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2. The assessing rate constants of the concerted proton-electron transfer reactions

The generalized transition state theorys!** is a fundamental approach to assessing the reaction
rate of chemical reactions in proteins, the gas phase and the solution phase. Therefore, the rate
constants (k;) of the proton-coupled electron transfer reactions for all the Lys-containing a-helical

systems are estimated by the equation (1s).
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In equal 1s, E is the forward energy barrier and A * is forward activation entropy. Both are

obtained from the Gaussian 09/16 output files after the harmonic vibrational analyses at the
B3LYP/6-31+G(d,p) theory of level.

In the proton-coupled electron transfer reactions, both proton transfer and electron transfer
occur at the same time. Therefore, the rate constant (ker) of electron transfer is not be lower than or
approximately equal to the rate constant (k) of the corresponding proton-coupled electron transfer
reaction. ker be described by the semiclassical theory of the Marcus—Hush—Levich formulism
(25)5512,
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In this expression, 4 is the nuclear reorganization energy accompanying electron transfer, Hpa is
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electronic coupling matrix element between the donor and acceptor, AG, is reaction free energy,

7 is Planck’s constant, k; is Boltzmann’s constant and 7 is temperature.

In addition, the nuclear reorganization energy (1) can be obtained by the equation 3s.
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In the equation 3s, AG7 is the forward free energy barrier, which is the difference in free energy

between reactant and transition state. The reaction free energy (AG,) is the difference in free energy
between reactant and product.

Then, the electronic coupling matric element (Hap) can be rough calculated according to the
equation between k: and kgr. Therefore, we can assess the decay factor (f) of electronic coupling
matric element (Hap) with increased distance for electron transfer along the a-helix using equation
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Equation 4s’ can be changed into 4s.
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In the expression of 4s, Ar is the shortest distance between the donor and the acceptor, Hpa is
electronic coupling matrix element between the donor and the acceptor, and H, is the electronic
coupling matrix element for the case that the donor is close to the acceptor. As the Koopmans
theorem (KT) theory, the electronic coupling H ) ,is related to the energies of the frontier molecular

orbitals (MOs) using the structure of the corresponding radical, and it is estimated by equation
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Where ¢; is the energy of the singly occupied MO (SOMO) or the nth lowest unoccupied MO
(LUMO+n). SOMO is an electron donor and LUMO+n is an acceptor.
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Figure S1. The comparison of optimization results from cam-B3LYP, M06-2X, BhandLYP and
B3LYP for the the G-K!-Gg system.

To verify the reliability of B3LYP/6-31+G(d,p) for examining the PCET reactions of the
G2-K-Gn3 systems, we also carried out the other two DFT functionals, BhandLYP, cam-B3LYP and
MO06-2X, with the same basis set to optimize the reactant, transition state and product of G2-K-Ge.
The cam-B3LYP and M06-2X functionals conforms that the stable conformation for the reactant of
G2-K!-Gg¢ is the ammonium group forming two H-bonds with the main chain, in which excess
electron entirely resides at the N-terminus of a-helix. The three functionals obtained the similar
transition state structure to the B3LYP. The cam-B3LYP functional reveals that the spin density is
delocalized over both the N-terminus and the neighboring peptide bond unit in the transition state,
which is in line with the result obtained by the B3LYP optimization. However, excess electron
mainly localizes on the neighboring peptide bond unit for M06-2X and on the N-terminus for
BhandLYP. The geometrical structure and the distribution of excess electron for the product
obtained from the three functionals is consistent with the B3LYP functional. Therefore, the three
functionals reveal that the proton/electron transfer reactions of G2-K-Gs takes place through the
same vertical proton-coupled electron transfer mechanism with proton transfer from the side chain
of K to the O-atom of the neighboring peptide bond and electron transfer from the N-terminus to the
neighboring peptide bond at same time. These results indicate that the conformations of reactant is
effected by the different functionals and the most stable double-H-binding conformation is obtained
by the other DFT functionals. However, the single-H-binding conformation can not be achieved by
cam-B3LYP and M06-2X functionals. In the double-H-binding conformation of G2-K-Gg, the spin
density mainly localizes on the N-terminus of a-helix, which can be used to examine the electron
transport ability of o-helix. The forward/backward energy barrier (1.21/17.34) obtained by
BhandLYP is consistent with that (3.99/14.96) obtained by B3LYP. In reality, the energy barrier is



