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Microwave power saturation studies have been performed over the range 4-20 K on EPR signals photogenerated in PS
II particles by low-temperature illumination (180-240 K). In the presence of 3% methanol (+MeOH), with no g 4.1
signal present, the multiline signal intensity (extrapolated to zero power) shows strict Curie law behaviour over the 4-20
K range. With no MeOH present in the suspension buffer (—MeOH), both the multiline and 4.1 signals show
complementary deviations from Curie law behaviour. These are consistent with the signals arising respectively from the
ground, S = 1, and first excited S = 3, states of a total spin = 7 multiplet, such as could occur in an MnIV-MnIII
antiferromagnetically coupled pair. The deduced height of the } state above the } state is 9.0 K. An inferential estimate,
from relaxation data, of this height for the + MeOH case is about 40 K. A broad, featureless component around g=2
appears to underlie the multiline pattern in the presence of the 4.1 signal, and has a similar temperature behaviour to the
latter. A possible exchange coupling model, involving four Mn centres, is presented to accommodate these and other

findings on the S, state signals.

Introduction

Photosystem 11 (PS II) in higher plants is believed to
perform the photo-oxidation of H,O into O, through
the action of a manganese containing catalytic site
within the membrane-bound protein complex {1]. The
reaction proceeds in four one electron steps, each elec-
tron feeding to the photo-oxidised reaction centre of PS
IT (P680) through one or more electron transfer inter-
mediaries. Four relatively stable (¢,>30 s at room
temperature), kinetically isolatable intermediate states
of the manganese centre are known (labelled S,-S,),
each associated with a successive single electron
withdrawal [1]. In the dark, the S, state is the most
stable. Dismukes and Siderer first demonstrated [2] that
a characteristic ‘multiline’ EPR signal is associated with

Abbreviations: EPR, electron paramagnetic resonance; Mes, 2(4-mor-
pholine)ethane sulfonic acid; PPBQ, phenyl p-benzoquinone.

Correspondence: R.J. Pace, Chemistry Department, The Faculties,
Australian National University, GPO Box 4, Canberra, ACT 2601,
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the S, state, and Brudvig et al. [3] have shown that this
signal may be generated as a single turnover (S; = S,)
by continuous illumination of dark adapted PS II pre-
parations at low temperature (about 200 K). The signal,
centred at g = 2.0, is very similar in its overall features
to that seen in bridged, bi-nuclear mixed valence Mn
complexes which are antiferromagnetically coupled with
a net spin of 3 [2].

Detailed microwave power saturation studies on the
multiline signal have been performed by de Paula and
Brudvig [4] on PS II particles and by Hansson et al. {5]
on whole chloroplasts. The former investigators found
large quantitative differences in multiline relaxation be-
haviour between samples that had been extensively
dark-adapted, prior to freezing and low-temperature
illumination, and those which received only a short dark
adaptation following multiple turnover by exposure to
white light. These treatments were said to produce
‘resting’ and ‘active’ forms of the enzyme, respectively.
Quantitation of the intensity appeared to show signifi-
cant non-Curie behaviour of the resting state signal
below about 7 K, the fall-off in amplitude with decreas-
ing temperature being interpreted as population of a

state of lower energy than the S§ =1 multiline state.
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Such effects were less pronounced or absent in active
state forms. Hansson et al. reported Curie behaviour of
the multiline signal down to 4 K, but their method of
generating the signal (continuous illumination while
cooling from 0°C to 77 K) makes direct comparison
with the De Paula and Brudvig results difficult. The
possible existence of a state below the Kramers S =}
multiline state is potentially very interesting, as it would
exclude an interpretation of the enzyme S, signal in
terms of a magnetically isolated bridged manganese
pair.

