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Abstract: Hydrogen-bond (H-bond) energies in 310-helices of short alanine peptides were systemat-
ically examined by precise DFT calculations with the negative fragmentation approach (NFA), a 
modified method based on the molecular tailoring approach. The contribution of each H-bond was 
evaluated in detail from the 310-helical conformation of total energies (whole helical model; WH3-10 
model), and the results were compared with the property of H-bond in α-helix from our previous 
study. The H-bond energies of the WH3-10 model exhibited tendencies different from those exhibited 
by the α-helix, in that they depended on the helical position of the relevant H-bond pair. H-bond 
pairs adjacent to the terminal H-bond pairs were observed to be strongly destabilized. The analysis 
of electronic structures indicated that structural characteristics cause the destabilization of the H-
bond in 310-helices. We also found that the longer the helix length, the more stable the H-bond in the 
terminal pairs of the WH3-10 model, suggesting the action of H-bond cooperativity. 

Keywords: 310-helix; hydrogen bond energy; density functional theory; negative fragmentation 
analysis  
 

1. Introduction 
Proteins are macromolecules essential for sustaining life and are also known to per-

form diverse biochemical functions in nature, such as molecular recognition, chemical ca-
talysis, molecular switching, and the structural maintenance of cells[1–4]. They typically 
comprise 20 amino acids linked by peptide bonds. In aqueous solutions, the polypeptide 
chains in proteins fold according to their amino acid sequencing and form a three-dimen-
sional structure. The remarkable functional versatility of proteins results from the chemi-
cal diversity of the side chains of the constituent amino acids, flexibility of the polypeptide 
chains, and excellent variety of structures rendered possible by the wide range of potential 
amino acid sequences. 

Approximately 90% of the amino acid residues in protein structures are found in lo-
cally ordered secondary structures, such as an α-helix or a β-sheet[5]. These secondary 
structures assemble and fold to form three-dimensional structures, also known as tertiary 
structures. In other words, secondary structures are the building blocks of protein struc-
tures.  

The helix is the most commonly observed secondary structure and can be classified 
into different helical conformations[3,4]. Of these, the α-helix is predominant and is found 
in 80% of all proteins[6]. The α-helix comprises a remarkably rigid arrangement of poly-
peptide chains and is a common secondary structural element in fibrous and globular 
proteins. It is arranged such that the peptide C=O group of the n-th residue along the helix 
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faces the peptide N–H group of the (n + 4)-th residue, which results in the formation of a 
hydrogen bond with an N-to-O distance of ~2.8 Å. The second most common helical struc-
ture is the 310-helix, which is present in 20% of the helical structures[6]. This helix com-
prises three amino acid residues per helical turn, and a hydrogen bond is formed between 
the n-th and (n + 3)-th residues, resulting in a tighter packing of the backbone compared 
with the α-helix. This packing also forces the hydrogen bond to move outward from the 
helical axis. 

Hydrogen bonds (H-bonds) play an essential role in secondary structure formation. 
Therefore, an accurate and quantitative evaluation of H-bonds is necessary to understand 
the principles of tertiary structure formation in proteins. It is well known that individual 
force fields used in classical molecular dynamics (MD) simulations exhibit the specific 
tendency of generating an α-helix or a β-strand[7–9]. Yoda et al. used MD simulations 
with explicit water molecules to compare the secondary structural properties of com-
monly used force fields[10,11]. They found that MD simulations using AMBER ff94[12] 
and ff99[13] were in remarkable agreement with experimental data for α-helical polypep-
tides but not for β-hairpin polypeptides. This preference of force fields on the secondary 
structure formation is typically not a problem in the MD simulations of rigid globular 
protein structures. However, it has become a critical issue in understanding functionally 
critical conformational changes[14–17] in the folding simulations of flexible disordered 
regions[14,15] and long loops between secondary structures[16,17]. Numerous attempts 
have been made to overcome this problem, such as increasing the torsional energies, re-
arrangements[18–21], and developing polarized charge models[22,23]. Regardless, the 
reasons behind the use of these methods remain unclear, and elucidation requires under-
standing the energy of hydrogen bonding in the secondary structure.  
Several computational chemists have studied hydrogen bonding interactions in second-
ary structures at various levels of theoretical depth. Wieczorek and Dannenberg investi-
gated H-bond cooperativity and the energetics of α-helices and suggested that various 
factors contribute to their stability[24,25]. Morozov et al. evaluated the origin of coopera-
tivity in forming α-helices[26]. Zhao and Wu studied the role of cooperativity in the for-
mation of α-helices by performing theoretical calculations on α-helix models constructed 
using a simple repeating unit method[27]. Parthasarathi et al. studied H-bond interactions 
in an α-helix model using the atom-in-molecules method[28]. Ismer et al. investigated the 
temperature dependence of the stability of α-, π-, and 310-helices comparing with a fully 
extended structure using density functional theory and harmonic approximation[29].  

