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ABSTRACT: The secondary quinone acceptog, @as been studied in photosystem Il (PSII) isolated from
Thermosynechococc(iB.) elongatusThermoluminescence indicated that Was present in this preparation.

An EPR signal observed at low temperaturegat 1.9 was attributed to P€Qg~ on the basis of the
characteristic period-of-two variations in its intensity depending on the number of laser flashes given at
20 °C. When samples showing theZ &g~ signal were illuminated at 77 K, an EPR signabat 1.66
appeared with an amplitude proportional to that of thé*Bg~ signal. This signal is attributed to the

Qa Fe2™Qp~ state. While these attributions have been made previously in PSII from other origins, they
have remained relatively tentative since the characteristic period-of-two oscillatiopshafdot previously

been observed. The flash experiments indicated that more than one exchangeable plastoquinone is associated
with the isolated PSII. Thg = 1.66 signal from the @ Fe"Qg~ state was used to study the temperature
dependence of electron transfer between the two quinones. Electron transfer occurred in half of the centers
(after 30 s incubation) at28 °C for Qa~ to Qs but at—58 °C for Qa~ to Qs~. This marked difference

for the two electron transfer reactions indicates different types of rate-limiting reactions. In the better
studied but homologous system, the purple bacterial reaction centeratht®o @s step is limited by a

gating process, while the Q to Qs~ step is limited by protonation events. Similar reactions in PSII
could give rise to the observed temperature dependence.

Photosystem Il (PSH)is the light-driven enzyme of The photochemical reaction center of PSII is very similar
photosynthesis in which electrons are taken from water andto that in purple bacteria, and this is particularly marked for
transferred over a chain of redox cofactors to plastoquinonethe electron acceptor sid&, (2, 8—10). In both systems a
(1, 2). The protein forms two binding sites for quinones. high-spin, non-heme ferrous ion is located betwegra@d
These two quinones act as sequential electron acceptors an@g, and the semiquinone radicals are magnetically coupled
are known as @ and @. Although these are both plasto- to the Fé ion, giving rise to broad EPR signals with turning
quinones, their physical and chemical properties diffey. Q points aroundy = 1.8 and 1.9, 2, 11, 12).

is tightly bound and acts as a one-electron carrier, with & | the purple bacterial reaction center the electron transfer
short-lived semiquinone state that undergoes no observableyetween @ and G and the associated protonation reactions
protonation events during its lifetimel,(3). Qs acts as a  have been studied in great detail (for reviews see 18fs
two-electron and two-proton acceptor with a stable semi- and 14). In PSII the equivalent reactions have been the
quinone intermediate, £ (4, 5). While the Q™ semiquinone  subject of numerous kinetic studies using sensitive light
state is tightly bound, its quinone and quinol forms are emission methods to probe the reactions occurring in the
exchangeable with the quinone pool in the membra&e ( reaction center, in most cases while still in its native
7). membrane rather than in isolated complexes (e.g.,I’'efs

19). Few studies of @and @~ have been done on isolated
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romethoxy)phenylhydrazone; dyse, cytochromebssg; ChiZ, the redox- 23), a somewhat highag-value than is usually attributed to

active chlorophyll; Car, redox-activg-carotene; TyrZ, redox-active —EFe2t iti i - i
tyrosine Y161 of the D1 protein; TyrD, redox-active tyrosine Y160 of Qa”Fe&* (24). In addition, a signal & = 1.66, which had

