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Abstract

Histidine (an imidazole-based amino acid) is a promising building block for short aro-
matic peptides containing a proton donor/acceptor moiety. Previous studies have
shown that polyalanine helical peptides substituted at regular intervals with histidine
residues exhibit both structural stability as well as high proton affinity and high
conductivity. Here, we present first-principle calculations of non-aqueous histidine-
containing 310-, a-, and w-helices and show that they are able to form hydrogen-
bonded networks mimicking proton wires that have the ability to shuttle protons via
the Grotthuss shuttling mechanism. The formation of these wires enhances the sta-
bility of the helices, and our structural characterizations confirm that the secondary
structures are conserved despite distortions of the backbones. In all cases, the helices

exhibit high proton affinity and proton transfer barriers on the order of 1-4 kcal/mol.

Award Number: HRD-1547830 Zero-point energy calculations suggest that for these systems, ground state vibra-

tional energy can provide enough energy to cross the proton transport energy bar-
rier. Additionally, ab initio molecular dynamics results suggests that the protons are
transported unidirectionally through the wire at a rate of ~2 A every 20 fs. These
results demonstrate that efficient deprotonation-controlled proton wires can be

formed using non-aqueous histidine-containing helical peptides.

1 | INTRODUCTION

Over the past decade, proton transport has been extensively studied because of its many applications in the development of new technological
devices. In particular, understanding proton transport permits the design of new materials that can be used for the construction of more effective
proton exchange membranes (PEM) in fuel cells. Current PEM technology involves the use of expensive perfluorinated membranes. Two main lim-
itations arise when using these membranes: (i) proton conductivity is heavily affected by the water content, which is in turn affected by the rela-
tively high temperatures where fuel cells operate, and (ii) upon membrane degradation perfluorinated compounds, which are toxic and
bioaccumulate, are released into the environment [1, 2]. The development of alternative and more environmentally friendly proton-conducting
materials that can form proton wires and operate through a non-aqueous and non-solvent mediated mechanism are thus relevant. Conventional
fuel cell designs show that, to be effective, proton conduction should happen quickly, selectively, and unidirectionally. The design of these new
PEM materials then requires a fundamental understanding of how the protons might migrate through the structure in a non-solvent-mediated
mechanism.

Amphiprotic molecules, which act as both proton donor and proton acceptor moieties (where protons can translocate from one part of the
molecule to another), permit the transport of protons through a material independently of a solvent. The mechanism proposed for this proton

translocation is called the Grotthuss shuttling mechanism (GSM) [3-5]. Here, protons typically translocate along a chain of hydrogen-bonds
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(H-bonds) formed by the amphiprotic molecules, with the formation and cleavage of H-bonds occurring between neighboring molecules separated
by distances of ~5-6 A [6]. These structures can then effectively act as non-aqueous proton wires. The rate of proton migration depends on the
details of the energetics defined by a translocation coordinate between the molecules donating and accepting the protons. Previous computa-
tional work by Viswanathan et al. has shown that non-aqueous tethered hydrogen-bonded chains formed of HX (X = imidazole, triazole, formic,
sulfonic, or phosphonic acids) tend to be stabilized by strong H-bonds (up to 12 kcal/mol), with bond strength correlated to the proton affinity
[6]. In addition, they predicted that interdigitated wires would produce faster conduction than linear wires for tethered imidazole- and triazole-
based proton wires.

Recently, experimental studies have shown the development of non-aqueous materials by the addition of amphoteric species to well-known
proton conducting membranes. Li et al. designed and synthesized a new polybenzimidazole (Tp-DADMB) anhydrous proton conducting material
with a two-dimensional microporous structure [7]. This material was loaded with imidazole molecules in its nano-space and exhibited a proton
conductivity of 2.4 x 1073 S/cm at 130°C, making it suitable for use in the PEM. Sen et al. studied thermally stable Nafion-based proton-
conducting anhydrous composite membranes under high temperatures composed of Nafion/1H-1,2,4-Triazole, Nafion/3-amino-1,2,4-triazole,
and Nafion/5-amino-tetrazole [8]. They found that these systems have high proton conductivity (10~ S/cm) at 180°C in the anhydrous state.

The amino acid histidine (His, an amphiprotic species) possesses proton donor/acceptor capabilities via the two nitrogen atoms (N) in the
imidazole ring. Moreover, His-containing materials can be synthesized in helical secondary structures, which could favor the formation of proton
wires. Additionally, the macroscopic electric dipole moment that helical peptides possess could facilitate the unidirectional proton translocation
through the amphiprotic side chains of the peptides.

