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Abstract Oxygen evolution by photosystem II (PSII)

involves activation by Cl- ion, which is regulated by

extrinsic subunits PsbQ and PsbP. In this study, the kinetics

of chloride activation of oxygen evolution was studied in

preparations of PSII depleted of the PsbQ and PsbP sub-

units (NaCl-washed and Na2SO4/pH 7.5-treated) over a pH

range from 5.3 to 8.0. At low pH, activation by chloride

was followed by inhibition at chloride concentrations

[100 mM, whereas at high pH activation continued as the

chloride concentration increased above 100 mM. Both

activation and inhibition were more pronounced at lower

pH, indicating that Cl- binding depended on protonation

events in each case. The simplest kinetic model that could

account for the complete data set included binding of Cl-

at two sites, one for activation and one for inhibition, and

four protonation steps. The intrinsic (pH-independent)

dissociation constant for Cl- activation, KS, was found to

be 0.9 ± 0.2 mM for both preparations, and three of the

four pKas were determined, with the fourth falling below

the pH range studied. The intrinsic inhibition constant, KI,

was found to be 64 ± 2 and 103 ± 7 mM for the NaCl-

washed and Na2SO4/pH7.5-treated preparations, respec-

tively, and is considered in terms of the conditions likely to

be present in the thylakoid lumen. This enzyme kinetics

analysis provides a more complete characterization of

chloride and pH dependence of O2 evolution activity than

has been previously presented.
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Introduction

Photosystem II (PSII) is the membrane-bound protein

complex within plants, algae, and cyanobacteria that pro-

duces O2 from H2O using the energy from light absorption

(Dau and Haumann 2008; McConnell 2008; Najafpour

et al. 2012). It is one of the two major photosystems, along

with photosystem I, that use a photosynthetic reaction

center to harvest light energy from the sun for use by all

life forms. In addition, PSII is the primary source of oxy-

gen in the atmosphere, giving it an important dual role in

the earth’s life cycle. Photosystem II contains a unique

catalytic Mn4Ca center within the oxygen evolving com-

plex (OEC), which includes, in addition to the Mn4Ca

cluster, protein residues, cofactors, and channels necessary

for O2 production. The OEC extracts four electrons from

water in a cycle that involves five major oxidation states of

the Mn4Ca cluster, called S-states and designated as Si
where i = 0–4. Absorption of a photon at the reaction

center accompanies advancement of the OEC from Si to

Si?1, until reaching the S4 state, whereupon O2 is formed

and the OEC returns to the S0 state. While much progress

has been made in understanding the nature of the Mn4Ca

cluster and its oxidation state cycle, the mechanism of O2

formation and the regulation of its catalysis are still the

subject of much study.
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Chloride ion has long been known to be an essential

cofactor in the production of oxygen by photosystem II

(Coleman 1990; Critchley 1985; Pokhrel et al. 2011;

Popelkova and Yocum 2007; Yocum 2008). In higher plant

PSII, the extrinsic subunits PsbQ and PsbP, with molecular

weights of 17 and 23 kDa, respectively, regulate the access

of chloride and calcium ions to the OEC at the lumenal side

of PSII. Using dialysis (Lindberg and Andréasson 1996) or

short-term high pH treatment (Homann 1985), PSII can be

depleted of chloride without disturbance of the protein

composition. For these preparations, there always remains

significant residual oxygen evolution activity in the

absence of Cl- and full activity is restored by the addition

of mM concentrations of chloride. On the other hand,

removal of the PsbQ and PsbP subunits results in a PSII

preparation from which activating chloride can be easily

removed by washing in chloride-free buffer (Miyao and

Murata 1985; Seidler 1996), such that the residual activity

is near zero in the absence of chloride. In addition, these

preparations become dependent on calcium for restoration

of full activity, indicating that functional Ca2? is lost from

the OEC in the absence of PsbP and PsbQ, although it is

tightly retained in their presence. Chloride ions can be

replaced by bromide with nearly full support of oxygen

evolution activity and by a few other monovalent anions

including nitrate and iodide with lower effectiveness

(Bryson et al. 2005; Lindberg and Andréasson 1996; Ole-

sen and Andréasson 2003; Ono et al. 1987; Wincencjusz

et al. 1999; Yachandra et al. 1986).

Studies of the direct binding of chloride to PSII have

been rarely carried out because of the difficulty of mea-

suring chloride in free or bound states. Lindberg and

Andréasson used 36Cl- to show that intact PSII (with all

extrinsic subunits bound) contained one high-affinity

binding site for chloride that exchanged over a period of

many hours (Lindberg et al. 1990, 1993). Researchers have

otherwise relied on studies of activation of oxygen evolu-

tion to evaluate functional chloride binding. Additional

studies by Andréasson and coworkers suggested that intact

PSII has two inter-convertible Cl- binding sites or two

modes of binding to a single site to explain the observation

of a high-affinity slow exchange site and a low-affinity

rapid exchange site (Lindberg and Andréasson 1996; Ole-

sen and Andréasson 2003). Researchers have often esti-

mated the dissociation constant Kd by assuming that it is

essentially equal to the Michaelis constant KM for chloride

activation, arriving at values in the micromolar to mil-

limolar range. In addition, using flash studies the affinity of

PSII for chloride was found to decrease as the S-states

advanced (Wincencjusz et al. 1998). Other studies

demonstrated a pH dependence of chloride activation,

leading to the proposed involvement of amino acid residues

such as histidine, glutamate, or aspartate (Homann

1985, 1988a).

X-ray diffraction (XRD) studies of PSII from ther-

mophilic cyanobacteria have shown the presence of two

chloride-binding sites (often characterized using bromide

in place of chloride) with distances of 6.7 and 7.4 Å from

the Mn4Ca cluster in the S1 state (Guskov et al. 2009;

Kawakami et al. 2009, 2011; Murray et al. 2008). In the

first site (Site 1), located 6.7 Å from the distal manganese

Mn4, chloride is coordinated by the side-chain nitrogen of

residue D2-Lys317, the backbone nitrogen of D1-Glu333,

and two water molecules. In the second site (Site 2),

located 7.4 Å from Mn2, chloride is ligated by the back-

bone nitrogens of CP43-Glu354 and D1-Asn338 and by

two water molecules. Because chloride in Site 1 is bound

by a charged residue (lysine), whereas in Site 2 none of the

ligating residues is charged, Site 1 is likely to bind chloride

with higher affinity (Kawakami et al. 2011). Differential

binding affinities of the two sites are supported by the

observation that one of the XRD studies revealed only Site

1 (Guskov et al. 2009). Each chloride ion appears to be

located at the entrance of a hydrophilic channel (Kawakami

et al. 2011; Murray et al. 2008), suggesting a role in proton

removal. In higher plant PSII, structural identification of a

chloride-binding site was carried out using X-ray absorp-

tion fine structure (EXAFS) studies, which was facilitated

by replacement of chloride with bromide. In this case, a

single Cl- was bound per PSII at a distance of 5.0 Å from

one Mn of the Mn4Ca cluster (Haumann et al. 2006),

somewhat shorter than the distance for Site 1 in

cyanobacteria.

We report studies of the chloride effect on oxygen

evolution activity in two higher plant PSII preparations

lacking the PsbQ and PsbP extrinsic subunits. Use of these

preparations allows chloride to be treated as an activating

cofactor in terms of enzyme kinetics by reducing residual

oxygen evolution activity in the absence of chloride. In one

procedure, the two extrinsic subunits were removed by 2 M

NaCl treatment (Ono et al. 2001), while in the other they

were removed by 50 mM Na2SO4 treatment at mildly

elevated pH of 7.5 (Wincencjusz et al. 1997). Over a pH

range from 5.3 to 8.0, both PSII preparations showed

similar patterns of Cl- activation and at higher concen-

trations Cl- inhibition. The data are interpreted in terms of

a classic enzyme kinetics model of pH dependence of

activation involving four protonation events, with inhibi-

tion by binding of the activator at a second site. This was

found to be the minimal model required to account for each

full data set. The analysis presents a more complete picture

of chloride dependence than has been previously presented

and for the first time provides a characterization of chloride

inhibition.
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Materials and methods

PSII sample preparation

PSII-enriched thylakoid membrane fragments (referred to

as intact PSII) were prepared from fresh market spinach by

the method of Berthold, Babcock, and Yocum (Berthold

et al. 1981) with minor modifications (Ghanotakis et al.