the D2 protein; § S;, S, and S, redox states of the water oxidizing originglly been associated to\QFe** (25), was subsequently
enzyme. reassigned to Q FETQg™ (23, 26). For theg = 1.94 signal,
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its original attribution to F& Qg™ was based on experiments The EPR samples were frozen and degassed with argon at
in which this signal appeared when samples containing 77 K and then thawed. Samples were handled in complete
Qa Fée (formed by illumination at low temperature) were darkness. Flashes were given with a frequency-doubled Nd:
warmed to a temperature where electron transfer fram Q  YAG laser (Spectra Physics, 7 ns fwhm, 550 mJ) at room
to Qs was expected to occur, leading to a relatively stable temperature. A frequency of 1 Hz was used in multiple flash
Qg™ state 21, 22). In the work of Hallahan et al.2@) the experiments. After flashing, the samples were rapidly frozen
assignment was based on the stability of the signal and a(1—2 s) in cold ethanol (200 K) followed by storage in liquid
correlation with theg = 1.66 signal which had already been nitrogen. The laser flash used was saturating under these
attributed to Q"Fe&#"Qg~ (26). The assignment of thg = conditions, in that the Snultiline signal formed by the flash
1.66 signal as @ FE*Qg~ was based on several arguments was comparable in size to that formed in a similar sample
derived from the results of pretreatments of the sample thatby continuous illumination at 200 K.
were assumed to affect thesQconcentration. Perhaps the | ow-temperature illumination was done in an unsilvered
strongest of these arguments was a redox poising experimentiewar using either liquid N(77 K) or a dry ice/ethanol bath
that showed that thg = 1.66 signal could be generated over (200 K). A time—course study monitoring signals arising
a range of potentials that was consistent for that expectedfrom Q,~ showed saturation after 25 min at 77 K (data not
for Qg™ (26). While these arguments are reasonable, cor- shown). Thus 77 K illumination was done for 30 min for all
relations with other @ related phenomena have yet to be of the experiments. In some experiments FCCP (40D
made and the more definitive period-of-two behavior, which FCCP in DMSO) was added to the sample and incubated
is the hallmark of @ function @, 5), has yet to be for 30 min at room temperature in complete darkness.
demonstrated. Thus the assignments for these signals, whilerhawing steps during the study of the temperature depen-
reasonable, remain less than definitive. dence of electron transfer were performed either in an ethanol
In the literature there are several indications that PSIl bath cooled to specific temperatures using liquid nitrogen
preparations from cyanobacteria maintain more functional or in a Bruker N gas flow cryostat.
Qs than is generally found in preparations from higher plants
(25—28). In the present work we have investigated the RESULTS
semiquinone-iron signals in PSIl offhermosynechococcus
elongatusthe material that is currently the center of attention . . ;
because it has provided the first crystallographic modeds ( Qg in our sample. The energetics and the reducu_on state of
29). We have identified EPR signals associated witr Q photqsystem Il can be monitored by thermoll_Jmlnescence.
and used them to investigate the temperature dependence olf; this method, a charge-separated state is formed by

electron transfer between the quinones in this preparation.I umination given at room temperature ff)"OWEd by cooling
or given at low temperature. Light emission is then recorded

MATERIALS AND METHODS during controlled heating of the sample, when the thermal
energy is sufficient to allow charge recombination reactions
T. elongatus(43-H strain) 80) cells were grown as that repopulate the excited state chlorophyll (for a review
described earlier31). Purification of the PSII complex from  see, e.g., reB4). Figure 1 shows the thermoluminescence
this strain was essentially as described by Kirilovsky et al. recorded from PSII particles isolated frofnelongatusfter
(32) except that the detergent concentration for the washinga series of flashes was given at room temperature. The
steps of the column was 0.03%. Samples were finally sample frozen in the dark (Of, Figure 1a) shows no emission.

Thermoluminescence was used to estimate the amount of

resuspended in 40 mM Mes, pH 6.5, 15 mM MgCh mM After one flash, an emission curve is observable with a
CaClb, and 1 M betaine. The £evolving activity measured  maximum around 52C attributed to Qg™ recombination

in a Clarke electrode was3000umol of O,/(mg of Chth) (Figure 1b). The emission band seen after two flashes is
using 50uM DCBQ (2,5-dichloro-1,4-benzoquinone) as an bigger than after one flash and exhibits a maximum around
electron acceptor dissolved in ethanol. 46 °C (Figure 1c). This shift to lower temperature and its