 In our previous study[30], we calculated the conformational energies of secondary 
structures formed by alanine oligopeptides using several quantum mechanical (QM) 
methods; these included the Hartree–Fock (HF) method, second-order Møller–Plesset per-
turbation theory (MP2), density functional theory (DFT), and molecular mechanics (MM) 
calculations with classical force-field AMBER ff99SB. The results showed that classical 
force fields can be used to approximate the energies of parallel and antiparallel β-sheets, 
which are provided by the QM method. However, the energies of the α-helical structures 
by the MM method were found to be significantly different from those given by the QM 
method. This difference might be attributable to the electrostatic energy associated with 
hydrogen bonding[30]. We also used a slightly modified version of the molecular tailoring 
approach (MTA)[31] in combination with DFT and MM calculations to resolve the indi-
vidual interaction energies associated with each hydrogen bond formed in typical α-heli-
ces of different peptide lengths. We concluded that the H-bond energies of the α-helix are 
generally higher than those of separated H-bonds because of the depolarized electronic 
structures around the carbonyl oxygen and the participation of amide hydrogen in the H-
bond. Such depolarizations redistribute the electron density and are caused by local short-
ranged electrostatic interactions with neighboring species in the α-helical structure[32].  

In the present study, we systematically investigated the H-bond energies and associ-
ated electron density changes in 310-helices using QM calculations and compared them 
with those observed for α-helices in our previous study[32]. The contribution of each H-
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bond was evaluated from the total conformational energy (whole-helical; WH3-10 models). 
To understand the characteristics of the H-bond energy in 310-helices, we additionally 
evaluated the H-bond energies using the following simplified models: minimal hydrogen 
bond (MH3-10) models, wherein only H-bond donors and acceptors were present with cap-
ping methyl groups, and the single tern (ST3-10) model, which includes a single helical turn. 
The characteristic interactions essential for 310-helices were quantitatively discussed. 

2. Materials and Methods 
2.1. Whole-helical structure (WH3-10), single-turn (ST3-10), and minimal H-bond (MH3-10) models 

 Whole-helical structure models of the 310-helices (WH3-10) were constructed using ol-
igoalanine peptides capped with the acetyl (Ace) and N-methyl amide groups (Nme), re-
ferred to as Ace-(Ala)n-Nme. We used dipeptide-to-heptapeptide alanines (n = 2–7) for the 
WH3-10 model, which consists of Ace-(Ala)n-Nme, is denoted by WH3-10-n. The backbone 
dihedral angles (ϕ, ψ) for each residue were set to ϕ = −49° and ψ = −26°. For comparison, 
we used the previously reported whole-helical structure models of the α-helices (WHa-n), 
composed of the alanine oligopeptide Ace-(Ala)n-Nme (n = 3–8), with ϕ = −57° and ψ = 
−47°[3]. These structures were optimized in the gas phase by the energy minimization of 
the electronic state while keeping the backbone dihedral angles fixed at the aforemen-
tioned values.  

 One-to-six H-bonds were present between the C=O and N–H groups in the backbone 
of the optimized WH3-10 models, as H-bonds were formed between an i-th and (i + 3)-th 
peptide pair for WH3-10 and between an i-th and (i + 4)-th peptide pair for WHa. The s-th 
H-bond in Ace-(Ala)n-Nme, counting from the N-terminus, is represented by n-s (Figure 
1a shows WH3-10-4 as an example). The H-bond energies were individually calculated us-
ing DFT, as described below. 