1984). PSII membranes at a concentration of 3–5 mg of

chlorophyll (mgChl) mL-1 were frozen in buffer contain-

ing 0.4 M sucrose, 50 mM MES-NaOH, pH 6.0, plus

35 mM NaCl, and stored in liquid N2.

Removal of PsbP and PsbQ subunits from PSII by high

NaCl treatment was carried out by incubation in buffer

containing 2 M NaCl, followed by a short incubation with

2 mM EDTA to remove Ca2?, essentially as described by

Ono et al. (2001). Removal of PsbP and PsbQ subunits

from PSII by Na2SO4 treatment was carried out by incu-

bation in buffer containing 50 mM Na2SO4 at pH 7.5, as

described by Wincencjusz et al. (1997), except that the

incubation was carried out at a concentration of

0.1 mgChl mL-1 for 30 min. The extended treatment time

for the latter preparation was used to achieve homogeneity

in terms of Ca2? dependence (see Online Resource). For

each preparation, treatment to remove the extrinsic sub-

units was followed with washing by centrifugation three

times in buffer without added Cl-. Preparations were

suspended in buffer containing 0.3 M sucrose and 50 mM

MES-NaOH, pH 6.0, and stored in liquid N2 until used.

Loss of the PsbP and PsbQ subunits was confirmed by

SDS–polyacrylamide gel electrophoresis (Kashino et al.

2001) (see Online Resource). The maximum activities of

the two preparations were observed to be different, with the

NaCl-washed PSII showing lower overall activity. This is

probably because the Na2SO4/pH7.5 treatment is generally

milder, but may also be related to small differences in

conditions of light exposure and/or subsequent washes to

remove Cl-.

Oxygen evolution assays

Rates of oxygen evolution activity were measured as initial

rates of O2 concentration versus time using a Clark-type

O2-sensitive electrode (Yellow Springs Instruments, model

5331) under saturating continuous illumination by visible

light (tungsten halogen source). Concentration was cali-

brated using O2-saturated water, as calculated for the pre-

vailing pressure using Henry’s law. Assays were generally

carried out at 25 �C in buffer containing MES or HEPES at

the pH indicated, 0.4 M sucrose, with chloride and/or

calcium ion added as indicated. PSII was present at a

concentration of 20–30 lgChl mL-1, and 1.8 mM phenyl-

p-benzoquinone (PPBQ) was added as electron acceptor.

The oxygen evolution activity of intact PSII membranes at

pH 6.0 with sufficient chloride was 500–600 lmol

O2 mgChl-1 h-1.

For the study of the chloride concentration dependence

of oxygen evolution activity at different pH values,

25–100 mM MES-NaOH and/or MES-Ca(OH)2 or

25–100 mM HEPES–NaOH and/or HEPES-Ca(OH)2 were

used to cover the pH range from 5.3 to 8.0, where Ca(OH)2

was added to provide the desired concentration of Ca2?.

The large range of buffer concentrations was necessary for

the addition of sufficient calcium ion as Ca(OH)2 when

chloride was absent or present in low concentrations.

Chloride ions were supplied as NaCl. The background

chloride present in the buffers, i.e., that in the absence of

added Cl-, was estimated using a Cl- ion-selective elec-

trode (Accumet, half cell, 13-620-519) and found to be

20–40 lM. The Cl--depleted NaCl-washed PSII or Na2-

SO4/pH 7.5-treated PSII was added to the assay medium

and preincubated for 1–2 min at 25 �C before the

measurement.

The pH and Cl- dependence of O2 evolution activity

was analyzed in terms of the classic enzyme kinetics model

of pH dependence for a substrate or activator (Cl- in this

case) involving four protonation events (Cornish-Bowden

1995; Marangoni 2003; Tipton et al. 2009), extending the

model to include the binding of a second Cl- along an

unproductive or inhibitory path. The chloride activation

curves at various pH values were fitted individually, and

the resulting parameters were combined for the pH

dependence analysis. Details of the development and

application of the model are given in ‘‘Results’’ sec-

tion. Fits to the data were carried out using nonlinear

regression analyses with SigmaPlot software (Systat Soft-

ware, Inc.).

EPR spectroscopy

For electron paramagnetic resonance (EPR) spectroscopy,

NaCl-washed PSII as prepared above was washed by

centrifugation and resuspended in buffer at the pH and

chloride concentration indicated to a final concentration of

11–12 mgChl mL-1. Buffers contained 0.4 M sucrose,

50–78 mM MES (for pH 6.2 and 5.5) or 50 mM HEPES

(for pH 7.4). The Ca2? concentration was adjusted to

20 mM by adding a combination of Ca(OH)2 and CaCl2 for

buffers containing 25 mM Cl- or by adding 20 mM CaC12

for buffers containing 200 mM Cl-; the remaining chloride

was added as NaCl to the latter. Samples were transferred

to 4 mm outer diameter clear fused quartz EPR tubes

(Wilmad Glass, Buena, NJ, USA) and dark-adapted on ice

for 75 min before freezing in liquid nitrogen for storage.
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To check for the presence of the dark-stable multiline signal

from the inhibited S2 state, samples were pre-illuminated just

before EPR spectroscopy. To do this, samples were thawed

quickly in room temperature water for a few seconds and

2 mM PPBQ was added from a 50-mM stock solution with

dimethylsulfoxide as solvent. Samples were then illuminated

for 5 s at room temperature and dark-adapted on ice for about

25 min before refreezing, after which the spectra of the dark-

adapted state were taken. For production of the normal S2 state,

the same samples were illuminated at 195 K in a dry ice/

ethanol bath for 4.0 min. Finally, to induce the S2Y�
Z state in

inhibited centers, samples were brought to 273 K by trans-

ferring first to a dry ice/ethanol bath (195 K), then to an ice

water bath (273 K), and illuminated for 30 s. In each case,

illumination was carried out with a 300-W halogen lamp using

a Pradovit color projector (Leitz), with the light beam directed

to a patch of approximately 2 cm2 by passing through 6 cm of

5 mM CuSO4 solution in a cylindrical glass container.

EPR spectroscopy was carried out at X-band (9.65 GHz)

using a Bruker Instruments EMX 10/12 EPR spectrometer

equipped with an ER4116DM dual mode cavity. Temper-

ature was controlled with an Oxford Instruments ESR 900

liquid He cryostat. Signals were observed at 10.0 K using a

microwave power of 20 mW, modulation frequency of

100 kHz, and modulation amplitude of 17 gauss. Peak

heights for the S2 state multiline signal were measured

using the average of the three peaks downfield from the

signal center (at about 2960, 3050, and 3140 gauss).

Measurement of manganese content

Manganese content of PSII was measured as aqueous Mn2?

by EPR spectroscopy, essentially as described by Kuntzle-

man et al. (2004). Portions of the samples that had been

prepared for low-temperature EPR experiments above

(those shown in Fig. 3) were adjusted to 2 mgChl mL-1

with the appropriate buffer and illuminated for 10 s in the

presence of 2 mM PPBQ to mimic the treatment of EPR

samples. Samples were then pelleted in a microfuge and the

supernatant buffer removed. The pelleted PSII was resus-

pended in the buffer corresponding to the control (pH 6.3,

20 mM NaCl) and treated as described for wet-ashing in

0.6 M HCl (Kuntzleman et al. 2004). For EPR measurement

of the released Mn2?, samples were placed in capillary tubes

and the hexaquo-Mn2? signal observed at room tempera-

ture. Signal heights were compared with those of a set of

Mn2? standards prepared in the same 0.6 M HCl solution.

EPR settings included 50 mW microwave power and 10

gauss modulation amplitude. Using untreated, intact PSII,

this measurement gave a manganese content of 3.6–4.4 Mn

per PSII, assuming 250 chlorophylls per PSII center.

