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ABSTRACT: The quinone—iron complex of the electron acceptor com- g~2

plex of Photosystem II was studied by EPR spectroscopy in Thermosyne-
chococcus elongatus. New g ~ 2 features belonging to the EPR signal of the
semiquinone forms of the primary and secondary quinone, i.e.,, Q ARt
and Q" Fe*', respectively, are reported. In previous studies, these (oicarbonate
signals were missed because they were obscured by the EPR signal arising % ;

from the stable tyrosyl radical, TyrD’. When the TyrD® signal was @
removed, either by chemical reduction or by the use of a mutant lacking

——B

0
Qs Q,
,/’ electron transfer

=

(bi)carbonate

Qa

TyrD, the new signals dominated the spectrum. For Q_ A TFe’™, the signal

was formed by illumination at 77 K or by sodium dithionite reduction in the dark. For Q" Fe*, the signal showed the
characteristic period-of-two variations in its intensity when generated by a series of laser flashes. The new features showed relaxation
characteristics comparable to those of the well-known features of the semiquinone—iron complexes and showed a temperature
dependence consistent with an assignment to the low-field edge of the ground state doublet of the spin system. Spectral simulations
are consistent with this assignment and with the current model of the spin szstem. The signal was also present in Q * Fe”" in plant
Photosystem II, but in plants, the signal was not detected in the Q ," Fe T state.

The electron acceptor complex of Photosystem II (PSII)
involves two quinones, Q 4 and Q p, situated symmetrically
on either side of a non-heme ferrous ion located at the level of the
membrane—water interface of this intrinsic membrane—protein
complex. Q 4 is tightly bound and acts as a one-electron carrier,
while Q p undergoes two sequential one-electron reduction steps.
Q_p is weakly bound in its quinone and quinol form but tightly
bound in its one-electron-reduced semiquinone form (reviewed in
ref 1). The non-heme iron is coordinated by four histidines and a
bidentate carboxylic acid ligand.' ® In the homologous purple
bacterial reaction center, this ligand is a glutamate of the M
subunit,* while in PSII, it is a bicarbonate or carbonate ion.*””

The proton-coupled electron transfer reactions that are asso-
ciated with quinone reduction through the quinone—iron com-
plex have been studied in great detail in purple bacterial reaction
centers.”® In PSII, however, these reactions remain relatively less
well-known." While many of the basic features of the purple
bacterial reaction center are present in the quinone—iron com-
plex of PSII, it seems likely that the different regulatory require-
ments specific to PSII have led to a range of structural and
functional features that are not shared with its purple bacterial
counterpart.
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EPR spectroscopy can contribute to understanding the struc-
ture and function of the quinone—iron complex in PSIL. As in the
purple bacterial reaction center,' the semiquinone forms of both
Q_a and Q j can interact magnetically with the high-spin ferrous
iron (Fe’', S = 2), producing similar but not identical EPR
signals." In native PSII, these signals are slightly shifted (g ~ 1.9
instead of ¢ ~ 1.8) and have much weaker intensities.""">
In recent theoretical studies, this difference was attributed to the
carboxylic acid ligand being carbonate rather than bicarbonate.”
When bicarbonate or carbonate was replaced with formate,
which unlike bicarbonate cannot undergo a second deprotona-
tion, the EPR signals seen became almost indistinguishable from
those naturally present in purple bacterial reaction centers.'?
Given the great enhancement of the intensity of these formate-
modified signals, formate is often added to PSII to visualize the
QA" Fe”" signals (e.g,, refs 14 and 15). Recently, we demon-
strated that an equivalent formate-modified Q 5" Fe”™ signal can
be formed.*® This spectroscopic trick is useful, but nevertheless,
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it represents a system that is inhibited and structurally modified
by the non-native ligand.

In recent work from our laboratory, we noted a new EPR
feature that seemed to be associated with the Q 3*~ state.'®"”
Here we report a study aimed at identifying this feature.

Bl MATERIALS AND METHODS

Culture Conditions and PSII Preparation. The Photosystem
II studied here was isolated from three different strains of
Thermosynechococcus elongatus and from spinach. The three T.
elongatus strains, all His-tagged on the CP43 subunit of PSII,
were as follows: (1) WT, in which the psbA; gene was dominantly
expressed when grown under normal conditions;'®'? (2) A3, a
strain of cells in which the psbA; and psbA, genes were deleted so
that only the psbA; gene was expressed;*° and (3) D2-Y160F, in
which the tyrosine residue known as tyrosine D*' was mutated to
phenylalanine in the WT strain.** PSII core complexes were
prepared using a protocol based on ref 23 with some modifica-
tions as described in ref 16. The oxygen evolution activities of the
PSII core complexes isolated from the WT, A3, and D2-Y160F
strains were as previously reported.”>*>** Samples were stored in
liquid nitrogen in storage buffer [40 mM MES (pH 6.5), 15 mM
MgCl,, 15 mM CaCl,, 1 M betaine, and 10% glycerol].

PSII-enriched membranes were isolated from market spinach
as described in ref 24 with the following modification: bicarbo-
nate was added at a final concentration of 1 mM to the thylakoid
resuspension buffer, the solubilization buffer, and the storage
buffer [25 mM MES (pH 6.5), 10 mM NaCl, 1 mM bicarbonate,
and 0.3 M saccharose]. The oxygen evolution was ~600 tmol
of O, (mg of Chl) " h™". This isolation procedure was aimed at
maintaining Q_p as functional as possible using milder detergent
treatment>* in the presence of bicarbonate.®

The presence of Q 5 was verified by using thermolumines-
cence. A single flash produced the typical S,Q 5"~ recombination
band, and only a very small S,Q »" band was present. This in-
dicates that Q y is functional in the vast majority of centers.*®
Thermoluminescence was measured as described previously.”’

