Journal of Chemical Physics B
Supporting Information

Hydroxide lon Carrier for Proton Pump in Bacteriorhodopsin:
Primary Proton Transfer

Junichi Ono,*2 Minori Imai,2 Yoshifumi Nishimura,® and Hiromi Nakai23"

lWwaseda Research Institute for Science and Engineering (WISE), Waseda University, 3-4-1 Okubo, Shinjuku,
Tokyo 169-8555, Japan

2Elements Strategy Initiative for Catalysts & Batteries (ESICB), Kyoto University, 1-30 Goryo-Ohara,
Nishikyo-ku, Kyoto 615-8245, Japan

3Department of Chemistry and Biochemistry, School of Advanced Science and Engineering, Waseda
University, 3-4-1 Okubo, Shinjuku, Tokyo 169-8555, Japan

*Correspondence: nakai@waseda.jp

S1



Journal of Chemical Physics B

Supporting Information

H,O (OH NH; (NH
a 200 20 (OH) b 200 5 (NH)
_g 150 E 150
© ©
Q o
= 100 f = 100
> | >
o o
o 50 o 50
I} L — B3LYP/cc-pVTZ

0 1 I 1 1 0 P P SR SR S — DFTBz;miO

00 1.0 20 3.0 40 50 00 1.0 2.0 3.0 4.0 50 — DFTB2-D3/mio

r=ropt (A) r=ropt (A) —— DFTB3/30B
. ) DFTB3-D3/30B

C o HsO" (OH) d o, NH (NH) —— DFTB2/NHmod
=N =N DFTB2-D3/NHmod
3 3 | —— DFTB3/NHmod
E TS0 E 10 aa— DFTB3-D3/NHmod
3 3
= 100 f = 100 }
> >
o =2
® 50 f ® 50 f
L L

0 Lo 0 e

00 10 20 30 40 50 0.0 1.0 20 3.0 40 50

I~ Topt (A) '~ Topt A)

Figure S1. Covalent bond dissociation curves of (a) H>O, (b) NHs, (c) H30*, and (d) NH4* obtained from

B3LYP and DFTB calculations. Energies are given as relative value with respect to that of optimized

structure (r — ropt = 0.0 A).
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Figure S2. Potential energy curves for the proton transfer from methanol (MeOH) to acetate (MeCOQO")
obtained from B3LYP and DFTB calculations with the fixed distances between the donating and
accepting oxygen atoms of (a) 2.8, (b) 2.9, (c) 3.0, and (d) 3.1 A. Also shown are the schematic

illustrations of the values of the reaction coordinate (RC) for (e) 0.0, (f) 0.5, and (g) 1.0. Energies are
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given as relative value with respect to that of optimized structure at RC = 0.
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Figure S3. Hydrogen bond dissociation curves of (a) water dimer, (b) ammonia dimer, and (c) water

ammonia dimer obtained from B3LYP and DFTB calculations. Energies are given as relative value with

respect to that of optimized structure (r — rop = 0.0 A).
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Figure S4. lonic hydrogen bond dissociation curves of (a) hydronium water dimer, (b) ammonium
ammonia dimer, () ammonium water dimer, and (d) methanol acetate dimer obtained from B3LYP and
DFTB calculations. Energies are given as relative value with respect to that of optimized structure (r —
Fopt = 0.0 A).
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Figure S5. Representative time series of (a) the distances between the O/N and O atoms and (b) those
between the H and O atoms for the hydrogen-bond pairs in the active site related with the Grotthuss-like
proton transfer reactions in path 1 obtained from DC-DFTB-metaD simulations for IBRM starting from

the 5H2K structure. The deprotonation of SB occurred at ~19.6 ps immediately followed by the
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Figure S6. Representative time series of (a) the distances between the O/N and O atoms and (b) those

between the H and O atoms for the hydrogen-bond pairs in the active site related with the Grotthuss-like

proton transfer reactions in path 2 obtained from DC-DFTB-metaD simulations for IBRM starting from

the 5H2K structure. The deprotonation of SB occurred at ~21.5 ps immediately followed by the
protonation of Asp85 via Wat452 and Thr89.
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Figure S7. Time series of the distances between the H and O atoms for the hydrogen-bond pairs in the

active site related with the Grotthuss-like proton transfer reactions in path 3 obtained from 14 DC-DFTB-

metaD simulations for IBRM starting from the 5H2K structure.

