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7 ABSTRACT: Ammonia binds to two sites in the oxygen-
8 evolving complex (OEC) of Photosystem II (PSII). The first is
9 as a terminal ligand to Mn in the S2 state, and the second is at a
10 site outside the OEC that is competitive with chloride. Binding
11 of ammonia in this latter secondary site results in the S2 state S
12 = 5/2 spin isomer being favored over the S = 1/2 spin isomer.
13 Using electron paramagnetic resonance spectroscopy, we find
14 that ammonia binds to the secondary site in wild-type
15 Synechocystis sp. PCC 6803 PSII, but not in D2-K317A
16 mutated PSII that does not bind chloride. By combining these
17 results with quantum mechanics/molecular mechanics calculations, we propose that ammonia binds in the secondary site in
18 competition with D1-D61 as a hydrogen bond acceptor to the OEC terminal water ligand, W1. Implications for the mechanism
19 of ammonia binding via its primary site directly to Mn4 in the OEC are discussed.

20Oxygenic photosynthesis in cyanobacteria, algae, and plants
21 converts solar energy to chemical energy by oxidizing
22 water to molecular oxygen (O2) in the Photosystem II (PSII)
23 reaction center. The protons stripped from water contribute to
24 the proton motive force across the thylakoid membrane, and
25 the electrons are used to reduce plastoquinone to plastoquinol.1

26 The active site of water oxidation is the oxygen-evolving
f1 27 complex [OEC (Figure 1)], which is a Mn4CaO5 inorganic

28cluster ligated by amino acid residues and water molecules.2

29The OEC cycles through four metastable redox intermediates
30(Sn states, where n = 0−3) during its catalytic cycle as described
31by Kok and co-workers.3 The S3 state is oxidized to a proposed
32transient S4 intermediate that spontaneously releases O2, binds
33H2O, and re-forms S0. X-ray crystallography, X-ray absorption
34and emission spectroscopies, EPR spectroscopy, and computa-
35tional modeling have revealed key features of the OEC
36structure in states S0−S3 (reviewed in ref 4). However, the
37nature of S4 and, therefore, the chemical mechanism of O−O
38bond formation have not been experimentally characterized.
39The precise binding sites of the two substrate waters that give
40rise to O2 are not known.4 An oxo−oxyl radical coupling
41mechanism for O−O bond formation has been proposed with
42the substrate waters bound as a terminal oxyl ligand to a Mn4+

43and a μ-oxo bridge in the S4 state.5,6 Alternatively, a water
44nucleophile attack mechanism has been proposed for which the
45substrate waters are bound as a terminal oxo ligand to a Mn5+

46and a terminal water ligand to Ca2+.7−9 Therefore, identifying
47the sites of substrate water binding is a strategy for
48understanding the chemical mechanism of photosynthetic
49water oxidation.
50Ammonia is an electronic and structural analogue of water
51and binds in two distinct sites in PSII.11 Upon formation of the
52S2 state, ammonia was recently proposed to bind as an
53additional10 terminal ligand to Mn412,13 (in the S = 5/2 spin
54isomer with Mn oxidation states IV, IV, IV, and III for Mn1−
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Figure 1. QM/MM-optimized structure of the S2 state S = 5/2 spin
isomer of the PSII OEC.10 Ammonia binds outside the OEC at a site
competitive with chloride in an area hypothesized to be within the
dashed square.
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55 Mn4, respectively), thus completing the octahedral coordina-
56 tion sphere10 and stabilizing the complex14 in the S = 1/2 spin
57 isomer (with Mn oxidation states III, IV, IV, and IV for Mn1−
58 Mn4, respectively).15 Previously, we proposed that ammonia
59 binding in the S2 state is analogous to water binding during the
60 S2 to S3 transition.

