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ABSTRACT:. Oxygen evolution by photosystem Il (PSIlI) is activated by chloride and other monovalent
anions. In this study, the effects of iodide on oxygen evolution activity were investigated using PSII-
enriched membrane fragments from spinach. In the absence pth€ldependence of oxygen evolution
activity on I~ concentration showed activation followed by inhibition in both intact PSIl and NaCl-washed
PSII, which lacked the PsbP and PsbQ subunits. Using a substrate inhibition model, the range of values
of the Michaelis constary in intact PSII (0.5-1.5 mM) was smaller than that in NaCl-washed PSiI|
(1.5-5 mM), whereas values of the inhibition constdqtin intact PSIl (9-17 mM) were larger than
those in NaCl-washed PSII {4 mM). Studies of T inhibition of Cl~-activated oxygen evolution in
intact PSII revealed that lwas primarily an uncompetitive inhibitor, with uncompetitive const&ht=

37 mM and Ct-competitive constari; > 200 mM. This result indicated that the activating @hust be

bound for inhibition to take place, which is consistent with the substrate inhibition model éatilvation.

The S state multiline and) = 4.1 EPR signals in NaCl-washed PSIl were examined in the presence of
3 and 25 mM Nal, corresponding to-hctivated and-inhibited conditions, respectively. The twe S
state signals were observed at bathcbncentrations, indicating that kubstitutes for Cl in formation

of the signals and that advancement to thst&te was not prevented by highdoncentrations. A model

is presented that incorporates the results of this study, including the action of both chloride and iodide.

Photosystem Il (PSit)catalyzes the reduction of plasto- without disturbing the protein composition, but there remains
quinone via electron transfer from water as a result of light significant residual oxygen evolution activity (285%) in
absorption in higher plants and cyanobacteria. The concurrentthe absence of Cl On the other hand, removal of PsbP and
production of Q is an important result since it provides PsbQ by treatment with high NaCl concentration appears to
nearly all oxygen used by respiring creatures. The oxygen cause spontaneous release of €l7). In this case the
evolving complex (OEC) of PSIl includes a manganese residual activity is near zero in the absence of added CI
cluster that cycles through a series of oxidation states, and oxygen evolution activity requires addition oPC#18,
designated &hrough S, with oxygen evolution taking place  19).

from the highest oxidation state of, for reviews see refs lodide has been a focus of study because of its properties

1-3). as an electron donor in PSIIT kan reduce Tyr Z of the
Chloride has long been recognized as a cofactor requiredD1 polypeptide when manganese is remove@—22) or

for oxygen evolution by photosystem Il (PSID), 2, 4—6). reduce the Mn cluster in PSII membranes lacking PsbP and

Activating CI~ can be replaced by several other monovalent PsbQ 22). The D1 polypeptide is iodinated during turnover,

anions, including Br, NO;7, 17, and NQ™, although with but the D2 polypeptide is also labeled in the d&®)(When

varying efficiency {—12). Chloride has been found to bind PsbP and PsbQ are removed,clan activate @evolution

with high affinity to one site on PSII7 13, 14). in the absence of Clbut is inhibitory at all concentrations
The availability of Ct and C&" at the oxygen evolving  in the presence of CI(23). Activating I” can also be

complex (OEC) is evidently regulated by two extrinsic reconstituted into the Clsite, with subsequent rebinding of

subunits, PsbP and PsbQ, with apparent molecular massethe PsbP and PsbQ subuni®) The lifetimes of the $

of 23 and 17 kDa, respectivelyl%). Their presence has a and S states were investigated using UV absorption differ-

significant impact on the ease with which activation by CI  ence spectroscopy in the presence of several anions that can

can be investigated. Using dialysig) (or short-term high-  replace activating Cl including Br', NO;™, 17, and NG~

pH treatment 16), it is possible to deplete PSIl of CI (10). This study revealed the presence of a second anion site

from which the higher S states could be reduced by, NO

T This work was funded by the National Science Foundation (MCB- and I .(10)' . .
0111356) and the Dreyfus Foundation (TH-00-012). In this study, enzyme kinetics were used to characterize