It is now generally believed that a second photo-gen-
erated signal, at g =4.1, is also associated with the S,
state in PS 11 [6,7]. This broad, symmetric signal may be
produced on its own by continuous low-temperature
(about 140 K) illumination (as originally by Casey and
Sauer [8]) or in the presence of some multiline signal by
suitable illuminations at higher temperatures (200 K up
to about 0°C) which generate the S, state in good yield
[6,9]. Small hydroxyl-containing molecules (glycerol,
ethylene glycol, EtOH, MeOH) inhibit the formation of
the 4.1 signal and enhance the multiline signal magni-
tude [6,10}], at least for illumination temperatures above
160 K. These and other results have lead to the conclu-
sion that the oxygen-evolving site of PS II in the S,
state is heterogeneous, with the 4.1 and multiline signals
arising from different centres possessing the same basic
oxidation state [6,7,10,11].

The temperature dependence of the 4.1 signal has
been examined by Brudvig and co-workers [12], who
found Curie behaviour in the range 4-20 K. This group
has suggested that the 4.1 signal arises from a spin 3
(ground) state [12,13]. The attractive notion that the 4.1
signal (assuming it is a 3 state) arises as the first excited
state of the species giving rise to the multiline signal is
not supported by the recent studies of Hansson et al.
{10]. These workers found that the integrated signal
intensities in the 4.1 and g= 2 regions (assumed prin-
cipally to be multiline) showed very similar relative
temperature dependences in the range 5-20 K.

In this article we examine in detail the relaxation
(power . saturation) properties of the multiline and 4.1
signals, both in the presence (no 4.1) and absence of
methanol. Signal intensities, extrapolated to zero power,
are determined for these species over the temperature
range 4-20 K. Unlike the results of Brudvig et al.,, our
data are consistent with the multiline signal arising
from a spin-3 ground state, even for long dark-adapted
samples (1-20 h). Further, the temperature dependence
of the 4.1 signal strongly suggests that this does not, in
our system, arise from a ground state. Complementary
deviations from Curie behaviour for both the multiline
and 4.1 signals (no MeOH) are quantitatively consistent
with these arising from the ground (S =1) and first
excited states (S = 3), respectively, of an antiferromag-

netically exchange coupled S = 7 multiplet. However,

our data are not necessarily in conflict with those of
Hansson et al. [10] as we find evidence for a broad
resonance at g = 2 which appears to underly the multi-
line in the presence of the 4.1 signal. This g= 2 signal
contributes substantially to the total integrated intensity
around g = 2 and has a similar (non-Curie) temperature
dependence to the 4.1 signal.

Materials and Methods

PS II particles derived from spinach were used exclu-
sively. The spinach was greenhouse grown and freshly
picked in the morning prior to particle preparation that
day. Particles were made from chloroplasts following
the method of Bricker et al. [14], replacing the pro-
teinase inhibitor in the blendate and first wash with
high levels of bovine serum albumin and omitting the
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Fig. 1. (a) Illumined (220 K) minus dark spectrum for +MeOH
sample (see text). The g =4.0 point is indicated. Scan width is 500
mT. (b) Expanded scan of multiline region showing line numbering

" scheme used here. Peak heights were estimated as indicated. Each

trace is the average of two scans. Spectrometer conditions: 9.03 GHz,

20 G peak-to-peak field modulation amplitude, 30 mW power, 100

kHz field modulation frequency, temperature 8.0 K, scan width
250 mT.



divalent cation wash step. The material was suspended
at about 15 mg Chl/ml in a storage buffer containing
20 mM Mes (pH 6.0, HCI), 10 mM MgCl,, 15 mM
NaCl and 400 mM sucrose and frozen in liquid nitro-
gen. As made, the material showed an oxygen-evolving
activity in the range 500-1100 pmol O,/mg Chl per h,
using PPBQ and Fe(CN);™ as electron acceptors in 10
mM Cl™ /medium.

