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Figure S1. Dark subtracted X-band CW EPR of the S, state of the D1-D61A mutant and WT*
from Synechocystis and spinach (BBY membranes) in the presence (top traces) and absence
(bottom traces) of ammonia. Signals appearing at c.a. 90 mT are assigned to the quinone-ferric
iron complex (Fe’'Q,) that is often observed in samples containing PPBQ following low
temperature illumination and subsequent annealing. Signals appearing at c.a. 215 mT are
assigned to partial oxidation of cytochrome b559 due to the low temperature illumination (170
K) used in these experiments. The field position corresponding to g = 4.1 is indicated to show
where the high-spin (§ = 5/2) S, signal would appear if present, and the field position
corresponding to g = 2 is also indicated corresponding to the § = 1/2 S, multiline signal.
Acquisition parameters: microwave frequency = 9.392 - 9.396 GHz; temperature = 7 K;
microwave power = 200 pW; modulation amplitude = 0.5 mT; conversion time = 82 ms.
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Figure S2. X-band 3-pulse ESEEM of the '"N-ammonia-bound S,-state (blue) and untreated S,-

state (red) in BBY membranes prepared from spinach in protiated solvent. Acquisition

parameters: microwave frequency = 9.336 GHz; magnetic field = 336.8 mT; temperature = 4.5
K; /2 MW pulse length = 12 ns; Tyt = 40 ns; T = 208 ns; rep. time = 5 ms.
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The net dipolar contribution of each proton listed in Table S1 was calculated from
relevant DFT, QM/MM, and X-Ray structures. Each of the four Mn----'H dipolar terms are
scaled by the respective spin-projection factors reported in Lohmiller et al.,' transformed into a
common reference frame, and summed to yield the net dipolar contribution. Simulations were
constructed utilizing the salt and saffron routines from the EasySpin toolbox”” for '"H ENDOR
and “H ESEEM respectively. The H HFI was computed by scaling the "H HFI by the ratio of the
gyromagnetic ratios (i.e. yop/yin = 0.154). Simulations included nuclear quadrupole parameters
(n = 0.1 and ¢’Qq = 0.22 MHz) for each deuterium nucleus based on previously reported
values.*” An isotropic HFI of 2 MHz was included for ligands bound to Mn4A, based on
previously reported values.® A range of isotropic HFI for O5 (+ 10 MHz, the width on the +NHj
ENDOR envelope) are shown in Figure S8.
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Figure S3. Q-band 'H Davies ENDOR of the S, state in absence (left and middle) and presence
(right) of ammonia. Left: simulation parameters utilizing coordinates from Shen et al.” Middle:
simulation parameters utilizing coordinates from Askerka et al.® Right: simulation paramters
utilizing coordinates from Askerka et al.’
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Figure S4. X-band CW of the S, state in the presence (top traces) and absence of ammonia
(bottom traces) after annealing at 250 K. Experimental dark-subtracted traces are shown in black,
while simulations using the parameters found in Table 2 are shown in red. Acquisition
parameters: microwave frequency = 9.39 GHz; temperature = 7 K; MW power = 200 pW; mod.
amp. =5 G; conv. time = 82 ms.
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Figure S5. Pseudomodulated Q-band 'H Davies ENDOR of the S, state in spinach. Black: in the
absence of ammonia. Blue: in presence of ammonia after annealing at 250K.
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Table S1. Agp 'H HFI Values (MHz) calculated using multipole point-dipole approximation

based on structures from experiment, DFT, and QM/MM. Blue: exchangeable protons. Black:

non exchangeable protons.

