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Abstract

An ADMR T-S spectrum of the primary donor (P680) of photosystem II (PSII) was obtained from anaerobically photoreduced particles. The
spectrum is the best resolved obtained so far having a main bleaching band at 684 nm with a linewidth of only 100 cm™. The view that this spectrum
is produced by native homogeneous P680 unlike those obtained before is defended. A small bleaching observed at 678 nm is discussed in terms of
the reaction center structure. One possible interpretation of the observations is that P680 is a very loose dimer with an exciton splitting of only
144 cm™ corresponding to a dimer center-to-center distance of roughly 11.5 A.
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1. Introduction

Optical spectroscopy, and optically detected magnetic
resonance (ODMR) on purple bacteria photosynthetic
reaction centers have been studied in recent years and the
results were interpreted on the basis of the well-known
X-ray diffraction structure [1-3]. This task is now more
interesting for reaction centers of higher organisms for
which direct X-ray structural information is still lacking.
Although the similarities between the bacterial and plant
reaction centers have been widely discussed, the T-S
spectra seem to indicate differences in the interactions
between pigments and in the structure of the primary
donor [4]. The primary electron donor of PSII is associ-
ated with a spectral feature of 680 nm and is referred to
as P680 [5,6]. A pheophytin molecule is known to act as
an electron acceptor [7,8] in a light-induced charge sepa-
ration which produces the radical pair P680"Ph™. In
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Abbreviations: PSI, photosystem I; PSII, photosystem II; BBY, photo-
system II enriched membranes, known as BBY particles; D1D2, iso-
lated reaction center of photosystem II known as D1D2-Cyt b-559
complex; P680, primary electron donor to photosystem II; RC, reaction
center; ODMR, optically detected magnetic resonance; ADMR, ab-
sorption detected magnetic resonance; FDMR, fluorescence detected
magnetic resonance; MIA, Microwaves induced absorption; LD-
ADMR, linear dichroic ADMR; ZFS, zero field splitting; Qa, primary
quinone acceptor of PSII; Chla, chlorophyll a; Ph, Pheophytin; MES,
4-morpholineethanesulfonic acid; Tris, Tris(hydroxymethyl)aminometh-
ane.

large PSII particles, just as in the bacterial centers, this
charge separation is subsequently further stabilized by
secondary electron transfer reactions. Double reduction
of the Qa acceptor in PSII, or its absence as in isolated
reaction centers, increases the radical pair lifetime and
allows charge recombination giving a high P680 triplet
yield [9,11]. This double reduction can be obtained by
long exposure of the particles (several hours at room
temperature) to reductant action. It has also been shown
that during strong illumination under anaerobic condi-
tions, the PSII centers undergo processes which facilitate
light-induced formation of the P680 triplet [9,12].
3P680 is the interesting species which can be observed
by ODMR. This can be done either by observing the
fluorescence (FDMR) or the absorption (ADMR)
changes upon microwave resonance. In the absorption
case, in particular, it is possible to record the Triplet
minus Singlet (T—S) microwave induced absorption
spectrum (MIA) of the species. We have recently demon-
strated that *P680 observed by FDMR in isolated PSII
reaction centers is a quite different spectroscopic object
from that existing in larger particles [13]. In the latter the
3P680 signal is quite narrow while in the isolated centers
the corresponding signal is much wider and indicates the
presence of heterogeneity clearly produced during the
isolation procedures of the complex. The MIA spectrum
of P680 was obtained earlier for isolated centers [4] but
its analysis is complicated by this heterogeneity. For
BBY particles ADMR was performed by den Blanken et
al. [14] in 1983 but the results are difficult to reconcile
with the most recent ones probably due to the prepara-
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tion and to the scarce knowledge, at that time, concern-
ing the production of the P680 triplet.

In this paper we reexamine the ADMR spectroscopy
of BBY particles and verify the intactness of P680 in the
latter as opposed to the presence of artificial heterogene-
ity in the isolated centers. We also investigate more
deeply the origin of the heterogeneity by using the two
different methods of population of P680 triplet (see
above) and show that some damage also occurs for BBY
when the particles are kept at room temperature for a
long time. We show that, by using the photoreduction
method, it is possible to obtain a highly resolved T—S
spectrum of P680 containing spectral features which had
hitherto escaped observation. Finally, we reexamine the
possible interpretations of this T—S spectrum in terms of
the structure of the primary donor of PSIIL.

