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Information on binding and rearrangement of pivotal water molecules could support understanding of light-
driven water oxidation at the catalytic Mn4CaOs cluster of photosystem II (PSII). To address this point, the
binding of ammonia (NHz)—a possible substrate-water analogue—has been investigated and discussed in the
context of putative reaction mechanisms. By time-resolved detection of O, formation after light-flash excitation,
we discriminate three NHs/NH,* binding sites jointly characterized by a K,,, value around 25 mM (of NH, ™), but
differing in their influence on the O,-formation step. At 100 mM NH,4CI (pH 7.5), we observe (1) a PSII fraction
with complete inhibition of O,-formation, (2) fast O,-formation with a time constant of 1.7 ms at 20 °C (Fast-
PSIID), and (3) slow O,-formation with a time constant of 36 ms at 20 °C (Slow-PSII). For the Fast-PSII, we de-
termine an activation enthalpy of 223 = 11 meV. Activation enthalpy and entropy of the Fast-PSII are essen-
tially identical to the corresponding figures in the absence NHs/NH,* binding. For the Slow-PSII, the activation
enthalpy is 323 + 11 meV and thus significantly increased, whereas the activation entropy remains essentially
unchanged. We conclude: (1) The fully-inhibitory binding site could relate to bound NHj; replacing one of the
two substrate-water molecules. (2) The Fast-PSII may relate to NHs/NH, " binding in the S,-state of PSII fol-
lowed by unbinding before onset of the O—O bond formation step, but also more intricate mechanisms are not
excluded. (3) In the Slow-PSII, NHs/NH, " binding increases the energetic barrier of the O—O bond formation

step significantly.

1. Introduction

In oxygenic photosynthesis, visible light drives a complex series of
reactions, including the pivotal oxidation of water [1-3]. As a by-pro-
duct of the water-oxidation reaction, the atmospheric dioxygen has
been produced. Lately, the process has gained increased attention as
biological water oxidation serves as bio-inspiration for creating syn-
thetic solutions of water oxidation for renewable solar fuels (see, e.g.,
[4,5]). In the photosynthetic organisms, the reaction occurs in Photo-
system II (PSII), a large protein complex embedded in the thylakoid
membranes of plants and cyanobacteria [1-3]. In PSII, the absorption of
a photon and rapid excitation energy transfer is followed by electron
transfer from chlorophylls (Chl) denoted as P680 to a pheophytin
(Pheo) and from there to a protein-bound plastoquinone (Q,) (Fig. 1A).
The final electron acceptor in PSII is a second plastoquinone (Qg)
which, after being reduced twice leaves the PSII and joins the so-called
plastoquinone pool; subsequently the Qg site is refilled by another (not
reduced) quinone molecule. The positive hole created on P680 is
compensated by hopping of one electron from a specific redox-active
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tyrosine residue (Yz), which is in turn reduced by an electron from the
catalytic site of water oxidation, the oxygen evolving complex (OEC),
consisting of a Mn4CaOs metal cluster and its protein environment, also
including several mechanistically crucial protein-internal water mole-
cules. Successive absorption of four photons facilitates four successive
steps of oxidation of the OEC. Because of interlaced proton removal
steps, these oxidation steps are not associated with the accumulation of
several positive charges [6-8].

