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Elaboration on models, methods, and mechanisms

Elaboration of steps involved in the S:Y; — S3Y, transition

General elaboration on the models: The S;Y, — S3Y,, transition was modeled by con-
sidering both the closed cubane form in the high spin state (Figure S2A, top panel) and the open
cubane form in the low spin state (Figure S2A, bottom panel), as suggested by previous find-
ings.""” The S2Y, — S3Y step is initiated from S>Y, (not shown in the figure) by oxidation of
the Tyr; to Tyr,", which couples to a proton transfer from Tyr, to His190 and formation of the
S2Y " state (Figure S2A, panel iii). In both the HS (Figure S2A, top) and LS (Figure S2A, bot-
tom) forms of S;Y,’, W3 establishes a hydrogen-bonded array via a nearby water (W) to W2,
and further via two water molecules (Wci109, Wei21) to Asp61 (Figure S2A, panel i and iv).

In the HS/close cubane form, the W3 deprotonates via Weo to W2 (Figure S2A, panel
i), which couples to the migration of W3 to Mn4 (Figure S2A, panel ii). This step leads to the
further proton transfer via the two intervening water molecules to Asp61 (Figure S2A, panel
iii), and the further formation of S3Y by re-reduction and protonation of Tyr, by His190 (Figure
S2A, top right panel, S3Y). The energy diagram of this transition is shown in panel Figure S2B,
and the optimized reaction pathway in Movie S1. The two HS energy profiles are shown in
Figure S2D, as well as in main text Figure 2A.

In the LS/open cubane form, the W3 also deprotonates via Weo to W2 (Figure S2A,
panel iv), which couples to the migration of W3 to Mn1 (Figure S2A, panel v). This step leads
to the further proton transfer via the two intervening water molecules to Asp61 (Figure S2A,
panel vi), and the further formation of S3Y, by re-reduction and protonation of Tyr, by His190
(Figure S2A, bottom right panel, S3Y;). The energy diagram of this transition is shown in panel
Figure S2C (with W3 restricted to Ca*"), Figure S2E (no W3 restrictions), and the optimized
reaction pathway is shown in Movie S2.

Effect of W3 migration: We find that the energetics of the W3-mediated proton transfer
to Asp61 is affected by the migration of W3 to Mn4/Mnl: the barrier for the initial proton
transfer from W3 to W2 increased by 8 kcal mol™! when the position of W3 was restrained to
remain on the Ca?" during the reaction (Figure S2B for HS/closed, Figure S2C for LS/open).
The migration of the W3 leads to a small conformational change of surrounding residues, par-
ticularly Arg357 and Ala344 (Figure S2G), which has been shown to be crucial for the
Mn4OsCa cluster.?

Effect of Tyr oxidation on the proton transfer reaction: To probe the effect on the
Tyr oxidation on the proton transfer from W3 to Asp61, we removed the His190/Tyr;, pair from
the DFT cluster models, and re-computed the energy profile. The removal of the Tyr/His has
almost no effect on the energy profile in the S2Y state, whereas the proton transfer barrier is
increased by around 6 kcal mol! in the S,Y" state (Figure S2F), suggesting that the reaction is
sensitive to the electrostatic effect from Tyr,/HisH". Previous studies also support that the Tyr,
oxidation has an electrostatic influence on the Mn4OsCa cluster.’

Elaboration of QM/MM MD modelling of the S:Y; — S3Y, transition
QM/MM MD simulations were performed as described in the main text methods section to
probe the effect of protein dynamics and explicit surroundings on the S;Y, — S3Y,, transition.
Due to limited (8-10 ps) QM/MM MD sampling timescale, we do not observe a spontaneous
complete proton transfer from W3 to Asp61. However, in all QM/MM MD simulations of the
S2Y," state, we observe a hydrogen-bonded water wire that is strongly oriented from W3 to-
wards Asp61 (Figure S3A, B).

In the low spin open cubane form of the S2Y" state, we observe a transient protonation
of Asp61 by W1 (Figure S3C), resembling previous observation from QM/MM MD calcula-
tions performed at the PBE+U/MM level.!%!! In another QM/MM trajectory of the same low



spin open cubane form of the S2Y,", we observe proton transfer between W1 and W3 (Figure
S3E). These findings support the effective protonic connectivity between W3 and Asp61.

