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1. DEFINITIONS OF PROTONATION STATES
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FIG. S1: Definition of chromophore states.
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FIG. S2: Definition of protonation states of Glu222 and His145 in Dreiklang. GLUP can exist in

two conformations: As shown or protonated on the other oxygen (GLUP2).
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2. COMPUTATIONAL DETAILS

In addition to the structures obtained by the computational protocol described in the
main manuscript, we also consider the structures from our previous study' in which we
started with 3ST2 structure and used QM /MM optimization with electrostatic embedding,
as implemented in NWChem. The QM part was described by M06-L/cc-pVDZ and the
MM part was described by the AMBER forcefield?. In these calculations', QM included
the chromophore, side chains of GIn94, Arg96, His145, Tyr203, Ser205, and Glu222, and
seven water molecules. This definition is similar to our extended QM. We note that these
model structures also included additional water molecule, which is present in 3ST3 structure
(OFF-state) but not seen in 3ST2 and 3ST4. The comparisons between the two protocols
quantify the effect of the level of theoretical treatment.

The key structural parameters two sets of structures are compared in Tables S7-S12 below

and graphically in Figs. S4 and S5.

3. FORCEFIELD PARAMETERS FOR THE NEUTRAL HYDRATED
CHROMOPHORE

To derive missing forcefield parameters (for the OFF-form of the chromophore) we fol-
lowed a protocol described in our previous work®?. The key equations and the values of the

forcefield parameters are given below.

OH

FIG. S3: From left to right: proline, chromophore in off-state, threonine.

AQ(on,chm"’rnm—qm) = Gon,charmm — qNBO(on,qgm) (1)



q(of f,charmm) — ANBO(of f,qm) + AQ(on,charrmn—qm)

E = k(b — by)?
ko heor
kofﬁparam = kff’t £ kon—charmm
on,theory
by is the equilibrium bond length.
E - ]{I(A - A0)2
ko heor
k’ioffvparam = kfﬁt Y kon—charmm
on,theory

Ajg is the equilibrium bond angle.

E = k[l + cos(ng — 0)]
where n is the phase, ¢ is the optimized dihedral angle.

koff,theory

koff,param -

L konfcharmm
on,theory
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TABLE S1: Partial charges in the OFF-state.

Atom, off on, charmm on, qm|Aq(on,charmm—qm) | Adadjusted|0ff, qm |off, charmm
C1(threonine) [0.10 0.15 ]-0.05 -0.02 0.67 ]0.69
N2 (proline)  |-0.74 -0.28 |-0.46 -0.43 -0.68 [-0.25
N3 -0.64 -0.52 |-0.12 -0.09 -0.56 |-0.47
C2 0.8 0.74 10.06 0.09 0.74 ]0.65
02 -0.61 -0.60 |-0.01 0.02 -0.63  |-0.65
CA2 0.24 0.05 ]0.19 0.22 0.12 |-0.10
CB2 -0.10 -0.09 |-0.01 0.02 -0.24 |-0.26
HB2 0.1 0.28 ]-0.18 -0.15 0.27 ]0.42
CG2 0.00 -0.11 |0.11 0.14 -0.09 |-0.23
CD1 -0.115 -0.14 ]0.025 0.06 -0.185 |-0.245
HD11 0.115 0.27  ]-0.155 -0.12 0.25 ]0.37
CD2 -0.115 -0.14 ]0.025 0.06 -0.185 |-0.245
HD21 0.115 0.27  ]-0.155 -0.12 0.25 ]0.37
CE1l -0.115 -0.27 10.155 0.19 -0.275 |-0.465
HE11 0.115 0.27  ]-0.155 -0.12 0.25 ]0.37
CE2 -0.115 -0.27 ]0.155 0.19 -0.275 |-0.465
HE21 0.115 0.27  ]-0.155 -0.12 0.25 ]0.37
CZ 0.11 0.38 |-0.27 -0.24 0.34 ]0.58
OH -0.54 -0.68 |0.14 0.17 -0.70 |-0.87
OHH 0.43 0.52  ]-0.09 -0.06 0.50 ]0.56
OT (threonine)|-0.78 -0.65 |-0.13 -0.10 -0.75  |-0.65
HT(threonine) |0.50 0.44 ]0.06 0.09 0.50 ]0.41
HH (proline) ]0.41 0.11  ]0.30 0.33 0.44 ]0.11
CA3 -0.18 -0.18
HA31 0.09 0.09
HA32 0.09 0.09
C 0.51 |- - - 0.51
O -0.51 —|— - - -0.51
N -0.47 |- - - -0.47
HN 0.31 — |- - - 0.31
CA -0.02 -0.02
HA1 0.09 0.09
HA2 0.09 0.09
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TABLE S2: Optimized bond lengths (in A) involving key atoms.

Bonds Bon charmm | Bon,opt | Bof f,opt
C1-N2 (proline)  |1.434 146 |1.45
N2-CA2 1.40 141 |1.39
N2-HH (proline) |0.997 1.02 |1.01
C1-OT (threonine)|1.42 1.40 |1.41
C1-CA 1.49 1.49 |1.53
C1-N3 1.39 1.38 |1.45

TABLE S3: Parameterization of the force constant k for bond lengths in kcal/mol/A2.

Bonds on,charmm |Kon,theory | Kof ftheory | Eof f.theory ! Kon theory |Kof f.param
C1-N2 (proline) 320 1156.50 [1226.15 |1.06 339.27
N2-CA2 400 940.00 |1257.53 |1.34 535.12
N2-HH (proline) 440 976.40 1044.80 |1.07 470.82
C1-OT (threonine)|428 847.14 |744.22  |0.88 376.00
C1-CA 354 562.25  |542.79 0.965 341.75
C1-N3 320 1156.50 |1226.15 |1.06 339.27

TABLE S4: Optimized bond angles (in degrees) involving key atoms.