In the classical picture of Kok and coworkers [9], the catalytic OEC
cycle involves five oxidation states, the dark stable Sy and S; states, the
semi-stable S, and S3 and the transient S, state between S3-Sg preceding
the oxygen release. An extended S-state cycle describes in more detail
this sequence of events, including the alternating removal of electrons
and protons from the OEC, thereby keeping the redox potential for each
electron removal step (by electron transfer to Y;) sufficiently constant
(Fig. 1B) [10-12]. The structure of the S; state of the Mn,CaOs cluster
has been resolved by protein crystallography at a 1.95A resolution,
including the position of neighboring water molecules. Two of these
water molecules are directly bound to a manganese ion (Mn4) and two
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to the calcium ion, as shown in Fig. 1C [13,14]. Efforts in computa-
tional chemistry have been directed towards understanding of the S-
state transitions at the atomic (and electronic) level, including eva-
luation of alternative O—O bond formation mechanisms, taking into
account both structural and spectroscopic data [15-17]. The two most
favored basic options to explain efficient O—O bond formation are (i)
nucleophilic attack and (ii) a radical-coupling mechanism. A specific
variant of the latter mechanism is especially often invoked in me-
chanistic discussions; it has been proposed and elaborated by Siegbahn
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Fig. 1. (A) Important cofactors of photosystem II (PSII): P680 (chlorophylls),
Phe (pheophytin), Q4 and Qg (plastoquinones), non-heme iron(Il) ion, Yz
(tyrosine 161 of the D1 protein of PSII) and the protein-bound Mn4CaOs cluster.
(B) The reaction cycle of PSII water oxidation, with the classical representation
in the inner circle and the extended S-State cycle model outside. Red spikes
represent light flashes that induce the S-state transitions. In dark-adapted PSII,
the S;-state prevails so that the first flash induces the S; — S, transition. The
subscripts in the S-state notation indicates the number of accumulated oxidizing
equivalents while the superscripts indicate the charge (‘n’ for neutral and ‘+’
for positively charges). (C) Mn,CaOs cluster in its dark-adapted S; state, with
four water molecules (HO, x = 2, 1, or 0) terminally coordinated to either Mn4
or the Ca ion (W;_4). Red spheres represent O atoms, the purple spheres re-
present Mn atoms, green spheres represent calcium, and the water molecules
are shown in orange. Graphical representations in (A) and (C) according to the
crystallographic model of Umena et al. [13].

[16,18]. Various variants of the two basic options are still con-
troversially debated [19-23].

Recently, we showed that the (partial) inhibition of PSII oxygen
evolution in the presence of NH4Cl is largely due to an on/off effect of
the O, activity [24] and cannot be explained exclusively by slowed
oxygen evolution [25]. Depending on the NH,Cl concentration, a
fraction of about 50% of the PSII cores were fully inhibited, for spinach
as well as cyanobacterial PSIL. In the major fraction of the O,-active
PSII, the rate constant of O, formation was found to be independent of
the ammonium concentration in the buffer solution. To explain the
experimental results, we proposed anti-cooperative binding at two sites,
either to the inhibitory site or to the non-inhibitory site. The two
binding sites were proposed to correspond to the W1 and W2 water
molecules coordinated to Mn4, the “dangler manganese” (Fig. 1C), but
possibly also involving the carousel mechanism of water and ammonia
binding proposed by Brudvig, Batista and coworkers [22,26]. We also
found that among the O,-producing PSII centers, PSII centers with O,
evolution kinetics unaffected by ammonia binding are coexisting with a
fraction of “slow” PSII, which was explained by a third ammonia
binding site [24].

In the present work, we use time-resolved O, polarography for
analysis of the temperature-dependence of ammonia inhibition, with
focus on determination of thermal activation energies of O, formation
in the presence of ammonia. Using Eyring's transition-state treatment
[27], we also analyze the thermodynamics parameters of the O, evo-
lution reaction in ammonia-treated PSII. Ammonia binding was induced
by addition of various concentrations of NH4Cl to the buffer solution.
For a detailed discussion of the relation between NH,;* concentration
and ammonia binding, see [24].

2. Materials and methods
2.1. Preparation of plant-PSII membrane particles

High-activity PSII-enriched membrane particles were prepared from
spinach leaves, as described elsewhere [28]. Before storage at —80 °C,
the chlorophyll concentration was determined according to Wellburn
[29]. Using a Clark-type electrode (Hansatech Instruments) [30], an O,-
evolution activity of 860 = 20 pmolg, mgChl_l h~! was determined at
25°C for the PSII membrane particles illuminated with continuous
white light of saturating intensity. The measurements were done in
buffer containing 15mM NaCl, 5mM CaCl,, 1M glycine betaine,
25mM 2-morpholinoethanesulfonic acid (pH6.3) with additional
0.25mM 2,6-dichloro-1,4-benzoquinone (DCBQ) and 1mM K;[Fe
(CN)¢] as artificial electron acceptors [28].