Chemical Reduction Treatments. Chemical reduction of
PSII with ascorbate was performed as follows. For both T. elongatus
cores and PSII-enriched membranes from spinach, sodium ascor-
bate from a 300 mM stock solution in storage buffer was added to
120 uL of PSII (~1 mg of Chl/mL) in the EPR tube in darkness to
give a final concentration of 10 mM. The T. elongatus sample was
then incubated in darkness for 30 min at room temperature prior to
being frozen. The PSII-enriched membrane sample was incubated
for 60 min at room temperature prior to being frozen.

Dithionite reduction of T. elongatus PSII was performed at
room temperature in darkness by addition of sodium dithionite
to the sample in the EPR tube to give a final concentration of
2 mM using a 30 mM sodium dithionite stock solution made up
in degassed storage buffer. The reduced sample was immediately
frozen at 200 K in a solid CO,/ethanol bath prior to EPR
measurements.”®

To eliminate EPR signals around the g ~ 2 region arising from
free Mn>" jons, EDTA (final concentration of 5 mM) was added
to EPR samples used in this work, except for the experiments
shown in Figures 2 and 3.

EPR Measurements. EPR spectra were recorded using a
Bruker Elexsys 500 X-band spectrometer equipped with a standard
ER 4102 resonator and Oxford Instruments ESR 900 cryostat.
Instrument settings were as follows: microwave frequency, 9.4 GHz;

modulation frequency, 100 kHz. All other settings were as indi-
cated in the figure legends; 120 uL aliquots of PSII cores (~1 mg
of Chl/mL) in the same buffer used for storage were loaded into
4 mm outer diameter quartz EPR tubes. The samples were manip-
ulated under dim green light and then incubated in complete
darkness for 12 h. For plant PSII, 120 uL aliquots of PSII-
enriched membranes (~3 mg of Chl/mL) in the same buffer
used for storage were loaded into 4 mm outer diameter quartz
EPR tubes. The samples were manipulated under dim green light
and then incubated in complete darkness for 2 h. The EPR
samples were frozen in a solid CO,/ethanol bath at 200 K.
Samples were degassed by pumping (10> bar) at 200 K and then
filled with helium gas. EPR tubes were then transferred to liquid
nitrogen prior to the EPR measurements being made. Samples
were handled in darkness.

The saturation curves were measured at 4 K after the tubes had
been degassed at 200 K in a solid CO,/ethanol bath. The fit used
for the saturation curves to estimate the P/, was as follows: SI =
a X Pl/z/(l + P/Pl/z)b/z, where SI represents the signal in-
tensity, a the normalization factor, P the microwave power, P, /,
the half-saturating microwave power, and b the inhomogeneity
factor.

The quantification of the contaminating radical signals was
estimated by measuring the area of the double integral of the
contaminating radical and comparing it with that of the total
TyrD" signal. The total TyrD" was generated by illumination of
the PSII sample at room temperature with room light (approx-
imately S 4E from white fluorescent room lights) for 1 min and
then incubation for 20 s in the dark before the sample was frozen.

lllumination Conditions. Flash illumination was performed
using a frequency-doubled Nd:YAG laser (Spectra Physics, 7 ns
full width at half-maximum, 550 mJ, $32 nm) at room tempera-
ture. After a given number of saturating flashes, samples were
rapidly frozen (1—2 s) in a solid CO,/ethanol bath at 200 K
followed by storage in liquid nitrogen. Low-temperature red-light
illumination was performed in an unsilvered dewar containing
liquid nitrogen (77 K). Illumination at 77 K was performed for 30
min to reduce Q » and oxidize Cyt bssg to near completion, as
verified by EPR. Continuous illumination with red light was
performed by using an 800 W halogen lamp. The light was
filtered through 3 cm of water, calflex IR heat filters, and a long-
band-pass filter (RG-670 nm).

EPR Simulations. Spectral simulations were performed as
described in ref 7. The spin Hamiltonian (10 X 10 matrix) was
solved numerically using (i) Scilab-4.4.1, an open source vector-
based linear algebra package (http://www.scilab.org), and (ii)
the Easy Spin package™ in MATLAB.

