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ABSTRACT. The binding of chloride and acetate to photosystem Il (PSIl) was examined to elucidate the
mechanism of acetate inhibition. The mode of inhibition was studied, and individual binding sites were
assigned by steady-state €volution measurements in correlation with electron paramagnetic resonance
(EPR) results. Two binding sites were found for acetate, one chloride-sensitive on the electron donor side
and one chloride-insensitive on the electron acceptor side. The respective binding constants were as
follows: K¢ = 0.5+ 0.2 mM (chloride binding to the donor sidéj, = 16 + 5 mM (acetate binding to

the donor side), anl," = 130+ 40 mM (acetate binding to the acceptor side). When acetate was bound

to the acceptor side of PSII, 200 K illumination induced a narrowed form of #d-€ EPR signal, the

yield of which was independent of the chloride concentration. When acetate was bound to the donor side,
room-temperature illumination produced thg/g state. EPR measurements showed that both the yield
and formation rate of this state increased with acetate concentration. Increasing chloride concentrations
slowed the rate of formation of the'6;* state, but did not affect the steady-state yield of thé;Sstate.

These findings indicate that the light-induced reactions in acetate-inhibited PSIl are modulated by both
donor side and acceptor side binding of acetate, while the steady-state yield g¥thet&te at the high

PSII concentrations used for EPR measurements depends primarily on acceptor side turnover. Our data
further support a close proximity of chloride tgYindicating a possible role for chloride in the electron-
transfer mechanism at the,@volving complex.

Photosystem 1l (PS1), an integral membrane protein Calcium and chloride are required for maximum O
complex in chloroplast thylakoid membranes, carries out the evolution activity in PSIl. The number and location of
initial steps in oxygenic photosynthesis. As photons are chloride ions bound to PSII have been difficult to determine
absorbed, electrons are transferred from the central chloro-(2, 4—6). Studies of PSII isolated from spinach grown on
phyll, P680, to the irorrquinone site at the electron acceptor 3¢Cl have shown that one chloride per PSill is tightly bound
side of the enzyme, while reducing equivalents are suppliedin the dark and exchanges slowly, as long as the site is
from the Q-evolving complex (OEC) at the electron donor unperturbed 7). Depending on the method of chloride
side. With successive photochemical charge separations, theemoval, this high-affinity site may be converted to a low-
OEC cycles through a series of oxidation states called S affinity site (8—210). The observation of low- or high-affinity
states (“store” states,—= 0—4), first proposed by Kok et al.  chloride binding may be controlled by the presence of the
(1). Molecular oxygen is released from the OEC during the 17 and 23 kDa extrinsic polypeptides which provide a barrier
Sto-S transition @). The OEC contains a tetramanganese to diffusion (11).

(Mny) cluster, which has been postulated to consist of a dimer  Evidence that chloride is bound near the OEC is provided
of u-oxo-bridged dimers3), and a closely associated redox- by the fact that chloride-depleted PSII membranes exhibit
active tyrosine, ¥. The structure of the Mi-Yz ensemble altered $-state EPR signald @) and that chloride is required

is being debated, and the details of the water oxidation for the $-to-S; transition (L3). In addition, chloride-depleted
mechanism remain unknown. PSII samples display a broadened radical EPR signal centered
at g = 2.0 when illuminated at temperatures above 250 K
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EPR, electron paramagnetic resonance; MESN-2aprpholino)- The SYz EPR signal arises from the coupling of the
ethanesulfonic acid; OEC, A&volving complex; P680, photoactive  electron spins of the Mycluster and Y. Analysis of these
chlorophyll dimer in PSIl; PPBQ, phengtbenzoquinone; PSIl, gpin gnin interactions has inspired much interest recently

photosystem II; @, tightly bound quinone in PSII; £ exchangeable . . .
quinone in PSII; ¥, redox-active tyrosine 160 of the D2 polypeptide; 0€cause they provide information about the structural

Y, redox-active tyrosine 161 of the D1 polypeptide. relationship between the Meluster and ¥*. The SYz* EPR
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signal generated in acetate-inhibited PSII is unique becausedy steady-state £evolution measurements. Steady-state O
both the component ;Sstate and ¥ EPR signals are  evolution rates measured at a range of acetate and chloride
observableZ0—22). For this reason, acetate-inhibited PSIl concentrations show that acetate binds to PSII in linear mixed
has become a valuable system for studying the structure ofcompetition with chloride. Comparisons are drawn to am-
the OEC 20—28). It has been proposed that acetate binding monia binding studies30—32, 50, 51) and to the EPR
to the OEC prevents S-state advance pashysblocking signals induced by various inhibitory treatments of the donor
proton-coupled electron transfer t@*Y23). Several previous  side 0—28), as well as by binding of carboxylic acids to
studies have attributed formation of thg¥S EPR signal in the acceptor sidet(, 42, 44—46, 49). Low-temperature and
acetate-inhibited PSII to replacement of chloride by acetate room-temperature EPR experiments confirm the existence
(20—22). If this is the case, EPR studies of thgYg state of at least two acetate-binding sites, pointing to a chloride-
in acetate-inhibited PSII may provide insight into chloride’s insensitive acetate-binding site on the acceptor side and a
location near the Mncluster and its role in OEC function.  chloride-sensitive acetate-binding site on the donor side of
However, clarification of the mechanism of acetate inhibition PSII. On the basis of the steady-statg@olution activity
is needed to justify the use of theYs® state in acetate- and EPR measurements, we present a model in which acetate
inhibited PSII as a spectroscopic probe of the donor side binds to the OEC in competition with chloride and to the
chloride-binding site and of the OEC. In this study, binding non-heme iron independently of chloride. We further discuss
of chloride and acetate to PSIlI is characterized by steady-possible mechanisms for chloride and acetate binding to or
state Q evolution activity assays in correlation with EPR near the Mg cluster.
measurements.

