> Ql
® = 02 s
1’3

where ¢; are defined in Eq. 25.above. We are assuming here that we can
look at times greatly in excess of (ksl)'1 in Eq. 24, so that ¢ is the
initial population of Ti.vNSo is the numbér of spins in state S°; and
F(I,t) is the function describing the conditions of illumination. For

simplicity, we shall consider the case in which,

(52) F(I,t)Nso = N-&(t - 0)

That is, we shall consider that F(I,t) is a delta function laser flash
delivered at time zero, which excites a number, NE,of singlet molecules.
Under these conditions, we expect there to be no dependence of the rates in

K and W on the excitation Tight intensity [14].

Analysis of the Time Dependence of the Spin Lattice Relaxation Rates

We now wish to show that the spinvlattice relaxation part, W, is time
->

dependent. The elements of the vector WN are of the form,
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As usual, we may write the vector W K in two equivalent Ways. The first
way, which is analogoué to the method used in [11], is to make the usual
definition of the Boltazmann population difference between two levels [15],

i.e.’

By = 40) (N, +N.)
(W Wy '+

(54) NiB - NjB = .
ij Jji

=
and then to write the elements of W N in temms of

. i 1 ‘

We now define spin lattice re1axation rate constants as follows,

(56a) W

1 o,
1 7Wyp + Wpp) = F(Wgy + Wap3)

(56b) W,

2 W.. + W

13 31)

l\lLr-a

where Nl is the AMS = 1 rate constant and w2 isvthe AMS = 2 rate
constant. It is possible to make a strict definition of a single rate
constant for.the'two AMS = 1 relaxation processes, as we did in Eq. 56a,
only in the case that the energy differences E1 - Ezband E2 - E3 are equal

and W,, W

2° —

to one another. We discuss this in the Appendix. 1n temms of wl

N is,

(57) W N = H (N - Np)

-

where NB is the vector of Boltzmann populations,
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and where Mo is a symmetrical matrix of the form,

N = W My W
-Wy W Wy + W,

. _ | R

It is clear from Eqs. 55 - 57 that NB is a time dependent vector, and

- there_fore that the rate matrix, W, in Eq. 51 is time dependent. However,
N .

the time dependence of 'NB was not taken into account in [11].

The second way, which is analogous to the method used in [12], is to

define.a parameter, a;. , such that,

iJ
(Wi - Wi5)  (Nyg - Nyg) |
(58) @, = = ; where a.. = - a..
J _ ij ji
(HU + wji) (N1 + NJ )
->

~and then to write the elements of W N in tems of,
!
(59) Wy Ny = WygNg = 3(Wys + Wi ) (N (1 + agy) = Nj(L + ay5)

- :
Thus, in terms of the parameters %5 W N is of the form,

(60) W R = (W + Wy N

where LY is defined in Eq. 57, and where Hyg is a non-symmetrical matrix.of

the form,
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ajoMy + a3k, %2

L ayi¥y (ap3 + app)¥y ap3W)
a3y agoWy agoWy + ag Wy

W W) a13%;

We see by inspection of Eq. 58 that the a;. are time dependent, i.e. that

1J

W S is time dependent. However, the time dependence of the a.. was not

2N
taken into account in [12].

1]

Solution of the Rate Equations

Eq. 51 is easier to solve if we use tq.,57 for W ﬁ; Thus, substituting

Eq. 57 into Eq. 1, we obtain,

N

(61) e = K- NG - Rg) + 3 Ns(t - 0)

Eq. 61 is a non-homogeneous 1inear eduation of the form,

(62)  L(R) = Wy + ¥N8(t - 0)

According to the superposition principle [16], the solutions of Eq. 62 are

of the form,

(63) N =H, +H,

where ﬂ; solves,

L(ﬁl) = 3NE6(t - 0)
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that is,

(64) ﬁl(t) exp((-Wg +K)t)(oN +C)

where C is a constant vector of integration; and N2 is any solution such

that,

L(R,) = Hghy

-> > :
One such N2 is NB itself. Thus, to-solve.Eq.vﬁl, we first find the
> -> . ‘
particular solution of Eq. 61 when N = NB, i.e. we solve,

dfi
(65) 4o = -K

The solut1on of Eq. 65 is of the form,
(66)  Mg(t) = exp(-kt)fy(0)
After substituting Egs. 64,ahd 66 into Eq. 63, we easily obtain the general

solution of Eq. 61, which is,

(67) W(t) = exp(-Kt)g(0) + exp(-(K + Ws)t)( g - Hg(0))

->
where we have used N(O) 4N £ We compare Eq. 67 with the solutions one
>
would obtain if Eq. 61 were integrated under the assumption that NB =

constant, i.e., with

W

Wiy Nl
(67') R(t) = -Tﬂ;_—jf + (3N " 4 Yexp(-K + ws)t)

L 2s

Eq. 67' contains a constant additive termm « NB. Thus Eq. 67' is clearly
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incorrect at long times, because we expect there to be no triplet signal
when there is no popuiation in Tl.

As usual, explicit expressions are obtained from Eq. 67 by
diagonalizing the matrices in the exponentia]é. This is where we can see
that the current analysis has definite additional advantages over previous
ones [2,3], in that: (1) no approximations except the high temperature
approximation (see Appendix) have been made in the derivation of Eq. 67;
and, (2) K is already diagéha], and 5-+-ES is easily diagonalized exactly,

'so that no approximations need to be made to derive final expressions for
Eq. 67. Even so, in what follows, we sﬁal] assume that we are looking at
triplet state EPR signal kinetics: that is, we shall aséume that the Ti are
the high-field triplet eigenstatés Tl’ T0 and T_i. We shall also assume,
as in Eq. 36, that the population rates k1 = ‘k_1 and the decay rates K1 =
K-l’ which is a good assumption in high magnetic fields [2,3].

The diagonalization procedure for the EPR case is as follows. Two
successive transformations are applied to 5-+'!S, 1.e;, we first

diagonalize the matrix jk by means of a unitary operator, U, so that,

[k, + W, + 2M, 0 0 -
a1 ~ 1, A .
(68) UTH(K + Wg) U = 0 Kny - 3(K; - Ko) + 3 5K, - Kp)
A
.0 3Ky = Kg) Kav a

where,



1=3
S
Q

“and,

1
Kay =7 (2K + Kg)

Then we diagonalize Eq. 69 by means of the transformation,D, i.e.,

(69) DT (K + MU D = A
whefe,

Xy 0 0

A = 0 l+ 0 M
0 0 A
1 0 0

= 1 . )

D= 0 cose - g sine H

0 sine €0S@ |

and where,

65
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R Rk CRLIES (CAEE SIS CEE S
and where,
___________ 22.¢ .
tang =

(1-¢)+[(1-¢)%+22 1172

where we have introduced the small parameter, ¢, which is defined as,

- (KI" Ko)

€ ——ng————v

€ is typically of the order 0.1 or less [1].

Magnetic resonance AMS = 1 signals are proportional to the population

differences N1 - N2 and N, - N33 that is,

(70) s, = -(N - Ny)

S

v ‘(No it N-l)
From Eqs. 67 - 70, it is easy to write expressions for the EPR signal

amplitudes as functions of time, as we shall do in Chapter Five.

Conclusion

Probably the most obvious limiting case of EPR triplet signal kinetics
is the one we have studied by means of EPR kinetics measurements in green
plants: namely, the case where a polarized signal is observed to decay to

‘the Boltzmann signal with a spin lattice relaxation rate, followed by the
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decay of the Boltzmann signal to zero with a rate equal to the reciprocal
of the triplet state lifetime. However, it is precisely this case which

cannot be described if we do not take into account the time dependence of
the %3 (Eq. 58) or of EB (Eq.$7). That is, as shown above in Eq. 67°', if

ﬁé or the a;; are assumed to be constants, integration of Eq. 61 will give

J
solutions containing a constant additive term that will never decay, i.e.

~will give the incorrect behavior at long times. On the other hand, as shown

. ->
above in Eq. 67, including the time dependence of NB not only yields the

proper long-time behavior, but yields simpler solutions as a bonus.

8. Signal Dynamics Under More General I1lumination Conditions

In this section we shall discuss the solutions of Eq. 51 when F(I,t)
is not a & - function laser puise. For simplicity, we shall rewrite Eq. 51

in the fonn of Eq. 61, i.e.

aN o, ' .
(71) G + KN+ W+ oF(I,t)(1 - Np) ’-!sNB

where NT = Ii Ni’ and we have used NSo + NT = 1; ﬁ; K, and ; are as defined

in Eq. 51, and.!S and KB are as defined in Eq. 57.

Eq. 71 is again of the form given by Eq. 62, and so we héed only solve
for ;l in Eq. 63 under more general conditions of illumination; that is,
the treatment of ﬁz is clearly unaltered in Eq. 71. Thus we proceed as if
-!SﬁB = 0 in Eq. 71 and we solve Eq. 71 for ﬁl'

We sha]lvdivide our discussion of Eq. 71 into,two cases: First, the
case in which the light intensity in F(I,t) is far from causing a

saturation of the signal amplitude, in which case we may say

(72) Ny« 1
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in Eq. 71, which is the case that has usually been considered [11,12]; and

second, the case in which the light intensities are saturating, in which

case we cannot make the approximation of Eq. 72.

In either case we rewrite the light intensity termm in Eq. 71 as

(73)  FF(LE)(1 - Np) = F(L,t)(3 - & Ny)

where | ¢ 2 ¢i
2 7 |4 \J) A\
3 ¢3 $3

The point here is that the inclusion of NT in Eq. 73 will add another rate
matrix to K +-!S in Eq. 71 under conditions near saturating light
intensities. We note that in the case where the system is far from 1light

saturation,

(73')  F(L)(3 - & N)) = F(L)F

‘The solutions of Eq.‘71 are of the form

(78) Nj(t) =y e (1, t)atd + Ut

where

U = exp(-(K + Wc)t) + &/F(I,t)dt))
> : .
and C is a constant vector of integration. We may write the time dependence
in terms of a unitary operator which is the exponential of the integral of

F(I,t) only because the time dependent matrix ¢F(I,t) is the product of a
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commutes with itself at different times. -As usual, our ability to find
analytical expressions for Eq. 74 depends crucially upon pur‘ability to
find a form for U, i.e. to deal with exp(esF(I,t)dt). We now consider

three commonly used illumination regimes.

Continuous I1lumination

In the case that we turn on a cw lamp abruptly at time zero, F(I,t)

for t > 0 is a constant, c(I). If the intensity is far from saturating,

then the solutions in Eq. 74 are of the form

(75)  Ry(t) = c(I)(1 - exp(-(K + W)t)3

In the case of light intensities near saturation, the solutions are of the

form

(75')  Fy(t) = c(1)(1 - exp(-(K + Hg + 9)t)3

Evidently, c(I) is the excitation fate constant at intensity I. When the
intensity is far from saturation, Eq. 75 says that the signal risetime will
be determined only by the kinetic constants in K + W¢, whereas in the case
of light intensities near saturation, the risetime of the signal can be
faster than in the case that the intensity is far from saturation, because

the excitation rate matrix enters the exponential explicitly.

Periodic Waveform
In the case of light modulation, we assume a square or trapezoidal

waveform for F(I,t) which may represented roughly by a Fourier series of



the form

(76)  F(Lt) = %C(I)(l o | %!sin(nmc)t)

where 0. is the chopping frequency. When the light intensity is far from

saturating, the solutions in Eq. 74 are of the form

+

1

sin(nwct - vn) + exp(-(K + !g)t)sinwn

¢ 1
(77) Ny(t) = XY * 7, gddm( ' (x + wg)Z + nz%z)uz

where we have used the definitions

ﬂwc

((k + NS) +n

(78)  sin L > 2)1/2

K+ NS

" ks w2 + e D172

(2]
[}
wv
s

[}

_ S >
A Tockin detector will amplify only those parts of Nl(t) which have

significant Fourier components at the fundamental frequency, w.s SO that

the sidnal amplitudes will depend upon

. y  sin(e t - ¥)

N, (t
1(t) 2((5.*35)2*%

(79)

2)1/2

According to Eq. 78, the phase shift, v, is a vector quantity related to

)é
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“the kinetic constants~of Eq. 7l'by'thé'éxpreSsi0n

7

(80) tan ;= m—
-5

In the case that the light intensity is close to saturating, U of Eq.
74 becomes an exponential whose argument is a Fourier series. It is not
possibTe'in this case to derive exact analytical expressions for the

solutions of Eq. 74.

To summarize the results of this section, we point out that under
conditions where the light intensity is far fram saturating, we may always

write the solutioné in Eq. 74 in the form

(81) - Ny(t) = G(K + We,t) &N
for an arbitrary 1ight intensity function F(I,t) and initial conditions
N _
Nl(O) =% NE’ where

GK + Wgot) = exp(-(K + Ng)t)LL - sexp((K + Wg)t)F(I,t)dt]

Explicit solutions are found by means of the relation

(82)  G(K + Wg.t) = DU G(a,t) u~tp!

where D, U and A are given above in Egs. 68 and 69.

4 In the case of signals for which the light is near saturating and
where exp(¢/F(I,t)dt) is analytical (e.g. F(I,t) = c(I)&(t - 0) and F(I,t)

= ¢(I)), we may write
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(83)  Fy(T) = 6'(K + Mg + c(1)e,t)} N

The diagonalization in this case is straightforward, i.e.

(84) (K + Mg+ c(D)g,t) = D'U G(at)ulp !

| where U is as in Eq. 68, and D' is given by

1 0 0

D= o cose'  ysine'
0 -sing' cose’
-where
2, §-% 1 Ky - K+ 3(A - Ag)
tane' ="3( )s v =gl )
'3'KT+AT-J\+ '} Ky - X,

and A' is as in Eq. 19, but with

1 1
Ky + {30y + Ap = (K - KQ))

>
+
]

FL(3M) - Ar - 3Ky - K))%+ %(K1 - Kp)(Ky - K+ 3(A, - AO)]1/2

1+

where A; = c(I)¢, and Ay = I A..
The addition of the Boltzmann populations to the above entails the

substitution of the solutions for N.into Eq. 63, followed by a careful

1
adjustment of the initial conditions.
We shall now end our discussion of the mathematics presented in this

section with a description of how Eqs. 75 - 80 were useful to us in the
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- interpretation of--experimental results.—As we shali—see in detail in the - -
following chapters, we observed two distinct chlorophyll trip]et species.
during 1ight modulation experiments perfonned'on photésystem I reaction
centers. What is re1evant.td the discussion here is an obéervation which
puzzled us for a long tihe,.namely, that although the rates in the matrices
K and jk for the two triplet species wefe hearly identical, one of the
triplet signals exhibited ho measurable phase shift during 1ight modulation
experiments, whereas the other was phase shifted up to 60° at we = 33 Hz.
The analysis‘which‘we have just presented explains this observation,
because we determined that the triplet with a zero phase shift was light
saturated at the intensities we'routine1y used, whereas the triplet with
the 60° phase shift was not saturated. _Even.though we cannot present
'analytical solutions for the sublevel populations under éonditions of
saturating light during light modulation experiments, we can guess from Eq.
| 75 that the rising edge of the signal for square wave modulation will be
sharper than the falling edge (in the latter case, c(I)¢ in Eq. 75 is
zero). That is, if the excitation rates c(I) becaﬁe largef thah the rates
in K, then the observed phase shift will be smaller than the one in Eq. 80 -
which does not contain c(I). Thus phase shift measurements on saturated
signals will underestimate the kinetic constants. This is the reason that

phase shift measurements are of limited utility.
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We and others [11,12,14] have assumed that AMS = 1 spin lattice

74

relaxation rate constants can be extracted as in Eq. 56a above, i.e. that

we may write

However, as we shall discuss here, Eq. Al is strictly valid only in the

case that there are no zero field splittings, or, if there are zero field

splittings, only if the high temperature approximation is valid.

