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The low-temperature S.-state EPR signal at g = 4 from the oxygen-cvolving complex (OEC) of spinach Photosystem-11-cnriched
membranes is examined at three frequencics, 4 GHz (S-band). 9 GHz (X-band) and 16 GHz (P-buand). While no hyperfine
structure is observed at 4 GHzg, the signal shows little narrowing and may mask underlying hyperfine structure. At 16 GHz, the
signal shows g-anisotropy and a shift in g-components. The middle Kramers doublet of a near rhombic § = 5/2 system is found
to be the only possible origin consistent with the frequency dependence of the signal. Computer simulations incorporating
underlying hyperfine structure from an Mn monomer or dimer arc employed to characterize the system. The low zero ficld
splitting (ZFS) of D =0.43 em ' and ncar rhombicity of E /D = 0.25 Icad to the observed X-band g vaiue of 4.1. Treatment
with For NH;, which compete with CI for a binding site. increases the ZFS and rhombicity of the signal. These resulis
indicate that the origin of the OEC signal at g = 4 is cither an Mn(11) monomer or a coupled Mn multimer. The likelihood of a

multimer is favored over that of a monomer.

Introduction

The formation of O. from H,O in higher plants and
algac procceds via a four-step oxidation of the oxygen-
evolving complex (OEC). Classical studies of oxygen
yield in response to a train of light flashes have been
described by a scries of S-states (5, through §,) with S,
or 2 combination of §, and S, as the initial dark-
adapted state and S, as the state in which oxygen is
cvolved [1]. The four Mn atoms associated with the
OEC [2,3] probably change oxidation state during at
least two of the S-state transitions, including the S;-to
S,-state change, but little is known of the details.

Abbreviations:  Chl. chlorophyll; DCBQ, 2.35-dichioru-p-benzo-
quinone; DOMU.  3-(3.3-dichlarophenyl)-1. l-dimethylurea: EPR.
electron  paramagnetic  resonance;  Hepes,  4-(2-hydroxyethyl)-1-
piperazinecthanesulfonic  acid; Mes,  4-morpholinecthanesulfonic
acid; QOEC, oxygen-evolving complex; PPBQ. phenylp-benzogainone:
PS 11, Photosystem 11: ZFS. zero field splitting: XANE. X-ray
absorption near edge.
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The chemical nature of the S,-state has been par-
tially characterized through two low-temperature X-
band EPR signals, for whici association with the S,-
state was demonstrated by studics of flash oscillation of
the signal intensity |4.5) The signal centered at g = 2,
with a multiline structure mdicative of a cluster of Mn
1ons, was suggested to be in the configuration of cither
a dimer [4,6], a trimer [7] or a tetramer [8.9]. The
second signal appears as a single broad line centered at
about g=4.1[10,11]. Although this signal lacks EPR
structure, two lines of evidence indicete that it also
arises from Mn. The tirst of these is an X-ray absorp-
tion near edge (XANE) study in which a shift in the
Mn K-edge, showing the oxidation of Mn, was ob-
served in PS I preparations under the same conditions
which induce the g = 4 EPR signal {12]. More recently.,
the NH -modified signal at g = 4 from oriented PS-11-
enriched membranes was found to show a hyperfine
structurc consistent with an Mn multimer [13].

The two signails are not always obscrved under the
same experimental conditions, and their intensitics ap-
pear to be mutually exclusive. Hlumination of dark-
adapted samples at lower temperatures (130-140 K)
produces mostly the signal at g = 4. while illumination
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at higher temperatures (around 200 K favors the mul-
tiline signat [THL14L When itlumination s at 200 K.
both signals arc observed in PS 1 samples prepared
with sucrose as cryoprotectant, while samples contain-
ing glveerol. cthylene glveol or cthanol show only the
multiline signal. with enhanced intensity and defimtion
[5]. Furthermore, treatment with o or NO; induces
the signal at g= 4 with Intle or no multiiine signal
remaining [11.13].

There is general concurrence based on several lines
of evidence that the multiline and ¢ = 34 signals arise
from scparate populations of PS 11 centers and there-
fore represent different states of the same site [3.16.17].
While this explains their mutually exclusive relation-
ship. the chemical origin of the two signals and how
they are interrelated is still in question. One group has
suggested that the signal at ¢ - 4 s due to an MoUV)
monomer in redox equilibrium with an Mn cluster {10]).
Another group has suggested that both the multiline
and g =4 signals arise from the same Mn cluster in
different conformations (U] This is supported not only
by the previously mentioned study of NH -treated ori-
ented membranes [13], but also by a study in which the
appearance of the multifine and F -induced g =4
signals are associated with the same change in mag-
netic susceptibility 18]