To analyze the origin of the H-bond interaction energy in 310-helices, we designed 
two simplified models. One is an ST3-10 model, composed of two successive alanine resi-
dues capped by Ace and Nme groups at the N- and C-termini, respectively (second col-
umn in Figure 1b). The other is an MH3-10 model, which comprises two separated N-me-
thyl acetamide molecules and mimics a single H-bond between the C=O and N–H groups 
in the backbone (third column in Figure 1b). The atomic positions of these two models 
were the same as those of the corresponding WH3-10 models, except for the N- and C-ter-
minal capping groups. The computation of the individual H-bond energies for these mod-
els was conducted in the same manner as that for each backbone H-bond in the WH3-10 
models, as described below. The H-bond energies of the three models were then com-
pared. 
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Figure 1. (a) Structure of the 310-helix composed of Ace-(Ala)4-Nme (WH3-10-4) with the notation of 
each H-bond in the structure. (b) Structures of the whole-helical (WH3-10), single-turn (ST3-10), and 
minimal H-bond (MH3-10) models of WH3-10-4, as examples. 

2.2. Calculation of H-bond energies using the negative fragmentation approach 
The extraction of the H-bond energy from the total energy of a large molecule 

wherein the donor and acceptor atoms are linked through several covalent bonds, such as 
in α- and 310-helices, is not straightforward. In this study, we systematically computed the 
backbone H-bond energies in the WH3-10 models in the same manner as that computing 
the H-bond energies in the WHa models as reported previously[32], where we modified 
the MTA developed by Deshmukh et al.[31]. This method is denoted here as the negative 
fragmentation approach (NFA). In the NFA, the H-bond energy, 𝐸𝐸HB, in Ace-(Ala)n-Nme 
can be calculated using the following equation: 

 𝐸𝐸HB = 𝐸𝐸sys − 𝐸𝐸A� − 𝐸𝐸D� + 𝐸𝐸A∪D�������,        (1) 

where 𝐸𝐸sys, 𝐸𝐸A� , 𝐸𝐸D� , and 𝐸𝐸A∪D������� are the energies of the entire system, system lacking the 
acceptor group, system without the donor group, and system lacking both acceptor and 
donor groups, respectively; detailed descriptions are available in our previous study[32]. 
In the original MTA, the energy of the entire system was estimated using the energies of 
all fragments[31]. In the NFA, we used the total energy of the entire system and showed 
that the difference between the results was negligible[32].  

The change in the electron density upon H-bond formation, Δ𝜌𝜌HB, was evaluated as 
follows: 

Δ𝜌𝜌HB = 𝜌𝜌sys − 𝜌𝜌A� − 𝜌𝜌D� + 𝜌𝜌A∪D�������.        (2) 

 For comparison, we also computed the H-bond interaction energies via MM using 
the AMBER ff99SB force-field parameters[13], 𝐸𝐸HB_MM, for the corresponding H-bonds, as 
follows: 

𝐸𝐸HB_MM = ∑ 𝑞𝑞𝑖𝑖𝑞𝑞𝑗𝑗
𝑟𝑟𝑖𝑖𝑖𝑖

𝑖𝑖∈𝐼𝐼,𝑗𝑗 ∈𝐽𝐽  + ∑ �
𝐵𝐵𝑖𝑖𝑖𝑖
𝑟𝑟𝑖𝑖𝑖𝑖
12 −

𝐶𝐶𝑖𝑖𝑖𝑖
𝑟𝑟𝑖𝑖𝑖𝑖
6 �𝑖𝑖∈,𝑗𝑗∈𝐽𝐽 ,      (3) 

where I and J are the four atoms constituting the peptide group, namely, C, O, N, and H, 
of an acceptor and a donor involved in the H-bond, respectively. Bij and Cij are the Len-
nard–Jones coefficients, rij is the distance between the i-th and j-th atoms, and qi is the 
partial atomic charge of the i-th atom. The MM energy was calculated for the WH3-10 and 
MH3-10 models.  