B RESULTS

lllumination at 77 K. Figure 1a is a light-minus-dark difference
spectrum induced by illumination at 77 K of T. elongatus (WT)
PSIL Prior to recording the dark spectrum, we incubated the
sample in the dark for 12 h. This incubation allowed the oxidation
of Q 5* Fe’" and the reduction of TyrD" in a significant fraction
of centers."®*® Sodium ascorbate (10 mM) was added 30 min
before the end of the 12 h dark incubation to reduce Cyt bssg and
the residual TyrD". Illumination at 77 K is expected to result in
the oxidation of Cyt bsse and the reduction of Q ,.*' The near
complete reduction of Cyt bssg by sodium ascorbate prior to
illumination minimizes the appearance of Chl;/Car radical
cation signals.*> >* The TyrD does not undergo oxidation at
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Figure 1. EPR signals attributed to Q4" Fe’" and Qg" Fe’" in PSIL Panel A shows spectra (a—c) of isolated T. elongatus WT PSII, while panel B
shows spectra (d—f) of PSIl-enriched membranes from spinach. PSII cores from WT T. elongatus were incubated in darkness for 11.5 h and then
incubated with ascorbate (10 mM) for a further 30 min in darkness. PSII-enriched membranes from spinach were incubated for 2 h at room temperature
and then incubated with ascorbate for 1 h in darkness (see Materials and Methods). Spectrum a is a 77 K illuminated-minus-dark spectrum of T. elongatus
WT PSII attributed to Q4" Fe®*. The top inset in panel A shows the g ~ 2 region of the 77 K illuminated-minus-dark spectrum on an expanded
magnetic field scale and recorded at 160 mW. Spectrum b is a thawed-minus-dark spectrum attributed to Q" Fe*" and obtained as follows. The 77 K
illuminated sample used for spectrum a was warmed to room temperature, incubated for 10 min in darkness, and refrozen. The bottom inset in panel A
shows the g ~ 2 region of the thawed-minus-dark Q" Fe* " spectrum on an expanded field scale recorded at 160 mW. Spectrum c is a 77 K illuminated-
minus-dark spectrum attributed to the Q4" Fe®"Qg"~ state, which was obtained when the sample containing Qg" Fe®" was reilluminated at 77 K.
Spectrum d is a 77 K illuminated-minus-dark spectrum from plant PSII membranes attributed to the Q4" Fe”* state. To obtain this spectrum, the plant
PSII sample was incubated in darkness for 30 min at 200 K after the 77 K illumination to allow the decay of P;oo " and F, ™ /Fg ™~ from contaminating PSL
Spectrum e is a thawed-minus-dark spectrum, attributed to plant Q" Fe>*. The inset in panel B shows the g ~ 2 region of the plant Q" Fe’* signal
recorded at 160 mW with an expanded magnetic field scale. Spectrum fis a 77 K illuminated-minus-dark spectrum attributed to the Q," Fe’* Qg™ state
in plant PSII, obtained by reillumination of Q" Fe®t. The arrows show the new g ~ 2 features that are expanded in the insets. Instrument settings:
microwave power, 20 mW; modulation amplitude, 25 G; temperature, 4 K. Instrument settings in the insets: microwave power, 160 mW; modulation

amplitude, 10 G; temperature, 4 K.

this temperature at this pH.** Nevertheless, under these condi-
tions, a signal is generated at g ~ 2 (Figure la). This signal is
accompanied by the well-known broad signals at around
3400—4000 G that can be attributed to the Q ," Fe*" spin
system.”' %3¢ The g ~ 2 signal is not a conventional first-
derivative Gaussian signal typical of an organic free radical (see
the top inset in Figure 1A); rather, it is a positive spike with a peak
maximum at g ~ 2.0030 measured at 160 mW (see Effects of
Microwave Power on the Field Position of the New Signals).
QA" to Qgp Electron Transfer. Electron transfer between
QA" and Q pis blocked at low temperatures (ref 37, and see ref
30 for a detailed study in T. elongatus). When a PSII sample,
preilluminated at 77 K, is warmed to room temperature, forward
electron transfer occurs,?® and this is optimized when Cyt bssg is
the electron donor, i.e,, when Cyt bssy is fully reduced by ascorbate
prior to illumination (see refs 16 and 30). Figure 1b is the
Q" Fe’" spectrum generated when the sample that had been
illuminated at 77 K was thawed and incubated in the dark for
10 min. In this case, an intense g ~ 2 feature was also present. The
new signal was even more clearly spikelike, and this small change

in shape can be explained by the decay of the small underlying
Chl/Car radical generated at 77 K when the sample was warmed
(see ref 30). In the thawed sample, the peak position of the new
signal was somewhat different, being at g ~ 2.0040 (bottom inset
of Figure 1A; see also Effects of Microwave Power on the Field
Position of the New Signals and Figure 4 for the power dependence
of the peak position). The thawing procedure also produced
changes in the broad signals that are ascribed to the replacement
of QA" Fe’" with Q3" Fe’", namely slight differences in
signals around g ~ 1.9 and g ~ 1.7 (data not shown in detail
here but see refs 16 and 30).

Biradical—Iron Complex (Q A" Fe*"Qg ). When the
sample containing Q" Fe*" was reilluminated at 77 K, the
QA" Fe’" Q" state was formed (Fi§ure 1A, spectrum c),
giving the characteristic g ~ 1.66 signal.30’ ® In addition, the g~2
spike significantly decreased under these conditions, and the g =
2 signal became more radical-like. When it was measured under
optimal conditions, we estimated that the radical EPR signal
formed represented its presence in approximately 13% of the
centers (g = 2.0036) (not shown). This is mainly attributable to
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Figure 2. EPR signal attributed to Q," Fe*" in T. elongatus PSII
generated by reduction with sodium dithionite. Dark-adapted PSII with-
out (broken line) and with (solid line) 2 mM dithionite frozen <1 min
after dithionite addition. The inset shows the g ~ 2 region on an
expanded field scale (recorded at 160 mW). The main g values are shown
in the figure. Instrument settings: microwave power, 20 mW; modula-
tion amplitude, 25 G; temperature, S K. Instrument settings for the inset:
microwave power, 160 mW; modulation amplitude, 10 G; temperature, 4 K.

the Chl;/Car radical cations formed in the small fraction of
centers in which Cyt bsso was oxidized prior to the illumination.