Angles Aon,chm"mm Aon,opt Aof fopt
N2-C1-N3 114.0 113.99 1102.31
C1-N2-CA2 106.0 106.18 {111.21
HH-N2-C1 (proline) 117.0 111.441115.90
HH-N2-CA2 117.0 111.44|117.8

OT-C1-CA (threonine)|110.1 112.6 |110.31
OT-C1-N2 (threonine) |110.1 112.6 |107.90
OT-C1-N3 (threonine) [110.1 112.6 |111.39
N2-CA2-CB2 129.5 129.58 |130.17
N2-CA2-C2 108.3 108.73|106.54
C1-N3-C2 107.9 113.47|108.26
CA-C1-N3 (threonine) [113.5 111.6 |112.01




TABLE S5: Parameterization of the force constant k for bond angles in kcal /mol/rad®2.

Angles Eon.charmm |Kon,theory | Kof f.theory | Kof ftheory/ Kon, theory | Kof f.param
N2-C1-N3 130.0 444.28 1347.33 0.78 101.6
C1-N2-CA2 130.0 438.63 |259.98 0.59 77.05
HH-N2-C1 (proline) 35.0 89.73 79.69 0.89 31.08
HH-N2-CA2 35.0 89.73 79.69 0.89 31.08
OT-C1-CA (threonine) 75.7 232.18 [259.37 1.12 84.56
OT-C1-N2(N3) (threonine)|75.7 232.18 [259.37 |112 84.56
N2-CA2-CB2 45.8 151.23 |169.42 1.12 51.3
N2-CA2-C2 130.0 472.5 376.50 0.797 103.6
C1-N3-C2 130.0 498.24 |305.6 0.61 79.7
CA-C1-N3 (threonine) 70.0 180.72 |179.47 0.99 69.5

Angles Eon,charmm 0|6 |Kof f.theory/ Kon,theory | Kof f.param
OT-C1-N2-HH |0.16 31180|0.263 0.053
OT-C1-N2-CA2 |0.20 310 |13.83 2.213
CA-C1-N2-HH |0.16 3118010.263 0.053
HH-N2-CA2-CB2|0.16 310 10.263 0.053
HH-N2-CA2-C2 |0.20 31180(13.83 2.213
HH-N2-C1-N3 0.20 31180(13.83 2.213
CA-C1-N3-CA3 |0.16 310 10.263 0.053
OT-C1-N3-CA3 |0.16 310 10.263 0.053
CA-C1-N3-C2 0.20 31180(13.83 2.213
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TABLE S6: Parameterization of the force constant k for dihedral angles; § in degrees, k in kcal /mol.
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4. STRUCTURES OF MODEL SYSTEMS

TABLE S7: Comparison of the distances (in A) from MD and QM/MM simulations with crystal
structure 3ST4 (ON-state). The chromophore is neutral (A-form). 'md’ denotes structures aver-
aged over equilibrium MD trajectories. ’opt’ and ’opt2’ denote the QM /MM optimized structures
obtained with present protocol and with the protocol from Ref. 1, respectively.

D 3ST4 |HSE- A |HSE- A |HSD- A |HSD- A |HSP- A
GLU GLUP GLU GLUP GLU
dl |md |3.52 [3.42(0.3)]|0.10|3.96(0.8)|0.44|3.74(0.4)|0.22|3.63(0.4)[0.11|4.68(1.0) |1.16
opt |- 3.31 0.21(3.92 0.4 |3.53 0.01}4.2 0.68(3.78 0.26
opt2|— 3.45 0.07{3.50 0.02|3.49 0.03 3.46 0.06
d2 |md [2.97 [3.94(0.3)|0.97(3.44(0.3)|0.47|3.92(0.3)|0.95|3.54(0.4) |0.57{4.00(0.3) | 1.03
opt |- 3.99 1.02|2.78 0.19(4.06 1.09/2.86 0.11{4.00 1.03
opt2|— 3.46 0.49(3.09 0.12{3.44 0.47 3.49 0.52
d3 |md |2.73 [3.42(0.3)|0.69(2.77(0.1)|0.04|2.74(0.1)]|0.01{2.77(0.1)|0.04|2.74(0.1)|0.01
opt |- 2.58 0.15|2.62 0.11(2.6 0.13]2.67 0.06|2.61 0.12
opt2|— 2.77 0.04|2.85 0.12|2.80 0.07 2.81 0.08
d4 |md [3.81 [3.60(0.2)]|0.21{4.82(0.8)|1.01|3.62(0.2)]|0.19(3.91(0.3)|0.10{4.02(0.7)|0.21
opt |- 3.53 0.28(3.67 0.14|3.52 0.29|3.77 0.04|3.38 0.43
opt2|— 3.96 0.15]3.92 0.11{3.96 0.36 4.16 0.35
d5 |md |4.04 [4.38(0.4)]0.34]|4.08(0.3)|0.04|4.05(0.4)]0.01|3.86(0.3)[0.184.67(0.4)|0.63
opt |— — — — — | — | - — —
opt2|— — S — | — | — | —
d6 |md [3.64 [3.85(0.2)|0.21]3.82(0.2)|0.18|3.88(0.2)|0.24|3.87(0.2)|0.23|3.82(0.2)|0.18
opt |- 3.69 0.05|3.52 0.12|3.63 0.013.6 0.04|3.59 0.05
opt2|— 3.85 0.21(3.63 0.01/3.68 0.04 3.67 0.03
d7 |md |2.63 |V.L - 2.69(0.1)|0.06(2.71(0.1)|0.08|2.74(0.1)|0.11{3.19(0.8){0.56
opt |- 2.97 0.34(2.59 0.04|2.63 0 2.63 0 3.59 0.18
opt2|— 2.59 0.04|2.66 0.03|2.66 0.03 2.67 0.04
d8 |md [3.41 [3.18(0.2)|0.23[3.43(0.2)|0.02|3.49(0.3)|0.08|3.43(0.2)|0.02{3.6(0.3) |0.19
opt |- 3.25 0.16|3.22 0.19|3.71 0.3 |3.27 0.14|3.59 0.18
opt2|— 3.05 0.36{3.26 0.15(3.02 0.39 3.01 0.40
d9 |md |2.89 |2.92(0.2)|0.03|2.99(0.3){0.10{2.88(0.2)[0.01{2.99(0.3)|0.10|2.96(0.2)|0.07
opt |- 2.64 0.25(2.68 0.21]2.78 0.11(2.67 0.22|2.79 0.10
opt2|— 2.82 0.07]2.81 0.08(2.79 0.10 2.81 0.08
d10|md [2.69 |2.63(0.1)|0.06{2.81(0.2)|0.12]2.63(0.1)|0.06|2.78(0.2)|0.09|2.66(0.1)|0.03
opt |- 2.58 0.1112.7 0.01{2.8 0.11}2.72 0.03|2.73 0.04
opt2|— 2.67 0.02|2.75 0.06|2.67 0.02 2.67 0.02
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TABLE S8: Comparison of the distances (in A) from MD and QM/MM simulations with crystal
structure 3ST4 (ON-state). The chromophore is neutral (A-form). 'md’ denotes structures aver-
aged over equilibrium MD trajectories. ’opt’ and ’opt2’ denote the QM /MM optimized structures
obtained with present protocol and with the protocol from Ref. 1, respectively.