Results

pH dependence of Cl2 activation of oxygen evolution

activity

In this study, the chloride and pH dependences of oxygen

evolution activity were examined in two different prepa-

rations of PSII-enriched membrane fragments from which

the PsbP and PsbQ extrinsic subunits had been removed.

Removal of the two extrinsic subunits facilitates exami-

nation of the chloride dependence, because when they are

removed activity is near 0% in the absence of chloride.

Without their removal, the oxygen evolution activity

remains between 30 and 90% of the chloride-containing

control depending on the chloride depletion treatment used.

One method used in this study to remove the PsbP and

PsbQ subunits was the well-known method of incubation

with 2 M NaCl in the presence of EDTA (Miyao and

Murata 1984; Ono et al. 2001), which is effective in

removing the essential Ca2? ion as well as the two extrinsic

subunits; this preparation is referred to here as NaCl-

washed PSII. The second method used to remove the PsbP

and PsbQ subunits was short-term incubation with 50 mM

Na2SO4 at elevated pH of 7.5 (Homann 1988b; Win-

cencjusz et al. 1997); this preparation is referred to here as

Na2SO4/pH 7.5-treated PSII. This preparation was also

found to be Ca2?-dependent under our treatment conditions

(see Online Resource).

The residual oxygen evolution activity in the absence of

added Cl-, measured in the presence of saturating con-

centrations of Ca2?, was somewhat different in the two

types of PSII preparations. In Na2SO4/pH 7.5-treated PSII,

the residual activity was highest at low pH values, showing

about 11% of the maximum restored activity, but was

unobservable at pH[7. This is comparable with observa-

tions reported by Homann (1988a), although in our case the

residual oxygen evolution activity was much lower. In

NaCl-washed PSII, the residual activity was essentially

unobservable (\5% maximum activity) at all pH values.

Chloride dependence of oxygen evolution activity was

studied in the presence of Ca2? for both the NaCl-washed

and Na2SO4/pH 7.5-treated PSII preparations. Preliminary

titrations to determine saturating amounts of Ca2? at dif-

ferent pH values were carried out to avoid complexity in

the Cl- dependence study. The titrations revealed that the

highest requirement for Ca2? was at low pH, with apparent

KM
Ca * 1.5 mM at pH 6. The requirement for Ca2?

decreased with increasing pH, becoming about 50 lM at

pH 7.9 (data not shown). The concentrations of Ca2? used

for the chloride dependence studies were chosen based on

these results.

320 Photosynth Res (2017) 131:317–332

123



Using NaCl-washed and Na2SO4/pH 7.5-treated PSII

preparations, which both lacked the PsbP and PsbQ sub-

units, the activation of oxygen evolution by chloride was

studied at pH values between 5.3 and 8.0 (Figs. 1, S3).

Using a broad range of chloride concentrations, similar

trends were observed for the two preparations, although the

NaCl-washed PSII showed lower overall activity. Activa-

tion by Cl- was observed at all pH values studied, and as

the pH increased, the chloride concentration required to

reach maximal activity also increased. In addition, at low

pH values inhibition of oxygen evolution activity was

observed as the chloride concentration increased, but this

effect disappeared at pH values above 7. To test whether

inhibition could be attributed to competition between Na?

and Ca2?, titrations were carried out in the presence of

different concentrations of Ca2? using the Na2SO4/pH 7.5-

treated PSII preparation. The Cl- dependence of the

kinetics of oxygen evolution activity was found to be the

same in the presence of different Ca2? concentrations in

the range of 2–20 mM.

Analysis of the pH dependence of kinetic parameters

As an overview, the analysis of the pH and chloride

dependence effects on O2 evolution activity was carried out

in two stages. First, the chloride dependence curves at var-

ious pHs were analyzed according to a substrate inhibition

model that did not take into account pH dependence. This

simple analysis was based on two Cl- binding sites, one

activating and the other inhibitory, and gave apparent values

of kinetic constants for maximum velocity ðV 0
maxÞ; chloride

activation ðK 0
SÞ; and chloride inhibition ðK 0

IÞ: Next, the

results of these individual fits were analyzed to determine

the pH dependence of the apparent kinetic constants

involved. For this, a more complete model was developed

based on a classic pH dependence model of enzyme kinetics

involving four protonation events, modified to include

binding of the second chloride. The possibility of more than

one way to build in the pH dependence of the second

chloride was considered. Using the simplest complete

model, the analysis resulted in final intrinsic or pH-inde-

pendent kinetic constants for maximum velocity (Vmax),

activation (KS), inhibition (KI), and the various protonation

events they depend on (KP1
;KP2

;KPCl1 , and KPCl2 ).

In general, the substrate inhibition model is based on the

binding of two substrate molecules, one that promotes

activity and another that is inhibitory (Cornish-Bowden

1995; Schulz 1994). The drop in activity at higher substrate

concentrations is only observed if the inhibitory substrate

molecule binds second; thus, the model resembles

uncompetitive inhibition kinetics in the sense that the

inhibitor binds to the enzyme–substrate complex. This

simple kinetics model for the case of chloride activation/

inhibition of PSII is given in Scheme 1, where P represents

PSII and Cl represents chloride. The rate equation, based

on equilibrium binding of Cl- in each step except for

product formation, is given by:

v ¼ V 0
max½Cl�

K 0
S þ ½Cl� þ ½Cl�2

K 0
I

� � ð1Þ

where K 0
S is the apparent dissociation constant for acti-

vating chloride, K 0
I is the apparent inhibition constant or

dissociation constant for inhibitory chloride, and V 0
max is

the apparent maximum velocity at that pH. The constant

K 0
S, the dissociation constant of PCl1 into P and Cl-, was

introduced into the equation through an assumption of pre-

equilibrium before product formation. However, it is often

taken as the Michaelis constant KM, which also incorpo-

rates the product formation rate constant kP, based on the

A

B

Fig. 1 Chloride dependence of the rate of oxygen evolution by NaCl-

washed PSII at various pH values. a Chloride concentration up to

100 mM; b extended chloride concentration range up to 500 mM; pH

values are 5.36 (filled circle), 5.50 (filled triangle), 6.19 (filled

square), 6.43 (filled diamond), 6.71 (circle), 7.39 (triangle), 7.65

(square), 7.92 (diamond), and 8.01 (inverted open triangle). Lines

represent fits to individual curves using the substrate inhibition model

of Scheme 1 given by Eq. 1. O2 evolution assays were carried out in

the presence of 1.8 or 10 mM Ca2? in MES-Ca(OH)2 or HEPES-

Ca(OH)2 buffer systems
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steady-state assumption for the two steps from Cl- binding

to product formation. In the analysis of the data, the two

constants are indistinguishable.

From the fits to the individual Cl- dependence curves,

the values for V 0
max, K 0

S, and K 0
I were determined for each

pH. While inhibition by high chloride concentrations was

evident at low pH values, it became insignificant at higher

pH values, as shown by very high values of K 0
I with high

errors. For fitting purposes, the inhibition term ([Cl]2/K 0
I) in

the denominator was dropped when the error in K 0
I was on

the order of magnitude of K 0
I itself, since this reflected an

inability to determine a value for K 0
I. In this way, a series of

K 0
S values between pH 5.3 and pH 8.0 and a series of K 0

I

values between pH 5.3 and pH 6.7 were obtained. These

fits are shown as the solid lines in Figs. 1 and S3.

Once pH-dependent kinetic constants were determine

for the individual curves, the pH dependence of the con-

stants was analyzed. The model used was based on the

classic model of the pH dependence of enzymatic activity

(Cornish-Bowden 1995; Marangoni 2003; Tipton et al.

2009), which involves substrate binding, two protonation

events for the enzyme with no substrate bound, and two

protonation events for the enzyme with substrate bound.