If there are no zero field splittings, then we know that

(A2) le - w23 = exp(AE/kT)

Ya Wy

where AE = E; B, =E, - E3. Clearly Eq. A2 means that we may write

(A3) le + N21 = NZl(exp(AE/kT) +1) = N23 + N32

If we consider that there are zero field splittings, e, which shift

the energy levels so that

(A8) E)-Ey= o -¢

Ez"E3 AE+€



75

then we may write new rates, Nij‘,'such that

(A5) W' W
.._1-2— = exp(_e/k]’}__-lz
W1 - Wy
Wou! W,
wgi. = exp(+e/kT)W-2-l
32 21

which means that

(R6) le' exp(-;/kT)le

le. = exp(+é/kT)H21
w23' = exp(+e/kT)w12
w32{ = exp(-e_/kT)N21

We now define two different AMS = 1 spin lattice relaxation rates, wl and

N3, as follows

(A7) W =%%{*“m“ wnumpuE+%qnn)+amqan]

Wy = %{H23' + Wy,") = Wy [exp(-(aE - %5e)/kT) + exp(-e/2kT)]

Clearly Hl and w3 are not exaqt]y equal. However, in the high temperature -

approximation, we may write

(A8)  exp(-(8E * €)/kT)) = 1 - (2AE % €)/2kT
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exp(*e/2kT) = 1 + €/2kT

Substituting Eq. A8 into Eq. A7, one can easily see that wl = N3 in the
high temperature 1imit. This limit obtains in most cases.
In the case where the anisotropy in the spin lattice relaxation rates

cannot be neg]ected,_!S in Eq. 57 above becomes

— -
(A9) W+ Wy Wy W
X' = W Wy + Wy -,

| -, Hy Wy ]

and the preference ié still to solve Eq. 61. However,_!s' cannot be

diagonalized exactly. Under the transformations U and D', W becomes

1

v 0 cose' —Zsine'
' -1,,-1 ' Voo ) 3 ) » [
(R10)  (D')™"UT"Wc' U D' = A' + (W - W3)| cose 0 0
' ' -sing’ 0 0

where A', D', cose' and sine' in Eq. Al0 are given by Eq. 68 and 69 if one
substitutes (wl + w3)/2 for wl whereever it appears in Eq. 68 and 69.
Eq. A10 may be diagonalized to a very good approximation if one

neglects the off-diagonal elements = sine'. Including these would

2 2

introduce corrections of the order (w1 - w3)sin 8, and we note that sin 8

e2 in Eq. 69. These are very small corrections, indeed.
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CHAPTER THREE

TRIPLET STATES IN PHOTOSYSTEM I OF SPINACH CHLOROPLASTS AND
DIGITONIN SUBCHLOROPLAST PARTICLES

1. Introduction

One of the reasons that photosynthesis is such an efficient process is
~ that the movement of e]ectréns from the photoexéited primary electron donor
to secondary acteptors is a very rapid procéss. For example, in the case of
photosystem I, it is now fairly well established that donated electrons
reach componént X in about 200 ps at room temperatufe [1]. However, the
very rapidity of forward photochemistry has made the determination of the
number and identities of early.acceptors very difficu]t. If the secohdary
acéeptors are chemically reduced or photochemically trapped in their
reduced. states prior to photoexcitation, then the normal process of forward
photochemistry is prohibited, and the system is forced to return to the
ground state by some other process. In purple bacteria, it was observed
[2] that this process involves radical pair charge recombination which
populates the primary donor triplet state. Based on.our discussion in
Chapter Two, we know that this means that we should look for a polarized
triplet state EPR spectrum with a polarization pattern diagnostic of a
radical pair popu]ation.mechanism. This is in fact was observed, first by
Dutton et al. [2]. |

Ever since the radical pair - po]arfzed-triplet state of the bacterial

primary donor was observed to be populated as an intermediate of charge
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_ recombination in purple_bacteria,_it has been obvious._that the -triplet o

state of P700 should be looked for as an intermediate of charge

-recombination in photosystem I of green plants. Thus several groups [3,4]

reported attempts'to observe a radical pair polarized triplet from P700.
Leigh and Dutton [3] reported the observation of lfght—induced triplet

signals at 10 Kelvin in whole chloroplasts which had been treated with

"~ sodium dithionite so as to reduce iron sulfur centers A and B. The

eiperiment they did was simply to scan the EPR spectrum'during continuous
i]lumination of the sample, without removing "DC" EPR signals arising from
the iron sulfur proteins by means of light-chopping and phase sensitive
detection. Thus, light-induced signals were observed, but these}were

convoluted with iron sulfur protein signals over roughly two-thirds of the

" triplet signal spectral range. Neither zero field splitting parameters nor

a polarization pattern could be confidently assigned. Subsequently, Uphaus
et al. [4] reported a chlorophyll a EPR triplet signal which they observed
in ch]orqp1asts at liquid helium temperatures during 1i§ht modulation and
phase sensitive detection at llkHz; Based on the po1arization‘pattern of
the triplet EPR s}gna1 it wés determined that the triplet was populated by
an intérsystem crossing meghahism rather than by'the radical pair mechanism
[4]. o
Subsequent to these first attempfs to see a radical pair polarized

signal in photosystem I, and just prior to our own attempts to do so, two

crucial facts were reported which seemed to account for the earlier

failures. The first was reported by Shuvalov et al. [5], who observed that

the lifetime of the light-induced P700*X" radical pair is 120 ms at 10
Kelvin, This suggested that during illumination at 10 Kelvin of

chloroplasts which have been treated with dithionite, one will observe the
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process

- - +, - - -
(1) P700 X Fd, Fdg — P700 X FdA Fdg

| T 120 ms

We hypothesized that the‘P700+X' radical pair lifetime is long enough,

corresponding fo a rate of roughly 10 Hz, that any transient

EPR-detectable species arising from process (1) would have negligible
Fourier components at the 1 kHz chopping frequency used by Uphaus et al.
[4], which would exp]afn why they had failed to observe any such transient -
species.

The second crucial fact was reported by Sauer et al. [6], who obtained
the first evidence that X is not the earliest electron acceptor in'
photosystem I. As discusséd in Chapter One, Sauer et al. [6] obéerved that
when X had been phototrapped in its reduced state prior to measurement,
illumination results in photobleaching of ;he P700 optica1 absorption
spectrum, followed by a 1 ms recovéry of the photobleaching at 1iquid

helium témperature. They proposed the following model to'exp1ain their

observation,

(2) P700 A X~ ——————3P700%AX"

' 1:1 ms (4 Kelvin)

"That is, the simplest proposal seemed to be that the 1 ms halftime

~ corresponded to the lifetime of the radical pair P700"A”. Based on the
model of Sauer et al. [6], we hypothesized that the lifetime of the P700+Af
radical pair was short enough, corresponding to a rate of about 1 kHz, that
any population of 3P700 occurring as a result of process (2) might be
detectable during light modulation experiménts at chopping-frequehcies of

10 - 103 Hz. Further, our belief that some population of the triplet state

i‘hb .
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of P700 was occurring on a 1 ms timescale was confirmed by a report of .

Shuvalov [7] that a component of delayed luminescence with a halftime of

about 0.5 ms could be observed in photosystem I reaction center
preparations. Shuvalov assigned this luminescence to primary charge
recombination, and the 1 ms halftime to the lifetime of the triplet state

of P700 [7].

The above reasoning motivated us to do the experiments which are

presented in this chapter. The experiments sUccessfu]ly demonstrate that

the above hypotheses are for the most part valid; i.e. that by carefully

controlling the redox state of photosystem I in chloroplasts and digitonin

photosystem I subch]orop]aSts, we can observe a polarized triplet_stéte EPR
;ignal afising fram radical pair recombination in green plants. However, as
we shall mention in the Conclusion of this chapter, and discuss in Chapteré
4 and 5,.thé,experimenta1 results presented here have led us to a new model
of primary events in photosystem I which is very different from theimodel

represented by processes (1) and (2).

2. Materials and Methods

Chloroplasts were isolated from market spinach in 0.4 M sucrose/10 mM

‘NaC1/10 mM Tris buffef,-pH 8.0/10u M EDTA and collected by centrifugation

at 5000Xg for 5 min.

To prepare digitonin photosystem I shbch1orop1ast particles, we:

resuspended chloroplasts to a chlorophyll concentration of 0.3-0.4 mg ml -1

~in 50 mM Tris buffer (pH 8.0) containing 10 mM Mg+2 to assure clean

fractionation of photosystem I from photosystem II [8]. Digitonin was added

to the chloroplast suspension as a 10% (wt./vol.) solution to give 0.5%

(wt./vol.) digitonin. After incubation for 2 hr at 4°C, the detergent
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incubation mixture was centrifuged for 0.5 hr at 30,000Xg. The superhatant
contained photosystem I particles with the characteristics:vch]orophy]l
a/chlorophyll b = 5.6 and chlorophyl11/P700 = 175,

The supernatant was concentrated for EPR studies by pfecipitation with
protamine sulfate, as described by Nelson et al. [9].
assayed as‘follows: a few grains of potassium ferricyanide were added to
about 4 ml of sample which had an optical density of roughly unity at the
chlorophyll Nnax‘ The solution was allowed to incubate for 15 - 20 minutes
at 4°C. This step assured that when the measurement of PZOO chemical
difference was made there would be no interference at around 670 nm from
. thebtime-dependent oxidation of bulk chlorophyll by potassium ferricyanide,
because the latter change stops occurring within 15 - 20 minutes. Just
bgfore measurement of the absorption difference‘at 700 nm, a few grains of
sodium ascorbate were added to the reference cuvette. P700 concentration
was determined from the maximum ferricyanide - ascorbate difference at
around 700.nm, assuming*Ke's differential extinction coefficient of
64 mv! en-1 [121.

~ EPR Sample Preparation

Treatment with Dithionite: Chloroplast or digitonin photosystem I pellets

were degassed under reduced pressure and mixed with a solution of sodium
dithionite in 100 mM glycine buffer (pH 10) under a nitrogen atmosphere to
give a final cbncentration of 12 mM dithionite.

Treatment with Ferricyanide: Chloroplast or digitonin photosystem I pellets

were mixed with K3Fe(CN)6 in 50 mM Tris buffer (pH 8) to give 1 mM
ferricyanide. ' |

The treated pellets were then combined with an equal volume of ethylene

.
e
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glycol, sealed in.EPR tubes, and stored at 77 K. Final chlorophyll
concentration of the samples was about 2 mg m1'1. Saﬁp]es which were
illuminated during cooling were illuminated by a tungsten lamp operating at
an intensity of 1000 Nm'2 for approximately 3 min and frozen during
illumination to dry ice/ acetone temperature before they were stored at 77

Kelvin,

operating at X band. AT measurements utilized 100 kHz field modulation

and a TM cavity that was fitted Qith an optical transmis§ion f]ange. Light
modulation experiments were carried out at 33 Hz. The output of the EPR
spectrometer was fed into a Princeton Applied Research (PAR) model 210
selective amplifier tuned to 33 Hz and then to a PAR model 220 lockin
amplifier referenced to the chopper. The light source for light modulation
experiments was an Oriel xenon lamp operating at 1000 W. The beam was
filtered by 5 cm of water in pyrex.'An Air Products He]itran cryostat was

used for liquid helium temperature EPR measurements.

3. Results

EPR triplet state spettra were recorded for samples prepared in three

different redox conditions:

(A). Dithionite, pH 10, frozen under illumination. Chloroplasts or

digitonin photosystem I harticles that were frozen under illumination in

the presencevof dithionite gave the dark EPR‘spectrum shown in Figure 1A,
In the light-modulated triplet state EPR spectra for chloroplasts (Figure
2A) and digitonin photosystem I particles (Figure 3A) prepared in this

redox state one major triplet, denoted Triplet I, was observed. Triplet I
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Figure 1

EPR spectra of samples (A) and (B) recorded in fhe dark at 10 Kelvin.
Spinach chloroplasts were: (A) Frozen under illumination in the presence of
12 mM sodium dithionite in glycine buffer at pH = 10; and (B) same as (A),
but frozen in the dark. EPR-spectrometer conditions: gain, 2500; microwave
power, 10 mW; modulation amplitude, 16 Gauss; microwave frequency, 9.079

GHz; scan rate, 250 Gauss min~L.
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Figure 2

EPR triplets observed’durfng 33 Hz light modulation experiments in samples

of chloroplasts prepared in redox states (A) - (C). Conditions (A) and (B)

- are as described in Figure‘l. Figure 2C was recorded from a sample of

"~ spinach chloroplasts that had been frozen in the dark in the presence of 1

mM potassium ferricyanide. Spectrometer conditions: gain, 80; microwave
power, 1 mW; modulation amplitude, 16 Gauss; microwave frequency, 9.075

GHz; sweep time, 1 hour.



DIGITONIN PSI PARTICLES

0) ﬂ

Dithionite, iliumination
while cooling

Ferricyanide

+

X .

2750 2950 3150 3350 3550 3750

Magnetic field strength
(gauss) x| 794-4764A

88



89
| Figure 3
EPR triplets observed during 33 Hz light modulation experiments in samples
of digitonin photosystem I particles prepared in redox states (A) - (C), as

described in Figure 2. Spectﬁbmeter conditions are as described in Figure

2, except that the gain used for (A) and (B) was 20.
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has the spin polarization pattern aee aae, where a denotes a signal in
absorption and e denotes a signal in emission. The zero field splitting

1 and |E| = 0.0039 *

parameters of triplet I are |D| = 0.0278 + 0.0009 cm'
0.0009 cm "1 (Table 1). |

(B). Dithionite, pH 10, frozen in the dark. Chloroplasts. and diéitonin

photosystem I particles that were frozen dark in the prescence of
dithionite gave the dark EPR spectrum shown in Figure 1B. Figures 2B and
3B show the light-induced triplet signals obtained in this redox state from
chloroplasts and digitonin photosystem I particles, respectively. One major
triplet state, denoted Triplet II, was observed. Trip}et 11 has the spin
polarization pattern aea eae and zero field splitting parameters |D| =
0.0383 ¢ 0.0013 am™! ahd |E] = 0.0040 + 0.0013 em™1 (Table 1). We made this
assignment as follows. The innermost signals were assighed to the Y+ and
Y™ transitions because of their characteristic shapes. The other major
features,Alabeléd x* and X~, were used with the assignments of Y" and ¥"
and the relation (See Eq. 35 of Chapter Two),

+ - + + -
Hy - Hy +Hy - Hy i Z

to calculate the positions of the third transitions, zt and 77, The

= H

calculated value agrees with small features that appear reproducibly in the
spectra shown in Figures 2 and 3.

(C). Ferricyanide, pH 8. Figures 2C and 3C show the light-induced triplet

EPR signals obtained in this redox state for chloroplasts and digitonin
photosystem I particles, respectively. Once again we observe Triplet II as

the major species; as described above in (B).
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Zero field splitting parameters and electron spin

polarization patterns of observed triplet state EPR signals.

Triplet Species | D| |E] Polarization®
L Cpattern
2 " 0.0278  0.0039 aee aee
1P 0.0383  0.0040 eae aea

3 rror Timits +0.0009 cm~L.

bError limits £0.0013 cm'1

Ca = absorption; e = emission.
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4, Discussion

Figure 1A shows that samples of chloroplasts or digitonin photosystem
I subch]oroblasts that have been frozen under illumination in the presence
of dithionite are prepared in the redox state P700 A X“Fdp"Fd,”. In light
modulation experiments on sémples of chloroplasts prepared in this redox
state, Figure 2A shows that ﬁe observe Triplet I convoluted with a small
amount of Triplet II. The polarization of Triplet I shown in Table 1 is aee
aae; i.e. is the radical pair polarization patterh discussed in Chapter
Two. Because this polarization pattern is inconsistent with an intersystem
crossing mechanism and is consistent with a radical pair population
Mechanism, we conclude that Triplet I is populafed as a product of a
radical pair recombination process. The |D| value of Triplet I is equal
within experimental error to that observed for chlorophyll a monomer
observed in vitro and in vivo [4].

We also observe Triplet I in Figufe 3A, i.e.‘ihva photosystem [
subchloroplast prepafation, which suggests that TbipTet I is integral to
Photosystem 1. Based on the polarization and zero field splittings of
Triplet I, and also based upon the fact thét it is observed to be integral
to photosystembl, it seems plausib]e'to argue that Triplet I is the
photosystem I analogue of the purple bacterial PR state which we discussed
in the Introduction. That is, it seems plausible to make the assignment

3p700.

that Triplet I is
The argument is that Triplet I seems to arise from a chlorophyll a
species in Photosystem I which undergoes reversible Tight-induced chargg

separation to a radical pair state. There are really only two candidates:



93
P700 and A. Thus we are almost certainly Tooking at one of the following

processes during light modulation experiments,
(1)  p700* A~ . P700 3A

or (2) p700* A~ » 3p700 A
Processes (1) and (2) would be accompanied by very different optical
changes, and the optical data of Shuvalov et al.[1] supports process (2).

3p700 is also suggested by the

The assignment of Triplet I to
dependence of Triplet I on thé redox state of photosystem I evident in
Figureslz and 3. Figure 1B shows that samples which have been frozen in
the_dahk in the presence of dithionite are prepared in the redox state P700
A X FdB'FdAf. ITTumination of samples in this redox state results in the
formation of P7007 X~ radical pairs. As we argued in the>Introduction, the
120 ms lifetime of the P700" X~ radical pair is slow enough compared to the
33 Hz chopper frequency that there will be a steady state population of
reactions centers in the state P700" X~ during 33 Hz experiments. If
Triplet I arises from P700, then we expect that the amplitude of Triplet I
should be less in this redox state, corresponding to the portion of the
population in which P700 is oxidized. Figures 2B and 3B show that the
amplitude of Triplet I is attenuated or absent, which is consistent with
the assignment of Triplet I to 3P700. The preceding argument is supported
by the fact that we do not observe Triplet I in Figures 2C and 3C, which .
are the EPR spectra of samples in which P700 has been chemically oxidized
with ferricyanide prior.to illumination.