Although several molecular modeling studies have shed light on proton transport in bulk and confined water, very little is known about the
fundamentals of proton conduction in non-aqueous systems [9]. We have previously reported [10] ab initio calculations on three 21-residue heli-
cal His-containing peptides forming 31o-, -, and n-helical secondary structures and found that all helices are stable and possess high proton affini-
ties. Further, we concluded that the Grotthuss-shuttling proton transfer mechanism could occur with barriers ranging from 2 to 5 kcal/mol. The
present study is a comprehensive extension of our previous work. In our prior study, we established that proton transfer was possible in a
21-residue His-containing peptide in 310-, a-, and n-helices but provided no structural, mechanistic, nor dynamical details. Here, we gain deeper
insight into the fundamental requirements of proton transfer for His-containing peptides of varying lengths for the same 34¢-, a-, and n- second-
ary structures. While it is known that o-helices are the common helical secondary structure, it has been shown that certain amphiprotic moieties
self-assemble into composites that resemble 315- and n-helices [11]. Hence, there is a need to consider these secondary structures (Figure S1). In
this study, we are modeling the proton-conducting capabilities of non-aqueous proton wires built from various His-containing helical peptides
with different characteristics, that is, size/length and secondary structure. We characterize in detail the translocation of a proton through His-
based helical peptides and demonstrate that the proton translocation is fast and occurs potentially unidirectionally (a translocation of 2 A approxi-
mately every 20 fs in the direction of the helical axis). Moreover, this work establishes the parameters required for the design of proton wires by
better understanding what controls proton adsorption, diffusion, and desorption.

2 | COMPUTATIONAL METHODS

The proton-conducting capabilities of three major helical polypeptide chains formed from a-amino acids were investigated under non-aqueous
conditions, with all calculations being done in the gas phase. Understanding proton transfer through a non-aqueous wire requires a fundamental
understanding of (1) proton affinity, (2) deprotonation, and (3) diffusion through the wire, in each case with no implicit or explicit solvent. We
focus on the making and breaking of H-bonds, which from a computational point of view are accurately described by ab initio calculations [11,
12]. We began by optimizing all structures and possible transition states studied in order to construct the potential energy landscapes for proton
translocation. The relative stability of each structure is estimated by calculating the energy required to form the wire from the constituent starting
components, and the difference in energy between the pure alanine (Ala) and the His containing peptides is then defined as the wire energy (WE).
Finally, we look at the dynamics of proton transfer and the possibility of unidirectional proton translocation using ab initio molecular dynamics.

The helices were constructed by substituting His at regular intervals in three different poly-Ala helical peptide chains. Specifically, the follow-
ing 18 helices were built: (i) 310-helices with sequence Alag(His-Alay),, (x = 2-7), (i) a-helices with sequence Alay(His-Alag),HisAla,, (y = 1-6), and
(iii) m-helices with sequence Alay(His-Alas),HisAlas, (z = 1-6). These sequences were chosen because of the well-known fact that helical poly-Ala
are stable systems.

The 18 initial unprotonated helical structures were generated using BIOVIA Discovery Studio 3.5 [13]. The secondary structures of each helix
were confirmed by computing the phi (@) and psi () angles, that is, 310- with ¢ = —74 and y = —4°, - with ¢ = —57.8 and y = —47°, and n-with
@ = —57.1and y = —69.7°. The N-terminus was capped with an acetyl group, and the C-terminus with an NH, group, thus rendering uncharged
peptides. The structures are constructed so that the side chains of the rotamers are aligned to be parallel to one other, which is the least biased
structure with respect to the formation of the wire. We called these systems the initial helical structures, and in Figure S1 an example of the three

type of helixes containing seven His residues are shown.
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All structures were computationally studied using the two-layer ONIOM formalism where a hybrid approach was implemented by combining den-
sity functional theory (DFT) and a semi-empirical molecular orbital method, that is, the His-side chains where proton transport occurs were treated using
B3LYP with the 6-311G(d,p) basis set, and the rest of the system was modeled using the semi-empirical AM1 method. Within this hybrid B3LYP/AMI
approach, the total energy of the system for each helical peptide was calculated by adding the energy of the different components of the layers:

E= E, + Epieet — et (1)
in which low and high refers to AM1 and B3LYP/6-31G(d,p) methods, respectively, and full and subset refers to the partitioning of the system,
that is, full is the entire peptide chain, and the subset is the His-side chains (8-carbon, hydrogens on the $-carbon, and the imidazole). For each
unprotonated helix, the lowest energy structure was obtained by doing a full geometric optimization in the vapor phase. Specifically, the 3N — 6
(N = number of atoms) internal coordinates were optimized using the constructed initial helical structures.

A harmonic vibrational analysis was then performed on the optimized structures obtained to ensure that a minimum in the potential energy
landscape (PEL) was identified. Additionally, the zero-point vibration energy (ZPE) was obtained from this harmonic vibrational analysis. All calcu-
lations were performed using Gaussian 09 [14].