Freshly thawed material (13-16 mg/ml Chl) was
used for each experiment and retained on ice for 1-20 h
in the dark prior to making up the EPR samples. These
were made by diluting concentrated stocks of EDTA
and DCMU (in dimethyl sulphoxide) or pure methanol
into aliquots of PS II in storage buffer, to give final
concentrations of 1.5 mM, 100 pM or 3%, respectively.
Following a 5 min equilibration at room temperature,
the samples (in 3 mm quartz capillaries) were cooled to
the illumination temperature (180-240 K) in a nitrogen
flow cryostat and illuminated for 4 min with strong
green light (150 W m~?2), The samples were then quickly
frozen to 77 K before loading into the spectrometer
cavity.
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EPR measurements were performed on a Varian
V-4502 X-band spectrometer, equipped with an Oxford
ESRY9 helium flow cryostat. This was run at high He
flow rates (about 2.5 1/h) and calibrated by a carbon
resistor in the sample position. Temperature uncertainty
in the sample is estimated as about 0.3 K. Spectra were
recorded on a computer data logging system interfaced
to the spectrometer. The microwave power entering the
cavity was measured with a Hewlet Packard 435A power
meter.

Results

Plus MeOH samples

Fig. 1a shows a typical illuminated-minus-dark spec-
trum for PS II particles with 3% MeOH in the buffer
medium (+MeOH). We consistently see under these
conditions an 18 line pattern (one line obscured in the
g = 2 region), with no significant intensity in the g=4
region. Fig. 1b shows an expanded scan of the multiline
pattern with the indicated line numbering used here.
Small features to lower field than —9 are variable and
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Fig. 2. Power saturation plots of individual peaks in the +MeOH multiline spectrum at 8 K. (a) Upfield peaks; 4, 0, 5, O (69 mW); 6, A (53 mW).
(b) 7, X (51 mW); 8, + (20 mW). (c) Downfield peaks; —5, A, —3, 0, (80 mW); —2 O (90 mW); —6, + (88 mW). (d) —7, O (44 mW); —8,J;
-9, A (29 mW). Figures in brackets are P | values.
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in general line —9 is discernible only under favourable
(high signal /noise) conditions. Individual line intensi-
ties were estimated in the conventional way as shown in
Fig. 1b.

Fig. 2 shows power saturation plots of the individual
lines at 8 K. The behaviour is reasonably symmetric
around g =2, with the three most downfield and up-
field lines showing similar microwave power response.
These lines saturate more readily than do the interven-
ing peaks, all of which appear to show similar satura-
tion behaviour amongst themselves.

The separate hyperfine lines are of course only partly
resolved, especially towards the middle of the pattern,
making application of a simple saturation analysis prob-
lematic. However, each line is certainly inhomoge-
neously broadened and so we adopt as an approxima-
tion an interpretation based on a single inhomoge-
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Fig. 3. (a) Power saturation plots for the +MeOH multiline signal

intensity over the range 5-18 K. Signal estimated as sum of peak

heights from downfield peaks —6, —5, —4, —3, —2, as indicated in

Fig. 1. The curves are fits to the data of equation 1 (see text).

Temperature points are: 0, 5.5 K; 0,83 K; 4,13.7K; +,18.3 K. (b)

Curie plot of the fitted C parameters (initial slopes, see text) from the
data in (a).
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Fig. 4. Plot of In P, against inverse temperature for + MeOH sample,

2
over the range 4.7 to 11 K. The P, values were determined by fiiting

data such as in Fig. 3 to Eqn. 1. ”[Z"he slope corresponds to an energy
gap (&) in an Orbach process of 30 cm™! (see text).

neously broadened line [15]. Hence, each data set was
fitted with a curve of the form,

S(signal) = CVP /,/(1+ P/P)) D

Here P, is the half-saturation power, proportional to
the product of the longitudinal and transverse relaxa-
tion rates and C is a measure of the ‘true’ signal
intensity in the low power limit, where S = CVP rigor-
ously. The P values are indicated in the figure caption
and the wing lines are seen to have values about half
those of the intervening lines.