While many protonation events are no doubt involved in

the formation of product, those included in the model are

considered to define the observable pH dependence

behavior. As applied to Cl- activation (Scheme 2), the path

toward products requires deprotonation of the acidic proton

(H2) and protonation by the basic proton (H1). Activator

Cl- binds to the singly protonated form of enzyme, PH1, to

form the active species PH1Cl1. (Binding of activator or

substrate to the other protonated states of the enzyme is of

course conceivable, but usually omitted in the simple pH

dependence model.) The two steps that involve protonation

of P to form PH1 followed by binding of Cl- to form

PH1Cl1 correspond to the model of Homann (1985, 1988a),

in which protonation precedes chloride activation. Here,

however, further protonation events are included for a more

complete description. Note also that although dissociation

constants KP1
and KPCl1

appear to refer to the same proton

(H2), these in general would represent completely inde-

pendent protonation events. The same is true for dissoci-

ation constants KP2
and KPCl2

.

To include the inhibitory effect of Cl- corresponding to

substrate inhibition, the pH dependence model was extended

to include the binding of a second Cl-. There are two

requirements for the incorporation of the second Cl- into the

model, based on the experimental observations. First, as noted

above, the Cl- associated with inhibition must bind after the

activating Cl- for the data to show a decrease in activity as Cl-

concentration increases. Next, the second Cl- must bind after

a protonation event to account for the observation of greater

inhibition at lower pH. The simplest model that incorporates

these requirements is shown in Scheme 2, in which the second

Cl- binds to the species PH1Cl1H2 of the classic pH depen-

dence model. Other possible models can also account for the

characteristics of inhibition, and may be more correct, but in

any other model additional protonation events must be intro-

duced. One such model in which an additional proton (H3)

precedes binding of the second Cl- is considered in

Scheme S1 of the Online Resource.

The rate equation describing the model presented in

Scheme 2 is shown in Eq. 2. The equation is the same as

that derived for the classic pH dependence model, but

includes an additional term in the denominator that

accounts for the substrate inhibition behavior.

v ¼ kP½P�tot½Cl�
KS

KP2

½H� þ 1 þ ½H�
KP1

� �
þ ½Cl� KPCl2

½H� þ 1 þ ½H�
KPCl1

� �
þ ½H�½Cl�2

KPCl1
KI

ð2Þ

where [H] and [Cl] are proton and chloride concentrations,

respectively, and equilibrium constants correspond to those

KS
productsPH1

KPCl1

PH1Cl1
kp

PH1Cl1H2PH1H2

P PCl1

KPCl2KP2

KP1

PH1Cl1H2Cl2
KI

Scheme 2 Model of pH dependence of activation by chloride based

on the classic pH dependence model, including binding of a second

inhibitory chloride. The binding of the inhibitory chloride to

PH1Cl1H2 is the simplest possibility. KS and KI are the pH-

independent chloride activation and inhibition constants, respectively.

KP1
and KP2

are the acidic and basic protonation constants,

respectively, before binding of activator chloride and KPCl1 and

KPCl2 are acidic and basic protonation constants, respectively, after

binding of activator chloride. Protonation constants are designated

according to common convention for the classic pH dependence

model (Cornish-Bowden 1995; Marangoni 2003)

KS’
productsP

KI’

PCl1

PCl1Cl2

kp

Scheme 1 Kinetics model for substrate inhibition of oxygen evolu-

tion by chloride, in which the activator chloride is treated as substrate.

K 0
S and K 0

I are pH-dependent chloride activation and inhibition

dissociation constants, respectively
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defined in Scheme 2. Vmax is defined formally as kP[P]tot;

however, note that in our analysis, the rates are actually

given per chlorophyll concentration, so in practice do not

depend on enzyme (P) concentration. Comparison with

Eq. 1 reveals expressions for the pH dependence of V 0
max,

K 0
S, and K 0

I in terms of the pH-independent constants given

in the model. Expressions involving V 0
max and K 0

S are found

to be the same as those found for the classic pH depen-

dence analysis and are given by Eqs. 3a–3c. In addition,

Scheme 2 leads to an expression for the pH dependence of

the inhibition constant K 0
I, given by Eq. 3d.

V 0
max ¼ Vmax

1 þ ½H�
KPCl1

þ KPCl2

½H�

� � ð3aÞ

V 0
max

K 0
S

¼ Vmax=KS

1 þ ½H�
KP1

þ KP2

½H�

� � ð3bÞ

K 0
S ¼ KS

1 þ ½H�
KP1

þ KP2

½H�

� �

1 þ ½H�
KPCl1

þ KPCl2

½H�

� � ð3cÞ

K 0
I ¼ KI

KPCl1
KPCl2

½H�2
þ KPCl1

½H� þ 1

 !
ð3dÞ

Application of the pH dependence model

with inhibition

To determine the pH dependence of chloride activation of

O2 evolution, the pH dependence of values of V 0
max and

V 0
max/K 0

S found from fits of the individual chloride depen-

dence curves was analyzed according to Eqs. 3a and 3b.

The pH dependence of K 0
S involves all four protonation

constants, so Eq. 3c was not used for data fitting purposes.

For the NaCl-washed PSII samples, the analysis of V 0
max

versus pH (Fig. 2a) led to values for pKPCl1 and pKPCl2
of

5.1 and 8.3, respectively, as well as a pH-independent

value for Vmax (280 lmol mgChl-1 h-1). Observation of

the plot of V 0
max/K 0

S versus pH (Fig. 2b) showed that the

data did not define the acidic protonation constant KP1
, i.e.,

pKP1
must be\5. For this reason, the analysis employed a

modified version of Eq. 3b, since the ratio [H]/KP1
must be

negligible:

V 0
max

K 0
S

� Vmax=KS

1 þ KP2

½H�

� � ð3b0Þ

Results of the fit to Eq. 3b0 gave a value of pKP2
of 6.2

and a value for the ratio Vmax/KS of 331 lmol mgChl-1 -

h-1 mM-1. Using the value previously found for Vmax, KS

was found to be 0.85 mM.

To determine the value of KI, the pH dependence data of

K 0
I were fitted to Eq. 3d using the values previously

determined for KPCl1 and KPCl2
(Fig. 2c). The value for the

pH-independent inhibition constant KI was thereby found

to be 64 mM.

A

B

C

Fig. 2 Analysis of the pH dependence of apparent kinetic constants

from chloride dependence curves for NaCl-washed PSII: a V 0
max

versus pH, b V 0
max/K 0

S versus pH; and c K 0
I versus pH. Apparent kinetic

constants were taken from the substrate inhibition fits to individual

plots of chloride dependence of O2 evolution, shown in Fig. 1. Lines

represent fits to Eq. 3a (a), Eq. 3b0 (b), and Eq. 3d (c)
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A similar analysis was carried out to characterize the pH

dependence of the values of V 0
max, K 0

S, and K 0
I derived from

the Cl- dependence curves of Na2SO4/pH 7.5-treated PSII

(Online Resource, Figure S4). The values obtained were

similar to those found for NaCl-washed PSII, although KI

was found to be significantly higher. The kinetic parame-

ters found from all pH dependence analyses of both PSII

samples are shown together in Table 1.

Recovery of activity after buffer treatments

The possibility was considered that the inhibitory effect of

high chloride concentration at low pH was due to irre-

versible damage to PSII, such as release of manganese or

loss of other subunits or cofactors. To test this possibility,

samples of NaCl-washed PSII were prepared in various

buffers at selected pH and NaCl concentrations corre-

sponding to representative points on the chloride depen-

dence curves seen in Fig. 2. These included pHs of 5.5, 6.3,

and 7.4 and Cl- concentrations of 25 and 200 mM. Within

minutes after preparation of the sample in the test buffer,

each sample was assayed in the same buffer it was prepared

in to confirm that the activity approximately matched that

observed in the chloride dependence assay (Table 2). At

pH 6.3, a slight drop in activity of 5–10% was observed in

the presence of 200 mM NaCl compared to 25 mM NaCl,

as has been observed in previous Cl- dependence studies.

At pH 5.5, an overall drop in activity was observed, with an

additional decrease of about 25% when the concentration

of NaCl was increased from 25 to 200 mM NaCl. At pH

7.4, the reverse was seen, with the higher activity observed

in 200 mM NaCl, where it was over 85% of the control

activity. These observations correlate well with the trends

observed in Fig. 1.