changed with the different functionals, some functionals give the higher energy barriers than the
B3LYP functional because of the difference in considering the long-range interactions. However, in
this work, our goal is to obtain the changing tendency in the rate constant of PCET with the increase
length of a-helix and don’t achieve the accurate energy barriers and rate constant of PCET of the

G2-K-Gyp3 and Gu3-K-G; systems.

3. Tables

Table S1. Forward Activation Entropy (A *), Reorganization Energy (1), Rate Constant (k) of the
Forward Obtained from the Transition State Theory, ET Distance along the a-Helix (), Electronic
Coupling Matrix Element (H4p) and Decay Factor of H4p with Increased Distance (f) for G2-K-Gu.3
(n=5,6,7,8,9, 11, 13).

A* A ke r Hap
(cal/mol) (eV) (Dy, s™) A) (cm™) /
G2-K-Go -13.13 1.65 3.13%10° 4.94 67.9 1.15
G2-K-G3 -6.83 1.16 1.19%10"2 6.12 131.1 0.72
G2-K-Gy -15.17 1.41 2.24x10M" 7.92 111.5 0.57
G2-K-Gs -29.47 1.13 1.46x10'" 7.75 100.1 0.60
G2-K-Gs -12.22 1.38 6.12%101'0 10.02 94.5 0.47
G2-K-Ggs -14.98 1.34 8.59x1010 12.14 97.6 0.42

G2.K-Gio -35.30 1.34 9.12x10° 15.63 73.6 0.34




Table S2. Forward Activation Entropy (A *), Reorganization Energy (1), Rate Constant (k) of the

Forward Obtained from the Transition State Theory, ET Distance along the a-Helix (7), Electronic
Coupling Matrix Element (H4p) and Decay Factor of Hsp with Increased Distance (f) for the
Proton/Electron Acceptor being the First Neighboring Peptide Bond (G2-K'-Gy.3-ts) and the Fourth
Peptide Bond (G2-K*-Gn.3-ts) with the Ammonium Group Interacting with the Main Chain via Two

Hydrogen Bonds.
AS? A kr r H,
1S (calmol)  (&V) () @ emh P
G-K!-Gs -11.28 1.27 1.51x1010 7.52 77.4 0.71
G2-K!'-Gg -10.35 1.28 5.20x10° 9.82 67.9 0.54
G»-K!-Gg -11.85 0.79 4.31x10!! 11.64 104.8 0.40
G»-K!-Gio -8.31 0.63 6.68x10!! 15.18 104.5 0.29
G12-K*-Gs -12.26 1.19 4.32x10!! 4.82 116.1 1.04
G»-K*-Gg -8.61 1.02 8.23x10!! 5.95 121.3 0.82
G»-K4-Gg -7.10 0.97 5.64x10!! 7.80 114.7 0.60
G»-K*-Giy -5.57 0.92 5.53x10!! 11.07 112.4 0.41

Table S3. Forward Energy Barriers (Ey), Backward Energy Barriers (£») and Forward Rate Constant
(k) of the PCET Reactions in the G2-K-Gn3-A and G»-K*-Gy3-A Systems with the Zero-Point

Energy Corrections.