Calculations for all models were performed using the Gaussian09 program pack-
age[33]. The B97D exchange–correlation functional was used with 6-31+G(d) basis sets. 
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This method is capable of correctly describing van der Waals interactions and is compa-
rable with the MP2 method in the calculation of the H-bond interaction energies of the 
Ace–(Ala)n-Nme system in the gas phase[30]. Changes in electron density were computed 
using cube files provided in the Gaussian09 program packages[33], and molecules that 
exhibited such changes were depicted using UCSF Chimera[34]. The other molecular 
structures were drawn using VMD software[35]. 

3. Results  
3.1. Structures of H-bonds of the optimized whole-helical models of 310-helices  

 The H-bond distances and torsion angles were analyzed for the optimized WH3-10 
models. The H-bond distance was defined as the distance between the oxygen atom in the 
backbone C=O group and the hydrogen atom in the backbone N–H group, which form an 
H-bond. A histogram of the H-bond distances and a plot of the H-bond distances for each 
pair in the WH3-10 and the corresponding α-helix models (WHa) are shown in Figure 2. The 
mean values and standard deviations of the H-bond distances for the WH3-10 and WHa 
models were found to be 2.05 ± 0.04 and 2.30 ± 0.07 Å, respectively. The WH3-10 models 
generally exhibited shorter H-bonds than those exhibited by the WHa models. A charac-
teristic feature of WH3-10 is that the H-bond distances tend to be greater in the H-bond 
pairs adjacent to the terminal ones (Figure 2b and Table 1). The 4–2 H-bond pair in WH3-

10, sandwiched between the N- and C-terminal H-bond pairs (Figure 1a), showed the long-
est H-bond distance. 

 
Figure 2. (a) Histograms of the H-bond distances in the WH3-10 and WHa models. Plots of the H-
bond distances in the (b) WH3-10 and (c) WHa models of each length. The H-bond distances of Ace-
(Ala)n-Nme, which forms one-to-six H-bonds, are shown in maroon, red, black, blue, green, and 
violet–red, respectively. The star indicates the H-bond pairs adjacent to the terminal pair. 

Table 1. Mean values and standard deviations of the H-bond distances, rOH, of the WH3-10 and WHa 
models. 

 WH3-10† WHa 
Terminal 2.02 ± 0.02 2.35 ± 0.04 

Pairs adjacent to the terminal‡ 2.08 ± 0.03 2.26 ± 0.07 
Others (inner) 2.03 ± 0.01 2.26 ± 0.03 

All 2.05 ± 0.04 2.30 ± 0.07 
† H-bond distance is shown in angstroms.  
‡ 3-1 and 3-2 of WH3-10-3 and 4-1 and 4-2 of WHa-4 are included (they are also the terminal pairs). 

 The H-bond torsion angle was evaluated as the angle between the vectors of the C=O 
and N–H atoms on the backbone. This corresponds to the dihedral angle of the C, O, N, 
and H atoms comprising the H-bond. As shown in Figure 3b, the N-terminal H-bonding 
pairs in the WHa model exhibited significantly different torsion angles than those exhib-
ited by the other H-bonding pairs. In the WH3-10 models, the H-bond torsion angles of 
individual H-bond pairs varied with the length of the helix and their position in it (Figure 
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3a). In addition, the H-bond torsion angles of the WH3-10 models are narrowly distributed, 
indicating that the molecular backbone of the WH3-10 models imposes stronger structural 
constraints than those of the WHa models. These constraints can possibly lead to consid-
erably shorter H-bond distances in the WH3-10 models than in the WHa models as shown 
in Figure 2a. 

 
Figure 3. H-bond torsion angles of the (a) WH3-10 and (b) WHa models. H-bond torsion angles of 
Ace-(Ala)n-Nme, which forms one-to-six H-bonds, are shown in maroon, red, black, blue, green, and 
violet–red, respectively. The torsion angles of the H-bond adjacent to the terminal H-bond pair are 
indicated by a star. 