After measuring the activity in the test buffer, each

sample was allowed to incubate in the test buffer on ice for

90–100 min. It was then assayed in the control buffer at pH

6.3 ? 25 mM NaCl to assess the loss of activity due to the

buffer treatment (Table 2). The control sample showed

essentially no loss in activity, since the 2% decrease in

activity was within the error of the measurement. Similarly,

the samples prepared in buffer at pH 6.3 ? 200 mM NaCl

and in buffer at pH 7.4 showed no significant decrease in

activity. The samples prepared in buffer at pH 5.5 showed

over 90% of the control activity. Thus, although a decrease

in activity of 7–9% resulted from incubation in the test

Table 1 Kinetic parameters for

Cl- activation and inhibition of

PSII lacking PsbP and PsbQ

determined from Cl-

dependence of oxygen evolution

activity over the pH range from

5.3 to 8.0

NaCl-washed PSII Na2SO4/pH 7.5-treated PSII

Vmax (lmol mgChl-1 h-1) 280 ± 16 469 ± 39

pKPCl1 5.1 (4.9–5.2) 4.9 (4.7–5.7)

pKPCl2 8.3 (8.1–8.7) 7.9 (7.7–8.3)

pKP1
Undet. (\5) Undet. (\5)

pKP2
6.2 (6.0–6.6) 6.3 (6.0–6.8)

KS (mM) 0.85 ± 0.17 0.88 ± 0.23

KI (mM) 64 ± 2 103 ± 7

Parameters were found by analyzing the pH dependence of V 0
max, K 0

S, and K 0
I values determined from

individual Cl--dependence curves at various pHs, based on the model shown in Scheme 2 as described in

the text. Errors are standard errors derived from the fits, with errors of pKas given as ranges

Table 2 Effect of incubation in

various buffers on recovery of

PSII activity

Incubation/test buffer % activity, test buffer % activity, control buffer

pH 6.3, 25 mM NaCl (control) 102 100

pH 6.3, 200 mM NaCl 96 98

pH 5.5, 25 mM NaCl 64 93

pH 5.5, 200 mM NaCl 40 91

pH 7.4, 25 mM NaCl 47 97

pH 7.4, 200 mM NaCl 87 101

NaCl-washed PSII was prepared in buffers at the pHs and Cl- concentrations indicated. Buffers were

prepared as described in ‘‘Materials and methods’’ section and contained either MES or HEPES, depending

on the pH, and 20 mM Ca2?. After suspending in the buffer indicated, samples were assayed in the test

buffer. Samples were then incubated in the test buffer on ice for 90–100 min, followed by assaying in

control buffer at pH 6.3 containing 25 mM NaCl; samples were exposed to the control buffer for 2.0 min

before start of the assay. 100% activity was set to that observed for the control sample after incubation in

the control buffer. Errors in measurements were 5% or less
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buffer, each sample regained at least 80% of the activity it

had lost when assayed in the test buffer. In addition,

incubation in the higher concentration of 200 mM NaCl,

where inhibition by Cl- is more pronounced, did not lead

to a significantly greater loss in activity than incubation in

25 mM NaCl. Thus, the inhibitory effect of high Cl-

concentrations at the lower pH cannot be attributed to

irreversible damage caused by the conditions.

EPR spectroscopy

NaCl-washed PSII samples that correspond to key points of

the chloride and pH dependence study of activities were

examined by EPR spectroscopy. Treatment at pH 5.5 with

25 mM NaCl corresponded to the maximum activity at this

pH, while pH 5.5 with 200 mM NaCl corresponded to a

region of inhibition at this pH. Treatment at pH 7.4 with

200 mM NaCl corresponded to the region of maximum

activity at this pH, at which little or no inhibitory effect

was observed. These were compared to the control treat-

ment at pH 6.2 with 25 mM NaCl, which represents stan-

dard conditions. All samples also contained 20 mM Ca2?.

The NaCl-washed PSII samples were first checked for

the appearance of the dark-stable multiline signal in the S1

state, after pre-illumination and dark adaptation. Evidence

of this signal, which would be indicative of the loss of

Ca2? from the manganese cluster, was not observed (not

shown).

Examination of the S2 state multiline signal produced by

illumination at 195 K in NaCl-washed PSII samples

(Fig. 3a) indicated that at pH 5.5/25 mM NaCl, the signal

was nearly as strong as in the control sample at pH 6.2/

25 mM NaCl, showing about 90% of the peak height of the

control. At pH 5.5/200 mM NaCl and pH 7.4/200 mM

NaCl, on the other hand, the multiline signal from NaCl-

washed PSII was reduced, with both samples showing

about 60% of the control peak height. The relative signal

heights did not correlate well with the relative levels of

activity. Based on the constants found from the data fits,

the activities are expected to be 74% at pH 5.5/25 mM

NaCl, 45% at pH 5.5/200 mM NaCl, and 97% at pH 7.4/

200 mM NaCl. Samples prepared independently in similar

buffers, shown in Table 2, showed this trend in activities,

although the experimental activities were 5–10% lower

relative to the control. Rather than following the trend in

activity levels, the multiline signal heights seemed to

depend on the amount of NaCl, with the greater signal

height observed at the lower NaCl concentration. It was

also noted that the g = 4.1 signal appeared to be more

pronounced in the two samples containing 200 mM NaCl,

although this was not as clear because of baseline

inconsistencies.

The same NaCl-washed PSII samples were subsequently

illuminated at 0 �C to test for the production of a broad

radical (Fig. 3b), which could suggest the presence of the

S2Y�
Z radical due to interference with electron transfer to

Tyr Z. Only a small amount of radical of this type was seen

for the two samples at pH 5.5.

After illumination at 0 �C, a noticeable negative Mn2?

signal was observed for the sample at pH 7.4/200 mM

NaCl. This indicates that a Mn2? signal present in the dark-

adapted state decreased after illumination, i.e., that

unbound Mn2? decreased due to illumination. For each

sample, a Mn2? signal was observed in the dark-adapted

spectrum (after pre-illumination); although the pH 7.4/

A

B

Fig. 3 EPR spectroscopy of NaCl-washed PSII showing: a the S2-

state signals produced by illumination at 195 K; b same region after

illumination at 0 �C to test for possible formation of a signal from the

S2Y�
Z state. Samples were prepared as described in ‘‘Materials and

methods’’ section in buffer at pH 5.5 with 200 mM NaCl (trace a), pH

5.5 with 25 mM NaCl (trace b), pH 6.2 with 25 mM NaCl (trace c), or

pH 7.4 with 200 mM NaCl (trace d). Samples contained 2 mM

PPBQ. EPR conditions included 20 mW power, 17 gauss modulation

amplitude, and temperature of 10 K
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200 mM NaCl sample showed the most Mn2? in the dark,

the others showed between 60 and 95% as much. (The

presence of a Mn2? EPR signal is not unusual, particularly

for NaCl-washed PSII that has undergone subsequent

treatment.) Comparison of the Mn2? signal in the pH 7.4/

200 mM NaCl sample before illumination and after illu-

mination at 0 �C indicated that the negative Mn2? signal

after illumination had about 75% the height of the positive

signal in the dark. This suggests that the majority of the

unbound Mn2? present in the dark was reincorporated

during turnovers for this sample.

Because of the observation of Mn2? in the EPR spectra

of the dark-adapted samples, the loss of manganese from

the Mn4Ca cluster during treatment was assessed by mea-

suring the total Mn. Aliquots of the samples prepared for

EPR spectroscopy above (after storage in liquid nitrogen)

were briefly illuminated at room temperature in the pres-

ence of the electron acceptor PPBQ to mimic EPR sample

conditions. Samples were then prepared and wet-ashed as

described in ‘‘Materials and Methods’’ section to released

Mn as aqueous Mn2?. Measurement of aqueous Mn2? by

EPR spectroscopy revealed that all four samples contained

2.6–2.8 (±0.2) Mn per PSII center. Although this amount is

noticeably lower than the 4.0 Mn per PSII that would be

found if all PSII centers contained undamaged Mn4Ca

clusters, no sample showed a significantly greater loss of

Mn that could be attributed to different buffer conditions.

Rather the loss of manganese is probably related to the

general loss of activity that resulted from the removal of

PsbP and PsbQ by NaCl washing and subsequent

treatments.