When the Q@ evolution activity was examined at two EXPERIMENTAL PROCEDURES
chloride concentrations and in the presence of acetate, the . .
inhibitory effects of acetate were found to depend on the _ Chemicals and ReagentdES was purchased from Sigma.
chloride concentration2@, 30). Inhibition of O, evolution Ethylene glyc_:ol, DMSO, sucrose, sodium sulfate, and
in the presence of nucleophiles has been attributed toC@lcium chioride (anhydrous pellets) were purchased from
competitive exchange of one nucleophile for another into Baker. Anhydrous sodium acetate, calcium sulfate, and
an electrophilic site usually occupied by chlori®9¢32). calcium hydroxide were purchased from Fisher Chemical.
For either structural or electronic reasons, anions other thanCaICIum acetate, glacial agetlc acid, and sodium chlorlde
chloride or bromide cannot support @volution. Bromide ~ Wereé purchased from Mallinckrodt. PPBQ and potassium
is the only anion which can functionally replace chloride €fricyanide were purchased from Aldrich. Al were used
both in O, evolution experiments and in low-temperature W|th0_ut further purification. _Stock S(_)Iutlo_ns of PPBQ (2_5
EPR experimentsl(, 33 34). Steady-state Oevolution MM in DMSO) and potassium ferricyanide (100 mM in
measurements demonstrating that certain inhibitors bind in déionized water) were prepared and frozen until use.
competition with chloride have been performed for fluoride, ~ PSIl Sample PreparatiorRSIl membranes were isolated
ammonia, and some amine30(-32, 35, 36). from market spinach leaves following the procedure of

Many inhibitory anions bind not only to the donor side Berthold et al. $2) with the modifications of Beck et al.
but also to the non-heme iron on the acceptor side of PSII. (53) except that thylakoid membranes were not frozen before
In the bacterial reaction center, the non-heme iron is ligated isolation of the PSIl membranes. The membranes were stored
by four histidine residues and one bidentate glutamate residuedt 77 K in resuspension buffer, containing 15 mM NacCl, 20
(37). Although the four ligating histidines are conserved in MM MES (pH 6.0), and 30% (v/v) ethylene glycol, at
PSII, the remaining coordination sites on the iron may not concentrations of approximately-8 mg of chl mL* until
be occupied by amino acid side chains. Bicarbonate, whichthey were used. PSIl membranes provided by George
has |Ong been known to be required for maximum O Cheniae were stored at 77 K in buffer, Containing 15 mM
evolution 38—40), has been suggested to serve as a ligand NaCl, 5 mM MgCh, 20 mM MES (pH 6.2), and 0.4 M
to the non-heme iron in PSIBY). Other exogenous ligands ~sucrose, prior to being used. Manganese-depleted PSII was
bind to or near the non-heme iron in PSIl in competition Prepared by hydroxylamine treatment, as described by
with bicarbonate. They include nitric oxiddX, 42), cyanide ~~ Tamura and Chenia&4). Chlorophyll concentrations were
(43), and carboxylic acids such as formate, oxalate, and measured according to the method of Arn§) (on a Perkin-

malate ¢4—46). Elmer Lambda 3b UV/Vis spectrophotometer. Assays for
The binding of carboxylic acids to or near the non-heme O evolution were carried out in a home-built water-jacketed
iron alters theg value and shape of the associateg Be! aluminum chamber maintained at 28 by a circulating

EPR signal 44, 45) and slows the rate of electron transfer Water bath. Typical @evolution rates were 356600mol
from Qa~ to Qs (46). High concentrations of acetate also Of Oz (mg of chl)™* h™ for untreated PSIl as measured by
impede Q~-to-Qs electron transfer47, 48), presumably by @ YSI Clark electrode using light from a 1200 W xenon lamp
competing with bicarbonate for an acceptor side binding site (Oriel) filtered through a 10 cm water filter, a heat-absorbing
(40, 49). In addition, acetate-inhibited PSIl produces a filter (Schott KG-5), and a long-pass filter (Oriel LP 610).

sharpened and shiftedaQF€' EPR signal characteristic of Steady-state £evolution assays were performed in a series
a change in the geometry and/or ligation of the non-heme of 0.6 M ionic strength assay buffers with varied acetate and
Fe' (20, 21). chloride concentrations. The buffers were prepared as