Lohmiller + NH3 Lohmiller -NH3 Askerka +NH3 Askerka -NH3 Shen -NH3

NH3a -4.26|-3.92| 8.18 - -5.32 | -4.57| 9.89 - -

NH3b -4.83 | -3.69 | 8.52 - -5.81 [-4.31] 10.12 - -

NH3c -4.52 | -4.11 | 8.62 - -4.76 | -4.42| 9.18 - -
Wila - -4.791-3.65| 844 | -427 |-3.86| 8.13 | -5.55| -4.25|9.80 | -4.09 | -3.30 | 7.39
W1b - -4.76|-438  9.14 | -4.15 | -3.69| 7.84 | -5.02 | -4.59|9.61 | -3.93 [ -3.46 | 7.39
W2a -5.10| -3.97 9.07 | -5.88 | -4.84 [ 10.72 | -5.73 | -3.80| 9.53 | -4.79 | -3.60 | 8.39 | -4.80 [ -3.61 | 8.42
W3a -1.76 | -0.24 | 2.00 | -1.97 | -0.47 | 2.44 | -3.27 | -0.53| 3.80 | -2.11 | -0.62 | 2.72 | -3.13 [ -0.40 | 3.54
W3b -1.321 0.03 [ 1.29| -1.37] 0.15 | 1.22 | -1.46 | 0.31 | 1.14 | -1.42| 0.01 | 1.41 | -1.49( 0.15 | 1.34
W4a -0.93 | -0.14 | 1.08 | -0.93|-0.08 | 1.00 | -1.04 |-0.28 | 1.31 | -1.03 | -0.18 | 1.22 | -1.28 | -0.23 | 1.51
W4b -1.74 1 -0.24 [ 1.98 | -1.71 | -0.15 [ 1.86 | -1.95 | -0.33| 2.27 | -1.86| -0.33 [ 2.19 | -1.25( 0.08 | 1.18
His332a |-5.10| -2.00| 7.09 [ -4.96 | -1.61 | 6.57 | -4.73 |-1.97| 6.70 | -4.53 | -1.46 [ 5.99 | -5.09 | -1.42 | 6.51
His332b |[-4.57| -4.15|8.71| -4.31|-3.88 | 8.20 | -4.53 | -3.91( 8.50 | -4.47 | -3.90 | 8.37 | -3.73 | -3.23 | 6.96
His337a |-1.83|-0.80 | 2.63 | -1.81|-0.68 [ 2.49 | -2.03 | -0.50 | 2.53 | -1.83 | -0.69 | 2.52 | -1.94 | -0.53 | 2.48
His337b |[-3.18| 0.46 | 2.72| -3.21| 0.52 | 2.68 | -2.14 | 0.24 | 1.90 | -2.48 | 0.23 | 2.25|-1.91 0.24 | 1.67
CpArg357a | -6.15| 0.94 | 5.21| -6.57| 0.90 | 5.67 | -3.82 | 0.16 | 3.67 | -4.75| 0.81 | 3.94 [ -4.76 | 0.48 | 4.27
CpArg357b | -1.89| 0.33 | 1.56 [ -2.05| 0.31 | 1.74 | -1.55 |-0.07 | 1.62 | -2.11| 0.65 [ 1.45 [ -1.91| 0.51 | 1.40
CpArg357c | -2.77 | 0.75 | 2.02 | -2.63 | 0.60 | 2.03 | -2.31 | 0.71 | 1.60 | -2.19( 0.26 | 1.93 | -2.09 | 0.20 | 1.90
CpArg357d | -1.37| 0.49 | 0.88 [ -1.33| 0.45 | 0.89 | -0.79 | 0.21 [ 0.59 [ -0.72| 0.20 [ 0.51 [ -0.75| 0.21 | 0.54
Ala344 |(-1.02] 0.29 | 0.73 | -1.03 | 0.33 | 0.70 -- - -1.07 | 0.26 | 0.81
Glu333a |-1.34( 0.18 | 1.16 | -1.44 [ 0.18 | 1.26 -- -141]-0.26 [ 1.68 | -1.26 | -0.17 | 1.43
Glu333b |-1.22|-0.13| 1.34 | -1.34|-0.21 | 1.55 -- -1.571-0.01 | 1.58 | -1.38 | 0.21 | 1.17
Glul89a |-1.27|-1.05|2.32|-1.20-0.96 | 2.16 | -1.37 [-1.19| 2.56 | -1.45| -1.24|2.70 | -1.36 | -1.16 | 2.51
Glul89% |-1.79| -1.61| 3.40 | -1.68|-1.49 | 3.17 | -1.84 | -1.58 | 3.42 | -2.01 | -1.67 | 3.68 | -1.74 | -1.51 | 3.24
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Figure S6. X-band 3-pulse ESEEM of the untreated S,-state (black) with DFT and QM/MM
based simulations (colored).
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Figure S7. Model from Lohmiller et al. depicting waters within ~5 A of the OEC.
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Figure S8. X-band 3-Pulse ESEEM simulations of the “Carousel” model of Askerka et al. using
Aiso values of + 10 MHz. 'H Aiso values shown in figure captions are multiplied by
gyromagnetic ratios for ’H and 'H (i.c. Yau/via = 0.154) to yield the resultant 3-Pulse ESEEM