To characterize the structure of the helices considered, various properties were calculated using the TRAJELIX module within the SIMULAID [15, 16].
Quantities computed include the length of the helices per residue (LEN), turn angle per residue (TPR), and root mean square (RMS) deviation with respect
to the initial helical structure. The LEN of the helix was measured by considering the first amino acid residue from the N-terminus to the last residue with-
out caps on the C-terminus. The calculation output from TRAJELIX was validated by comparing the RMS and TPR values of the initial helical structures
with the reported values from Mezei et al. [15] In addition, we calculated the bend angle of each helix, and used the initial helical structure with zero
degrees of bending as reference. The bend angle was computed in the following way. The helix was divided into two segments; the first half started from
the N-terminus and was aligned with the initial helix. The number of residues forming this first half was determined by minimizing the root mean square
deviation (RMSD) with respect to the initial helix. For example, when aligning the optimized unprotonated 34o- helix with 7 His residues, Alas(His-Alay),
with its initial reference, we visually noticed using PyMOL [17] that helical bending occurred around the 16th amino acid residue. We selectively aligned
segments composed of (i) residue 2-15, (i) residue 2-16, and (jii) residue 2-17, with the corresponding segments of the reference, and obtained RMSD
values of 2.1, 1.5, and 2.1, respectively. Hence, the first segment was defined from residues 2-16. The second segment was defined to be the remaining
amino acids of the sequence (in the given example, it was residues 17-24). After defining the two segments of the peptide, the coordinates of the helical
axis (S and E coordinates as calculated by TRAJELIX)) were obtained for the two segments. The bend angle of each individual helix was then defined as
the angle between the two segments. This method was applied for all 18 helices and their protonated forms (for a total of 99 structures).

The stability [10] of each capped helix relative to its constituents was determined by computing the polymerization energy based on the reaction:

(M —N)Ala+ NHis + Acetic Acid + Ammonia — Acetyl — (Ala),,_y (His)yNHz -+ (N + 1) Water (2)

For this reaction:
AE= EPeptide + (N + 1)EWater - EAcetic Acid — EAmmonia - (M - N)EAIa - NEHis (3)

where N is the number of His residues in the peptide and M is the total number of amino acids forming the helix. The ammonia and acetic acid are
used for capping the terminals, and the water molecules in the product are released from the formation of the peptidic bonds. The value of each
energy term was extracted from a single-point energy calculation at the B3LYP/6-311G(d,p) level using the ONIOM optimized structure. The
polymerization energies were computed for all the unprotonated helices (AEy;s) studied and pure poly-Ala (AEa,) helices with the same number
of residues as the poly-His of interest. The poly-Ala provided information about the stability of each poly-His helix due to the formation of a pro-
ton wire. Because pure poly-Ala helixes do not form hydrogen bonds between the side-chains, the difference in energy between the pure Ala and
the His containing peptides was defined as the wire energy (WE), which gives the stability of the system due to the wire formation.

Further energetics of the protonated systems were characterized by computing parameters such as proton affinity (PA) and deprotonation

energy (DE) for each structure, defined as:
PA = Eoptimized unprotonated structure — Eoptimized protonated structure (4)
DE= Einitial unoptimized protonated structure — Efinal optimized protonated structure (5)
PA > 0 and measures the tendency of a system to be protonated. Similarly, DE > 0O, and is the energy required for the proton to be released

from a particular helix site. PA and DE were computed by adding a proton to the N-terminus or extracting a proton from the C-terminus, respec-

tively. Figure S2 shows a representation of how a proton is added to compute PA, and how it is removed to obtain DE.
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To understand the PEL of proton transfer for each system, an excess proton was added to the first His encountered (labeled His;) in the pri-
mary sequence starting from the N-terminus of the helical peptide chain. In order to simulate the Grotthuss shuttling mechanism, the proton was
manually moved to His,, Hisg, Hiss, and so on until the protonation reached the last His (closest to the C-terminus). Similar to the unprotonated
species, a full geometry optimization was performed for each of these protonated systems, followed by the harmonic vibrational analysis. Addi-
tionally, transition states (TS) between two consecutive His residues were constructed by placing the excess proton between the delta-nitrogen
(8N) of one His and the epsilon-nitrogen (¢N) of the adjacent His. In this case, the transition state was found by using the Berny algorithm [18] as
implemented in Gaussian 09. In the case of the transition state, one imaginary frequency in the vibrational analysis was used to confirm the nature
of the minima. Based on these protonated structures, we defined the reaction coordinate along the axis where the proton is translocated, and
hence energy vs. reaction coordinate curves (termed potential energy curves, PEC) were constructed to characterize the proton translocation pro-
cesses. The methods employed here are similar to those employed to study proton translocation by other groups in similar systems [19-22].