10 Quantum mechanics/molecular mechanics
61 (QM/MM) studies of ammonia binding to the S2 state suggest
62 that previously bound terminal waters (W1 and W2) move in a
63 “carousel” around Mn4.10 This mechanism, a similar version of
64 which was later proposed by Pantazis and co-workers,16 helps
65 to explain how water is directed from hydrogen bonding
66 networks within PSII17 to the OEC and further activated for O2
67 production.
68 Ammonia also binds outside the OEC at a previously
69 unresolved site that is competitive with chloride.18,19 A high-
70 affinity chloride is bound approximately 7 Å from the dangler
71 Mn in the OEC2 as shown in Figure 1. When dark-adapted PSII
72 membranes from spinach are illuminated at 200 K in the
73 presence of ammonia, the intensity of the g = 4.1 S2 state EPR
74 signal (corresponding to the S = 5/2 spin isomer) is inversely
75 proportional to chloride concentration.19 While this secondary
76 ammonia-binding site and chloride are clearly competitive,18 it
77 is not obvious that an amine free base and a halide would
78 occupy the same site in the protein matrix.
79 Previously, we showed that chloride binding requires the
80 presence of D2-K317 in Synechocystis sp. PCC 6803.20 In wild-
81 type (WT) PSII, chloride prevents D2-K317 from forming a
82 salt bridge with D1-D6121 and likely regulates the hydrogen
83 bonding network within the broad channel17 to promote
84 efficient proton transfer away from the OEC. Notably, neither
85 WT cyanobacterial PSII nor PSII from the D2-K317A mutant
86 exhibits a g = 4.1 EPR signal in the S2 state.

20,22

87 Herein, we show that ammonia binding in the secondary
88 binding site is inhibited in D2-K317A PSII. The combination of
89 this observation and QM/MM modeling suggests that
90 ammonia replaces D1-D61 as a hydrogen bond acceptor to
91 W1 in the second coordination sphere of the OEC. This
92 proposed binding site is distinct from, but intimately connected
93 to, the chloride-binding site.

94 ■ MATERIALS AND METHODS
95 PSII core complexes were purified from His-tagged CP4723

96 “wild-type” and the D2-K317A mutant of Synechocystis sp. PCC
97 6803 as previously described.20 Briefly, cells were grown
98 mixotrophically with 5 mM glucose and warm white fluorescent
99 lighting (80 μE m−2 s−1) and bubbled with 5% CO2 in air. Cell
100 lysis was performed using silica/zirconia beads in a chilled
101 Beadbeater, and thylakoid membranes were isolated by
102 centrifugation. Thylakoids were resuspended to a chlorophyll
103 concentration of 1 mg mL−1 and solubilized with 1% n-dodecyl
104 β-D-maltoside (DM) for 20 min. His-tagged PSII core
105 complexes were purified using Ni-NTA resin and eluted in
106 buffer containing 50 mM L-histidine, 50 mM MES (pH 6.0), 20
107 mM CaCl2, 5 mM MgCl2, 10% (v/v) glycerol, 1.2 M betaine,
108 and 0.03% DM. Following the addition of 1 mM EDTA, PSII
109 core complexes were concentrated using centrifugal filters with
110 a 100000 kDa cutoff and stored at 77 K.
111 A small volume of whole cells from each batch was reserved,
112 and genomic DNA was purified. Fragments containing the
113 psbA2 and psbD1 genes in their entirety were amplified via
114 polymerase chain reaction using primers previously de-
115 signed24,25 and sequenced to verify the integrity of each strain.
116 Light-saturated O2 evolution activities of the PSII core complex