Fig. 3a shows root power saturation plots, at various
temperatures, of the multiline signal amplitude esti-
mated as the sum of the heights of the five prominent
downfield peaks (—6... — 2). These were chosen on the
basis of homogeneity of saturation behaviour, ease of
detection and freedom from underlying or adjacent
signals. The corresponding Curie plot of the fitted C
parameters (initial slopes) are shown in Fg. 3b. There is
no significant deviation from linearity in the range 5-20
K that we are able to detect. This behaviour was con-
sistently seen for samples extensively dark adapted on
ice (1-20 h) and the data in Fig. 3 are from material
given a 20 h dark-adaption. At microwave powers avail-
able in our instrument (up to about 160 mW), devia-
tions from linearity on the saturation plots are detecta-
ble up to about 12 K. Fig. 4 shows a plot of the inferred
In P, versus 1/T values for T between 4.7 and 11 K.



If the relaxation is assumed to arise from an Orbach
process (Ref. 16) operating on 7, the slope of the plot
in Fig. 4 suggests a A value of about 30 cm™' (see
Discussion). This is very similar to the value, A =29
cm™!, determined by Hansson et al. on whole chloro-
plasts.

Minus MeOH samples

Fig. 5a shows a typical illuminated-minus-dark spec-
trum for PS II particles with the —-MeOH buffer medium.
The PS II particles were dark adapted at 0°C for more
than 1 h prior to illumination. For illumination temper-
atures of about 180-260 K (with DCMU in DMSO
added above 220 K to prevent advancement beyond S,)
we see essentially the same results, a mixture of 4.1 and
multiline signals of roughly comparable intensities. Al-
though we find that the multiline to 4.1 signal ratio
declines somewhat with decreasing illumination temper-
ature in the above range, we are unable to produce
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Fig. 5. (a) llluminated (200 K) minus dark spectrum for —MeOH

sample (see text). Both the 4.1 and multiline signals are apparent. (b)

Expanded scan of muitiline region showing line numbering. This is

equivalent to that shown in Fig. 1 for the + MeOH sample. Average
of two scans; spectrometer conditions as in Fig. 1 for (a) and (b).

165

SIGNAL ( arb units )

VPOWER mW"

SIGNAL ( arb units )
¢
p

] T T
/] 2 4 3

VPOWER mW"

Fig. 6. Power saturation plots for the amplitudes of the (a) —MeOH

multiline signal (sum of the heights of downfield peaks —2, —3, —4,

—5, —6) and (b) 4.1 signal (peak to peak) over the temperature range

47-17.1 K. The curves are fits to Eqn. 1 (see text). Temperature
points are: 0,4.7K;0,83K; 4, 139K; +,17.1 K.

detectable levels of 4.1 signal alone by 140 K illumina-
tion as reported by others [8,11]. We suspect this is a
cryoprotectant-related effect (see Discussion), but have
not pursued a detailed study along these lines.

Fig. 5b shows an expanded scan of the multiline
pattern. A line numbering similar to that employed for
the +MeOH samples is indicated. In the downfield
region, the + and —MeOH patterns are quite similar,
but the existence of a —9 line in the —MeOH sample is
uncertain. Upfield, the two patterns are less similar,
although this may be in part due to differences in the
g~ 1.9-1.8 FeQ signal region. One evident feature on
comparing Figs. 1 and 5 is the apparent existence of a
broad, roughly gaussian signal entered around g=2
underlying the multiline in the —MeOH spectrum. Lit-
tle, if any such ‘signal’ is obvious in the +MeOH
spectrum. The possible existence of such a feature has
been noted previously [5,9,12], but no consensus seems
to have emerged as to its origin.

The relative relaxation behaviour across the — MeOH
pattern is generally similar to that seen for the + MeOH
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pattern (Pace et al., unpublished data) but the signifi-
cantly lower signal intensity and proportionately smaller
wing lines makes a detailed analysis such as in Fig. 2
unreliable. However, the signal amplitude may be read-
ily estimated from the same five downfield peaks used
above. Similarly, the g= 4.1 signal amplitude may be
taken as proportional to the peak-to-peak height, as the
line shape is temperature-independent in the range of
interest here (see below). Fig. 6 shows root power
saturation plots for the multiline (a) and 4.1 signals (b),
respectively, quantitated as above. Fig. 7 shows the
corresponding Curie plots of the fitted initial slopes
from Fig. 6. Representative error bars corresponding to
the estimated uncertainties in both temperatures and
signal magnitudes are indicated. Both data sets show
complementary deviations from Curie behaviour that
we believe to be outside experimental uncertainty. The
curves are theoretical fits discussed below.