The only difficulty with the assignment of Triplet I to 3p700 arises

3

from the fact that we would expect that the |D| value of “P700 would be
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smaller than the | D] value of chlorophyll a monomer, for the following
reason. The |D| value of the primary donor triplet state; PR, in bacterial
reaction centers is 20% smaller than the. |D| value of bacteriochlorophyll a
measured‘ig_!iggg [12]. This result has meshed nicely with other results
suggesfing that the primary donor, P870, is a bacteriochlorophyll a dimer
[12]. That is, the 20% reduction in the PR | D] value is thought to reflect
a greater delocalization of trip]ef excitation in the dimer; when compared
to the monomer. Because P700 has been thought by most workers [13] to be a
ch]orophy11 a dimer, we expected to observe a similar reduction in the | D|
value of 3P700. However, aé we have become more confidant that Triplet I is

indeed 3

P700, we have become less confidant that the zero field splitting
parameters can give a simple indication of the chlorophyll a aggregation
state. Other workers have recently reported evidence in support of the
assignment of P700 to a chlorophyll a monomer [14]. This point is discussed

in greater detail in Chapter Four.

On the Identity of Triplet Il

Two features of Triplet II in Figures 2 and 3 merit attention. The
first is that triplet II appears to depend on the redox.state of
photosystem I and the sécond is that the zero field splitting parameters of
triplet II do not correspond to the parameters measured for any species of
chlorophyll or of pheophytin in vivo or in vitro [4]. We shall argue that
Triplet II arises from a 8 - carotene spécies which is sensitive to the
redox state of Photosystem I.

The polarization pattern of Triplet II given in Table 1 is oné of
those which we know to be consistent with an intersystem crossing

mechanism. The fact that it is observéd both in chloroplasts and in
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digitonin photosystemrl.subchlordp]asts,”and has the same redox dependence
in both, suggests thaf it is integral to photosystem‘I. Thus, although it
is populated by intersystem crossing, which means that it is not invo]véd
with primary charge separation, its redox dependence suggests that it has a
role as a chromophofe in photosystemvl. That is, it does ﬁot appear to be
present in Figufes 2 and 3 merely as a contaminating signal.

The redox dependence of Triplet II is consistent with the idea that it
is asSoCiated with reaction centers fn which P700 is oxidized. Triplet II
has a large amp]itude.fn Figures 2B and 3B in which, as we argued above,_

there is a signifitantvsteady state popu]ation of photooxidized P700 during

* 33 Hz light modulation experiments. Triplet II is even larger in Figures

2C and 3C, in which P700 has been completely oxidized by ferricyanide. The
amplitude of Triplet II is largely attenuated in Figures 2A and 3A, in-
which the reaction centers have been prepared in the redox state P700 A X~
prior to illumination. Our interpretation has been that this loss in -
amp]itude:of Triplet II results from the fact that in this redox state, the -
P700+vA' back reaction returns P700+ to the ground stéte'so efficiently
that no significant population of oxidized P700 is achieved, which results
in the attenuation of Triplet 1l. | |

The fact that Triplet II is populated by intersystem crossing, and that
its redox dependence is'consistentvwith its association with reaction
centers in whiéh P700 is oxidized, suggest that Triplet II has a role as a
photoprotector. That is, when P700 is oxidized, it cannot accept
excitation from antenna chlorophylls, This is a situation which will occur
in the natural world only under conditigns of high light intensities, that
is, in situations in which the plant can be damaged by light. The data in

Figures 2 and 3 suggests that Triplet Il may be a species which can
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efficiently funnel excitation from photoexcited chlorophylls. This species
then undergoes intersystem crossing, and we observe it as Triplet II.

Frank et al.[15] have subsequently reported experiments which are
strongly suggestive that Triplet II arises from a carotenoid species,
probably g-carotene. They observed a triplet EPR signal for s-carotene in
non-ionic detergent micelles. The g-carotene triplet had a |D| value of
0.0333 cm'l, which is very similar to that of Triplet II. It is reasonable
to suppose that Triplet II is a carotenoid species, first, because of the
similarity of its |D| value to that ofFB-carotene; and, second, because

carotenoids are known to be in;egral to the purple bacteria]llight
harvesting pretein [16]; and abundant in plants [17]. Thus, carotenoids
will a]most certainly prove to be closely associated with the photosystem I

antenna system.

5. Conclusion

We did not realize when we reported [18] the aboVe results that they
were the first direct evidence that the 1 ms decay component observed by
Sauer et al. [6] corresponded to the lifetime of the triplet state of P700
and not to the back reaction between P700" and A” and we did not
immediately realize that the observation of 3p700 requires a revision of
the modef that we presented in the Introduction to this Chapter. The
experimental evidence presented in this chapter suggests a new hypothesis:
that illumination of photosystem I reaction centers in which forward
photochemistry is blocked resu1ts'in the following process

hv + - 3'
(3) P700 A + P700 A + P700 A

'r 1 ms ) l

This should be contrasted with the model we pfesented in the Introduction
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to this chapter, whichrconsidered that the 1 ms component corresponded to .
the P700 radical pair lifetime. It is hard to imagine how we would be able
to observe the triplet state of P700 at all if the model given by process
(2) in the Introduction were correct. We shall present evidence in Chapter
Five that our revised hypothesis Qas correct, and that the new mechanism

represented by process (3) is valid.
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CHAPTER FOUR

THE DEPENDENCE OF REACTION CENTER AND ANTENNA TRIPLETS
ON THE REDOX STATE OF PHOTOSYSTEM I

1. Introduction

As we argued in the Introduction of Chapter Three, the simplest model
suggested by the data of Sauer et al. [1] and of Shuvalov et al. [2] is

that when X is not reduced prior to measurement, one observes the process

(1) P700 A X—3P700 A X ——P700*A X~
T t=120 ms at 5 K

whereas when X is reduced prior to illumination, one observes the process

(2) ~ P700 A X=——>P7007A"X"

1~ t=1ms at 5 K]

However, this hypothesis now appears to be questionable, for two reasons.

First, the mechanism of recovery by proceés (2) to the ground state P700AX
was shown in Chapter Three to involve more than a single step. That is, we
have argued that the observation of a radical pair-polarized 3P700 EPR

signal constitutes evidence that the triplet state of P700 functions as an

intermediate in the P7007A™ back reaction.
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Second, the kinetiC'datavare suggestive that photo-reduced A~ does not
a1w§y§-tr§nsfér its e]ectrbn to X when X is not reduced prior to
photoexcitation. That is, Sauer et al [1] reported that the 1 ms phase was
observed regardless of whether X was‘reduced prior to meésurement, and
Shuvalov et al. [2] observed the 1 ms phase in samples poised at -625 mV, a

potential at which X is not reduced prior to measurement. Thus, under the

~conditions of these measurements, primary photochemistry would appear to be

more complicated than the simple serial transfer of electrons from P700 to
A’and.then'td_x,depicted in process (1).

With these mechanistic questions in mind; wevstudiéd the relation
between the state of reduction of photosystem I acceptors and the amp]itude
of the radical pair polarized EPR triplet signal from P700. For these |
studies we used photosystem I preparations isolated using Tfiton X-100

detergent. In these preparations we do not observe the carotenoid triplet

[3] that we observed in chloroplasts and in digitonin photosystem I

subchloroplasts [4]. However, in addition to the radi;a] pair-polarized
triplet of"P700, in the Triton preparations we now observe an additional
triplet species which appears to depend oh the redox state of photosystem
I. |

We observe the radical pair-polarized triplet in samples in which X
was not reduced prior.to illumination. We believe that this tfiplet arises
when A~ undergoes radical pair recombination with p700* in preference to

forﬁard electron transfer to X. Our results therefore suggest that the

processes

P700*A"X -—-'—>Pv700+AX'

and



102
P700" A" x——3p700 A X

are in competition when Centers A and B are reduced prior to triplet
measurements.

We observe no correlation between the amplitude of the radical ‘, .
pair-polarized triplet and the amplitude of a g = 2.0 signal present in the
dark in samples which have been frozen under illumination prior to triplet
measurements. This g = 2.0 signal was attributed by Heathcote et al [5] to
A which has been phototrapped in its reduced state. The observation’of a .
radical pair-polarized P700 triplet in samples in which A was known to be
fully reduced prior to illumination would conStitute evidence for the
existence in photosystem I of ah earlier acceptor than A. Thus we undertook
to study the stoicheometric ratio of the g = 2.0 species to P700, and found
that many more radicals contributed to this signal than qould be accounted
for on the basis of photofeduction of A alone. Thus, our results suggest
that species other than the primary electron acceptor in photosystem I give

rise to the g = 2.0 signal.

2. Materials and Methods

Triton X-100 Photosystem I Fraction

A subchloroplast photosystem I fraction was isolated from spinach
chloroplasts using Triton X-100 detergent in the presence of mono- or
divalent cations as follows. Chloroplasts were isolated from market spinach
in 0.4 M sucrose/0.1 M NaCl/ 0.05 M Tris (pH 8) buffer and centrifuged at -
7000X9 for 5 min. The pellets were washed in 0.7 mM EDTA to remove any Mn+2 )
EPR signal and centrifuged for 10 min at ISOOOXg.'The pellets were then

resuspended to a chlorophyll concentration of 0.3 to 0.5 mg/ml in 0.05 M
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~Tris (pH 8)/0.1 M NaCl or 0.01 M MgSO4 and allowed to incubate 1 hr at 4°C
to assure clean fractionation of photosystem I from photosystem II [6].
Triton X-100 was stirred into the chloroplast suspension, to give 1%
detergent, and the mixture was incubated in the dark at 4°C for 2-24 hours;
The supefnatant of a 30 min spin at 30,600Xg contained photosystem I
complexes with the characteristics: chlorophyll a/chlorophyll b = 5-12,
ch]ohophyl]/P700 = 175-200. This photosystem I fractibn was concentrated by
dialysis against crystalline sucrose before it was used in EPR.experiments
or subjected to further purification.

Triton X-100 Photosystem I Reaction Centers

Photosystem I reaction centers were isolated from the photosystem. I
fraction by the procedure of Golbeck et al. [7]. Concentrated photosystem I
_frac;ion (25m1) put fhrough a 500 m! Sephacryl S-300 column yielded
reaction centers with the characteristics_chlorophyll_g/ch1orophy11_§,>9;
chlorophyil/P700 = 35-65, thatveluted with the column void volume.
Photosystem I reaction cgnters were concentrated for EPR studies by

dialysis against crystalline sucrose.

Assays
Chlorophyl1l and P700 were assayed as described in Chapter Three,

Carotenoids were assayed qualitatively by thin layer chromatography as .
described by Barr and Crane [8].

EPR Sample Preparation

‘Samples of the photosystem I fraction or photdsyétem I reaction
centers were prepared for EPR studies as described in Chapter Three. The
final chTorophy11 concentrations were about 0.5 or 0.1 mg m1'1,
respéctive]y. The samples contained 1 mM phenazine methosulfate (PMS) or

neutral red, as noted below.
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Samples whiéh were illuminated before and during freezing were cooled
to 156 K using a Varian liquid nitrogen temperature controller with a
reproducible cooling cycle. Cooling from 273 to 156 K took about 30 s.
Samples were illuminated with a Cary High Intensity tungsten lamp using

2. The EPR samples were placed in a cold

intensities at or below 1000 W m~
finger dewar loéated 40 cm from the lamp, and we did not place any lenses
“between the sample and the lamp. Photodamage was avoided by keeping the
sample temperature be]oQ 0 °c during i1lumination and by filtering the
1ight beam through 20 an of water. We found that at room temperatufe up to
100% of the chlorophyll was irreversibly photobleached within 60.s of

2

illumination by an unfiltered 1000 W m™“ beam from a tuhgsten'lamp. ’

EPR Measurements

EPR measuréments were made as described in.Chapter Three, except fhat
we used a TE-102 cavity that was fitted with an optical transmission
flange. Light modulation experiments were performed at 33 Hz, as described
in Chapter Three, except that a Princeton Applied Research Model HR-8
lock-in amplifier was used for phase sensitive detection, and we did hot
use a selective amplifier. The light source was a Cary High Intensity
tungsten lamp focused onto the optical flange to give 5000 W m~Z A Bell
Model 811A digital gaussmeter was used to calibrate the magnetic field. An
Air Products Helitran cryostat was used for liquid helium temperature EPR

measurements.

3. Results
The EPR spectra of Figures 1-3 were obtained from four identical
aliquots of photosystem I reaction centers which were treated so as to

produce four different redox states of the photosystem I reaction center,
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~as follows: _ o _
Sample (a): frozen in the dark and then illuminated at 10 K.
Sample (b): frozen in the dark in the presence of dithionite and PMS.
Sample (c¢): sahe as sample (b), but illuminated 60 s at 0% ¢ ahd then
| | frozen under illumination at low (50 W m'z)light intensity.
Sample (d): same as sample (c), but with higher (310 W m'z) light
" intensity. |

Figures 1 and 2 show the EPR spectrafrecorded in the'dark at 12 K of
samples (a)-(d). Illumination of sample (a) at 10 K resu}ted'in the
irreversible photooxidation ofvP700 (?igure 2a) and photoreduction df
Center A (Figﬁre la), as reported by Bearden and Malkin [9]. In sample (b),
ferredoxin centers‘A and B are reduced by dithiohite,.but X is not (Figure
lb), and thefe.is not much signal in the,j = 2.0 region present in the dark
(Figure 2b). In sample (c), ﬁomponent X hasbbeen phototrapped in its
~ reduced gtate (Figure lc),‘and there is a small signal centered at g = 2.0
which has a Tinewidth of 13.5 Gauss (Figure 2c). In‘saﬁple (d), component X
has been phototrapped in its'reduced state, aﬁd a much larger 13.5 Gauss
wide signal is present at g = 2.0 (Figure 2d) than is present in sample
(c). We shall frequently refer to this photo-generated signal as 'the g =
2.0 signal’', to distingufﬁh it from the photoinduced, 8 Gauss wide P700+:
signal in samples like sample (a), which we shall ca11 'the P700" signal'.

Figure 3 shows the :EPR triplet spectra observed in samples (a)-(d)
during 33 Hz light-modulation experiments. The phase of the lock-in

amp]ifier was calibrated using the PR

triplet from a sample of
photosynthetic bacteria in which quinones had been removed by sodium
dodecyl sulfate treatment [10], and which was kindly provided by W.W.

Parson and V.A. Shuvalov. The rise and decay times for the PR state in this
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Figure 1

EPR spectra of samples (a)-(d) recorded in the dark at 10 K. Photosystem I
reaction centers were: (a) frozen in the dark in glycine buffer at pH = 10
and then illuminated at 10 K; (b)ffozen in the dark in the presence of 25
~mM dithionite and 1 mM phenazine methosulfate at pH 10; (c)sahp]e identical
to sample (b) which was frozen under low intensity illumination; (d)sample
identical to sample (b) which was froien under higher intensity of
illumination. EPR spectrometer conditions: gain, 12,500 (Figure la) and
10,000 (Figure 1b-1d); modulation amplitude, 20 Gauss; microwave power, 20

mW; microwave frequency, 9.16 GHz; scan rate, 250 gauss min'l.
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Figure 2

EPR spectra in the g = 2.0 region of samples (a);(d),»which are as.
described in Figure 1. (a) spectrum reeorded during illumiﬁation of sample
(a); (b, solid line) spectrum of sample (b) recorded in the’dark before and
after illumination; (b, dotted line) spectrum of sample (b) recorded during
illumination; (c) and (d) spectra of samples (c) and (d), respectively,
recorded in the dark. All spectra were recorded at 10 K. Spectrometer
conditions}gain, 20,000;modulation amp]itude, 4 Gauss; microwave power, 10

ul; miérowave frequency, 9.16 GHz; scan rate, 25 gauss min'l.
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Figure 3

Light-modu]ated EPR triplets observed.in samples a-d at-zero degrees phase
with respect to the maximum of the bacterial pR triplet amplitude, as
described in the text. All spectra were recorded at 10.K. Spectrometer
conditions: 33 Hz 1ight modulation; gain,200; modulation amplitude, 40
Gauss; microw&ve power, 100 uW; microwave frequency, 9.16 GHz; scan rate,

63 Gauss/min.
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sample are known to be 10 ns and 120 us [11], respectively, so this signal
is a convenient zero-phase reference for 33 Hz experiments. The triplet
spectra in Figure 3 were recorded at zero phase with respect to the maximum

amplitude of the PR

triplet. Figures 3a and 3d show the two distinct
triplet spectra which we observe in photosystem I reaction centers; the
spectra in Figures 3b and 3c are convolutions of these two triplets.
Figure 3d shows the radical pair-polarized triplet spectrum repohted
in Chapter Three. It has the polarization pattern aee aae and zero field

1

splitting parameters |D| = 0.0278 cm " and |E| = 0.0038 cm'l. Figure 3a

shows the EPR spectrum of a triplet with a polarization pattern eee aaa.
This triplet has one of the polarization patterns which we discussed in
Chapter Two as being diagnostic of an intersystem crossing population

mechanism. Its zero field splitting parameters are |D| = 0.0301 cm'1

and
|E| = 0.0039 anl. The latter |D| value is somewhat larger than that

reported for chlorophyll a or chlorophyll b in vitro [12,13] or of the

chlorophyll a triplet observed in spinach chloroplasts by Uphaus et al.
[12]. However, it seems likely that fhis triplet arises from a ch1ofophy1]
antenna species, and so we shé]l refer to it as "the antenna triplet" for
clarity. Table 1 gives the zero field splitting parameters of the radical
pair-polarized and antenna triplets as well as those repbrted elsewhere
[4,12,13] for ch]orophyll-and pheophytin triplets.