S8



Journal of Chemical Physics B
Supporting Information

 af | |
Figure S8. Representative snapshots of the irrelevant proton transfer from SB to the backbone carbonyl
group of Thr89 observed in the DC-DFTB-metaD simulations starting from 5H2L or 5SH2M.
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Figure S9. Two-dimensional probability distribution functions for the hydrogen-bond (HB) distance and
the HB angle between SB and Wat452 obtained from the last 10-ps trajectories in the 50-ps unbiased
DC-DFTB-MD simulations at the initial state of the primary proton transfer in IBRM for (a) 5B6X, (b)
5H2K, (c) 5H2L, and (d) 5H2M. Note that the times in parentheses are the same as those in Figure 1.
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Figure S10. Two-dimensional probability distribution functions for the hydrogen-bond (HB) distance
and the HB angle between SB and Thr89 obtained from the last 10-ps trajectories in the 50-ps unbiased
DC-DFTB-MD simulations at the initial state of the primary proton transfer in IBRM for (a) 5B6X, (b)
5H2K, (c) 5H2L, and (d) 5H2M. Note that the times in parentheses are the same as those in Figure 1.
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Figure S11. Two-dimensional probability distribution functions for the hydrogen-bond (HB) distance

and the HB angle between Thr89 and Asp85 obtained from the last 10-ps trajectories in the 50-ps

unbiased DC-DFTB-MD simulations at the initial state of the primary proton transfer in IBRM for (a)
5B6X, (b) 5H2K, (c) 2H2L, and (d) 5H2M. Note that the times in parentheses are the same as those in

Figure 1.
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Figure S12. Two-dimensional probability distribution functions for the hydrogen-bond (HB) distances
and the HB angles between (a) Wat452 and Thr89, (b) SB and Wat452, (¢) SB and Thr89, and (d) Thr89
and Asp85 obtained from the unbiased DC-DFTB-MD simulations for IBRM starting from the 5H2K
structure without Wat401.
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Figure S13. Converged images of the primary proton transfer in (a) IBRM and (b) EBRM models along

the MEPs calculated using DC-DFTB climbing image NEB calculation with N = 3. RC is an abbreviation

of reaction coordinate.
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Figure S14. Converged images of the primary proton transfer in (a) IBRM and (b) EBRM models along
the MEPs calculated using DC-DFTB climbing image NEB calculation with N = 4. RC is an abbreviation

of reaction coordinate.
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Figure S15. Converged images of the primary proton transfer in (a) IBRM and (b) EBRM models along
the MEPs calculated using DC-DFTB climbing image NEB calculation with N = 5. RC is an abbreviation

of reaction coordinate.
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Figure S16. Converged images of the primary proton transfer in (a) IBRM and (b) EBRM models along
the MEPs calculated using DC-DFTB climbing image NEB calculation with N = 6. RC is an abbreviation

of reaction coordinate.

S17



Journal of Chemical Physics B
Supporting Information

° ]

1 b
b

CRAR AR

RC = 0.00 RC =0.10 RC = 0.21

RC = AO.66 RC = -0.88 RC =1.00

" RC =069

RC=000 RC=013 RC=023 RC=035 RC=049
§§

VoY,
¥ oW 9
S

" RC=081 RC=090 RC =100

N\

Figure S17. Converged images of the primary proton transfer in (a) IBRM and (b) EBRM models along
the MEPs calculated using DC-DFTB climbing image NEB calculation with N = 7. RC is an abbreviation

of reaction coordinate.
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Figure S18. Converged images of the primary proton transfer in (a) IBRM and (b) EBRM models along
the MEPs calculated using DC-DFTB climbing image NEB calculation with N = 8. RC is an abbreviation

of reaction coordinate.
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