In the present work, an PR study ol the S.-state
signal at g = 4 involving three microwave frequencies
has been undertaken to clucidate further spectroscopic
details of the signal. By expanding the frequency range
of study. hyperfine or ¢ value contributions may be
hrought out and the signal can be characterized with
greater certainty. In this study, little change in the
g =34 signal was observed at lower S-band (4 GHz)
(requency. At higher P-band (16 GH2) frequency. the
signal showed ¢ value anisotropy and broadening. The
characteristics of the P-band signal, as well as its
response to likely ligands, strongly support an § = 5/2
system as its origin, The spectra are analyzed in terms
of both monomer and coupled Mn muiiimer systems,

Materials and Methods

PS-H-cnriched thylakoid membranes were prepared
from spinach by the Triton X-100 extraction method of
Berthold, Babeock and Yocum [19], as moditied by
Franzin ct al. [20]. Preparations were stered in liguid
N. at a concentration of 10-20 mg Chi/ml in buffcr
containing 20 mM Mes (pH 6.3), 15 mM NaCl, 5 mM
MgCl, and 0.4 M sucrose. O.-cvolving activity was
600 + 100 wmol O./(mg Cht h ') at 25°C using a
Clark-type O, clectrode with PPBQ or DCBQ as ac-
ceptor.

PS 1 core complex samples were prepared by a
modification of the method of Ghanotakis et al. [21] as
described previously [22] O s-evolving activity was 1600

100 g0l O./(mg Chl h ') at 25°C asing a Clark-
tvpe O clectroade with DCBO as aceeptor.

PS-11-enriched membranes were oriented by par-
tially dchydrating them onto mylar sheets under a
stream of N, gas at 4°C, as described previously [22).
The mylar sheet was cut into strips 2.5 mm wide before
dabbing with dark-adapted PS-11-¢nriched membrances.
After dehvdrating, cight 3-cm-long picees of PS-11-
laden mylar were sandwiched together under green
light and placed at e bottom of an EPR tube. The
sample was dark-adapted for 30 min and stored in lig
N..

|- -washed PS-H-cariched membrancs were pre-
parcd by suspension in 20 mM Mes (pH 6.3), 25 mM
Nak. and 0.4 M sucrose 1o a conceh. ation of 1-1.5 mg
Chl/ml. and centrifuging at 20000 rpm for 10 min.
This wash was repeated once. The concentrated sam-
ple was placed in an EPR tube and dark adapted for 1
h betore freczing, O.-evolving activity, measured as
described above in the Fo-containing butter, was about
209 of the control.

For ammonia binding in the $S-state, the pH of
PS-l-¢enriched membranes was first clevated by wash-
ing once in 20 mM Hepes (pH 7.5), 15 mM NaCl, and
.35 M sucrose. After dark adapting for about 2 h, 150
uM DCMU in dimethyl sulfoxide solvent and 60 mM
{NH ),50, were added sequentially in the dark and
the sample was frozen 1 min later. A control sample
was prepared in the same way except with Na,50; in
place of (NH ).80,.

Each EPR spectrum shown represents the ditfer-
ence between the luminated and dark-adapted sam-
ple. For samples containing ethanol. the indicated vol-
ume of 9397 cthanol was added to the dark-adapted
sample 1-2 min before freezing. The S.-state was
preparcd by illuminating at 200 K in a sohd
CO. fethanol bath for the times indicated in the figure
legends. HMlumination was carried out using incandces-
cent light from a 300 W tungsten source passed through
7 em oof a 10 mM CuSQ; solution or, in the case of
S-band studices, from a 250 W source passed through 10
cm of water and an infrared filter: the resultant inten-
sity was 2000 W/m? at the sample in both cases. For
S-band experiments, the sample volume was about 1.5
ml because of the farge EPR cavity employed. For X-
and P-band experiments, the sample volume was about
(L3 mi: the same sample was used at both frequencices.

X-band (9.2 GHz) EPR spectroscopy was performed
using a Varian E-line spectrometer with an E102 mi-
crowave bridge. S-band (3.9 GHz) EPR spectroscopy
was performed using a Bruker ER 200D-SRC spec-
trometer equipped with an ER 061 SR microwave
bridge and an ER 6102 SR reentrant cavity, as de-
scribed previously [22]. P-band (15.5 GHz) EPR spec-
troscopy was pertormed using 4 homebuiii spectrome-
ter. described by Stevenson [23], which employed a



Varian VA94 kivstron tube as microwave source and a
cylindrica! cavity operating in the TEOTE mode. For X-
and P-band experiments. the data were digitized on a
Tracor Northern digital signal averager interfaced to a
personal computer. The modulation f.equency was 100
kHz for X- and P-band experiments and 12,5 kHe. for
S-band. Cryogenic temperatures were maintained using
helium flow systems designed by Oxford Instruments
(mode! ESR-9) for S-band experiments or in-house tor
X- and P-band.

