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ABSTRACT. The effect of ZA* or ClL#+ ions on Mn-depleted photosystem Il (PS Il) has been investigated
using EPR spectroscopy. In Zntreated and Ci-treated PS II, chemical reduction with sodium dithionite
gives rise to a signal attributed to the plastosemiquinone;,@he usual interaction with the non-heme

iron being lost. The signal was identified by Q-band EPR spectroscopy which partially resolves the typical
g-anisotropy of the semiquinone anion radical. lllumination at 200 K of the unreduced samples gives rise
to a single organic free radical in €utreated PS I, and this is assigned to a monomeric chlorophyll
cation radical, Ché™, based on itdH-ENDOR spectrum. The Zn-treated PS Il under the same conditions
gives rise to two radical signals present in equal amounts and attributed to thee*CGiid the Q*~

formed by light-induced charge separation. When th&"@reated PS Il is reduced by sodium ascorbate,

at >77 K electron donation eliminates the donor-side radical leaving #he EPR signal. The data are
explained as follows: (1) Cti and Zr#™ have similar effects on PS Il (although higher concentrations of
Zn?* are required) causing the displacement of the non-herfie B8 In both cases chlorophyll is the
electron donor at 200 K. It is proposed that the lack of a light-inducgd &gnal in the unreduced
Cuw'-treated sample is due to &uacting as an electron acceptor fromg*Qat low temperature, forming

the Cu state and leaving the electron donor radical efldetectable by EPR. (3) The &uin PS Il is
chemically reducible by ascorbate prior to illumination, and the metal can therefore no longer act as an
electron acceptor; thus @ is generated by illumination in such samples. (4) With dithionite, both the
Cw™ and the quinone are reduced resulting in the presencgofi@the dark. The suggested high redox
potential of Cd" when in the F&" site in PS Il is in contrast to the situation in the bacterial reaction
center where it has been shown in earlier work that thé&"@siunreduced by dithionite. It cannot be
ruled out however that Q-Cuw?* is formed and a magnetic interaction is responsible for the lack of the
Qa~ signal when no exogenous reductant is present. With this alternative possibility, the effects of reductants
would be explained as the loss of €udue to formation of Ct) leading to loss of the Cti from the

Fe*™ site due to the binding equilibrium. The quite different binding and redox behavior of the metal in
the iron site in PS Il compared to that of the bacterial reaction center is presumably a further reflection
of the differences in the coordination of the iron in the two systems.

Cw' ions are known to inhibit electron transfer in (3—5). On the donor side of PS Il, €t had no effect on
photosystem Il (PS I} (for a review of Cd@" effects, see  the EPR signal from the dark stable tyrosine radical §Tyr
ref 1; for a review of PS Il electron-transfer reactions see and despite the inhibition of oxygen evolution, the rapidly
ref 2). The incubation of PS ll-enriched membranes with decaying tyrosine radical EPR signal (3yrcould not be
high concentrations of Ct was shown to affect both the detected, indicating that the oxidation of Tyrby the
electron donor and electron acceptor sides of PS3)l ( photooxidized chlorophyll (B¢") was inhibited 8). Loss of
whereas the primary charge separation remained functional
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tyrosine oxidation was also indicated by the measurementstreatments and washing steps are indicated in the text and
of Psgo™ reduction 4). in the table/figure legends.

During continuous illumination at room temperature of ~ For X-band EPR, samples were put inside standard (o.d.
manganese-depleted PS Il membranes in the presence of mm) quartz EPR tubes while, for Q-band EPR, quartz tubes
Cw?*, an EPR-signal different from the well-known tyrosine with 3 mm o.d. were used. llluminations performed at 200
signals was induced. This radical hagraalue of 2.0028, K (in solid CO,/ethanol) for 10 min were done using an 800

an unresolved line widthAH,,) of ~9 G, amounting to W tungsten lamp filtered by a water bath and-@20 nm
approximately 1 spin per PS Il reaction center, and a half- cutoff filter to avoid infrared radiation. The sample was then

time in the hundreds of milliseconds rand®.(A similar dark-adapted at 200 K for 2 min before cooling to 77 K and
EPR signal was formed by illumination at 200 K, and this transferred in the dark to the spectrometer. lllumination at
was stable in the dark at low temperature. Since an earlier 77 K was performed in the same way but in liquid nitrogen.
optical study on similar samples had reported that the donor llluminations at 5 and 15 K were performed directly in the
to Psgot at higher temperatures was neither a tyrosine nor a EPR cavity using the same lamp as above.