The high spin closed cubane form of the S;Y." state, show that the deprotonated W3
spontaneously migrates to Mn4 (Figure S3B), similar to what we observe in the DFT cluster
models. This W3 migration leads to a shift of W4 into the vacant W3 position (Figure S3F),
while a nearby water molecule binds to Ca?*, from the so-called "water wheel"-region,'? replac-
ing the initial W4 position.

The QM/MM MD simulations of the S3Y state in both HS and LS forms, support that
the water/hydroxy ligands connected to Mn4 can rotate during the simulation, and exchange
their character (W3—-W2, W2—W1).
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Figure S1. Multi-scale molecular simulation models of PSII. (A) Open (LS, S=1/2) and closed
(HS, $=5/2) conformations of the S,Y, state. Mn'"! in purple, Mn!V in pink. See Figure S2 for
energetics. (B) DFT model used for modeling the S;Y, — S3Y, and S3Y, — S4Y,, transitions.
(C) QM/MM MD model of PSII, showing the active site (QM region) and the surrounding
protein system (MM region) (see Methods). (D) Atomistic molecular dynamics (MD) model of
PSII.



A S,Y; state S.Y, state

Lk ﬁrxi > et

v WS

by Wi
Wy,
,;x% 7
Mn3 " Mn2

HS - Closed cubane

c
©
Qa v
= A
o
c
8 Mn1
(@]
'
0]
|
17
o 1 13 o 2/ 16 . 13
L —_ 0 L 10 —
g 10 . T0 — 0 g 10 1 —3 11
g 0 SzYz. g 0 Szyz"
‘LJ S,Y; L‘u’ S,Y;
HS - closed LS - open
-10 W3 restricted to Ca?* -10 W3 restricted to Ca?*
D w Es =
~ 13 14 ~ 26 |
- o | |
5100 [TI1) o TS s1s e |
»| | 91 6 |
E | | % 8 £ ‘\ 7 s:Yz
© S.Ys| | | \ < © _ S -
S 2z | -1 — g oo SzYy' \‘ ] er7 6
o S,Yz ] o S,Y; |
-4 HS - closed -8 LS - open
-10 No restrictions -15 -10 No restrictions
F 2 G
Y G
- 13 .o :z it &
L 10 - &
g 1 1 ? 9 —Z_+6
- 51
S Sz 1 s v
X () +0 1 Ala344
w S,Yz -1
-4 HS - closed Arg357