Relative spin quantitations of the multiline and ¢ = 3
signals were carried out by integration of the X-band
signals. The narrow radical at the center of the multi-
linc signal (Tyr D and Tyr Z*) was replaced with
baseline prior to integration. The multiline signal was
not corrected for other light-induced signals because
these were assumed to be unaffected by ethanol. Dit-
ferences in transition probability were accounted for as
described by Aasa and Viinngdrd [24] assuming g = 2.0
for the multiline signal and g = 4.1 tor the signal at
g=4.

Spectral syntheses were carried out on IBM-compat-
ible personal computers  using  Fortran  programs
(Dunham, W.R., unpublished data; Haddy. A.. unpub-
lished data). Calculation of effective principal g vaiues
for $=3/2 and § =5/2 systems was performed using
a program which diagonalizes the spin Hamiltonian
matrix based on a given magnetic ficld strength, zero
ficld splitting D and rhombicity F /D, and assuming a
true g value of 2.000 except where otherwise stated.
The program used for simulations of EPR spectra was
written for eftective spin §' = 1 /2 systems with nuclear
hyperfine coupling and Gaussian lineshape.

Results

Mudtifrequency data

The g =4 EPR signal induced in PS-ll-enriched
thyfakoid men.branc preparations by illumination at
200 K was studied at three microwave frequencics: 3.9
GHz (S-band), 9.2 GHz (X-band), and 15.5 GHz (P-
band) (Fig. 1, top curves), As in other studics, at
X-band frequency the signal appeared as a single broad
line centered at g = 4.1 with a linewidth of 34-36 mT.
Upon lowering the frequency to S-band, little change
was found; the signal showed about the same g value
and no hyperfine structure became apparent. Observed
S-band linewidths were somewhat narrower than X-
band. ranging from 27 to 35 mT. Upon increasing the
frequency 1o P-band, however, the g = 4 signal changed
in shape in a manner consistent with the partial resolu-
tion of two g value components. The overall sig.a!
appeared to widen to about 70 mT from peak to
trough, with the point of baseline crossover at about
g =385,

To test whather the apperent anisotropy of the
signal at g orepresented @ powder pattern trom g
stngle conter or twa signals from ditferent centers, a
partialle oriented membrane sample was examimed at
P-band The degree of orientation, o5 judged from the
evtochrome £-5339 ¢ and g, resonances, was found to
be good: however, a small amount of cach peak re-
mained at the orientation tor which it would have been
absent ziven optimal orientation (see Ref. 25, for ex-
ample). Using this preparation, two components of the
signal @ g = 4 were partially differentiated by chang-
ing the ngle between the membrane normal and the
magnetic field direction. At an orientation of 07, a
signatl with intensity abave and below the bascline
appearcd with a bascline-crossover at about g = 3.85
(Fig. 2, top). At 907 4 signal w.th intepsity mostly above
the baseline appeared with the peak at about g = 4.7
(Fig. 2, bottom). These data indicated that the signal at
g = 4 arose from a siagle spin system with pronounced
L-Uanmisotropy.

Sinwdations of the ~ignal ut g =4

Scveral features, based on these wnd previous obser-
vations, must be accounted for in an adequate model
for the signal at g = 4. At the lowest fiequency, S-band.
the overall hinewidth in terms of ficld units did rot
narrow as expected it tg-strain’ broadening were the
priacipal determinant of linewidth. This indicated that
the narrowing of the signal was limited to a linewidth
about equal to that observed at S-band. A likely source
for this would be underlying hyperfine structure, which
would be expected for a signal arising from Ma.

A more difficult observation to c¢xplain was the
g-anisotropy  observed at P-band, which wos  great
cnough that two of the g-components apparerily dif-
fered by about (L85, This anisotropy is obscurcd at
X-band frequencics. although some anisotropy can be
obscrved in oriented samples [25]. Comparizon of the
X- anid P-band signals indicated that the higher field
portior of the signai moved to a lower ¢ vaiue as the
frequency increased. Early simulation attempts showed
that a single sct of g values could not simulate the
data at oIl three frequencies, regardiess of hnewidths
used.