117samples were 2500−3000 μmol of O2 (mg of Chl)−1 h−1 for
118WT and 1500−1800 μmol of O2 (mg of Chl)−1 h−1 for D2-
119K317A in the presence of 0.25 mM 2,5-dichloro-p-benzoqui-
120none and 1 mM potassium ferricyanide.
121Ammonia binding was studied in a buffer containing 1 M
122sucrose, 45 mM HEPES (pH 7.5), 11 mM Ca(OH)2, 0.5 mM
123EDTA, and 0.03% DM. Additional experiments were
124performed in which 1 M sucrose was replaced with 1.2 M
125betaine or 25% (v/v) glycerol. For buffer exchange, PSII core
126complexes were diluted by approximately 10-fold and
127concentrated using centrifugal filters. This process was repeated
12810−14 times. EPR samples were prepared by adding 100 mM
129NH4Cl (from a 2 M stock) to PSII core complexes at
130approximately 1.5 mg of Chl mL−1 (∼48 μM PSII and 1.8 mM
131NH3). The S2 state was generated by illuminating dark-adapted
132PSII samples at 200 K.26 Annealed samples were warmed to
133273 K in an ice water bath for approximately 30 s and then
134frozen in liquid nitrogen.
135EPR spectra were recorded using a Bruker ELEXSYS E500
136spectrometer equipped with a SHQ cavity and an Oxford ESR-
137900 helium flow cryostat at 6−7 K. Instrument parameters were
138as follows: microwave frequency, 9.39 GHz; microwave power,
1392−5 mW; modulation frequency, 100 kHz; modulation
140amplitude, 19.5 G; sweep time, 84 s; conversion time, 41 ms;
141time constant, 82 ms. Four scans were averaged for each
142experiment.
143QM/MM calculations were performed as previously
144described10,27−29 using the B3LYP functional30,31 with the
145LANL2DZ pseudopotential32,33 for Ca and Mn and the 6-31G*
146basis set34 for all other atoms. The AMBER force field was used
147for all MM layer atoms.35 The 2011 1.9 Å structure was used as
148an initial approximation for the S state models.2 The models
149included all amino acid residues within 15 Å of the OEC, as
150well as the water molecules and chloride cofactors. The capping
151ACE/NME groups were added to the C/N termini at the chain
152breaks. Two sodium atoms were added to the model to
153compensate for the excess negative charge of the overall 15 Å
154cut. A neutral NH3 molecule was added to investigate the
155secondary ammonia-binding motif. The total model included
1562492 atoms. The QM layer contained 131 atoms, including D1-
157A344, D1-E189, D1-E354, D1-H332, D1-D170, D1-E333, D1-
158D342, D1-H337, CP43-R357, D1-D61, D2-K317, chloride
159(except in the secondary ammonia structure), and all waters in
160the vicinity of these residues.

161■ RESULTS AND DISCUSSION
162In spinach PSII membranes, the relative populations of the S2
163state S = 1/2 and S =

5/2 spin isomers are sensitive to the choice
164of cryoprotectant.22,36 The typical elution buffer for Synecho-
165cystis PSII core complexes purified by Ni-affinity chromatog-
166raphy includes both 10% (v/v) glycerol and 1.2 M betaine,
167which would favor formation of the S = 1/2 spin isomer based
168on results with spinach PSII membranes.36 To test the effect of
169cyroprotectant on the equilibrium between the S2 state spin
170isomers in cyanobacteria, Synechocystis PSII core complexes
171were rigorously buffer exchanged into 1 M sucrose, 45 mM
172HEPES (pH 7.5), 11 mM Ca(OH)2, 0.5 mM EDTA, and
173 f20.03% DM (see Materials and Methods). As shown in Figure 2,
174only the S2 state multiline (g = 2) EPR signal is observed in WT
175and K317A PSII in all cases.
176Then, 100 mM NH4Cl was added to samples containing
177sucrose as a cryoprotectant, and the samples were illuminated
178 f3at 200 K. As shown in Figure 3 (spectrum A), a broad g = 4.1
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179 EPR signal is observed in WT PSII corresponding to the S2
180 state S = 5/2 spin isomer. The appearance of this signal is
181 independent of cryoprotectant choice (see Figure S2 of the
182 Supporting Information). When the sample is annealed to 273
183 K, the g = 4.1 signal is lost and the g = 2 multiline signal is
184 altered (Figure 3, spectrum B). This behavior is analogous to
185 that found in previous studies of spinach PSII membranes:
186 ammonia binding in the secondary site (outside the OEC)
187 induces a g = 4.1 EPR signal in the S2 state formed by 200 K
188 illumination, and ammonia binding in the primary site (directly

189to the OEC) causes an alteration of the S2 state g = 2 EPR
190signal upon annealing.15