Thermoluminescence was performed on PSII particles atamplitude are attributed to the@~ recombination 5, 36).
a concentration of 49g/mL on a laboratory-build apparatus After two or more flashes a shoulder appeared on the low-
as described by Ducrue8®). Samples were dark-adapted temperature side of the band. This arises fropyCa~
for 3 min at 20°C. Excitation flashes were also given at 20 recombination, and this is the dominant reaction after 20
°C followed by rapid cooling to-18 °C. Thermolumines-  flashes (Figure 1f).
cence was recorded with a heating rate of @5s™* up to The thermoluminescence flash sequence provides informa-
80 °C. tion on the presence ofgand it redox state35, 36). The
Low-temperature continuous wave (cw) EPR measure- lack of a SQa~ emission peak after one flash indicates that
ments were done using a Bruker 300 spectrophotometerQe Or Qg™ is present in all centers. The relatively low
equipped with an Oxford-900 liquid helium cryostat and ITC- intensity of thermoluminescence on the first flash compared
503 temperature controller (Oxford Instruments Ltd.) and a to the second flash is indicative of a high concentration of
standard Bruker cavity ST4102. Instrument settings were Qs~ present in the dark3g, 36).
microwave frequency 9.4 GHz, modulation frequency 100 We attempted to diminish the concentration gf @resent
kHz, and as indicated in the figure legends. The samples forin the dark by longer dark adaptation at room temperature
EPR were adjusted to 04L mg/mL, and 15QL aliquots (up to 24 h). Some increase in the thermoluminescence on
were loaded into quartz EPR tubes (Wilmad, 707-SQ-250M). the first relative to the second flash occurred but not to the
Dark adaptations were done at room temperature for 10 minextent expected (not shown). EPR studies showed that this
(short dark adaptation) or ¥4 h (long dark adaptation).  was due to the decay of TyrDluring the dark adaptation
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Ficure 1. Thermoluminescence from short dark-adapted PSIl Ficure 2: EPR spectra of PSI| particles of elongatusafter short

particles (10 min) ofT. elongatusafter 0 (a), 1 (b), 2 (c), 3 (d), 4 (a) and long (c) dark adaptation and their corresponding spectra

(e), or 20 (f) flashes given at 2TC. after illumination for 30 min at 77 K, (b) and (d), respectively.
The upper panel shows a broad scan (one scan). The lower panel

(not shown but see below). The TyrD formed donates;to S shows a magnification (five scans). Spectra were recorded at 5 K,
and S (37, 38) and, thus, lowers the thermoluminescence microwave power 32 mW, and modulation amplitude 25 G.

intensities. side-path donorgs-carotene (Car), cytochronies (Cyt bsso),
Figure 2 shows EPR spectra of PSII with the four upper and chlorophyll Z (ChiZ) 89, 40). Indeed, the wide-field

traces recorded using a wide-field scan. The spectra showscans in the upper part of Figure 2 show increases in the

the following features: (1) the ubiquitous, so-called “junk” |ow-spin heme signals, reflecting dyse 0xidation. Increases

non-heme F& signal around 1500 G; (2) the« and g, in the g = 2 region reflect electron donation from Car and
signals of low-spin heme Fe at approximately 2200 and  Chiz in the fraction of centers where the dytsis oxidized
3050 G from cytochromesso (Cyt Css) and cytochromdssg prior to illumination (not shown but see below). The high

(cyt bssg); (3) @ gap in the spectrum around 3350d3x 2) quantum yield electron donation from TyrZ, which has been
where the intense narrow signals from the organic free recently reported to occur in the 8nd $ states at liquid

radicals (TyrD in all samples and some Caand ChIZ helium temperatured(l; see also re#2), is thought to occur
after illumination) are off scale; (4) a region higher than 3350 at 77 K; however, illumination for a long period, as used in
G that shows changes attributable to the semiquinaoe the present study, appears to favor the more stable side-path
complex, which is expanded in the lower panel. electron donor pathway().

Figure 2a shows that, in a PSII sample dark-adapted fora When Q- is generated by illumination at 77 K in the
short period, an EPR signal is presentgat 1.95 with a long dark-adapted sample (Figure 2d), an EPR signal appears
shape similar to those attributed to semiquineimen close tog = 1.95 that is attributable to QFe** (24). In the
complexes in PSII4], 24). In a sample dark-adapted for a sample adapted in darkness for a short time (Figure 2a), the
longer time at room temperature this signal disappearedformation of Q= by 77 K illumination (Figure 2b) slightly
(Figure 2c). From the stability of the signal and the decreases the intensity and changes the shape of the EPR
correlation to the thermoluminescence, it seems likely that signal aroundy = 1.95, with a marked loss of intensity gt
this signal arises from PeQg~ (21—23). This assignment = 1.97. The most marked effect, however, is the appearance
is confirmed below. of a relatively strong signal ag = 1.66. This signal has