-10 Tyr,/His190 removed

Figure S2. Structure and energetics of redox-driven proton transfer from W3 to Asp61 in the
S2Y, — S3Y, transition. (A) Molecular structures of intermediate states along the proton trans-
fer reaction from W3 to Asp61 in HS/closed cubane and LS/open cubane structures of the So Y,
and S3Y states. See more detailed description of steps i-vi in SI Elaboration of models, meth-
ods, and mechanisms. (B), (C) Energetics of the proton transfer from W3 to Asp61 in (B) HS
form and (C) LS form of S»Y, and S,Y," with W3 restricted to bind to Ca?*. (D), (E) Energetics
of proton transfer from W3 to Asp61 in the (D) HS and (E) LS form of S;Y, and S,Y ', allowing
for the migration of W3 to Mn4/Mnl (see main text Figure 2 for combined HS/LS energy dia-
gram). (F) Removal of the His190/Tyr; pair increases the proton transfer barrier by around 6
kcal mol!in the S,Y’ state (in blue), whereas the barrier remains nearly unaffected in the S>Y,
state (AE*~0 kcal mol ™). (G) Migration of W3 couples to a subtle conformational change in
Arg357 and Ala344.
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Figure S3. QM/MM MD simulations of the S2Y, — S3Y transition. (A) Snapshots of molec-
ular structures from QM/MM MD simulations showing the hydrogen bonding network between
W3 and Asp61. (B) In the S,Y " state (HS/closed: Asp61 protonated, W3 deprotonated/Asp61
deprotonated, W3 protonated in light blue/dark blue, respectively), the deprotonated W3 spon-
taneously migrates during the initial 3 ps of the simulation and coordinates to Mn4, supporting
the re-organization of the ligand water structure. (C) Transient protonation of Asp61 by W1 in
the S2Y." state. (D) In the S3Y, state, the W1-W3 water/hydroxo ligands connected to Mn4
rotate during the simulation in both HS and LS states. (E) In the S,Y," state (LS/open: Asp61
protonated, W3 deprotonated) a spontaneous proton transfer between W1 and W3 is observed,
supporting the proposed proton transfer pathway with W3 as the proton donor. F) Upon migra-
tion of W3 to Mn4 in the S3Y, HS state, W4 shifts into the vacant W3 position, while a nearby
water molecule binds to Ca?", replacing the initial W4 position. This water molecule originates
from a water cluster (time average shown in transparent blue) of the O1 channel proposed in
Ref. 13 (main text references).
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Figure S4. Atomistic MD simulations of PSII. Distance between headgroups and distance dis-
tributions of (A) the Asp61/Lys317 ion-pair (dip1) at 7=320 K, (B) the Glu65/Arg334 ion-pair
(dir2) at 7=320 K, (C) CI" and Arg334 at 7=320 K (dci, see also main text Figure 2C), and (D)
the Asp61-Lys317 ion-pair (dip1) at 7=300 K, showing similar trends as the simulations per-
formed at 7=320 K. IP1 and IP2 are anti-correlated, whereas closing of IP1 and opening of P2,
lead to a ca. 2 A increase of the dci distance. (E) In MD simulations performed after the migra-
tion of the W3 to Mnl (S3Y state), the vacant W3 position is filled by surrounding water mol-
ecules (called W5 in our DFT calculations). The figure shows the distances (dca-wx) between
the Ca®* and this exchanging water ligands (indicated in different colors). (F) Open and closed

conformations of the Lys317-Asp61 ion-pair (IP1) and Glu65-Arg334 (IP2). Hydrogen bonds
are shown as dashed lines.




Asp61/Lys317
closed—open

8 10 12

6
d (R)

B S,Y,—S,Y,' C closed—open
o% 2 332

e T,

T

"~ Y

Figure S5. Redox-driven electric field formation between His190 (HisH") and Asp61. (A) For-
mation of the Tyr, radical/cationic His190 (HisH") in the S2Y, — S>Y. transition and opening
of the Asp61/Lys317 ion-pair result in an increase in the electric field along the proton pathway
(d). While the protonation of His190 mainly affects the electric field of the first part of the
reaction (@=0-8 A), opening of the Asp61-Lys317 ion-pair, which is favored by the formation

of S2Y, increases the electric field vector along the last part of the proton pathway (d=8-12
A). (B) Differences in electric field vectors due to (B) the S,Y, — S,Y, transition, and (C) the

&

Asp61/Lys317 ion-pair opening.
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Figure S6. Energetics and structures of intermediate states of the proton transfer in the S3Y, —
S4Y, transition. The figure shows intermediate states along the W3(OH")-W6 -W2-Wc109-W1-
Asp61 pathway. Energies at B3LYP*-D3/def2-TZVP/e=4 level of theory are reported in
(kcal mol ™).
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Figure S7. Benchmarking the energetics of proton transfer from W3 to Asp61 in the S2Y, and
S2Y," states in the (A), (B) HS and (C), (D) LS states. Geometry optimizations were performed
at the B3LYP-D3/def2-SVP/def2-TZVP(Mn,Ca,Cl)/e=431¢ level of theory, and single point
energies were calculated at the B3LYP*-D3/def2-TZVP/e=4" (blue line) or B3LYP-D3/def2-
TZVP/e=4 (red line) levels of theory. (E), (F) Benchmarking the energetics of the SoY," — S3Y
transition with different density functionals, with varying amount of exact exchange (xc), with
(E) or without (F) including empirical dispersion correction. The calculations were performed
with TPSSh'¥(10% xc, purple), BALYP** (10% xc, light green), B3ALYP* (15% xc, orange),
B3LYP (20% xc, dark blue), BHLYP! (50% xc, yellow), CAM-B3LYP?° (19% short-range
xc, red; 65% long-range xc), CAMh-B3LYP?! (19% short-range xc, dark green; 50% long-
range xc), and PBE0*? (25% xc, light blue). All calculations employed the def2-TZVP basis
sets and e=4. BHLYP was used to screen the effect exact exchange, although this functional is
known to perform rather poorly on predicting the energetics. These calculations, nevertheless,
support that the final step involving a Tyr; oxidation, may have a charge transfer character. (G)
Benchmarking the effect of the dielectric constant on the reaction energetics.
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Figure S9. Comparison of XFEL structures of S3 with the current DFT model of the S;3Y (LS)
state. Structures/models: 3WU2,2> 5WS6,2* 6JLL, 6JLO>, 6W1Q-6W1V,2¢ 7RF4-7RF8,?” and