To further understand the proton translocation mechanism in helical peptides from a dynamical point of view, ab initio molecular dynamics
(AIMD) simulations were performed for the a-helix with four and seven His residues, that is, Alay(His-Alas),HisAla,., n = 3 and n = 6. Specifically,
AIMD were performed within the projector-augmented wave (PAW) methodology as implemented in VASP [23, 24]. The Brillouin zone was sam-
pled using the I'-point only, with a plane-wave cutoff of 400 eV for the construction of the basis set. To ensure electronic convergence, the elec-
tronic loops along the AIMD simulation were stopped when changes in energy were less than 107° eV. Exchange-correlation interactions were
treated using the Perdue-Burke-Ernzerhof (PBE) functional [25] with Van der Waals (VdW) corrections introduced via the zero-damping scheme
of Grimme DFT + D3 [26]. These VAW corrections are included to properly treat H-bonds within the protonated peptides. To protonate the pep-
tide effectively, the overall electrostatic charge of the supercell was kept in a + 1 state during the simulation. The temperature was set to 300 K
and kept constant during the simulation. A time step of 1 fs was used. The Alay(His-Alas)sHisAla, was run for 1.0 ps, whereas Alay(His-
Alag)¢HisAla, was run for 1.1 ps. Because of the computational demands of these simulations, longer runs were not possible with the available
computer resources.

The proton translocation was quantified by computing a proton sharing coordinate defined by 6., = d; — d, where d; is the distance
between the SN of His, and the H on the adjacent His, (initially forming a H-bond) and d; is the distance between the N in His, and its (initially)
covalently bound H. At t = O fs, ,_, > O, in the transition state é,_, = 0, and upon proton translocation 6,_, < 0. During the MD simulation §,_,
was monitored as a function of time. Figure S3 shows a representation of two adjacent Hises residue and how the proton sharing coordinate is

computed.

3 | RESULTS AND DISCUSSION

Our results are organized as follows. In Section 3.1, the structural properties of the helices are discussed. In Section 3.2, the energetics and stabil-
ity of the systems are discussed. In Section 3.3, the PEC for the proton translocation are presented along with AIMD results for two of the

a-helices.

3.1 | Structural properties

The unprotonated optimized lowest energy structures for the 340-, a-, and n-helices for the systems containing seven His residues are shown in
Figure 1A-C, respectively. The helices containing seven His-residues (Figure 1A-C, top panel) are chosen as an example of the optimized struc-
tures, but similar geometries are obtained for the same type of helices 2, 3, 4, 5, and 6 His (see Figure S4). The secondary structure panels
(Figure 1A-C bottom left) show that each of the systems studied conserved the helical secondary arrangement. The helical wheel representations
for each optimized structure are shown in the bottom right of Figure 1A-C with the wheel representations for the initial structures above the heli-
cal wheels for the optimized structures. Figures S5 and Sé show the helical wheels for all the omptimes helices studied. The optimized structures
show wheels with the His residues located on one side of the cylinder and a distortion in the cylindrical axis. Specifically, in the case of the a- and
n-helices, the His residues that were distributed on the entire external surface moved to align on a single side. In the case of the initial 3,0-helix,
the His residues were already on one side of the helical cylinder, hence the movement of the His residues was less pronounced. This alignment of
the His residues is responsible for the formation of a wire-like structure that is linked by a H-bonded network formed between the protonated-
deltaN (p-8N) of one His and the unprotonated-epsilonN (u-eN) of the adjacent His.

Various structural properties for the optimized structures and the initially constructed 31o-, a-, and =-helices are shown in Table 1. The data
for all helices studies are shown in Table S1. Because our results show that the properties are-independent of the number of His contained in the
peptide, average values for TPR, the angle between adjacent His, 6, and the LEN over all unprotonated and protonated states (which have minimal

variations in the structures) are reported for each type of helices. Values for individual helices are shown in Supporting Information. For the p-8N
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FIGURE 1 Representations of the fully optimized unprotonated (A) 310- (green), (B) a- (pink), and (C) n-helices (red) with seven His. Panels on
the bottom left in each case show the corresponding secondary structure with the wheel diagrams on the bottom right showing the specific
alignment of the His residues (shown in blue). The helical wheels for the initial helices are included above those for the optimized structures.

TABLE 1 Summary of the average distance between the H in the p-8N and the u-eN of adjacent His residues (B), the angle between adjacent
His (9) the LEN and the turns per residues (TPR) for the 31¢-, a-, and n-helices

Helix System TPR (degrees) B (A) 0 (degrees) LEN (A)
310 Initial 118 5.95 4 2.1
Optimized 112 2.02(2) 32(7) 1.6 (1)
[\ Initial 98 5.76 20 17
Optimized 89 2.02(7) 31 (13) 1.3 (1)
b4 Initial 83 6.18 38 12
Optimized 77 2.11(4) 26 (3) 1.1(1)

Note: TPR, 0, and the LEN for the optimized systems were calculated by averaging over all protonated and unprotonated structures of all sizes. For the p-
SN and the u-8N bond distances only the unprotonated systems were considered. The number in parenthesis is the uncertainties in the last decimal place
of the computed averages.

and the u-eN bond distances only the optimized unprotonated structures were averaged because upon protonation the His residue that is proton-
ated exhibits a p-8N and u-eN bond distance on the order of 1.6-1.7 A. This occurs in all systems studied.