Scans b and d of Figure 2 show the EPR spectra obtainedoeen attributed to Q FE"Qg~ (26), and this assignment
when the PSII samples were illuminated at 77 K, a treatment corresponds to the expected state in the present sample.
that results in the formation of £ in most of the centers. Figure 3 shows the EPR spectra recorded at 10 K in
The electron transferred toQriginates mainly from the  samples given zero to three flashes at room temperature
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Ficure 3: Flash sequence of long dark-adapted PSII particl8s efongatugleft panel) and their corresponding spectra after illumination

for 30 min at 77 K (right panel). The samples were given 0 (a), 1 (b), 2 (c), or 3 (d) flashes at room temperature and rapidly frozen. The
spectra of each sample prior to flashes are shown as dotted lines. Spectra were recorded at 10 K, microwave power 32 mW, five scans, and
modulation amplitude 25 G.

1 i 1 i 1 TR, R

(Figure 3a-d, solid lines, left panel). The EPR spectra of
the one and three flash samples showed a signal ampend .g=l'19;5
1.95 (Figure 3b,d, left panel). This signal was absent in the e g=1.66

dark sample (Figure 3a) and small after two flashes (Figure
3c, left). This damped period-of-two oscillation in the
intensity of theg = 1.95 signal is evidence that this signal
arises from @ . This signal, however, overlaps with the
multiline signal, arising from the Sstate of the oxygen
evolving complex.

The right panel of Figure 3 shows the effect of 77 K
illumination on the samples of the flash series (left panel).
The one and three flash samples show the sigmakat..66
(Figure 3b,d, right panel), while it is absent in the zero flash
sample and weak in the two flash sample. Here again the

£

damped period-of-two oscillation in the intensity of tipe- ©) o ¢
1.66 signal (from Q~Fe**Qg™) supports the assignment of i | | |
theg = 1.95 S|gna! to the P&Qg s.,tate.. o 3400 3600 3800 4000
The flash experiments shown in Figure 3 |r_1d|cate_ the Magnetic field [G]
presence of more than one exchangeable quinone in theF|GURE4: EPR spectra of . elongatud?SlI particles (dark-adapted
preparation. for 15 h) after a low-temperature illumination and subsequent
The comparison of the left and right panels of Figure 3 warming cycle. The sample was illuminated for 30 min at 77 K
shows that the amplitude of the flash-inducedn8iltiline (@), thawed for 20 s to room temperature (b), and then reilluminated

; ‘e cinnifi . PR for 30 min at 77 K (c). The spectra were recorded at 10 K,
signal is significantly decreased by the 77 K illumination. microwave power 32 mW, five scans, and modulation amplitude

This is attributed to the effect of infrared radiation (present o5 .

in white light used for illumination at 77 K), which is

absorbed by the Mn cluster, converting the spin'/ reduction of TyrD which is able to donate te &d S (not

multiline state to a higher spin state that is trapped at low shown but see Figure 5).

temperature43, 44). As the S multiline EPR signal from the Mn cluster
In the flash experiment shown in the left planel of Figure overlaps the semiquinoréron signals shown in the flash

3 the S Mn multiline signal is generated by the first flash. experiment of Figure 3, we attempted to generate @hder

Its intensity decreases upon the second and third flashesconditions where the formation of the, State was mini-

These flash-induced changes in intensity of thsi§nal are mized. Figure 4 shows the EPR spectra obtained by an

less well defined than reported earlier in PSIl from this experiment in which dark-adapted samples were illuminated

species31). This is to be expected in the present experiment at 77 K. The state formed hass@-€" in most centers, as

for a number of reasons: (1) no added artificial electron manifest by the EPR signal gt= 1.95 (Figure 4a), with

acceptor could be used, (2) the standard preflash treatmenthe electrons coming from the side pathway involving cyt

for synchronizing the S states could not be applied, and (3) bsss, Car, and ChlZ. When the sample was warmed in

the long dark adaptation needed to eliminate @d to the darkness to room temperature for 20 s and refrozen, the
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Ficure 5. EPR spectra of . elongatusPSII particles (dark-adapted for 15 h) after incubation with FCCP (4030 min) in complete
darkness. (a) Dotted lines show dark-adapted samples while the solid line shows #&Gignal induced by 77 K illumination for 30
min, (b) the F& Qg™ signal induced by a flash given at room temperature, and (c) same as (b) with an additional illumination at 77 K for
30 min. Spectra were taken at 5, 10, and 15 K. EPR settings: five scans, modulation amplitude 25 G, and microwave power 32 mW.