3.2. Comparison of H-bond energy in helical model systems  
 To investigate the effects of the helical backbone atoms linking the H-bond acceptor 

and donor on the H-bond energies, we compared the H-bond energies for the WH3-10, ST3-

10, and MH3-10 models of the 310-helices, as well as those for the α-helices from our previous 
study, namely WHa, STa, and MHa[32]. In the MH3-10 and MHa models, the two peptide 
groups of hydrogen donors and acceptors were separated without linking the helical 
backbone atoms. In Figure 4a, the H-bond energies of the WH3-10 (black) and ST3-10 (red) 
models are plotted versus those of the MH3-10 models for the 310-helices. Those of the WHa, 
STa, and MHa models for α-helices[32] are also shown in Figure 4b. 

In the α-helices, the STa model reproduced the H-bond energies of the WHa model 
(Figure 4b), indicating that the adjacent residue destabilized the H-bond with respect to 
the MHa model[32]. In the 310-helices, the ST3-10 models also destabilized the H-bond with 
respect to the MH3-10 models, similar to the α-helices, but failed to provide the equivalent 
H-bond energies. In particular, the H-bond pairs adjacent to the N- or C-terminus were 
strongly destabilized in energy (underlined in Table S1). This indicates that the helical 
backbone atoms participating in the H-bond are partly involved in the destabilization of 
the H-bond, but that other factors also lead to unstable H-bond energies. We also found a 
tendency that the longer the helix length, the more stable the H-bond energy of the N- and 
C-terminal pairs in the WH3-10 model (shown in Table S1). However, there is an exception: 
the H-bond energies of the N- and C-terminal pairs in WH3-10-3 were observed to be higher 
than those of WH3-10-2. They are close to those of the H-bond pairs adjacent to the terminal 
H-bond pair in the other systems. This would be because the N- and C-termini are adja-
cent to each other in WH3-10-3. For example, the N-terminal H-bond pair of WH3-10-3, 3-1, 
is adjacent to the C-terminal H-bond pair 3-2, and vice versa.  

Considering the H-bond energies of the ST3-10 model, only the H-bond pairs next to 
the N- or C-terminal were destabilized by the adjacent residue, as shown in Figure 4a. The 
pair sandwiched between the N- and C-termini were also the most affected (4-2 of WH3-

10-4), which causes a difference in the linear regression coefficient between the WH3-10 and 
ST3-10 models, as shown in Figure 4a. 
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Figure 4. Correlations of the H-bond energies of the (a) WH (black) and ST (red) models versus 
those of the MH model in the 310-helices and (b) those in the α-helices[32]. The dashed line shows a 
guide where the longitudinal axis values have identical H-bond energies. The cross and star marks 
represent the H-bond pair of the terminal and that adjacent to the terminal, respectively. 

 To further examine the effect of neighboring residues on the H-bond energy of the 
310-helices, we constructed additional models as follows: STEC, in which the ST3-10 model, 
Ace-(Ala)2-Nme, was extended to the C-terminal (Ace-(Ala)2-Ala-Nme); STEN, in which 
the ST3-10 model was extended to the N-terminal (Ace-Ala-(Ala)2-Nme); STECN, in which 
the ST3-10 model was extended to both N- and C-termini (Ace-Ala-(Ala)2-Ala-Nme); and 
STE2N, in which the ST3-10 model was extended by two residues to the N-terminal (Ace-Ala-
Ala-(Ala)2-Nme). All peptide structures were generated based on the WH3-10 model, and 
their H-bond energies were computed using the NFA.  

As expected, in the STECN model, both the N- and C-terminal H-bond pairs were ad-
jacent to the target H-bond, thereby making the H-bond energy unstable (Figure 5). The 
STEC and STEN models were more stable than the STECN models. The STE2N model showed 
nearly the same results as the ST3-10 model, and higher energy values than those of the 
terminal pairs in the WH3-10 model, as shown in the crosses in Figure 5.  

 
Figure 5. H-bond energies of the extended ST, WH3-10, and ST3-10 models versus those of the MH 
model. The cross and star marks of WH3-10 represent the H-bond pair of the terminal and that adja-
cent to the terminal, respectively. 