The aims of this study are to examine the mode of acetatefollows. Calcium (20 mM) and sodium (535 mM) were
inhibition through steady-state,@volution activity assays added as hydroxide salts. Acetic acid was added to give
and to link the EPR signals from the 8nd SY;* states of acetate concentrations of 0, 20, 100, 250, and 500 mM, and
acetate-treated PSII to the acetate-binding site(s) observedHCIl was added to give chloride concentrations of 0, 2, 5,
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10, 20, and 55 mM. In each case, the ionic strength was Analysis of Kinetic DataValues forK¢ were calculated
adjusted to 0.6 M by adding the appropriate concentration from fits to plots of activity versus chloride concentration,
of MES to bring the pH to 6.0. In the 0.6 M ionic strength to LineweaverBurk plots at 0 mM acetate, and to a replot
buffer without added acetate or chloride, PSIl was found to of the slopes of the LineweaveBurk plots obtained with
retain 85% of the activity found in buffer containing 20 MM  varied acetate concentrations. The data in all of the Lin-
MES (pH 6.0), 20 mM CaGJ and 15 mM NaCl. Al eweaverBurk plots were fit simultaneously using Microsoft
activities determined in the 0.6 M ionic strength buffers were Excel, by constraining all linear fits to intersect at a single
scaled to this value. PSIl was added to each buffer and point, while both the intercepts and slopes of the linear fits
incubated at room temperature for 1056 min before  \ere allowed to vary. Unconstrained fits gave comparable
illumination. Activity assays performed after incubation times  yeguits and errors. Values & were calculated from a replot
varying between 30 s and 30 min showed that, at all acetateyf the slopes of the LineweaveBurk plots, and from a
ar_]d chloride concentrati(_)n_s, the samples r_eached equilibriumrepbt of the slopes of the Dixon plots. The value Kgwas
with the added salts within 10 min. While Lindberg and  hen verified by using it as a constraint in fitting the data in
Andreasson showed that in intact PSII centers the exchangée pixon plots. A value foK,' was obtained from a replot

‘i)]f chIorideSeisntq and out of its site occuiris i?nhthe ohrlde_rdof of the y-intercepts of the LineweaveBurk plots. It was
ours (t7 ; ), in our exdperlnienSt; ml\iljc igher ;D?é' € verified by using it as a constraint in fitting the data in the
col\r)lcenhr_ailions wlzre use t(urf’ Ot m i,]as comeaih Cornish—Bowden plots. The errors in the constrained fits
tmhe i]i,vhli:onilt\:lc;lirenpr%n(lgg I\;al)sc?froi)icasasn;ebuf?érseégnuzr:é to the Dixon and CornishBowden plots were comparable
nign - streng ' y bull to those observed in unconstrained fits. The global fit of the
partial dissociation of the 17 and 23 kDa extrinsic polypep- ! ; . .
: - . data in the LineweaveirBurk plots with the constraint that
tides 67), as indicated by the sodium dodecyl sulfate all the linear fits intersect at a single point yielded a well-
polyacrylamide gel electrophoresis of PSIl samples |ncubatedd(_}ﬁm_}d error minimum, while in the case of the Dixon and

for 30 min in each assay buffer (results not shown). In intact Cornish-Bowd lots. similar alobal fits did not
PSII, these extrinsic polypeptides act as a diffusion barrier asotci]giitly owden piots, simiiar giobal fits did not converge

to anions, and their removal leads to an effective faster
exchange of anions into and out of the chloride-binding site. ~ EPR Measurementsow-temperature EPR measurements
To ensure that the extent of binding of the 17 and 23 kDa were performed on a Varian E-line EPR spectrometer
extrinsic polypeptides was equivalent in each sample, all equipped with a Tl cavity and an Oxford Instruments ESR
buffers were adjusted to the same ionic strength. Each data900 liquid helium cryostat and interfaced with a Macintosh
point represents the average of three measurements. llci computer. Spectra of the QF€', S,-state multiline, and
EPR acetate titration experiments were performed using S;Yz" EPR signals were collected under the following
separate samples for each acetate concentration. Matchedonditions: microwave frequency, 9.28 GHz; microwave
samples were prepared from a homogeneous batch of PSlpower, 10 mW; magnetic field modulation frequency, 100
membranes. The membranes were washed once with a buffekHz; magnetic field modulation amplitude, 20 G; and
containing 40 mM MES (pH 5.5), 0.3 M sucrose, 10 mM temperature, 8 K. The spectra were scaled to the rhombic
calcium acetate, and 1 mM NaCl. They were then resus-iron EPR signal afj = 4.3. The intensities of the broad\¥s"
pended in the same buffer containing either 0, 40, 100, 230, and the $-stateg = 4.1 EPR signals were estimated as peak-
480, or 730 mM sodium acetate, and 1 or 10 mM chloride to-trough heights in the illuminated-minus-dark difference
was added from a NaCl stock solution (l M NacCl in a buffer spectra. The Sstate multiline EPR Signa] intensity was

containing 40 mM MES, 0.3 M sucrose, and 10 mM calcium approximated as the sum of four to eight hyperfine peak
acetate). Each sample was pelleted and resuspended to Rejghts in the illuminated-minus-dark difference spectra. For

concentration of 810 mg of chl mL™. The samples were  the Q,~Fe! EPR signal, the peak height of the sharp feature
incubated in the dark at @C for 30-60 min and frozento 5t g ~ 1.8 was measured.