Plant PSII. Figure 1B shows an experiment similar to that in
panel A except that the biological material was PSII-enriched
membranes from spinach. The plant PSII-enriched membranes
were adapted to darkness at room temperature for 2 h, and then
ascorbate was added to reduce the Cyt bsso and TyrD". This PSII
preparation was based on a protocol aimed at maintaining Q p
integrity (see Materials and Methods), and one result of this is
that there was some contamination by PSI. lllumination at 77 K
thus resulted in formation of P»go "F,~ /F~ in the PSI centers,
and this charge pair is unstable at 200 K.** The Cyt bsso™
Q A" Fe®" charge pair in PSII is known to be stable at 200 K.
Incubation of the sample at 200 K for 30 min in darkness allowed
the magnitudes of the signals from PSI to diminish almost com-
pletely before the difference spectrum was recorded (Figure 1d).
The light-minus-dark spectrum should then correspond to the
QA" state in the presence of oxidized Cyt bssg. The spectrum
obtained (Figure 1d) has the typical broad features of the
Q A" Fe*" state, but it shows no obvious spike feature at
g ~ 2. Given the difficulties with contributions of other radicals
to the spectra before and after illumination, the exact spectrum in
this region still remains unsure. Chemical reduction with dithio-
nite also produces the Q " Fe*" state (see the next section);
however, in plant PSII, no spike signal that can be attributed to
QA" Fe*" could be seen upon addition of dithionite (not
shown). Overall, it seems clear that a strong spike signal from
Q A* Fe*T, like that seen in T. elongatus under these conditions,
is not present in plant PSIL

Spectrum e in Figure 1 shows the thawed-minus-dark differ-
ence spectrum of plant PSII-enriched membranes, corresponding to
Q" Fe’". Clearly, a g ~ 2 “spike” signal is present and similar
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Figure 3. Flash number dezpendence of the intensity of the g ~ 2 EPR
signal attributed to Q" Fe” " in the TyrD-less mutant T. elongatus PSIL
Samples were adapted to darkness for ~12 h, submitted to zero to four
flashes at room temperature, and frozen rapidly. The resulting spectra
are shown in panel A. Panel B shows the g ~ 2 region on an expanded
magnetic field scale. Panel C shows a plot of the variation in intensity of
the signal with flash number. Instrument settings for panel A: microwave
power, 20 mW; modulation amplitude, 25 G; temperature, 4 K
Instrument settings for panel B: microwave power, 4 mW; modulation
amplitude, 10 G.

to that seen in T. elongatus but with a g value of ~2.0045 when
measured at 160 mW (see the inset in Figure 1B). When the
experiment was conducted under the appropriate conditions, it
was seen that the Q * Fe”" spike is contaminated by a small
TyrD" radical signal (not shown). Spectrum f of Figure 1 shows
that reillumination of this sample produced the Q , Fe*"Q 5"~
state showing a g ~ 1.62 signal. This g value is in agreement with
the reported value for this state in glant PSIL*® The formation of
this signal confirms that Q 3" Fe”" was present in this sample
prior to the illumination at 77 K. In this case, spectrum f in
Figure 1 is contaminated with the Po,""Fo"/Fy"~ charge pair.
In this case, when a 200 K incubation in darkness was conducted
to allow this charge pair to recombine, the amplitude of the
g ~ 1.62 signal also decreased to some extent. This likely
represents Chl, " Q »"~ recombination occurring in the presence
of Q 5° and/or some forward electron transfer from Q ,° to
Q3" occurring during the 200 K incubation treatment.*
Effect of Dithionite. The addition of sodium dithionite in the
dark is expected to result in the formation of the Q ,°™ state in all
the centers. Figure 2 shows that addition of sodium dithionite
to PSII from T. elongatus generates the new signal along with
the well-known QA'*FeZJr signals at g~ 1.9 and g ~ 1.73. [The
g = 1.9 signal has contributions from excited states and is optimally
detected at higher temperatures, while the g = 1.73 signal is very
broad and appears to be optimally detected at the lowest
temperatures (see ref 7).] The generation of the new signal by
dithionite is strong support for its assignment as Q »° .
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Figure 4. Comparison of the Q4" Fe’" and Q" Fe>" EPR signals in
PSIIisolated from the WT and A3 strains of T. elongatus. Panel B shows
the g ~ 2 region of the samples as shown in panel A on an expanded
magnetic field scale. Spectra a (e) and c (g) show Qa" Fe?' in the WT
and A3 strains, respectively. Spectra b (f) and d (h) show Q" Fe*" in
the WT and A3 strains, respectively. The Q4" Fe*" and Q" Fe’*
states were generated as described for Figure 1A. Panel B also shows the
effect of microwave power on the difference spectra. The g values shown
in panel B are those measured at 160 mW (blue spectrum). To illustrate
the effects of microwave power on the shape and position of the spectra,
a low-power (8 W) spectrum is shown in red for each case, represent-
ing conditions under which the free radical signal is favored. At
intermediate powers (e.g,, 4 mW, highlighted in green), both the radical
and the semiquinone—iron signals contribute. Instrument settings for
panel A: microwave power, 20 mW; modulation amplitude, 25 G;
temperature, 4 K. Instrument settings for panel B: modulation ampli-
tude, 10 G; temperature, 4 K.

The spectrum in Figure 2 (solid line) is not a reduced-minus-
oxidized difference spectrum. This is because dark adaption for
12 h still left TyrD® in a significant fraction of centers prior to
dithionite addition (note the intense radical signal present in the
spectrum in Figure 2 shown by the dotted line). As expected,
however, this radical signal was essentially eliminated by addition
of dithionite (Figure 2, solid line). The inset shows a g value of
the spike of ~2.0031 at 160 mW, a value similar to that obtained
for light-induced QA" Fe*" (Figure 1a).