D 3ST4|HSE- A |HSE- A |HSD- A |HSD- A |HSP- A
GLU GLUP GLU GLUP GLU

dll|md |2.73 |V.L - 3.76(0.8)|1.03(2.9(0.2) |0.17|3.02(0.3)]0.29(2.93(0.3){0.20
opt |- 3.01 0.28]2.7 0.03|2.52 0.21]2.59 0.14|2.89 0.16
opt2|— 2.72 0.01|2.69 0.04|2.67 0.06 2.63 0.10

d12|md [3.05 |V.L - 3.06(0.3)|0.01{3.53(0.4)|0.48(3.42(0.4)|0.37{3.89(0.4) | 0.84
opt |- 3.33 0.28|2.58 0.47|2.83 0.22]2.95 0.1 |3.23 0.18
opt2|— 3.53 0.482.70 0.35|3.10 0.05 2.74 0.31

d13|md [2.89 |V.L - 2.84(0.3)|0.05|3.4(0.4) |0.51|3.41(0.6)|0.52|3.87(0.4)[0.98
opt |— - - - - - - - - - —
opt2|— — - |— — |— — |— — | —

d14|md |4.18 |2.67(0.1)|1.51|4.28(0.5){0.10{2.66(0.1)[1.52{3.48(0.4)|0.70|2.68(0.1)|1.5
opt |- 2.7 1.4814.72 0.54|2.56 1.62|4.32 0.14]2.5 1.68
opt2|— 5.06 0.88(4.38 0.3015.02 0.84 5.03 0.85
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TABLE S9: Comparison of the distances (in A) from MD and QM/MM simulations with crystal
structure 3ST4 (ON-state). Chromophore is anionic (B-form). 'md’ denotes structures averaged
over equilibrium MD trajectories. ’opt’ and ’opt2’ denote the QM /MM optimized structures ob-
tained with present protocol and with the protocol from Ref. 1, respectively.

D 3ST4|HSE- A |HSE- A |HSD- A |HSD- A |HSP- A
GLU GLUP GLU GLUP GLUP
dl |md [3.52 [3.90(0.3)|0.38/3.19(0.2)|0.33|3.57(0.4)|0.05|3.32(0.3) [0.20{3.05(0.3) |0.47
opt |- 3.66 0.14{3.39 0.13|3.39 0.13(3.47 0.05|2.88 0.64
opt2|— 3.30 0.22 3.24 0.28(3.10 0.42
d2 |md [2.97 [3.98(0.3)|1.01{3.17(0.3)|0.20|4.62(0.4)|1.65|3.13(0.2)|0.16{3.07(0.2) |0.10
opt |- 4.02 1.05(2.74 0.23]4.11 1.1412.9 0.07|2.79 0.18
opt2|— 3.47 0.50 3.49 0.523.08 0.11
d3 |md |2.73 [2.72(0.1)]0.01|2.75(0.1)|0.02|2.74(0.1)]0.01|2.72(0.1)|0.04|2.73(0.1) |0.00
opt |- 2.52 0.21|2.57 0.16|2.51 0.22]2.57 0.16|2.64 0.09
opt2|— 2.74 0.01 2.76 0.03]2.81 0.08
d4 |md [3.81 [3.78(0.3)|0.03(4.83(0.8)|1.02|3.73(0.3)]|0.08(3.97(0.3)|0.16(4.42(0.4)|0.61
opt |- 3.93 0.12{3.84 0.03|3.33 0.48]4.06 0.25]4.51 0.7
opt2|— 4.01 0.20 4.01 0.20(3.99 0.18
d5 |md [4.04 [4.22(0.2)|0.18]4.74(0.3)|0.70|4.15(0.3)|0.11|3.82(0.2) |0.22{4.14(0.3)|0.10
opt |- — - — — | — | - — -
opt2|— - - - — — — |— — |- —
d6 |md [3.64 [3.96(0.2)|0.32{3.78(0.2)|0.14]4.00(0.3)|0.36|3.84(0.2) |0.20{3.94(0.2) |0.30
opt |- 3.84 0.20|3.64 0.0 3.97 0.33]3.67 0.03(3.64 0.0
opt2|— 3.68 0.04 3.83 0.19/3.68 0.04
d7 |md [2.63 |2.79(0.2)|0.16]5.24(1.0)|2.61|2.8(0.2) |0.17|2.75(0.2)|0.12{2.79(0.2)|0.16
opt |- 2.86 0.23|5.14 2.51|2.87 0.24]2.59 0.04|2.54 0.09
opt2|— 2.74 0.11 2.68 0.05|2.63 0.0
d8 |md |3.41 |3.00(0.1)|0.41|3.86(0.5){0.45{3.01(0.1)[0.40{3.72(0.4)|0.31|3.88(0.4)|0.47
opt |- 3.19 0.22{3.29 0.12{3.47 0.06]3.23 0.18]3.51 0.10
opt2|— 3.34 0.07 3.02 0.39(3.27 0.14
d9 |md [2.89 [2.83(0.1)/0.06|2.86(0.2)|0.03|2.84(0.1)|0.05|2.84(0.1)[0.05|2.85(0.2) |0.04
opt |- 2.71 0.18|2.88 0.01|2.58 0.41(2.77 0.12]2.77 0.12
opt2|— 2.87 0.02 2.86 0.03|2.80 0.09
d10|md [2.69 |2.66(0.1)|0.03]2.8(0.2) |0.11]2.64(0.1)|0.05|2.78(0.2)|0.09|2.78(0.2)|0.09
opt |- 2.46 0.23|2.64 0.05|2.89 0.20(2.77 0.08|2.81 0.12
opt2|— 2.91 0.22 2.89 0.20|2.75 0.06
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TABLE S10: Comparison of the distances (in A) from MD and QM/MM simulations with crystal
structure 3ST4 (ON-state). Chromophore is anionic (B-form). 'md’ denotes structures averaged
over equilibrium MD trajectories. ’opt’ and ’opt2’ denote the QM /MM optimized structures ob-
tained with present protocol and with the protocol from Ref. 1, respectively.