*C_Iorreshp%r&dlgg aUthOB phone, 336-334-4605; fax, 336-334-5402; the activation and inhibition properties of In intact PSlI
e-mail, aehaddy@uncg.edu. ; :

1 Abbreviations: EPR, electron paramagnetic resonance; Mé¢, 2-( and In. PSlI _Iac_klng PsbP and PsbQ. V.Ve found that the
morpholino)ethanesulfonic acid; OEC, oxygen evolving complex; Psil, Pehavior of iodide in the absence of Clits a model of

photosystem II. sequential binding of activating and inhibiting ions. In the
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presence of Cl, I~ was primarily an uncompetitive inhibitor 600
of CI~ activation. Both lines of evidence indicate that an
anion, either Ct or I, must be bound for inhibition due to
I~ to take place in PSII. EPR spectroscopy of thestate
showed in addition that the inhibitory Idid not interfere
with S, state formation.

500 -
400 -
300 A

MATERIALS AND METHODS 200 ]

v/ umol O, mgChI™" hr"

Preparation of PSII-Enriched Membrane FragmefSiI-
enriched thylakoid membrane fragments were prepared from
fresh market spinach by extraction with Triton X-100 as . . . .
described by Yocum and colleague&b)y and modified by 0 10 20 30 40
others_ 26, 27). PSII preparations were suspended in buffer [ or [C] / mM
containing 20 mM Mes NaOH, pH 6.3, 0.4 M sucrose, and Ficure 1: Activation of G evolution by Ct (closed circles) or
15 mM NaCl and stored in l'_qu'd Nin some cases (F'g_“re (open cir.cles) in NaCl-washed PSII. Assays were carried out in 20
3), 5 mM MgCl was present in the last buffer but was diluted  mm Mes—Ca(OH), pH 6.3, 0.4 M sucrose, and the indicated
to less than 15@M during the experiment. Chemicals were amounts of NaCl or Nal. The solid lines show fits to the data using

obtained from Fisher Scientific (Fair Lawn, NJ) except where Kv = 3.7 MM andVimax = 521 umol of O, (mg of Chiy* h™* for
otherwise stated activation by Ct andKy = 5.3 mM andK; = 1.1 mM, setting
) Vmax = 521 umol of O, (mg of Chly1 h™1, for activation by t.

O, evolution assays were measured af@hising a Clark-
type O electrode (Yellow Springs Instruments, model 5331) and diluted to 0.3-0.4 mg of Chl mL-1 in the Ct-depletion
in the presence of 1 mM phenptbenzoquinone (Aldrich,  puffer. To each part was added either NaCl or Nal from a
Milwaukee, WI) as described previousig8g). O, evolution 1.0 M stock solution to a final concentration of 3 or 25 mM,
rates of control samples were usually 5@DO0xmol of O, as specified, or no addition was made for samples with no
(mg of Chlj? h™. Rates given represent the averages of anion. After incubation on ice in the dark fer30 min, the
three or more separate measurements. Error bars are basafiembrane fragments were centrifuged to pellet and resus-
on 10% error in activity measurements; although the standardpended to 56 mg of Chl mL™t in medium with the same
deviations of the repeat measurements were generally muchanion. PSII samples were transferred to 4 mm outer diameter
lower (around 5%), we felt that the standard deviation did precision-bored, clear fused quartz EPR tubes (Wilmad Glass,
not properly take into account likely systematic error. Data Buena, NJ) and dark adapted on ice for-2% min before
were analyzed in terms of kinetic models using the program being frozen in liquid nitrogen.