The third column in Table 1 shows the average turn per residue (TPR) for each system. When comparing these with the initial helices, we see
only small changes in the TPR (<10%), which supports the conservation of the secondary helical structures after optimization. The fourth column
shows the average distance between the H in the p-5N and the u-eN of adjacent His residues. In the initial structures, this distance is about 6 A in
length, but in the optimized structure this distance closes to 2.02 A for the 315- and a- helices, and 2.11 A for the n-helices. The closure of this
distance to about 2 A indicates the formation of a H-bond network upon optimization. We have characterized the alignment of the His residues
by computing the angles between adjacent His, 6, that is, the angle between unitary vectors originating in the center of the imidazole rings in two
adjacent His. The fifth column in Table 1 shows 6 for both the initial and optimized helices, and it is observed that @ for all optimized helices is
~30°, with a large change (28°) being observed for the 3;0-helix when compared with the initial structure. In the case of the a- and n-helices, 6

increases by 11° and decreases by 12°, respectively, from the initial structure.
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Table 1 also shows the length of the helix per residue (LEN, last column). When comparing these with the initial helices, the 310- and a-helices
show a 27% decrease in LEN, whereas the z-helix is shortened by only 9%. These results support the previously observed distortion of the helix
upon optimization.

Based on the p-6N and the u-eN bond distance and @ calculated for adjacent His residues, the three different types of helices are shown to
be forming a network of hydrogen bonds that results in the formation of structurally similar proton wires. The formation of these wires suggests
that a proton can be transported through the His residues following a Grotthuss shuttling mechanism [4]. Details about the proton translocation
are discussed in Section 3.3.

In order to characterize the previously noted helical distortions, superimposed structures of the initial helices and the optimized unprotonated
and protonated helices with seven His are shown in Figure 2. A similar figure for all other helices studied are shown in Figure S4. As previously
stated, protonated equilibrium structures were obtained by sequentially adding the proton to each His. It can be observed from Figure 2 that
there is a significant bending of the backbone of the optimized unprotonated and all protonated structures with respect to the initial helices. The
degree of bending depends on the nature of the helix, and the bend angle does not significantly change upon protonation.

It should be noted that optimization of the initial structure obtained from the vapor calculations results in the aforementioned bending of the
helix, but optimization of the initial structure with implicit water does not. If the vapor phase bent structure is solvated however, the bend in the helix
is conserved upon optimization, indicating that this is a viable structure. Because we are interested in studying non-aqueous systems and there is
experimental evidence to show that helical peptides can be bent in the solid state [27], we are choosing to explore the bent structure in this study.

Figure 3 shows the bending angle as a function of size for the three helix types in the vapor phase. In all cases, the bend angle increases as
length increases, with the a- and x-helices behaving similarly; their bend angles are almost identical until the helix has six His. For the seven-His
helices, 310- has a bend angle of 51°, a- 39°, and =- 29°. Despite these large bending angles, the secondary structures remain unchanged. It is
important to note that helical bending similar to what we observe here has recently been observed for 18-residue peptides [27]. These peptides
are similar to ours in that they exhibit a helical conformation and show bending angles that vary from 40.8° to 59.9°. This bending of the helix
(observed both by us and in the literature) suggests that there might be multiple modes of peptide aggregation, and this could, in turn, result in

nucleation and growth of potentially well-ordered structures that can be designed for specific applications.

3.2 | Stability and energetics

The stability of the helices was determined by calculating the polymerization energy using Equation (3). Table 2 shows the polymerization energy
for all the helices studied as a function of size, with respect to the number of His residues. Included are the polymerization energies of the poly-

Ala helices and the differences in energy between the His-containing and pure Ala helices, which we are calling the wire energy, WE.

FIGURE 2 Representations of the seven-His initial (darkest shade on the bottom in each image) and fully optimized (lighter shades) structures
for the 310-, a-, and n-helices (A, B, and C respectively). For the 310-helix residues 2-15 were used for alignment, and for the a-and n-helices
residues 2-19 were used for alignment. Left: Fully optimized unprotonated structure. Right: Fully optimized unprotonated and all protonated
(lighter shades) structures
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FIGURE 3 The bending angle of the initial helices (black) and optimized unprotonated 34o- (green), a- (pink), and n-helices (red)

TABLE 2 Polymerization energies in kcal/mol for the unprotonated helices containing His, AEy;s and for pure poly-Ala helices, AEa,