Zero field splitting (ZEFS). which is the principal
determinant of the high g values observed, is also
likely to be respousible for the frequency dependence
of the signal Thus, several possible hall-integral spin
systems with 5 > 1,2 were considered for the origin of
the So-state signal at g = 4. Possible model spin sys-
tems were tested by calculating the theoretical g val-
ues from the ZFS parometers by a matrix diagonaliza-
tion procedure. An axizl § = 3 /2 system. which shows
puwder patterns with g, =4, 4, 2, scemed to be o
likely possibility, since a departure from axial symmetry
could cause a separation of the two low-field g-compo-
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nonts. This tvpe of spin system has been proposed
provivusiv for the Sostate signal ot ¢ Jo with s
source in either a Mn multimer [Y] or an MntlV)
monomer [16]

Attempts to simalite the X-band signal at g - 4
using the g values observed at P-hband (4.7 dnd N5
which would correspond 1o o high ZFS  agruation,
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Fig, 20 P-hand signad at ¢ 4 from onented PS-H-cariched mem-
brancs, with angles between the membrane normal and the magnetic
ticld direction of 00 (tep) and 9 (hottom). The oriented membrane
sample. prepared as desenbed in Materials and Methods. was illumi-
nated tor 4 mm atter taking spectiain the dark-adapted state. EPR
conditions were as desenbed for the P-hand experiment in the
fegend to Fig, 1.

showed that a near axial S = 3/2 system would not
produce the proper lineshape (Fig, 3). Simulated sig-
nals were generally too broad from peak (o trough and
showed cither a pronounced shoulder (Fig. 3. dashed
line) or. if wider linewidths were used, a lopsided
signal (Fig. 3, dotted line). In addition, all X-band
N 3720 simulations showed greater asymmetry with
respect to areas above and below the bascline than the

g 1 (nmp.mmn of thg Im\ kmpu.mm Sy-state EPR sipoal at
¢ tram PS lenriched membranes at three microwine frequen-
cies AAY P-bhand. 1535 Gz (B) X-band, 9.2 GHy: and (O S-band,
I GHZ The spectra show the same span i maenctic ficld units and
vorperde at vy Top cunes, experamental spectra: The - and
N bhand spedtig were taken on the same sampie (11 e Chl mi): it
was tllumimated for S min for the P-band and. after redark-adapting,
tor 6 min tor the X-band experimient. Tie S-band sample (20 mg
ChEmb was iHuminated for 32 min. Microwave power and modula-
tion amplitude were 2 mW oand 13 mT. respectively, at P-band. 20
mW and Lo mT a1 X-band. and 20 mW and about 09 mT at S-band.
Temperature was 11 K for X- and P-band experiments and 10 K for
S-band. Discontinuities it g 4.3 resulted from subtraction of the
nattow dine attmbuted to rhombic FetliD, The S-band spectium
shows overlapping lines trom the multitine signal. Bottom curves.
sitilated spectras Spectral syntheses were carried ont as described
m the text using the effectne g values caleulated for an § = 5/2
ssstem o with D - 043 e " oand LD = 025 (see Table D and
assuming underlying hyperfine coupling 1o a nuclear spin 1= 5/2
awstemwith A4 =345 mT.
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Fig. 3. Simulation of the X-band signal at g = 4 assuming a neaw

axial 8= 3/2 system. Solid line: experimental spectrum tiaken from

Fig. 1B, wop curve: dashed and dotted lines: simulations carried out

setting g, , .= 468 382 2.00 and linewidths W | =175 15, 20
mT and 22.5, 20, 25 mT. respectively.

experimental spectrum because of the appearance of
only two of the three powder pattern components in
the g =4 region. Except for the unmodified P-band
signal observed here, previously published spectra as
well as our own appear to be full derivative-shaped
signals.

Examination of the theoretical basis for & near axial
8 = 3/2 source for this signal revealed further poten-
tial problems. Simulations employing the expected true
g value (g,,) of 2.0 could produce ncither the cffective
£ valucs nor the frequency dependence required by the
data. We found that the lowest g, that could produce
the observed P-band g valucs was 2.15 using a high
ZFS of D =30 cm ' (or greater) and E/D = 0.066.
With this high ZFS ihere is almost no frequency de-
pendence of the signal. A system in which the ZFS was
lower, with D =060 cm ' and E/D = 0062, and the
true g value higher, g, =2.22. also produced the
P-band g values. This ZFS is low cnough to show
frequency dependence, but simulations were not satis-
factory. First, although the effective X-band g values
of 3.96 and 4.79 produced a signal with a baseline
crossover near g = 4.0 and mid-pcak around g = 4.1,
the shape of the signal again did not match the ob-
served signal. In addition, the corresponding S-band g
values increased unlike the observed signal, Another
result of these high g, values would be a paralicl
resonance near g = 2.15-2.2, where it would be more
noticcable than the wsual g =2 paralicl resonance.
Finally, there is no satisfactory physical explanation for
these g,, values from an Mn source. The tugh angular
momentum implied by such a high g, is lacking cven
for Mn(1i1) which shows at most g = 2.01 as its perpen-
dicular resonance. For these reasons, an axial § =3 /2
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TABLE |

Puaramercrs wsed for simdationr of the S oowal at ¢ avseeonmy
wnderbvire Ivpertine struectire frome an M monomier