spectrum in Figure 4b was obtained. The warming step illumination at 77 K induces the formation of tlge= 1.66
should have allowed electron transfer from Qo Qs to signal (Figure 5c), while illumination of the zero flash sample
occur, and indeed the spectrum gets broader with increasedFigure 5a, dotted line) induces the formation af & 1.95
intensity atg = 1.97; this feature is attributed to F&g . signal (Figure 5a, solid line) which is attributed taq @e**.
This spectrum is similar to that obtained in the flash  Given the lack of overlap with other signals and the
experiments (Figure 3) and to the signal present in the shortrelatively high yields of the states in the FCCP-containing
dark-adapted sample (Figure 2a). This experiment is similar sample, we studied the effect of temperature on the shape
to those done previously in which an¥g~ signal was  of the semiquinoneiron signals. Figure 5 shows the
first reported in plant PSIIZ1, 22). Qa Fet, FEé*Qg™, and the Q" Fe™Qg~ signals recorded
The sample illuminated at 77 K to formaQ (Figure 4a) at 5, 10, and 15 K.
and then thawed to allow electron transfer from Qo Qs The Q.~Fe*t signal (Figure 5a, solid lines) consists of a
(Figure 4b) was then given an additional illumination at 77 peak that is temperature dependemnt< 1.93 at 5 K;g =
K, resulting in the spectrum shown in Figure 4c. A signal at 1.95 at 10/15 K) and a trough at higher field (peak to trough
g = 1.66 was formed by this treatment. The size of this signal ~100 G). The F& Qg™ signal (Figure 5b) exhibits a similar
is proportional to the @ formed by electron transfer from  temperature-dependent peak=f 1.93 at 5 K;g = 1.95 at
Qa~ to Qs upon the thawing step. The amplitude of the- 10/15 K), but in addition it shows an apparently temperature-
1.66 EPR signal in Figure 4 is smaller than that shown in independent feature at= 1.97. The F& Qg™ signal also
Figures 2 or 3. This implies that some Qis lost by charge  shows a trough at higher field (peak to trougth00 G), but
recombination rather than by forward electron transfer upon it has a somewhat broader shape than that,off€". The
the warming step. Additional thawing results in the loss of amplitude of the Q@ Fe&** signal shows a slightly more
the Q~Fe#"Qg~ g = 1.66 signal, presumably either due to marked increase with temperature than does tie@ge
the electron transfer from Q to Qg™ forming plastoquinol, signal. The spectrum in Figure 5c exhibits featureg at
QgH>, or due to recombination of Q. A third illumination 1.66 andg = 1.95. Theg = 1.66 signal is attributed to
at 77 K regenerated a fraction of thge= 1.66 signal, QA Fe&Qs™. The signal increase as the temperature is
indicating that on the thawing step at least some of the,Q  lowered and itg-value seem to be constant. The= 1.95
which was formed by the 77 K illumination, decayed by signal in Figure 5¢ shows the same temperature behavior in
charge recombination rather than by forward electron transferterms of itsg-value and its size as thexQ=€¢** signal (Figure
(data not shown but see below). 5a). It is attributed to @ Fe*" generation in centers lacking
A second approach for obtaining the?F@g~ signal in the FE"Qg~ state.
the absence of the,n multiline signal is to use an external It is of note that in this experiment we expected FCCP to
electron donor to reduce the State back to the ;Sstate donate to the flash-induced, State, resulting in formation
after the flash. FCCP has been used to do this in optical of S;. Instead, we found that in our conditions FCCP was a
studies of @ function in the past4b). Figure 5a (dotted  rather slow electron donor to,Sand increasing the concen-
line) shows the EPR spectra of a sample incubated for 30tration of FCCP led to the loss of TyrDJnder the conditions
min in the dark with FCCP. Figure 5b shows the EPR spectra of the experiment shown in Figure 5, FCCP incubation had
of a sample that was given a single flash in the presence ofvirtually eliminated the TyrDprior to the flash (see Figure
FCCP. A signal aroundy = 1.95 was formed that is 5a, dotted line). After the flash, the, n multiline signal
attributable to F& Qg . Again, the signal is virtually identical ~ was absent but the TyrBignal was generated in a fraction
those attributed to PéQs~ generated under the different of the centers. Thus the FCCP eliminated thestate, and
conditions described above (Figures4). Here again, the  hence the multiline signal, but it did so at least in part by
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Ficure 6: Temperature dependence of the electron transfer framt@Qg (a) and from Q™ to Qs (b). The first electron transfer step

