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SUMMARY

Time resolved Electron Paramagnetic Resonance (EPR) studies were
done on‘broken spinach chloroplasts under reducing conditibns.at low
temperature (10 K).‘ A dramétic dependence of.sighal dynamics and
1inéshape in the g=2.00 regibn on the reduction state of Photosystem I
is demonstrated. Compugér simu1htj6ns of the spin polarized lineshapes
obtained in this work lead to the conclusion that the primary electron
acceptor in Photosytem I, a species known as Al; is a chlorophyll a

dimer.



INTRODUCTION

Light induced electron spin po]arization is an important conse-
quence of charge Séparétion in the primary photoreactions of_:
photosynthesis.‘ Spin polarization has been studied in a widé variety of

green p]ant.[l-4], algal [3-6] and bacterial [7] preparatiohs using
| electron paramagnetic resonasce (EPR) techniques-at room temperature and
-vat Tow temperature." Al] of these studies make use of pulsed light
excitation and fasf time-resolved EPR ts probe fhe initial charge
- transfer events of the photosynthetié process. The information
contained in these measurements is of four types (a) structural--the
arrangement of the primary photoreactants with respect to each other and
with respect to the membrénes in'which they reside is contained in the
~ spectra from f]ow oriénted [2] or magnetic field oriented [4]
photosynthetic systems; (b) the chemical identities of the donors and
acceptors involved in the primary photochemistry of.photosynthesis is
obfained from the ¢ factof and hyperfine coupling constants required to
simulate the observed spéctra]'lineshapés [7]; (c) the observed kinetic
profiles can be resolved into chemical and spin lattice relaxation
dynamiCS by sthying-the kinetics of the system as a_function of -
microwave power and temperature [8]; (d) intefa@tions betweeh the
photoreactants can be analyzed [9].

We have investigated the low potential redox dependence of the fast
transient EPR signals which are observed in Qhole chloroplasts and in
photosystem I preparations from spinach. Our choice of sample
»-?Spditions for this study was based on the current model of the
photosystem I reaction center organization, which may be'fepfesented.as

P700 A1 X FdB FdA [10]. P700 is the primary electron donor. Al is



thought to.be the primary electron acceptor [10]. X is an EPR-
characterized sbeciesvhaving g valueseof 2.07, 1.86 and 1.75 [11]. FdB
and FdA are iron seifur centers which can be reduced chemically by
sodium dithionite in the dark [12,13]. X and Al’ which have very low
:reduction potentials, can be reduced by sodium dithionite plus
illumination whi]é freezing to 77 K [14].

For samples poised in the redox state P00 M X FdB' FdA' we have
essentially duplicated for chloroplasts the results reported by McIntosh
gt_gl [3,4] for algae and subchloroplast particles. However, if the
: photosyStem [ reaction center is poised in the redox state
P700 A, X" FdB' FdA; prior to the Tow temperatufe pulsed-light EPR
meesurement,va substantial change in both dynamics and speetral
lineshape of the observed'tkansient'species is observed. It is possible
- to interpret these new findings to distinguish between two candidates
fer the primery acceptor Al’ which has‘been attributed to a chlorophyll
a monomef [15,16] or a'chlorophyll a dimer [17]. We also raise
- questions concerning~the validity of g—va]ue’assignments that ignore
interactions between the primary photoreactants, and we describe the use
of a quantum mechanicel model that permits e quantitative analysis of

the experimental lineshapes.

MATERIALS AND METHODS |

Time resolved EPR measurements were made at X-band using a Varian
E-109 spectrometer employing 1 MHz magnetic field modulation and
equipped with an Air Products Helitran cryostat. The measured response
time of the instrument'wae 2 usec. The Varian TE 02 cavity (E-231) used

in these experiments was fitted with an 6ptica1 flange made from K-band



waveguide to allow 100% transmission of the exciting 1ight; The output
of the 1 MHz lock-in amplifier was fed directly into a Nicolet Explorer
IiIA Oscilloscope with a Model 204 plug-in. The recorder traces were
thén frénsmitted tq a NIC-80 miﬁicomputer for'signa1 averaging and
analysis.