Sigma Plot, version 8.0 (SPSS, Inc.); errors quoted for the EPR spectra were taken of each sample in the dark-adapted
kinetic parameters were based on the statistical fits. state and the illuminated state for calculation of the difference
Chloride Depletion Method<Chloride depletion of intact ~ spectrum. The Sstate was achieved by illuminating in a

PSll-enriched membrane fragments was carried out by dry ice/methanol bath (195 K) for 8 min using a pair of
dialysis using a procedure similar to that described by Dolan-Jenner model 190 Fiber-lite illuminators. The dual

Lindberg and colleague§,(13), using a buffer containing  light beams were each passed throughcm of 5 mM CuC

20 mM Mes-NaOH, pH 6.3, and 0.40 M sucrose. We solution in cylindrical glass containers before reaching the
estimate that the residual chloride concentration was 30 sample.

50 uM based on measurements using a-&#nsitive X-band EPR spectroscopy was carried out using a Bruker
electrode. PSll-enriched membrane fragments were thawednstruments (Billerica, MA) EMX 6/1 EPR spectrometer
from storage and suspended in the buffer to a concentrationequipped with a standard ER4102ST cavity (9.48 GHz).
of 0.5-0.8 mg of Chl mL!. The samples were then Temperature was controlled with an Oxford Instruments ESR
centrifuged at 200afor 8 min to pellet. The pellets were 900 liquid He cryostat. Signals were observed at 10.0 K using
resuspended in the same buffer and centrifuged again toa microwave power of 20 mW, modulation frequency of 100
remove CI from the buffer. The samples were then kHz, and modulation amplitude of 18 G.

resuspended to a concentration~é®.3 mg of Chl m* and

placed in dialysis tubing (Spectra/Por 2.1, 15 kDa cutoff; RESULTS

Sigma, St. Louis, MO). The PSIl samples were dialyzed  actjyation/Inhibition by lodide in the Absence of Chloride.
against the Cl-depletion buffer at #4C for 21-22 h in the The activation of oxygen evolution by lwas studied in
dark. NaCl-washed photosystem Il preparations from spinach in
NaCl-washed PSIl was prepared essentially as describedthe absence of added CIRemoval of PsbP and PsbQ
previously @9). Intact PSII was incubated in buffer contain-  resulted in a preparation that showed essentially zero O
ing 1.5 M NaCl in 20 mM Mes-NaOH, pH 6.3, and 0.40  evolution activity in the absence of added ©f other anion.
M sucrose for 1 h. The PsbP and PsbQ extrinsic subunitswith the addition of Nal, the activity increased until it
and CI were removed by two successive washes by reached a maximum at about 3 mM kfter which further
centrifugation in the same buffer without NaCl. A final wash  addition of Nal reduced the activity (Figure 1). The activation
was carried out using 20 mM Me<Ca(OH), pH 6.3, and by Nal was compared with the activation by NaCl, which at
0.40 M sucrose buffer<5 mM C&"). high concentrations produced a maximum activity that was
EPR Spectroscopyror EPR sample preparation, NaCl- about 5 times that produced by .| This plot closely
washed PSIl membrane fragments were split into four partsresembles data published previously by Papageorgiou and
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600 adequately accounts for the activation/inhibition properties
observed for iodide in NaCl-washed PSII (Figure 1).

< 5001 Equation 1 was not able to fully account for the activation
= behavior in intact PSII of Figure 2, which showed a high
'-S 400 1 level of residual activity after Cl depletion. This residual
2 activity, presumably due to Clthat remained bound, was
S 300 3 subject to inhibition by T as seen by the decrease in activity
S T below the initial activity level. A second term was introduced
g 200 1 into the equation to fully account for the observations. The
3 term was derived by considering only binding of inhibitory

100 1 I~ to PSII that was already activated with initial velocity

6 Vo.
0 5 10 15 20 25

_ Vmax[s] + VO
" T K, TSI+ SPEK, | L1+ ISUK,

[/ mM
Ficure 2: Activation of G, evolution by I in Cl--depleted intact
PSII. Assays were carried out in 20 mM MeNaOH, pH 6.3, 0.4
M sucrose, and the indicated amounts of Nal. The solid line shows For intact Ct-depleted PSII (Figure 2o was set to 268
a fit to the data usindKy = 1.5 mM, K, = 8.8 mM, V, = 268 | of fChiy h2 th [ | of activit
M= N umol of O; (mg o )3 , the average level of activity
/cl:?l())*lﬂ% (mg of ChIy™* h™, andVma, = 407umol of O; (Mg of - yse e d hefore addition of |