(a) was monitored by the appearance ofghve 1.66 EPR signal after an additional illumination. The second electron transfer step (b) was
monitored by the disappearance of the 1.66 EPR signal (filled triangles). This disappearance is caused by the forward electron transfer
and by charge recombination involvingaQ The charge recombination partner of Qs Car"/ChlZ* (c, filled triangles). To discriminate
forward electron transfer from charge recombination, an additional illumination regenerated a fractioy ef thé6 signal, resulting in

the temperature dependency of the second electron transfer step froro Qs (b, open triangles). This additional illumination also
increased the radical gt= 2 (c, open triangles). EPR spectra were recordesl la with a microwave power of 32 mW and modulation
amplitude of 25 G (a, b) or at 15 K with a microwave power gf\® and modulation amplitudef® G (c).

prereducing the TyrDforming TyrD, which acted as an
electron donor to $(37, 38).

In the following experiments we used the= 1.66 signal
from the QF&*"Qg~ state to investigate the temperature

by charge recombination, the samples were measured not
only before (the 100% value) and after the warming step
(solid triangles) but also after an additional period of
illumination at 77 K (open triangles). This additional

dependence of electron transfer between the quinones in PSllillumination should regenerate thex@e Qg™ state (i.e.,
The temperature dependence of the first electron transfer stey = 1.66 signal) in those reaction centers wherg Qad

from Qa~ to Qs was investigated by the following protocol.
First the Q~ state was generated by 30 min illumination at

decayed due to charge recombination rather than by forward
electron transfer. These data should reflect the temperature

77 K. Then the sample was warmed to a given temperaturedependence of theQ to Qs electron transfer step without

for 30 s to allow electron transfer togQThe samples were
reilluminated at 77 K for 30 min to regeneratg Qthereby
generating they = 1.66 signal (the @ FEtQs~ state) in
any centers having £. In this experiment then the
amplitude of theg = 1.66 signal is proportional to the centers
in which an electron transfer from,Qto Qs occurred during
the warming step. Figure 6a shows the extent of ghe

interference from charge recombination. The temperature at
which this reaction is half-complete 1858 °C (215 K), does
not occur at temperatures below approximately 180 K, and
is complete at 250 K.

In the experiments of Figure 6b the increase in the
Qa FEQs~ signal after the second illumination (open
triangles) compared to that measured directly after the

1.66 signal versus the temperature of incubation. The yield warming period (closed triangles) mainly reflects the centers

of electron transfer from £ to Qs was 50% at ap-

proximately—28 °C (245 K). No electron transfer occurred
at —50 °C, while at —10 °C the electron transfer was
complete.

in which Qa~ decayed by recombination during the warming
period. The data indicate the presence of two different
recombination reactions: (1) in about 20% of the measured
centers recombination occurred already at the lowest incuba-

The temperature dependence for the second electrontion temperature used (93 K); (2) in the other fraction of the

transfer reaction from £ to Qs~ was investigated by
monitoring the loss of theg = 1.66 EPR signal (i.e.,
Qa FetQg7) after incubation at a given temperature. To
generate thg = 1.66 signal, the samples were given a flash
at room temperature to generate theF& Qg™ state,
followed by illumination at 77 K for 30 min to form the

measured centers, recombination occurred at temperatures
higher than 220 K. However, the AQF€#"Qz~ signal
generated by the second illumination after warming to
temperatures high enough to allowa,Qto Qg electron
transfer is expected to contain a contribution from those
centers in which @was not reduced by the laser flash. Such