These results differ qualitatively from earlier re-
ported behaviour of the multiline and 4.1 signals. The
deviation from linearity that we observe for the mutiline
signal is concave up, rather than concave down as
reported by Brudvig and co-workers [4,12] over a simi-
lar temperature interval (4-20 K). Moreover, we see
unambiguous non-Curie behaviour of the 4.1 signal
(concave down), unlike these authors (see Discussion,
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Fig. 7. Curie plots of the fitted C parameters (or measured linear

slopes where appropriate) for the multiline (®) and 4.1 (W) signals

from the data in Fig. 6. The curves are fits of both data sets to Eqn. 4

(see text), assuming S =73 for the multiline signal, =32 for the 4.1

signal and J=—3.0 K. The I values have no relative significance

(due to the method of signal quantitation) and are 940 and 453 arb.
units for the multiline and 4.1 signals respectively.
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Fig. 8. Detailed line shapes for the five multiline downfield peaks (a)
and 4.1 signal (b) used for signal quantitation in —MeOH samples at
6 K and 15 K. Spectrometer conditions as in Fig. 1, and as used to
obtain the data in Fig. 6. The same basic line detail is resolved at both
temperatures in (a) and there is no discernible line broadening in (b).

however, for further examination of this point). In
addition, we would clearly infer a strong temperature
dependence in the ratio of the multiline: 4.1 signal
intensities, in the range 4-20 K, unlike Hansson et al.
[10}], who report little such variation. Given these dis-
crepangies, it is important to identify any artefacts, etc.,
that may be contributing to the analysis. We regard our
method of signal quantitation, (taking the initial slopes
of VP plots) to be more reliable than intensity measure-
ments at fixed (low) powers which are presumed to be
in the non saturation regime. This is particularly so
when P: varies rapidly with temperature, as for the
multiline signal. A greater concern is that linewidth
variation with temperature may invalidate our method
of signal quantitation. This is most unlikely for the 4.1
signal, as our data (Fig. 8b) and those of Hansson et al.
{10] show no significant variation of signal shape (de-
rivative or absorption) over the range 5-20 K. Although
previous workers have generally quantitated the multi-
line signal by summed heights of selected peaks, as here,
Hansson et al. [10] have raised the possibility that this is
invalid. These authors inferred an increase in intrinsic
linewidth, with increasing temperature, particularly for
non-alcohol-containing samples. This derived from a
comparison of individual peak heights and the overall



pattern envelope amplitude, as per Hyde and Subcynski
[17]. This analysis is itself invalid, of course, if signals
other than the multiline contribute to the envelope
amplitude.

It is well known that the individual peaks in the
multiline pattern show a resolved super hyperfine struc-
ture, whose origin is presently unclear. Fig 8a shows a
comparison, under non-saturating conditions, of the
detailed downfield peak structures seen at low (6 K)
and high (15 K) temperatures. Spectrometer conditions
were the same as those employed in the signal quantita-
tion studies. Although there are slight alterations in
some peak shapes, there is no significant evidence of
homogeneous peak broadening or change in resolved
structure at the high temperature. Virtually all of the
regions of rapid shape discontinuity (sharp edges, etc.)
seen at the lower temperature are seen also at the higher
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Fig. 9. (a) Power saturation plots for the amplitude of the rhombic
iron, g=4.3 signal from dark-adapted PS II membranes, over the
temperature range 4.7-17 K. Curves are fits of Eqn. 1 to data (see
text). Signal was quantitated as peak-to-peak amplitude, as indicated
in inset. Temperature points are; O, 4.7 K; 0, 8.3 K; 4, 139 K; +,
17.1 K. (b) Curie plot of the fitted C parameters from data in (a).
Curve is theoretical fit of the expression S=S,/T[e"%7/(1+e¢~ %7
+e7 29Ty}, with S, =1480 arb. units and 8 = 2.6 K (see text).
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Fig. 10. (a) Illuminated (200 K) minus dark spectra for —MeOH
sample at 8 K and 18 K, showing the estimated shape of the putative
broad underlying component. This is of comparable size for the two
temperatures, although the multiline signal is substantially diminished
at 18 K relative to 8 K. Spectrometer conditions as in Fig. 1. (b) Curie
plots of the 4.1 (O) and broad g = 2 (O) signals from the same sample,
obtained from power saturation analyses as used in Fig. 9, etc.
Temperature range 5-18 K.

