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A B S T R A C T   

The conformational properties of Alanine (Ala) residue have been investigated to understand 
protein folding and develop force fields. In this work, we examined the neighbor effect on the 
conformational spaces of Ala residue using model azapeptides, Ac-Ala-azaGly-NHMe (3, AaG), 
and Ac-azaGly-Ala-NHMe (4, aGA1). Ramachandran energy maps were generated by scanning (φ, 
ψ) dihedral angles of the Ala residues in models with the fixed dihedral angles (φ = ±90◦, ψ =
±0◦ or ±180◦) of azaGly residue using LCgau-BOP and LCgau-BOP + LRD functionals in the gas 
and water phases. The integral-equation-formalism polarizable continuum model (IEF-PCM) and 
a solvation model density (SMD) were employed to mimic the solvation effect. The most favorable 
conformation of Ala residue in azapeptide models is found as the polyproline II (βP), inverse 
γ-turn (γ′), β-sheet (βS), right-handed helix (αR), or left-handed helix (αL) depending on the 
conformation of neighbor azaGly residue in isolated form. Solvation methods exhibit that the Ala 
residue favors the βP, δR, and αR conformations regardless of its position in azapeptides 3 and 4 in 
water. Azapeptide 5, Ac-azaGly-Ala-NH2 (aGA2), was synthesized to evaluate the theoretical 
results. The X-ray structure showed that azaGly residue adopts the polyproline II (βP) and Ala 
residue adopts the right-handed helical (αR) structure in aGA2. The conformational preferences of 
aGA2 and the dimer structure of aGA2 based on the X-ray structure were examined to assess the 
performance of DFT functionals. In addition, the local minima of azapeptide 6, Ac-Phe-azaGly- 
NH2 (FaG), were compared with the previous experimental results. SMD/LCgau-BOP + LRD 
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methods agreed well with the reported experimental results. The results suggest the importance of 
weak dispersion interactions, neighbor effect, and solvent influence in the conformational pref-
erences of Ala residue in model azapeptides.   

1. Introduction 

Conformational properties of Alanine residue in peptides have been investigated extensively with theories [1–20] and experiments 
[21–24] to understand the protein folding and development of the force fields [7,25–27]. Theoretical studies reported that Ala 
dipeptide models, Ac-Ala-NH2 and Ac-Ala-NHMe, favor the inverse γ-turn (γ′) and extended (ε or βS) conformation in the gas phase 
(Fig. 1a and c) but prefer polyproline II(βP) conformer in water [1–20]. Density-functional theory(DFT) calculations predicted the high 
level of the βP population of Ac-Ala-NHMe surrounded by six molecules of water, which implies the impact of water on the confor-
mational preferences of Ala residue [22]. In line with theoretical studies, several experimental results supported that Ala residue in 
dipeptide models, such as Ac-Ala-NH2 [21] and Ac-Ala-NHMe (1) (Fig. 1a) [24], adopt a mixture of γ′ and the βS in the gas phase 
(Fig. 1c). Infrared (IR) and Raman studies of the conformational population of blocked Ala dipeptide with acetyl and N-methyl group 
have shown a high βP population (60 %), followed by extended βS conformer (29 %), and right-handed helix (αR) conformation (11 %) 
in water [28]. Parchansky et al. [29] recorded Raman optical activity(ROA) spectra of Ac-Ala-NHMe, showing that Ala dipeptide 
adopts the mixture of αR and βP conformers in water. The conformational behaviors of Ala residues in tripeptide models were also 
investigated [30–33]. Chahkandi et al. [32] examined the conformations of For-Ser-Ala-NH2 using B3LYP/6-311 + G(d,p) and 
M06-2X/6-311 + G(d,p), reporting that Ala residue favors γ′ and γ conformers in the isolated form. Kalvoda et al. [31] reported 
detailed mapping of the conformational space of tripeptide models, such as Ac-Xaa-Yaa-NHMe, where Xaa and Yaa are any amino acid 
residues. They performed single-point DFT calculations at the BP86-D3/Dgauss-DZVP//COSMO-RS level in water based on the 
optimized molecular geometries with the GFN2-xTB semiempirical method. They showed that the Ala residue in Ala-Gly favors the βS, 
δR, and αR conformers, and that of the Gly-Ala sequence favors βS, βP, and αR conformers depending on the conformation of Gly residue. 
Prasad et al. reported a diverse data set, PEPCONF, of peptide conformational energies calculated by the LC-ωPBE-XDM/aug-cc-pVTZ 
method for single-point energy calculations [33]. The results implied that Ala residue in peptide might adopt specific conformations. It 