2.2. Time-resolved oxygen polarography

Time-resolved oxygen evolution measurements were performed
using a centrifugable custom-made bare platinum electrode as
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described earlier [24,31]. Before use, the frozen PSII suspension was
thawed on ice (for 60 min, in the dark) and resuspended in Buffer A
[150 mM NaCl, 25 mM MES (pKa = 6.15), 25 mM HEPES (pKa = 7.55),
25mM HEPES (pKa = 8.0), 1M glycine betaine, 5mM MgCl,, and
5mM CaCl,, pH 7.5 (NaOH)]. The protein sample was then centrifuged
at 50,000 x g for 12 min, the supernatant discarded, and the resulting
pellet resuspended again in Buffer A and kept on ice. For each mea-
surement a sample containing 75 pg chlorophyll and a combination of
Buffer A and Buffer B (same as Buffer A with 150 mM NH,CI instead of
150 mM NacCl) setting the desired NH,4Cl concentration (0-100 mM
Buffer A-B mix) were added to the electrode. Thereby the total chloride
concentration was kept constant at the level of 170 mM. Fig. S1 shows
that at this salt level the yield and reaction kinetics of O, formation was
not negatively affected (no inhibition up to 330 mM). The total volume
of the PSII suspension over the electrode was adjusted to be 750 pL,
followed by centrifugation of the electrode assembly in a swing-out
rotor at 10,000 X g for 10 min (at 4 °C).

S-state transitions were excited in the dark-adapted PSII using sa-
turating light flashes of about 10 pys duration (Xenon flash lamp, EG&G
Optoelectronics, 4.5 J of electrical energy per flash, an orange glass filter
with 570 nm cut-off was used to eliminate photoelectric flash artefacts
induced by blue light). The individual oxygen-evolution transients were
measured with a flash spacing of 900 ms for 20 flashes and an electrode
potential of —0.95V at the central Pt electrode vs the Ag ring electrode;
the potential was switched on 15 s prior to the first flash. A home-built
potentiostat was used for electrode polarization and detection of the O,-
reduction currents, the latter involving a high-pass filter with a time
constant of 100 ms. The high-pass filter separates the light-induced O,-
transients from an approximately linear decrease in the O,-signal. The
latter results from detection and consumption (by the polarized pla-
tinum electrode) of dioxygen dissolved in the buffer solution. The si-
mulations in Fig. S2 illustrate how the high-pass filter affects the O,
signal. Its influence was considered in the fit algorithm used for simu-
lation of the O, transients (using a fixed value of the filter time constant
of 100 ms). The temperature (0-35°C) was controlled by Peltier ele-
ments and monitored during the measurement by a miniature sensor
immersed in the buffer solution of the O, flash experiment. The O-
evolution transients were simulated based on a reaction-diffusion
model first described in Dilbeck et al. [31]. This numerical model takes
into account the oxygen production from the PSII layer, the O, diffusion
within the PSII layers (towards electrode surface and into the buffer
solution), and the O, reduction reaction at the electrode surface using a
minimum of adjustable parameters [31]. In addition, the simulations
covered two populations of O,-producing PSII, as introduced in Schuth
et al. [24], each with two individual time constants (t15; and 7o), but
with identical electrode and diffusion parameters (effective layer
thickness) for both PSII fractions (Fig. 2A). The total O, signal was si-
mulated as a linear combination of the O, transients calculated for the
two PSII fractions with the percentage of the slow PSII fraction being a
fit parameter. In all simulated O, transients, also the influence of the
high-pass filter was part of the computational model.

2.3. Reversibility of NH,CI treatment

For evaluation of the reversibility of NH,Cl treatment, after thawing
the PSII sample was divided into three portions, which were re-
suspended and centrifuged two times. The first portion was two times
resuspended in Buffer A (no NH,Cl) and the third portion was two times
resuspended in a buffer containing 100 mM NH,4CI (appropriate Buffer
A/B mix). The second portion was first centrifuged in 100 mM NH4Cl
(appropriate Buffer A/B mix) and then resuspended and centrifuged in
Buffer A (no NH,4CI). Subsequently each portion was investigated at
15 °C using the O, polarography procedure described above, using the
buffer of the second resuspension step (first and second portion in
Buffer A without NH4Cl; third portion with 100 mM NH4CI).
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Fig. 2. Example of an experimental O, transient (exp) with simulated curves
(fit). In A, curve-fitting for two fractions of O,-producing PSII (Fast-PSII and
Slow-PSII). In B, curve-fitting for a single PSII fraction. Only the PSII-layer
thickness was kept at the same level in the otherwise fully independent fits in A
and B. The shown data was collected at 15 °C in the presence of 100 mM NH,4Cl
and the O,-formation for three reaction cycles of water oxidation by PSII were
averaged (12 transients induced by saturating flashes of visible light sequen-
tially applied to the same PSII sample). In A, the time constants of O, formation
(tox) and the relative fractions of PSII with fast and slow oxygen evolution were
2.0 ms (55%) and 46 ms (45%). In (B), only a single fraction was used (100%)
and the fit algorithm provided a value of 7.2ms. In A and B, the negative
currents at times exceeding 100 ms resulted from the use of a high-pass filter in
the detection electronics (Fig. S2), which was appropriately considered in the
numerical simulation of the O, transients.