77 K in the dark. Samples for room-temperature EPR R i t i CcW d time-d
measurements were prepared with the same protocol, except goni-EeFr)né)era utre con muollljs-\t/v%ve ( B) ‘i‘(n E'gez'ogb
that the first washing step was omitted and no chloride was penden Spectra were collected on a bruker

added to the samples with a chloride concentratiorcpf ~ EPR Spectrometer equipped with a M cavity and
mM. Potassium ferricyanide (2 mM) was added to all room- interfaced with a Macintosh lici computer. CW spectra were

temperature EPR samples, and %00 PPBQ was added to collectgd und_er the following conditions unles_s noted
all samples prior to use. For room-temperature EPR mea-Otherwise: microwave frequency, 9.68 GHz; microwave
surements, samples were centrifuged into a custom-builtPOWer, 5.1 mW; magnetic field modulation frequency, 100
Wilmad TE quartz flat cell with a fused bottom. llluminations kHZz; and magnetic field modulation amplitude, 4 G. The
were performed with a quartz halogen lamp. The Eg' formation and decay of thepf and Yz* EPR signals were
and S-state multiline EPR signals were produced by Mmonitored as the transient evolution of the low-field hyper-
continuous illumination (700 W/ for 5 min in a 200 K fine peak at 3450 G. Time-dependent spectra were collected
bath (dry ice/acetone slurry), followed by rapid cooling in under the same conditions as the CW spectra, with an
the dark to 77 K. The &;* EPR signal was produced by instrumental time constant of 0.2 s and a data acquisition
continuous illumination (700 W/& for 5 s atroom tem- rate of 1.0 Hz. The intensities of the narrow™and Yp*
perature (294 K), followed by rapid freezing in the dark to CW EPR signals were calculated by double integration of
77 K. For measurement of light-induced EPR signals at room the CW spectra. Signal intensities were also approximated
temperature, samples were illuminated (500 W/far 30 s as the absolute heights of the derivative EPR signal at 3450
during data acquisition. G in the time-dependent EPR spectra.
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acetate binding that is independent of chloride) are defined
in eqs 13 and can be calculated from a plot of the slopes
and y-intercepts of the LineweaveBurk plot versus the
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FIGURE 1: Percent @evolution activity as a function of chloride , _ [PSIH][OAc ]
concentration in the presence &f)(0, @) 20, ) 100, (x) 250, I e~ = 3)
or () 500 mM acetate. The data were fit to the Michaelidenten [PSII-OAC ged
equation [rate/max = [chloride]/(K¢ + [chloride])]. o . ]
The characteristics of Dixor6{) and Cornish-Bowden 62)
RESULTS

plots provide alternative means of calculating the values of

Inhibition of O, Evolution. Past studies of the effects of ~KiandK". Their linear fits intersect with an ordinate oK,
ions on the PSII donor side have reported thae@lution N the Dixon plot and—K/" in the Cornish-Bowden plot.
activity of PSII is inhibited in the presence of aceta?®, ( These plots for acetate inhibition in PSII are shown in panels
30, 34, 58). From these results, acetate has been assumed té and D of Figure 2, respectively. The values calculated for
compete with chloride for a site on or near the Miuster.  Kai, Ki, andK," are 0.5+ 0.2, 16+ 5, and 130+ 40,
Sandusky and YocunB() sampled two different chloride ~ respectively (Table 1). As expectetk; is much smaller than
concentrations before drawing this Conciusion; in other the acetate dissociation constants. Whli&?@)lutlon aCtiVity
investigations, fixed chloride concentrations were used. Measurements provide information about the type of inhibi-
However, to obtain a clearer picture of the competition tion and binding sites, they do not allow specific assignment
between acetate and chloride in PSII, a range of both chloride©r structural characterization of the binding sites. To address
and acetate concentrations must be examined. Figure 1 show§€ese issues, EPR measurements on specific redox species
that, in the presence of increasing concentrations of acetateWithin the inhibited PSIl samples were conducted.
O, evolution activity decreases even if optimal chloride ~ EPR Characterization of Acetate Inhibitiofio link the
concentrations (1055 mM) are present in the assay O:evolution inhibition results presented above with specific
chamber. It also shows that even without added chloride 10 binding sites on the donor and acceptor sides of PSII, EPR
40% of the Q evolution activity is retained, which is SPectra were collected as a function of acetate concentration
consistent with the results of Lindberg and Arasson {1). at <1 and 10 mM chloride. Figure 3 shows 200 K
As acetate is added, thQ @/()iution activity decreases untii illuminated-minus-dark difference EPR SpeCtl’a, which exhibit
itis less than 15% of the initial value, suggesting that acetate the $-state multiline and Q"Fe' EPR signals, at selected
renders PSII centers incapable of fulj &volution activity ~ acetate concentrations and 1 or 10 mM chloride (panels A
by suppressing the effective chloride concentration at or nearand B of Figure 3, respectively). The yield of the @€'
the Mn, cluster. EPR signal ag ~ 1.8 increases as a function of acetate