Discussion

Overview of the kinetics analysis

In this study, the oxygen evolution activity by higher plant

PSII was investigated over a range of pHs between 5 and 8

and extended chloride concentrations. Because of the dif-

ficulty in depleting intact PSII of chloride when the PsbP

(23 kDa) and PsbQ (17 kDa) subunits are bound, these

subunits were removed to facilitate the chloride depen-

dence measurements. Two different methods, washing with

2 M NaCl in the presence of EDTA and treatment with

50 mM Na2SO4 at pH 7.5, were used to remove PsbP and

PsbQ along with activating Ca2? ion. The use of both

preparations helped to ensure that the results were general

to PSII lacking these subunits.

The enzyme kinetics model used here to analyze the

chloride- and pH-dependent oxygen evolution rates was

developed according to several requirements to explain the

observations. Two types of binding sites for chloride were

needed, one promoting activity and one associated with an

unproductive or inhibitory path. To lead to the decrease in

activity at higher concentrations, the inhibitory chloride

must bind after the activating chloride as for substrate

inhibition (Cornish-Bowden 1995; Schulz 1994). (Binding

of inhibitory substrate before the functional substrate

would result in a decrease in the effective enzyme con-

centration and lower overall activity, but activity would not

decrease with increasing concentration.) Because both

activation and inhibition were seen to be more pronounced

as pH decreased, the model required a protonation step

prior to each chloride-binding step. We found in early

analyses of the pH dependence of activation that additional

protonation events were needed to account for the pH

dependence of V 0
max. This requirement was satisfied by the

classic pH dependence model of enzyme kinetics (Cornish-

Bowden 1995; Marangoni 2003; Tipton et al. 2009), which

involves four protonation steps built upon the simple

Michaelis–Menten enzyme kinetics scheme. To account for

the pH dependence of the inhibitory chloride, the simplest

possibility would be for the second Cl- to bind after pro-

tonation of the activated species PH1Cl1 by H2, a proton

that is already a part of the classic four-proton pH depen-

dence model. Thus, Scheme 2 is the simplest possible

model that includes both the classic four-proton pH

dependence of activation and the pH-dependent substrate

inhibition. Any other model would include additional

binding steps for Cl- and/or H? and may be more accurate,

but little would be gained from application of a more

complex model, since the data sets allow the determination

of a limited number of constants. An example is seen in

Scheme S1 of the Online Resource, which includes an

additional protonation step.

To analyze the chloride and pH dependence data, each

chloride dependence curve was first fitted to the simple

substrate inhibition model (Eq. 1) to obtain apparent V 0
max,

K 0
S, and K 0

I values. Then, the apparent parameters were

fitted to the pH-dependent expressions for V 0
max, V 0

max/K 0
S,

and K 0
I as determined from the rate equation for Scheme 2 to

obtain the four protonation constants, KP1
;KP2

;KPCl1 ;KPCl2 ;

as well as inherent or pH-independent values of Vmax, KS,

and KI.

Activation constant, KS

The pH-independent constant for Cl- activation, KS, was

found to be about 0.9 mM for both NaCl-washed and

Na2SO4/pH 7.5-treated PSII. In the optimal experimental

pH range of 6.2–6.5, both calculated and observed values

of apparent K 0
S were 1–4 mM for the two PSII preparations.

This is consistent with other studies in our laboratory,

which typically find apparent K 0
S or K 0

M values of 1–3 mM
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for NaCl-washed PSII at pH 6.3, with variation that

appears to depend on the preparation. Other values reported

in the literature for the chloride dissociation constant KS or

the Michaelis constant KM for chloride activation are

generally in the mM range for PSII lacking PsbP and PsbQ,

with lower values often reported for intact PSII. In an early

study that helped to confirm the requirement of PSII for

chloride, the apparent K 0
M was found to be 0.9 mM in Cl--

depleted thylakoid membranes (Kelley and Izawa 1978). In

his study of the pH dependence of chloride activation,

Homann estimated the pH-independent KM to be 70 lM

(Homann 1985) using intact PSII depleted of chloride by

brief treatment at pH 9.6–9.7; in a later study, the affinity

for chloride was found to be about tenfold lower in PSII

after removal of the PsbP and PsbQ subunits (Homann

1988a), consistent with findings by other researchers. In

another study, when intact PSII was depleted of Cl- by

extensive dialysis, two dissociation constants for Cl- of

20 lM and 0.5 mM were found, which was interpreted in

terms of a single site with interconverting binding affinities

(Lindberg and Andréasson 1996). Popelkova and cowork-

ers determined the K 0
M for Cl- to be 0.9 mM in NaCl-

washed PSII at pH 6 (Popelkova et al. 2008). In a study of

PSII in which the PsbP and PsbQ subunits had been

removed by Na2SO4 treatment at pH 7.5, K 0
S for chloride

was estimated to be about 6.5 mM from the half-maximal

level of O2 evolution activity (Wincencjusz et al. 1998);

this study also examined the S-state dependence of Cl-

binding affinity, finding that it decreased as the S-states

advanced.

The current structural information about the Cl- binding

sites is mainly based on XRD studies of PSII from ther-

mophilic cyanobacteria in the S1 state. The observation that

Cl- is not required in the S1 state but rather has its effects

in the S2 state and higher suggests that the currently known

Cl- sites from XRD may not provide a full description of

the functional Cl- sites, particularly since the structures

may be compromised by damage to the crystals from high

beam intensities. However, given the structural information

that is currently available, the site of chloride activation is

most likely to be the same as or close to Cl- Site 1 iden-

tified in XRD studies of thermophilic cyanobacteria PSII.

At this site, Cl- is ligated by D2-Lys317 (side), D1-Glu333

(main), and probably D1-Asn181 (side) (Guskov et al.

2009; Kawakami et al. 2011; Murray et al. 2008). Because

this site includes ligation by a charged amine group, it is

expected to have the higher affinity for Cl- ion compared

with Site 2, in which Cl- is ligated by neutral amide groups

from CP43-Glu354 (main), D1-Asn338 (main), and possi-

bly D1-Phe339 (main) (Kawakami et al. 2011; Murray

et al. 2008; Rivalta et al. 2011). Modeling studies have

shown that Site 2 has an affinity that is quite a bit lower

than that of Site 1, with a difference in DG of binding

between the two sites estimated to be 10 kcal mol-1 (Ri-

valta et al. 2011). The presence of a single high-affinity site

in higher plant PSII was indicated in earlier studies using
36Cl-, in which about 0.6 Cl- per PSII bound with high

affinity to intact spinach PSII (Lindberg et al. 1990, 1993),

and is further supported by studies in which a single bound

Cl- (or Br-) was revealed by XRD (Guskov et al. 2009)

and EXAFS (Haumann et al. 2006). While the kinetic data

presented here are unable to distinguish how many acti-

vating Cl- sites are present, it is fairly certain that there is

one with high affinity.

The second known Cl--binding site, Site 2, identified

near the Mn4Ca cluster in XRD studies would be expected

to influence the chloride dependence of O2 evolution, but

its influence is evidently not resolved. It is more likely to

be an activating than an inhibitory chloride site because it

appears to have a structural role similar to that of Site 1,

since each chloride is coordinated by the backbone nitro-

gen of a glutamate residue (D1-Glu333 in Site 1 and CP43-

Glu354 in Site 2) that concurrently coordinates two Mn

through the carboxylate side chain. The lower affinity of

Site 2 for Cl- may make it difficult to resolve by kinetics or

binding studies. The possibility that a high-affinity site is

mainly responsible for chloride activation with secondary

modulation by a low-affinity site has been suggested in

previous studies (Boussac et al. 2012; van Vliet and

Rutherford 1996).

pH dependence constants for Cl2 binding

The pH dependence of the activation constant K 0
S is influ-

enced by all four protonation constants in the kinetics

model of Scheme 2, as seen in Eq. 3c. Two of these, KP1

and KP2
; represent protonation and deprotonation of the

species before Cl- binding, PH1. The value of pKP2
was

found to be 6.2–6.3, while the value of pKP1
was found to

be out of the pH range employed or below 5. In the studies

of Homann (1985, 1988a), the first to employ a pH

dependence model of Cl- activation, only a single proto-

nation event was assumed to be involved in Cl- binding.