3. Results

To verify the absence of irreversible modifications of PSII by NH,Cl
exposure in the dark, we exposed PSII for 20 min to 100 mM NH,Cl and
then exchanged the buffer against NH,Cl-free buffer. By exchanging the
buffer twice, the O, evolution activity was completely restored (Fig.
S3). This control experiment shows that also prolonged dark-exposure
of PSII to 100 mM NH,4Cl does not result in any specific deleterious
effect on Oy-evolution by PSIL

Aiming at the NH,Cl influence on the thermal activation energy of
the water oxidation reaction, we investigated O,-release kinetics of
plant PSII membrane particles (prepared from spinach) by time-re-
solved O, polarography at different temperatures. The time-resolved O,
detection after excitation of dark-adapted PSII membrane particles by
sequences of saturating microsecond flashes of visible light (flashes
spaced by 900 ms) allows us to discriminate between the NH,Cl influ-
ence on the rate constant of the O, formation step, the efficiency of the
S-state transitions, and the fraction of PSII with complete inhibition of
the O,-formation step; the influence of reactions at the PSII acceptor
side can be safely ignored [24]. Therefore, analysis of these transients
provides a clearly more differentiated picture than obtainable by the
conventional detection of the rate of O,-formation for continuous
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Fig. 3. Os-evolution transients of PSII membrane particles at various tem-
peratures. The PSII membrane particles were deposited on a bare platinum
electrode by joined centrifugation of a PSII solution and the Pt/Ag electrode
assembly. Here the temperature dependence of the O, transients is shown for
PSII membrane particles without NH4Cl in the buffer system. The white and
black lines were obtained by simulations based on a numerical model that takes
into account the O,-formation and diffusion in the PSII layer as well as the O,
reduction at the bare platinum electrode. The simulation parameters were de-
termined by a fit procedure; the high fit quality is visible when comparing the
simulated curves (smooth white and black lines) and experimental transients
(colored data points).

illumination of PSII in the presence of artificial electron acceptors.

In order to address the activation energy of the O,-formation step in
the presence of bound NH, " /NH3, we measured O,-release transients
at eight temperatures ranging from 0°C to 35 °C. For each temperature,
measurements were performed in the presence of 0, 20, 60 and 100 mM
NH,CI], while keeping the chloride concentration and ionic strength
constant by addition of complementary amounts of NaCl. The tem-
perature modified the oxygen evolution traces by affecting both, the
electrode response and the rate constants related to water oxidation
reaction in PSIL. As a result, the total amplitude of the O,-release signal
increases with temperature (Fig. 3), resulting in especially favorable
signal-to-noise ratios at higher temperatures. From the O, transients,
we determined the O,-forming fraction of PSII at various NH4Cl con-
centrations (Fig. 4). At 35 °C, the inhibitory effect of NH,Cl is especially
pronounced (close to 60% inhibition at 100 mM NH,4CI); at 0°C it is
especially weak (close to 30% inhibition). Its magnitude is in reason-
ably good agreement with values reported previously for data collection
at 10 °C, for oxygen evolution by PSII from spinach and from various
cyanobacteria [24]. Noteworthily, there are no indications for a pro-
nounced temperature dependence of the K,, of NH,*/NH; binding
suggesting that the previously determined K, of about 25mM [24]
could describe the behavior at all investigated temperatures (with a
caveat for the 0 °C data, where the seeming lack of inhibition at 20 mM
NH,4CI may be explainable by comparably high noise contributions).