The type of |nh|b|t0ry reiationship between acetate and concentration but is unaffected by chloride (Figure 3C) We
chloride can be determined by steady-state enzyme kineticconclude that the acceptor side is the site of chloride-
data analysis30—32, 59). Figure 2A shows a Lineweaver insensitive acetate binding in PSII. Acetate binding to the
Burk plot of the data depicted in Figure 1. The lines intersect acceptor side is consistent with the finding that other
above the negative-axis, which is indicative of linear mixed ~ carboxylic acids, such as glycolate, pyruvate, and oxalate,
competitive inhibition $9). In linear mixed competitive ~ bind to the non-heme iron to produce thev 1.8 form of
inhibition, the overall binding affinity of the inhibitor changes the Q"Fe' EPR signal at concentrations similar to those
depending on whether the substrate is bound to the enzymeUsed here for acetatei4-46). In addition, acetate and
This change in affinity can be indicative of a change in the chloroacetates have been identified as inhibitors of-@-
inhibitor binding site upon substrate docking. Alternatively, Qs electron transfer, further indicating an acceptor side effect
it can indicate the existence of two types of inhibitor binding (40, 48). When the data in Figure 3C are fit with a
sites, one of which is substrate-sensitive and the other of Michaelis-Menten type equation for fractional inhibition (eq
which is not, as is the case for ammonia binding to PSII 4), the value oK," is found to be 85 15 mM. This value
(31, 32). It is known that acetate binds both to the OEC at is the same within error as the value obtained from steady-
the donor side, thereby blocking turnover in ther8 state  State Q evolution measurements (Table 1).
(20—22), and to the non-heme iron at the acceptor side, _
thereby slowing the efficiency of,Q-to-_QB electron tra_nsfer fractional inhibition= [OAC ] (4)
(40, 45, 46, 48). Therefore, the most likely explanation for K"+ [OAcT]
the mixed linear inhibition of chloride binding by acetate is
that acetate binds to two sites, one chloride-sensitive on theln addition to the Q~Fé' EPR signal, the charge separation
OEC and one chloride-insensitive near the non-heme iron.at 200 K produces the,State multiline andy = 4.1 EPR

Dissociation constantic (for chloride binding) K, (for signals from the Mn cluster; it has been shown that the
acetate binding in competition with chloride), akd (for presence of sucrose in the buffers causes both trstage
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Ficure 2: (A) Lineweaver-Burk plot of the data from Figure 1 in the presence®f 0, (O) 20, () 100, (x) 250, or (A) 500 mM acetate.

(B) Replot of the Q) slopes and) y-intercepts of the plots in panel A. (C) Dixon plot of acetate inhibition of PSIC3tq, O) 2, ()

5, (x) 10, (¥) 20, or (») 55 mM chloride. (D) CorniskBowden plot of acetate inhibition of PSII ab) 0, (O) 2, () 5, (x) 10, (v) 20,

or (a) 55 mM chloride. The solid lines are linear least-squares fits to the data which were calculated as described in Experimental Procedures.

of photooxidized cytochrombssg than samples containing

Table 1: Summary of Analyses of Binding Consténts ‘ . )
10 mM chloride 64) at equivalent acetate concentrations

plot type Ko (mM) K (mM) K" (mM) (Figure 3A,B, spectra b). Photooxidation of cytochroogg
rate vs [chloride] at 200 K is an additional indication that electron transfer
0 mM acetate 0.4% 0.93 . . - L
LineweaverBurk (rate vs from the OEC is |mpalrgd. Toget.h.er, these findings m@ca_te
[chloride]™) the presence of a chloride-sensitive site for acetate binding
0 mM acetate 0.4# 0.03 i
all acetate concentrations 0.490.15 15+£5 130440 at the donor side. ) L o
Dixon (rate'! vs [acetate]) 1% 4 Under room-temperature illumination, acetate-inhibited
Qa”Fe' EPR signal vs [acetate] 8615 samples can undergo two turnovers before they become

2 Lineweaver-Burk, Dixon, and CorniskBowden plots (panels A, inhibited in the QY7 state R1). This state exhibits a
C, and D of Figure 2, respectively) and EPR data (Figure 3C) were characteristic 240 G-wide ;%z° EPR signal centered at

used to determine binding constants and the type of inhibition that was g = 2 at cryogenic temperatures, and a narroy EPR
observed. Details on how these values were calculated are provided in”. ; .
Experimental Procedures. signal at room temperature. These two EPR signals have been

shown to arise from the same speci2g 7). We have used
multiline andg = 4.1 EPR signals to be formed by 200 K both low- and room-temperature EPR to study the effects

illumination (63). The observation of these,State EPR of acetate and chloride on th_e steady-stz?\te kinetics of
signals is indicative of uninhibited centers, where chloride €lectron-transfer processes leading to formation of te'S