Parameter

S-band .\’-Imm‘l I’J;hd
(391 GHA (0 3GH2 (155 GH2)
¢ value B T T )
3.0 A9x AN3
478 478 .68
Width (mT) 15 20 (2
15 17.5
s 17.8 17.5

Parameters correspond to the simulations shown in Fig, 1. bottom
cunves. The g values were caleulated for o near rhombic § - 5/2
watem tor which D=~ 043 ¢em ' and £/ 0 025 Underlying
hyperfine structure from an £ = 5,2 nucleds with A4 = 45 mT was
inctuded in the simulations. The widths given are for the individual
hypertfine lines: their choice wis therefore intluenced by the hyper-
finc splitting used.

system is not consistent with the S.-state signal at
g =4

The signal at g =4 wus found to fit a model at-
tributing its origin to the central krameis doublet of a
rhombic § = 5/2 system. This model provided g val-
ues and frequency dependences required by the data
assuming g, = 2.000. The g values which best fit the
data 'vere correlated with a ZFS, D, of 0.43 cm ! and
a rhombicity, £ /D, of 0.25 (Table 1), where D and E
are defined in the spin hamiltonian ZFS t2a (i(S: ~
S(S + D/ + E(S] = 89 Although the g values cal-
culated arc very sensitive to changes in D, the errors in
D and /D may be up to 109 due to factors which
influcnce lineshape (sce below). The observed X-band
g value of 4.1, rather than 4.3 observed for many
rhombic § = 5/2 systems, can be attributed primarily
to the rhombicity E /D of 0.25. which is low compared
to 1/3 for complete rhombicity, The frequency depen-
dence of the effective g values results from the low
ZES energy relative to the Zeeman energy (Fig, 4.
Onc of the more notable results of this analysis 1s that,
because of the low value of D, one of the three
principal axes no longer shows a relevant energy transi-
tion at P-band.

While the simulations presented here reproduced
the g values and overall appcarance of the signal well
at all threo frequencies, the lineshapes produced ore
not expected to be accurate. especially for the P-band
signal. In particular, the method used to calculate the
angular dependence of g values and transition proba-
bilitics bused on principal axis values is an approxima-
tiun which becomes less accurate for the P-band spece-
trum. Simulations of the P-band signal, which cm-
pluyed g =0 as onc of the principal g-components,
show lineshape inaccuricies that probably arise from
this assumption. In addition, the use of a Gaussian
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lineshape becomes problematic as the g value in-
creases because it is relevant o an energy seale rather
than a g-scale. Lineshapes are expected to appear
distorted at lower ficld as a result of “g-strain’ [26].

Simulations of the signals included hyperfine cou-
pling to onc Mn nucleus (f=5/2) (Fig. 1, bortom
curves) or to an Mn dimer. Underlying hyperfine split-
ting accounted for the frequency independent line-
broadening and provided an cestimate of the largest
splitting that would not affect the iesolution of g-uni-
sotropy at P-band. Isotropic hvpertine coupling 10 a
single Mn nucleus it the data well with A4 = -5 m'T.
To simulate an underlying multimer hyperfine pattern
while keeping the computation ime at a minima:a. a
dimer model in which once coupling constant was twice
that of the other was used. lsotropic constants no
greater than A, =25 and .= 5 mT could be incor-
porated without distorting the shape of the P-band
signal. The line spacing of this 16-line paticrn was
smaller than the 3.6 mT spacing observed by Kim ct al.
{13]. The difference might be duc to either the differ-
ent torms of the signal (NH -modified vs. unmodified)
or a difference in the pattern of line intensity between
the simulated and true signals.

Eridence supporting an S = 5 / 2 origin

Rhombic & - 5/2 systems can show one or two
signals at g = 9~10 arising from the upper doublet of
one principal axis and /or the lower doublet of another

principal axis. The signal has a relatively low transition
nrobability, but is generally narrow. For the §=35/2
system deseribed here, signals are expected to appear
at ¢ =9.7 and /or g = 9.8 assuming g, = 2.0, with the
former having the greater transition probabi'ty. We
were not successful in observing an appropriate X-band
signal at g = 9-10. Althougt some light-induced fea-
tures were observed, the sensitivity to ethanel and F
did not match that of the signal at g =4. the g = 5-10
region of the spectrum also contains a signal from
rhombic Fe(lID) which may interfere with observation
of a light-induced signal. In addition hyperfine splitting
from Mn would reduce the likelihood of resolving
individual lines. These potential problems. in addition
to the expected low transition probability. probably
cxplain the lack of observing an S,-state signal at
£ = 9-10,