This protonation step preceded Cl- binding and corre-

sponds to the step given by KP2
in Scheme 2, but the dif-

ference in models used in the two studies (one vs. four

protonation events) means that the two values of Ka would

not be equivalent. In Homann’s first study, which used PSII

depleted of Cl- by treatment at pH *10, the protonation

step was found to have a pKa of 6 (Homann 1985). How-

ever, this value was reconsidered in the later study because

of concern over the possible loss of the extrinsic PsbP and

PsbQ subunits, and it was concluded that the pKa was
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probably below 5 in both intact and NaCl-washed PSII

(Homann 1988a).

Another approach to determining the pH dependence

associated with chloride binding was taken by Lindberg

et al. (1993), who used the isotope 36Cl- to observe a

single high-affinity Cl- binding site in intact PSII. The

maximum level of binding was observed at pH as low as

5.5, indicating that the acidic pKa was below this pH. This

suggests a similarity with the chloride activation site

observed here, for which pKP1
was \5, although the con-

ditions for the studies differ notably because of the pres-

ence of the PsbP and PsbQ subunits in the Lindberg study

and the observation of high-affinity chloride binding (i.e.,

with Kd * 20 lM). Our observation of a value of 6.2–6.3

for pKP2
suggests that a decrease in 36Cl- binding would be

expected at and above this pH, but such was not observed

in the 36Cl- binding study. Instead, a decrease in binding

with an apparent pKa around 7.5 was observed, but it is

possible that this decrease in binding affinity was due to

partial loss of the PsbP and PsbQ extrinsic subunits at the

higher pH, as discussed by the authors.

Since pKP1
is \5, it is consistent with a glutamate or

aspartate residue that must be deprotonated for chloride to

bind functionally. A negatively charged carboxylate would

not be involved directly in Cl- binding, but may be involved

in binding through indirect means. An example may be D1-

Glu333, which coordinates two manganese of the cluster

(Mn3 and Mn4) through its carboxylate side chain and Cl-

at Site 1 through its backbone amide nitrogen cluster

(Guskov et al. 2009; Kawakami et al. 2009, 2011; Murray

et al. 2008). If this residue were responsible for KP1
, it would

suggest that it must be deprotonated and coordinated to

manganese in order to associate with Cl-.

The fourth protonation constant, with pKP2
of 6.2–6.3,

represents a residue that must be protonated for Cl-

binding or function, and its value suggests a histidine

residue, which is expected to have a pKa around 5.5–7.

Since there is no directly ligating histidine residue for Cl-

at Site 1, it would also have its effect indirectly. One

possibility may be the residue D1-His332, which ligates

manganese (Mn1) and is adjacent to the Cl--ligating

residue D1-Glu333. Another may be D1-His 337, which is

hydrogen-bonded to a bridging oxygen of the Mn4Ca

cluster. It should be noted that although the model shows

that protonation of the residue precedes Cl- binding, it

does not require that the residue go through a protonation–

deprotonation cycle during catalysis. The simplest inter-

pretation is that the residue is protonated throughout the

catalytic cycle with a probability depending on the pH or

local effective pH. On the other hand, if the Cl- relevant

residue is involved in a proton transfer network, it probably

does go through a protonation–deprotonation cycle that

affects the Cl- affinity or function during the catalytic

cycle.

Although an obvious candidate for a participating pro-

tonation constant would be D2-Lys317, which directly

ligates Cl- at Site 1, it is unlikely to be the residue asso-

ciated with pKP2 (or with pKPCl2
). Lysine residues are

expected to have pKas close to 10–10.5, and although a pKa

may shift in a hydrophobic environment, such a large shift

would not be favored by the solvent-exposed environment

near Site 1. D2-Lys317 is probably protonated throughout

and well above the pH range studied and in that case would

not appear as any of the proton dissociation constants

determined here.

pH dependence constants after Cl2 binding

The two pKas that define the plots of V 0
max versus pH

(Figs. 2a, S4A), KPCl1
and KPCl2

, correspond to the proto-

nation and deprotonation of PH1Cl1, which is the Cl--ac-

tivated enzyme that precedes product formation. The plot

of V 0
max versus pH would correspond to a pH dependence

curve determined experimentally using PSII saturated with

activating Cl- and in the absence of inhibitory Cl-. The

pKas were found to be 4.9–5.1 for pKPCl1 and 7.9–8.3 for

pKPCl2 , respectively. These define a relatively broad pH

dependence curve compared with experimental curves of

activity versus pH found in the literature, perhaps because

of the use of V 0
max values, but the difference in PSII

preparations may be a factor also. For example, in one

study using intact PSII from spinach, the apparent pKas for

the pH dependence curve were determined to be 5.5 and

7.6 (Haddy et al. 1999). Other examples of pH dependence

from a variety of PSII preparations (Commet et al. 2012;

Homann 1988a; Kuntzleman and Haddy 2009; Schiller and

Dau 2000; Vass and Styring 1991) show curves that are

less broad than the V 0
max versus pH plots presented here, for

the most part, although a fairly low value of around 5 for

the acidic pKa is observed in a couple cases. The pKa

values for protonation associated with the various S-state

transitions were determined using EPR spectroscopy by

Bernát et al. (2002). pKas of 4.0 and 9.4 were found for the

S2-to-S3 transition, 4.5 and 8.0 for the S3-to-S0 transition,

and 4.7 for the S0-to-S1 transition; the S1-to-S2 transition

was found to be pH-independent, as was the basic pKa for

the S0-to-S1 transition. The highest of the acidic pKas (4.7)

and the lowest of the basic pKas (8.0) would be expected to

define the values for complete catalytic turnovers; although

the acidic value reported here for pKPCl1 is somewhat

higher, the basic value reported here for pKPCl2 matches

quite well.

With a value of 4.9–5.1, pKPCl1 may represent a car-

boxylate group from glutamate or aspartate. For example,
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D1-Asp61 has been proposed as a residue involved in the

proton transfer network, which Cl- at Site 1 also partici-

pates in (Debus 2014; Dilbeck et al. 2012). The value of

7.9–8.3 for pKPCl2
does not correspond well with the

expected pKas for histidine or lysine (5.5–7 and 10–10.5,

respectively); however, pKas can shift by up to several pH

units within a hydrophobic protein environment.

A study by Commet et al. (2012) explored the effect of

the PsbO subunit on the pH dependence and Cl- activation

of oxygen evolution, interpreting the results in terms of a

role for the PsbO subunit in protecting the OEC from

inhibition by OH-. For the various preparations and PsbO

mutants tested, the decrease in activity at higher pH was

relieved by high Cl- concentrations up to 100 mM. This is

similar to the observation made here that higher Cl- con-

centrations are required for optimal activity as pH increases

(i.e., the apparent K 0
S for Cl- increases with pH). Commet

and coworkers interpreted their results to mean that the

elevated Cl- concentration effectively competes with

inhibitory OH-; in our study, the result was interpreted to

mean that the higher Cl- concentration overcomes the

decrease in affinity for Cl- due to decreased protonation of

the associated residue. These two interpretations are

probably not distinguishable by kinetics studies alone.

Inhibition constant, KI

While the Cl- activation constant is in the low mM range,

the inhibitory effect of Cl- was found to take place at much

higher concentrations. Using the model of Scheme 2, the

intrinsic or pH-independent Cl- inhibition constant, KI,

was found to be 64 mM for NaCl-washed PSII and

103 mM for Na2SO4/pH 7.5-treated PSII. This indicates

that the affinity in NaCl-washed PSII was somewhat higher

than in Na2SO4/pH 7.5-treated PSII. In both cases, in the

optimal pH range of 6–6.5, the apparent K 0
I was 1000s of

mM, placing it in a range that is not of significance under

normal assay conditions. However, the inhibitory effect

may be of significance under intrathylakoid conditions, as

will be discussed below.

Although the Cl- inhibition observed in this study is

characterized by a single inhibition constant, this does not

imply that the inhibitory effect is actually due to binding of

Cl- to a single specific site. As noted already, the model

used to account for the kinetics observations is a minimal

one since use of a more complex model cannot reveal

additional constants. Thus, the constant for inhibition may

represent the effects of multiple sites with high dissociation

constants.