is bound to the OEC. The yields of both thestate multiine ~ State and the yields of the associated EPR signals.
(Figure 3D) andg = 4.1 EPR signals (panels A and B of To characterize the kinetics of formation and decay of the
Figure 3) decrease as the concentration of acetate is raisedS,Y 7 state, we monitored the intensity of the light-induced
The effect of acetate on these signals is modulated by Yz EPR signal at room temperature. Figure 4 shows the
chloride, as is demonstrated by the lower yields of the S intensity of the low-field tyrosine radical peak as a function
state multiline EPR signal from samples containing 1 mM of time during illumination, along with the room-temperature
chloride than from those containing 10 mM chloride (Figure CW spectra recorded before, during, and after illumination
3D). At the highest acetate concentration examined (750 (spectra ac, respectively). A significant amount of dark-
mM), neither sample exhibits significant amounts of the S  stable Y5* is present in the dark-adapted samples (spectrum
state EPR signals, because no S-state turnover is possible &), as is generally observed in intact PSIl membra6&s (
200 K when the concentration of acetate is high enough to In dark-adapted samples, the tyrosine radical EPR signals
displace chloride completely (Figure 3A,B, spectra c). When from Yp* and Yz form with single-exponential kinetics under
the OEC cannot advance, cytochrobag acts as the electron  room-temperature illumination (Figure 4). The formation
donor to P680 (64); the g, and g, turning points of rates of Y5* and Yz* are indistinguishable because redox
photooxidized cytochroméssy are labeled in Figure 3A.  equilibration between yand Y7 is fast on the time scale of
Samples containing 1 mM chloride produce higher yields kinetic data acquisition66). The same rates of tyrosine
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(a) 60, (b) 250, or (c) 750 mM acetate. Arrows indicate ghand g, turning points of the cytochromiassg EPR signal. (C) Yield of the
g~ 1.8 Q. Fe' EPR signal as a function of acetate concentration in the presencg bfqr (@) 10 mM chloride. The error bars represent
the average of two experiments. The solid line is a least-squares fit of the data to eq 4. (D) Yield g&tage $nultiline EPR signal as
a function of acetate concentration in the presence>dfl(or (@) 10 mM chloride.

samples containing 10 mM chloride and equivalent acetate
concentrations (Figure 5A,B). A portion of the signal appears
to be lost during freezing, leading to fractional intensities
that are lower than those observed frony' Yat room
temperature (compare Figures 5C and 6B). The effect of
chloride on the acetate-induced formation of th¥ S EPR
signal (Figure 5C) may be due to chloride-dependent
differences in the steady-state yield and/or differences in the
rate at which the steady state is approached (see the
discussion of Figure 7 below).

To differentiate between these two interpretations, the
effects of chloride on the rate of formation and steady-state
yield of the Yz* EPR signal in acetate-inhibited PSIl were

EPR signal intensity

F—Hillumination _ , , , measured at room temperature. A typical room-temperature
0 50 100 150 200 250 300 illuminated-minus-dark difference spectrum of thg EPR
Time (s) signal is shown in Figure 6A. Figure 6B shows the steady-

FiGure 4: Light-induced transient tyrosyl radical EPR signal State yields of ¥ as a function of acetate concentration.
measured at room temperature in a PSIl sample containing 750 The steady-state yield of.Ylevels off at about 60% of the
mM acetate and 10 mM chloride. Representative pre- and post-fully induced, dark-stable ¥ yield. The same observation
illuminated CW spectra (spectra a and c, respectively) as well asyas recently reported by Babcock and co-work@8. (Light
itrl:gu%\é\/d.si)ﬂe;érnuer{} :ﬁgﬁff&%gﬂf‘% Alfls%m(';at'on (spectrum b) are ooy ration experiments were performed to ensure that this
effect was not due to nonsaturating illumination conditions
radical formation are observed independent of the dark (data not shown). Competing pathways fos* Yeduction,
adaptation time following acetate and/or chloride treatment such as electron transfer from exogenous reductants, cyto-
(data not shown), indicating that the system is fully equili- chromebsso, Or Yp (66), may account for the missing 40%
brated in the dark. Under continuous saturating illumination of the Yz* yield in the steady state under saturating
at room temperature, a steady state is established within 10 illumination conditions at high acetate concentrations. The
15 s (Figure 4). same yields of ¥* were observed at botk1 and 10 mM
While a steady state is established within-1% s under chloride (Figure 6B), indicating that the steady-state yield
room-temperature illuminatiopna 5 s room-temperature  of Yz depends primarily on chloride-independent acetate
illumination has been found to produce the maximum yield effects on the acceptor side turnover. The samples used in
of the cryogenic &z EPR signal 21). Samples treated with  the G evolution activity measurements are much more dilute
acetate and 1 mM chloride and illuminated s atroom than the EPR samples, and have a significantly higher
temperature produce highepYs® EPR signal yields than  effective concentration of the exogenous electron acceptor,
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FIGURE 6: (A) Representative illuminated-minus-dark EPR spec-

' ' ' ' trum of Yz measured at room temperature in a PSIl sample
1000 20.00 3000 4000 containing 500 mM acetate and1l mM chloride. Microwave
Field (Gauss) power, 10.2 mW; magnetic field modulation amplitude, 2 G. (B)
Steady-state yields of the 7Y EPR signal observed at room
100{¢ temperature under illumination as a function of acetate concentration
_ in the presence of@) <1 or (@) 10 mM chloride. All yields are
= 80 scaled to the full, dark-stablepYyield. The lines are least-squares
= fits of the data to eq 4, yielding dissociation constants of (- - -) 90
g 601 ) B + 10 at <1 mM chloride and ) 150 + 30 at 10 mM chloride.
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Ficure 5: Room-temperature illuminated-minus-dark difference
EPR spectra measuretl&K of PSII treated with (A) 1 or (B) 10

YZ' formation rate constant (sec)

. . 0.1_3
mM chloride in the presence of (a) 60, (b) 250, or (c) 750 mM
acetate. All spectra are represented on the sasuzale. (C) Yield 04 . ; . .
of the SYz* EPR signal as a function of acetate concentration in 0 200 400 600 800

the presence ofd) 1 or (@) 10 mM chloride. The lines are least- Acetate concentration (mM)
squares fits of the data to eq 4, yielding dissociation constants of
(---) 120 £+ 30 at 1 mM chloride and—) 300 & 60 at 10 mM
chloride.