The light source for these experiments was a-Phase-R DL-1400 dye
laser operating at 590 nm (Rhodamine 6G in,methanol) with a 500 nsec
pulse width. Typical.pulse energies of 100 mJ were utilized, and care
was taken to'insure.that the 1ight was always saturating. Pulse
repetitibn rate was 1 Hz. Temperature measurements were made‘with a
gold/chromel thermocoup]e.' |

The possibility of rapid passage distortion of the EPR signa]s.was
tested using direct defection of-résonance; In these experiménts, the
magnetic field was not moduTated, and the output of the microwave mixer
was fed into a wideband amplifier with a bandwith of 300 Hz - 10 MHz and
a gain of 30-80 dB. 'After amplification, the signé]s were recorded as
above. Transient signals which arise from heating'of the Sample énd
cavity by the laser flash Were eiiminated byvrecording signals on and
of f resonance and subseqdént subtraction after signal averaging. It
should be noted that these.artifacts arise only accompanying direct
detection and are small at the low microwave power levels used in our
experiments. | |

‘Broken spihach.chlorop]asts were prepared as described [2] in 0.4 M
sucrose, 0.95 M Hepes buffer, 0.01 M NaCl, pH 7.5. After isolatioh, the
ch]oropTasts were resuspehded in 0.2 M glycine buffer, pH 10.1 and
treated with 0.2mM EDTA. These resuspensions were then treated in two

different ways:



Treatment with dithionite: Chloroplast suspénsions'were degassed
and mixed with sodium dithionite under N2 atmosphere so that the
cohcentration of the reducing agent added was 50 mM. - 10 uM methy]

viologen served as a redox mediator.

Treatment with ferricyanide; Ch]orop1ast suspensions were mixed

with potassium ferricyanide such that the concentration of the oxidant

added was 1 mM.

In some experiments digitonin particles were used instead of broken
spihach_chiorop]asts. These particles were prepared‘as previously -
described [19]. In éach case, the treated suspensions were combined
with Ah equal amount of ethy]éne glycol, sealed in EPR tubes, and stored
at 77°K. Some samples treated with dithionite were poised at a lower
| redox potential by illumination with a 400 watt tungsten lamp during
freezing.

Decay constants were obtained from digitized kinetic traces by
fitting them withva non-linear least squares computer program (ZXSSQ of

the IMSL Tibrary).

RESULTS

Spinach chloroplasts which were frozen dark'invthe presence of
dithionite give rise to a fast-decaying EPR signal ( 60 pysec at 50 uW of
| microwave power at 10°K, see Fig. 1) after a light pulse from a laser.
A plot of the amplitude of the EPR transient versus magnetic field
strength is shown in Fig. 2. The spectrum contains both.emissive and
absorptive cbmponents which are observed over a 30 G rangé near ¢ =
2.00. This EPR transient is also observed without using field

modulation (Fig. 3), and its spectrum exhibits a lineshape that



correspondé to the first derivative seen using field modulation (Fig 2).
Because thére is qualitative agreement between the lineshapes in Figs. 2
aﬁd 3, we conclude that rapid passage effects owing to field modulation
| detection of the transient amplitudes are small. Furtﬁermore, these
rapid transient signals do not decay directly to zero. When examined at
longer (msec) times after the 1a§er pulse, the signals cross the base-
line and decay subsequently to zero only after approximately 1 msec
(Fig. 4). Both of these kinetic components show a dependence on micfo—
wave power and temperaturé. ‘A plot of the dynamics of the faster
component versus m1crowave power is g1ven in Fig. 5. |
Ch]orop]asts or digitonin photosystem I particles prepared in the

state Pyoq A X~ FdB' FdA' by freezing under illumination in the
presence of dithionite gave rise to a much faster-decaying transient

(6 usec at 50 uW of microwave power at 10 K; Fig. 6) after a light pulse
“from a laser. The relaxation time of this transient ;igna] decreases
to 2 ﬁsec (our instrumental time resolution) as the microwave power is
raised to 100 uW. A p]ot of the amplitude of the transient signal
(observed using field modulation) versus magnetic field strength (Fig.
7) reveals a mixed emissive aﬁd ébsorptive pattern which iévsignifi-
,cant1y different froﬁ the spectrum shown in Fig. 2. The transient EPR
spectrum of chlor6p1asts prepared in this condition was also observed
using direct detection (Fig. 8). No longer-lived (msec) component is
observed at Iongek sweep times in these samples, However. : -

An orientation effect of the transient spectra was observed on -
magnetically aligned chloroplasts prepared only in the redox state; P700
A; X FdB° FdA' [21]. Transient EPR signals identical to those shown in

Figs. 1 and 6 were observed in photosystem I-enriched preparations. No



transient EPR signals were observed in the g = 2.00 region of spinach
“chloroplasts which were treated with K3Fe(CN)6, thereby oxidizing P700
to P700". |

DISCUSSION

. Theoretical model

The Hamiltonian for two interacting spins can be written

(1)
where
t - (2)

1. o | (3)

=
"
w
—
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s
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ex ~ x

(4)

!