One problem with fitting the data of Figures 1 and 2 was

Lagoyanni 23), who used tetrabutylammonium as the that the three parameterSy, K, andVima,) were generally
counterion rather than sodium, and by Hasagawa and CO_hlghl_y mtt_ardependent because of the Qverlap of activation
workers 80), who found a higher maximum rate of,0 and inhibition regions of the curve. This prevented unam-
evolution relative to that for Clat low light intensities. biguous determination of the parameters. However, a range

To determine whether the extrinsic subunits PsbP and could be determined for the parameters assuming that the
PsbQ restrict access of the relatively largédn to the site ~ V&lU€ OfVimax (0r Vo + Vimay for I~ could not be greater than
of activation, the activation of Qevolution by I was studied ~ that for CI" nor less than the observed maximum velocity
in intact PSII that had been depleted of Gy dialysis for 1=. Using this approach for the NaCl-washed PSII, it was
(Figure 2). Both activation and inhibition phases were also found thatky = 1.5-5.3 mM andK; = 1.1-3.9 mM by
observed for intact PSII, although the maximum activity @SSUmMing thaVmax was between 521 and 2@0mol of G
occurred at about 2 mM Nal, a slightly lower concentration (Mg of Chly™ h™%. [AssumingVimax = 100 umol of O, (mg
than for NaCl-washed PSII. The maximum activity was much ©f Chl)™ h™%, the observed maximum, gave an unacceptably
higher in intact PSII than in NaCl-washed PSII; however, POOr fit] The best fit according to? values (where is the
that can be mostly explained by the large background activity correlation coefficient) was found using the hl_ghest allowed
in the absence of added anion. These experiments wereVmax Of 521umol of O, (mg of Chi)y* h™™. For intact Cf -
carried out in the absence of added calcium. It was found depleted PSII, it was found théy = 0.6-1.5 mM andk;
that calcium improved the activity by only about 10% in = 8-8-17 mM by assuming that + Vimax was between
the presence of 20 mM CJindicating that the Cldepletion 500 and 675mol of O, (mg of Chi)™* h™*. Again, the best
procedure produced a PSII preparation that contained most'yﬂt according tor? values was found using the highest allowed
intact PSII. Vmax 0f 675 umol of O, (mg of Chly* h™2.

Although chloride (and iodide in some cases) is an _Uncompetitie Inhibition by lodide in the Presence of
activator in the reaction carried out by photosystem Il to Chloride. Experiments were carried out in which as
produce G, its activation kinetics can be treated using models tréated as an inhibitor of Clactivated @ evolution in intact
developed for substrates. This is because the reaction is?Sll. By varying the concentrations of NaCl and Nal,
promoted as a consequence of chloride binding, by analogydissociation constants for las a competitive inhibitork)
with substrate binding, while the true substrat®Hs present ~ and as an uncompetitive inhibitoki() were determined as
in vast abundance. Activity curves that show both activation has been described previously for ammor#3, @4), azide
and inhibition phases can be interpreted in terms of a (39), and acetate3g). The data were analyzed in terms of
substrate inhibition modeB(, 32) that involves sequential  Dixon and Cornish-Bowden plots37, 38), which are
binding of two substrate molecules, with the first substrate convenient for representation of competitive and uncom-
molecule activating and the second inhibiting. The reaction Petitive inhibition constants, respectively (Figure 3). The data