2. Materials and methods

2.1. Apparatus

Our FDMR apparatus is described in [15]. The same apparatus as
been adapted to ADMR experiments. The excitation light is also used
to probe the absorbance: the beam, filtered by a 5-cm path of water,
is focussed on a flat sample cell having an optimal path length of
1.5 mm, and after passing through the sample is refocussed on the slit
of a monochromator Jobin Yvon HR250 equipped with DATA LINK.
The intensity of the excitation beam is regulated by an iris diaphragm
and a set of neutral filters. The transmitted light is dected by a hybrid
photodiode OSI 5KM Centronic. The microwave apparatus is exactly
the same as that used for FDMR experiments. The photodiode voltage
is phase-sensitive detected by an EG&G 5210 lock-in amplifier at the
frequency of the amplitude modulation of the microwaves and the
signal is then divided by the photodiode voltage which is proportional
to the total transmittance: monitoring this signal as a function of wave-
length yields the T—S spectrum. Acquisition and plotting is controlled
by PC software written in our laboratory.

2.2. Samples preparation

BBY particles were obtained from spinach leaves in the usual way
[16]. The sample concentration was generally 40 ug/ml chlorophyll
content. The medium was 0.4 M sucrose, 10 mM NaCl, 50 mM MES,
pH 6. Glycerol was always added 66% vol/vol to the samples to avoid
matrix cracking and heterogeneity. Oxygen was removed from the
samples using a glucose/glucose oxydase system as described in [17].
10 mM dithionite was added under nitrogen when required together
with 30 uM methyl viologen and the sample incubated in darkness for
the time necessary to insure double reduction of Qa. Anaerobic pho-
toreduction was performed directly in the sample cell just before freez-
ing in the cryostat for ADMR measurements. The samples were illumi-
nated at room temperature with white light (150 W lamp) through a
5-cm-long water filter and an hot mirror (Ealing 35-6865) at 2000 uE
m™-s7! intensity, for different periods of time. Isolated RCs were
prepared according to [18].

3. Results

Fig. 1 shows the normalized ADMR spectra (|[D|~-|E|
and |DJ+|E| transitions) obtained from BBY particles
under steady-state illumination at 1.8 K and 683 nm
detection wavelength. The spectra were obtained after
the particles had been incubated for five hours with di-
thionite at room temperature, or after they had been
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Fig. 1. ADMR spectra from 690 to 1050 MHz (all peaks are normalized
to unity). Solid line: PSII particles after 5 min photoreduction; Dashed
line: PSII particles after 5 h incubation with dithionite. Detection wave-
length, 683 nm; modulation frequency, 33 Hz; microwave power,
13 mW; sweep rate, 3 MHz/s; time const., 300 ms; temp., 1.8K; 9 scans.

photoreduced for five minutes at the same temperature.
The reduced particles show resonances that are clearly
shifted a few MHz towards higher frequencies and that
are broader. No 2E transitions were detected.

The differences in the resonance frequencies are even
more evident on monitoring the absorbance at various
wavelengths around the maximum: the |D|-|E| transi-
tions detected in the range 680-688 nm are shown in
Fig. 2. A similar distribution has been monitored for the
ID|+|E| transition (not shown). We note that, for di-
thionite-treated samples, species absorbing at shorter
wavelengths contribute more to the linewidth.

Our ADMR spectrum of the isolated RC is identical
to that published by Van der Vos et al. [4], much broader
than those of BBY and shifted to higher microwave fre-
quencies and to shorter wavelengths with respect to
singlet-singlet absorption (not shown). Fig. 3 shows the
T-S spectrum of photoreduced PSII particles between
600 and 700 nm. In Fig. 4a spectra are also displayed for
dithionite-treated PSII particles and for isolated RC, in
the region where significant differences occur (between
660 and 700 nm). The recording was made at the maxima
of the respective |D|—|E| transitions of ADMR spectra,
with 1 nm resolution, and is normalized to emphasize the
specific shape.

All of the spectra exhibit a strong bleaching at 684.5
nm (photoreduced PSII particles), 683.5 nm (dithionite
treated PSII particles), 680 nm (RC), and with positive
peaks at about 673 nm (PSII particles) or 671 nm (RC).
Spectra from PSII particles show two small negative
bands at 639 and 630 nm which are well reproducible and
clearly not noisy. Interestingly the spectrum from the
photoreduced sample also exhibits a small bleaching at
about 678 nm. The preillumination time does not affect
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Fig. 2. ADMR spectra of PSII particles (|D|—|E]| transitions) recorded
at different wavelengths with 1 nm resolution; (a) after 5 min pho-
toreduction; (b) after 5 h incubation with dithionite. Conditions as in
Fig. 1.

the shape of the T—S signal but only its intensity which
reaches the highest value after about 15 min and then
decreases (data not shown), in agreement with the results
of Vass et al. [12]. On the other hand, we have observed
a sensitive dependence of the lineshape on the incubation
time of the samples with reductant (ranging from 3 to
48 h) namely a progressive broadening of all the peaks
and shift of the main bleaching at shorter wavelengths.
In the case of reduced particles the triplet yield was high-
est after about 5 h of incubation and then slowly de-
creased (data not shown).