D 3ST4|HSE- A |HSE- A |HSD- A |HSD- A |HSP- A
GLU GLUP GLU GLUP GLUP
d11|{md [2.73 [3.67(0.7)/0.94]4.54(0.8)|1.81]2.9(0.2) |0.17|2.9(0.2) [0.17|2.97(0.4)|0.24
opt |- 3.95 1.2214.11 1.38(2.66 0.07(2.74 0.01|2.76 0.03
opt2|— 2.62 0.11 2.63 0.10{2.70 0.03
d12|md [3.05 [5.41(0.3)|2.36{3.07(0.4)|0.02|3.43(0.4)|0.38|3.25(0.3)|0.20{3.33(0.3) |0.28
opt |- 3.31 0.26|2.89 0.16|3.76 0.71]2.85 0.2 |2.65 0.40
opt2|— 3.37 0.32 3.31 0.26|2.76 0.29
d13|md |2.89 [3.38(0.6)]0.49(4.73(0.5)|1.84|3.25(0.3)]0.36|2.81(0.2)[0.08|3.24(0.5) |0.35
opt |— - - - - - - - - - —
opt2|— — — |- - |- - |- — |— —
d14|md |4.18 [2.68(0.1)|1.50(4.33(0.5)|0.15|2.65(0.1)|1.53]4.1(0.4) [0.08|5.24(0.4)|1.06
opt |- 2.65 1.53|4.27 0.09|2.55 1.63|4.59 0.41(5.79 1.61
opt2|— 4.90 0.72 4.99 0.81(4.53 0.35
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TABLE S11: Comparison of the distances (in A) from MD and QM/MM simulations with crystal
structure 3ST3 (OFF-state). Chromophore is neutral. ’md’ denotes structures averaged over
equilibrium MD trajectories. ’opt’ and ’opt2’ denote the QM /MM optimized structures obtained
with present protocol and with the protocol from Ref. 1, respectively.

D 3ST3|HSE |A |[HSD |A |[HSE |A |HSD|A |HSE|A |HSD|A |HSP [A
GLU GLU GLU GLU GLU GLU GLU
P P P2 P2

dl|{md |3.35 |3.37 |0.0{3.75 [0.4|3.71 [0.3|3.68 {0.3(3.63 |0.3[3.53 [0.2]2.97 {0.4
0.3)| |05 [©6)] [02)] |05 |04)] [0.2)
opt |- 4.1 10.7/2.96 [0.4]|3.17 [0.2|4.2 |0.8]4.29 |10.9]3.48 [0.1{3.38 |0.0
opt2|— 3.58 10.213.27 |0.1 3.44 10.113.47 |0.1{3.46 |0.1
d2|md |2.46 |3.25 |0.8|3.28 [0.8]4.21 [1.7(4.53 |2.1|3.20 |0.7|3.23 |0.8|3.13 |0.7
0.2)| |02 [(©04)] [04] |02 |02)] [@©.1)
opt |— 2.8 10.3]2.85 [0.4]2.76 |0.3|2.67 |0.2|2.66 |0.2|2.67 [0.2(2.78 0.3
opt2|— 2.82 10.4]2.86 |0.4 2.62 |0.2]2.63 (0.2]2.63 |0.2
d3|md |2.85 [4.23 |1.4|4.32 [1.5|3.56 [0.7(3.49 [0.6]3.91 |1.1]3.67 |0.8|3.51 |0.7
0.6)| |04 [©3)] 03] |04 |05)] [(0.3)
opt |- 3.5 10.6/3.45 |0.6|/3.13 |0.3|3.09 [0.2|2.96 |0.1{3.03 |0.2{3.0 |0.1
opt2|— 3.17 10.3(3.17 |0.3 2.96 |0.1{2.96 |0.1]2.98 |0.1
d4|md |3.01 {2.69 |0.3|2.7 ]0.3|2.71 [0.3|2.67 |0.3]2.68 |0.3]|2.68 [0.3]|2.67 0.3
(0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1)
opt |- 2.66 [0.3]2.68 |0.3/2.66 |0.3|2.67 |0.3|2.6 |0.4|2.62 [0.4|2.61 [0.4
opt2|— 2.82 10.2(2.79 |0.2 2.80 |10.2]2.82 (0.2|2.82 0.2
d5|md |3.82 [4.13 |0.3{4.93 |1.1|4.84 |1.0(5.51 |1.7]5.66 |1.8]3.81 [0.0|4.69 |0.9
0.3)| |04 [©6)] [©07)] |05 |03)] [(0.4)
opt |— 3.6 10.2]4.12 |0.3|3.96 |0.1/4.05 [0.2{3.85 |0.0{3.79 |0.0{3.78 [0.0
opt2|— 4.16 (0.313.95 |0.1 4.02 10.24.04 |0.2|4.15 |0.3
d6|md [3.98 |3.91 |0.1|4.96 [1.0]4.62 [0.6|4.14 |0.2|4.50 |0.5|3.98 [0.0(4.44 |0.5
03y (04 |04 [03)] [(04)] [(03)] [(0.4)
opt |— - - |- - |- - |- - |- - |- - |- -