G2-K-Go-A Go-K-Gg-A G2-K-Gs-A G2-K-Gio-A
Ef (kcal/mol) 6.25 4.53 4.59 4.52
Ey (kcal/mol) 15.79 17.37 17.56 17.68
k(s 3.05x10% 5.88x10° 6.26x10° 1.84x101°
Gr-K*-Gs-A G2-K*-Ge-A G2-K*-Gs-A G2-K*-Gio-A
Er(kcal/mol) 6.75 4.72 4.17 3.45
E (kcal/mol) 18.26 17.64 17.72 13.71
k(s 1.95%107 3.54x108 1.30x10!° 1.46x10'"!




Table S4. Forward Energy Barrier (E), Backward Energy Barrier (E5), Forward Activation Entropy
(A *), Forward Rate Constant (k;) of the PCET Reactions Obtained from the Transition State
Theory and Decay Factor (Ber) of Electronic Coupling Matric Element (Hap) with Increased
Distance for Gn3-K-Ga. Erand Ej are corrected by the Zero-Point Energies.

E Ey AS? ko p
(kcal/mol) (kcal/mol) (cal/mol) (s
G4-K-Go 3.15 22.08 -8.11 1.40x10° 1.12
Ge-K-G2 3.90 24.76 -6.37 9.45x108 1.11
Gs-K-G2 4.30 27.57 -0.17 1.10x1010 1.10
G10-K-G> 4.65 21.18 -1.01 3.96x10° 1.15

Table S5. Forward Energy Barrier (Ey) and Backward Energy Barrier (Ep) for G2-K-Gns (n=5, 6, 7,
8,9, 11, 13) with the Ammonium Group Interacting with the Main Chain via a Hydrogen Bond in
Diethyl Ether (Dielectric Constant, ¢ = 4.335) Continuum Solvents at the B3LYP/6-311+G(d,p)
Level by Using the Conductor-Like Polarizable Continuum Model (CPCM). Erand E} are corrected
by the Zero-Point Energies.

CPCM G-K-G2  G2-K-Gs  G2-K-G4 G2-K-Gs  G2-K-Gs  G2-K-Gs  G2K-Gio

Ey

(kcal/mol) -0.51 -1.14 -2.42 4.28 7.47 7.30 9.20
Ey

(kcal/mol) 15.40 16.70 16.26 24.93 26.37 26.27 23.10

Table S6. Forward Energy Barrier (£7) and Backward Energy Barrier (£») for Proton/Electron
Acceptor Being the First Neighboring Peptide Bond (G2-K'-Gy.3-ts) and the Fourth Peptide Bond
(G2-K*-Gyp3-ts) with the -NH3" Group Interacting with the Main Chain via Two H-bonds in Diethyl
Ether (Dielectric Constant, ¢ = 4.335) Continuum Solvents at the B3LYP/6-311+G(d,p) Level by
Using the Conductor-Like Polarizable Continuum Model (CPCM). Er and E} are corrected by the

Zero-Point Energies.

CPCM G-K!-Gs-ts G>-K!-Ge-ts Go-K!-Gg-ts G>-K!-Gio-ts
Ey(kcal/mol) 9.49 6.01 5.79 7.77
Ey (kcal/mol) 17.87 17.21 17.17 15.87
Gr-K*-Gs-ts Gr-K*-Ge-ts Go-K*-Gg-ts Gr-K*-Gio-ts
Efr(kcal/mol) 5.45 5.62 4.66 6.79

Ep (kcal/mol) 19.12 18.89 18.26 19.99




Table S7. Forward Energy Barrier (£y) and Backward Energy Barrier (E£p) for the G2-K-Gn3-A and
G2-K'-Gp3-A (via G2-K*-Gys-ts) Systems in Diethyl Ether (Dielectric Constant, ¢ = 4.335)
Continuum Solvents at the B3LYP/6-311+G(d,p) Level by Using the Conductor-Like Polarizable
Continuum Model (CPCM). Erand E) are corrected by the Zero-Point Energies.