4. Discussion

It has been shown recently [4,13] that, during the isola-
tion procedure, PSII reaction centers undergo modifica-
tions in the pigment’s environment which produce a het-
erogeneity in the magnetic spectral properties of *P680,
that is different ZFS values and a broadening of the zero
field resonances, compared to those found for large PSII
particles. From the T—S spectra of Fig. 3 it is clear that
optical spectral changes also occur. The main bleaching,
to be assigned to the primary donor, peaks 680 nm while
for large particles it does so at about 684 nm. In view of
the previous P680*~P680 absorption difference spectra
[8,19,20], it may be surprising to find P680 absorbing at
such a long wavelength. However, most of the spectra
mentioned are steady-state spectra which can be altered
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by the presence of oxidized antenna chlorophylls and
they have been obtained when the preparations were not
as good as they are today (note that experiments done
on chloroplasts [21] give a red-shifted P680 absorption
band). Moreover, the optical spectral bands are about
three times as wide as for the T—S spectra because of the
site selection of the magnetic resonance frequency in the
ADMR experiment and because of the difference in tem-
perature at which the experiments were carried out. It
must also be noted that absorption of P680 extending up
to 684 nm was observed even in isolated reaction centers
[22,23].

In principle the difference between the absorption of
P680 in isolated RCs and in large PSII particles could be
due to the absence of Q,, or to the removal of the Mn-
cluster and antenna complexes, if these are able to influ-
ence directly the P680 ‘environment’. However, we have
observed a blue-shift of the main bleaching together with
band broadening even in PSII particles when left at room
temperature for several hours, so that it seems likely that
most of the shift in the isolated RC comes from protein
alteration in the course of the isolation procedure. On the
other hand Tris washing of the particles before photo-
reduction does not cause any blue shift in the main
bleaching.

When comparing the ADMR and T-S spectra of di-
thionite treated and photoreduced samples (Figs. 2 and
4) it is evident that minor differences do exist. The latter
probably come from alterations occurring during the
long chemical treatment at room temperature which is
used to double reduce Q, rather than from some specific
effect due to the photoreduction. Since double reduction
and double protonation of Q, takes place during chemi-
cal reduction as well as during prolonged photoreduc-
tion [12], we do not expect differences in the influence of
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Fig. 3. T—S spectrum of photoreduced PSII particles from 600 to
700 nm. Microwave frequency, 721 MHz; sweep time, 0.13 nm/s; temp.,
1.8K. Other conditions as in Fig. 1.
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Fig. 4. (a) T—S spectra recorded, at the maximum of the |D|—{E| transi-
tion, from 660 to 700 nm: (1) PSII particles after 5 min photoreduction,
detect. freq. 721 MHz (solid line); (2) PSII particles after 5 h incubation
with dithionite, detect. freq. 724 MHz (dashed line); (3) RC complex,
detect. freq. 735 MHz (dotted line). (b) fit of spectrum (1) of (a). (see
Table)

the acceptor side to the PSII particles T—S spectra of
Fig. 3.

On the basis of these arguments and guided by our
results we believe that the spectrum obtained by the pho-
toreduction procedure contains new information con-
cerning PSII. We also think that the previously published
T-S spectrum of PSII particles [14], having bleachings
at 682 and 635 nm, and a small positive peak at 665, was
affected by artefacts. Note that the ZFS parameters cal-
culated from our ADMR spectrum are |D| = 0.02855
cm™ and [E| = 0.00450 cm™, while in [14] two sets of
values were given: |D|=0.02855, 0.02888 and
|E| = 0.00388, 0.00422 cm™', respectively. The small
bleaching at 678 nm, which is lost for the samples treated
with dithionite, is certainly not due to an artefact as it
was perfectly reproduced in many experiments, hence it
must be considered in analyzing the T-S spectrum in
terms of the RC structure. Moreover the linewidth of the
principal bleaching band which is of the order of 100
cm™, the smallest obtained to date, puts an upper limit
to any splitting contained within the lineshape of this
band.