3.3. Electronic structures around the H-bond donors and acceptors 
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 In addition to the H-bond energies, the NFA can approximately represent the change 
of electronic structures upon H-bond formation by Equation 2 in section 2.2. To examine 
the difference in the H-bond energy between the WH3-10 and ST3-10 models and the ST3-10 
and MH3-10 models in the context of their electronic structures, the differences in the 
change in electron density were computed using Equations 4 and 5, respectively: 

∆∆ρΗΒWH3-10-ST3-10 = ∆ρHBWH3-10 – ∆ρHBST3-10.         (4) 

∆∆ρΗΒST3-10-MH3-10 = ∆ρHBST3-10 – ∆ρHBMH3-10.         (5) 

Figure 6 shows ∆ρΗΒWH3-10 for the first and second H-bond pairs of WH3-10-4 (4-1 and 
4-2), in addition to both ∆∆ρΗΒWH3-10–ST3-10 and ∆∆ρΗΒST3-10-MH3-10 for the same pairs. For 
∆ρΗΒWH3-10, we found that the electron density increases in the vicinity of the oxygen atom 
of the C=O group and that it decreases in the vicinity of the hydrogen atom of the N–H 
group, thus demonstrating the formation of the H-bond. The ∆ρΗΒWH3-10 of 4-2 appears to 
be slightly smaller than that of 4-1, indicating a larger depolarization of 4-2 than 4-1. This 
larger depolarization results in a weaker H-bond at 4-2, as illustrated in Figures 6a and 
6b. A remarkable difference was observed between 4-1 and 4-2: the ∆∆ρΗΒWH3-10–ST3-10 of 4-
1 was considerably smaller than that of 4-2, implying that an effect other than the helical 
backbone atoms linking the H-bond pairs was at play in the 4-2 pair (Figures 6c and 6d). 
This could be the reason behind the difference in the H-bond energy between the WH3-10 
and ST3-10 in the H-bond pairs adjacent to the terminal pairs. ∆∆ρΗΒST3-10-MH3-10 indicates 
larger depolarization in the ST3-10 model compared with the MH3-10 model, as shown in 
Figures 6e and 6f. 

 
Figure 6. Electron density changes upon H-bond formation, ∆ρΗΒWH3-10, for (a) 4-1 and (b) 4-2 in WH3-

10-4. The yellow surfaces represent the contour surfaces at −0.001 au, and the magenta ones are those 
at 0.001 au. The atoms in the whole WH3-10 model are shown by green wire and those in the MH3-10 
models are shown using the stick model with CPK colors. The difference in the change in electron 
density between the WH3-10 and ST3-10 models, ∆∆ρΜΤΑWH–ST3-10, for (c) 4-1 and (d) 4-2 in WH3-10-4. The 
dark-green surfaces represent the contour surfaces at –0.00015 au, and the orange ones are those at 
0.00015 au. The difference in the change in electron density between the ST3-10 and MH3-10 models, 
∆∆ρΜΤΑST-MH3-10, for (e) 4-1 and (f) 4-2 in WH3-10-4. The dark-green surfaces are the contour surfaces 
at –0.00015 au, and the orange ones are those at 0.00015 au. 

3.4. Dependence of helix length on H-bond energies  
We investigated the dependence of helix length on the mean value of the H-bond 

energies in the WH3-10 and WHa models. The mean H-bond energies of these models were 
plotted as functions of the minimum length of the corresponding helices, as shown in 
Figure 7. In WHa models, the energy of the H-bond gradually stabilized with an increase 
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in the length of the helix, demonstrating the well-known “H-bond cooperativity” phe-
nomenon[24–27], where long-range interaction could make more stable helices. The mech-
anism behind the cooperativity in helix formation can be deconstructed into two parts, 
namely, electrostatic interactions between residues and nonadditive many-body effects 
caused by the redistribution of electron density with increasing helix length[26]. In the 
WH3-10 model series, the H-bond of ST3-10 was destabilized in the first increment of the 
minimum length of the helix, while subsequent increments gradually stabilized it. This is 
because the first increase in helix makes the H-bond adjacent to the terminal H-bond pair, 
leading to considerable destabilization of the H-bond, as discussed above. Subsequent 
elongation of the helix results in the stabilization of the terminal H-bond through H-bond 
cooperativity[25,27].  