One way of testing the § = 5 /2 identity of the signal
at g =4 depends upon the apparent exchange of spin
population with the multiline signal at g=2 in re-
sponse to cthanol. Spin population from the multiline
signal (S = 1/2 116]) would redistribute over three
Kranwers doublets. of which only one would be ob-
served, upon conversion of the center to an §=5/2
state. Thus we compared the gain of multiline signal to
the loss of the signal at g = 4 due to the presence of
cthanol in othcrwise equivalently prepared samples.
The integiated intensity of the two S,-state signals
were studied at X-band for pairs of samples, with and
without 67 ethanol, from two PS-H-enriched mem-
brane preparations and a core complex preparation.
The difference spectra of these samples showed ¢ven
baselines and therefore gave reasonably accurate inte-
grated intensities. After correction of the signal inten-
sitics for the difference in transition probabilities [24].
the ratio of the loss in g =4 signal to the gain in
multiline signal intensity was found to be an average of
(.36 duc 10 the presence of ethanol (0.38, 0.35 and 0.34
wr the three preparations, respectivelv), This is close
to the expected value of 0.33 for an §=5,2 system
that exchanges spin population with an $=1/2 sys-
tem,

£ - and NH -modificd signals at P-band

The g =4 region was further studied at P-band
trequency using PS-H-enriched membranes in which
NaCl had been replaced with NaF. F~ is known to
cnhance the intensity of the signal at g =4 while
greatly reducing the intensity of the multiline signa!
[11.15). As expected, the signal at g =4 increased
significantly after this treatment (Fig. 5). approximately
doubling as a result of the replacement of NaCl with
Nal'. In addition, the observed anisotropy of the signal
at 15.5 GHz was lower than that of control samples.

Good simulations of the F -moditied signal were
obtained using the g values corresponding to D = 0.53
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Fig. 5. P bond signal at g =4 of T -treated PS-li-enriched mem-
brancs. The F -treated sample (13 mg Chl/ml). prepared as de-
scribed in Materials and Mcethods. was illuminated for S min. Expert-
mental conditions were as described for P-band in the legend to Fig,
1. The simulation shown is for a system with g, .= 3.71. 4.02. 4.59:
W, . =175.225 175 mT and A =45mT for an [ =5/2 nucleus.

cm ' and E/D =0.27. With these higher values of D
and E. resonances corresponding to all three principal
axes are obscrved in the g = 4 region. Hyperfine cou-
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Fig. 6. Eftect of NH, binding in the $;-state on the Ss-state P-band

signal at g =4. 60 mM Na,SO, (ap) or (NH ;)50 (hottom) was

added to dark-adapted PS-1l-enriched membrancs (15 mg Chl,/mb)

at pH 7.5, as described in Materials and Methods. The S,-state was

achieved by illuminaton at 200 K for 3 min. EPR condibons were as
descnibed for P-band n the fegend to Fig |
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pling of 2.3 to 6 m't’ o a nucleus of [ =5,2 could be
incorporated with varying Hnewidths. The possibility
that F induced a second signal in addition to the
control signal was eliminated since the additional sig-
nal woutd have had an unnatural appearance. Thus the
effect of B -modification on the signal at g = 4 was to
increase both the ZFS. D, and the rhombicity, 7/,
of the § =5/2 center.

NH ; binding to the OEC has been found to affect
the signal at g =4 [27.28]. This results from NH,
binding in both the S - and S,-states, although it is
more pronounced in the fatter. The effect of NH
binding in the S;-state on the g =4 signal was ob-
served at P-band frequency. (NH .50, w - wedded to
dark-adapted PS-H-enriched membrenes at an cle-
vated pH to allow binding in the S,-state. then the
S.-state was produced by illumination at 200 K. A
single symmetrical linc at g = 4.1 was found after this
treatment (Fig. 6. bottom), while the Na .50 -contain-
ing control showed the same anisotropic signal as un-
treated samples (Fig. 6, top). The integrated intensity
of the NH -mudificd and control signals were simifar
with only about a 107 decrease in the NH -treated
signal. Simulations showced that this torm of the signal
at g =4 corresponded to IY=0644 cm ' and FE/D =
0.30. with the ontire powder pattern observable s tor
the F~-treated sample.

Discussion

Churecteristios of the muedtify cquency data

P-band trequency (155 GHz) EPR of the S--state
signal at ¢ =4 from PS-1l-cariched membranes has
revealed that it is composed ot at least two apparent g
vialues separated by abeut 083 (Fig. 1A, top cunve).
Study of membrane samples prepared on mvlar sheets
showed that these g values corresponded to different
components of one signal (Fig. . At P-band the
g-components of the oricnted signal wery well sepa-
rated. with the higher field component appearing at ('
between the membrane normal and the magnetic field
dircction. An orientation-dependent shift in the X-band
signal a4t 5 =44 was observed previously in similar
preparations by Rutherford [25]. although with littie
resolution of g-cumponents,