chlorophyll @), this donor radical thus remained unidentified ~ Reduced samples were generated by the addition under

Q). argon of sodium dithionite (40 mM) in the storage buffer
On the acceptor side of PS I, the site of inhibition seems (Put with 200 mM Mes-NaOH, pH 6.5), incubation for25
to be after the primary quinone electron acceptar, (@- min, and then frozen in the dark. Reduction by sodium

8). Flash-induced absorption spectroscopy indicated tgat Q ~ ascorbate (50 mM) was performed in the presence of
was formed in most centergl)( while sodium dithionite dichlorophenolindophenol (DCPIP, 1 mM) in the same buffer
reduction yielded only a fraction{30% of a control) of the ~ @nd incubation time as for dithionite reduction. Illumination
EPR signal arising from Q- interacting magnetically with ~ conditions are as indicated in the figure caption. The
the non-heme iron, P& (3). However, in the same samples quantification of the EPR signals was determined by double
a free radical signal was observed with= 2.0044,AHp, ~ integration and by comparison to Eyr The maximum yield
9G, and constituting~0.7 spins. This EPR signal was ©f TY'o" was obtained in a sample frozen rapidly after a short
assigned to the semiquinone anion radica Qnagnetically ~ illumination at room temperature. This was taken as being
uncoupled from F&. It was concluded then that the €u 1 SPIN/PS II.

seemed to have uncoupled the semiquinone from the iron, X-Pand EPR spectra were measured on a Bruker ESP-
possibly by displacing the iron from its site. It remained 300E spectrometer using a standard rectangular Bruker EPR

unclear why the @ signal was not observed in the presence 2Vity equipped with an Oxford helium flow cryostat (ESR

of the light induced-electron donor radical in unreduced 900). The microwave frequency was measured using a
Cw+-treated PS Il as described above. Hewlett-Packard (HP5350B) frequency counter. The mag-

netic field was measured using a Bruker gaussmeter
(ERO035M). The measureg-values were corrected for an
offset against a knowmy-standard (DPPH). Q-band EPR
spectra were measured on a Bruker ER 200D EPR spec-
trometer equipped with a Bruker Q-band microwave bridge,

. . Bruker ER 5103 QTH resonator, and an Oxford CF 935
the effects of the nonparamagnetic, nonredox iort," Zhy B ' .
performing temperature and redox studies. The results ofcryostat H-cw-ENDOR spectra were recorded using a lab-

these experiments lead to an understanding of the effects oPu'I.t ENDOR extension consisting of a Rhode & S_chwarz
CW?* on the acceptor side of PS . radio frequency (rf) synthesizer (SMG), an ENI solid-state