As shown previously [24], NH4Cl does not only inhibit a major
fraction of PSII completely, but it also slows down drastically the O,-
evolution rate constant in another fraction of PSII centers. We simu-
lated the O, transients by employing a one-dimensional diffusion model
that covers light-induced O, production (by PSII), O, diffusion (within
the PSII film and in the bulk solvent), and O, reduction (at the bare Pt
electrode), as described elsewhere [24,31]. The slowing down in the
decay of the polarographic signal observed with increasing NH,Cl
concentration (Fig. 5A), is well explained by assuming coexistence of
two O,-producing PSII populations: (i) a PSII fraction with fast oxygen
evolution (1.7 ms at 20 °C) and (ii) a PSII fraction with slow oxygen
evolution (36 ms at 20 °C) [24]. The temperature dependence of the
relative contributions of the three PSII fractions at various NH4Cl
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Fig. 4. Influence of NH4Cl on the O,-production per saturating light flash. The
shown O,-flash yield provides a relative measure of the total amount of pro-
duced dioxygen, independent of the rate constants of O,-formation step. It
corresponds to the integral of the O,-electrode signal as determined by the si-
mulation approach detailed further below. All measurements were done at
pH7.5. The filled bars indicate the mean value of minimally three repetitions
(with averaging of 12 O, transients each). The error bars indicate standard
deviations, which are predicted to exceed the 1o-uncertainty range of the mean
value.

concentrations are shown in Fig. 5B-D; the corresponding time con-
stants of the O,-formation step are shown in the form of Arrhenius plots
in Fig. 6; for further simulation parameters, see Fig. S4.

The time constant for O, release (toy) by PSII in the absence of
NH,Cl is found to be about 1.7 ms at 20 °C. This value agrees well with
time constants for PSII oxygen evolution reported before (see, e.g.,
[32]) and is not modified by the presence of NH,Cl in the Fast-PSII
fraction (Fig. 6A). On the other hand, the O, evolution time constant for
the Slow-PSII fraction is about 36 ms. This value is similar to the time
constants reported for PSII mutants with point mutations at amino acid
residues that interact with the water cluster surrounding the Mn,CaOs
core of the OEC (e.g. D1-D61, D1-V185, D2-K317 and CP43-R357)
[31,33-35]. Similar to the Fast-PSII fraction, at all investigated tem-
peratures the O,-evolution time constant of the Slow-PSII does not
depend on the NH4CI concentration (Fig. 6B).

To extract the activation energies (E,) for the O,-evolution reaction,
the time constants were plotted as function of the temperature (Fig. 6)
and fitted using the standard Arrhenius equation:

In(r) = —In(A) + E,/KzT (€8]

The thereby obtained activation energies (E,) and the pre-ex-
ponential factors (A) are presented in Table 1. We find that the acti-
vation energies for both O,-producing PSII fractions are independent of
the NH,4Cl concentration. The activation energy for the Fast-PSII frac-
tion is 248 * 11meV and for the Slow-PSII fraction it is
348 + 14 meV (see Table 1 for the individual values). The plots for the
time constants related to the proton-release step (1) preceding the
0—O0 bond formation are shown in Fig. S5. Unlike the O, formation
step, a slight NH,4Cl dependence may be present, but it is below the
uncertainty range of the experimental data and thus not further dis-
cussed.

Based on Eyring's transition state theory [27], we determined acti-
vation enthalpy, AH?, and activation entropy, AS*, of the Oy-evolution
reaction according to Egs. (2) and (3), respectively (Table 1).

AH* = E, — kg Ty 2

ASj: = kB ln(hA/kBT) - kB (3)

In the above equations, kg is the Boltzmann constant, h is the Planck
constant, T refers to the absolute temperature in Kelvin, and Ty is a
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temperature in center of the investigated temperature range (here
20°C).

The quantum yield of the tertiary light-driven reactions at the PSII
donor side is lower than unity, largely due to charge recombination
processes that compete with forward electron transfer [2,36]. This
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Fig. 5. Relative fractions of PSII centers with fast, slow and fully inhibited O»-
formation. (A) Normalized O, release kinetics recorded at 15 °C. The signature
of a slow PSII fraction at higher NH,Cl concentration is indicated by an arrow.
(B) Fraction of PSII with fast O,-formation (1.7 ms at 20 °C). (C) Fraction of PSII
with slow O,-formation (35 ms at 20 °C). (D) Fraction of fully inhibited PSII.
The quantification is based on simulation (fit) the O,-transients with the re-
action-diffusion model described elsewhere [24,31]. The simulated O,-tran-
sients were obtained by averaging the O,-transients detected for the 3rd to 14th
flash of a flash sequence applied to dark-adapted PSII. For each data point, the
fit results of three experiments were averaged; the error bars indicate the cor-
responding standard deviation.