At the lower S-band fraquency (3.9 GH ), the signal
at g =4 resembled the X-hand signal, with some slight
narrowing. 1t showed no hyperfine structure, as an Mn
signal might if individual linewidths decreased with
frequency. But neither did the signal as a whole be-
come notably narrower as it would if “g-strain” broad-
ening dominated the overall linewidth, This indicates o
limit to the narrowing of the signal which is consistent
with an underlving hyperfine structure. The  g-uni-
sotropy of the signal may contribute to difficulty in
resdi. my individual lines at the lower frequency.
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Spin state origin

One of the most interesting findings of this study
was that a single set of g valucs. which would be
appropriate for treatment of an isolated doublet. could
not account for the data from all three frequencies.
The relatively high g values and their variations with
frequency indicated that zero field splitting (ZFS)
played an important role and was low cnough to ac-
count for frequency dependence. In addition, if the
signals were not from the ground doublet of a Kramers
system, the ZFS would have to be small enough for the
signal to follow the Curie law above 4 K, as obscrved in
previous studies [9,16].

Several possible origins of the signal were consid-
ered before choosing § = 5/2 as the model for simula-
tions. The axial § =3 /2 system. which gives rise to a
signal of the type g, . =4. 4. 2. was investigated
thoroughly before concluding that it was not a satisfac-
tory model (sce Results). The possibility that the signal
at g =4 might arise from an § = 3/2 state analogous
to that of the octahedral d” ion CotIll), which shows a
signal at g =43 [29], was ruled out becausc of the
unlikely electron configuration tor Mn and the proba-
ble Jack of frequency dependence. The higher spin
states, $ = 7/2 and § = 9/2, were also ruled out. The
$ =772 state does not show an isotropic line at low
field. although it often shows an axial signal of the type
g.,.= 8. 8.2 from the ground Kramers doublet. The
rhombic § =9/2 system shows an isotropic low ficld
signai from the middle Kramers doublet but with higher
¢ values, typically g = 6.36 for high D and E/D = 1/3
or slightly lower. Some examples of this have been
observed from synthetic tetranuclear Mn complexes
with accompanying resonances near g=2 and g=19
[30].

The near rthombic § =5/2 system, which success-
fully accounted for the g values and frequency depen-
dences observed here for the signal at g =4 (Fig. 1.
bottom curves and Table 1), is one of the most well
documented spin systems. It is usually exemplified by
highly rhombic Fe(111) with large ZFS in glasses and
biotogical systems where transitions within the middle
Kramers doublet appear as sharp signals at g =43.
Mn(11} in glasses also shows signals at g = 4.3 [31.32].
but there are few if any reports of this in enzyme
systems. The § = 5/2 system studied here was unusual
in having a relatively low rhombicity and ZFS, which
lead to the observed X-band g value of 4.1 and marked
frequency dependence. The characteristics of the sig-
nal are such that at frequencies above P-band the two
higher-field g-components are expected to disappear
aftogether. The remaining g-component would de-
crease in value where the line of Fig. 4 is nonvertical
and become difficult to observe due to “ZFS-strain’,
which can be thought of as an increase indg/d(hv /D).
When nearing the limit of g’ =2, where the lines

become vertical again, the signal would be difficult to
distinguish from others. This explains. at least in part,
why the signal at g = 4 was not observed in an carlicr
study at 35 GHz (Hansson. O. personal communica-
tion).

The expected temperature dependence of the signal
from the middle Kramers doublet was calculated for
the § = 5/2 system described here between 4 and 25 K
and found to agree with previous experimental results
[9.16]. Only minor departure from Curic law behavior
is expected unless the temperature is below 2 K.

Spin density exchange with the multiline signal

The relative intensities of the multiline 1nd g =4
signals are influvenced by a number of experimental
factors including the cryoprotectant, the presence of
ethanol, the temperature of illumination anc the pres-
ence of certain anions such as F~ and NO; [5.15]
With changes in these conditions, one signal appears to
gain or losc intensity at the expensc of the other.
Although this observation has been made by numerous
investigators. only onc previous study [16] has carried
out a spin quantitation of the apparent exchai.ge.

For the redistribution of spin from an S = 1/2 sys-
tem (multilinc) to an § = 5/2 system (g = 4 signal) one
would expect the § = 5 /2 signal (which arises from one
of threce Kramers doublets) to gain about 1/3 of the
multiline signal population lost by the § = 1 /2 center.
The samples studied with and without ethanol showed
an average ratio of g =4 signal gained to multiline
signal lost of 0.36. A similar experiment described by
Hansson and coworkers [16] gave a similar resuit: if the
spin density observed at g = 4 is assumed to arise from
an isotropic signal, then the loss of 1 spin of multiline
signal correlates with the gain of 0.28 spin of g=4
signal. The analysis presented here assumed that any
spin intensity lost by the multiline signal in one or
more §=1/2 states corresponded to a gain in the
¢ = 4 signal. It relied upon accurate integration of the
signals, which can be difficult for difference spectra
from cryogenic samples. While this analysis does not
confirm the identity of the g = 4 signal as arising from
an § =5/2 state, it is consistent with this interpreta-
tion.