The first term is the Zeeman interaction where Bis the Bohr magneton, 50



- is the magnetic fie]d'vector, gl is a diagoné] g-tensor for the spin of
radical 1, ahdbgztAis the ¢ tenéor for thg spin pf radical 2
tranéformed into the g; coordinate system by an Euler angie rgtation
matrix. 31 and§2 are’the total spin operators for radical 1 and
radical 2, respectively. Thé second term represents'the hyperfine
interacfion summed over the i and ¢.possible hyperfine states having the
coupling constant tensors Qli and sz and nuc]ear'spin operators 11 and
v 52 for radicals 1 andv2, reépective]y. .Tﬁe third term is the isotropic
electron spin exchange interaction.

We generate thevHami]tonian mafrix by assuming the high-field basis

set:

|$> = 1/Z (aB-Ba)
|T+]> = oa ’ | (5)
1W/Z (oB+Ba)

1Ty

.|T_]> BB
The special case of this»Hami1tonian matfix which is perfinent to our .

problem is given by eq. (6).

This matrix assumes isbtropic 91> 9p» A and J énd may be.solved
numerically by inserting appropriate values of the parameters 95 9ps J,
Ali,Azj and diagdna]izing the matrix. Iteration over the hyperfine
states is necessary. | '
The.transition field positions, Eij,‘are calculated from

differences between the eigenvalues. The oscillator strengths, Pn,,for

the transitions are determined from the relation
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2
7
Pn a | <wa|g]§1x + 959,y 1ep>l (7)

where wa and y p are the wave functions of the levels which are coupled
by the microwave field. The probabilities are then convoluted using a
gaussian lineshape function having a fixed width,.A, across the field

profile, i.e.

| 2 |
(Hg) = 3 Py % expl-(Ep-Ho) /s (8

In some cases an anisotropic 9, tensor was needed. In these instances
the second Zeeman term was given asB8g,« H, and the "powder pattern"

spectrum was generated by integrating over the angle variables which

project the Hj field onto the gp axes.

rBecause our experimental results show significant spin polariza-
tion it is necessary to incorporate into this analysis a provision for
allowing a non-boltzmann population of'spin states to weight the
oscillator Strengths. Assuming that the charge transfer is coherent and
occurs from a singlet precursor one weights the oscillator strengths
determined by equation (7) by the‘calculafed singlet coefficient given
in the interacting system basis set. |

The oscillator strengths for the four radical pair transitions

derived from equation (7) are ' ‘

0o
P] | 1 J/wij
13 =1+4J '
Py = lwi o ()
ij . o | |
P3 =1+ J/wij
i - g
P4 1 J/wij

x,
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where | L e s s a

wjy = (Lgy = gp)8hy + (1M} - AJMD)IZ + 023 % (10)
In‘the High field 1imit S --T;l and S - T_1 mixing are normally smél]
(18) and so 5-T, mixing dominates. We thefefore ask what percent of
singlet character ends up in the'|+5 = C1|S> ¥ CZ}T0> level and the |->
= C3IS> - C4|To > levels. The coefficients C1 and C3'are obtained from

the diagonalization of the matrix equation [1] and are given as

€y = (1 + j/wij)% 3 €y = (1- J/mij)% - (11)

The corrections to the pscil]ator strengths from spin polarization are

given by the square ofithese coefficients, and are 1 + J/wij for Plij
and P4ij because these involve transitions to the |+ > level and 1 -
J/“%j for Pzij and P31.j because these involve transitions to the -l- >
level. fhe net effect is that all oscillator strengths are equa1 in

- magnitude but positive for absorptions and negative for emission.