temperature. We thus conclude that any variation in
intrinsic linewidth is less than the field modulation
amplitude (20 G) used here, and that our method of
signal quantitation is not compromised by linewidth
effects.

Finally, there is a convenient internal ‘standard’ on
which we may test our methods of analysis. This is the
inorganic (‘junk’) iron, g = 4.3 signal always present to
some degree in PS II preparations. This isotropic signal
at g = 4.29 has been shown to arise uniquely from Fe**
in a purely rhombic environment (D =0, E >0, Ref.
18), here presumably hydrated Fe,O, from cytochrome
degradation, etc. The zero-field ground states consist of
three equally spaced degenerate (Kramers) doublets, of
separation #=2.6 K between doublets. The centre
doublet gives rise to the 4.29 signal in a magnetic field.
Fig. 9a shows amplitude versus root power plots for the
4.29 signal in a long dark adapted sample (no 4.1). The
signal shape was found to be temperature-independent
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and the intensity was measured as peak height, as for
the multiline and 4.1 species, as indicated in the inset.
Fig. 9b shows the corresponding Curie plot. This should
exhibit a slight downward curvature in the range 4-20
K, as the 4.29 signal arises from the centre state. The
curve is a fit assuming 6 =2.6 K, as indicated in the
figure. The agreement would appear to exclude any
instrumental artefacts occurring in our measurements.

The above results suggest that there may indeed be a
broad component under the multiline in the presence of
the 4.1 signal. This is evident from the examples in Fig.
10a, showing a comparison of spectra (non-saturating
conditions) at 8 and 18 K from a sample illuminated at
200 K. An estimate of the shape of the putative broad
signal is indicated by the dashed lines, drawn to just
underlie the multiline peaks. This is rough but adequate
for our purposes. It seems implausible, particularly at
the higher temperature, that the overall multiline pat-
tern shape arises simply from peak overlapping due to
the intrinsic line width. Indeed, simulations (Pace et al.,
unpublished data) show that if this were indeed so, no
superhyperfine structure, such as seen in Fig. 8a, would
be resolvable. Fig. 10b shows Curie plots of the 4.1 and
broad g = 2 signals from the same sample derived from
signal versus VP data in the usual manner. The Curie
plots confirm the impression already evident from Fig.
10a that the 4.1 and broad g = 2 signals have a similar,
non Curie, temperature dependence. It is also obvious
from Fig. 10, that the ratio of the integrated total signal
intensities in the 4.1 and multiline regions would vary
only weakly with temperature in the range 4-20 K (and
this is indeed so). Hence, our data are not in conflict
with those of Hansson et al. [10], who employed such an
analysis.

Discussion

The results obtained here strongly suggest that the
S =} multiline state, formed either in the presence or
absence of the 4.1 signal, is a ground doublet. We see
no deviations from Curie behaviour for this signal that
would suggest the existence of a lower, thermally acces-
sible spin state. This is in conflict with the results of De
Paula et al. [4,12] but consistent with the data of Hans-
son et al. [5,10]. This latter group claims to have
eliminated differences in sample preparation (essentially
the cryoprotectant used) as a cause of the discrepancy
[10].