35°CA———————— — 0°C
a A H
—O0mM
20 mM l/
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n ——100 mM
E
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1 . . . . .
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Fig. 6. Arrhenius plots for O,-release step at different NH4Cl concentrations.
The plots for the O, release (to,) are shown for the PSII fraction with fast O,
formation (A) and for the PSII fraction with slow O, formation (B). In (A) and
(B), average E,-values are indicated, for individual E, values see Table 1. The
values for the time constant of O, formation, to,, were obtained from simula-
tion (fit) of the averaged O,-transients of the 3rd to 14th flash applied to dark-
adapted PSII. For each data point, the fit results of three experiments were
averaged; the error bars indicate the corresponding standard deviations.

reduction in quantum yield (¢) can be viewed as resulting from ‘miss
events’, which are described by the miss factor, m (¢ = 100% - m);
typical m-values for intact PSII range from 7 to 15% [9,10]. The miss
events desynchronize cycling through the S-state cycle and thus result
in deviations from the perfect flash number dependence with maximal
Oy-yield on the 3rd, 7th, and 11th saturating flash of light applied to
dark-adapted PSII. The extent of these deviations thus is informative
regarding the miss-factor magnitude. Fig. 7 shows the flash-number
dependence of the O, yield at 0°C and 30 °C for control-PSII without
NH4CI (black curves) and with 100 mM NH,4CI. Visual inspection fa-
cilitates an informative qualitative comparison of the miss-factor
magnitude. Upon addition of 100 mM NH,4CI, there is a fraction of Fast-
PSII (orange curves) and Slow-PSII (blue curves), for which we de-
termined the respective O,-flash yield for each of the first 10 flashes
individually, by simulation of the O, transients as described above. The
control PSII (without NH,4Cl) exhibit a reasonably low miss factor at
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Table 1

Time constants at 20 °C (to5), the Arrhenius activation parameters (E, and A,
Eq. (1)) and Eyring's activation enthalpy and activation entropy (AH* and -TAS%;
Egs. (2) and (3)). The values of AH* and TAs are provided for 20 °C (293 K). The
error ranges provided for E, apply also for to the activation enthalpy and en-

tropy.

[NH4Cll 702 E, (meV) A(s™Y) AH* (meV) -TAS*
(mM) (ms) (meV)
at
20°C
Fast PSII 0 1.71 241 =10 7.6 x 10° 216 369
fraction 20 1.82 258 + 8 1.5x107 233 352
60 1.74 244 = 11 8.7 x 10° 219 365
100 1.69 248 = 11 9.8 x 10° 223 362
Slow PSII 20 359 346 + 12 22 x 107 321 342
fraction 60 354 346 * 14 2.2 x 107 321 342
100 355 352 + 13 2.9 x 107 327 335
1.0 o m
A
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3
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Fig. 7. Oxygen yield per flash for control PSII without NH4Cl (black), Fast-PSII
in the presence of 100 mM NH,4CI (orange), and Slow-PSII in the presence of
100 mM NH,4CI (blue). The O, transients were collected at 0°C (A) and 30 °C
(B). A sequence of saturating flashes of visible light (spaced by 900 ms) was
applied to dark-adapted PSII. For each flash, the respective O,-transient was
recorded and analyzed. The shown O,-flash-yield patterns are normalized to
unity at the maximal O,-yield. See also Fig. S6, for a complete temperature
series.

0 °C (Fig. 7A), which is moderately increased at 30 °C (Fig. 7B). For the
Fast-PSII, in the presence of NH4Cl, we observe a significantly more
pronounced de-synchronization (in comparison to the control PSII)
indicative of an increased miss factor at both temperatures (strongly
damped period-of-four oscillations) at both temperatures. For the Slow-
PSII, the de-synchronization is increased further. Especially the in-
creased miss factor of the Fast-PSII is informative. In the absence of any
clear effect of NH4Cl exposure on rate constant and activation energy of
the O,-formation step, the modified miss factor detected for the Fast-
PSII fraction provides important support to NH, " /NHj3 binding to the
Fast-PSII fraction.
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4. Discussion