opt2|— - - |- - |— |- |- - |- - |- - |- -
d7/md [3.91 {3.98 [0.1|3.78 |0.1]3.80 |0.1|3.94 [0.0]3.99 {0.1]4.05 |0.1|4.21 |0.3
(0.3) (0.2) (0.2) (0.3) (0.3) (0.3) (0.3)
opt |- 3.68 10.23.67 |0.2|3.66 [0.2]3.74 |0.2/3.95 |0.0|3.7 ]0.2]3.67 |0.2
opt2|— 3.70 10.2{3.73 (0.2 3.72 10.2{3.69 |0.2|3.67 |0.2
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TABLE S12: Comparison of the distances (in A) from MD and QM/MM simulations with crystal
structure 3ST3 (OFF-state). Chromophore is neutral. ’md’ denotes structures averaged over
equilibrium MD trajectories. ’opt’ and ’opt2’ denote the QM /MM optimized structures obtained
with present protocol and with the protocol from Ref. 1, respectively.

D 3ST3|HSE |A |HSD|A |HSE |A |HSD|A |HSE|A |HSD|A [HSP |A
GLU GLU GLU GLU GLU GLU GLU
P P P2 P2
d8 |md [2.59 |[L.V |- |3.86 |1.3|10.4 |7.8(2.87 |0.3|L.V |- |2.64 |0.0|L.V |-
11| [(7.9)]  [(0.4) (0.1)
opt |- 2.7 10.12.71 [0.1{2.96 |0.4|2.61 |0.0|2.71 |0.1|2.83 |0.2{2.67 |0.1
opt2|— 2.7 10.1}2.67 |0.1 2.63 [0.0]2.66 |0.1]2.68 |0.1
d9 |md |2.64 L.V |- [7.28 |4.6(7.38 |4.7|3.97 |1.3|L.V |- |2.80 [0.2|L.V |-
.7 [82)] |(0.6) (0.1)
opt |- 2.71 10.1}4.36 |1.7]2.62 |0.0|2.53 [0.1|2.6 [0.0|2.62 |0.0{2.51 |0.1
opt2|— 2.65 |0.0]2.62 |0.0 2.75 10.112.67 [0.0|2.63 {0.0
d10jmd |(3.17 |L.V |- ]4.79 {1.6/9.60 |6.4|5.40 |2.2|L.V |- |3.37 |0.2|L.V |-
0.7 [83)] [(0.3) (0.4)
opt |- 4.5 [1.3|13.8 ]0.6/2.62 |0.5|2.83 [0.3]4.03 [0.9]|2.87 {0.3|2.54 |0.6
opt2|— 2.68 [0.5]3.55 |0.4 3.44 10.3|3.13 {0.0|2.75 |0.4
dll|md |2.80 L.V |- [3.95 |1.1|7.37 |4.6/2.82 |0.0|L.V |- |3.21 [04|L.V |-
(1.4) (8.6) (0.2) (0.4)
opt |— - i i - |- - |- - |- i -
opt2|— - - |- - |- - |- - |- - |- - |-
d12{md |2.67 [4.29 |1.6|4.38 |1.7|4.72 |2.0(4.64 (2.0]2.79 [0.1]|3.04 {0.4|2.62 |0.0
0.9 [©8)] [©1)] [(©05)] [©03)] [06)] [(0.1)
opt |- 3.53 [0.913.6 ]0.9|2.73 |0.1|2.71 |0.0]2.68 [0.0{2.58 0.1|2.53 |0.1
opt2|— 2.55 10.2]2.54 |0.1 2.68 0.0(2.65 |0.0|2.65 |0.0
d13|md |2.47 L.V |- [3.03 |0.6(2.78 |0.3|2.89 |0.4|4.70 |2.2|4.22 |1.7|2.81 |0.3
(0.4) (0.1) (0.2) (1.8) (1.7) (0.1)
opt |- 2.64 |10.212.69 [0.2{2.6 |0.1|2.56 |0.1|3.16 |0.7]2.56 [0.1|2.5 |0.0
opt2|— 2.65 [0.2]2.66 |0.2 2.60 0.2]2.58 |0.1]2.56 |0.1
d14|md |[4.88 [3.74 |1.1|5.18 |0.3|6.56 |1.7(6.36 [1.5|4.52 [0.4|3.69 |{1.2|4.59 |0.3
(1.2)|  [(0.9)] [(04)] [(05)] [(06)] [(1.0)] [(0.4)
opt |- 6.02 |1.1{5.95 |1.1{4.91 |0.0|5.04 |0.2|5.27 |0.4]4.76 |0.1]|4.82 |0.1
opt2|— 4.79 10.1{4.91 |0.0 5.01 [0.1}4.95 |0.1]{4.93 |0.0
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5. ANALYSIS OF EXCITED STATES
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FIG. S7: NTOs of the lowest excited states of the neutral form and different protonation states
of His145 and Glu222; TD-DFT, extended QM. Left: CT state; right: LE state; top-to-bottom:
HSD-GLU, HSD-GLUP, HSE-GLU, HSE-GLUP, HSP-GLU.
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FIG. S8: NTOs of the lowest excited states of the anionic form and different protonation states
of His145 and Glu222; TD-DFT, extended QM. Left: LE state; right: CT state; top-to-bottom:
HSD-GLU, HSD-GLUP, HSE-GLU, HSE-GLUP, HSP-GLUP. CT state is pushed to much higher