QA Fe&"Qg~ state. The samples were then warmed and centers, representing the “photochemical miss factor” [8%
incubated for 30 s at a given temperature. Figure 6b (filled in this material 46)], were expected to containQ after
triangles) shows the results of such an experiment. About the first illumination at 77 K and to undergo electron transfer

20% of the Q" Fe#* Qg™ signal was already lost at the lowest

upon warming, forming @ which appears then as the

incubation temperature, presumably due to charge recom-Qa~Fe"Qg~ signal after the second illumination at 77 K.

bination occurring at low temperatures in a fraction of

To determine the recombination partner for Qas

centers. In the majority of centers, however, the temperaturemeasured by the decay of tlge= 1.66 signal during the

at which theg = 1.66 signal decreased by 50% was
approximately—63 °C (210 K).
Since loss of the @ Fe#"Qg™ state in the experiment in

warming step, we followed the EPR signals of the Car/Chlz
radicals in theg = 2 region and the cytochromeg €& 3.0)
looking for a temperature-dependent behavior comparable

Figure 6b could occur either by forward electron transfer or to that seen for thg = 1.66 signal. The proportion of cyt
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bssg already oxidized prior to low-temperature illumination the values were less precise but the temperature for transfer
varied between 30% and 50% depending on the preparationto occur in half of the centers was arour&8 °C (215 K),
The cythbssgthat was reduced in the dark underwent oxidation the transfer did not occur at temperatures below ap-
upon illumination at 77 K, and as expected it remained stable proximately—93 °C (180 K), and the transfer was complete
upon warming. However, the radical signal from Car/ChlZz at—23°C (250 K) and above. Clearly, thexQto Qg transfer
behaved as the recombination partner for the electron,on Q step is frozen out at a temperature 3D higher than the
Figure 6¢ shows the influence of warming on the intensity Qa~ to Qs™ step. In addition, temperature-induced inhibition
of the Car/ChlZ radical EPR signal generated by 77 K appears to occur over a narrower temperature range for the
illumination. Warming to 93 K diminished the Car/Chig (  first step compared to the second. These results indicate that
= 2) radical by approximately 20%, corresponding to about the reactions may have quite different limiting steps. These
10% of all centers (based on comparison to the TyiBnal results agree well with an earlier study done on PSllI-enriched
measured after flash illumination). Reillumination at 77 K membranes from spinaclh?) using fluorescence to monitor
of the sample warmed to temperatures of 180 K and below Qa~ decay (see below).
regenerated the radical to almost the level seen with the first Our experiment aimed at determining the temperature
illumination at 77 K. Warming of the sample to 293 K dependence of Q to Qz~ electron transfer is rendered more
resulted in complete loss of the Car/ChlZ radical signal. The complicated by heterogeneity on the electron donor side. At
range of temperature over which the Car/ChlZ radical 77 K long illumination results in oxidation of Car, ChlZ,
decayed was comparable to that seen for decay of the and cytbssg, the side-path electron donors, in most centers.
1.66 signal (Figure 6b). In a large fraction of centers electron donation occurs from
Reillumination at 77 K of samples warmed to temperatures Cyt bsse. The oxidized cybsse does not participate in charge
between 180 and 250 K resulted in an increase in the recombination reactions; thus theyQformed is expected
amplitude of the Car/ChlZ radical to a level 25% higher than to be stable until it undergoes forward electron transfer.
was originally generated by the first 77 K illumination. This However, where the cyissq is already oxidized, the charge
increase in the Car/ChlZ radical is expected in centers in localizes on Car/ChlZ.
which cytbssg is the origin of the electron trapped onQ In a small fraction of centers QQ is lost due to recom-
on the first 77 K illumination and where Q decays by bination at temperatures lower than 93 K. It seems likely
forward electron transfer upon warming. The temperature that this reflects a fraction of centers where the positive
dependence of this increase is comparable to the temperatureharge remains localized on the Car rather than being
dependence of forward Q to Qg™ electron transfer mea-  transferred to ChlZ 39, 40), but a definitive assignment
sured by the decay of thex\QFe** Qg™ state, shown in Figure  requires the use of other methods to distinguish between Car
6b. and Chl radicals39, 40, 47).

