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Flash-induced enhancements in the NMR spin-lattice relaxation rate of solvent protons have been detected
in suspensions of Photosystem II particles. The relaxation enhancements are small (less than 1% of
background) and have been detected using signal-averaging techniques. The enhancements correlate with the
known properties of the S states with respect to (1) decay kinetics, (2) extractants of manganese, (3)
sensitivity to atrazine-type inhibition of electron transport, (4) reagents which accelerate S-state decay
(ADRY reagents), and (5) the two-flash retardation in the S-state advancement that is produced by low
concentrations of NH,OH. The transient proton relaxation enhancement observed after a single flash arises
from a strongly relaxing paramagnetic species that is produced by the S, — S, transition of the water-oxidiz-
ing center. The appearance of such a species on an oxidative transition is suggestive of an Mn(III) —» Mn(IV)

oxidation.

Introduction

The photosynthetic oxidation of water to
molecular oxygen takes place on the inner surface
of the chloroplast thylakoid membrane, where the
reaction is mediated by a catalytic center thought
to contain four manganese ions [1-5). The cata-
Iytic cycle of water oxidation involves a sequence
of five oxidation states, called the S states [6,7],
which couple the one-electron photooxidation re-
actions at the Photosystem II trap to the four-elec-
tron oxidation of water. Evidence has been pre-
sented supporting the participation of manganese
redox chemistry in the S-state transitions [8-14],

Abbreviations: Mes, 4-morpholineethanesulfonic acid; Chl,
chlorophyll; PS, Photosystem; DCMU, 3-(3,4-dichlorophenyl)-
1,1-dimethylurea; CCCP, carbonyl cyanide m-chlorophenylhy-
drazone; ADRY, acceleration of the deactivation reactions of
the water-oxidizing enzyme system.

but relatively little structural or electronic infor-
mation on the metal center is available.

Within the past few years, both ESR and opti-
cal signatures of the S states have been reported.
Low-temperature ESR spectroscopy has revealed
a 17-20 line signal centered near g = 2.0 that is
associated with the S, state in membranes that
have been dark-adapted for a period of several
hours [9-11,15-18]. A broad g = 4.1 signal which
also apparently arises from the S-state system has
been observed upon illumination of PS II particles
[15]. Period-4 optical transients associated with
S-state transitions have also been detected in the
ultraviolet [13,19-22] and the near infrared [14].

NMR relaxation of solvent protons has also
been exploited as a probe of membrane-bound
manganese in the photosynthetic system. Mem-
brane-bound manganese in an electronic orbital
singlet state provides a highly efficient relaxation
trap for the magnetisation of solvent protons.

0005-2728,/86,/$03.50 © 1986 Elsevier Science Publishers B.V. (Biomedical Division)



212

Wydrzynski, Govindjee and their co-workers
[23,24] have reported flash-induced changes of the
proton spin-spin relaxation rate R, of thylakoid
suspensions. A single flash was found to produce
an R, decrease with a magnitude of the order of 2
s~ 1, which was attributed to a Mn(II) — Mn(III)
oxidation on the S, — S, transition [25]. Attempts
to repeat these experiments by the Illinois group
[26,27] or by workers in this laboratory [28] have
not been successful, however. The latter investiga-
tions indicated that the observed T, changes may
have been caused by oxidation of adventitious
Mn(II) by superoxide produced on the reducing
side of PS 1[29-32]. When EDTA is present in the
suspending medium and when superoxide forma-
tion is suppressed by addition of Fe(CN);?, the
flash-induced R, and R, changes were found in
disappear at the + 1% level of measurement preci-
sion [28].