(2)

velocity in this model is given by revealed that iodide showed essentially no-€bmpetitive
inhibition (Figure 3A), so it was estimated thit > 200
V. {S] mM. The data showed uncompetitive inhibition with a
= Q) constant ofKy' = 37 mM (Figure 3B). This result implies
Ky + [S] + [SPP/K, that the Ct ion must bind before the inhibitory lion can
bind. The small amount of curvature of the points observed
where [S] is the concentration of the activator (h this in Figure 3B, although close to the error level, is probably
case) Ky is the Michaelis constant for activatiol; is the real since it is consistent with some activation by |
dissociation constant for inhibition, afhaxis the maximum EPR Spectroscopyt has been previously observed that

reaction velocity promoted by activator.IThis equation the S state multiline EPR signal does not form in the absence
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S 002 Ficure 4: EPR spectra of the,State multiline and) = 4.1 signals
¥ in NaCl-washed PSII treated with (A) 3 mM Nal, (B) 25 mM Nal,
0.01 - (C) no anion, and (D) 25 mM NacCl. Difference spectra of the
illuminated minus dark-adapted sample are shown. Sample prepara-
0.00 - tion and EPR spectroscopy were carried out as described in
Materials and Methods.
-0.01 ; . . : . :
50 -40 30 20 10 0 10 20 in both CI-depleted intact PSIl and in PSII lacking PsbP
[/ mM and PsbQ. This indicates that the two extrinsic subunits do

. _ not prevent access to the site, even thoughds an ionic
Ficure 3: Dixon plot (A) and Cornish-Bowden plot (B) of | .
inhibition of CI*-ac?ivatéd)Q evolution in intact PSIIF.)Ass(a)BS were diameter of 4.40 /l\,'mu'ch Iarger. than that of it 3.63 A
carried out in 20 mM MesNaOH, pH 6.3, 0.4 M sucrose, and the ~ (41). The Ky for activation by I' in intact PSII was found
indicated amounts of NaCl and Nal. Chloride concentrations were to be 0.6-1.5 mM, which was lower than in PSII lacking
0.5 mM (circles), 1.0 mM (squares), 5.0 mM (triangles), 10 MM pPshP and PsbQ, where it was found to be-53 mM. This
(inverted triangles), and 20 mM (diamonds). Solid lines for panel egit can be seen as consistent with the idea that the extrinsic
A show separate linear fits to the data for each @ncentration. . . - L :
Solid lines for panel B show a combined fit of all the data, giving subunits function to retain the actl\/.atlr)ga'nlon, as for C'
Ki' = 37 mM. (15, 17). The values found for the inhibition constagtin

intact PSII (8.8-17 mM) and PSII lacking PsbP and PsbQ

of added Ct (7, 39, 40). To investigate the effects of lon (1.1-3.9 mM) were significantly different, which strongly
the S state signals, NaCl-washed PSII samples depleted ofsuggests that the site of inhibition is located near the OEC.
ClI~ were prepared with 3 and 25 mM Nal. Samples were The higherK; found for intact PSIl compared to PSII lacking
also prepared with 25 mM NaCl and no added anion as the extrinsic subunits means that the effect of the subunits
positive and negative controls, respectively. is to protect the OEC from inhibition at this site.

In the absence of added anion, neither the multiline signal |, the presence of C| I~ was found to act as an
nor theg = 4.1 signal was observed in illuminated samples, uncompetitive inhibitor i = 37 mM), a characterization
whereas in the presence of Qoth signals were observed  of |- inhibition not previously reported. This result implies
(Figure 4). lodide was found to promote formation of the that C- must be bound before inhibition by tan take place.
multiline andg = 4.1 EPR signals at both high and low  ajthough we employed a simple enzyme kinetics model for
concentrations. Although not quite as intense, the signals gctiyation involving only one enzymeactivator complex,
from the I-containing samples were comparable to those there are in fact many intermediate states corresponding to
of the Cr'-containing sample. Similar results were found {he oxidation states of the OEC. The finding of uncompetitive
using intact PSII that had beenCilepleted (not shown), inpipition probably indicates the activating Gbinds during
except that thg = 4.1 signal was present in the absence of ap earlier S state than does the inhibitingPrevious studies