for the DFT models: Siegbahn2013,?® Batista 2016,%° Kaila 2016,* Yamaguchi 2016,3° Pantazis
2021.3!

Present Study 5Wsé6

Siegbahn 2013 Batista 2016 Kaila 2016 Yamaguchi 2016 Pantazis 2021
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Table S1. List of residues included in the DFT models and details of the modeled states.

Mn4OsCa cluster
Ligand waters (W1-W4)

Weiss, Wesi2, Wesso)

Asp61P!, Tyr161P!, His190P!, Lys317°2, Asn181P°! CI
13 crystal waters (Weo, Wei1, Wees, Wee7, Wees, Werz, Weor, Weioo, Werr, Werzs, | with  proton  removed

His332P!, Asp342P!, Ala344P! (included backbone), Leu343P! (included C and O)
Glu333P!, Asp170P!, Glul89P!, Glu354°"4 His337P! (HisH"), Arg357"+

N =212 atoms

from Asp61)

(N=211 atoms in S3Y:

(N=210 atoms in S4Y:
with proton removed

from Asp61)
State Otot Stot Oxidation states
HS Mn1(IV), Mn2(IV),
S:Y. +1 Mn3(IV), Mn4(III), Tyr,
LS Mn(IIT), Mn2(IV),
Mn3(IV), Mn4(1V), Tyr.
HS Mn1(IV), Mn2(IV),
S:Y, +2 Mn3(IV), Mn4(IID), Tyr,"
LS Mn1(I1T), Mn2(IV),
Mn3(IV), Mn4(1V), Tyr,"
S3Y; HS Mn1(IV), Mn2(IV),
(Asp61 protonated) +2 Mn3(IV), Mn4(1V), Tyr.
LS Mnl1(IV), Mn2(IV),
Mn3(IV), Mn4(1V), Tyr.
SaY. +1 LS Mn1(IV), Mn2(IV),
(Asp61 deprotonated) Mn3(IV), Mn4(1V), Tyr.
S3Y: +2 LS Mn1(IV), Mn2(IV),
Mn3(IV), Mn4(1V), Tyr.
S4Yz +1 LS Mn1(IV), Mn2(IV),
(Asp61 deprotonated) Mn3(IV), Mn4(1V), Tyrz,
W3:0*"
SoYz +1 LS Mn1(IIT), Mn2(IV),

Mn3(I1I), Mn4(III), Tyr,, O:

12



Table S2. Relative electronic energies (B3LYP*-D3/def2-TZVP/e=4) along the S,Y,/S3Y, tran-
sition (in kcal mol!).

SZYZ SZYZ. S3Yz
HS/closed 0.3 1.4 14.8
LS/open 0 0 0

13



Table S3. List of performed QM/MM MD simulations.

Nr. State Spin Length
1 S2Y: HS 10 ps
2 LS 10 ps
3 HS 10 ps
4 HS, W3 deprotonated, 8 ps

S:Y:” Asp61 protonated
5 LS 10 ps
6 LS, W3 deprotonated, 8 ps
Asp61 protonated
7 S3Yz HS 9 ps
8 LS 10 ps
Total: 75 ps

14



Table S4. List of performed atomistic MD simulations. AspH/Asp™ refer to protonated/depro-

tonated Asp61.
Nr. State Tempera- Length
ture
1 300K
2 S2Y~ 200 ns
3 320K
4 300K
5 S2Y." 200 ns
6 320K
7 300K
8 S3Y, 200 ns
9 (AspH) 320K
10 S3Y, 310K
11 (Asp?) 320K 200 ns
12 S3Y:* 310K
13 320K 200 ns
14 S4Y- 310K
15 320K 200 ns
Total: 3000 ns

15



Table S5. Frequency (in cm™) of the transition states (TS)/ saddle points obtained from DFT
reaction pathway optimization. The reported frequencies were computed at the B3LYP-
D3/def2-SVP/def2-TZVP(Mn,Ca)/e=4 level of theory.