This communication reports an extension of
our previous proton relaxation enhancement stud-
ies using improved instrumentation for which the
measurement precision is at the +0.1% level, i.e.,
one order of magnitude higher than in previous
studies. Substantially enhanced signal /noise ratios
have been achieved through the use of signal
averaging of experimental data as well as through
improvements in the noise figure of the detection
system. These measurements have revealed the
presence of small (less than 1%) proton relaxation
enhancement transients following flash illumina-
tion of suspensions of PS II particles. The
transients decay on a time-scale (¢, ,, =20-50 s)
that is suggestive of the S, and S, states. S-state
involvement has been confirmed by the sensitivity
of the phenomenon to known extractants of
manganese in PS II, to DCMU (an atrazine-type
inhibitor of electron transport), to agents which
accelerate S-state decay, and to non-extracting
concentrations of NH,OH, which retard the S-
state flash cycle.

These NMR experiments demonstrate the for-
mation of a strongly relaxing center upon ad-
vancement of the S; state. Such centers are char-
acteristic of paramagnetic metal ions with orbit-
ally nondegenerate electronic ground states.
Among the common manganese oxidation states,
these include only high-spin octahedral Mn(II)
and Mn(IV). The formation of a strongly relaxing

center following a single flash suggests that the
S, — S, transition involves an oxidation of Mn(III)
to Mn(1V).

Materials and Methods

Membranes enriched in Photosystem II were
prepared by the method of Berthold et al. [33], as
modified by Ghanotakis et al. [34], divided into
0.5 ml aliquots and stored at 190 K in a buffer
containing 400 mM sucrose/15 mM NaCl /40 mM
Na/Mes (pH 6.0). Control rates of oxygen-evolu-
tion activity were typically 450 pmol O, per mg
Chl per ml. Samples were thawed in total darkness
and then dark adapted on ice for at least 3 h prior
to measurement. This prolonged dark adaption
insured relaxation from active to resting states of
the manganese center as reported by Beck et al.
[15]. Care was taken to keep samples in complete
darkness from the time of thawing to the comple-
tion of the experiment except during actinic
flashes. After dark adaptation, 0.5 mM EDTA
and 1.5 mM K ,Fe(CN), were added to the stock
suspension. Tris extraction was conducted by pel-
leting a stock suspension of PS II membranes,
resuspending the membranes in 0.8 M Tris buffer
(pH 8), and incubating for 1 h in room light. The
extracted sample was then pelleted and resus-
pended in the storage buffer (see above). Extract-
ing or non-extracting concentrations of NH,OH
(2 mM or 50 pM as indicated) were added to the
sample in the presence of EDTA at least 15 min
before the start of measurements. NMR samples
comprised 30 pl of the PS II suspension contained
in a circular flat cell (8.0 X 0.5 mm) of a design
similar to that described previously [35].

Flashes were obtained from a high-pressure
xenon source (Xenon Corporation, Model 457
power supply with a Novatron 722 flash lamp).
Flashes had a half width of 3 ps and a dissipated
electrical energy of 15-25 J per pulse. The radiant
output was focused with a parabolic mirror and a
condensing lens into a lucite light pipe by means
of a right-angle prism. The sample cell, which was
milled into the end of the light pipe, was posi-
tioned in the receiver coil of the NMR spectrome-
ter.

NMR relaxation measurements were conducted
at 20.7 MHz, 21-22°C, using the phase-shifted



triplet sequence and a pulsed NMR spectrometer
described previously [36,37]. Improvements in the
instrument - sensitivity were made by winding a
receiver coil with improved filling factor for the
flash cell, and by the addition of new signal pre-
amplifiers with an improved noise figure. In ad-
dition, software was written to provide more effi-
cient data acquisition and analysis and to permit
the averaging of data from different experimental
runs. With these improvements, the measurement
precision of data averaged over 25 runs was typi-
cally +0.1% with a 30 ul sample, which is approx.
one order of magnitude better than that of previ-
ously reported data from this laboratory.