Helix Total number of residues Number of His residues® AE ;s (kcal/mol) AEp, (kcal/mol) WE (kcal/mol)
310~ 6 2 -3 -2 -1
9 3 —14 -11 -3
12 4 —-24 -19 -5
15 5 -36 -27 -9
18 6 —44 -35 -9
21 7 -54 —-41 -13
- 9 2 -5 8 -13
13 3 -15 -1 -14
17 4 —-32 -11 -20
21 5 —48 -22 -26
25 6 —63 -34 -29
29 7 -79 —48 -31
- 11 2 7 9 -2
16 3 -3 4 -7
21 4 -13 -5 -8
26 5 -26 -19 -7
31 6 —-38 —-35 -3
36 7 -51 —49 -2

Note: WE is the wire energy calculated as AEys — AEp.
2In the case of the pure Ala structures the His residues have been replaced with Ala residues to ensure the sequences have the same number of total
residues.

In all cases, the stability increases almost linearly as the number of His residues increases. The negative values of AEys indicate that all heli-
ces, except the n-helix with two His, are stable. In the case of AEa, all structures, except the a-helix with the equivalent of 2 His and the n-helix
with the equivalent of 2 and 3 His, are stable. When helices with the same number of His residues are compared, the a-helices are the most sta-
ble, followed by the 314- and then the n-helices. This result agrees with our previous study of 21-residue helices [8].

When analyzing the WE, it is observed that WE <O in all cases, which implies that the formation of the H-bond network (and thus the

proton wire) stabilizes the helices. Specifically, the WEs for the a-helices are much larger than for the 31¢- and the r-helices—between 10 and
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TABLE 3 Proton affinity (PA) and deprotonation energy (DE) when a proton was added to the N-terminus or extracted from the C-terminus,
respectively

Helix Total number of residues Number of His PA (kcal/mol) DE (kcal/mol)
310~ 6 2 265 18
9 3 270 26
12 4 272 29
15 5 273 33
18 6 273 38
21 7 273 48
a- 9 2 260 24
13 3 265 23
17 4 264 27
21 5 263 32
25 6 262 39
29 7 261 43
- 11 2 260 15
16 3 263 17
21 4 261 22
26 5 258 28
31 6 257 33
36 7 255 38

30 kcal/mol higher. Moreover, as the a- and 31¢- helices get longer, the WE increase, with larger increments observed for the longer a-helices.
The WE in the n-helices are relatively small compared to those of 34o- and a-helices.

Table 3 shows the proton affinity (PA) and desorption energy (DE) for all protonated helices considered. In all cases, the PA > 0, which implies
that incorporating a proton into the helix is energetically favorable. The values range from 255 to 273 kcal/mol. This range is comparable to pro-
ton affinities observed experimentally for various peptides [28, 29].

The PA seems to be relatively size independent. In general, the 341o- helices have about 10 kcal/mol higher PA than the a- and n-helices. Inter-
estingly, the PA of the helices with one His are on the order of 260 kcal/mol in all cases. This is almost of the same magnitude as the PA of helices
with multiple His residues, implying that additional His do not have a cooperative effect in stabilizing the proton that is being added. The fourth
column of Table 3 shows the DE for each of the helices. As previously stated, this quantity tells us how much energy is needed to remove the pro-
ton after translocation through the wire. In general, DE values range from 15 to 48 kcal/mol, and in all cases, DEs increase as the number of His
increase. No significant variation in DE was observed when comparing the various type of helices.

3.3 | PEC for proton translocation

Figure 4 shows the PEC for all the helices studied and Table 4 summarizes some of the important features of the PEC.

In all cases, no equilibrium structures were observed for the protonation of the first His (His;). The first minimum was observed for proton-
ation of the second His (His,). The phenomenon occurs because the positively charged proton, when added to the first His, is repelled by the par-
tial positive charge of the N-terminus. The separation between these two charges is between 6 and 9 A (depending on the helix), hence a large
coulombic repulsive force is generated. In addition, minima and transition states are localized for all systems, and in most cases, the energy
decreases until the proton gets to the Hisy_4, where N is the total number of His residues in the peptide.

From both Figure 4 and Table 4, it can be observed that the barriers (as determined from the time independent DFT calculations) are in the
range of 1-5 kcal/mol and are independent of the size and nature of the helix. No pattern was observed for the energy barriers as the proton was
translocated through a particular helix, for example, for the 344 -helix with five His, the barriers are 3 kcal/mol, 1 kcal/mol, and 1 kcal/mol as the
proton moves from His, to Hiss to His, to Hiss, respectively. When Zero-point energy (ZPE) is considered, the vibrational energy in the ground
state is ~2 kcal/mol for all cases. This indicates that the combination of zero-point vibrational energy and translational energy
(RT@300 K = 0.6 kcal/mol) provides enough energy to surpass barriers that are less than 2.6 kcal/mol. Additionally, tunneling effects provide
another mechanism to surpass the barrier. As previously stated, all transition states were characterized by calculating the imaginary frequency
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FIGURE 4 PEC for (A) 310-, (B) a-, and (C) n-helices. Energies are in kcal/mol and have been scaled to the lowest energy system on each helix.