The dithionite-induced Q 4" Fe>" signal shown in Figure 2
demonstrates that the g ~ 1.9 feature, which is usually reported in
samples containing TyrD® and Chl,/Car cation radicals, is
clipped at lower field by the radical (see, e.g., ref 30). In the
absence of the radical, the peak of this feature appears at g ~ 1.94
at S K

Effect of a Flash Series. To obtain further evidence of the
assignment of the g ~ 2 signal to the Q 5" Fe*" state, we looked
for the mechanistic behavior typical of this component: the flash-
number dependent, period-of-two variation of its intensity.***"
For this experiment, the tyrosine D-less mutant of T. elongatus™
was used so that the new signal would not be swamped by the
TyrD" radical EPR signal. Figure 3A shows the result of the flash
series given at room temperature using a sample incubated for
12 h in darkness to minimize the Q 3°~ population prior to flash
illumination. The period-of-two variation in amplitude is evident,

with larger signals on flashes 1 and 3 (Figure 3B,C). The pattern,
however, was damped with only a small change occurring between
flashes 3 and 4. This is to be expected in the isolated enzyme with
no exogenous electron acceptor added. The fact that the changes
occur on the third and fourth flashes is in line with our earlier
observation that the isolated enzyme carries an additional func-
tional quinone.”® The data of Figure 3 constitute strong evidence
that the new g ~ 2 signal arises from Q "~ ; taken with the evidence
from Figure 1, this assignment can be considered definitive.

D1 Variants (PsbA; and PsbAj;). It is known that in T.
elongatus there are three copies of the gene encoding the core
reaction center subunit D1 (psbA;, psbA,, and psbAs).** Under
the growth conditions used here, only psbA; is expressed.lg’43
There are 21 amino acid differences between PsbA, and PsbAj;
these confer small changes in the redox potentials of some
cofactors.'#*** In Figure 4A, we asked whether these structural
changes are manifest as differences seen in the more complete
spectra of the semiquinone—iron complex reported here. Both
QA" Fe’" and Q 5 Fe”" have the same basic features: g ~ 2,
g~ 1.9,and g ~ 1.7. We note that (lAHFeZJr has a very small
feature at g ~ 1.8 (most marked in Figure 4a), and this may be
due to the loss of the native exchangeable carboxylate ligand,
which has been suggested to be carbonate,’ in a small fraction of
centers. The spectra in Figure 4 show no significant difference
between WT and the A; mutant in terms of their Q »* Fe’t and
(lBFFeZ+ EPR spectra, including the new signals.

Effects of Microwave Power on the Field Position of the
New Signals. Figure 4B shows the dependence of the spectra on
microwave power. At low powers, weak underlying radical signals
are present (red spectra) and semiquinone—iron signals are not
detectable. At high powers, the radical signals contribute very
little to the spectra because they are highly oversaturated
(Figure 4B, blue spectra). At intermediate powers (e.g,, 4 mW,
the green spectrum in Figure 4), mixtures of the two signals give
apparent shifts in the peak position of the new g ~ 2 signals from
QA" Fe*" and Q ;* Fe®". Where the contamination from under-
lying radical is greater, the effect on the peak position at inter-
mediate powers (green spectra) is more marked (see Figure S1 of
the Supporting Information). The g values of the new Q ,"~ Fe* "
and Q 5* Fe” " signals were estimated at the highest microwave
power used (160 mW), i.e., conditions under which the con-
tributions of the Q ,* Fe*" and Q 5" Fe”" signals were maximal
and those of the radical signals were minimal. The g values found
for Q A" Fe’" and Q 5" Fe*" were 2.0030 and 2.0040, respec-
tively (blue in Figure 4B; see also the insets in Figures 1 and 2).

In Figure 4B, the underlying radical si%nal is larger in the
QA" Fe’" spectra than in the Q" Fe’" spectra. This is
expected because illumination at 77 K results in the formation
of radicals from Chl;/Car generated in any centers in which Cyt
bsso is unable to donate electrons.” ~** This occurs in only a
small fraction of centers because sodium ascorbate was added to
the samples to reduce Cyt bsso. The g value measured for the
radical signal is ~2.0040. This is higher than the expected value
for the Chl, and Car radical cations.> >3 This suggests that an
additional radical species with a higher g value is also present in a
small fraction of centers (see Discussion). Spin counting showed
the total number of radicals formed by low-temperature illumi-
nation was ~10% of the concentration of PSIL

The Chl,/Car radicals decay when the sample is thawed. A
residual signal is, however, present in Q 5" -containing samples,
and on the basis of its shape and g value, we attribute this signal to a
small fraction of centers in which TyrD" is formed (see Discussion).
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(11.5 em™"), and E/D = 0.25.

Under the experimental conditions described in the legends of
Figures 1 and 4, the Q A Fe?" spectra have more radical
contamination than those of Q *~ Fe*" and the radical contami-
nants are different. This results in different effects as the microwave
power is changed (Figure 4B). Plots of the field position of the
new signal with microwave power show that the shift occurs at
low powers and that it plateaus above 25 mW, with only relatively
small changes occurring at higher powers (see Figure S1 of the
Supporting Information). The size of the apparent field position
shift with a change in the microwave power is dependent on the
concentration and the spectral properties of the underlying
radicals. The microwave power dependence of the apparent shift
is related to the relaxation properties of the underlying radicals
(see Figure S1 of the Supporting Information).