simulations.
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The magnetic parameters of the ammonia nitrogen bound to the OEC (Table S2) were
determined by simulation of the corresponding X-band ESEEM spectra (Figure S9). In our re-
evaluation of the coupling constants determined for ammonia bound to spinach PSII, we
achieved a better fit of the data by decreasing the electric field asymmetry parameter # from
0.59'" to 0.402 and by adding significant rhombicity to the '*N hyperfine anisotropy (cf. Aaniso =
[-0.20, —0.20, +0.40] MHz determined previously10 to Aaniso = [—0.37, +0.44, —0.07] MHz from
the present work). This change brings the value for 7 more in line with those determined for
ammonia-treated PSII from 7. elongatus (3 = 0.47)"" and Synechocystis (5 = 0.40)'?, indicating
that the ammonia nitrogen nucleus experiences a similar electrostatic environment in PSII from
all three organisms. In particular, the '*N ESEEM spectra for NH; bound to the S, state in PSII
from spinach were indistinguishable from those obtained for WT* PSII from Synechocystis (see
Figure S9 and corresponding simulation parameters in Table S2).

As we reported previously,'? mutation of D1-Asp61 to alanine in Synechocystis collapses
the electric field asymmetry parameter ( = 0.042) as one would expect for a Cs,~symmetric
terminal ammonia ligand. Thus we concluded that the large asymmetry observed for native PSII
preparations results from a strong hydrogen bond between the carboxylate of Asp61 and one of
the ammonia protons. As the X-ray structures of PSII from Thermosynechococcus vulcanus
show Asp61 as forming a hydrogen bond with W1 bound to Mn4A (Figure 1A),” we concluded
that ammonia must be binding in place of W1. Given the similar '*N-ammonia HFI and NQI
parameters (Table S2), the interaction between NHj;, Mn4A, and Asp61 in the ammonia-bound
S, state is likely identical in PSII from all three organisms.
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Figure S9. X-band three-pulse ESEEM of the natural abundance '“N-ammonia-bound S,-state in
the D1-D61A mutant (left-hand panels), WT* (center panels) and BBY membranes prepared
from spinach (right-hand panels). For each, the top panel shows the time-domain data after
subtraction of a biexponential decay function, and the bottom panel displays the Fourier
transform of each time trace using cross-term averaging. Black traces represent the experimental
data, while red traces represent the simulated spectrum using the simulation parameters in Table
3. Acquisition parameters: microwave frequency = 9.319 GHz (D1-D61A), 9.329 GHz (WT¥*),
9.313 GHz (Spinach); magnetic field = 335.5 mT (D1-D61A), 336.4 mT (WT*), 336.0 mT
(Spinach); temperature = 4.5 K; n/2 MW pulse length = 12 ns; repetition time = 5 ms.

Table S2. "“N HFI and NQI Parameters for NH; Bound to the OEC in the S, State.

Species Ao A,,-(MHz) eqO0lh g A and P Euler Ref.
(MHz) (MHz) angles (a,B,y)°

Spinach 2.33 [1.96 2.76 2.26] 1.616 0.402 (5,98 110) This work
Spinach 2.29 [2.09 2.09 2.69] 1.61 0.59 (0, 0, 0) 10

WT* 2.33 [1.96 2.76 2.26] 1.616 0.402 (5,98 110) 12
Synechocystis

T. elongatus 2.36 [2.77 2.62 1.69] 1.52 0.47 Not reported u

D61A 2.36 [1.982.78 2.31] 1.536 0.042 (13,51, 148) 12
Synechocystis
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