energies and disappears in QM /MM calculations.
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TABLE S13: Effect of the protein environment beyond extended QM estimated from the 21 MD

snapshots for the neutral chromophore in the ON-state. All energies are in eV; large QM.

System State TD-DFT TD-DFT TD-DFT TD-DFT TD-DFT
aug-cc-pVDZ  aug-cc-pVDZ aug-cc-pVDZ aug-cc-pVDZ  aug-cc-pVDZ
QM/MM (MD) QM only (MD) A QM only (opt)® QM/MM-corr®
HSD-GLUP CT 4.01 (0.05) 3.76 (0.17) +0.25 3.07 (0.26) 3.32 (0.26)
LE 3.49 (0.56) 3.42 (0.52) +0.07 3.49 (0.54) 3.56 (0.54)
HSE-GLUP CT 3.96 (0.10) 3.70 (0.38) +0.26 2.88(0.06) 3.14 (0.06)
LE 3.58 (0.52) 3.44 (0.30) +0.14 3.49 (0.73) 3.63 (0.73)
HSD-GLU CT 3.84 (0.10) 3.58 (0.19) +0.26 3.10 (0.13) 3.36 (0.13)
LE 3.39 (0.49) 3.30 (0.51) +0.09 3.41 (0.66) 3.50 (0.66)
HSE-GLU CT 3.93 (0.08) 3.62 (0.11) +0.31 2.81 (0.04) 3.12 (0.04)
LE 3.45 (0.56) 3.37 (0.60) +0.08 3.37 (0.77) 3.45 (0.77)
HSP-GLU CT 3.88 (0.16) 3.71 (0.12) +0.17 3.26 (0.14) 3.43 (0.14)
LE 3.56 (0.63) 3.53 (0.69) +0.03 3.56 (0.59) 3.59 (0.59)

@ A is the difference in excitation energies in QM /MM and QM only calculation evaluated using

structures from 21 MD snapshots.

® QM only excitation energies computed using ONIOM optimized structures.

¢ Extrapolated values: QM only excitation energies computed using ONIOM optimized structures

plus A correction.
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TABLE S14: Effect of the protein environment beyond extended QM estimated from the 21 MD

snapshots for the anionic chromophore in the ON-state. All energies are in eV; large QM.

System State TD-DFT TD-DFT TD-DFT TD-DFT TD-DFT

aug-cc-pVDZ  aug-cc-pVDZ aug-cc-pVDZ aug-cc-pVDZ  aug-cc-pVDZ

QM/MM (MD) QM only (MD) A QM only (opt)® QM/MM-corr®
HSD-GLUP LE  2.89 (0.91)  2.96 (0.86)  -0.07 3.01 (0.88)  2.94 (0.88)
HSE-GLUP LE 2.99 (1.02) 3.02 (0.99) -0.03 3.09 (0.95) 3.06 (0.95)
HSD-GLU LE 3.07 (0.96) 3.02 (0.90) +0.05 3.14 (0.98) 3.19 (0.98)
HSE-GLU LE 3.03(0.88) 292 (0.81)  +0.11 3.04 (0.94)  3.15 (0.94)
HSP-CLUP LE  3.14 (0.94)  3.22 (0.88)  -0.08 3.05 (0.84)  2.97 (0.84)

% A is the difference in excitation energies in QM /MM and QM only calculation evaluated using
structures from 21 MD snapshots.
b QM only excitation energies computed using ONIOM optimized structures.
¢ Extrapolated values: QM only excitation energies computed using ONIOM optimized structures

plus A correction.
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TABLE S15: Effect of the protein environment beyond extended QM estimated from the 21 MD

snapshots for the OFF-form (neutral chromophore). All energies are in eV; large QM.

System State TD-DFT TD-DFT TD-DFT TD-DFT TD-DFT

aug-cc-pVDZ  aug-cc-pVDZ aug-cc-pVDZ aug-cc-pVDZ  aug-cc-pVDZ

QM/MM (MD) QM only (MD) A QM only (opt)® QM/MM-corr®
HSD-GLUP LE 4.10 (0.44) 3.97 (0.39) +0.13 3.86 (0.41) 3.99 (0.41)
HSE-CLUP LE 3.89 (0.51) 3.88 (0.48) +0.01 3.92 (0.33) 3.93 (0.33)
HSD-GLU LE 4.12 (0.56) 4.03 (0.36) +0.09 3.69 (0.53) 3.78 (0.53)
HSE-GLU LE 3.88 (0.40) 3.79 (0.41) +0.09 3.52 (0.57) 3.61 (0.57)
HSP-GLU LE 3.89 (0.63) 3.85 (0.57) +0.04 3.85 (0.60) 3.89 (0.60)
HSD-GLUP2 LE  3.79 (0.66) 3.63 (0.59) +0.16 3.52 (0.64) 3.68 (0.64)
HSE-GLUP2 LE  3.77 (0.40) 3.74 (0.32) +0.03 3.87 (0.58) 3.90 (0.58)

2 A is the difference in excitation energies in QM /MM and QM only calculation evaluated using
structures from 21 MD snapshots.
® QM only excitation energies computed using ONIOM optimized structures.
¢ Extrapolated values: QM only excitation energies computed using ONIOM optimized structures

plus A correction.
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TABLE S16: TD-DFT excitation energies (eV) of the two lowest states of protein-bound neutral
chromophore in the ON-state with different basis sets and different size of QM region; oscillator

strength is shown in parentheses.