Prior to the measurement sequence, individual
samples were permitted to temperature equilibrate
in the probe for 10 min, given one pre-flash, and
then incubated for 6 min in the NMR probe in
order to set the S, state prior to the start of each
measurement sequence. Each measurement se-
quence comprised fifty R, determinations at 10-s
intervals. The first 12 and the last 32 determina-
tions were averaged over two points. The plotted
data in Figs. 1-3 are therefore shown as 28 mea-
surements; the first 6 and the last 16 at 20-s
intervals are 2-point averages, while the 7th-12th
points at 10-s intervals are unaveraged. The flash
spacing in multiple flash trains was 600 ms. Each
individual sample was used for four separate mea-
surement sequences (51.7 min at 21°C) before
replacement, except for the experiments of Fig. 3,
where each sample was used for only two mea-
surement sequences. Control experiments in this
and other laboratories [15,38] indicate that the
oxygen-evolution activity of PS II preparations is
stable over this time-scale. A very slow drift in the
dark R, value usually occurred due to slow tem-
perature equilibration of the lucite light pipe. This
was corrected by subtracting a linear baseline
defined by the average R, of the pre-flash periods
of successive measurement sequences.

Results

Figs. 1-3 summarize the results of measure-
ments of the enhancements produced by actinic
flashes in the NMR spin-lattice relaxation rate of
solvent protons in suspensions of PS Il-enriched
membranes. R, measurements were initiated 150
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Fig. 1. Proton solvent relaxation rate as a function of time
following flash illumination of suspensions of PS II particles.
Relaxation transient following a single flash (A) or two flashes
(B) applied to control suspensions. Also shown are effects of
one flash applied to membranes extracted with NH,OH/
EDTA (C) and 0.8 M Tris buffer (D) as described under
Methods. NMR samples contained 1.5 mM Fe(CN)¢ *and 0.5
mM EDTA. The Tris-extracted sample contained 350 uM
ascorbate. Chlorophyll concentration was 2.2-2.4 mg-ml~ 1.
Each trace is an average of 24 experiments.

ms after the final flash; determination of a single
R, value required approx. 2 s in order to define
the spin-lattice decay. Thus thé reported R, val-
ues should be viewed as an average over a 2-s
interval beginning at the indicated time. The effect
of a single flash on the R, of a PS II suspension is
shown in Fig. 1a. R, increased abruptly by about
0.007 s, and subsequently decayed to the base-
line with a half-time of 25 s. The result of a two
flash experiment is shown in Fig. 1b. The initial
R, increase was somewhat larger (0.009 s~ '), and
the decay was slower (¢, , =40-50 s). The flash
illumination was not fully saturating, however;
and thus further work is needed to characterize
the S, — S, transition.

The observed decay kinetics of these enhance-
ments suggested involvement of the S states. To
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Fig. 2. Flash-induced relaxation transients in PS II suspensions
in the presence of the ADRY reagent CCCP (A-C) and the
atrazine-type electron-transport inhibitor DCMU (D). Experi-
mental conditions are as described in the legend of Fig. 1,
except for the inclusion of 0.1 pM (A), 0.25 uM (B), or 0.5 pM
(C) CCCP, or 10 pM DCMU (D) in the suspension medium.
Each trace is an average of 25 experiments.

test this possibility, we recorded the effects of
actinic flashes on suspensions that had been ex-
posed to extracting concentrations of NH,OH
(Fig. 1c) and Tris buffer (Fig. 1d). Both extraction
techniques effectively suppressed the flash-induced
proton NMR relaxation enhancements.

As a further control, we studied the effects of
DCMU, an atrazine-type inhibitor of electron
transport, on the flash-induced R, enhancements
(Fig. 2d). DCMU blocks electron transport be-
tween Q, and Q on the reducing side of PS II
[39]. In the presence of DCMU, a single charge
separation is possible in PS II, leading to the
formation of the S, - Q, state. Charge recombina-
tion in the S,- Q, state is accelerated relative to
S, - Qg due to the lower potential of the reduced
acceptor in the former {40,41}, leading to more
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Fig. 3. Effect of a non-extracting concentration of NH,OH on
the flash-induced proton relaxation enhancement in suspen-
sions of PS II particles. Experimental conditions are as de-
scribed in Fig. 1 except for the inclusion of 50 pM NH,OH.
Figs. 3A-D show the relaxation transient following 1, 2, 3 and
4 flashes, respectively. Traces A and D are averages of 12
experiments, traces B and C are averages of 16 experiments.

rapid decay kinetics of the S, state. The observed
flash-induced R, enhancement is consistent with
these properties. The flash-induced increase in R,
reflects the S, — S, transition, and the decay kinet-
ics of the S, state are accelerated (compare Fig. 1a
and Fig. 2d).