A third Cl- binding site observed by XRD (Kawakami

et al. 2009, 2011) may suggest a possible explanation of the

inhibitory Cl- binding observed here. This binding site was

observed in the 1.9 Å resolution structure to be about 25 Å

away from the Mn4Ca cluster within a channel containing a

hydrogen-bond network leading to the lumenal surface.

With six water molecules as direct ligands, this Cl- has

relatively low affinity and suggests a possible mode of

inhibition. In the absence of PsbP and PsbQ, Cl- appar-

ently has unhindered access to its functional site, presum-

ably through channels that are also shared with water and

protons. Exchange of Cl- is probably ongoing under these

conditions, but even in the presence of the extrinsic sub-

units, Cl- may dissociate and rebind within a local region.

The exchange of Cl- may involve relatively transient or

low-affinity binding at a series of sites along the access

channel. Inhibition may occur if occupation of these sites

becomes too high, either through protonation that leads to

higher affinity or through an excessively high concentra-

tion of Cl-. This may then impede the movement of Cl-

and/or protons, resulting in an inhibitory effect.

A second possibility is suggested by the characteristics

of the anions I- and NO2
-, which show substrate inhibition

of O2 evolution with activation followed by inhibition from

a second binding site. Iodide behaves as a substrate inhi-

bitor, with KI of 1–4 mM in NaCl-washed PSII (Bryson

et al. 2005) and nitrite has been observed to show similar

behavior (our unpublished observations). Analysis of

nitrite as an uncompetitive inhibitor with respect to chlo-

ride activation (which corresponds to the inhibitor site for a

substrate inhibitor) revealed KI values of about 1 and

8 mM (Pokhrel and Brudvig 2013). The inhibitory effects

of I- and NO2
- are believed to involve reduction in the

higher S-states (Wincencjusz et al. 1999). Also, evidence

has been found for binding of I- at YD and YZ, probably

through reaction with the radical tyrosyl species, under

conditions of illumination (Ikeuchi and Inoue 1987; Ikeu-

chi et al. 1988; Takahashi et al. 1986). These results imply

that inhibition by I- and NO2
- takes place from sites near

the Mn4Ca cluster. For these anions, in contrast to chloride,

the inhibitory effect becomes evident at relatively low

concentrations. On this basis, it would seem unlikely that

the inhibitory sites observed for I- and NO2
- can also be

identified with the site of inhibition by Cl-. However, the

inhibition constants for iodide and nitrite may be influ-

enced by their reactivity with the higher S-states and

removal through oxidation, whereas chloride would not

experience oxidation under these circumstances. This

suggests the possibility that Cl- may bind at a non-acti-

vating water accessible site near the Mn4Ca cluster.

Tests for unrecoverable inhibition

Over the range of pHs and Cl- concentrations used, there

was minimal irreversible damage to the PSII. This was

determined by longtime exposure of PSII to selected pH
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and chloride concentrations, with the result that most

activity was recovered upon return to the control buffer

(Table 2). Only 5–10% activity was lost due to treatment of

PSII at pH 5.5 for a time that far exceeded the exposure

time used in the assays for the pH- and Cl--dependent

curves. In addition, the use of the higher concentration of

200 mM NaCl would have been expected to result in much

greater unrecoverable activity if inhibition were associated

with irreversible loss of activity, but this was not observed.

In other studies, we have carried out similar tests of PSII

samples treated at pH 5.5, also without observation of a

significant loss of activity [e.g., Haddy and Ore (2010)].

Thus, the inhibitory effect of high Cl- concentration at

lower pH cannot be explained by unrecoverable loss of

activity.

The EPR experiments did not reveal a correlation between

the S2 state multiline signal and the activity level under

various buffer conditions. Rather, the signal height seemed

to be influenced mainly by the chloride concentration, with a

decrease to about 60% of the control signal in the presence of

200 mM NaCl at both pH 5.5 and pH 7.4. The absence of an

effect of pH on the multiline signal would be consistent with

the results of Bernát et al. (2002), who examined the pH

dependence of the S-state transitions by EPR spectroscopy.

However, the meaning of the decrease in signal height due to

the presence of 200 mM NaCl is not clear. It may mean that

the transition from the S1 to the S2 state is the point in the

cycle at which the OEC is sensitive to the higher NaCl

concentration, at least for the sample at pH 5.5.

In the EPR spectrum of the PSII sample at pH 7.4 in

200 mM NaCl, the negative Mn2? signal observed after

illumination at 0 �C (Fig. 3b) is interesting, since it indi-

cates reincorporation of manganese during advancement of

the S-states. The difference EPR spectrum compared a

mixture of S-states present after illumination with the dark-

adapted state, most likely the S1 state. The presence of a

Mn2? signal was evidently not related to greater irre-

versible loss of manganese from this sample compared to

any other, based on the manganese content and the rela-

tively high level of activity (90% of the control). Thus, the

observation seems to indicate that Mn dissociates more

easily (and is reduced) in the dark-adapted state, but is still

available for oxidation and reincorporation into an active

catalytic center under continuous illumination. The fact

that chloride in excess of 100 mM promotes activity at the

elevated pH further suggests that Cl- stabilizes the binding

of manganese at the Mn4Ca cluster, at least in the higher

S-states.

Conditions within the thylakoid

While the conditions under which inhibition is observed

may seem extreme (low pH, high chloride concentration),

they may not be far from the physiological conditions

within the thylakoid lumen. The pH within the thylakoid is

known to be on the acidic side due to the proton gradient

needed for ATP synthesis. Under conditions of illumina-

tion, the pH difference is commonly thought to be 3.0–3.5

pH units, with the pH of the lumen as low as 5. However, it

has been argued that the lumen pH under normal conditions

is more likely to be relatively moderate (5.8–6.5), with a

gradient of 2.0 pH units (Kramer et al. 1999). This places

the minimum pH at about 5.8, although it may be less

under stress conditions. The concentration of chloride

within the thylakoid lumen is not well known. However,

the Cl- concentration within the chloroplast (mainly

stroma) was found to be in the range of 30–120 mM for

higher plants with many of the measurements for spinach

near 100 mM (Demmig and Gimmler 1983; Harvey et al.

1981; Robinson and Downton 1984; Robinson et al. 1983).

Under various conditions, the Cl- concentration in spinach

chloroplasts remained relatively unchanged, suggesting

that the concentration is well regulated (Robinson and

Downton 1984).

While the concentration of chloride in the lumen is not

known, it is thought that rapid flux of Cl- and other ions

across the thylakoid membrane is necessary for adjustment

of the membrane proton motive force (betweenDpH andDw)

at least transiently upon illumination, by electrically bal-

ancing excess positive charge in the lumen. Recently char-

acterized chloride transporters, CLCe (Lv et al. 2009;

Marmagne et al. 2007) and VCCN1 (Herdean et al. 2015), are

specific to the thylakoid membrane and are thought to serve

in this capacity (Pfeil et al. 2014; Spetea and Schoefs 2010).

Thus, the lumen Cl- concentration is probably modulated in

a way that depends on the photosynthetic requirements.

However, since Cl- is not thought to contribute much to the

Dw, which itself is relatively small, it is likely that the

internal and external concentrations of Cl- are similar under

constant illumination. Therefore, high concentrations of

chloride in the range of 100 mM are quite plausible.

Given these considerations, it is reasonable to suggest

that normal intrathylakoid conditions under continuous

illumination would include a pH of about 5.8 and a chlo-

ride concentration of about 100 mM. In this case, a small

amount of chloride inhibition of oxygen evolution would

be observed; however, if the pH were to drop to 5.5, the

inhibitory effect would become much more significant.

Catalytic activity of the OEC under these conditions would

not cause much irreversible damage, but the higher light

intensity leading to this situation may through photoin-

hibitory effects. This suggests that the inhibition by high

Cl- concentration may serve in a protective way when the

pH drops too much, by slowing down oxygen evolution

activity and the associated electron transfer that can cause

photoinhibition.
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