The deviation from Curie behaviour that we do ob-
serve for the multiline signal in the presence of the 4.1
signal suggests the existence of a thermally accessible
state, about 10 K above the S =} multiline state.
Further, the 4.1 signal shows a complementary devia-
tion from Curie behaviour and is commonly supposed
to derive from a quasi-axial, S = 3 state. Given that a
minimal model for the multiline centre is an antiferro-

magnetically coupled Mn hetero-dimer (MnIV-MnlIl or
MnlII-Mnll, Ref. 1, with MnIV-Mnlll being preferred),
it is tempting to identify the multiline and 4.1 signals
with the ground (S = }) and first excited (S = 3) states
of a coupled MnIV-Mnlll, S = muitiplet. If the ex-
change Hamiltonian has the form:

H#=-2J8;-S,(51=2,5,=3) )

then the energy levels are given by
E /J=8,(8;+1)+ $(S, +1)~ S(S+1) 3)
where S, the total spin, takes values %... 7.

At thermal equilibrium, the relative intensities (/) of

EPR transitions arising from the various spin states are
then,

I | @S+1)e B/
T

I= B S —
T | Tas e |
J

3 C))

[S1Eed

The bracketed expression in Eqn. 4 is the Boltzmann
factor and the remainder the Curie term. The 7 con-
stants depend on the transition probability for each
state, as well as the total spin concentration etc. and are
not known here. The curves in Fig. 7 were drawn
assuming that J= —3.0 K and the muliline and 4.1
signals arise from the S=7 and 3 states, respectively
(energy gap = 3 J), with the I, terms as free parame-
ters. The observed deviations from Curie behaviour of
both signals are well reproduced. Assuming, as seems
reasonable, that a similar basic model obtains for the
multiline centre in the presence of MeOH, then the
apparent Curie behaviour of the multiline signal seen in
Fig. 3b would suggest a value of |.J|>10 K. This
would be consistent with the interpretation that the
temperature dependence of P, in Fig. 4 reflects an
Orbach process, with the 7; relaxation pathway going
through the first accessible (S = 3) excited state. The
inferred value of J would be —A4/3 (approx. —13 K).
This estimate is, however, far more inferential than that
from Fig. 7.

Interestingly, the relatively very weak temperature
dependence of P for the 4.1 signal seen in Fig. 6 is
then consistent with this signal arising from a thermally
excited state, as suggested above, and the relaxation
occurring by a ‘reverse’ Orbach process through the
ground state (multiline state). The transition probability
for such a ‘de-excitation’ pathway would not be ex-
pected to show a strong temperature dependence over a
limited range of T (say, 5-10 K). All common relaxa-
tion mechanisms operating on ground state metal centres
seem to show at least a T"(n>?2) dependence for
temperatures below about 100 K [15]. Notice also the
weak temperature dependence of P, for the rhombic



iron signal in Fig. 9, where this signal also arises from
an excited state.

Taken together, our data would support the view that
there actually is a broad, quasi gaussian photo-gener-
ated component around g = 2 underlying the multiline
signal. In our hands, this feature is associated with the
4.1 signal and has a similar, non Curie behaviour. It has
been previously suggested that this supposed gaussian
‘signal’ is not real, being merely a consequence of line
overlapping due to g anisotropy [12] or line broadening
[10]. The Q-band results in Ref. 10 would appear to
exclude any significant g anisotropy in the multiline
signal. Similarly, we observe no evidence of homoge-
neous line width contributions sufficient to account for
the apparent existence of a broad component. More-
over, the temperature dependences of the resolved mul-
tiline and broad components differ substantially, mak-
ing it unlikely that inhomogeneous effects, such as
hyperfine anisotropy, are responsible.