FiIGure 7: Yz EPR signal formation rates during illumination at
room temperature as a function of acetate concentratiob)at (

or (@) 10 mM chloride in Q-evolving PSII and atl{) <1 mM

. . . . chloride in manganese-depleted PSIl. The lines are linear least-
PPBQ. In addition, the high viscosity of the EPR samples squares fits of the data.

may limit diffusion of PPBQ into the @site. Consequently,
turnover in the EPR samples is likely to be more acceptor samples with low chloride concentrations, the rate of
side-limited. formation of the ¥ EPR signal depends on both acetate
In contrast to the steady-state yield of thg ¥PR signal, and chloride concentrations. These results demonstrate that
its rate of formation depends on both acetate and chloridethe rate of Y formation is affected by chloride-dependent
concentrations (Figure 7). When the chloride concentration acetate binding to the OEC.
in Oy-evolving PSIl samples is high, the rate of*YEPR Following continuous illumination at room temperature,
signal formation in the presence of acetate is comparable tothe Yz* EPR signal decays biexponentially within about 30
that in acetate-free Mn-depleted PSII. Because the donor sides. While the rates of ¥ EPR signal decay are unaffected
effect of acetate is eliminated in Mn-depleted PSII, we by chloride and acetate (data not shown), the percentage of
attribute the effect of acetate iny@volving PSIl samples  centers in which the ¥ EPR signal forms and then decays
at high chloride concentrations to inhibition of electron at different rates varies with acetate concentration (Figure
transfer on the acceptor side. However, ferévolving PSII 8). The fraction of centers that exhibit fast™YEPR signal
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60T Scheme 1: Model of Acetate (OArand Chloride (Ct)

Binding to a Chloride-Sensitive Site on the Donor Side (DS),
and Acetate Binding to a Chloride-Insensitive Site on the
Acceptor Side (AS) of PSIl, Where DS and AS Correspond
to Sites 1 and 2, Respectively, in egs3
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is slowed in the presence of acetadé),(46—49), Qs Fe'

EPR signalg value shifts 44), presumably caused by
bicarbonate displacemert(, 49), and donor side effects of

_ acetate, which lead t0,%;* EPR signal formation20, 21).
FiGure 8: Fastand slow phases ofYEPR signal decays measured  The dissociation constants associated with each step are given

T T T
0 200 400 600 800
Acetate concentration (mM)

at room temperature. (A) Percentage of centers exhibildgst in Table 1
or (@) slow Yz EPR signal decay in the presence o1 mM )
chloride. (B) Percentage of centers exhibitill) fast or () slow Recently, Lindberg and Andasson proposed that chloride

;(rzé SEglqegiflong:edﬁﬁﬁ)é;':kﬂ:t%ag;ii?;g OTfhleolinme'\g ;g:r)iﬂﬁé;{:ems binds to the Mg cluster at a high-affinity, slowly exchanging

2 A ; y = site which can be converted to a low-affinity, rapidly
or (B) exponential least-squares fits of the data. exchanging site with a dissociation constant of 0.5 m) (
decay is constant for all acetate and chloride concentrationsChloride-depleted samples prepared by high-pH sulfate
that are sampled. In contrast, the fraction of centers thattreatments or high-salt washes exhibit chloride dissociation
exhibit slow Yz* EPR signal decay increases as the acetate constants of>1 mM and require high levels of external
concentration is raised. The slow*Ydecay exhibited by  chloride for optimal Q evolution activity 8, 9, 67). This
these additional inhibited centers may be due to electrostaticeffect probably arises from the loss of the 17 and 23 kDa
stabilization of ;* by acetate. The invariant percentage of extrinsic polypeptides, which control the chloride affinity
centers that exhibit fastzY decay kinetics indicates that there in PSII (4). The ionic strengths of the assay buffers used in
is a separate population of PSII that is incapable of S-stateour study were relatively high, and the 17 and 23 kDa
advance and not susceptible to acetate inhibition. It is exetrinsic polypeptides may have been partially or fully
possible that these centers have been damaged during sampliissociated §7). In fact, SDS-PAGE revealed that the 17
preparation and that the damaging effect is more pronouncedand 23 kDa polypeptides were not present in the acetate-

in the absence of the stabilizing effects of chloride. washed PSIl samples that were used for EPR measurements
(results not shown and réB) and were partially dissociated
DISCUSSION in the acetate-treated samples that were used for activity