The results presented in Figures 1-3 typify those observed in
measurementsAon eight similar sets of samples of photosystem I reaction
centers. The results from five sets of the photosystem I fraction were
essentially the same. We nevef observed the carotenoid triplet which was
observed in whole chloroplasts and in digitonin photosystem I

subchloroplasts, which we discussed in Chapter Three, despite the fact
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that we found substantial amounts of carotenoid. in the.photosystem I. .
."fract{on by TLC analysis. |
The g = 2.0 signal in Figure 2d has the same characteristics as the
signal that Heathcote et al. [5] observed in Triton x-100 reaction centers
which had been frozen under intense illumination. They attributed thiS
signal to A which had been phototrapped in its reduced state. Figure 4
shows the resu]fs of experiments intended to correlate the number of spins
represented by the g = 2.0 signal with the total reaction center |
concentration and with the amplitude of light-inducible radich
pair-polarized triplet. Figure 4 shows the results of three separate
trials. In each trial, a set of EPR samples was prepared from identical
aliquots of photosystem I reaction centers or the photosystem I fraction in
0.1 M glycine buffer at pH 10. Several aliquots jn each set were treated
with dithionite and PMS and were then illuminated before and during
,freezing; each with a differeht light intensity, in order to vary the
amplitude of the phototrapped g = 2.0 signal. (We found that the g=2.0
signals photogenerated in sets of samples containing PMS and dithionite had
the same amplitudes as those in otherwise identical sets of'samples which
~ did not contain PMS.) Each set of samples included a sample which did not
contain dithionite or PMS, so that P700 could be irreversibly photooxidized
at low temperatures, e.g. sample (a) above. The number of p700* spins in
the latter sample was assumed to be equimolar with the total reaction _'
center concentration. The p700° signal in the latter sample, and the g =
2.0 signals in the other saMples in thé set were recorded in fhe dark at
100 K at non-saturating microwave powers. Under these conditions, the
.integrated areas of the Signals are a direct measure of the number of

spins,N, giving rise to the g = 2.0 signal and of the number of spins
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Figure 4

. Plot of the ratio N/NP700 vs. the amp]itudé of.the radica1 pair-polarized
triplet, where N is the number of spins represented by the g = 2.0 signals
(e.g. Figure 2d) which are photo-generated by freezing aliquots of reaction
centers in the presence of dithionite and phenazine methosulfate during
i1lumination of vafying intensity, . and NP700 is the number of spins
represented by the p700* signal (e.g. Figure 2a) in an identical reaction
center aliquot which does not cdntain dithionite or phenazine methosulfate
but has been illuminated at 77 K. (O), (Q) and (&) represent three |
different sets of measurements. SeeIResulis se;tibn for details. Conditions
for triplet measurements are as in‘Figdre'3, except that il,Hz light
modulation frequency was used. The g= 2.0 EPR signal measurements Weré

made at 77 K and 10 uW microwave power.
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giving rise to the.P700+ signal, NP700' The ratios N/NP700 relate the moles
of the g = 2.0 species to the moles of P700. EPR triplet spectra were then
recorded uéing ah 11 Hz chopper, a frequency at which the antenna triplet
makes a minimal contribution to the observed triplet spectra. The amplitude
of the Tow field Z peak of the radical pair-polarized triplet was used in
Figure 4 to represent the triplet amplitude. Figure 4 shows that up to 12
-spins per reactioﬁ center may be photo-generated in the g = 2.0 signal
without having any apparent effect on the amplitude of 1ight-inducib1e

radical pair-polarized triplet.

4, Discussion

On The Zero Field Splitting Parameters of the Radical Pair-Polarized and

Antenna Triplets

In bacterial systems, the |D| value of'the PR

triplet is 20% smaller
than that of bacteriochlorophyll monomer [14]. This effect is well
accounted for by the argument that it results from a delocalization of the

R triplet over two bacteriochlorophyll molecules in the reaction center

P
special pair[13,14]. The evidence presented here and elsewhere [4,12]

suggests that such a simple relation ddes not hold between observed zero
field splitting parameters and the aggregation state of chiorophy]]s iﬂ

vivo or in vitro. Table 1 allows comparison of the zero field splitting

parameters of the radical pair-polarized and antenna triplets with those
previously reported [12,13] for chlorophyll and pheophytin triplets.
Although P700.has long Seen thought to be a dimer [15], the radical
pair-polarized triplet |D| value is not significantly different from that
of ch]qrophyll-g monomer. This is consistent with the observation of Uphaus

et al. [12] that the |D| values of ch]orophyl]ig dimer and chlorophyll b



Table 1

Zero field splitting parameters reported for chlorophyll"

and pheophytin triplet states in vivo and in vitro.

Species -

Radical Pair?

Antennaa

in vitroP

Ch]orophyl]_g~monomer
Chlorophyll b monomer
Pheophytin a

din vivo

Spinach ch]orop]astsb

Spinach chloroplastsc

Zero Field Splitting

1Df(ent)

© 0.0278
0.0301

0.0275
0.0287
0.0339

0.0284
0.0278

IEl(cm'

0.0038
0.0039

'0.0036

0.0037

0.0033

0.0039
0.0039
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A&rror limits 0.0002 cm”

bErom ref. [12]

“Fram ref. [4]
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oligomer were within 3% of their respective monomeric values. Indeed, based
on their recent findings, Wasielewski et al. [16,17] have argued that P700
is a ch]orophyl1 a monomer rather than a dimer.

The question of the correlation between the zero field splitting
parameters and chlorophyll environment is also raised by the chlorophyll
antenna |D| value, which is significantly larger than that of either
chlorophyll a or chlorophyll b monamer, and smaller than thét of
pheophytiﬁ. We cannot exclude the possibility that the antenna triplet
arises from chlorophyll b or pheophytin on the basis of its |D| va1ue.
Howevef, it is now generally thought that chlorophyll b and pheophytin do
not play a role in photosystem I, so that it is as likely that the antenna

triplet arises from chlorophyll a.

On the Redox Dependence of the Antenna Triplet

We mentioned in the Introduction to this Chapter thaﬁ the antenna
triplet appears to depend upon the redox state of photosystem I. Figures
3a-d show clearly that the amplitudes of both the radical pair-polarized
triplet and of the antenna triplet depend on the state of reduction of
photosystem ] acceptors at cryogenic temperatures. The antenna triplet is
not observed in samples in which X has been reduced prior to illumination
(Figures 3c and 3d); it is observed together with the radical
pair-polarized triplet in samples in which centers A and B are reduced but
X is not reduced prior to illumination_(Figure 3b).

~ These data are consistent with the assignmént of the antenna triplet to
an excited antenna species which undergoes intersystem crossing when P700
is unable to accept excitation during the illumination period. That is, we

assign the antenna triplet signal to an antenna species which is coupled to

L] a
i~
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P700 and which can transfer excitation to P700 when the latter is in the -
grdund state. The evidence for this interpretation is that the antenné
triplet has its_maximum amplitude in sample (a), in which presumably the
entire population of reaction centers has undergone irreversible charge
separation to the state P700+FdA', as indicated by the spectra in Figures
la and 2a. Thus it is plausible to argue that the antenna triplet arises
from antenna chlorophyll molecules which are céup]ed to the reaction
center, i.e. able to transfer their excitation to it and therefbre
sensitive to the state of P700. |

We make a similar argument for the observation of the antenna triplet
in sample (b). In sample (b),.i11uhination results in charge separation to
the state.P700+X' and so we observed the EPR signals from P700" (Figure 2b)
and X~ (data not shown), as reported by Evans‘gg_gl;'[ISJ . Figures 2a and
2b show that the amplitude of the light-induced p700" EPR signal in sample
(b) is equal to that observed in sample (a), so that both signals represent
the same ﬁumber of'Spins. Once again, we argue_that the P700+ 5n sample (a) .
arises from an irreversible light-induced electron transfer to centerrA in
all of the reaqtion centers, so that all of the reaction centers in sample
(b) could achievélthe state P700*X” during illumination. The 120 ms [2]
lifetime of the state P700+X'(is}s]6w compared to the 33 Hz .chopper period,
SO thére will be a significant steady-state population of reaction centers
in the state ?700+X' during experiments using 33 Hz phase sensftive
detection. This steady-state population of reaction centers in which P700
fs oxidized during the illumination period would then give rise to the
antenna triplet.

In samples (c) and (d), X is reduced prior to measurement.

I]lumination results in charge separation to the state P700+Af, which has a
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lifetime more than an order of magnitude shorter than the 33 Hz
illumination period. In this case, no significant steady-state population
of reaction centers in the state P700% is achieved, and the antenna triplet

is not observed.

\

On the Redox Dependence ‘of
In sample (b), we observe a convolution of the radical pair-polarized
triplet with the antenné triplet. One explanation of this observation is

3P70_0 is populated as an intermediate in the P700X~ back

that the state
reaction. However, this does not seem likely, because the latter process

cannot give rise to a polarized triplet on P700 if the spin states of the
p700TX" radical pair become thermally relaxed before charge recombination

3700. The X~ EPR signal is not saturated at 100 mW at 10 K,

populates
indicating that its spin-lattice relaxation time is not longer than a few
microseconds. The spin-lattice relaxation time of P700* was reported to be
800 us at 10 K [19]. Spin-lattice relaxation will destroy any polarization
on the P7007X™ radical pair within the 120 ms lifetime, Therefore, it seems
Tikely that the radical paif—polarized triplet arises from P700+A' radical
pair recombination rather than from P700+X' pair recombination. This means
that the radical pair P700+A' sometimes undergoes charge recombination to

the state 5

P700 in preference to forward electron transfer from A” to X.
Two possible interpretations of this phenomenon would be fhat there is a-
heterogeneify in the population of photosystem I reaction centers, or there
is a similarity between the rates of the two processes, P700TA" -+ 3p700 and
P700+A"+ P700*X™. We shall discuss these two interpretations in the

Conclusion of this chapter,

In the case of samples (c) and (d), we observe that the reduction of
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the(species giving rise to the g f“?.o EPR §jgna1 shown in Figure 2d has no_
appé}ent effeef on the amplitude of the radical pair-polarized triplet.
This suggests that the g = 2.0 radical is not the primary photosystem I
acceptor in its reduced state. If this radical were the fully reduced
primary acceptor, then charge separatidn could not occur and we would not
observe thé radical pair-polarized triplet. Figure 4 shows that up to 12
spins per P700 may be photo-generated and contribute to tﬁéyéké 2:6m§i§6a1
without having any apparent effect on the amplitude of the radical
pair-polarized triplet. Thus, the resulfs presented in Figure 4 show that
there are species other than A” contributing amplitude to the g=2.0 signal.

We suggest that photooxidized antenna chlorophyll contributes to this

.amplitude. However, it is also possible that the g=2.0 signal contains a

contribution fraom phototrapped A”, The observation of the radical
pair-polarized triplet in samples in which A was known to be fully reduced
would be evidence for the existence of an earlier acceptor than A.
Unfortunately, the EPR spectrum of A" is apparently very similar to that of
the other photogenerated species which contribute to the g=2.0 signal, and
so it may be difficult to establish the state of reduction of of A on the |
basis of these EPR data.

_.Ruthérford and Mullet [20] reported studies on photosystem I reaction
centers in which X and Centers A and B had been denatured by treatment with
lithium dodecyl sulfate. They observed the radica]'pair-polarized triplet
in samples which contained dithionite and neutral red and were frozen in
the dark. After these samples had been thawed and refrozen during
illumination, the g = 2.0 sjgna] attributed to A” was present and the
radical pair-polarized triplet amplitude was smaller, suggesting that

charge separation is not occurring when the g = 2.0 radical is
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phototrapped. After the latter sampfes had been thawed and refrozen in the
dark, the g = 2.0 signal was smaller, and the original amplitude of the
radical pair-polarized triplet was restored. Our results (data not shown)
with photosystem I reaction centers that have been treated with urea and
ferricyanide by the method of Golbeck et al [7] to remove iron from X and
Centers A and B are in agreement with the results of Rutherford and_Mu]let
[20]. These observations can be understood if A or an even earlier acceptor
is easier to phototrap in the reduced state in preparations in which X and
Centers A and B are not present. When these secondary acceptors‘are acti?e,
they must be reduced before earlier acceptors can be photoreduced, and the
latter must then be reducéd in close proximity to three or four negatively

- charged sites.

5. Conclusion

On the poSsibi1ity of a branch point in Photosystem 1

The observation of the.antenna triplet and of the full extent of.P700+
steady-state photooxidation in sample (b) are suggestive that the reaction
centers are able to be completely converted to the state p700*X" during
continuous illumination. On the other hand, the observation of the radica]
bair-polarized triplet signal from P700 in sample (b) is suggestive that
every time a reaction center is excited, it has some probability that A~
will not transfer‘its électron to X but will instead undergo radical pair
recombination to 3P700. These two apparently conflicting observations may
be rationalized in the following way. Tﬁe lifetime of the state P700%X"
(120 ms) is much longer than the lifetime of the state 3P700 (1 ms), so
that the reaction centers are in the former state most of the time during

continuous illumination. This could be why we observe the full extent of



123

P700 photooxidation during steady-state EPR measurements. However, because.. - -

the reaction centers return periodically to the ground state, they can also

give rise to the radical pair-polarized triplet if there is a competition

between forward electron transfer from A~ to X and back reaction between

P700* and A” which populates °

P700. Competition would occur only if the two
rate constants are similar. This suggests to us that when Centers A and B

are reduced, the forward electron transfer to X and radical pair

recombination between p700* and A" may be in competition, and that the

vreaction,kinetics may be represented by the scheme,

| k :
“Fd,~ -f P700*A X"Fd

g Fdp Fd

‘ hv . + :
P700 A X FdB'FdA' + P700°A°X Fd

o
L—3P700< il

where kf = kb. This interpretation is consistent with the results of Sauer

B A

et al. [1] and of Shuvalov et al. [2] who observed the 1 ms phase

associated with P700%A” recombination in samples in which X was not reduced

prior to measurement. Similar observations were recently reported in

photosystem I by Setif et al. [21] and in green bacteria by Swarthoff et
al. [22]. -

On the possibi]it} of heterogeneity in the Photosystem I reaction center
gogulafion

It is also possible to use the observations reported in this chapter
and e1sewhere.[1,2,21,22] to make a good case for a heterogeneity in the
photosystem I reaction center populatiqn. According to this
interpretation, in a Qignificant fraction of the photosysfem I population,

A~ would not be able to transfer its electron to X. That is, in a
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significant fraction of the photosystem I population, P700 and A wou]d not
be connected to the secondary acceptors, X and Centers A and B. This-
interpretation is consistent with the observation of the radical pair
polarized 3P700 EPR.sfgnal when X is not reduced prior to illumination and
also with the observétions of biphasfc P700 optiéal kinetics [1,2]. This
interpretation is also consistent with the observation that thei
light-induced P700" EPR signal arising froﬁ the P7007X" charge separation
has the same amplitude as the p700* EPR signal observed in the redox state
P700+FdA': if a certain fraction of the reaction centers are not connected
to X and Centers A and B, then the irreversible charge separation between
.P760 and Center A cannot occur in that fraction of the reaction center
population. Thus the p700" EPR signal would have the same amplitude in both
the P7007X~ and the’P700+FdA' chérge separations. A very simple experiment
would settle this question. It is to compére the amplitude of the EPR
signal from P700% in a ferricyanide treated sample to the amplitude of the
EPR signal from p700* arisihg from the P700* FdA' charge separation at
temperatures below about 100 Kelvin, when the latter charge_separation is
irreversible., If the two signal amplitudes are equal, then we know that
all of the reaction centers can undergo the P700+FdA' charge separation,
and are therefore connected to the secondary acceptors, and that there is
no heterogeneity in the photosystem I reaction center poph]ation. If the
two signal amplitudes are not equal, then we know that P700 in a fraction
of the reaction centers cannot undergo chabge separétion with Center A, and
thus may not be connected to the secondary acceptors. To our knowledge, ¥ ]
this experiment has not been done yet;