191For K317A PSII, only a very weak g = 4.1 EPR signal is
192observed upon 200 K illumination (Figure 3, spectrum C).
193When the sample is annealed at 273 K, an altered S2 state g = 2
194multiline spectrum is observed that closely matches that of the
195WT (Figure 3, spectrum D). The absence of a clear S2 state g =
1964.1 EPR spectrum in K317A PSII suggests that ammonia does
197not bind to the secondary site, while ammonia is still capable of
198binding to the primary site.
199The observation of a significant decrease in the magnitude of
200the S2 state g = 4.1 EPR signal in K317A compared to that in
201WT PSII in the presence of 100 mM NH4Cl led to the
202 f4ammonia-binding model shown in Figure 4. While ammonia
203binding in the second coordination sphere of the OEC is
204competitive with that of chloride,18,19 we hypothesized that it
205does not bind at the same site. Instead, the occupancy of the
206high-affinity chloride site indirectly affects ammonia binding. As
207shown in Figure 4B, when chloride is depleted, D61 moves
208away from W1 to form an ion pair with K317.21 Ammonia can
209then bind as a hydrogen bond acceptor to W1. In K317A PSII
210(Figure 4C), chloride does not bind20 and D61 is unable to
211form a salt bridge with K317. Therefore, D61 remains a strong
212hydrogen bond acceptor to W1 and blocks ammonia from
213binding.
214To test this hypothesis, we used QM/MM calculations to
215determine an energy-minimized structure of ammonia bound in
216 f5the proposed site (Figure 5A). This structure represents the S2
217state S = 5/2 spin isomer (oxidation states IV, IV, IV, and
218III)10,37 and was prepared by removing chloride and adding
219ammonia (as neutral NH3) near W1. Intriguingly, calculations
220show that the terminal aqua ligand W1 is deprotonated by
221ammonia to form a terminal hydroxo ligand and ammonium.
222This finding is consistent with both biochemical studies that
223suggest the secondary site binding is proportional to the
224concentration of ammonia11,18 and FTIR studies that identified
225ammonium interacting with one or more carboxylate groups
226near the OEC.38

227The secondary ammonia-binding site reported here is
228adjacent to our previously reported primary ammonia-binding
229site (Figure 5B).10 As discussed above, dark-adapted WT PSII
230samples illuminated at 200 K in the presence of NH4Cl exhibit
231g = 4.1 (S = 5/2 S2 state spin isomer, ammonia bound in the
232secondary site) and g = 2 (S = 1/2 S2 state spin isomer,
233ammonia not bound in the secondary site) EPR signals. When
234the sample is annealed in darkness at >250 K, the S2 state g =
2354.1 EPR signal is lost and the S2 state g = 2 signal is altered,
236indicating that ammonia has bound directly to the OEC. In our
237models, ammonia binds to the secondary site outside the OEC
238in some fraction of centers in the S1 intermediate and is
239protonated to form ammonium. Those sites that have
240ammonia/ammonium bound advance to the S = 5/2 spin
241isomer of the S2 state upon illumination at 200 K. When the
242temperature is increased to >250 K, ammonium migrates to
243form a direct ligand to the dangler Mn4 (Figure 5), leading to
244additional 8.7 kcal/mol stabilization (see Figure S5). This
245change involves the transfer of a proton from ammonium to
246W1 and the transfer of a proton from W2 to O5.10 The Mn
247oxidation states of the OEC change from IV, IV, IV, and III (S
248= 5/2) to III, IV, IV, and IV (S = 1/2).

10

249The binding of ammonia in the secondary site is not a
250requirement of ammonia binding in the primary site, because
251the latter is not chloride-dependent.18,19 Instead, we propose

Figure 2. S2 state light-minus-dark EPR spectra of (A) WT PSII core
complexes in elution buffer [1.2 M betaine and 10% (v/v) glycerol
(pH 6.0)], (B) WT PSII core complexes in 1 M sucrose (pH 7.5), and
(C) K317A PSII core complexes in 1 M sucrose (pH 7.5). Spectra
were recorded at 6.2−6.4 K using a microwave power of 2 mW.
Unsubtracted spectra are shown in Figure S1 of the Supporting
Information.