CCCP is a reagent which, at submicromolar
concentrations, accelerates the deactivation reac-
tions of S, and S; (ADRY reagent, {42,43]). The
effects of 100-500 nM CCCP on the flash-induced
proton NMR relaxation enhancement is. shown in
Figs. 2a~c. An initial R, enhancement persists
throughout this concentration range, but its decay
kinetics are markedly accelerated at 500 nm. The
threshold of this effect occurs near 100 nM, which
is consistent with the behavior of CCCP in oxygen
flash yield studies [44).

As a final control, we recorded the effects of
non-extracting concentrations of NH,OH. In the
presence of 50 uM NH,0H, the normal cycle of



oxygen-flash yields is retarded by two flashes,
with the maximum flash yield occurring on the
fifth flash rather than on the third. This behavior
has been explained previously in terms of the
binding and subsequent flash oxidation of NH,OH
[45], or alternatively, as the reduction of the S
states to a non-physiological level, S_, [46,47]. In
either model, the S, —» S, transition is delayed
until the third flash. Fig. 3 shows the effect of 50
pM NH,OH on the flash-induced proton NMR
relaxation enhancement of PS II suspensions. A
two-flash delay in the appearance of the proton
NMR relaxation enhancement was observed, con-
firming the involvement of the S states.

Discussion

The experiments described here were under-
taken to investigate the possible involvement of
paramagnetic centers associated with S-state for-
mation as relaxation traps for the magnetisation
of solvent protons. Earlier measurements from
this laboratory failed to detect flash-induced re-
laxation enhancements in suspensions of
thylakoids or of PS II particles [28). In the present
work, we have extended the level of precision by
approx. one order of magnitude over that of the
previous study through the combined use of signal
averaging and by improvements in the instrumen-
tal sensitivity. At the current level of precision, R,
changes as low as 0.002 s~! are detectable. We
report here the detection of flash-induced R, en-
hancements with magnitudes in the range
0.007-0.009 s~! in suspensions of PS II particles.

The behavior of the relaxation transients indi-
cates an origin associated with paramagnetic
centers that comprise the S states of our PS II-en-
riched membrane preparations. Evidence support-
ing this conclusion includes the following.

(1) The decay kinetics of the proton NMR relaxa-
tion enhancement coincides with the reported be-
havior of S, and S, in PS II preparations [38,48,49].
(2) Treatments which abolish oxygen-evolution ac-
tivity through selective extraction of manganese
from the membrane (incubation with 2 mM
NH,OH or alkaline Tris/EDTA) were found to
suppress the relaxation enhancements.

(3) DCMU, an atrazine-type inhibitor of electron
transport, permits a single S-state transition in PS
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II and, after a single flash, promotes accelerated
decay of S, through charge recombination with the
electron on the reduced acceptor, Q.. Membranes
incubated with DCMU exhibit a proton NMR
relaxation enhancement after one flash; the
enhancement decays with kinetics that are accel-
erated with respect to control values.

(4) CCCP, an ADRY reagent which accelerates
the decay of S, and S, in oxygen-flash-yield
experiments, likewise accelerates the decay of the
proton NMR relaxation enhancement after a single
flash. The concentration dependence of this effect
is similar to that previously reported in oxygen-
flash-yield studies.

(5) Non-extracting concentrations of NH,OH,
which have previously been shown to retard the
oxygen-flash cycle by two flashes, also retard the
appearance of the flash-induced relaxation tran-
sient from the first to the third flash.