Dynamics of the Transient Signals

An interesting feature of the trénsient EPR signa]é of Figs. 1 and
6 is the fact that the relaxation is dependent on redox potential. Upon
prior reduction of X the half life of the obser?ed decay decreases by an
order of magnitude. This is what one might expect to observe from a
rédica] in close proximity to a fast relaxing paramagnetic species,
(e.g. X*), or if the dynamics reflects the back reaction of the radical
pair.. |

The decay of electron spin polarization when monitored by continu-

ous wave EPR techniques is a convolution of three processes [7,8]. The
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dominant process at high microwave powers can be stimd]ated emission or -
absorption of microwave radiation [7]. The other processes are spin-
1éttjce relaxation and chemical decay of the radical pair. Thus, the
observed deéay rate is a convolution of rates of differing magnitude.
The relative contributions of these processes can be sorted out as
deséribed by Atkins et al., [8], ny studying the microwave power
dependence of the.decay dynamics. In the absence of chemical relaxation
and distortions due to magnetic field modulation [22], the transient

so]utiohs to the Bloch equations predict a simple exponential decay with

decay constant given by

keff = Vegr = 1Ty * (YHl)sz/_“ s o) (12)
where T1 and Tz are the spin lattice and spin spin relaxation times, vis
-the gyromagnétic ratio, H1 is the magnitude of the microwave fiéld and Sw
is the frequency offset from resonance. .The7assumptions made in the
derivation of egation (12) are T{>>T, and &# 0. Equation (12) predicts
thaf a plot of_the observed decay constént versus microwave power (which
is proportional to HIZ) wil} yield a straight line. Extrapolation to
zero power will'give a value for Tl‘ The linearity of a plot of the
effective decay constant atvlow microwave power provides evidence for
‘the validity of the‘assumption that chehica] decay was not important.

The spin polarized signals from spinach chloroplasts with only Fdp
and FdA reduced‘(Fig. 1) are slow enough at Tow femperature so that they
can be time resolved with our instrument. The power dependence of the
effective rate of this deéay is shown in Fig. 5.‘ It is nearly linear,

“indicating that the chemical back reaction rate is not important, and _

P
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‘extrapoiation io zero power gives a T, of 60 usec.

Preliminary studies on the slower kinetic component (Fig. 4)
arising.in spinach-ohloroplasts prepared in this same redox state show a
non-linear dependence on microwa?e power suggesting that chemical decay
' is contributing at longer timés.. Future studies will focus on |
extracting the relative contributions of each or the dynamical processes
from the'effective decays of the spin po]arizedvtfansients as a function
of redok potential, temperature and microwave powen.

A App]ication of the model to the results obtained from chloroplasts

prepared in the redox state P700 A; X°_Fdy™ Fd,”
| I1lumination while freezing the chloroplasts in the presence of
sodium dithionite not only reduces X to X~ but is reported to reduce A1
to Al' [15]. However, because of the 1ow.potentia1 expected for the
_A1/A1' couple and because we observe a transient EPR signal following a
pulse of light in photosystem I-enriched preparations, it appears that
A1 is not fully reduced under our conditions. We conclude that the
observed specfra are representative of the p700* Al' radical pair. This
conclusion is consistent with previous studies which detected radical
pair recombination triplet states in photosytem I nreparations and
spinach chloroplasts prepared under the same conditions [19]. An
alternative explanation is that A1 is fully reduced under these
conditions and there exists another acceptor preceding Al' Because
there is no supporting evidence for this possibility we fevor the first
hypotheeis. |

Tne spectrum shown in Fig. 7 displays no defectable orientation

dependence in magnetically aligned chloroplasts, indicating that

~ contributions from anisotropic g tensors or other anisotropic
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interactions are negligible. The absence of an anisdtropic g-tensor at
this stage of photosynthetic electron transport is reasonably consistent
with the view that fhe primary donor and acceptor of photosystem I are
~ chlorophyll speeies.
N To test the hypothesis that A is a chlorophyll dimer or monomer,
computer simulations of the possible radical pair spectra were done
using the anainis presented above. Two sets of simu]ations‘were_done.
In the first set the radical pair consisted of a Chl a dimer cation
species and a Chl a monomer anion, while in the second set of simula-
‘tions the radical pair was takeh to be a Chi a dimer cation and a Chl a
dimer anien. The g-values and hyperfine couplfng constants used in our
simulations were taken from the work of Fejer, et al. [20]. The results
of fhese simu]atidns for various values of the exchange integral, J, are
shown in Fig. 9.

The'criteria’u;ed-for choosing the best fit to the spectrum of
Fig; 7 are_thevspliftings between the peaks and their relative ampli-
tudes. We found that for a J.value of 1.5 G the ép]itting between the
peaks was nicely predicted in both cases. We also fdund that the
amount of asymmetry in the spectrum was very sensitive to the

differences in the hyperfine fields of the two radicals if they are

weakly coupled (low J) and the g-value difference between them is small. -

-This effect can be seen clearly in Fig. 9. As J is increased above 10
G, the asymmetry in the predicted radical pair spectra vanishes.
Further, these simulations are in much closer agreement with the

experimental results (Fig. 7) under the assumption that A, is a dimeric

chlorophyll species.