System State Extended QM Extended QM Extended QM Large QM
cc-pVDZ mixed basis® aug-cc-pVDZ aug-cc-pVDZ
QM only QM only QM only QM only

HSD-GLUP LE  3.43 (0.72)  3.40 (0.61)  3.39 (0.63)  3.49 (0.54)
CT 291 (0.16) 296 (0.24)  2.94 (0.22)  3.07 (0.26)
HSE-GLUP LE 3.38 (0.87)  3.34 (0.82)  3.32 (0.82)  3.39 (0.73)
CT 271 (0.03) 280 (0.05)  2.76 (0.05)  2.88 (0.06)
HSD-GLU LE 3.6 (0.73)  3.41 (0.65)  3.41 (0.66)  3.44 (0.60)
CT 3.09(0.08) 3.12(0.14) 3.10 (0.13)  3.16 (0.11)
HSE-GLU LE 3.42 (0.80) 3.38 (0.75)  3.37 (0.77)  3.48 (0.67)
CT 274 (0.03) 285 (0.05) 2.81 (0.04)  2.88 (0.02)
HSP-GLU LE 3.62 (0.65) 3.57 (0.58)  3.56 (0.59)  3.58 (0.52)
(

CT 3.26 (0.09) 3.28 (0.14) 3.26 (0.14) 3.32 (0.13)
@ mixed basis: aug-cc-pVDZ for the chromophore and tyrosine and cc-pVDZ for rest of QM.

TABLE S17: TD-DFT excitation energies (eV) of the two lowest states of protein-bound anionic

chromophore in the ON-state; oscillator strength is shown in parentheses.

System State Extended QM Extended QM Large QM
cc-pVDZ aug-cc-pVDZ aug-cc-pVDZ
QM only QM only QM only

HSD-GLUP LE  3.03 (0.86 2.95 (0.86 3.01 (0.88

HSE-GLUP LE .12 (0.98 3.04 (0.97 3.09 (0.95

HSE-GLU LE 2.89 (0.36 2.90 (0.54 3.04 (0.94

HSP-GLUP LE 2.96 (0.49 2.94 (0.64 3.05

(0.86) (0.86) (0.88)
(0.98) (0.97) (0.95)
HSD-GLU LE 3.10 (0.79)  3.12 (0.88)  3.14 (0.98)
(0.36) (0.54) (0.94)
(0.49) (0.64) (0.84)
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TABLE S18: TD-DFT excitation energies (eV) of the two lowest states of protein-bound neutral

chromophore in the OFF-state; oscillator strength is shown in parentheses.

System State Extended QM Extended QM Large QM
cc-pVDZ aug-cc-pVDZ aug-cc-pVDZ
QM only QM only QM only

HSD-GLUP LE 4.03 (0.19)  3.86 (0.41)  3.80 (0.58)
HSE-GLUP LE 3.97 (0.63)  3.92 (0.33)  3.93 (0.56)
HSD-GLU LE 4.07 (0.11)  3.69 (0.53)  3.70 (0.49)
HSE-GLU LE 3.57 (0.56)  3.52 (0.57)  3.58 (0.54)
HSP-GLU LE 3.89 (0.58)  3.85 (0.60)  3.83 (0.52)
HSD-GLUP2 LE  3.58 (0.64)  3.52 (0.64)  3.57 (0.60)
HSE-GLUP2 LE  3.95 (0.56)  3.87 (0.58)  3.83 (0.52)

TABLE S19: Excitation energies (eV) of the two lowest states of protein-bound neutral chro-

mophore in the ON-state; oscillator strength is shown in parentheses. Extended QM.

System State TD-DFT SOS-CIS(D) XMCQDPT2 XMCQDPT2* XMCQDPT2

aug-cc-pVDZ aug-cc-pVDZ cc-pVDZ cc-pVDZ aug-cc-pVDZ

/cc-pVDZ
QM only QM only QM only QM only QM only

HSD-GLUP LE 3.39 (0.63) 2.87 (1.04) 2.62 (0.50) 2.59 (0.59)
CT 294 (0.22) 3.40 (0.08) 2.98 (0.12) 3.04 (0.17)
HSE-GLUP LE 3.32 (0.82) 2.87 (0.99) 2.64 (0.57) 2.88 (0.31) 2.79 (0.41)
CT 2.76 (0.05) 3.17(0.13) 2.89(0.23)  3.09 (0.05) 2.51 (0.28)
HSD-GLU LE 3.41 (0.66) 3.10 (0.97) 2.89 (0.72)  2.85 (0.40) 2.83 (0.24)
CT 3.10 (0.13) 3.68 (0.04) 3.01 (0.03) .12 (0.03) 2.76 (0.28)
HSE-GLU LE 3.37 (0.77) 2.98 (0.94) 2.70 (0.30) 2.74 (0.56) 2.87 (0.45)
CT 2.81(0.04) 3.21(0.10) 2.98 (0.29) 3.08 (0.01) 2.59 (0.18)
HSP-GLU LE 3.56 (0.59) 3.42(0.93) 3.02 (0.14) 2.90 (0.16) 2.96 (0.26)
CT 3.26 (0.14) 4.05 (0.04) 3.10 (0.15)  2.93 (0.02) 2.94 (0.11)

@ Using structures and QM definition from the old protocol®.