Microwave Power Saturation and Temperature Depen-
dence. Figure SA shows the saturation curves of the new g ~ 2
signals attributed to Q ,* Fe’" and Q 3" Fe*". Contributions
from the underlying radicals were minimized by measuring the
signal amplitudes at the magnetic field position corresponding to
the crossing point for the free radicals. The relaxation properties
of the new signals were compared to those of the g ~ 1.9 feature
from Q * Fe?™, the g ~ 1.66 signal from QA" Fe*" Q3" and,
as a control, the g ~ 4.3 signal, which is generally attributed to a
rhombic ferric iron contaminant commonly seen in biological
systems. The intensities of the signals were normalized at non-
saturating powers.

The half-saturation P; /, value and the inhomogeneity factor, b,
were found to be 75 mW and 1, respectively, for the g ~ 2 signal
of Q ," Fe’" and 60 mW and 1.03, respectively, for the g ~ 2
signal of Q 3" Fe’". The g ~ 1.9 signal of Q 3" Fe*" did not
reach saturation. The g ~ 1.66 signal of Q " Fe’*Q " had a
Py, value of 36 mW (b = 1.27). The g ~ 4.3 rhombic Fe* signal
had a P;/, of 4 mW (b = 1.50). The new g ~ 2 signals had similar
relaxation characteristics, and their saturation curves fell between
the other fast relaxing species from the semiquinone—iron
complex (i.e., the g ~ 1.66 and g ~ 1.9 signals). All of the
signals associated with the semiquinone—iron complex satu-
rated at much higher powers than the g ~ 4.3 rhombic iron
signal. The fast relaxation properties of the new g ~ 2 signals

are consistent with their attribution to the Q »” Fe*' and
Q 5" Fe? T states.

Figure SB shows the temzperature dependence of the g ~ 2
signal arising from Q 5"~ Fe *. The g ~ 2 signal shows ground
state behavior (see the next section for more details).

Simulations of the Spectra. Spectral simulations of the
semiquinone—iron signal were performed using the spin Hamil-
tonian formalism. In earlier work, it has been shown that this
approach is valid for all semiquinone—iron signals in the current
literature.”'® A basis set that describes the non-heme iron (S =2)
semiquinone (Q’, Sq = '/,) spin manifold can be built from the
product of the eigenstates of the two interacting spins. These are
expressed in terms of four quantum numbers: |Sg. mge Sq MqY,
where Sg, is the total spin of the ground state iron manifold
(S = 2), mg, is the iron magnetic sublevel (m = =S, =S + 1, ..,
S—1,8), Sq is the total spin semiquinone (S="/,), and mq is the
semiquinone sublevel (mq = —'/,, '/,). Thus, 10 basis vectors
are required to span the spin manifold.

The spin Hamiltonian appropriate for the Q ,* Fe®" system
includes zero field (D and E), Zeeman (gg. and g), and anisotropic
exchange (J) terms:

I = D[(Srez” — 1)/3Sre(Sre + 1) + (E/D)(Spex” — Seev’)]
+ BH g, * Sre + 8q AHS — Spe*J*Sq (1)

Subsequent calculations assume the zero-field, Zeeman iron,
and exchange tensors to be colinear and gq to be scalar as in
refs 7 and 10. Estimates for all the spin Hamiltonian parameters
(D, E, gre, 8oy and J) have been made for the native “g ~ 1.9-type”
semiquinone—iron signal: D ~ 10 em ' (15K™"), and E/D ~
0.25. The interaction between the quinone and the iron was axial
and on the order of ~0.5 cm™ .

The semiquinone—iron signal can be understood as the
intersection of two EPR signals that arise from the two lowest
Kramers doublets of the quinone—iron spin manifold (for a full
discussion, see ref 7). The ground Kramers doublet gives a broad
EPR spectrum at magnetic fields above g ~ 2. The first excited
state Kramers doublet instead appears at fields below g ~ 2 and
has an approximately similar width in magnetic field space (see
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Figure 6. EPR simulation. (A) Simulation of the S K absorption line
shape of the native semiquinone—iron signal in PSII using the spin
Hamiltonian parameters reported in ref 7. (B) First-derivative line shape
of the ground state component of the native semiquinone —iron signal as
in panel A. (C) First-derivative line shape of the ground state component
of the semiquinone—iron signal as presented in panel B allowing for
anisotropic line broadening. The simulations shown in solid black and
dashed black lines demonstrate that the exact position of g.g. is
dependent on the magnitude of the component of the exchange
coupling tensor along y (J,,).

Figure 6A). A simple description of the system can be made
where the two components (ground state and first excited state)
of the EPR signal are described in terms of two effective spin ="'/,
species (i = 1 or 2) of large g anisotropy.

7/1 = ﬂngffA,iSi (2)

Analytical expressions for the effective g positions (e, ety
and g.z.) of the ground state and first excited state species in
terms of the real spin Hamiltonian parameters (D, E, gg., g
and J) to third order are given in ref 10. Of the three effective g
values, g, is unique and explains the characteristic line shape of
all semiquinone—iron signals. It is the only g value that has a large
first-order correction, such that g.g, decreases for the ground
state (gesry ~ 1) and increases for the first excited state (g, ~
3—4). This has the effect of spreading the signal across a very
large magnetic field range (600 G) and explains why semiqui-
none—iron signals give only “weak” EPR signals. The approx-
imate position of the g.¢, ground and first excited state turning
points scales with both the J, component of the exchange

coupling tensor and zero-field splitting parameters of the Fe*"
This is in contrast to the other two effective g values, g.g. and
Zefiz- The first-order corrections to these turning points are small,
and as such that they are both approximately 2.0. The depen-
dence of g.¢ and g ¢ on the spin Hamiltonian parameters (D, E,
8re 8y and ]) is, as a consequence, far more complicated.