Fig. 1. Chemical structure and dihedral angle nomenclature of Ac-Ala-NHMe (1) and Ac-azaGly-NHMe (2) peptide models, respectively (a, b). 
Potential energy maps of (c) Ac-Ala-NHMe (1) and (d) Ac-azaGly-NHMe (2), respectively, at the LCgau-BOP + LRD/6-31 + G(d) level in the gas 
phase. Geometry optimization of all variables except (φ1, ψ1) was performed on a grid with 15◦ spacing. The dihedral angle of ω0 and ω1 was set to 
~180◦. The energy area from the lowest energy (blue) to 15 kcal/mol (red) is shown. The Ala residue favors βS(C5) and γ′ regions; the azaGly residue 
favors the δR and δL, βP, or ε regions. The nomenclature of conformers was adopted from Karplus et al. [34] (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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has been reported that Ala residue in the coil library adopts the five conformers, such as γ′, βS, βP, αR, and αL [25]. Many lines of 
evidence showed that Ala residue favors the specific conformers or ensemble of the minima depending on the environment and nearest 
neighbor residue. However, the neighbor and solvent effects on the conformational preference of Ala residue in the peptide are still 
limited due to the flexibility of peptides. 

Peptidomimetics mimic natural peptides, which modify the interesting backbone or side chain [35–40]. The modification in the 
peptide backbone restricts peptide conformations, reducing the degrees of freedom [41]. Thus, we reasoned that peptidomimetics 
would be an excellent instrument for understanding the intrinsic backbone preferences of amino acid residue in peptides. In this work, 
we chose azaglycine (azaGly), which is the replacement of the CαH group of glycine residue by an N atom (Fig. 1b). Azaglycine residue 
can adopt the mainly four conformers δR, (φ = − 90◦±30◦, ψ = 0◦±30◦), δL (φ =+90◦±30◦, ψ = 0◦±30◦), βP (φ = − 90◦±30◦, ψ = 180◦

±30◦), and ε (φ =+90◦±30◦, ψ = 180◦±30◦) (Fig. 1d) [41–46]. Previously, researchers rationalized that incorporating azaGly residue 
would stabilize the β-turn structure [47,48]. Indeed, the NMR(nuclear magnetic resonance) structure of Ac-Phe-azaGly-NH2 adopted 
β-II(primary) and β-I turn(minor) structure in DMSO solvent [47]. Yan et al. [49] also reported that the X-ray and NMR structure of the 
series of azapeptides containing thioamide moiety, showing that Ac-Ala-azaGly-ψ[CSNH]-Ph and Ac-Phe-azaGly-ψ[CSNH]-Ph adopted 
the β-II turn mostly. The results suggest that the i+1 Ala residue prefers the polyproline II (βP) to different conformers when azaGly 
adopts the δL conformer in the polar solvent. However, it remains unknown how Ala residue’s conformational preferences would affect 
neighbor residue conformations or be affected by the near neighbor residue and solvent. 