rf amplifier (A200L), and a self-built Tho ENDOR cavity
adapted to an Oxford helium flow cryostat (ESR 910) which
MATERIALS AND METHODS has been described previousiy). The Q-band EPR powder
PS ll-enriched membrane fragments were prepared fromspectra were analyzed using a simulation and fitting program
spinach as in re® with the modifications as in ref0 and described previously1@).
stored at—80 °C prior to use. The storage buffer contained RESULTS
sucrose (0.4 M), NaCl (10 mM), and MeslaOH (25 mM,
pH 6.5). The PS Il membrane fragments were diluted to 0.15 Figure 1A,C shows the effects of 200 K illumination and
mg of ChImLin Tris—HCI (0.8 M, pH 8.5) and incubated  Figure 1B,D of chemical reduction in the dark on Mn-
(4 °C) in weak light for 30 min to remove the extrinsic depleted PS ll-enriched membranes incubated at room
polypeptides and most of the Mn (Mn-depleted). The Tris temperature in the presence of?C(Figure 1A,B) and Z#A*
buffer was removed by two washing steps in the storage (Figure 1C,D), respectively. The spectra in Figure 1A,C were
buffer. Cé*or Zr?* treatments were done by diluting Mn-  obtained by subtracting the spectrum of the dark stable
depleted PS ll-enriched membrane fragments to 0.53 mg oftyrosyl radical, Tys* which was present in the dark. In €u
Chl mL~* with CuCk (2.4 mM) or ZnC} (24 mM) which treated PS Il the light-induced radical is centeredyat
correspond to~1000 C@'/PS Il and 10 000 Z#/PS II, 2.0028, is 9.5G wide, and amounted to approximately 1 spin/
respectively. After incubation (20 min) at room temperature PS Il. From'H-ENDOR spectra (see below) this signal was
in the dark the sample was centrifuged and resuspended indentified as a momomeric chlorophyll cation radical. A
storage buffer to a final concentration of-2 mg of Chl similar EPR signal is observed in control, Mn-depleted PS
mL~! for EPR measurements or to 5 mg of Chl mifor [l (not shown, but see e.g. refs3 and 14).
ENDOR samples. EDTA washing was performed using In Zn?"-treated PS Il (Figure 1C), the signal consists of
storage buffer containing EDTA (1 mM). Any further approximately 2 spins/PS Il with an apparenvalue of

In the present work we extend the earlier EPR sty (
of Cw?* effects on PS II. We identify the radicals formed in
PS Il after treatment with Ctl ions using EPR spectroscopy
at 34 GHz andH-electron nuclear double resonance (EN-
DOR) spectroscopy. The effect of &uons is compared to
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T T T T T radical atg = 2.0047 accounted for onky70% of the centers
(3). The more complete effect in the present work is
presumably due to the lower concentration of membranes
now used during incubation (0.53 mg of Chl milvs 2—3

mg of Chl mL™%; see ref 3). Indeed, we expressly used these
conditions in order to obtain a more complete effect at the
level of the electron acceptors.

For the Zi* treatment, the effects described required
concentrations which were 10 times higher (i.e. 24 mM) than
those required for the Gt treatment. When 2.4 mM 2h
was used, i.e., the concentration which gave a complete effect
when Cd" ions were used, the uncoupled*Qwas present
in only 10-20% of the centers (not shown).

When C@*-treated PS Il was washed in EDTA-containing
buffer (see Materials and Methods), a single wash eliminated
more than 90% of the remaining copper from solution as
monitored by the Cif EPR signal. A 200 K illumination of
such a sample revealed a slightly altered EPR spectrum. The
yield of signals observed increased+d.2 spins/PS Il, and
there was a very slight shift in thggvalue to a higher value.

g=2.0028

g=2.0047

g= 2.0037

EPR Amplitude {first derivative, a.u.]

g=2.0047

e After a second EDTA wash, 200 K illumination induced 2
0333 0334 0335 0336 0337 0338 radicals/PS 1l which gave an EPR signal approximately 10
Magnetic Field [T] G wide with ag-value of 2.0037. Thus EDTA washing

] . renders the Cli-treated PS Il comparable to Zntreated
Ficure 1: EPR spectra of spinach membrane fragments treated hing did h infl h
with either C@+ (A and B) or Z#+ (C and D). Spectra A and ¢ P> Il. EDTA washing did not, however, influence the EPR
are recorded after illumination at 200 K for 10 min. Spectra B and_signals observed under reducing conditions in eithet"Cu
D are recorded under reducing conditions (in the presence of or Zr?*-treated PS Il. These observations indicate that, (1)
dithionite) in the dark (see Materials and Methods). Experimental nhoth the C&t and the ZA® treatment resulted in the
conditions: microwave power, 0.1 mW; field modulation depth, . ; ;
0.2 mT; accumulation time, 160 s; temperature, 20 K. dlsrila_cement_ of P& from _|ts site, (2) the presence of the
CU?* in the site resulted in the absence of the uncoupled
Qa* signal, and (3) removal of the €uby washings with
2.0037 and is approximately 10 G wide. This spectrum is EDTA resulted in the appearance of the uncoupled Q
attributed to the overlap of the EPR signal from the electron signal from PS Il with an unoccupied iron site.
donor, Chlar*, and the EPR signal arising fromaQ (see Figure 2 shows the Q-band ¢ 34 GHz) EPR spectra of
below) generated in stoichiometric amounts by illumination. the radicals formed after treatment with@and Z#+ under
In control, Mn-depleted PS I, low-temperature illumina- reducing conditions. A simulation (dotted line) is also shown