Figure 6A shows the current model for the two lowest doublets
of the native g ~ 1.9-type semiquinone—iron 51gnal based on the
spin Hamiltonian formalism described above.” In this model, the
ground doublet g.4. defines the broad g ~ 1.7 turning point,
whereas g.q./gef, turning points of the first excited state doublet
dominantly define the characteristic g ~ 1.9 turning point. It is
for this reason that the semiquinone—iron signal of PSII is
actually more readily observed at higher temperatures than its
purple bacterial counterpart, which exhibits a g ~ 1.8-type
semiquinone—iron spectrum.” Within this model, a rationale
for the g ~ 2 spike can be immediately proposed: it is consistent
with the remaining unassigned turning point, ie., that of the
ground doublet g.g .. This assignment is also consistent with the
temperature dependence of the g ~ 2 spike; its intensity increases
as the temperature decreases. In a previous pubhcatlon, we
estimated the fine structure parameters of the Fe*" ion, which
define the zero-field splitting of the quinone—iron complex and
thus the temperature dependence of its EPR signal. These values
were estimated to be as follows: D = 1§ Kil, and E/D = 0.25. A
fitting of the temperature dependence of the g ~ 2 spike yields
similar results: D = 16.6 K !, and E/D = 0.25.

When the ground doublet is viewed as the first derivative of the
EPR absorption profile (Figure 6B), indeed a positive spike is
present just as observed experimentally. To reproduce this spike,
however, the effective line width along the principle z axis had to
be significantly reduced relative to that along the x and y axes. If
this is not included in these simulations, then the ground doublet
Zefi, turning point is effectively buried under the first excited state
doublet as suggested by Figure 6A. This though is the onlg
modification that had to be made to the simulations of Cox et al.
to generate the new feature. The simulation as presented in
Figure 6C is only of the ground state and as such approximates
the S K EPR spectrum. Here the g ~ 1.7 turning point is seen
along with the g ~ 2 spike. The inclusion of the first excited state
is necessary, however, to reproduce the other features in the field
region around 3600—4000 G (the well-known g ~ 1.9 signal).

The exact position of the ground state g.g is sensitive to the
changes in the exchange coupling tensor J. Only a small change in
the J, component (0.1—0.2 K ') of the exchange coupling
tensor is sufficient to shift the posmon oftheg~2s lke over
the range of values seen for Q A “Fe*" and Q5" Fe*" signals
(2.0030—2.0040). This is not the case for J, and J,.. The position
of g, is insensitive to small changes in J,. Similarly, while J, does
alter the position of g.g, these changes also lead to modifications
of the other turning points: the ground state g.g, (g ~ 1.7) and
excited state turning points (geg./ger g ~ 1.9), etc, the
characteristic EPR signals observed for the semiquinone—iron
complex. It is thus likely that the small difference seen between
the g ~ 2 spike for the Q " Fe’* and Q 5" Fe”" signals most
probably reflects small changes in J,, possibly the rotation of the
exchange tensor 1n the J,/J. plane relative to the fine structure
tensor of the Fe*". Small tensor rotations of this magnitude were
inferred to explain the variations found within the set of g ~ 1.8-
type semiquinone—iron signals, i.e., those seen in PSII when
formate is present and in native purple bacterial reaction centers.”
It is noted that small differences between the Q ,* Fe*" and
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Q" Fe’" g ~ 2 spike signals must be related to the exchange
tensor as opposed to the fine-structure tensor/g tensor of the
Fe®". The Fe’" is the same for both complexes.

The EPR line width parameter used for the EPR simulations
(Figure 6C) must be highly anisotropic to reproduce a “sharp”
Zefiz Spike at g ~ 2 and relatively broad turning points at g ~ 1.9,
g ~ 1.7, etc. It is interesting to note that the apparent EPR line
width along the three principal axes (x, y, and z) would appear to
correlate with the magnitude of the exchange coupling along the
three principal directions; the coupling and the line width are
small along z, whereas the coupling and line width are large along
x and y.

B DISCUSSION

In this work, we have identified an additional feature of the
EPR signal arising from the magnetic interaction of the semi-
quinone with the non-heme high-spin (Fe**, § = 2) ferrous iron
on the electron acceptor side of PSIL Both Q" Fe’" and
Q" Fe’" EPRsignals include a sharp g ~ 2 feature w1th slightly
dlﬁerlng g values (2.0030 and 2.0040 for Q »° “Fe*" and Q
s Fe?™, respectively). The lines of evidence for the assignment
of the slgnals are as follows. (i) The new feature associated with
Q A" Fe" is generated by illumination at 77 K and by reduction
with sodium dithionite in darkness, i.e., standard conditions for
the formatlon of Q"". (ii) The new signal associated with
QB “Fe?' is formed (a) upon thawing a sample containing
Q A" Fe’" and (b) upon flash illumination at room temperature,
it being bigger on the first and third ﬂashes These conditions
correspond to those in which Q p° “Fe*" is formed. (iii) The new
features have relaxation properties similar to those of the other
signals arising from the semiquinone—iron complex.

In two recent papers from our lab, we made observations that
also support the assignment of the g ~ 2 signal to Q 5~ Fe*". We
noted that the g ~ 2 feature was present when Q 5* Fe’" was
generated by a chemical reduction (DAD/ascorbate) and the g ~
2 feature disappeared when the sample was 111um1nated at 77 K
upon formation of the Q ,* Fe’ Q" state.' ® In addition, the
spike signal was found to be present in ~50% of centers after dark
adaptation for 1 h in the TyrD-less mutant of T. elongatus and
disappeared, along with the g ~ 1.94 feature, when an artificial
electron acceptor was added. This behavior fits with that ex-
pected of Q 5~ Fe**."”