We have employed both steady-states@olution activity assays (results not shown). Activity data taken after incuba-
and EPR measurements to characterize the binding of acetatéon times varying between 30 s and 30 min showed that
and chloride to PSII. Together, our results indicate that two the binding of acetate and chloride had reached equilibrium
distinct sites for acetate binding exist, one chloride-sensitive Within 10 min, consistent with the 17 and 23 kDa polypep-
and the other chloride-insensitive. We assign the chloride- tides being dissociated under the assay conditions. The
sensitive acetate-binding site to the donor side of PSII dissociation of the 17 and 23 kDa extrinsic polypeptides
because the rates at which thgr$ and Y;* EPR signals ~ should make the site more accessible to both chloride and
form during room-temperature illumination, as well as the acetate. These results and the chloride dissociation constant
yield of the $-state EPR signals produced by 200 K of about 0.5 mM obtained from £&volution measurements
illumination, are found to be both acetate- and chloride- (Table 1) are in good agreement with chloride binding to
dependent. The chloride-insensitive acetate-binding site isthe low-affinity site characterized by Lindberg and Arabe
assigned to the acceptor side of PSII, on the basis of theson @1).
observation that the acetate-induced formation ofghe A thorough characterization of the chloride-binding site
1.8 Qv Fe' EPR signal is independent of the chloride is necessary for determining the role of chloride in water
concentration. Our observations can be fully explained by a oxidation. X-ray absorption measuremens$ &nd steady-
simple, two-site model, as outlined in Scheme 1. This model state Q evolution studies¥1, 30—32) are consistent with
incorporates results onQ-t0-Qs electron transfer, which  direct ligation of chloride to the Mncluster. If ligated
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directly to manganese, chloride may play a mediating role
in electron transfer and possibly proton abstraction from
substrate bound to the Mrcluster 69). While chloride
usually acts as a terminal ligand, it can adoptdridging
mode in some Mpmodel complexes/(0) and gu.-bridging
chloride has been suggested for the,Mtuster of PSII 8,

13, 31, 69). Direct ligation to a transition metal would equally

favor binding of anions (such as chloride and acetate) and

Lewis bases (such as ammonia) and allow competitive
binding of both kinds of species.

Ammonia, fluoride, and small primary amines all bind to
the OEC in competition with chloride30—32). Given that
the size of acetate is comparable to that of chloride, while
ammonia is slightly smaller, these inhibitors probably
compete for the same site rather than physically precluding

chloride binding. Sandusky and Yocum have suggested that

replacement of chloride is driven by basicity effecg§)(
Their results indicate that thekg of an inhibitory amine is
directly proportional to its K, implying that the ability of
these inhibitors to compete with chloride is contingent on
their adopting a basic form. Th&pof acetic acid (4.76) is
lower than the K, of NHs" (9.2) or any of the amines
examined by Sandusky and Yocu®0J. A comparison of
the K, of acetate (16 mM, Table 1) to th€ of ammonia
[0.4 mM (30)] shows that the two bases possess very
different affinities for the chloride-sensitive binding site in
PSII. In fact, theK, for acetate is significantly higher than
the K, values of all but one of the amines surveyed by
Sandusky and Yocum3(), indicating that the acetate’s
inefficiency at replacing chloride in PSIl may indeed be
attributed to its low g, According to the basicity argument,
acetate inhibition should be equally effective at any pH above
its pKa. This is not the case, however, as theY3
intermediate in acetate-inhibited PSIlI is observed at pH 6.0
but not at pH>6.5 (68). One explanation of the pH

dependence of acetate inhibition of S-state turnover is that

it reflects the ionization state of ionizable amino acid groups
at or near the chloride-binding site. Alternatively, the pH

dependence of acetate binding may stem from the fact that
it can bind as a bidentate species and may affect other

coordination sites in addition to the chloride site.
Acetate-treated samples exhibit the characteristics of

chloride-depleted PSII, in which the State exhibits the

= 4.1 instead of the multiline EPR signdll{ 12, 21, 34),

and S-state advancement is blocked in th¥ Sstate (3,

17—-19, 21, 27). In addition, acetate-inhibited samples behave

like calcium-depleted samples, in that the temperature for

the S-to-$; transition is higher than in intact PSRE, 71).

Kihne et al.

Ficure 9: Mode of binding of carboxylate groups to the Mn¢tl)
Ca(ll) center in concanavalin A (adapted from 7).

the binding of acetate to the OEC. A mixed-mode binding
of acetate to the OEC could account for the effects of acetate
inhibition. These effects, which combine those of both
chloride and calcium depletion, may stem from the competi-
tive displacement of chloride by acetate together with
disruption of the calcium site. Calcium has been proposed
to play a key role in substrate water binding to the OEC
(77), and it is possible that acetate may prevent binding of
the substrate by coordinating to an additional site on either
manganese or calcium.

Our results support a picture of the water oxidation site
of PSII in which the Mn cluster, Y, calcium, and chloride
are all in close proximity. EPR spectroscopic studies and
spectral simulations of the,%;* EPR signal yield a ¥—

Mn, distance of 7.58.5 A (24, 25, 28). This distance is
consistent with a structural model in which ¥% hydrogen
bonded to a substrate molecule bound to Mn, as has been
proposed in several recent mechanistic modEs g9, 78).

In addition, recentH/’H ESEEM results for the acetate-
induced QY7 intermediate using acetate labeled on the
methyl group have shown that acetate binds in close
proximity to Yz (22). Together with our results showing
that acetate binds to the OEC in competition with chloride,
we deduce that chloride also binds close to Xltogether,
these results lead to the conclusion that both chloride and
Yz are proximal to the Micluster. Future studies of acetate-
inhibited PSII may vyield a refined structural model of the
OEC and insight into the roles of both chloride and calcium

in water oxidation chemistry.
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