These observations clearly indicate that the
observed flash-induced relaxation transients arise
from paramagnetic centers associated with S-state
formation. However, several aspects of these phe-
nomena are unclear at present. One of these is the
mechanism of magnetic coupling between the
paramagnetic center and the pool of solvent pro-
tons. The usual interpretation of proton NMR
relaxation enhancement effects in solutions of
metalloproteins involves the transfer of spin mag-
netisation from the bulk solvent into the inner
sphere of the paramagnetic metal ion by chemical
exchange effects, followed by efficient para-
magnetic relaxation of inner sphere protons by the
metal ion [50-52]. Outer sphere relaxation media-
ted by direct dipole couplings may also be signifi-
cant when chemical exchange is slow [52].

It is interesting in the present context to note
that a third relaxation mechanism may also be
important for membrane-bound paramagnetic
centers which are sequestered from the aqueous
phase. This mechanism follows a dipolar relaxa-
tion pathway from the solvent into the membrane
phase. The nuclear spin system of the membrane
is very tightly coupled by internal dipolar interac-
tions, and proton magnetisation can travel by
relatively efficient spin diffusion processes to
paramagnetic centers, where the spin energy is
thermalized. The spin-diffusion mechanism does
not require that paramagnetic centers be accessi-
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ble to the solvent; furthermore, the lipid phase,
rather than the inhibiting magnetisation transfer,
may act as a chemical amplifier. The actual mech-
anism of the flash-induced proton NMR relaxa-
tion enhancement transients reported here is not
yet clear, but it is worth noting that in general the
underlying relaxation processes can occur over a
very long range if mediated by spin diffusion;
proton NMR relaxation enhancement effects re-
quire neither direct magnetic coupling to the
solvent nor rapid solvent exchange with the inner
coordination sphere of the paramagnetic center.

The chemical identity of the strongly relaxing
species that is produced by a single flash is not yet
certain, although Mn(IV) is a likely candidate.
The main characteristic of an efficient nuclear
relaxation trap is a long paramagnetic relaxation
time and a high total spin. Species with long
electronic relaxation times characteristically have
orbitally nondegenerate ground states, where the
zero-field splitting is small [53]. Among the
manganese-oxidation states, Mn(II) and Mn(1V)
in high-spin octahedral environments are candi-
dates as strongly relaxing centers, while Mn(III)
has very large static zero-field splittings and is
very weakly relaxing. Thus the appearance of a
strongly relaxing center upon the oxidation of the
S-state system from S, to S, is suggestive of an
Mn(III) - Mn(IV) oxidation. The production of
Mn(1II) can be excluded due to the large zero-field
splitting of the d* configuration.

On the other hand, we cannot from the NMR
data alone exclude the production of a spin-1
radical. However other spectroscopic data seem to
indicate clearly that the S; — S, transition results
in the formation of a mixed valence manganese
cluster. The production of S, coincides with the
appearance of the multiline ESR spectrum, which
can be interpreted in terms of an odd spin state
involving a spin-coupled dimer or tetramer of
manganese [{10,11]. In addition, the flash-induced
infrared transients that have been related to the S
states are suggestive of an intervalence electronic
transition of a mixed valence metal complex [14].

The specific oxidation state change that occurs
on the S, — §, transition appears from the NMR
data presented here to be Mn(1II) - Mn(IV). This
conclusion is also suggested by the spectrum of
the period-4 ultraviolet transient [13] as well as by

the flash-induced shift to higher energy of the
X-ray Ka absorption edge of manganese [12] (al-
though some caution may be warranted here, since
the absorption edge position is very sensitive to
changes in coordination geometry [54]). Taken
together, the available data indicate that the S, —
S, transition reflects the formation of a mixed
valence state concomitant with the oxidation of
Mn(I1I) to Mn(IV).

At present we are unable to quantitate proton
NMR relaxation enhancements beyond the S, state
due to the difficulty of obtaining saturating flashes.
Such experiments are currently in progress.
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