If there is such a heterogeneity in the photosystem I reaction center

population, then we would 1ike to know its physiological significance. It
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is possible that heterogenity could arise as an artifact of detergent
treatment. However, if_the.heterogeneity is physiological, then we might
§pecu1ate that a certain fraction of photosystem I is connected to X and.
~Centers A and B and to photosystem II; so that it is functional for whole
chain electron tranéport from Watéf to NADPT. The remaining fraction would
not be connected to X and Centers A and B but would be codpled to the
quinone-cytochrcﬁe—Rieske FeS oxidoreductase (see Figure 1 of Chapter One)

and would undergo cyclic electron transport.

| Finally, we.need to mentibn the results reported by Shuvalov et al.
[23] which are suggestive that a pﬁotokinetic branch point or heterogeneity
exists within photosystem I at physiological temperatures. In room
temperature kinetics measurements, Shuvalov et al. [23] observed a biphasic
decay of optical changes attfibutéd to P7007A" radical pair fbrmation under
conditions where Centers A and B were reduced prior to measurement, They |
assigned a 10 nsec component at 694 nm to the reco?efy of changes in thev
spectrum of A due to radical pair recombination to a tripiet state,

presumably 3

3

P700. They also observed a 3 us component which they attributed
to the “P700 lifetime. However, they noted that the amplitude and decay
rate of the 10 ns componéntvwere the same regardless of whether X was
reduced by exogenous donors and backgfound illumination during the kinetics
measurements. This result again suggests a similarity between the two rate
constants forvthe'processes of P700*A" pair recombination and forward
electron transfer from A” to x; or a heterogeneity in the photosystem I
reaction center population. If the observations of Shuvalovig£ gl; [23]

result from a branch point in photosystem I primary photochemistry, then it

would appear that when Centers A and B are reduced, the forward electron

TN
e
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transfer time from A” to X is on the order of 10 ns, which is 50 times
slower than the 200 ps forward transfer time when Centers A and B are not
reduced prior to illumination [23]. Clearly this means that the reduction
of Centers A and B affects the kinetics of primary events in photosystem I,
and that the kinetics involving P700, A and X occurring during primary
photochemistry under physioldgica] conditions will need to be.studied in
same other way, such as by selectively removing Centers_A and B from the
reactioﬁ éenter. So far, hdwever, any treatment which removes Centers A and
B also removes X [7,20].

Whether there js, on the one hand, a heterogeneity within the
photosystem I reaction center population, or, on the other hand, a branch
- point in photosystem I primary.reaction kinetics, remaiﬁsvan open question

and the subject for future investigations.
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CHAPTER FIVE
ANTENNA AND RADICAL PAIR TRIPLET STATE KINETICS

1. Introduction

There is no way to improve upon the deduction by Shuvalov back in 1976
[1], which predated all the work presented here, that primary radical péir
recombination within photosystem I not only populates the triplet state of
P700, but that the lifetime of the triplet state of P700 is on the order of
1 ms. Shuvalov's evidence was the recombination luminescence data
mentioned in the Introduction to Chapter Three. We note that Shuvalov's
deduction predated the fifst direct evidence for the existence of the
intennediatg acceptor A, which was not generally available until more than
three years later [2]. The work that we will present in this chapter will
only prove that Shuvalov was right.

The clear picture'that has emerged from Chapters Three and Four is
that our original working hypothesis was incorrect: this was that the 1 ms
component of reversé] of P700 optical changes corresponds to the p700*A”
radical pair lifetime. This ties into what we said in Chapter One, i.e.
that intermediate states which P700 passes through before it returns to the
ground state will not be distinguishable by optical absorption spectroscopy
at 700 nm so long as the intermediate states of P700 all involve bleaching
at 700 nm. One state that will nbt'affect the bleaching at 700 nm is the
state 3P700, because it has as small an extinction coefficient at 700 nm as
does P700 cation [3]. Thus we suspect that the observation of the

polarized triplet state EPR spectrum of P700 is evidence for the assignment
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of the 1 ms component bf optical recovery at 700 nm to the process,

3p700 . P700

t=1ms

This would be a more satisfactory explanation of the obserQations'of Sauer
et al. [2] because it has never been thought plausible that the lifetime of
the P700*A~ radical pair should be as long as 1 ms [4].

" In this chapter, we report studies of the kinetics of triplet EPR
signals observed in Triton X-100 photosystem I reaction centef

3p700

preparations. These studies were complicated by the convolution of
EPR signals with those from the antenna chlorophyll triplet reported in
Chapter Four. Because the antenna chlorophyll tripliet arises from 40-200
chlorophylls per P700 in the preparations that we have studied, the
amplitude of the antenna chiorophyll EPR signal has a very different
dependence upon the excitation 1igﬁt intensity than does the amp]itude of
the P700 triplet signal. Thus we studied the 1ight intensity dependen;e of
the amplitudes of both the antenna and the radical pair polarized P700
triplet. At low light intensities, we observe mainly the triplet state of
P700 and not the antenna triplet state in samples which have been prepared
in the redox state P700 A X'FdB'FdA' prior to illumination. However, the
signal/noise for the triplet signal from P700 is too poor for us to be able
to determine the complete magnetic field dependence of the triplet décay
rates, and their dependence on the microwave power le?el; This means that

3P700. On the other hand,

"we cannot give a good number for the lifetime of
from the study of the dependence of the antenna triplet signal amplitude on

the 1ight intensity, we are able to demonstrate that the antenna triplet

&
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signal arises from a species which is able to donate excitation to P700. We
'are also able to successfully demonstrate the validity of the theory
presented in Chapter Two, because it can account for our data, whereas the

previous analyses [6,7] cannot.

2. Theoretical Section

We now wish to derive explicit expressions for the EPR signal
amplitudes as a function of time, S _(t) and S_(t), given in Eq. 70 of |

Chapter Two. According to Eqs. 67-70 of Chapter Two,

(1) R(t) = exp(-kt)R5(0) + U D exp(-2t)D" U ToN; -"Ng(0))

where K, ﬂB(O), U, D, A, and ¢ are as defined.in Chapter Two. We now

define
(2) g(0) = F¢TNE
where‘
47 = Ijey
f=]f
fa1
and where
fi = exp(-aE;:/kT)
T} J

and Z;f; = 1. We also define the polarization vector, P, as



132

Pl
P= Po
Py
where
(3) Pi = (01 - fi¢T)NE

and clearly, ;P = 0.
Then the signal amplitudes S_(t) and S_(t) in Eq. 70 of Chapter Two

are given by the exact expressions
1 .
(4) 5.(t) =’?NE¢T(f1 - f,l)exp(‘llt)

1 cosze
e

I ((p, +p 2P )Eiﬁgﬂ)ex (-1 t)
2 AR BRERES U L PA=4,

+1

+1

orNC(f4 exp(-K t) - féexp(-Kot))
where detD = cosZe + sin20/4. Clearly it would be very useful to simplify
Eq. 4. Fortunately, we can make some good approximations. In most
systems, it is possible to assume that the spin lattice relaxation rates
are at leést ten times as fast as the triplet sublevel decay rates [5,6].
This approximation is often good at iO Kelvin, and is even better at higher
temperatures. The fibst consequence of making this assumption is that we

may write a small parameter, e, as in Eq. 69 of Chapter Two, where

e = (K - Kg)/9W; <1071

Thus, because sine = ¢, we may immediately neglect the decay rate a_ in Eq.
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2

4, whose amplitude is proportional to sin“e. We may also write cos2

8 =1
-and detD = 1, and we may think of the remaining rates as

Ay = 30y .
By assuming that wl, N2_>> K; we are neglecting the off-diagonal elements
in Eq. 68 of Chapter Two. Thus, the assumption that W, Wy > Ki allows us
to simplify Eq. 4 to
(5) S,(t) = £ Nct(eg - o)exp(-a,t) + op(fgexp(-Kot) - f, exp(-K;t)

-.%¢T[(f0 - f,)(exp(-2;t) + exp(-a,t))

+(f0 - f;l)(EXp(-Xlt) = EXP(-X+t)]}

Equation'S is still rather complicted, so it is worthwhile to pause
here and to consider what signal kinetics govefned'by Eq. 5 would ]ookv
like. A second result of the assumption that W;» N2.>> K;y is that the rates
Ai and A, are separable from the Ki in the sense that they represent
processes which occur on very different timescales. Let us see what Eq. 5
looks like at times much less than I/Ki’ that is, before the triplet
sublevel populations have begun to decay Significantly to the ground state.

On such a time scale, we may say exp(-Kit) = 1, so that Eq. 5 becomes

(5') Sy(t) = N:[(eg - ep)exp(-a,t)
+ 34r(fg = £,1)(2 - exp(-3;t) - exp(-1,t))
. v
- o(fp - f;I)(exp(-xlt) - exp(-a,t))]
According to Eq. 5', S, = iNE(¢0 - ¢1) at time zero. Eq. 5' shows that the

initial polarized signal amplitude :NE(¢0 - ¢1) will decay to zero at a

rate A, and that spin lattice relaxation will cause biphasic signal
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kinetics with the rates \ and 1. If A and A, are very different from one
another, Eq. 5' implies that St can have complicated behavior at early
times. However, Eq. 5' also implies that no matter how different A and A,
are with respect to one another, as long as both are much greater than the
Ki’ the signals S: will approach their themmal equilibrium values, 1¢TNE(f0 A
- le)’ before the sublevel populations begin to decay to the ground state.

If we now look at times much longer than the time it takes for the
system to reach thermal equi]ibrium; then accdrding to Eq. 5, the decay of
the sublevel populations to the ground state gives rise to kinetics in the
signals S, which is of the form t(foexp(-Kot) - ftlexp(-Klt), which are
biphasic if K1 and K0 are different. We shall show in the next section
that the decay of the sublevel populations to the ground state can give
rfse to EPR.po]ariiation if K1 and K0 are differenf. Thus there appear to
be two distinct meChanisms of EPR signal polarization: first, the initial
polarization, :NE(¢0 - ¢1), which decays to zero with the rate A.; and,
second, the pdlarization caused by sélective decay of the sublevel
populations to the ground state. We shall discuss these two polarization
mechanisms in the next section. |

Before doing so, however, it is useful to compare the solutions
presented here in Eqs. 4 and 5 to those obtainedApreviously by Levanon and
Vega [7] and by Winscom [6]. Because they did not take the time dependence
of the spin lattice relaxation rates into account, neither analysis gives
rise to term #(fgexp(-Kgt) - f, exp(-K;t)) in Eqs. 4 and 5. On the other
hand, the solutions obtained by Levanon and Vega [7] contain crossterms
proportional to cosesine. These terms vanish exactly in our analysis,
becausé when explicit account is made of the triplet quantum yields, and

when the Boltzmann populations at time zero are defined as in Eq. 2, these
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tegﬁ§'a;9 multiplied by P1_+ Po-*'P;l* which iS~exact1y-zero.—HoweVer;“the,

crossterms cosesine in the Levanon and Vega analysis were the only terms

capable of ‘explaining the case where an absorptively polarized signal turns

“over into emission before decaying to zero. In our case, this phenomenon

~will be explained by the term t(foexp(-Kot) - ftlexp(-Klt)), as we shall

describe in the next section. Thus, we believe that the analysis we have
developed and are presenting here and in Chapter Two is the first.ahalysis
which is capable of describihg the case of én absorptively polarized signé]
which turns over into emission before decaying to 2ero. It is also the

first_ana]ysi§ which is capable of describing a polarized signal which

decays to the Bo]tzmahn difference before the triplet relaxes to the ground

state.

Triplet EPR Signal Polarization

Eq. 5 suggests that there are two distinct mechaniSms resu1ting in a
non-Bolthapn population of the triplet spin sublevels which may be
observed in an EPR experiment..

The first polarization mechanism is represented by the first term in

Eq. 5, which we shall call sz(t)’ where
(6). Sp,(t) = Np(eg - ¢ )exp(-1t)

SIi(t) has the value zNE(¢0 - ¢1) at time zero, and it decays to zero with
the spin lattice relaxation rate A = 3N1. The amplitude of the EPR signals
S+ at time zero is the initial sublevel population difference, and this

population difference which results from a selectivity in the triplet

~ sublevel population rates, i.e. differences between the ki' We shall refer
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to EPR polarization resulting from this mechanism as 'initial
polarization’'.

It will be convenient to write the initial signal polarizations in

termms of polarization ratios, PI+(t), such that

S14(t)
Ne(fg - T4)

(6')  PLlt) =

PI+(t) is a convenient quantity because it gives the signal SI+(t)'sca1ed
to the Boltzmann population difference at thermal equilibrium. ‘
The second polarization mechanism is represented by the second term in

Eq. 5, which we shall call SD:(t)’ where
(1) Sp,(t) = serNg(fgexp(-Kgt) - f, jexp(-K;t))

If we assume as above that Kj << Ay Ay, and if we observe the EPR signal
at times which are much longer than the spin lattice relaxation times, then
the signal SDt(t) starts out with the amplitude (f; - f41)¢;Ng, which is
the amplitude of the triplet state EPR signal at thermal equilibrium.
According to Eq. 7, if Kj # Kys it will be possible to observe that SD:(t)
deviates from a simple monophasic decay of the thermal equilibrium signal
to zero. When KO # Kl’ we will observe a biphasic decay of two components
with opposite signs, #fpexp(-K,t) and ;figxp(-Klt). We shall refer to EPR
polarization which results from the second mechanism as ‘decay
polarization', o |

These two polarization mechanisms result in three polarization cases,
which we shall now describe in detail.

A. The case of decay polarization when there is zero initial polarization




137
~ If_the system is observed not to be polarized at time zero, either
because the spin sublevels have not been seleétively populated, or because
'spin lattice relaxation has resulted in a Boltzmann bopu]ation of the spin
sublevels at a time much less than the EPR spectrometer response time, then
it is still_poSsible to observe EPR polarization by the mechanism of decay
polarization if Ko # K. The decay polarization ratio may be defined as in

Eq. 6', i.e.

- -Sp,.(t) fo
(8) th(t) = ‘TNE(E - f+lj -f——r—exp( -K t) - -f————f-—exp( Klt)

As mentioned above regarding Eq. 6', the value of Poz(t) gives the signal
Sbt(t) in units of the Bo]tzﬁann population difference.

We now wish to study what the decay pq]arization looks like;by means
of canputer:simulatibns, and we shall rewrite Eq. 8 in a form convenient

for computations. Aécording to Eq. 2

9 f
(9) T4 = exp(-(Ey - Eg)AT)

0
Thus we egpect both the decéy polarization SDz(t) and the decay
polarization ratio PD:(t) to depend upon temperature. To include this

dependence explicitly in Eq. 8, we rewrite Eq. 9 as

(10)  f, _ (Eﬂ-50)+

kT

2
(E, - Ep)

ket

At X band, (Etl - Eo)/kT = #),44/Kelvin. We shall confine ourselves to

temperatures above about 10 Kelvin, drop terms of the order (0.44/Ke1vin)2,
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and write Eq. 8 as
(11) Pp,(t) = (iO.44/Ke1vin)'lfexp(-Kot) - (1 % 0.44/Kelvin)exp(-K;t)]

Figures 1A and 2A simulate the time dependence of the decay
polarization ratio in Eq. 11 at a temperature of 10 Kelvin. The simulated
kinetic traces in Figure 1A from top to bottom show a range of cases in
which polarization would be observed owing to the difference between Kq and
Ko, in the range between SKO < K1 and K1 <.2K0, where thé slower of the
two decays has been held constant. When Kl'and Ko are within factors of
5,3 and 2 of one another, Figurele shows that the signal can achieve decay
polarization amplitudes of 14, 9, and 6.5 times the Boltzmann signal
amplitude at 10 Kelvin, respectively. Figure 2A shows similar series of
traces for the range between .84K0 < Kl and Kl < 1.2K0. Figure 2A shows
that when K1 and K0 are withih 20% of each other, it is possible to observe
a.decay polarization amplitude which is two times as large as the EPR
~ signal amplitude at thermal equilibrium.