tion gives rise to an EPR signal gt= 1.9 from Q- using theg-tensor principal values (from Table 1). The
interacting with Fé&" (Qa*"Fe**) (15). No such signals  observedg-anisotropy, typical of semiquinoned§, 17,
attributable to Q~—Fe** was detectable in the €+ and indicates that the radical observed at X-band frequencies with
Zn**-treated PS Il measured here. an averag@-value of 2.0047 originates from a semiquinone

The traces in Figure 1B,D show the spectra obtained whenradical anion. The comparison of theensor principal values
Cw™ and Zrt*-treated PS Il are reduced with sodium in Table 1 showsy,, andg,, values almost identical to the
dithionite. In both samples, a radical is observed with a values of the plastoquinone-9 anion radical (PQ-# frozen
g-value ofg = 2.0047 and a width of 9.5 G; it constitutes basic 2-propanol solution, as well as fop°Q observed in
approximately 1 spin/PS Il. These signals have a g-value “Fe-depleted” and “cyanide-treated” PS || membrane frag-
typical of a semiquinone anion radicdl) and are attributed  ments (8, 19. The g« value is, however, different from
to the EPR signal from Q~ decoupled from the non-heme theg value obtained for the model PQ-%ystem (2.0063).
iron. This assignment is in accordance with earlier work on The value obtained here for €utreated PS 11 ¢ = 2.0068)
Cut-treated PS 113) and is confirmed by EPR spectroscopy lies between that from cyanide-treated (2.0065) and Fe-
at Q-band frequencies (see below). depleted (2.0070) PS Il preparations. Tepsvalue has been

In control, Mn-depleted PS I, virtually no free radical shown to be very sensitive to the electrostatic environment
signal is present upon reduction with dithionite. Instead, the and in particular the presence of hydrogen bonding to the
EPR signal ag = 1.9 arising from Q'~—Fe&** is present. carbonyl groups of semiquinone radical aniohs,(20 and
No such signal is observed under these conditions #t-Cu  tyrosine radicals21).
or Zré*-treated PS Il confirming the absence of the magneti-  The Q-band EPR spectrum (not shown) of the radical

cally coupled iron (not shown). generated by 200 K illumination in the absence of a chemical
The results shown here for the Cureated sample are  reductant also contains the underlying FEPR signal, and
comparable to those reported earligr ¢xcept that the Cu therefore, an exact determination of thiiensor is difficult.
treatment used here seems to affect the acceptor side in alAs compared to X-band, no discernible broadening of the
centers while, in the earlier work;30% of the centers still  EPR line width is observed. The lack of resolved