(Iv*)) in the proton transport coordinate. It can be observed in the fifth column of Table 4 that there is a wide range in the values of |v*|, and no
correlation between the size and/or type of helices is observed. The value of \v‘s| provides a measurement of the probability for the proton to
tunnel through a finite zero-point corrected barrier. As transition state frequencies increase, the probability of tunneling increases at a particular
temperature and barrier [30]. Although no specific patterns are observed in |v*|, the longer helices seem to have a higher probability of tunneling,
in particular at the end of the helices. No significant differences in |v*| are observed between the different helices.

Finally, Table 4 shows the dipole moment (1) for each of the systems studied. It is observed that as the helix gets longer, i increases—with
higher u for the n-, followed by the a- and then the 3,¢- helices. Interestingly, the main component of the dipole moment lies in the x-axis, which
is the axis where the dipole moment points from the N-terminus to the C-terminus (along which the helical axis is aligned). It is this component of
the dipole moment that controls the potential unidirectional translocation of the proton. Interestingly, no correlation is observed between y or py
of the helices and the size of the barriers or the proton affinities. As u increases, however, the deprotonation energy increases. Therefore, increas-
ing p does not change the PEC or the affinity of the helix for the proton, but it increases the amount of energy necessary to remove the proton
from the helix. Because of the low energy barriers observed in the proton translocation and the high deprotonation energies, it is reasonable to
conclude that the efficiency of the wires is deprotonation controlled.

In order to characterize the dynamics of proton translocation and be certain that the proton transfer is indeed fast (as suggested by the low
energy barriers) and unidirectional (as suggested by the macroscopic dipole moment in the x-direction), AIMD simulations were performed at
T = 300 K (to account for temperature effects) for the a-helix with four and seven His residues. We have chosen the a-helix for this study
because of the high stability and large proton affinity obtained and because it has been shown that these peptides are relatively simple and inex-
pensive to synthesize experimentally [31]. The initial configuration used was the equilibrium structure obtained for this helix protonated in His,.

Throughout the simulation, the secondary structure of the helix is conserved.
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TABLE 4 Range of energy barriers (EB), the magnitude of the imaginary frequency of the transition state (|¢"*]), dipole moments (), and i
component of the dipole moment along the x-axis for the 31¢- a-, and n-helices when protonation occurs on the second His

Helix Total number of residues Number of His Range of EB (kcal/mol) || (cm™?) u (Debye) 1y (Debye)
310~ 6 2 19 15
9 3 1 817 39 35
12 4 1-3 533-781 52 50
15 5 1-4 222-862 68 66
18 6 1-5 267-916 82 81
21 7 1-3 297-940 96 95
a- 9 2 31 26
13 3 1 839 46 44
17 4 1 718-900 68 66
21 5 1-3 591-928 87 86
25 6 1-4 458-924 109 108
29 7 1-4 747-983 126 124
- 11 2 30 27
16 3 2 706 57 55
21 4 1-2 235-928 82 82
26 5 1-3 462-998 109 107
31 6 1-3 323-998 135 135
36 7 1-3 429-1007 162 162

o 30 80 900
time (fs)

FIGURE 5 Variation in two sharing proton coordinates as a function of time for the a-helix containing four His residues. The green curve
corresponds to §,_3 and the green curve corresponds to 53_4.

Figure 5 shows the variation in two sharing proton coordinates, defined as 84, (where x and y refer to adjacent HIS residues, Figure S3) as a
function of time for the a-helix with four His. The green and blue curves refer to §,_3 and 55_4, respectively. Table 5 shows the time that is
required for the proton to pass through each transition state. From Figure 5, at t < 130 fs, 6,_3 and 63_4 > O, implying that the initial protonated
equilibrium structure is preserved. At t ~ 137 fs, 5,_3 = O, implying that the proton reached the transition state between His, and Hiss, and at
t ~ 180 fs, 5,_3 < O the proton is transferred to Hiss. The proton now located in Hisz reaches the transition state between His; and His, at

t ~ 625 fs and is transferred quickly to Hisga, that is, at t ~ 640 fs. No re-crossing dynamics of the transition states are observed.
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TABLE 5 Time in femtoseconds (t«_,) for proton the excess proton to pass the transition state between x and y for the a-helixes containing 4
and 7 His residues

System ta 3 t3 4 ts s ts 6 ts_7
4-His 137 625
7-His 157 577 659 740 Not observed

Note: This time is determined when 8, < O for the first time.