   
Figure 7. Mean H-bond energies plotted against increments of the minimum length of the helix in 
each helical model: n = 2 and 3 for the WH3-10 and WHAH models, respectively. 

4. Discussion 
We systematically investigated the H-bond energies of various 310-helices and found 

them to exhibit tendencies different from those exhibited by α-helices. Here, we discuss 
the following three issues: (i) why the H-bond energies in the ST3-10 model are destabilized 
compared with those in the MH3-10 model, (ii) why the H-bond pairs adjacent to the ter-
minal pair are largely destabilized compared with other H-bond pairs, and (iii) why the 
terminal H-bond pairs are stabilized, particularly for long 310-helices.  

For the issue (i), as mentioned in Section 3.3, the C=O and N–H groups participating 
in the H-bond were depolarized in the ST3-10 model in comparison to the MH3-10 model. 
This depolarization could be caused by the helical backbone atoms linking the H-bond 
pair (residue 2 of Figure 8). In α-helices, the adjacent C=O group is involved in depolari-
zation[32]. However, in the 310-helices, the C=O group of the H-bond pair is closer to the 
adjacent N–H group (~2.8 Å), than to another adjacent C=O group (~3.4 Å). Therefore, the 
destabilization of the H-bond is attributed to the depolarization caused by the N–H group.  

For the issue (ii), when ST3-10 was extended to the N-terminus by a single residue 
(STEN), an additional H-bond was formed between the C=O group of residue -1 and the 
N–H group of residue 2. This H-bond formation causes polarization of the N–H group of 
residue 2, leading to further depolarization of the C=O group of residue -1. Thus, the H-
bond could be destabilized. When STEN is extended to the N-terminal (STE2N), an addi-
tional H-bond is formed between the N=H group of residue 1 and C=O group of residue -
2 (back side of the helix in the right panel of Figure 8). This H-bond formation induces 
polarization of the N–H group of residue 1, causing polarization of the adjacent C=O 
group of residue 0. This effect could cancel the depolarization effect by the N–H group of 
residue 2 on the C=O group of residue 0, thereby strengthening the H-bond. At the C-
terminal, the similar depolarization effect could destabilize the H-bond. 

For the issue (iii), H-bond cooperativity stabilizes the terminal H-bond pair indicated 
in Section 3.4, as well as α-helices[24–27].  
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Figure 8. Schematic of the interactions between the H-bond acceptor and neighboring groups. The 
atoms of the model peptides (ST3-10, STEN, and STE2N models of 7-3 in WH3-10 as an example) are 
shown using the stick model. Hydrogen atoms, except for those in the N–H group, are not shown. 
The numbers in the figure represent the residue number. 

 The H-bond energies for the WH3-10 and WHa models were compared using QM (EHB 
in Equation 1) and MM (EHB_MM in Equation 3) calculations. Figure 9a exhibits the H-bond 
energies calculated with QM plotted versus those with MM for individual pairs of the 
WH3-10 and WHa models. In the WHa models, the H-bond energies obtained via QM cal-
culations were shown to be strongly correlated to those obtained via MM, with a correla-
tion coefficient of 0.89. However, the MM calculations overestimated the magnitude of the 
H-bond energies by ~1 kcal/mol (the mean energy values obtained via QM and MM were 
-3.21 ± 0.39 and -4.24 ± 0.45 kcal/mol, respectively). Our previous study, wherein the en-
ergies were obtained via QM calculation, showed that the destabilization of the H-bond 
energies in the WHa model was attributed to the depolarization of the H-bond donors and 
acceptors caused by adjacent residues[32]. 

 In contrast, the H-bond energies for the WH3-10 models obtained via QM calculation 
seem to be closer to those obtained with MM, and were more stable than those of the WHa 
models (the mean energy values obtained via QM and MM for the WH3-10 model were -
4.96 ± 0.39 and -4.95 ± 0.24 kcal/mol, respectively). Unlike the WHa models, the correlation 
between the QM and MM calculations was weak: the correlation coefficient was evaluated 
to be 0.54, as shown in Figure 9a.  