It is evident from Eq. 11 And from Figures 1A and 2A that the
amplitude of the polarization arising as a result of the decay polarization
mechanism depends upon both the difference between K1 and KO and the
temperature, and we shall now briefly discuss these two dependences. We
can see by inspection of Eq. 8 that, for the transition between T0 and Tl’
the decay polarization ratio will have limiting values of fo/(f0 - fl) and
-fl/(f0 - fl) for the limiting cases KO » K1 and K1 > KO, respectively.
According to Eq. 11, the limiting amplitudes of the decay-polarized EPR

signals at 10 Kelvin are roughly 23 times as large as the thermal

X
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Figure 1

(a). Computer simulations of the dec&y polarization ratio PD+(t) as a
function of time at 10 Kelvin. The traces from top to bottom represent
ratios betyeen the depopulation rates K1 and Ko of : K0 = 5K1, KO = 3K1, K0
= 2K1, Ko = Ky» Ky = 2Kgs K1 = 3Kps and K1 = 5Kgs respectively. In each
case, the slower of the two decays has been held constant. Because the
ratio of the amplitude of the polarized signal to the amplitude of the

signal at thermal equilibrium at 10 Kelvin is being plotted, the vertical

axis is in units of the Boltzmann population difference at 10 Kelvin.

(b). Computer simulations of the total polarization ratio PT+(t) as a
function of time at 10 Kelvin when there is both initial polarization and
decay polarization. All cdnditions are as in Figure la, except that the
signals start out at time zero with an initially absorptive, polarized
amplitude which is ten times as large as the amplitude of the thermal
equilibrium signal at 10 Kelvin. The middle trace, i.e. the one for the
case that K1 = Kpg» shows the case of initial'polahization when there is

zero decay polarization.

(c). Computer simulations of the tbtal polarization ratio PT+(t), as in
Figure 1b, except that the signals start out at time zero with an initially
emissive, polarized amplitude which is ten times as large as the amplitude

of the themal equilibrium signal at 10 Kelvin.
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Figure 2
(a). Computer simulations of the decay polarization ratio PD+(t) as a
function of time at 10 Kelvin. The traces from top to bottom represent
ratios bétween the depopulation rates Ky and KO of: K0 = 1.2K1; KO =
1.14K1, KO = 1.06K1, Kg = Kl’ Kl = 1.06K0, Ky = 1.14 Kg» and Kl = 1.2K0,
respective]y._ln each case, the decay time of the slower of the two
components has been held constant. Because the ratio of the polarized
signal amplitude to the signal amplitude at thermal equj]ibrium is being
plotted, the vertical axis is in units of the Boltzmann population

difference at 10 Kelvin.

(b). Computer simulations of the total pd]arization ratio PT+(t) as a
function of time at 10 Kelvin when there is both initia1 polariéation and
decay polarization. All conditions are as in Figure 2a, except that the
signals start out at time zero with an initially absorptive, polarized
amplitude which is ten times as large as the amplitude of the thermal
equilibrium signal at 10 Kelvin. The middle trace, i.e. the‘one for the
case that K1‘= KO, shows the case of initial polarization when there is

zero decay polarization.

(c). Computer simulations of the total polarization ratio PT+(t), as in
Figure 2b, except that the signals start out at time zero with an initially
emissive, polarized amplitude which is ten times as large as the amplitude

of the themmal equilibriun signal at 10 Kelvin.
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equilibrium EPR signal amp]itude,.Figure 3 is a plot of the decay
polarization ratio at 10 Kelvin vs. 1oglo(K1/K0). Figure 3 shows that the
decay po]arization ratio changeé rapidly in tﬁe reg%on where Kl\and.K0 are
simi]af,'and makes an asymptotic approach to the 1imiting values, -23 and
23, when K1 and K0 are more than an order of magnitude different. We may
conclude from Figure 3 that the decay polarization can make an impdrtant
contribution to the EPR signal photokinetics observed at 10 Kelvin.

According to‘Eq. 11, the limiting values of the decay polarization
ratio will be roughly linear functions of the temperature, above about 10
Kelvin, for example, the limiting value of the decay polarization at 273
Kelvin corresponds to a population difference which is 620 times as large
as the Boltzmann population difference when Ky and Ko are different by a
factqr of ten. Clearly the contribution of decay po]arizatipn to obserVed
EPR signal kinetics can be@ome more important at high temperatures than the
contribution of initial polarization.

In summary, the decay polarization mechanism can give rise to sizeable

“polarizations of triplet state EPR signals even when the signals are not

initially polarized by selective population of the triplet sublevels, or
when spin lattice relaxation is so rapid that the initial polarization
decays to zero before it can be detected. The amplitude of the decay
polarization depends both upon the selectivity in the depopulation rates,

K1 and Kg, and upon the temperature.

B. Initial polarization case with zero decay polarization

We next consider the complementary case of case A, namely, the case in
which the triplet spin sublevels are selectively populated, and therefore,

initially polarized, but in which there is no selectivity in the

S,

¥



144 -

- 23.0

1.5k

:’g 0.0
-5
: _ | I L ] l L
BY5 20 0 0.0 1.0 20 3.0

LOGlKy/Ko)

XBL 829-11491



145
Figure 3

A plot of the polarization ratio vs;'loglo(KllKo) at 10 Kelvin. The
maximum amplitudes of the polarization ratio in traces like those presented
in ngures la and 2a were computed. During the computation, Kl was held
constant, and Kouwas varied from K0 = 0.001K1 tO’KO = 1000K1. Figure 3 is a

plot of 300 calculated polarization maxima.
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depopulation rates. In this case, if the spin lattice relaxation rates are
we]l-separated'from the rate of triplet decay to the ground state, then the
EPR signals will decay at the rate = 3w1 to the Boltzmann population
difference, and wif] then decay to zero at the triplet decay rate.
Simulations of the time dependence of the polarization ratios for the case
of initial po]arization with zero decay polarization will be presented in
the next section.

As we mentioned above and in Chapter Two, this case is the simplest
case of EPR triplet signal kinetics, yet it cannot be described by previous

analyses [6,7].

C. Combination of initial polarization and decay polarization

The most complicated, and probably most common, cése is a combination
of cases A and B, namely, the case in which there is both observable
initial polarization and observable decay polarization. This is the case
which is encountered in the experimental section of this chapter.

In this case, we may write the total polarization ratio, PTt(t)’ as
(11) PT:(t) = PI:(t) + PDt(t)

where PI:(t) is defined in Eq. 6' and Plt(t) is defined in Eq. 8.

Figures 1B,C and 2B,C show simulations of the time dependence of
PT:(t) for a range of cases in which there is a combination of initial
polarization and decay polarization which correspond to the decay:
polarization cases in Figures 1A and 2A. The middle traces in the sets in
Figures 1B,C and 2B,C are the cases in which Ky = Kg and are thus the cases

of initial polarization where'there is no decay polarization. Figures 1B

&
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and 2B illustrate the case of a lowfield.EPR first derivative signal which -

~starts out polarized in absorption, and Figures 1C and 2C illustrate the

" case of a lowfield EPR first derivative:signal which starts out polarized
in emission. When the EPR signals are first derivatives, the case of the
highfield signal po]arized in emission is obtained fraﬁ the case of the
lowfield signal polarized in emission by.a 180° rotation of Figures 1 and 2
about the baseline. The same relation holds between the cases of highfield
and lowfield signals polarized in absorption;

It is clear from Figures 1 and 2'that the theoretical ahalysis which
- we have presented here and in Chapter Two is able to account for the case}
of initial polarization when there is zero decay polarization, as well as
for the case of initially absorptive signals which overshoot the baseline-
into emission before decaying to zero. As»we mentioned ébove, neither case

can be described by previous analyses [6,7].

Conclusions

Before proceeding to a presentation of experimental resﬁ]ts, it is
useful to make some general statements about the results of the analysis;
presented here,

First, if K1 and KO are similar, the observed decay polarization rate
is a convolution of Ky and Ko. To exfract K1 and K0 from experimentally
observed decays, the two components must of course be deconvoluted. This
can be tricky in practice, but it must be done in order for experimentally
determined decay rates to have any physical meaning.

Second, if Kl_and KO are very different, and if one of them.is of the

order of the EPR response time and the other is longer, then the kinetic
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fraces and their field dependences will mimic case C. It would then be
possible to mistake a triplet decay time for a spin lattice relaxation
time. Although the EPR response time is generally less.than.about 100 wus,
and the triplet sublevel lifetimes are generally much longer than 100 us,
this possible confusion should be kept in mind. The polarization mechanism
cén be determined in this case by a study of the temperature dependence of
the signal polarization.

Third, with the exceptibn of rare cases covered by the latter comment,
an initié]ly emissive signal is evidence for initial polarization, and an
'absorptive siéna] which turns over into emission is evidence for decay

polarization.

3. Materials and Methods

Sample Preparation. EPR samples of Triton X-100 photosystem I fraction and

reaction centers in the redox states noted below were prepared as described
in Chapter Four.

A P700-depleted antenna chlorophyll fraction was prepared as follows. -
P700 photosystem I reaction centers were eluted frﬁm a Sephacryl S$-300
column in 50 mM Tris (pH 8)/1% Triton X-100 buffer, as described in Chapter
Four; It had a chlorophyl1/P700 ratio of 80, and a chlorophyll a to
chlorophyll b ratio of 12. This eluate was then loaded 6nto é DE-11
cellulose column wﬁich had been pre-equilibrated in 50 mM Tris (pH 8)/1%
Triton.X-IOO buffer. Roughly half of the chlorophyll protein in the
reaction center fraction was tightly bound to the DE-11 column at low salt
_cpncentrations, whereas the other half passed thfough with the column void

volume. A ferricyanide-ascorbate P700 assay of the fraction of chlorophyll



149
protein which passed through the column did not detect any‘P700; This
fraction was then concentrated by dialysis against crystalline sucrose for
- EPR studies, and we shall refer to it below as “the antenna fraction". The
tightly bound protein was recovered by elution of the DE-11 column with 0.5
M NaCl. It contained 95% of the 2700 in the original Sephacryl S-300

eluate.

EPR Measurements. The. EPR measurements were made with a Varian E-109

spectrometer operating at X band and eqdipped with a TE 102 cavity fitted
with an optical transmission flange and an Air Products Helitran cryostat.
A1l measurements were made at 10 K. Temperature measuréments were made
with a gold chromel thermocouple. Time resolved EPR signals were detected
by means of 1 MHi or 100 kHz field modulation, as specified below. The . .
response time of the system operating at 1 MHz was 2 us, and the response
time at 100 kHz was measured to be about 300 us. The output of the field
modulation lock-in amplifier was fed into a Nicolet Explorer IIIA digital
oscilloscope using a Model 204 plug-in. The oscilloscope traces were
tfansmitted to a home-built signal averager and then to a Digital VAX
11/780 computer for storage and analysis. Decay constants were obtained by
fitting kinetic traces with a nonlinear least squares computer program
(ZXSSQ of the IMSL library). - |

The Iight-source was a Phase-R DL-1400 dye laser operating at 640 nm
(rhodamine 101 in methanol) with a 400 ns (FWHM)'pulse width. The laser

operated at a repetition rate of 2 Hz and energies of 30-50 mJ /pulse.

4, Results

EPR kinetics experiments weré performed on samples of Triton X-100
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photosystem I fraction prepared in two redox states:

State A: Frozen in the dark at pH 10 (no dithionite) and illuminated
briefly at 10 Kelvin. This treatment prepared photosystem I in the state

P700*A X Fdg Fd,~ prior to kinetics measurements.
State B: Frozen under illumination in the presence of 12 mM dithionite at
pH 10. This treatment prepared photosystem I in the state P700AX-FdBdeA°

prior to kinetics measurements.

We shall be referring to 'samples in State A' and 'samples and state B'

throughout the rest of this chapter.

Results of experiments performed with 100 kHz field modulation

The signal/noise is very much better with the system operating at 100
kHz field modulation, and so we used 100 kHz field modulation for
preliminary experiments, in spite of its poorer time resolution.

Figures 4 a and b show the results of flash'experimenfs on‘samples in
States B and A, respectiVely, Qith illumination at full laser intensity at
a field position of 2985 Gauss. This field position is on the highfield
side of the lowfield maximum of the Z peak of the radical pair polarized
P700 triplet signal. The signals in both Figures 4 a and b start out in
emission and turn over into absorption before decaying to zero. According
to the radical pair mechanism presented in Chapter Two, the lowfield Z peak
‘of the radical pair polarized P700 triplet EPR signal must start out in
absorption. Thus, the fact that both signals in Figure 4 start out in

emission means that we are observing the antenna triplet in both cases. The
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Figure 4

(a). Kinetic trace obtained at 10 Kelvin at a magneti; field strength of
2985 Gauss in a samp]e of photosystem f reaction centers which were frozen -
in the dark at pH 10 and were then illuminated at 10 Kelvin. ‘This
treatment prepared the sample in the redox state.P700+AXFdBFdA' prior to
the kinetics measufements. The laser flash was delivered at full light
intensity. EPR Spectrometer conditions: 100 kHz field modulation, 350 us
time constant, 0.1 mW microwave power, 40 Gauss modulation amplitude, and
9.213 GHz microwave frequency. The kinetic trace is the average of 500

events,

(b). Kinetic trace obtafned at 10 Kelvin at a magnetic field stfength of
2985 Gauss in a sample of photosystem I reaction éenters which were frozen
under illumination at pH 10 in the presence of 12 mM sodium dithionite.
This treatmenﬁ prepared the sample in the redox state P700 A X'FdB'FdA'
prior to the kinetics'measurements. The sample used in Figure 4b was
otherwise identical to the sampTe used invFigure 4a. Other conditions of

the measurement are as described in Figure 4a.
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ratios of the maximum of absorption (P) to the maximum of emission (M) is
measured to be 0.2 in Figure 4b and 0.33 in Figure 4a. The P/M ratio
measured from kinetic traces at the lowfield Z peak of the antenna trip1et'
in samples in state A is characteristically 0.2 when the measurements are
made using 100 kHz field ﬁodulation, ahd 0.1 when the measurements are made
using 1 MHz field modulation. Thus the higher P/M ratio in the sample in
state B suggests same contribution from P700.

We reasoned that we were observing mostly antenna triplet in Figure 8B
because photoexéitation of the samp]evat fulf laser intensity may be
sufficient not only to saturate the'3P700 EPR signal, but also to
photoexcfte a far larger number of antenna chlorophyll molecules than can
transfer'excitatidn to the reaction center. The amplitudes of the antenna
and the radical pair P700 triplet signals should have Qery different
dependence upon the intensity of the exciting light. To test our
reasoning, we perfofmed the experiment presentéd in Figure 5, in which we
varied the intensity of the exciting light by placing neutral density
filters in the beam. We have plotted the.intehsity'dependences for signals
measured at 2985 Gauss ([J) and at 2970 Gauss (X) for.a sample invState B,
and'the intensity dependence for signals measured at 2985 Gauss (C»_for a
sample prepared in State A. 2970 Gauss is near the lowfield emissive
maximum of the antenna triplet Z peak,.whereas 2985 is near the lowfield
absorptjve maximum of the radical pair P700 triplet Z peak. These samples
were prepared from alidqots of the same photosystem I fraction. The signal
amplitudes for intensities between 0.4% and 6.5% are plotted in Figure 5a, '
and the full intensity dependence of the signal amplitudes is plotted in
vFigure 5b. The negative amplitudes in Figures 55 and b are the emissive

maxima (M) whereas the positive amplitudes are the absorptive maxima (P)
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- v _ Figure 5

(a). A plot of the light intensity dependence.of the amplitudes of EPR
signals obsefved during kinetics experiments. The light intensity was
varied between 0.4% and 6.5% of maximum intensity by placing neutral
density filters in the ]aser beam before it entered the EPR cavity.®
Measurements were made at 2985.Gauss magnetic field strength on a sample
prepared in the redox state P700°Fd,” prior to illumination (O); at 2985
Gauss on an otherwise identical sample prepared in the state P700X™ prior
~to illumination (O); and at 2970 Gauss on’the sample prepared in the state
P700X"(X). Emissive minima obserQed'in kinetic traces 1ike those presented
in Figure 4 are plotted as negative amplitudes in Figure 5a, whereas the
positive amplitudes in Figure 5a correspond to the absorptive maxima in the
kinetic traces. The amp]itudes have been normmalized to the maximum emissive
ampiitudes. EPR spectromefer conditions are as described invFngre'4. EPR
measurements were made at 10 Kelvin.
(b). A plot of the 11ght intensity dependence of the amp11tudes of EPR
signals observed during kinetics measurements. The light 1ntens1ty was
varied between 0.4% and 65% of maximum‘intehsity, as described‘for Figure
5a.
| (c). A-plot of the normalized amplitudes of the absorptive maxima (P) to
the emissive minima (M) vs. the light intensity observed during kinetics
measuremenfs, as described for Figures 5a and.Sb.'(ca measurements at 2985
_Gauss onvthe sample in the redox StaterP700+FdA';v(cn measurements at 2985
Gauss on the sample in the redox state P700*X”; (X) measurements at 2970
Gauss on the sample in redox state P700+X'. The uncertainty in the
measurement of P/M is responsible for'the scatter below 10% of maximum

light intensity.
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taken from kinetic traces like those shown in Figure 4. The results in
Figures 5a and b show that the antenna triplet in the sample in state A hasv
an intensity dependence very different from that of the sample in state B.
Figure 5¢ is a plot of the ratio of the amplitudes of the absorptive maxima
(P) to those at the emissive maxima (M) as a function of the excitation
light intensity. Figure 5c clearly shows that the ratio P/M is an inverse
function of the excitation light intensity in the sample in State B, and is
a constant function of the excitation light intensity in the sample in
State A.