The new features observed here are relatively narrow and thus
relatively intense, yet they have escaped detection until now. This
is because the EPR signal from TyrD" is considerably larger than
the new signals and it obscures this region of the spectrum. In this
work we were able to circumvent these problems by the use of
reducing agents or the TyrD-less mutant to eliminate contribu-
tions of TyrD" to the spectra. In addition, until relatively recently,
most of the work on the acceptor side of PSII was conducted with
PSII-enriched membranes from plants, and here we observed
that Q " Fe’" hasno (ora significantly smaller) g~ 2 feature
In addition, the light-induced generation of the Q »* “Fe? 51gna1
at low temperatures is usually accompanied by the formation of
variable amounts of Chl,/Car radical cation 51gnals,32 3446 and
these also obscure the new photogenerated Q ,*~ Fe>" feature at
g~ 2.Here we used sodium ascorbate to reduce any oxidized Cyt
bsso prior to illumination to minimize the formation of these side
path radicals.

We found that a small fraction of centers exhibited a free rad-
ical signal even when efforts had been made to avoid contaminating

radicals. This was particularly evident in the relaxation studies
(Figure 4B). The identity of the radical signals under the various
experimental conditions can be suggested.

In the dithionite-reduced Q ," Fe?* spectrum, a radical with
a g value of 2.0044 was present, and given the low level of
resolved hyperfine splitting (not shown), we suggest that this
could reflect a small fraction of centers in which the semiquinone
is uncoupled from the non-heme iron and possibly a small
contribution from unreduced TyrD®. The total number of
centers contributing to the radical signal was approximately
4%. It is well-known that the semiquinone can be uncoupled
from the iron using a range of biochemical treatments.*” ~>' One
of these methods was no more than washing a cyanobacterial
core prep with phosphate buffer.®" Because the histidine-tagged
preparation picks up PSII in several phases of its life cycle, it is
possible that a subpopulation could be present that lacks the
high-spin iron or is prone to losing it during the preparation.

Without d1th10n1te, the contammatmg radical signal in the
photogenerated Q " Fe”" is expected to be due to the side path
radicals (Chl, and Car) formed in the residual centers in which
Cyt bssg is oxidized prior to illumination. However, the g value
for the radical signal was 2.0040, a value that is too high for the
side path radicals alone.*>** We attribute this to a nmixture of side
path radicals, a small fraction of uncoupled Q ,°~, and perhaps
some TyrD". The number of centers showmg a radical is estimated
to be approximately 10%. When Q 5* Fe’" is formed, the radical
contamination with a g value of 2.0044 is attributed to a small
fraction of TyrD", and we do not rule out a possible contribution
from a fraction of uncoupled Q p°~. The mechanism of forma-
tion of TyrD® is most likely as follows. The Mn,Ca cluster
undergoes oxidation in 5—10% of the centers upon illumination
at 77 K,*° and then upon thawing, TyrD donates electrons to S,
at room temperature forming TyrD" (reviewed in ref 21). The
ascorbate in the sample slowly reduces the TyrD®, but this is
incomplete under the conditions used in our experiment. The
quantitation of the radical indicates approximately 5% of centers
exhibit the radical signal under these conditions.

As already mentioned, the g value of the new signal from
Q A° Fe*" is ~2.0030, while that of Q 3° Fe*' is ~2.0040.
These values were obtained at 160 mW. At lower microwave
powers, the field position of the peak appears to change, but this
is clearly caused by the presence of the underlying free radical
signals that are favored at low microwave powers. In T. elongatus,
the new 51gna1 appeared to be slightly strongerin Q 5* Fe’" than
in Q,° In plant PSII, while the signal is clearly present
in the QB “Fe’" state (with a slightly different pos1t10n, at
g ~ 2.0045), it is very weak or absent in Q ,* Fe”". The sig-
nificance of this observation has yet to be understood; however, it
does seem to constitute a specific species difference.

The small spectral differences between Q ," Fe’' and
Q" Fe®" seen here in T. elongatus reflect a small difference
in the environment of the two semiquinones related to their
different structural and functional properties. We were, however,
unable to detect differences in the continuous wave EPR signals
from Q ,* Fe*" and Q 3" Fe** upon comparison of PSII from
the WT (PsbA,) and A; (PsbA;) strains.

The temperature dependence of the new g ~ 2 signal indicates
that it arises from a ground state. Within the context of the
current model”'® and given the spike-type feature in the first-
derivative spectrum, these signals would appear to be directly
attributable to the low-field edge of the ground state doublet.
This is confirmed by the spectral simulations. The new feature
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provides additional restrictions to the simulation parameters, and
it also shows that the model used and the values obtained by Cox
et al. were valid.” The decrease in the intensity of the signal when
the Q ," Fe’"Qp" state is formed is in agreement with our
ongoing attempts to simulate the EPR spectrum from this state
(N. Cox et al., manuscript in preparation).

The signals from Q ,* Fe’" and Q 5* Fe”" in PSII reported
here add to the spectroscopic probes with which we can study
this enzyme. The strong intensity of the new signals should allow
studies to be undertaken that were not previously feasible.

B ASSOCIATED CONTENT

© Ssupporting Information. Marked effects of microwave
power of the field position of the new semiquinone—iron signals
shown in more detail and effects of lower field modulation, lower
microwave power, and higher temperature on the signal shape.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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