In Figure 9b, the H-bond energies calculated with QM are plotted versus those with 
MM for individual pairs of the MH3-10 models and MHa models. Although the H-bond 
energies obtained via QM and MM for the MHa models almost coincided[32], the H-bond 
energies obtained by QM were significantly more stable than those obtained via MM for 
the MH3-10 models. However, unlike the WH3-10 models, the correlation between the H-
bond energies obtained via QM and MM for the MH3-10 models was acceptable, a correla-
tion coefficient was 0.88. The reason why the H-bond energies obtained using MM largely 
deviate from those obtained via QM may be the poor quality of the atomic partial charges 
in equation 3. Here, we used the AMBER ff99SB force-field parameters[13] for the atomic 
partial charges, which were originally determined by multiple-conformation models fit-
ting to the local conformations of a single amino acid for both the α-helical and extended 
structures[36]. Thus, the parameters may well reproduce H-bond energies for the α-heli-
cal conformations MHa, but not for the 310-helices MH3-10. 
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Figure 9. Correlations between the H-bond energies of the (a) WH models and the (b) MH models, 
calculated by the QM and MM methods for the 310-helices (purple) and α-helices (violet). The dashed 
line shows a guide where the H-bond energies of the longitudinal axis values and the MM calcula-
tions are identical. . 

 In the current study, it is revealed that the H-bond energy of 310-helix largely depends 
on its local conformation yielding the depolarization and on the long-ranged cooperativ-
ity effect. Those QM effects have not been included in the MM computations as well as 
for the H-bond energy of α-helix[32]. In order to improve the MM force fields, there could 
be two approaches: (i) by modifying the atomic partial charges, which are not constant 
values but depend on the atomic conformation, and (ii) by creating new backbone dihe-
dral parameters, which depends on not only a single amino acid residue but also on the 
parameter set including the neighboring residues, as suggested by our previous paper[32]. 

5. Conclusions 
In this study, the H-bond energies and associated changes in the electron density of 

the atoms forming H-bond of the 310-helices were systematically analyzed using the NFA 
method with high-quality DFT and MM computations and were compared with those of 
the α-helices. We prepared optimized structures of Ace-(Ala)n-Nme, where n ranged from 
2 to 7 for the whole-helical structure models (WH3-10). To quantitatively investigate the 
origin of the H-bond energy in each helical model, we also constructed single-turn models 
(ST3-10), which comprised two successive alanine residues capped by Ace and Nme groups 
at the N- and C-termini, respectively, and minimum H-bond models (MH3-10), which com-
prised only pairs of Ace-Nme forming a single H-bond. The structures of the ST3-10 and 
MH3-10 models were based on the WH3-10 model. The individual H-bond energies were 
then computed using the NFA. 

 The distribution of the H-bond distance of the WH3-10 models was narrow, and these 
models exhibited lower values than those exhibited by the α-helical models (WHa). The 
shorter H-bond distance observed in the WH3-10 model was due to restrictions imposed by 
the tight helical structure. The H-bond energy of the WH3-10 model exhibited a tendency 
different from those exhibited by the ST3-10 and MH3-10 models; it depended on the location 
of the H-bond pair in the 310-helices. Furthermore, the H-bonds in this model tended to be 
destabilized in the H-bond pairs adjacent to the terminal pairs and were stabilized at the 
terminal H-bond pairs. An analysis of changes in the electron density between the WH3-10 
and ST3-10 models and between the ST3-10 and MH3-10 models suggested that the destabili-
zation of the H-bond in the ST3-10 model was attributed to the depolarization caused by 
the adjacent N–H group. It also suggested that the H-bond formation at this group causes 
polarization, leading to further depolarization of the C=O group participating in the H-
bond pair and larger destabilization of the H-bond adjacent to the terminal H-bond pair. 
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Except for the first increment, elongation of the helix of the WH3-10 model resulted in the 
stabilization of the terminal H-bond through H-bond cooperativity.  

Supplementary Materials: The following supporting information can be downloaded from 
www.mdpi.com/xxx/s1, Table S1: H-bond energies of each H-bond pair. 
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