Although our data are quantitatively consistent with
the simple notion that the multiline and 4.1 signals arise
from the first two spin states of an antiferromagneti-
cally coupled Mn heterodimer (probably MnIV-MnlII),
there are problems with this interpretation. Firstly, it is
well known that under a range of conditions the 4.1
signal appears to be a ground state, i.e., may be gener-
ated essentially in the absence of resolved multiline
[8,13,19]. These conditions generally involve low (< 140
K) temperature illumination and/or alterations in the
optimum buffer electrolyte regime (CI~ depletion,
NH,Ci treatment, etc.). Subsequent annealing of the
sample at higher temperature (> 200 K) in some cases
allows formation of multiline at the expense of 4.1
signal [8,13]. A second difficulty with the above hetreo
dimer interpretation of the S, state signals is that it
does not obviously admit the broad g = 2 signal.

To accommodate these observations, it seems neces-
sary to invoke additional magnetic interactions. EXAFS
studies [20], as well as the +MeOH type of multiline
behaviour strongly suggest that a bridged hetero dimer
is an appropriate model for at least two of the 4 Mn
known to be present in the fully functional complex.
Moreover, the overall manganese oxidation state of the
S, form appears to be the same, irrespective of whether
the 4.1 or multiline species is present [7] on illumina-
tion. Consider a scheme for the S, state such as shown
in Fig. 11. This envisages a tightly coupled MnIV-III
dimer (J;), which then interacts by a coupling of varia-
ble magnitude (J,) with an MnlIl, which itself may
interact with a further Mnlll (J;). All couplings are
antiferromagnetic, with one possible exception (see be-
low). Most of the behaviour discussed above may then
be formally reproduced by varying the magnitudes of J,
and J;, while retaining J; fixed. The multiline (S, = 1)
is always a ground state arising from the IV-III dimer,
effectively in isolation, either because it is not coupled
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Fig. 11. Possible scheme for magnetic interactions between the 4 Mn

atoms in the S, state of the oxygen-evolving complex. (A) —MeOH

form displaying multiline, 4.1 and broad g =2 signals (non Curie

behaviour); (B) + MeOH form displaying Curie multiline behaviour

(no 4.1); (C) low-temperature illumination form showing no multiline
but ground state 4.1 behaviour.

to other spins (+MeOH) or coupled to a state of zero
spin (—MeOH). In the latter case, the 4.1 (Sy=3)
arises from coupling (through J,) of the dimer S, =3
state to the first excited (S, = 1) state of the other Mn
pair. This also produces an ‘excited’ S = 3 state (broad
g =27 of similar temperature dependence to the 4.1
state if | J, | is small (<1 cm; note that in this instance
J, may be positive or negative and still consistent with
the data). The multiline and 4.1/g = 2 states will have
complementary, non Curie behaviour (over our observa-
tion range), with an apparent energy gap determined
largely by J;. Reduced hyperfine couplings and overlap-
ping lines might make the 4.1 and g = 2 states feature-
less. If J, strengthens and J; weakens to = 0, then the
IV-III dimer is coupled to a single Mnlll. This would
produce an S;=3 (4.1 type) ground state, in the ab-
sence of a multiline signal. Since Brudvig et al. [11-13]
typically generate such a 4.1 signal by low temperature
(=130 K) illumination, their observation of Curie be-
haviour for this species may not be inconsistent with the
arguments developed here.

Interestingly, J, and J; must vary at each others’
expense to produce the full range of behaviours seen
above. This might represent only small movements
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within the protein matrix, as all the posited exchange
interactions are relatively weak compared to model Mn
bridged dimer systems [21]. Whether the scheme shown
in Fig. 11 represents some approximation of the mag-
netic structure actually existing within the oxygen evolv-
ing complex, only future studies will resolve. However,
one prediction is clear. The multiline state arises from
what may be regarded essentially as an isolated, bridged
Mn heterodimer. The small lines seen in the wings of
the pattern, beyond the 16 expected from model com-
pound studies, do not then arise from interactions with
additional Mn centres. Presumably, they would be a
consequence within the powder pattern of significant
hyperfine anisotropy at one or both Mn atoms. The
somewhat different relaxation behaviour of the outer
lines, seen in Fig. 2, might also be a reflection of this
fact.
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