To investigate the neighbor effect on the conformational properties of Ala residue in peptide, we employed two azapeptides, Ac- 
Ala-azaGly-NHMe (3, AaG) (Fig. 2a) and Ac-azaGly-Ala-NHMe (4, aGA1) (Fig. 2b), using DFT functionals including the LCgau-BOP 
[50], and LCgau-BOP + LRD [51,52], the LCgau-BOP combined with the original local response dispersion (LRD) [53]. In the pre-
vious reports, LCgau-BOP + LRD reproduced inter- and intramolecular dispersion energies with reduced errors, which is neglected in 
the conventional DFT functionals [54,55]. We generated the potential energy Ramachandran plots of Ala residues in model peptides 
with the fixed dihedral angle of azaGly to (φ,ψ =±90◦, 0◦ or 180◦) at the LCgau-BOP and LCgau-BOP + LRD level of theories in the gas 
phase and water. Polarizable continuum models (IEF-PCM and SMD) were used to describe the water. Based on the potential energy 
surface of Ala residues in model peptides, we could identify the local minima of azapeptides 3 and 4 in the gas phase and water. For 
comparison, we used hybrid B3LYP functional and B3LYP with Grimme’s D3 dispersion effect (B3LYP-D3) [56] to calculate the local 
minima of azapeptides 3 and 4. The most favorable conformers of azapeptides 3 and 4 in the gas phase and water are summarized (SI 
Tables S1-S6). Furthermore, we could synthesize azapeptide 5, Ac-azaGly-Ala-NH2 (aGA2), and obtain its X-ray structure in the solid 
phase and circular dichroism(CD) spectrum in water. Using time-dependent density-functional theory (TD-DFT) calculation, we could 
predict the electronic circular dichroism (ECD) spectrum for the most favorable conformers of azapeptide 5. To evaluate our theo-
retical results, we examined the conformational behaviors of azapeptide 6, Ac-Phe-azaGly-NH2 (FaG), compared with the previous 
experimental results. Our results will provide knowledge of the intrinsic conformational properties of Ala residue in peptides and guide 
a new foldamer using azaglycine. 

2. Calculation and experimental methods 

Gaussian 09/16 programs [57,58] were used to investigate the conformational behaviors of azapeptides. Density functional theory 
(DFT) functionals, such as LCgau-BOP and LCgau-BOP + LRD, were used. In brief, the LCgau-BOP functional is that the LC and LCgau 
schemes were applied to the Becke 1988 exchange [59] + one-parameter progressive (OP) [60] correlation functional. We used the 
three fitted parameters (μ = 0.42, a = 0.011, and k = 18.0) in LCgau-BOP calculations [61]. The LCgau-BOP functional was combined 
with the original local response dispersion(LRD) method with newly optimized parameters [62]. In addition, we used B3LYP and 
B3LYP-D3 functionals in comparison. Ramachandran energy maps of Ala dipeptide, Ac-Ala-NHMe (1), and azaGly peptide, 

Fig. 2. Chemical structures and dihedral angle nomenclature of (a) Ac-Ala-azaGly-NHMe (3, AaG) and (b) Ac-azaGly-Ala-NHMe (4, aGA1).  
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Ac-azaGly-NHMe (2), were generated by scanning of (φ,ψ) torsional angle of Ala or azaGly residue ranging from − 180◦ to +180◦ in 
steps of 15◦ (625 conformers) at the LCgau-BOP + LRD/6-31 + G(d) level of theory (Fig. 1). To examine the conformational pref-
erences of Ala residues in tripeptides, Ac-Ala-azaGly-NHMe (3, AaG) (Fig. 2a) and Ac-azaGly-Ala-NHMe (4, aGA1) (Fig. 2b), we also 
generated Ramachandran plots at the LCgau-BOP-LRD/6-31 + G(d) level of theory. During the scanning of (φ,ψ) dihedral angle of Ala 
residue ranging from 180◦ to +180◦ in steps of 15◦ (625 conformers), the (φ, ψ) dihedral angles of azaGly were fixed to (φ =±90◦, ψ =
0◦ or 180◦) in the gas phase and water. To estimate the effect of water on the topology of the energy surfaces, we partly optimized the 
model tripeptides in water using IEF-PCM(integral equation formalism variant of the Polarizable Continuum Model) [63] and SMD 
[64] solvation models at the LCgau-BOP and LCgau-BOP + LRD functional. 

We selected the starting structures using two methods to characterize the local minima for azapeptides 3 and 4. The starting 
structures of azapeptides were selected (1) based on the Ramachandran energy maps of Ala residues (Figs. 3–6) and (2) the confor-
mational search using HyperChem 8.0 [65] at the RM1 semiempirical method [66]. These initial structures were optimized fully at 
LCgau-BOP, LCgau-BOP + LRD, B3LYP, and B3LYP-D3 with a 6–311++G(2d,2p) basis set in the gas phase and water. Furthermore, we 
synthesized azapeptide 5, Ac-azaGly-Ala-NH2 (aGA2), and computed the most favored conformers of azapeptide 5 at the same level of 
theories, compared with the X-ray structure of azapeptide 5 (SI Tables S13-S15). The electronic circular dichroism (ECD) spectrum for 
the conformers of azapeptide 5 was computed using time-dependent-density-functional theory (TD-DFT) to compare the experiment 
circular dichroism(CD) spectrum of azapeptide 5 (SI Tables S11-S13 and Figures S2 and S3). To evaluate the theoretical results, we also 
calculated the minima conformations of Ac-Phe-azaGly-NH2 (6) and compared them with the previously reported experimental results 
(SI Tables S14-S18). Frequencies were computed at the same level of theories to confirm each stationary point as a minimum. 
Conformation populations of model azapeptides 3–6 were calculated at 298K based on the relative energies [24]. The figures were 