CPCM G2-K-Go-A Ga-K-Gg-A Go-K-Gs-A G2-K-Gio-A
E,; (kcal/mol) 0.28 0.04 -0.08 -0.19
Ey (kcal/mol) 15.35 18.90 17.45 17.34

G2-K*-Gs-A-ts G2-K*-Ge-A-ts G>-K*-Gg-A-ts G2-K*-Go-A-ts

E, (kcal/mol) 3.31 2.34 3.79 2.26
Ep (kcal/mol) 19.71 19.84 18.57 16.65

4. The optimized structures for PCET reactions with the spin density distributions
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Figure S2. The structures of reactants, transition states, products for G»>-K-Gn.3 (n=5, 6, 7, 9, 11, 13)
and the corresponding distributions of spin densities for the initial structures with the ammonium

group interaction with the helical framework via only a hydrogen bond.




Figure S3. The structures of reactants, transition states, products for the first peptide bond acting as

proton/electron acceptors in G2-K-Gn3 (n=7, 8, 9, 11, 13) and the corresponding distributions of
spin densities for the initial structures with the ammonium group interaction with the helical

framework via two hydrogen bonds obtained at the B3LYP/6-31+G(d,p) level of theory.






G2-K!'-Gio-r G2-K4-Gio-ts

Figure S4. The structures of reactants, transition states, products for the fourth peptide bond acting
as proton/electron acceptors in G2-K-Gn3 (n=8, 9, 11, 13) and the corresponding distributions of
spin densities for the initial structures with the ammonium group interaction with the helical

framework via two hydrogen bonds obtained at the B3LYP/6-31+G(d,p) level of theory.




Gs-K-Go-r Gs-K-Ga-ts Gs-K-Grp

G10-K-Go-ts

Figure S5. The structures of reactants, transition states, products for K residing at the third residue
from the C-terminus, named as Gn3-K-G2 (n=7, 9, 11, 13) and the corresponding distributions of

spin densities obtained at the B3LYP/6-31+G(d,p) level of theory.



G2-K-Ga-A-ts




G2-K-Gio-A-r

Figure S6. The structures of reactants, transition states, products for G2-K-Gn.3-A (n=5, 9, 11, 13)
and the corresponding distributions of spin densities for the initial structures with the ammonium
group interaction with the helical framework via only a hydrogen bond. According these cases, we
examined the influence of the capping (the negative groups including the side chains of Asp, Glu)

on the PCET reactions in the G2-K-Gy.3 systems obtained at the B3LYP/6-31+G(d,p) level of theory.

G2-K*-Ge-A-r G2-K*-Ge-A-ts G2-K*-Ge-A-p



Figure S7. The structures of reactants, transition states, products for G>-K*-Gn3-A (n=8, 9, 11, 13)
and the corresponding distributions of spin densities for the initial structures with the ammonium
group interaction with the helical framework via a hydrogen bond. According these cases, we
examined the influence of the capping (the negative groups including the side chains of Asp, Glu)
on the PCET reactions in the G-K*-Gy3 systems obtained at the B3LYP/6-31+G(d,p) level of
theory.
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Figure S8. The forward energy barrier of the PCET reactions changes with increasing the number
of residues in the G2-K-Gy3 systems (n =5-13). It clearly shows that the forward energy barrier
slightly increases with the increasing residues in the helix when # is less than 9 and decreases when

n is more than 9.
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Figure S9. The changing tendences of log(k:) (A) and the decay factor (f) (B) of electronic
coupling matric element (H4p) with increasing residues for the PCET reactions of the Gn3-K-G2
systems. The slope magnitude of the log(k-) vs the number of residues (n) in a-helixes is -0.25,
indicating the rate constant of PCET is of a shallower dependence on the on the residue number in
the a-helix. “B” exhibits the slope magnitude of the electronic coupling attenuation parameter ()
with the number of residues in a-helixes is -0.05, reflecting that longer a-helix is favorable for the

PCET reaction.
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Figure S10. The changing tendence of log(k,) with the increase of the ET distance for the
two-H-binding conformation via G2-K!-Gp3-ts and G2-K?-Gns-ts in the G2-K-Gns systems.