The results in Figure 5 Suggest that we can find a light intensity at
which the radical pair P700 triplet signal kinetics is not convoluted with
antenna triplet signa]_kihetics. However, for illustrative purposes, and
also for later interpretation of results, we have included Figure 6; which
shows the kinetic traces recorded at 6.5% light intensity at 2985 Gauss
(Figure 6a) and 2970 Gauss (Figure 6b) for the sample in redox State B.
These éignals shdw an obvious convolution of the antenna and radical pair

triplet signal kinetics.

P700 Triplet Lifetime Measurements

Figure 7a shows a kinetic trace obtained from a sample in State B at
2985 Gaus§ and at 2% excitation light intensity, using 100 kHz field
modulation. There is no evident initial emissive signa1 arising from the
antenna triplet. A nonlinear least squares fit to a one-exponential curve
gave a value of 1.7 ms for the decay time of the P700 triplet lowfield Z
peak. The average of determinations of the decay time of the P700 triplet
lowfield Z peak in three different samples prepared in state B was 1.8 ms.

Figure 7b shows data collected under the same conditions as in Figure 7a,
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Figure 6

(a). EPR signa1 kinetic trace obtained at a magnetic field strength of 2985

Gauss at 6.5% light intensity from a sample of photosystem I reaction
‘centers which were in the redox state P700*X" prior to measurement.

Spectrometer conditions are as described in Figure 4. Measurements were

made at 10 Kelvin.

(b.) EPR signal kinetic trace obtained at a magnetic field strength of 2970

Gauss at 6.5% light intensity from the same sample used for Figure 6a.
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‘Figure 7

(a). EPR'kinetic_trace obtained at a magnetic field strength of 2985 Gauss
at 2% light intensity from a sample of photosystem I reaction centers which
were in the redox state P700+X' prior to measurement. Spectrometer

conditions are as described in Figure 4. EPR measurements were made at 10

Kelvin,

(b). EPR kinetic trace from the sample used in Figure 7a at 2% light
intensity using 1 MHz field modulation. Spectraometer conditions: 3.7 Gauss
modulation amplitude, 100 us time constant, 0.1 mW microwave power, 9.229

GHz microwave frequency. The kinetic trace is the average of 6000 events.

(c). EPR kinetic trace obtained at a magnetic field étrength of 2985 Gauss
at 2% 1ight intensity from a sample of photosystem I reaction centers which
were in the redox state PZOO*FdA' prior to measurement, detected by means

of 1 MHz field modulation. Spectrometer conditions are as described in

Figure 7b.
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but using 1 MHz field mg@uiﬂtion for signal detection. A nonlinear leastv
squares-fit of the decay in'Figure 7b gave a value of 0.78 ms for the decay
time of the P700 triplet lowfield Z peak. The average of determinations of)
the decay time of the P700 triplet 1owfier L peak ih two different samples
_prepared in state B was 0.9 ms. We note that the.100 kHz response time, 300
us, gives rise to an overestimation of the decay times. For purposes of
comparison with Figure 7b, we have included Figure 7¢, which shows data
coT]ected under the same conditions as for Figure 7b, but with an identical

photosystem I fraction aliquot which was prepared in State A.

Antenna Triplet Kinetics Measurements

Figures 8a and 8b show the kinetics bbserved in a sample preparedvin
State A at the lowfield and'highfield antenna Z peaks, respectively, with
100 kHz field,modulation.and full laser light intensity. The lowfield Z
peak starts out in emission and turns over into absorption before decaying .
to zero, and the highfiéld Z peak starts out in absorption and turns over
into emiésion before decaying to zero. Clearly this is diagnostic of the
case of initial polarization combined with decay polarization which we
discussed in the theoretical section.

Figures 9 a-c show the results of EPR kinetics studies on the antenna
fraction described in the Materials and Methods section. This fraction
contains chlorophyll a proteins, but no detectable P700. During light
moduiation experiments at 33 Hz, we observed a light-induced triplet EPR '
signal (data not shown). The polarization pattern of the triplet signal was

eee aaa, and its zefo field splitting parameters were |D| = 0.028 cm'1

1

and
[E] = 0.003 an™". Figures 9 a-c show the kinetics measured using 1 MHz

field modulation, at the Z,X and Y peaks, respectively.
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Figure 8

(a). EPR kinetic trace observed at 2950 Gauss in a sémp]e of photosystem I
reaction centers which was in the redox state P700+FdA' prior to
measurement. This magnetic field strength corresponds to the lowfie]d JA
peak of the antenna triplet. The signal was detected by means of 100 kHz
field modulation. EPR spectrometer conditions are as described for Figure

4, except that the microwave frequency was. 9.147 GHz. The measurement was

made at 10 Kelvin.

(b). EPR kinetic trace observed at 3560 Gauss in the same sample used in
Figdre 8a. This magnetic field strength corresponds to the highfield Z peak

of the antenna triplet. EPR spectrometer conditions are as described for

Figure 8a.
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Figure 9

(a). EPR kinetic trace observed at 2950 Gauss in a P700-depleted antenna
chlorophyl] fraction which was isolated after Triton X-100 treatment of
spinach chloroplasts. This magnetic field position corresponds to the
lowfield Z peak of the antenna triplet. EPR spectrometer conditions: 1 MHz
field modulation, .5 us time constant, 3.2 Gauss modulation amplitude, 0.1
mW microwave power, 9.190 GHz micfowave frequency, 10 Kelvin, 5000 passes.
(b). EPR kinetic trace observed at 3180 Gauss in a P700-depleted antehna
chlorophyll fraétion which was isolated after Triton X-100 treatment of

spinach chloroplasts. This magnetic field position corresponds to the

- positive maximum of the lowfield Y peak of the antenna triplet. All other

. conditions are as described for Figure 9.

(c).EPR kinetic trace observed at 3035 Gauss in a P700-depleted antenna
chlorophyll fration which was isolated after Triton X-100 treatment of
spinach chloroplasts. This magnetic field position corresponds to the
loﬁfie]d X peak of the antenna triplet. All other conditons are as

described in Figure 9.



166

Summary of Results

Three main results emerge from the experimental data which we have
presented in this chapter, upon wﬁich we shall focus the following
discussion. The first result is that in the sample in which X is reduced
prior to measurement, the amplitude of the radical pair polarized P700
triplet EPR signal has a light intensity dependence very different from
that of the the antenna triplet EPR signal amplitude. At Tow enough Tight
intensities, we observe mainly the P700 triplet signal. We have measured
the decay rate of the P700 triplet EPR signal at the lowfield Z peak, and
so we shall discuss the lifetime of the triplet state of P700. The second
result is that the amplitude of the antenna triplet observed in the sample
in which X is reduced prior to kinetics méasurements has a very different
dependence upbn the light intensity than does the antenna triplet observed.
in the sample in which P700 is oxidized prior to measurement. We shall
discuss the implications of this résult with regard to the possibility of
excitation transfer from the species giving rise to the antenna triplet to
P700. The third result is that we observe the antenna triplet signal in a
P700-depleted antenna chlorophyll protein prepération. We shall discuss the
photokinetics of the éntenna triplet and show that the theoretical analysis
we presented in this chapter and in Chapter Two is successful in describing
the antenna triplet signal photokinetics, as well as those of the P700

triplet signal.

5. Discussion

On the P700 Triplet State Lifetime

As reported in the Results section, the decéy time of the lowfield Z

peak of the P700 triplet state EPR signal was measured to be 1.8 ms in 100
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kHz experiments and 0.9 ms in 1 MHz experiments. Unfortunately, our daté do
not yield a conclusive number for the P700 triplet state lifetime, for the
following reasdns.

First, we were not able to analyze kinetic data for the X and Y peaks.
- The decay observed optically, with which we nged to compare our results,
will be equal to K,y, where K,y = (Ky + Ky + Kz)/3. The three zero field
sublevel decays rates can therefore be obtained only from a complete field
profile of the kinetics. The data presented in the 1 MHz experiments in
Figure 7 has very poor signal/noise. It is clear by inspection of Figure
3d in Chapter Four that the signal amplitude at the X and Y peaks is about
one fifth as big as the amplitude at the Z peak, with the result that
measurements performed at the X and Y peaks have fivefold poorer
signal/noise. Thus we could not measure the decay times at the X and Y
peaks with any conffdence. |

Second, EPR signal kinetics measurements yield rates which are often
highly dependent upon the microwave power used during the measurement. The
decay times of signals measured near saturating microwave powers are
underestimates of the true decay timés [8j. The power dependence of the
decay rates therefore need to be determined, so that/the rates may be
extrapolated to their values at zero microwave power. The power which we
used in the kinetics experiments presented here was 0.1 mW, which is a
saturating power level for the P700 triplet EPR signal. Thus we were in
the difficult position of having to lower the light intensity so that we
would not observe interference from the antenna triplet signal, but at the
price of decreased signal/noise, which obviated a thorough study of the
microwave power dependence of the decay kinetics.

The measurements of the P700 triplet signal kinetics which we have
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presented here place an upper limit on the triplet lifetime observed at 0.1
mW. Because the decay rate observed optically is the average, Kay® of the
three zerofield sublevel decay rates, KAv will be equal to Ky if Kx and KY
are much slower than K;. However, the value at 0.1 mW power also happens to
be the lower limit with regard to the power dependence of the observed
decay time.

Our results are nevertheless in agreement with recent EPR studies of
the P700 triplet lifetime by Setif et al. [9] in photosystem I reaction
centers which had been isqlated'by treatment with the detergent sodium
- dodecyl sulfate. The antenna triplét is not observed in this pfeparation.
Thus, Setif et al. [9] were able to determine the canp1eté magnetic field
dependence of the P700 triplet state decay kinetics, as well as the |
microwave power dependence of the rates. The average triplet lifetime
extrapolated to zero power was roughly 1 ms [9], in agreement with the

optical measurements [2].

On the Light Intensity Dependence of the Antenna Triplet

There is an obvious difference between the light intensity dependenée
of the antenna triplet observed in samples in States A and B, as shown in
Figure 5. At light intensities below about 10% of maximum, the antenna
triplet amp1itude in the sample in State B is dramatically suppressed
relative to that of an identical a]iquot'of photosystem I fraction which.
has been prepared in State A. This difference constitqtes evidence that the
antenna triplet in redox State B may arise from a species which cén donate
excitation to P700, for the following reasons. At light intensities which
are far fram saturating for charge separation between P700 and A,

photoexcited antenna chlorophyll which can transfer photoeXcitation to P700
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will .do so, and will not undefgo in;grsystem crossing to the triplet state.
However, when the 1ight intensity is high enough that the charge separation
between P700 and A is approaching saturation; which corresponds to a
séturation of the P700 triplet EPR signal, antenna molecules cannot pass
their excitation to P700, and so will undérgb*intersysten,crossiné to the
triplet state. Then, if the antenna triplet arises from a species whiéh can
transfer exCitationvto P700, one would expect to'observe an attenuation of
the antenna triplet:EPR signal amplitude until the P700 EPR signal |
épproaches light-saturation during measurements of the 1ight intensity
dependences ofvthe'two triplet signals. However, we can only know'that the
antenna signal amplitude is attenuated at low light intensities due to
excitation transfer to P700»if we know the amplitude it would have in the

case that donation of excitation to P700 is impossible. We can determine

the amplitude the antenna triplet would have in the absence of excitation

transfer to P700 by studying the light intensity'dependence-of the antenna

triplet signal amplitude in a sample in which P700 is oxidized prior to

measurement. The fact that the antenna triplet amplitude in the sample in o

State B is suppressed relative to the antenna triplet amplitude in the

sample in state A at low light intensities suggests that the antenna

triplet arises from a chlorophyll species which can transfer excitation to
P700. | | |

~ We nbte that in Figure 5c, the ratio of the absorptive to the emissive
maxima (P/M) is a constant .in the §ample prepared in state A. However, the
variation of P/M observed for the sample in state B gives a saturation
profile for the P700 triplet signal. Thus, we can see from Figure 5¢ that
the antenna signal begins to build in amplitude only as the P700 signal

approaches saturation, which is again consistent with our hypothesis that
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the antenna triplet signal arfses from a species which is coupled to the
reaction center. |

However, it is necessary to be cautious about the results in Figure 5,
because we know that the antenna triplet signal lowfield Z peak has an
opposite polarity to that of the P700 lowfield Z peak, so that the two
signalsvcan cancel. Such a mutual cance]]ation would be an alternative
explanation for the fact that the antenna triplet signal amplitude in
Sample'B is suppressed relative to that‘in sample A untif the triplet
signal from P700 has reachedolight saturation. We shall argue in the
Appendix to this chapter that the differences between the light intensity
dependence of the antenna triplet signals in redox States A and B cannot be
due to a mutual cancellation of P700 and antenna triplet amplitudes, i.e.
that the differences are real. Thus, we conclude that Figure 5 constitutes
evidence that the antenna triplet arises from a species which can transfer
excitation to the reaction center. We note, then, that Figure 5 is the

first real justification we have for calling the antenna triplet by that

- very name.

On the Antenna and Radical Pair Triplet Photokinetics

We now wish to bring the work presented in this thesis to closure by
showing how the theoretical analysis which we have developed is able to
account for the experimental results presented fn this chapter. We note
before proceeding that it is easy to see in Figure 3 of Chapter Two that
the lowfield signal for the Z canonical orientation corresponds to thé
'signal S, and the h1ghf1eld signal corresponds to S_» where S_ and S_ are

given in Eq. 5 of this chapter. The lowfield signals for the X and Y
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canonical orientations'correspopd_to S_, and the highfield signals

correspond to S_.

Ne‘capnot say much about the P700 triplet signal kinetics observed at
the Z peaks, .except that the fact that the lowfield peak is absorptive and
the highfield peak isvemissive results from initial'po]arization by the
radical pair mechanism, whereby 1/2(P1 + P-l) - Po'in Eq. 5 is =47 The
fact that S; and S_ décay from absorption or emission to zero without
crossing the baéeline when the magnetic field is pdral]el to the Z

molecular axis suggests either that the depopulation is not selective or

. that there is a decay polarization which corresponds to KZ < (KX + KY)/Z.

Figures 9 a-c fortunately allow us to say quite a bit more about the

antenna triplet kinetics. These kinetics are a -combination of initial

'polarization and decay polarization. The signals are initially po]arizéd

with the pattern eee aaa, which corresponds to ¢X,¢Y’> 475 according to

Table 1 in Chapter Two. This pattern in turn corresponds to kx.ky > kZ for

_ the sublevel population rates. All three lowfield emissive signals

overshoot the baseline into absorption with a rate 3N1,*whereas all -three
highfield absorptive signals overshoot the baseline into emission (data not.

shown). Thus, it is clear that the signals are also decay polarized. The

‘decay polarization is. rationalized aé follows. The lowfield Z signal S+

overshoots the baseline because Kz < (Kx +'KY)/2’ The lowfield X and Y
signals, S_, overshoot because Ky > (KY + KZ)/Z and Ky > (Kx + KZ)/2,
respectively. Thus,'it»is clear that KZ < KX,KY, and therefore that Ni >
N*,Ny. This is consistent with the observed decay polarization pattern,

which is aaa eee,
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6. Conclusion

Recent results [10] have been.reported which we wish to discuss before
leaving the subject of triplet states in photosystem I reaction centers.v

Schaafsma has suggested [10] that the antenna triplet may arise from
chlorophyll a molecules whose bonding to the pfotein has been altered by
treatment with Triton X-lOO.'}Evidence for Schaafsm's view is twofold.
First, the antenna chlorophyll triplet is not observed via EPR in
photosystem I reaction centers which have been iSo]ated.by treatment with
sodium dodecyl sulfate [9,11]. Schaafsma [10] reports the observation by
fluorescence detected magnetic resonance of a triplet whose ID{ value is

1

0.030 cm™ ", i.e. the same as the antenna triplet, in sodium dodecyl sulfate

‘reaction centers. However, this triplet signal is not present when the
samples are freshly prepared; it appears only after the sample has been
exposed to the detergent for a prolonged period at room tempebature [12].