CI™. This indicates that inhibitory concentrations ofdid from the literature indicate that Chinds before or during
not prevent advancement to the State as judged by he g state, while inhibiting T probably binds or acts at the
formation of the 3 state signals. S, state or later. The earlier binding of Cis indicated by

its requirement for formation of the,State multiline EPR

DISCUSSION signal (7, 9, 39, 40), an observation also made in the study
In this study, the characteristics of ks an activator at  presented here. The inhibitory action of(and NQ~) was

low concentrations and an inhibitor at high concentrations found in a study using UV absorption difference spectroscopy

were investigated. lodide shows activation of &olution to be due to reduction of the,@nd S oxidation states of
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the OEC, an effect that was not related to binding to the Scheme 1: Activation of Enzyme E by Two Activators,Cl
activating CI site (10). Our observation that inhibitory —and I, Where I Can Also Act as an Inhibitér

amounts of T did not prevent formation of the,State EPR ECIT
signals strongly suggests the inhibition must occur at a higher \“\ -
state than $(or perhaps in the Sstate at temperatures above :
200 K.) Path 1: Ky(CI) '

The EPR spectra examined here showed thaitlboth
high and low concentrations supported the formation of the
S; state EPR signals, probably by substituting for @t the

E+Cl =— ECI

site of activation. Olesen and Ariégigson also found that I E+0
- : : Path 2: Ki(I)

10 mM I~ promoted formation of the Sstate EPR signals ) ) A

in intact PSII after 20 s or 2.5 h incubation with (8). Our Bl <— "

results and those of the latter researchers are contrary to an I

earlier study in which 1-treated PSII was unable to form \”\

the S state multiline signal using similar illumination Ki

conditions ). The most notable difference between that E(I),

study and the one presented here is that the anion treatment aBijnding of the true substrate,.B, is not shown.
was carried out at pH 7.5, which may have had an effect on
the reactivity of the inhibitory site. It is also noteworthy that constant<;’, while the inhibitor dissociation constant when
in our study neither the multiline signal nor the= 4.1 signal binding to EI corresponds to the inhibition constal,
was able to form in the absence of anion in NaCl-washed which was derived from the substrate inhibition model.
PSII. It has been found in other studies using intact PSII  The above model for the action of iodide on PSIl is a
that theg = 4.1 signal is able to form in Cldepleted new model that takes into account the data presented here
conditions {, 39, 40), although the multiline signal does not. and is consistent with the results of other researchers. Also
The absence of thg = 4.1 signal in the study presented of significance, we have determined or estimated kinetic
here must therefore be related to the removal of the PsbPparameters for each of the activation or inhibition steps
and PsbQ subunits. involving iodide for the first time. Rachid and Homann
The results of this study imply that a Clor I~-bound examined iodide activation of PSIlI using PSII prepared by
active species of PSIl must be present before inhibition by reconstitution of the PsbP and PsbQ extrinsic subunits in
I~ can take place. One possibility to consider is that only the presence of | thereby reducing access of inhibitory |
one anion site is involved in the observed behavior. It could (24). No kinetic constants were determined, although the
be speculated that the inhibition by fakes place from the  authors estimated thaf,.x and the quantum efficiency in
same site as Clor |~ activation after the Mn cluster reaches |~-reconstituted PSIlI were about two-thirds those irn-Cl
a higher oxidation state; in this case, the activity observed reconstituted PSIl. Papageorgiou and Lagoyanni observed
would be from PSII centers that make it past the point where activation at low concentrations of followed by inhibition
inhibition can take place. However, this suggestion is difficult at higher concentrations in PSII lacking PsbP and P8R (
to reconcile with the results of Figure 1, since the data would similar to the data presented in Figure 1. Kinetic constants
then require that higher concentrations of& macroscopic ~ were again not reported, but the authors noted that the
property) decrease the likelihood that individual centers could inhibition was reversible and occurred from a site preceding
make it past the point of inhibition (a microscopic event). It electron donation to Tyr Z, separate from the @ttivation
might instead be postulated that a change in the site couldsite. They characterized the inhibition by iodide as noncom-
occur through an ionic strength effect on the protein, but petitive with respect to Cl Wincencjusz and co-workers,
such an effect would be expected for other monovalent in addition to showing activation by ] characterized the
anions as well. We conclude that the only reasonable inhibition of NaSQs-treated PSII by 1 in terms of S state
interpretation of the data is that has two sites on PSIl, lifetimes using UV absorption difference spectroscopy)(
one from which T or CI~ activates and another from which  They found rapid deactivation of the 8nd S states by T
I~ either inhibits directly or indirectly through its effect on (and NQ™) and interpreted this as resulting from damage
the first site. by oxidation products of 1 leading to iodination of Tyr Z
As an inhibitor in the absence of Clthe behavior of or other sites on D1, as described by lkeuchi and co-workers
iodide can be described by the substrate inhibition model, (22).
in which inhibition is due to the binding of a second iodide = The possible iodination of Tyr Z has significance here
anion. As an inhibitor in the presence of Cl~ acts as an regarding the mechanism of inhibition. We have employed
uncompetitive inhibitor; i.e., inhibition requires binding of kinetic models that assume reversibility of binding steps, but
an activating Cf ion. These observations can be summarized irreversible inhibition would be expected if an iodination
by the reaction path in Scheme 1. In this scheme, two reaction took place. Most of the studies of PSII labeling by
activators, Ct and I, can bind to enzyme E and promote iodide involved Mn-depleted PSII, in which iodination was
the formation of product @ Each activator promotes steady- most obvious, but iodination was also observed in Mn-