Source of the S =5 / 2 signal

A Mn(I1}) monomer source for the signal at g =4,
although possible based solely on the observations made
here, is unlikely when considering results from other
laboratorics. Most notable is the recent observation of
hyperfine structure on the NH ;-modified g = 4 signal
from oriented PS-Il-enriched membranes [13). Another
recent study showed that the magnetic susceptibility
change upon S,- to S,-state transition was the same
during formation of both the multiline signal and the
F -induced g =4 signal, indicating that the g = 4 sig-



nal arises from a cluster similar to the multiline signal
[18]. Furthermore., XANE results which show a high
average oxidation statc (Ma(I11) to Mn(IV)) in the
g = 4 signal-associated S,-state [12] do not support the
presence of Mn(ll). The lack of Mn oxidation in the
S,- to Sy-state transition [12,18] underscores the need
for a high Mn oxidation state in the S.-statc so that
water can be oxidized on subscquent steps.

A Mn cluster of nuclearity 3 or 4 offers a more
satisfactory explanation for the signal at g =4 than a
dimer. The higher nuclearities appear more likely to
produce an S =5/2 ground state since a dimer (i.c.,
Mn(ITDMn(1V)) would be expected to couple strongly
tc produce an § = 1/2 ground state. In addition the
higher nuclearitics of 3 and 4 are more likely to show a
reduction in line spacings from the monomer values, as
noted by Kim and coworkers in their study of NH .-
treated oriented membranes [13].

F - and NH ~modified signals

The F~- and NH ;-modified P-band signals at g =4
were found to have much lower g-anisotropy than the
unmodified signal due to greater ZFS and rhombicity.
The major difference between the two modified signals
was that the replacement of CI~ with F~ approxi-
mately doubled the spin concentration, whereas NH ;-
modification did not change the spin concentration.
The X-band signal has previousty been observed to
become about 10¢% narrower in the presence of F~
{11]. NH; binding has also been reported to modify the
X-band signal by narrowing and shifting its g value to
lower field {28], although other researchers have re-
ported that the signal was unchanged by NH ; [27}: this
difference could be due to the presence of different
cryoprotectants.

The similar effects of the presence of F~ and NH,
on the g =4 signal suggests a similar action by these
two modifying agents. NH ;. an inhibitor of O, evolu-
tion. binds to two sites within the OEC [33], one of
which is associated with modification of the g=4
signal and the other with modification of the multilinc
signal [27.28]. C1~ has been shown to protect one of
the NH ; binding sites [33]. that associated with modifi-
cation of the g =4 signal [28]. F . which also inhibits
O, evolution, competes with amines for the ClI” bind-
ing site [34]. The similarity in the effects of NH; and
F~ on the signal at g =4 must be related to *heir
occupation of a binding site normally occupied by Ui .
NH; and F~ are both stronger field ligands than Cl
and would be expected to increase the ZFS of a
transition metal ion, which suggests that C1 . F  and
NH; bind directly to the same position on the Mn
center. The effect of such a replacement on the ZFS of
an exchange coupled multimer is less clear, however.
since only one ion of the cluster may be involved.
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The results of this study lead to further speculation.
on the origins of the §.-state multiline signal and the
signal at ¢ = 4. If both signals arise from Mn multimer
systems, the relationship between the two signals indi-
cates that they represent two ditferent coupling and /or
valence schemes of the same multimer. The obscrva-
tion that the signal at ¢ =4 forms dominantly after
illumination at 130-140 K and is partially or com-
pletely replaced by the multiline signal upon warming
to 200 K [14] strongly suggests that the frozen sample
of a dark-adapted OEC is closer to the g =4 signal
form than the multiline signal form of the complex.
The internal changes in the complex that accompany
this EPR change arc facilitated (pcrhaps driven) by
additions to the solvent that lower its freezing point
(glycerol, cthylenc glycol or ethanol). F~ apparently
does not allow this conformational change. while su-
crose addition gives an intcrmediate situation. Extrapo-
lating the low-temperaturc mecasurements to room
temperature, one projects the g = 4 signal as character-
istic of the §,-state molecular configuration while the
multiline signal is characteristic of the S.-state molecu-
lar configuration. The changes at 200 K arc explained
as conformational transitions that are allowed by the
freedoms associated with the onset of the hiquid state.
The fact that ammonia binding to the S, -state has
more effect on the g = 4 than on the multiline signal is
also consistent with this notion.
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