S:Y: S:Y: — S3Y: S5Y, SsY:

HS/closed LS/open  HS/closed LS/open LS/open LS/open
TS / Saddle point 1 [cm™] -644.1 -70.3 -646.6 -124.5 -331.2 -484.9
TS / Saddle point 2 [cm™] -1108.5 -534.5 -986.5 -681.3 -588.6 -484.3

Table S6. Comparison of experimental and computational distances of the MnsOsCa cluster in
different states. The experimental errors of the refined oxygen positions are expected to be in
the range of around 0.2 A (based on the resolution of 1.9-2.4 A). Unresolved distances marked
with n/a. Models of the S,Y state marked with an asterisk.

S3Y. Mnl- Mn4-05 Ox/W3-05 O-Mnl- Mn4-W1 Mn4-W2 Ca-05
Ox/W3 Ox (deg)
Current work 1.8 1.8 24 100 2.0 1.9 3.1
3WuU2* n/a 2.4 n/a n/a 2.3 2.1 24
6JLL (2F, datasetl) 1.7 22 1.9 111 2.2 2.1 2.6
6JLO (2F, dataset2) 1.7 2.2 1.9 89 2.2 2.1 2.6
SWS6 (preflash) 2.3 2.3 1.5 103 2.2 2.1 2.5
7RF4 (2F, 50 ps)* n/a 2.0 n/a n/a 2.1 2.2 2.6
7RF5 (2F, 150 ps) 1.8 2.2 2.1 111 2.1 2.2 2.6
7RF6 (2F, 200 ps) 1.8 2.2 2.1 109 2.1 2.1 2.6
7RF7 (2F, 400 ps) 1.8 2.2 2.1 111 2.1 2.1 2.7
7RF8 (2F, 200 ms) 1.8 2.2 2.0 111 2.0 2.1 2.6
6wlq (2F, 50 ps)* n/a 2.0 n/a n/a 2.1 2.1 2.6
6wlr (2F, 150 ps) 1.8 2.3 1.9 101 2.2 2.1 2.6
6wlt (2F, 250 ps) 1.7 2.3 1.9 101 2.1 2.3 2.6
6wlu (2F, 400 ps) 1.6 2.2 2.1 102 2.1 2.2 2.5
6wlv (2F, 200 ms) 1.7 2.1 2.1 112 2.1 2.1 2.6
Siegbahn 2013 1.8 1.8 2.5 100 2.0 1.8 2.6
Batista 2016 1.8 1.8 24 101 1.9 2.2 3.0
Kaila 2016 1.8 1.9 2.5 97 2.0 1.8 24
Yamaguchi 2016 1.8 1.8 24 99 2.0 1.8 2.7
Pantazis 2021 1.8 1.8 2.5 97 2.0 1.8 2.7

Structures/models: 3WU2,% 5WS6,** 6JLL and 6JLO,” 6W1Q-6W1V,* 7RF4-7RF8,” Siegbahn 2013,”® Batista 2016, Kaila 2016,* Yama-
guchi 2016,%° Pantazis 2021.%!
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Movie S1. Proton transfer between W3 and Asp61 in the LS/open cubane form of the S2Y,
state obtained by reaction pathway optimization. The energetics along this pathway are shown
in main text Figure 2A.

Movie S2. Proton transfer between W3 and Asp61 in the HS/closed cubane form of the S;Y,’
state obtained by reaction pathway optimization. The energetics along this pathway are shown
in main text Figure 2A.

Movie S3. Proton transfer between Mnl-bound W3(OH") and Asp61 in the LS/open cubane
form of the S3Y state obtained by reaction pathway optimization. The energetics along this
pathway are shown in main text Figure 3A.
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