state activity with its owrKy, Ky(ClI™) or Ky(l7). Activator retaining PSII 22). The conditions of iodination included
I~ can also act as an inhibitor when it binds to a second site illumination of PSII samples for 15 min using red light§00
on each enzymeactivator complex, ECl or EI~, forming nm), which are considerably different from those used here.

ECI"I~ or E(I7).. The inhibitor dissociation constant when We have minimized the effect of possible irreversibility using
binding to ECI" corresponds to the uncompetitive inhibition initial rates for kinetic studies. Also, normal formation of
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the S state EPR signals indicates that for the most part
normal electron transfer from the Mn cluster to Tyr Z took

place, at least for the ;80-S, transition. Nevertheless,

irreversible inhibition may have affected the values of the
inhibition constants reported here, perhaps by decreasing

them somewhat.

The study of the effect of iodide on PSII activity has made
it possible to characterize two distinct anion binding sites

near the site of @evolution. Of the two T binding sites

reported here, one has clear functional significance since it

is associated with activation of,@volution, a role usually

filled by CI~. The functional role is less clear for the second
I~ binding site, which is associated with inhibition. This site

is evidently located in close proximity to Tyr Z of the OEC,
if it is the same site as that from which lcan donate

electrons and label D1. The recent 3.5 A resolution crystal

structure of PSII42) revealed an anion binding site at the

Mn,Ca metal cluster (occupied by bicarbonate in the crystal
structure). The authors suggested that this site is normally 13.

occupied by water taking part in catalysis and that Gl
coordinated to the Ca ion at another location. It thus

appears that the catalytic region of the OEC has the capacity

for multiple binding sites for water and ions. The inhibitory

I~ binding site observed here could be one that is normally
occupied by water or hydroxyl ion, perhaps participating in

the hydrogen bond network required for function of Tyr Z.

This possibility is reminiscent of the two ammonia binding

sites B3, 34, 43—45), one of which is associated with CI

binding and the other with water binding. Another possibility

is that the inhibitory T site is an anion site that usually
facilitates the binding and exchange of Git its site of
activation. The exchange of Clwas found in a previous
study to be promoted by the presence ofN{ the medium

(46), leading to a proposal that more than one anion can be
present near a sequestered domain containing thei@ing

site. It could also be related to the previously reported
observation of a shift in the affinity of PSII for Cbetween
high-affinity (closed) and low-affinity (open) formg(8).

The question of the functional role of a second anion site at
the OEC is of interest for further investigation.
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