Fig. 3. Ramachandran energy maps of Ac-Ala(φ1,ψ1 = scan)-azaGly (φ2 = − 90◦, ψ2 = 0◦)-NHMe (A and B) and Ac-azaGly(φ1 = − 90◦, ψ1 = 0◦)-Ala 
(φ2,ψ2 = scan)-NHMe (C, D) at the LCgau-BOP (A and C) and LCgau-BOP + LRD (B and D) with the 6-31 + G(d) basis set. Geometry optimization of 
all variables except (φ1, ψ1) for AaG or (φ2, ψ2) for aGA1 was performed on a grid with 15◦ spacing. The dihedral angle of ω0 and ω2 was ~180◦. The 
energy area from the lowest energy (blue) to 10 kcal/mol (red) is shown. IEF-PCM and SMD solvation methods were used to consider the water 
environment. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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generated using GaussView 6 [67] and Origin programs. Multiwfn [68] and VMD programs generated the non-covalent interactions 
(NCI) plot for the aGA2-05 and aGA2-12 conformers. 

Synthesis of Ac-azaGly-Ala-NH2 (5, aGA2). Azapeptide 5 was synthesized on Rink Amid MBHA-resin by solid phase peptide 
synthesis using the Fmoc/tBu strategy. The Fmoc-Ala-OH was coupled to resins using diisopropyl carbodiimide (DIC) and Oxyma pure 
(ethyl cyano(hydroxyimino)acetate) coupling reagents. The azaglycine was built as previously described in Ref. [69]. The acetyl group 
was introduced using acetic anhydride. The acetylated dipeptide was cleaved from the resin by TFA using deionized water and trii-
sopropylsilane as scavengers. The crude peptide was purified by RP-HPLC and was characterized by analytical RP-HPLC and ESI MS. 

Crystallographic study of Ac-azaGly-Ala-NH2 (5, aGA2). Transparent needle shape crystals of azapeptide 6 were grown from 
water solution. X-ray diffraction data from a single crystal (dimensions: 0.06 × 0.06 × 0.77 mm) were collected at 105.3 K on a Rigaku 
XtaLab Synergy-R diffractometer using Cu-Kα radiation (λ = 1.54184 Å). Data reduction was done using the diffractometer software 
[CrysAlisPro 1.171.40.14e (Rigaku OD, 2018)]. Olex2 v1.2 [70] was used for molecular graphics program and structure determina-
tion. Azapeptide 5 crystallized in the monoclinic space group P21, with one molecule within the asymmetric unit (Fig. 9). The phase 
problem was solved using the intrinsic method with the SHELXT program [71]. The structure was refined by full-matrix least-squares 
techniques (SHELXL-2014/7) on F2 [72] Hydrogen atoms were refined in the riding positions (with bond lengths and angles con-
strained to ideal geometry), except for H4, H5, and H8 (see Fig. 9a for atom numbering): Position of difference electron density peaks 
of H atoms bound to nitrogen atoms of the azaGly and Ala moieties indicated that configuration around N4, N5, and N8 may 

Fig. 4. Ramachandran energy maps of Ac-Ala(φ1,ψ1 = scan)-azaGly(φ2 = +90◦, ψ2 = 0◦)-NHMe (A and B) and Ac-azaGly(φ1 = +90◦, ψ1 = 0◦)-Ala 
(φ,ψ = scan)-NHMe (C and D) at the LCgau-BOP (A and C) and LCgau-BOP + LRD (B and D) with the 6-31 + G(d) basis set. Geometry optimization 
of all variables except (φ1, ψ1) for AaG or (φ2, ψ2) for aGA was performed on a grid with 15◦ spacing. The dihedral angle of ω0 and ω2 was ~180◦. 
The energy area from the lowest energy (blue) to 10 kcal/mol (red) is shown. IEF-PCM and SMD methods were used to consider the water envi-
ronment. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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significantly deviate from planarity so H4, H5, and H8 were assigned to these peaks and were refined as free atoms. The crystallo-
graphic parameters, data collection, and structure refinement details are summarized in Tables S9 and S10. The structures were 
analyzed, and the figures were created using the Mercury program [73]. Validation was carried out using CheckCIF/PLATON [74]. The 
Crystal structure of azapeptide 5 was deposited with the Cambridge Crystallographic Data Centre and can be obtained free of charge 
with CCDC deposition number CCDC 2290581. 