TABLE 6 Energy barriers (kcal/mol) for the forward and backward proton transfer in the a-helices containing 4 and 7 His residues

Barrier (kcal/mol)

Forward direction Backward direction
System Hz .3 H3z 4 Hs s Hs_6 He 7 H7 6 He 5 Hs_4 Hy 3 Hiz .,
4-His 1 1 - - - - - - 2 7
7-His 1 4 4 2 3 1 5 8 8 10

From Table 5, it can also be seen that the translocation of the proton in the seven His helix is very similar to the previously discussed dynam-
ics in the four His helix. Namely, the proton is transferred in the direction of the helical axis in the fs timescale. Translocation from His, to Hiss is
approximately the same as in the four His helix, and translocation from His, to Hiss is faster in the seven His helix than in the four His helix (48 fs
faster). The remaining transitions all occur within 1021 fs. Similar to the four His helix, no re-crossing dynamics of the transition states are
observed, suggesting that the directionality of the proton transfer is guided by the macroscopic dipole moment of the helix. These results confirm
that the proton translocation is both fast and potentially unidirectional (in the direction of the dipole moment), as predicted from the constructed
PEC for the proton translocation. Our dynamical results suggest that proton transport might occur in a unidirectional fashion, but this is not
proved.

Table 6 shows the proton transport barriers in the forward and backward directions for the a-helices containing 4- and 7-His residues. It can
be seen that in general for these systems the forward barriers are lower than the backward barriers suggesting that the backward proton transfer
is less favorable (in accordance with the non-observation of re-crossing dynamics above). For the7-His system however, the barrier for the H;_ 4
is smaller than the barrier for the Hs_.7, suggesting that the proton can go back to the 6th residue, but is unlikely to move beyond that. This
explains why the t¢_~ is not observed above.

It should be noted however, that while the size of the backward barriers suggests that the backward proton transport is less likely, it does not
prove that this process is kinetically unfavorable. Moreover, the non-observation of re-crossing dynamics in the AIMD simulations (which support
this idea) might in fact be due to the short simulation times. To unequivocally demonstrate that the proton transport is unidirectional would
require the use of a kinetic model and the quantification of proton transport steps in opposite directions. As an example, kinetic Monte Carlo
models have been designed to describe proton translocation in quasi-one-dimensional systems [32, 33]. At present, we are designing such a

model using the structural and energy barriers obtained in this study.

4 | CONCLUSION

In this study, we have computationally constructed and optimized and then obtained detailed structural and energetic information for His-
containing 310-, a-, and n-helices of varying lengths. Despite distortions in the backbone, all three types of helical conformations conserve their
respective secondary structure and are energetically stable, with the a- being more stable than the 3410- and the . In all three cases, increasing the
length of the helices results in an increase the stability, potentially due to the increased macroscopic dipole moment. In addition, the alignment of
the His residues (due to the bending) results in the formation of a H-bond network (or proton wire) that stabilizes the systems, irrespective of sec-
ondary structure or length. Notably, the 310-helix shows the largest bending angle, potentially making it the least appropriate for further
investigation.

No significant changes are observed in the structure of the helices upon protonation, and protonated helices have PAs between 260 and
273 kcal/mol (which is independent of size) and DEs of 15-49 kcal/mol. Interestingly, the DEs increase with the length of the helices, with the
a- helix showing the smallest range. These values can be compared with Auerbach's work on imidazoles, where the PAs are in the range of
160-230 kcal/mol and the DE's are on the order of 25 kcal/mol [6]. The higher PA and lower DE of our systems imply that these non-aqueous
His-containing peptides form efficient proton wires. As the proton is translocated through the wire the energy of the systems decreases until the
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second to last His residue (from N-terminus to C-terminus) is protonated. Translocation barriers between 1 and 4 kcal/mol are obtained, as com-
pared to barriers of 2.5 kcal/mol obtained by Auerbach, again implying that these systems are comparable in terms of proton transfer.

In all cases, correction for zero-point energy decreases the barriers by ~2 kcal/mol, indicating that the combination of zero-point vibrational
energy and translational energy (RT@300 K = 0.6 kcal/mol) provides enough energy to surpass barriers that are less than 2.6 kcal/mol. The mag-
nitude of |vt5\, in the transition state suggests that tunneling effects might be important in proton translocation, in particular at the end of the heli-
ces. AIMD results suggest that a proton could be shuttled unidirectional through two His residues in ~1 ps. In general, these systems exhibit high
proton affinities, low energy barriers, and high deprotonation energies, suggesting that the deprotonation is the rate-limiting step in the efficiency
of the wires.

This work shows that the longer the peptide (21-36 residues), the faster the potentially unidirectional proton transfer, suggesting that longer
H-bonded networks within a dipole-containing material will produce highly efficient proton transfer. These peptides then can be combined with
other nanomaterials that contain channels within which proton transfer has been shown to occur upon the application of an external current (with
comparable barriers), to create a composite material that can facilitate proton transfer without the need for the external driving force. Specifically,
the diameter of these channels is on the order of 8 A and the peptides studied here have a diameter of 6-8 A.
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