showed the @ —Fe&** EPR signal and accordingly the anisotropy at Q-band would indicate that the signal does not
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FiIGURE 3: Cw-ENDOR spectrum of the sample treated witi#Cu
after illumination at 200 K. The line pairs belonging to certain
1.208 1210 1212 1214 proton hyperfine couplings (hfc’'s) are labeled (18tc.) and are
Magnetic Field [T] listed in Table 2. The ranges in which lines associated wfth
FIGURE2: (A) 34 GHz EPR spectrum of the radical generated under NUCl€i occur are indicated in the spectrum but are not analyzed
reducing conditions from Cu-treated samples. Dark-adapted here. Experimental condlthns. microwave power, 10 mw; radlg
samples were treated with sodium dithionite (for details, see requency power, 200 W; frequency modulation, 12.5 KHz;
Materials and Methods). The simulated spectrum (dotted) is shown frequency modulation deptt; 100 kHz; accumulation time, 60 min;
using theg-tensor (Table 1) and an isotrepit G line width. temperature, 123 K.
Experimental conditions: microwave power, 0.006 mW,; field
modulation depth, 0.5 mT; accumulation time, 20 min; temperature, Table 2: Principal Values of the Methyl Proton Hyperfine Tensors
80 K. (B) 34 GHz EPR spectrum of the radical generated under (in MHz) and Assignments for the Observed ChloroplayRadical
reducing conditions from Zf-treated samples. Dark-adapted Cations in PS Il and in Organic Solvents
samples were treated with dithionite (for details, see Materials and . .
Methods). Experimental conditions: as in (A) except accumulation hyperfine coupling (MH2)

I 1 1 1 1

time 35 min. Cw" Chlat Chla® Chlatin
featuré (PSP (PS I (PSIIF CH.CI/THF®  assignt
Table 1: Principal Values of thg-Tensors of the Electron Acceptor 1.1 Ag 3.2 3.4 3.0 2.75
Radical Anion Q'™ in C/?*- and Zri#*-Treated PS Il under 22 A 3.8 4.1 3.6 3.90 2-,7-methyl
Reducing Conditions af = 80 K, Compared to @~ Observed in Asd 3.4 3.6 3.2 3.15
Other PS Il Preparations and Model Systems 33 Ag 7.0 7.3 7.2 7.15
1 44 A 8.6 8.2 8.5 8.30 12-methyl
sample Oxx Oy 0z /3sTrg  note Asw 7.5 76 76 755
PS Il Q" a - b~ 2t - 5 -
Ciromed 20000 2002 20022 20047 &y denion e 30 ueaied P s ok oro o
Zn%*-treated 2.0070 2.0054 2.0023 2.0049 a 27). 1 Ao = Ya(Ay + 2A0) )
Fet-depleted  2.0070  2.0053 2.0023 2.0048 b - o™ TSN o
CN~-treated 2.0065 2.0052 2.0022 2.0046 c
Models and their assignments are very typical of a monomeric Chl
PQ-9- 2.0063 2.0052 2.0022 2.0046 d a cation radical in organic solvents (Table 2; see also refs
PQ-1~ 2.0062 2.0052 2.0023 2.0046 e 23, 26,and 27). Previously monomeric CH cations have

a All values obtained by simulation of the powder Q-band (34 GHz) been observed in PS Il and investigated with ENDOR
EPR spectra. The errc_)r:iB0.000l.vaIron-depleted PS Iland cyanide-  spectroscopyl(8, 29, and the hfc’s observed here and their
treated PS I, respectively, both from Q-band (34 GHz) EPR measure- jnterpretation are very similar to those seen previously (see

ments (8, 19. The error is+0.0001.9¢Referencesl? and 22, Table 2
respectively, in frozen basic 2-propanol; W-band (95 GHz) EPR able 2).
measurements. The error40.0001. The data above show that bothwand Zr#™ treatments