Figure 3. S2 state light-minus-dark EPR spectra in the presence of 100
mM NH4Cl (pH 7.5). WT PSII core complexes illuminated at 200 K
(A) and then annealed to 273 K (B). K317A PSII core complexes
illuminated at 200 K (C) and then annealed to 273 K (D). Spectra
were recorded at 6.2−6.4 K using a microwave power of 2 mW.
Unsubtracted spectra are shown in Figures S3 and S4 of the
Supporting Information.
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252 that the reaction shown in Figure 5 is the most efficient
253 (lowest-barrier) route for ammonia to bind to the primary site.
254 Because the annealing step involves an elevated temperature
255 and is relatively slow (>10 s), ammonia is able to move through
256 the extensive hydrogen bonded networks connecting the OEC
257 to the lumen17 and bind to the OEC. For the case in which
258 ammonia is bound in the secondary site or the case in which it
259 must enter via a channel, its binding directly to the OEC is
260 thermodynamically driven by the >120 mV (>2.7 kcal mol−1)
261 stabilization of S2 when ammonia is bound.14

262 In conclusion, we have used mutagenesis, EPR spectroscopy,
263 and QM/MM calculations to provide the first structural model
264 of the secondary ammonia-binding site in the outer
265 coordination sphere of the OEC. Ammonia competes with
266 D1-D61 as a hydrogen bond acceptor to W1, and while its
267 binding is competitive with chloride, ammonia and chloride do
268 not bind at the same site.
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Figure 4. Proposed model of chloride-competitive ammonia binding outside the OEC. (A) Native structure of the S2 state S =
5/2 spin isomer.

10 (B)
Ammonia competes with D61 as a hydrogen bond acceptor to W1. Upon chloride depletion, D61 moves away from W1 due to formation of a salt
bridge with K317.20 (C) In K317A PSII, chloride does not bind. D61 remains a strong hydrogen bond acceptor to W1, and ammonia is unable to
bind.

Figure 5. (A) QM/MM-optimized structure of ammonia bound in the
secondary site in the S2 state intermediate of the OEC (S = 5/2 with
Mn oxidation states IV, IV, IV, and III). Above approximately 250 K,
ammonia migrates to the primary binding site (B) (S = 1/2 with Mn
oxidation states III, IV, IV, and IV).10 See Figure S5 for additional
information about primary/secondary site energetics. Selected
distances are shown in angstroms.
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428Kolossvaŕy, I., Wong, K. F., Paesani, F., Vanicek, J., Wolf, R. M., Liu, J.,
429Wu, X., Brozell, S. R., Steinbrecher, T., Gohlke, H., Cai, Q., Ye, X.,
430Wang, J., Hsieh, M.-J., Cui, G., Roe, D. R., Mathews, D. H., Seetin, M.
431G., Salomon-Ferrer, R., Sagui, C., Babin, V., Luchko, T., Gusarov, S.,
432Kovalenko, A., and Kollman, P. A. (2012) AMBER 12, University of
433California, San Francisco.

(36) 434Zimmermann, J. L., and Rutherford, A. W. (1986) Electron
435paramagnetic resonance properties of the S2 state of the oxygen-
436evolving complex of photosystem II. Biochemistry 25, 4609−4615.

(37) 437Pantazis, D. A., Ames, W., Cox, N., Lubitz, W., and Neese, F.
438(2012) Two interconvertible structures that explain the spectroscopic
439properties of the oxygen-evolving complex of Photosystem II in the S2
440state. Angew. Chem., Int. Ed. 51, 9935−9940.

(38) 441Tsuno, M., Suzuki, H., Kondo, T., Mino, H., and Noguchi, T.
442(2011) Interaction and inhibitory effect of ammonium cation in the
443oxygen evolving center of Photosytem II. Biochemistry 50, 2506−2514.

Biochemistry Article

DOI: 10.1021/acs.biochem.6b00543
Biochemistry XXXX, XXX, XXX−XXX

E

http://dx.doi.org/10.1021/acs.biochem.6b00543