4.1. Three NH," /NHj; binding sites with distinctly different relations to the
O,-formation chemistry

Time-resolved detection of O, formation after light-flash excitation
facilitated discrimination of NH,*/NH; binding at three sites resulting
in three PSII fractions with distinct functional properties, in line with
previous findings [24]. The K, value for binding has been found to be
around 20-30 mM (referring to the NH,* concentration in the buffer
solution) [24], without obvious differences in the K, value when
comparing the three sites. Also the data shown in Fig. 5 does not pro-
vide evidence for distinctly different K,, values, at least not in the
temperature range from 5 °C to 30 °C, even though more minor differ-
ences cannot be excluded. We can only speculate on possible reasons for
identical K, values. Previously, we have suggested that identical K,
values could result from mutually exclusive, anti-cooperative NH;
binding [24]. An alternative option is binding of NH,* /NHj; in the S;
state at a single binding site with a K;,, value close to 25 mM followed by
relocation in the S, state to different binding sites with similar affi-
nities, possibly associated with NH," deprotonation and NH; binding
to a manganese ion of the catalytic Mn,CaOs cluster.

At largely saturating NH4* concentration of 100 mM, we observe
three PSII fractions distinguished by the following functional proper-
ties: (1) complete inhibition of O»-formation, (2) fast O,-formation with
a time constant of 1.7 ms at 20 °C (Fast-PSII), and (3) slow O,-formation
with a time constant of 36 ms at 20 °C (Slow-PSII). For the Fast-PSII, we
now determined an activation enthalpy of 223 + 11 meV. Activation
enthalpy and entropy of the Fast-PSII are essentially identical to the
corresponding figures in the absence NH,*/NH; binding determined
herein and elsewhere [32]. For the Slow-PSI], the activation enthalpy is
323 = 11 meV and thus significantly increased, whereas the activation
entropy remains essentially unchanged.

The completely unchanged properties of the O,-formation step
raises the question whether detection of the Fast-PSII fraction could
result from an NH4Cl concentration that was too low to allow for
binding at all Slow-PSII and at all fully-inhibitory sites. However, the
experimentally determined K, values of 20-30 mM strongly suggest
that NH,* /NHj; binding at 100 mM NH,Cl should be largely complete.
In the present investigation, additional evidence for binding to the Fast-
PSII fraction comes from the data of Fig. 7, which indicates that the
Fast-PSII fraction at 100 mM NH,4CI differs clearly in its miss factor from
the PSII in NH4Cl-free buffer. Thus we consider NH,* /NH; binding to
the Fast-PSII fraction as likely and see two basic options to explain the
unchanged properties of the O,-formation step: Either (i) NH,*/NHg
binding indeed occurs at a site without any influence on the O,-for-
mation step, excluding not only that the Fast-PSII site is a substrate-
water site, but also any relevant modification of the H-bonded network
formed by the water molecules, amino-acid residues and the nearby
chloride ion. Or (ii) NH4 " /NH; binding occurs in the S,-state followed
by unbinding before onset of the O—O bond formation step, in the
Y,%Ss* or Y;,%*S3* or Y;°*S3" state. In line with the second option, the
absence of bound ammonia in the Ss-state recently has been suggested
based on EPR and kinetic UV-vis experiments [37]. We note that the
second scenario does not exclude that in the S,-state, the NH, " /NH;
binding site of the Fast-PSII corresponds to a substrate-water site.

The fully inhibitory binding site could very well correspond to the
binding site of a substrate-water molecule, whereas the lack of complete
inhibition suggests that the Slow-PSII binding site is not identical with a
water-binding site. We believe NH, */NH; binding at the Slow-PSII site
relates to disturbances of the H-bonded protein-water cluster(s)
neighboring the Mn,Ca-oxo core of the catalytic site. Evidence for this
conjecture comes from comparison to genetic PSII variants. The time
constant of the O,-formation step in the Slow-PSII is 36 ms at 20 °C and
thus very similar to time constants determined in mutants where the
hydrogen-bonding network coupled to the Mn,CaOs center was
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modified by point mutations, e.g. D1-D61, D1-V185, D2-K317 and
CP43-R357 [31,33-35]. However, here we find in the Slow-PSII a
pronounced increase of the activation enthalpy, without major changes
in the activation entropy (Table 1). In clear contrast, for PSII variants
with severely retarded O,-formation, a surprising decrease in activation
enthalpy has been reported, which is overcompensated by less favor-
able entropic contribution to the total activation energy [35]. The clear
increase in the activation enthalpy of the O,-formation step implies that
NH, " /NH; binding at the Slow-PSII site increases the energetic (en-
thalpic) barrier of the rate-determining step in O—O bond formation.
The increased energetic barrier may be viewed as destabilization of the
transition state or stabilization of an unfavorable active-site con-
formation before onset of the O—O bond formation step, where the
active site comprises not only the catalytic metal-oxo complex and its
first-sphere ligands, but also the surrounding protein-water environ-
ment.