lead to a displacement of FPefrom its site. The only evident
arise from a semiquinone or a modified tyrosine; however, spectroscopic difference between théCand Zr#'-treated
it is consistent with it being a Chd** radical 3, 29. PS Il is that the @ radical is absent upon 200 K
Figure 3 shows théH-ENDOR spectrum of the same illumination of the unreduced sample in €ttreated mate-
sample. As mentioned above, this sample also contains. Tyr rial, while in Zr**-treated PS Il this signal is present. This
Hyperfine interactions from Tyr have previously been is presumably due to the magnetic or redox properties of
observed at cryogenic temperatures using ENDOR spectros-CU?t. Thus the Q°~ radical may be missing either because
copy @). It is possible to suppress these contributions from it is magnetically interacting with Ct, as occurs in the
the spectra by performing the ENDOR measurements atbacterial reaction center when €us substituted for F&
slightly higher temperatures (130 K instead ofZD K). In (29, 30, or because the Cu acts as an electron acceptor
frozen solutions protons from methyl groups give rise to from the semiquinone.
narrow and intense ENDOR lineg5). Lines froma-protons As mentioned above, it seems clear that thé"Gsiindeed
and from fixedg-protons (CH groups) are broadened and in the site since its removal by EDTA washing leads to the
not easily detected. From Figure 3 several line pairs spacedappearance of the uncoupleda'Q signal upon 200 K
symmetrically around the free proton Larmor frequency are illumination. Since the Cii-treated sample does show the
clearly resolved. These observed hyperfine couplings (hfc’'s) uncoupled @~ signal upon chemical reduction with dithio-
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T T T T T in formation of~1 spin of Q*~ per PS Il, presumably with
A the Chla™ being reduced by the exogenous electron donors.
In Figure 4A the effects of low-temperature illumination
of a Ci*'-treated sample in the absence of ascorbate and
DCPIP are shown. After illuminationt® K a small radical
signal~10 G wide and withg = 2.0025 is present. This is
attributed to the donor side radical alone. There is a slight
increase in this signal after an additional illumination at 15
K. After incubation in the dark at 77 K the signal narrows
to 9.5 G and during subsequent illuminations at 77 and 200
K the line width andy-value do not noticeably change. This
signal is attributed to a donor-side radical being photogen-
erated in increasing amounts as the temperature is raised until
0.334 0.336 0.338 0.34 9.336 0.338 the Chl a* radical, at approximately 1 spin/PS I, is
Magnetic Field [T] Magnetic Field [T) generated at 200 K, as seen previously in Figure 1. The slight
FiGure 4. (A) EPR spectra of PS Il membrane fragments after changes in width in the radical generated at different
treatment with C&". Samples were illuminated with no additions. temperatures probably reflect carotenoid oxidation in place

Key: from the bottom up at 5 K, 15 K (both illuminated in the
caxyity), and left in the daek at 77 K, and (then iluminated at 77 K of the chlorophyll at lower temperatures as reported recently

and then finally (top spectrum) at 200 K (in ethanol/dry ice bath). (31) (see also reB2). From the experiments in Figure 4B,
For light sources and illumination times, see Materials and Methods. Cl?* seems to be chemically reducible by ascorbate while

Experimental conditions: microwave power, 0.1 mW; field modu- Qa*~ requires reduction by dithionite (Figure 1); thus, the

lation depth, 0.2 mT; accumulation time, 160 s; temperature, 20 gpsence of a photoinducedh® EPR signal in the experi-

K. (B) EPR spectra of PS Il membrane fragments after treatment . . . .
with CL*. After being frozen in the dark, samples were illuminated MeNts of Figures 1 and 4 is attributed to?Cacting as an

at different temperatures in the presence of sodium ascorbate anclectron acceptor from Q.
DCPIP (see Materials and Methods). Key: from the bottom up at  There is however an alternative explanation for these
?7K|'<15 g Lhenf!eft"in the dark for 5 min2at 7; Klil illuminated afj results. We have seen above that two washings with chelator
experﬁﬂentta?réo:wn;ti)éétso\?v:r%egglij? er;F 00 K. fllumination an are sufficient for the Cti to be lost from the site. If the Cu

is weakly bound and in equilibrium with the €uions in
nite, it also seems clear that the Zuin the Fé" site is solution, their removal from solution by their reduction to
chemically reduced, forming the Cuon. This, however, ~ CU” could also result in the loss of €ufrom the site. This
does not help us distinguish whether the?Cis interacting explanathn is less attr'actlve since we woulq havg to assume
magnetically or acting as an electron acceptor, since chemicalth@t the simple reduction of the Cu by 5 min of incubation
reduction would eliminate both effects. It may be possible " the EPR tube would be as effective as diluting and washing

to distinguish between these two possible roles from experi-With chelator. Nevertheless, this alternative cannot be ruled
ments using sodium ascorbate as a reductant. out, and this then leaves open the possibility that the absence

of the semiquinone radical signal in the absence of exogenous
reductant could be due a magnetic interaction with th& Cu

As expected Z#f-treated Mn-depleted samples reduced
with ascorbate and DCPIP showed thg Qsignal after the
illumination at 200 K. The absence of a light-induced Chl
a* radical is again attributed to electron donation at this
temperature from DCPIP/ascorbate as seen with tie-Cu
treated sample (data not shown).