Fad
.
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_ Application of the model to the results obtained from ch]orop]asts

prepared in the redox state Py, A X FdB~ FdA'o

| At first glance the spectrum shown in Fig. 2 appears to be fit by a
model where J is zero. The spectrum qualitatively resembles a
convolution of two gaussians with nearly identical g vé]ues, but one
broad in emission and the other natrow in absorption. However, the
spectrum ;annot be fit within the Timits of the experimental error by
such a model. A major inadequacy of this model is that it does not
explain the orientation dependence of the spectrum [4,20].. Isotropic
spins would not produce such a result unless the interaction between the
species is orientation dependent (e.g., dipolar). = The prospect of
dipolar coupling contributing to'the spectra was ruled out when attempts
at simulating the lineshapes in Fig. 2 through equation (6) proved
unsuccessful. Most likely, the anisotropy arises from the g tensor

anisotropy of X.
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FIGURE CAPTIONS

Figure 1. EPR transienf signal from broken spinach ch]orop]ést suspended .
under N2 gas in 0.2M glycine buffer, pH = 10.1, treated with 50mM sodium
dithiohite; 10 ﬁM ﬁethy1_viologen, and ethylene glycol before freezing in the
dark. The spectrometer Settihgs were: microwéve pdwer, 50 uW; temperature,
10 K; fieid modulation frequency, 1 MHz; modulation amplitude, 4G. ThiS

trace i$ the average bf 400 events.

Figure 2. A plot of transient signal amplitude versus magnetic field
' strength for broken spinach chloroplasts prepared as in Fig. 1. The/

conditions for the measurement were identical to those given in Fig. 1.

Figure 3. A plot of transient signal amplitude versus magnetic field
- strength for broken spinach chloroplasts prepared as in Fig. 1. The
cohditions for the measurement were: microwave power, 50 uW; temperature, 10

K, and direct detection of the EPR transient was utilized.

Figure 4. EPR transient signal identical to that of Fig. 1 except that the

sweep time of the transient recorder has been lengthened to 10 msec.

Figure 5. Plot of the decay constant versus microwave power for the}rapid
transient signal displayed in Fig. 1. Thé decay constant was obtained by

fitting the digitized data to a single exponential using a non-linear least

squares computer program.

Figure 6. - EPR transient signal from broken spinach chloroplasts suspended
under N2 gas in 0.2M g]ycihe buffer, pH = 10.1 treated with 50mM sodium

g
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dithionite, 10 uM methy viologen and ethylene glycol. The sample was then
frozen during i]luﬁinatioﬁ with.a 400W tﬁngsten Tamp. The spectrometer
settings for thisvmeasufement were: microwave‘power, 50 uW; temperature, 10

K; field modulation frequency, 1 MHz; field modulation ampiitude, 4G. This

trace was the aVerage of 400 events.

Figure 7. ‘A plot of transient signal amplitude versus magnetic fiela
strength for broken spinach chlorop]asts,prepafed as in Fig. 6. The

spectrometer Settings were identical to those of Fig. 6.

Figure 8. A plot of transient signal amplitude versus magnetic field stength
for broken spinach chloroplasts prepared as in Fig. 6. The spectrometer
settings were: microwave power, 50 uW; temperature, 10 K; direct detection;

and gain - 80dB. - The kinetic traces from which the points were obtained were

‘the average of 400 events.

Figure 9. Computer simulations of the transient EPR spectrum obtained from

- spinach chloroplasts treated with dithionite and frozen under illumination.

‘ Thevsimu1ations on the left were done assdming A1 to be a chlorophyll monomer
anion species wﬁi]e those on the right assume A1 to be a ch]orophy]] dimer
anion species. The magnitude of J is given in gauss for each simulation.

The g-values and hyperfine coupling constants used are: for Chla dimer
cetion,'g = 2.0025, hf coupling constants - 2.1G (4 protons), 1.3G (6"
protohs); for Chla monomer anion, g = 2.0029, hf coupling constants - 4.05G
(3 protons), 1.95G (3 protons); for Chla dimer anion, g = 2.0029, hf coupling
cofistants = 2.026 (6 protons), .98G (6 protons).
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A = chlorophyll monomer
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