523

TABLE S20: Excitation energies of the protein-bound anionic chromophore in the ON-state; os-

cillator strength is shown in parentheses. Extended QM.
System state TD-DFT SOS-CIS(D) XMCQDPT2 XMCQDPT2* XMCQDPT2

aug-cc-pVDZ aug-cc-pVDZ cc-pVDZ cc-pVDZ aug-cc-pVDZ
/cc-pVDZ
QM only QM only QM only QM-only QM-only
HSD-GLUP LE 2.95 (0.86) 2.41 (1.29) 2.30 (0.94) 2.39 (0.89) 2.16 (0.87)
HSE-GLUP LE 3.04 (0.97) 2.68 (1.41) 2.58 (0.96) 2.37 (0.93) 2.39 (0.98)
HSD-GLU LE 3.12 (0.88) 2.64 (1.34) 2.50 (0.93) 2.37 (0.92)
HSE-GLU LE 2.90 (0.54) 2.41 (1.29) 2.41 (0.90) 2.29 (0.92)
HSP-GLUP LE 2.94 (0.64) 2.43(1.23) 2.39(0.84) 2.41 (0.85) 2.27 (0.81)

@ Using structures and QM definition from the old protocol!.

TABLE S21: Excitation energies of the protein-bound neutral chromophore in the OFF-state;

oscillator strength is shown in parentheses. Extended QM.

System TDDFT SOS-CIS(D) XMCQDPT2 XMCQDPT2* XMCQDPT2
aug-cc-pVDZ aug-cc-pVDZ cc-pVDZ cc-pVDZ aug-cc-pVDZ
/cc-pVDZ
QM only QM only QM only QM-only QM-only
HSD-GLUP 3.86 (0.41) 3.98 (0.83) 4.06 (0.52)  3.79 (0.21) 3.50 (0.63)
HSE-GLUP 3.92 (0.33) 4.17 (0.79) 11 (0.53)  4.00 (0.61) 3.67 (0.58)
HSD-GLU  3.69 (0.53) 3.93 (0.76) 3.51 (0.58)  3.99 (0.66) 3.35 (0.55)
HSE-GLU  3.52 (0.57) 3.62 (0.80) 3.30 (0.63)  3.97 (0.43) 3.05 (0.55)
HSP-GLU  3.85 (0.60) 11 (0.72)  3.60 (0.55)  3.94 (0.60) 3.46 (0.60)
HSD-GLUP2 3.52 (0.64) 3.53 (0.87)  3.34 (0.52) 3.14 (0.52)
HSE-GLUP2 3.87 (0.58) 4.06 (0.78)  3.92 (0.21) 3.59 (0.54)

@ Using structures and QM definition from the old protocol®.
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FIG. S9: Excitation energies for different model systems shown against the experimental values.

Top: TD-DFT /aug-cc-pVDZ; middle: SOS-CIS(D)/aug-cc-pVDZ; bottom: XMCQDPT2/aug-cc-

pVDZ/cc-pVDZ. Extended QM.
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6. STRUCTURES OF POSSIBLE INTERMEDIATES
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FIG. S10: Two possible initial steps for Dreiklang photoconversion. Ref. 5 proposed that the
photoconversion begins by ESPT (left), forming anionic chromophore, which undergoes further
transformation. Following this route, one can consider structures X1-X4 as possible candidates for
reaction intermediate X. We propose an alternative mechanism via CT state (right). Following

this route, one can consider structures X5-X8 as possible candidates for reaction intermediate X.

We considered several structures of the intermediates. Fig. S10 shows 2 possible scenarios
for initiating photoconversion. Ref. 5 proposed that the photoconversion begins by ESPT,
forming anionic chromophore, which undergoes further transformation. Following this route,
one can consider structures X1-X4 as possible candidates for reaction intermediate X. As
explained in the main text, there are several major objections to this mechanism. We propose
an alternative mechanism via CT state. Following this route, one can consider structures
X5-X8 as possible candidates for reaction intermediate X.

Intermediate X5 corresponds to the chromophore in the CT state (Chro ™). Intermediate
X5 is the result of proton transfer to Chro—, forming neutral radical. X7 is the result of the
protonated chromophore after back-transfer of the electron. X8 is the result of the hydrated

chromophore which still has the extra electron.
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7. OPTIMIZATION AND AIMD SIMULATIONS: ADDITIONAL RESULTS
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FIG. S11: Energies of the Kohn-Sham reference state (Sp) and CT state along optimization path
(on-A-HSE-GLUP structure).
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FIG. S12: Ground and excited state during the first two steps of the reaction in CT state (on-A-
HSE-GLUP structure). Left: 1st step — proton abstraction by chromophore’s N from protonated

Glu222. Right: 2nd step — proton transfer from Tyr203 to deprotonated Glu222.



FIG. S13: Analysis of the AIMD trajectory on the CT state (on-A-HSE-GLUP structure).
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FIG. S14: Energies of the Kohn-Sham reference state (Sp) and the LE state (2nd TD-DFT state)

along the AIMD trajectory on the LE potential energy surface.
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FIG. S15: Relaxed energy profile on the ground state surface (starting from X7 intermediate) along
hydration reaction coordinate defined as W242:0-CRO:C1 distance. Zero energy corresponds to
the energy of the reference state of the structure at t=248 fs, roughly corresponding to X7. ONIOM,
wB97X-D/aug-cc-pVDZ/CHARMM?27.
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