200 K hv

77 K hv

__/\g;-/.

15 Khv

5Khv

EPR Amplitude [first derivative, a.u.]

IR [ T TR SN T TS N S |

When C@*-treated PS Il is reduced with sodium ascorbate
in the presence of DCPIP, the sample shows no free radical
signals in the dark; upon illumination at 200 K, however, a
free radical signal equivalent tel spin/reaction center is
observed (Figure 4B top spectrum). On the basis of its
g-value, this signal is attributed to Q. The reactions
occurring in this experiment can be understood on the basis
of the following studies done with illumination given at lower

tem_peratures. . - DISCUSSION
Figure 4B shows a series of illuminations of Cureated

PS Il in the presence of ascorbate and DCPIP. In Figure The present data with Ctrtreated PS Il agree with and
4B, illumination a 5 K induces a radical with a relatively — extend the earlier EPR studg)( The biochemical treatments
low g-value and a line width 0£9.8 G. After illumination ~ used here provide more complete effects and thus more
at 15 K, the light-induced radical is about 11 G with= homogeneous material. We now have shown that*Zn
2.0034. This signal is attributed to a low yield of both the treatment of PS Il produces a state which is comparable to
electron donor radical and the uncoupledQ signals that induced by Cir but is simpler to understand since?Zn
indicating that the Ci is chemically reduced by the is neither paramagnetic nor redox active. The influence of
ascorbate/DCPIP prior to illumination. When this sample is CW?* when it occupies the Pé site is rationalized on the
warmed in the dark to 77 K the signal decreases in size andbasis of studies with dithionite, ascorbate, and illumination
the remaining signal is about9 G wide and has g-value at a range of temperatures. The identities of the radicals are
~2.0047. It seems clear that upon warming to 77 K, the clarified through the use of Q-band EPR attttENDOR
radical from the oxidized electron donor is chemically Spectroscopy. From these results a better understanding of
reduced by the ascorbate/DCPIP (or by an intrinsic compo- the effect of Cé&" ions on PS Il is obtained.