The ChlZ"Qa~ charge pair appears to recombine with a
DISCUSSION yield of 50% during 390 .Eat alggut 220 K. This transition
We report here the X-band EPR spectra offs~ and occurs at almost the same temperature as the forward electron
QaFe*Qg~ in PSII from T. elongatus The signals are  transfer, Q™ to Qs™. It seems very likely that, in centers in
similar to those attributed to these states earlier (seethe ChlZ'Qa™ state, both the forward reaction and the back-
introduction). However, the assignments here are much more'€action compete. Given that the forward reaction is so

firm since both signals exhibit period-of-two, flash-dependent different to the back-reaction, the similar temperature
variations in intensity. This behavior is the definitive dependence might not be a coincidence. The whole system

characteristic of @ function @, 5). The EPR signal from might undgrgo a ph'ase transition (solvent/protein) making
F&+Qg~ is similar to that of Q-Fe?*, but they can be both reactions possible at the same temperature.
distinguished from each other in terms of their temperature However, further experiments are required before a
dependence and shape (see Figure$)2 The dominant  complete picture of the events occurring during the warming
feature of both states is gt= 1.95, but the & Qg™ signal step is obtained. In this regard, a more native sample, in
shows additional intensity arourgl= 1.97. which a greater quantity of the cliésqis in its high-potential
Because it is relatively intense and it is at a field position form and is therefore reduced before illumination, would
that has little overlap with other signals, the= 1.66 signal ~ Simplify the situation. In such a sample a greater proportion
has already been used as a probe for the presencgof Q ©f centers would be predicted to undergo forward electron
Theg = 1.66 signal was used to estimate the redox potential transfer rather than recombination under the conditions of
of Qg (26), to show the involvement of Q in charge this experiment. This is, however, technically difficult as the
recombination with a low-temperature-generated radical pair Cyt bssoCOmponent is easily oxidized during the preparation.
thought to involve TyrZ(41), and to detect the presence of In the literature the temperature dependence of electron
Qs in thylakoids membranes where other semiquinene transfer between Qand @ has been studied using fluores-
iron signals were obscured by overlapping signals (23). Here cence methods. In plant PSIl membranes the Q Qs step
we investigated the temperature dependence of the electrorwas shown to be thermally blocked with a half-maximum
transfer from Q= to Qg and from Q™ to Qz~. Under the effect at close to—20 °C (17). This value is in good
conditions of our experiment (30 s of incubation at the test agreement with that reported here. In the same study it was
temperature), the temperature at which Qo Qs electron also found that @ to Qg~ electron transfer appeared to
transfer occurred in half of the centers was arour28 °C occur at lower temperatures, being still functional in a
(245 K). No electron transfer occurred-ab0 °C, while at significant fraction of the centers at the lowest temperature
—10°C the transfer was complete. For the Qo Qs~ step tested -55°C). This is also consistent with the more detailed
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study we report here where this temperature is close to thereaction centers the gating mechanism was demonstrated by
half-maximum effect. substituting Q with quinones of different potentiab®). The

In earlier studies using plant chloroplasts, fluorescence change in the driving force had no influence on the @
decay reflecting forward electron transfer from, Qwas Qs step. Comparable direct evidence for a gating mechanism
reported to occur slowly at60 °C. This is lower than we  in PSII has yet to be reported.
see here for @ to Qs. However, since short dark-adapted
chloroplasts are known to contain around-20% of Q- NOTE ADDED IN PROOF

stable in the dark4, 18, 48, 49), it is Iikely that the Q~ Earlier this year Kern et al.6() reported 2.9+ 0.8
decay reported would reflect«Q to Qg electroon transfer.  pjastoquinones per isolated PSII frofn elongatuswhich
This report of forward electron transfer a60 °C is thus 5 consistent with our interpretation of our data that more

consistent with our results. In the same work and in {han one exchangeable quinone is isolated with the reaction
thermoluminescence studies0f multiple turnovers (Up 0 canter.

6—7 electrons) were reported at30 and—20 °C, respec-
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