4.2. Identification of the NH," /NH; binding sites?

Previously, we suggested non-inhibitory ammonia binding to the
water ligand of Mn4 denoted as W1 (see Fig. 1C) and inhibitory binding
at the W2 site [24]. For these two sites, similar ammonia-binding en-
ergies are plausible as is mutually exclusive (anti-cooperative) binding,
thereby explaining that a single K, value that describes the formation
of an inhibited PSII fraction and an uninhibited PSII fraction. FTIR S-
state difference spectra indicated that the uninhibited PSII fraction is
associated with spectral changes that exhibit clear similarities to spec-
tral changes observed for mutation of the D61 residue (of the D1 pro-
tein of PSII), which is an H-bonding partner of W1, thereby providing
support to assignment of the non-inhibitory ammonia-binding site to
W1. However, similar spectral changes are also observed for other ge-
netic modifications that affect the H-bonded protein-water network
surrounding W1 and W2. On these grounds, also non-inhibitory binding
at different sites in vicinity of W1 cannot be excluded. A recent com-
putational investigation evaluated six putative binding positions in the
second coordination sphere of the MnsCa-oxo cluster. Two of these
were judged as being of possible relevance; one involves the NH,*-
K317°-D61~ ion pairing [38].

Our suggestion of non-inhibitory binding at the W1 site [24] was
motivated by experimental evidence obtained by means of advanced
EPR investigations on PSII in its Sy-state combined with detection of
substrate-water exchange rates and computational methods [39]. Am-
monia binding to Mn4 with strong H-bond to D61 was later confirmed
by other investigators [40]. It was concluded that non-inhibitory am-
monia binding occurs at the W1 site of PSII, thereby rendering a role of
W1 as a substrate-water molecule unlikely [39]. Although not ne-
cessarily in conflict with this conclusion, our results suggest that also
other scenarios are conceivable that do not exclude W1 as a substrate
water molecule:

(1) There exists a fully inhibitory NH,* /NH; binding site which could
relate to bound NHj replacing one of the two substrate-water mo-
lecules. Here ammonia might replace the W2 ligand of Mn4
(Fig. 1C), but solid evidence for this conjecture is still lacking.

There exists a NH,*/NH; binding site, for which the average
quantum yield of the S-state transitions is significantly lowered
(higher miss factor) but the kinetics of the O,-formation steps are
not at all affected (unchanged activation enthalpy and entropy).
This binding site could correspond to the W1 ligand of Mn4
(Fig. 1C). However, it is unlikely that ammonia still bound at the
W1 site in the O,-formation step (and thus affecting the sur-
rounding H-bond network) would leave the kinetic characteristics
completely unaffected. To explain fully non-inhibitory ammonia
binding at the W1 site, we tentatively propose that NHs/NH,*
binding in the S,-state of PSII is followed by unbinding before onset
of the O—O bond formation step. This scenario is not easily
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reconciled with the carousel mechanism [22,26]. It implies that
assignment of W1 to a substrate-water molecule can not be ruled
out (in contrast to a conclusion in [39]). We note that, based on DFT
calculations, recently Siegbahn ruled out pivot or carousel me-
chanisms because the involved 5-coordinated Mn(IV) complex
would be too high in energy [41].

(3) There exists a site where NH3/NH, " binding increases the energetic
barrier of the O—O bond formation step significantly. This site is not
a substrate-water site. It likely is within the H-bonded protein-water
cluster in vicinity of the Mn4Ca-oxo cluster that comprises also W1
and W2. Binding by replacement of W1 or W2 cannot be excluded,
but we consider a location outside the first coordination sphere of
Mn4 as being more likely.
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