nent reduced by this electron donor system) leaving the The results clarify the origin of the radicals formed in
uncoupled @~ signal. Further illumination at 77 K increases Cwt-treated PS Il. The identity of the signal seen under
the size of this @~ signal, and illumination at 200 K results  reducing conditions as a semiquinone already seemed likely
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from the g-value of the signal measured at X-bar);( unreduced Cif-treated PS Il. The alternative explanation
however, the Q-band EPR spectra reported here are cleathat reduction of the Cti in the medium upon addition of
evidence in favor of this assignment. This corroborates the reductant leads to loss of €uin the site cannot be ruled
identification of this radical as uncoupled\Q. out. Thus, we must leave open the possibility that the absence
For the other radicalg( = 2.0028), the Q-band EPR of the semiquinone signal after illumination without a
showed no detectabtgtensor anisotropy which is consistent reductant could be due to a magnetically coupleg-Qu?*
with it arising from a Chla*™ molecule. The!H-ENDOR state.
spectra are similar to those arising from monomeric&hl We looked for the light-induced disappearance of & Cu
It seems likely then that this is indeed the origin of the EPR signal associated with its role as an electron acceptor
radical. This conclusion disagrees with the earlier report in (or alternatively the appearance of a-@Cu?* signal) but
which it was concluded that the electron donor in Cu-treated were unable to get reliable results, mainly due to the presence
PS Il was a species other than chlorophyll. This was basedof relatively large underlying Ct signals arising from Gt
on kinetic optical studies done on similar samples at room in solution and C&" nonspecifically bound to the mem-
temperature. The most likely explanation for this discrepancy branes. Washing of the samples to remove nonspecific Cu
is the difference in conditions used: Here we have shown also lead to loss of the Gtifrom the site as shown by the
that the stable state formed after donation of an electron atappearance of a light-induced,Q signal.
200 K is likely to be a chlorophyll radical; in the work of The suggestion that Gt displaces the Pé and can act
Schrader et al. §) it was shown that the state responsible a5 an electron acceptor is in apparent contradiction with the
for the rapid reduction of &" at room temperature is  yreport of Schroder et ald}, who observed absorption kinetics
unlikely to be chlorophyll. It seems quite possible that a jndicating that PQa~ charge recombination occurs in Cu-
different species is being looked at under these two different treated PS II. In the present work we based conditions of
sets of conditions. our Cu treatment on the loss of the magnetically coupled
The results also clarify what occurs upon incubation with  Fe2+ (as monitored by the Q-Fe?* signal). This required
Cu?* and what reactions take place in the’Gtreated PS  relatively long incubations with high concentrations ofCu
I Incubation of Mn-depleted PS Il with Caor Zr*" leads  jons. In the work of Schroder et al)( their interest was
to a displacement of the non-heme iron atom (see below).focused on the inhibition of electron donation from Zyr
Given that Cé&" can be depleted from the site by two washes and for this it was sufficient to add the &tions immediately
with EDTA, it seems clear that the binding site is not as prior to measuring the kinetic traces. It seems likely then
tight as that in the bacterial system. The higher concentrationthat under these conditions €tions would have little effect
required to obtain the 2 effect might indicate that Zn on the iron site.
is even more weakly bound. Incubations with divalent cations  The weak binding of Cit, its proposed redox behavior,
followed by chelator washes may then prove useful as ananq jts apparently high potential when in the?Fsite is
additional method for removing the iron from PS Il for ey different from the behavior of Gt in the bacterial
spectroscopic studies. Given this observation, it seems thategction center where it remains Teven in the presence
when PS Il preparations are used in which it is thought that ot sodium dithionite 29, 30. The ligand environment of
Zn?* occupies the iron site, it is likely that the iron site is  the metal site in the bacterial reaction center is well
unoccupied unless high concentrations of Zare present  ggtaplished from X-ray crystallography; the metal is six
in the medium (for example reg3). _ coordinate with four imidazole ligands, and the fifth and sixth
_The Zrt'-treated system when illuminated at 200 K gives |igand both come from the carboxylic acid group of a
rise to two radicals arising from the electron donor and gjytamate 84). PS Il has the 4 histidines conserved, but the
electron acceptor radical pair, Chf*Qa*", while in the glutamate is missing. It has been suggested that exchangeable
presence of the reductant dithionite only the"Qsignal is  carhoxylic acid ligands replace the glutama3é-{36). The
present in the dark. This is easy to understand sin¢&,Zn  presence of exchangeable Fe ligands in PS Il has been taken
when present in the Fesite, can have no magnetic or redox s the origin of several of the differences occurring between
effects. What is observed in €utreated PS Il is more  pg || and the bacterial reaction center including the fact that
complicated. lllumination of an unreduced Tdreated the Fé&* is redox active 35—-37). The relatively trivial
sample results in formation of only a donor side radical, Chl exchangeability of the Ré for other divalent cations, the
a*, while the acceptor side radicalaQ, is not detected.  \yeak binding of these ions, and the proposed redox activity
When the sample is treated with chelator, the missing Q  of the Ci¢* are taken as further evidence for the more flexible
signal appears indicating that the Cus removed by this jigand environment around the metal in PS II. It is still
treatment. This also confirms that when the*Cis present,  nclear what is the functional signifcance of such flexibility;

itis responsible for the absence of the uncouplgt Qignal. however, roles in the regulation of electron transfer can be
In the presence of dithionite, the uncoupledQsignal imagined.

appears stoichiometrically just as it does as ifZmeated
PS 11, while, in the presence of a weaker reductant, ascorbate ACKNOWLEDGMENT
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