Schaafsma has also reported measurements of chlorophyll a in vitro in which

the central magnesium is ligated to one water molecule. This ligation to
water increases the chlorophyll a |D| value from 0.0278 to 0.030 cml,
However, he also reports that the triplet with the 0.030 anl 0] value in
sodium dodecyl sulfate reaction centers is associated with a protein band
on SDS-polyacrylamide gels, and ﬁherefore does not arise from free |
chlorophyll a. Based on these results, Schaafsm has suggested [10] that
the antenna chlorophyll arises from a protein-bound chlorophyll a species
whose ligation state is altered from the native state by detergent
treatment. |

Thornber has demonstrated [13] that protein-bound chlorophyll a is
highly unstable in sodium dodecyl sulfate. Fully one-third of the

chlorophyll a in SDS-extracts of chloroplasts is liberated from protein and
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moves as free_pignent during SDS-PAGE. It seems likely, then, that the
Eeason:the antenna triplet is not observed in SDS-extracts [9,11] is that
it has been removed or destroyed by-SDS-theatment. The results that we

have presented in this chapter are suggestive'that'the antenna triplet is

| coupled to the reaction center. We have consistently observed that the

antenna triplet recorded during light modu]ation experiments has a

phase-shift corresponding to its decay time. However, the |Dj value of the

signal at its maximum, i.e. of the phase-shifted signal, is also
consistently 0.0278 em-! (data not shown). This suggests to us that the
antenna triplet which we observe in Triton X-100 extracts is a convolution

of two triplet signals arising from chlorophyll.g antenna species. We

~mentioned in the Results section that the |D| value of the -triplet signal

observed in the antenna fraction was 0.0278 em-!

. We conclude therefore
that there may indeed be §ome partial denaturation of the chlorophyl1
ligation state in Triton extracts, but that there is also native
chTorophy]] antenna protein present in these extracts which is removed by
treatment with ;odium dodecyl sulfate. Further experimental studies are

required to settle this point.

s ozoernd
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Appendix

On the Mutual Cancellation of the Antenna and P700 Triplet Signal
Amplitudes

In this Appendix, we wish to show that the differences between the
light intensity dependences of the amplitudes of the antenna triplet
signals in redox Statés A and B cannot be due entirely to a mutual
cancellation of P700 and triplet signal amplitudes in State B. The reason
we need to show that the differences are real is that it is not at all
obvious that they are real, for the following reasons. We noted in the
Results and Discussion sections of this chapter that the lowfield Z peaks
of the antenna and radical pair polarized P700 triplet EPR signals have
opposite signs. The Z peak of the P700 triplet initially grows in |
absorptively with the instrument response time in 100 kHz experiments,
whereas the Z peak of the antenna triplet initially grows in emissively
with the instrument response time. Clearly, if the P700 triplet amplitude
is large enough, it can cancel out the initial emissive amplitude of the
antenna triplet. Without any question, cancellation of antenna triplet
initial emission by P700 triplet initial absorption contributes to some of
the reduction in amplitude of the antenna triplet emission in redox State B
relative to that in redox State A. In the latter redox state, there is no
P700 triplet signal. The question we are addressing here is whether mutual
cancel]atioh of anfenna emission by P700 absorption can account fdr all of 'g
the reduction in emissive amplitude of the antenna triplet in redox State B :
relative to that in redox State A. |

The argument we shall present is that if the P700 triplet signal is
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large enough to account for the reduction in amplitude of the antenna
emission in Eedox State B relative to that in redox state A, then there is
a constraint imposed upon the amplitude of the maximum absorption in the
kinetic trace. We will use the data of Figure 5 to calculate what the

maximum of absorption is required to be if the P700 triplet absorption is

. large enough to account for the difference in the amplitude of emission

between the antenna triplets observed in States A and B. We will compare
the calculated amp]ifude of the maximum absorption to the observed
amplitude, and show that the calculated value is too large.

We first present preliminary data which wi]l be used in the subsequent
calculation. We shall considervthe kinetic traces in Figures 6a and b,
which show the signal kinetics observed at 2985 Gauss and 2970 Gauss,

respectively, at 6.5% light intensity in a sample in redox State B. Both

signals start out in emission and then overshoot the baseline into .

absorption. Whereas the ratio between the emissive minimum and the
absorptive maximum is characteristically 0.2 for the antenna triplet
amplitude in the absence of any P700 triplet signal, the ratios in Figures
6a and 6b are 5.7 and 0.6, respectively. Thus it is clear that both
Figures 6a and 6b are convolutions of antenna triplet and P700 triplet
signal kinetics. The fact that the antenna triplet emission is observed at
all in Figures 6 a and b implies that the amplitude of the initial antenna
tripiet emission is larger than the amplitude of the iﬁitia] P700 triplet

absorption,'i.e.. that the antenna.triplet amplitude is larger than the

P700 triplet amplitude in Figure 6. When the antenna triplet amplitude is

.larger than the P700 triplet amplitude, the observed signal cannot reach

its absorptive maximum until after the antenna triplet signal crosses zero.

The absorptive maximum in Figure 6a occurs less than 1.6 ms later than the
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occurrance of the emisSive minimum. During this time, the P700 triplet
amplitude will decay from its initial value by a factor larger than
exp(-1.6/1.8) = 0.41. |

Keeping these preliminary considerations in mind, we now note that
when the antenna and radical pair polarized P700 triplet signals are .
convoluted, the observed emissive minima, MOBS(tl), contain a negative .
contribution from the antenna triplet signal, MANT(tl), and a positive

contribution from the P700 triplet signal, PRP(tl), that is
(A1) Mops(t1) = Mant(ty) + Ppp(ty)

The observed absorptive maxima, POBS(tZ)’ contain a positive contribution
from the antenna triplet, PANT(tz), after the latter has crossed zero, and

and positive contribution from the P700 triplet, PRP(tZ), that is

(A2) Poas(t2) = Pant(tz) + Prp(ta)

According to the data plotted in Figure 5, the antenna triplet signal at
2985 Gauss in the sample in State B at 6.5% 1ight intensity has an
amplitude 0.04 times as large as its amplitude at 65% light intensity,
whereas the antenna triplet signal at 2985 Gauss in the sample in State A
at 6.5% light intensity has an amplitude 0.6 times as large as its
amplitude at 65% light intensity. Lét us suppose, then, that convolution of
the antenna triplet with the radical pair triplet reduces the emfssive
amplitude of the antenna triplet to 0.04/0.6 = 0.07 times its true value. »

Then from Eq. 6 we would have
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(A3)  0.07 Mayr(ty) = Mayr(ty) + Pplty)

or

(A4) Prplty) = --93 Mppp(t;) = 0.93 X 0.6 = 0.55

The observed maximum is therefore constrained to have a certain value. As
we noted above, it occurs less than 1.6 ms later, when PRP has dropped by a

factor larger than 0.41 to 0.41 X 0.55 = 0.23. Therefore, PRP(tZ) in Eq.

‘A2 must. be at least 0.23 in the sample in State B at 6.5 % light intensity

if mutual cancellation between the antenha and P700 triplet signals
accounts for the reduction in amplitude of the antenna triplet in State B.
As we said in the preceding paragraph, we know that the ratio of the
absorptive maximum of the antenna triplet to its emissive maximum is 0.2.
Thus PANT(tZ) in Eq. A2 can be as 1arge'as 0.2 X 0.6 = 0.13 if the relative
emissive amplitude of the antenna triplet is 0.6.

We therefore have the result that 0.23 < Pos(tp) < 0.36 if our
hypothesis is correct that the true emissive amplitude of the antenna
triplet signal at 6.5% light intensity is 0.6 times its amplitude at 65%
light intensity, However, accdrding to the data plotted in Figure 5,
POBS(tZ) = 0.09, which is one half to one fourth as large as it needs to be
in order to satisfy the latter hypothesjs. An identical caluculation usihg
the data at 2970 Gauss in Figure 6b results in the requirement that 0.11 <
POBS(tZ) < 0.24; however, the observed value of POBS(tz) at 2970 Gauss is
0.06, which is again one half to one fourth as as large as it needs to be
in order to satisfy the hypothesis. The re]ative experimental error of the

measurements. in Figures 5 and 6 is less than 0.01. Thus we conclude that
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the differences between the light intensity dependences of the antenna
triplet amplitude in States A énd B cannot be entire]y due to mutual
~ cancellation between the P700 and antenna triplet signals in the sample in
State B. That is, we conclude that a significant fraction of antenna
ch1orophy11vmolecu1es are able to transfer excitation to P700 at light -i

intensities which do not saturate the P700 A charge separation.

N
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CHAPTER SIX

CONCLUSION

‘The work presented in this thesis divides naturally into two
categories of investigatidn: first, experimental studies of chlorophyll
tripTet states jn photosystem I; and, second, theoretical studies of
trip]etvstate photokinetics. In this final chapter, we §ha11 discuss the

overall conclusions which we have extracted from these studies.

1. Major Conclusions of Experimental Studies of Triplet States in

Photosystem I

The experimental studies presented in Chapters Three through Five
allow us to make same generalbconclusions about the mechanism.of primary
photochemistry in photosysfem I under conditions in which forward electron
transfer from A~ to X is blocked.

The first conclusion we may make is that the triplet stéte of P700
serves as an intennediate‘state in the back reaction between the P700
cafion and the anion of the earliest known acceptor, A. The results
- presented in Chapters Three through Five are suggestive that when forward
photochemistfy is blocked, the mechanism of primary events in photosystem I

may'be represented as

hv .
P700 A ——? p700tA”

1 ms (10 K)»t 3700 I



181

The results presented in Chapter Four suggest that when X is not

reduced prior to measurement, photoreduced A~ does not always transfer its

electron to X: it often undergoes charge recombination with p700* and

populates 3P700 in preference to forward electron transfer to X. A second

- conclusion we may make, therefore, is that there is either a heterogeneity '

in the population of photosystem I reaction centers, so that electron
transfer from A~ to X is impossible in a portion of the reaction center
population, or that there is a branch point in photosystemll primary
photochemistry. In Chapter Four, we presented the latter branch point by

the model

hv k ‘
( P700 A X— > P700* A" X ——L—p700*AX"
1 ms (10 K) k ‘ '
T %0ax (__J B

The results presented in Chapters Four and Five show that we observe
the antenna triplet EPR signal under conditions which close the reaction

center, i;e..under_conditions of high Tight intensity, or when P700 is

‘oxidized prior to illumination. A third conclusion we may make is thus

that at low temperatures, antenna chlorophyll species which are connected
to the photosystem I reaction center, but which cannot transfer their
excitation to P700, may undergo intersystem crossing to the triplet state

in order to dissipate excess energy.

- 2, Major Conclusions of the Theoretical Studies of Tripliet State

Photokinetics

The most important conclusion of the theoretical analysis presented in

Chapters Two and Five is that the spin lattice relaxation rates between the
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triplet spin sublevels are time dependent as a result of the metastability
of the lowest lying triplet state, Tl, that is, as a result of relaxation
of triplet sublevel population to the ground state. When one includes the
time dependence of the spin lattice relaxation rates in the analysis, one
obtains solutions of the triplet sublevel kinetic equations which are | v
simple and exact. The analysis of EPR triplet signal photokinetics which
we presented in Chapter Five yielded a proposal of a new triplet EPR signal
polarization mechanism, the decay polarization mechanism, which was

described in Chapter Five.

Finally, we brought the two separate lines of investigation, the
experimental and the theoretical lines, to full closure with respect to one
another in Chapter Five by showing that our theoretical analysis is
successful in describing the photokinetics of both the P700 and the antenna

triplet EPR signals.

3. Future Directions

Research in higher plant photosynthesis will change qualitatively in
the near future. Until very recently, workers have focussed onvprimary
events in photosystems I and Il separately, in order to determmine the
structure and function of each reaction center. This 1ine of research will

culminate when both reaction centers have been crystallized and when their

structures can be determined by Xray analysis. Until then, the triplet EPR .
signal from P700 can be used as an observable of charge separation within oy
' v

photosystem I, to elucidate further the composition and structure of the
reaction center.

However, the understanding of primary events in photosystems I and II
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is a1ready sufficiently well established that many workers have. begun to
_tack]e.a higher order of ch]orop]as£ functioning:.how photosystems I and II
function together in chloroplasts. This is the general direction in which
chlorophyll triplet state EPR studies can yield further progress in the
understanding of photosynthesié, as will now be discussed.

In the Conclusion of Chapter‘Four, we speculated that heterogeneity
within the photosystem I beaction center population could have implications
regardihg the participation of photosystem I in linear versus cyclic
electron transport: the fraction cpnnected’to X and Centers A and B would
participate with photosystem II in linear electron transport from water to
NADP+, and the fraction not connectéd to X and Centers A and B would be
coupled to the quinone-cytochrome-Rieske FeS oxidoreductase and would

undergo cyc]ic_g1ectron transport. This is certainly an interesting idea

~and very relevant to the question of the coupling between photosystems I

and II. However, same of the results presented in this thesis are
inconsistent with the hypothesis that there is a heterogeneity within the
photosystem I reaction center population with regard to the connection of

P700 and A to the secondary acceptors, X and Centers A and B. If a fraction

- of the photosystem I population were not connected to X and Centers A and

B, we would expect to observe the radical pair polarized P700 triplet EPR
signal at low light intensitiesvin the sample prepared in redox staté
P700+FdA’. The results we presented in Chapter Five show that (1) the
antenna ‘triplet P/M ratio observed during photokinetics measurements in the
samplg in reddx state P700+FdA' does not depend on the light intensity: the
P/M ratio is an indicatbr of the contribution of the P700 triplet signal to
the observed kinetics; &nd (2) the P/M ratio of the antenna triplet in

reaction denters in the state P700+FdA' is equal to that obsved in a
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P700-depleted chlorophyll protein fraction (data not shown in Chaptér
Five). Both of these results faken together are suggestive that we do not
observe the radita] pair polarized P700 triplet signal in samples prepared
in the redox state P700+FdA' prior to measurement, and thus that there is
not a fraction of the photosystem I popu]atioh in which A” cannot transfer 52>
its electron to X. | | |

The question of photosystem I heterogenity cannot be resolved on the
basis of existing data. Its resolution must be the subject of future
~investigation. In these investigations, the radical pair polarized P7OO
triplet EPR signal can be used as an indicator, not only of charge
separation, but of charge recombination between P700+ and A,

We have just been considering a question regarding the coupling of
electron transport between photbsystéms 1 and II. There is also a related
question regarding the transport of photoexcitation, not only within each
photosystém, but between the two photosystems. It is important to |
understand excitation transfer within and among the antenna and 1ight
harvesting chlorophyll proteins in chloroplasts in order to arrive at a
model of pigment organization and function. However, very little is known
about the structures of the light harvesting and antenna chlorophyll
Canp1exes in higher plahts, and this is where the antenna chlorophyll EPR
triplet signal can be a useful observable. As we discussed in the

conclusion to Chapter Five, the antenna triplet is not obServed in the P700

P

chlorophyll protein which is extruded from the CP I band of : s

SDS-polyacrylomide gels. Thus, the antenna triplet EPR signal may be

h Y ‘Q}

characteristic specifically of a chlorophyll a antenna protein which is
distinct from CP I. If so, then the antenna trip1et EPR signal could be

used in conjunction with chromatographic and optical studies to distinguish
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between different chlorophyll a antenna species connected to photosystems. I.

and II.

In summary, the EPR studies of chlorophyll triplet states presented in

" this thesis have contributed to the understanding of primary events and

excitation tranéfer in photosystem I. In the futUre, EPR studies of
chlorophyll triplet states can yield further information about primary
photochemistry, about the coupling of electron transport between
photosystems I and II, about the transport‘of photoexcitation to the
reaction centers and the dissipation of excess excitation, and about the
structure and organization of antenna and light harvesting ch]ohophy]l‘

protein complexes. The theoretical analysis of triplet state photokinetics

presented in this thesis will be useful for understanding the photokinetics

of triplet state EPR signals, not only in photosynthetic systems, but in
any system of organic molecules in which triplet manifold population is
possible following photoexcitation. The finding that the spin lattice
relaxation rates are time dependent in metastable systems will also need to
be incorporated into other theoretical analyses of EPR signal dyﬁamics,'

such as the theory of chemically induced dyhamic electron polarization

(CIDEP).
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