Both of these novel features of the spectrum are re-
lated to some of the interesting questions about the struc-
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ture of P680 [5,6]. The most recent discussions are those
of Braun et al. [24], who have analyzed the optical ab-
sorption and the CD spectra of the D1D2 complex, and
of van der Vos et al. [4] who have analyzed the T-S
ADMR spectra of the same complex. The first paper
concludes that there is a Chla dimer with a separation
between the centers of the two pigments of about 10 A
with an exciton splitting in the Q, band of about
250 cm™. The intensity ratio between the transitions
assigned to the two exciton couplets is consistent with an
angle of about 150° between the N;-N; axes of the two
chlorophyll molecules. The second paper concludes that
no evidence can be extracted from ADMR T-S8 spec-
trum for any exciton splitting. This is clearly related to
the very heterogeneous nature of the D1D2 complex and
means that the analysis of Braun et al. cannot be consid-
ered definitive.

It is clear that our ADMR T-S spectrum of P680
obtained from photoreduced BBY particles is more eas-
ily amenable to analysis because of the intrinsic smaller
linewidths. The upper limit of any exciton splitting or
vibrational feature contained within the main bleaching
band is less than 100 cm™ (the linewidth of the band),
less than the splitting invoked by Braun et al. and much
less than the smallest vibrational interval ever invoked
in any spectral analysis of monomeric chlorophyll sys-
tems (300 cm™ [24]).

Our tentative interpretation of the new features is
based on the hypothesis that the negative peak at 678 nm
is the low intensity exciton component of the P680 Q,
absorption. A possible decomposition of the ADMR
T-S spectrum, shown in Fig. 3, with a minimum number
of gaussians to reproduce the blue side of the main
bleaching is shown in Fig. 4b (660-700 nm region) and
the components and amplitudes are reported in Table 1.
Band 1 is assigned to the low energy, high intensity com-
ponent of an exciton couplet originating in the Chia
dimer constituting P680 whose high energy, low intensity
component is band 2. This is an assignment of the type
invoked by Braun et al. [24]. If band 2 is indeed a ‘loose’
exciton partner, its low intensity (one twentieth of the
low frequency partner) is an indication of the almost
antiparallel direction of the two transition moments and

Table 1
Parameters for the gaussian components of the fitting curve:
3 4; exp - [(A - AAA/DF

Ay (nm) 42 (om) A

) 684.5 4.6 -100
(¥)) 677.8 43 -6
A3) 673.0 6.4 +19
@) 671.2 44 -9
(5) 666.5 4.6 +6
©6) 640.0 7.0 -2.5
@) 631.0 7.0 -2.5
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the splitting of only 144 cm™' corresponds (within the
point dipole approximation [25]) to a dimer center to
center distance of about 11.5 A. Band 3 is assigned to the
transition corresponding to the S, « S, transition of one
component of the dimer when the other component is in
the triplet state; bands 4 and 5 are possibly due to a blue
shift of the Q, band of an accessory Chla molecule when
the neighbouring P680 Chla component is in the triplet
state. An assignment based essentially on the main
bleaching being due to one exciton component and the
main absorption being due to the ‘monomeric’ compo-
nent of the triplet spectrum, was used as early as 1983
both for P680 and P700 [14,26]. In the discussion of the
latter the question was raised as to the apparently
anomalously low intensities of the ‘monomeric’ compo-
nents of the spectrum (bands 3-6 in our case) and it was
left unanswered as it remains today, calling for theoreti-
cal reappraisal. Bands 6 and 7 (not shown in Fig. 4b, but
see the enlarged scale inset of Fig. 3) could be assigned
to a vibrational component of the main band and to a
Q, transition. These features would be in keeping with
the classical assignment made by Shipman et al. for hex-
acoordinated Chla [27] where the vibration coupled with
the main Q, transition is 1160-1300 cm™ and the differ-
ence between Q,(0,0) and Q,(0,0) is between 700 and
1000 cm™ depending on the axial substituents. Bleach-
ings of similar intensity have also been observed in T—S
spectra of long wavelength absorbing chlorophylls pres-
ent in CP43, CP47 complexes [28].

A second interpretative scheme is also possible, similar
to that used for P700 T-S spectrum [26]. In this scheme
the negative feature at 678 nm could be assigned to an
accessory chlorophyll shifting toward the red when the
‘dimer’ is in the triplet state. The red positive component
is not immediately seen in the spectrum but results from
an ‘ad hoc’ fitting (not shown). In this case the blue
exciton component may be one of the two negative fea-
tures at 630-640 nm or it may be contained within the
linewidth of the main band. In one case the exciton split-
ting would be significantly larger than in the former
interpretation (1030 cm™ corresponding to an inter-
dimer distance of about 5-6 A, at the limit of the point
dipole approximation), in the other case the dimer inter-
action becomes almost negligible. At present we have no
way to choose between these two interpretations but
certainly help could be provided by LD-ADMR experi-
ments [2] which we intend to carry out in the future.
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