Electronic circular dichroism spectroscopy. Far-UV ECD spectrum was recorded on a Jasco J1500 spectrophotometer using a 
cuvette with a path length of 1.0 mm with a peptide concentration of 2.5 mmol in water. Typical spectral accumulation parameters 
were a scan rate of 50 nm min− 1 with a 1 nm bandwidth and a 0.2 nm step resolution over the 185–260 nm wavelength range with five 
scans averaged at 5 ◦C. The temperature in the cell was controlled by a Peltier-type heating system. The solvent reference spectra were 
used as baselines automatically subtracted from the peptide spectra. The raw ellipticity data were converted into mean residue molar 
ellipticity units ([Θ] MR, deg × cm2 × dmol− 1). 

3. Results and discussion 

We generated Ramachandran energy maps of Ala residue at i+1 or i+2 position in model tripeptides, Ac-Ala-azaGly-NHMe (3) and 

Fig. 5. Ramachandran energy maps of Ac-Ala(φ1,ψ1 = scan)-azaGly(φ2 = − 90◦, ψ2 = 180◦)-NHMe (A and B) and Ac-azaGly(φ1 = +90◦, ψ1 = 180◦)- 
Ala(φ2,ψ2 = scan)-NHMe (C and D) at the LCgau-BOP (A and C) and LCgau-BOP + LRD (B and D) with the 6-31 + G(d) basis set. Geometry 
optimization of all variables except (φ1, ψ1 = scan) for AaG or (φ2, ψ2 = scan) for aGA1 was performed on a grid with 15◦ spacing. The dihedral 
angle of ω0 and ω2 was ~180◦. The energy area from the lowest energy (blue) to 10 kcal/mol (red) is shown. IEF-PCM and SMD solvation methods 
were used to consider the water effect. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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Ac-azaGly-Ala-NHMe (4), as the dihedral angle of azaGly residue was fixed, such as right-handed and left-handed bridged (φ = − 90◦, 
ψ = 0◦ or φ =+90◦, ψ = 0◦), polyproline II (φ = − 90◦, ψ = 180◦) and extended (φ =+90◦, ψ = 180◦) conformations at the LCgau-BOP 
and LCgau-BOP + LRD with the 6-31 + G(d) basis set in the gas and water phase (Figs. 3–6). We employed IEF-PCM and SMD solvation 
methods to consider the water effect. Tables 1 and 2 contain the structural information of local minima for azapeptides 3 and 4 (SI 
Tables S1-S6) at the LCgau-BOP, LCgau-BOP + LRD, B3LYP, and B3LYP-D3 functions with the 6–311++G(2d,2p) basis set in the gas 
and water phase. 

3.1. Ramachandran energy maps of Ala residue when azaGly adopted δR conformation (φ = − 90◦, ψ = 0◦) 

Fig. 3a and b shows the respective LCgau-BOP and LCgau-BOP + LRD Ramachandran energy maps of i+1 Ala residue of azapeptide 
3 as the i+2 azaGly residue has a biased conformer (φ2 = − 90◦, ψ2 = 0◦) in the gas phase (left) and water (center and right). In the 
isolated form, LCgau-BOP and LCgau-BOP + LRD functionals predict that the inverse gamma-turn (γ′) and β-strand (βS) and the bridged 
(δR) regions of the i+1 Ala residue are stable (Fig. 3a, left). Because the αR and δR regions were not found as local minima for Ala 
dipeptide (Fig. 1c) [19,26], the δR and αR regions could be affected by the biased conformation of neighbor azaGly residue in the gas 

Fig. 6. Ramachandran energy maps of Ac-Ala(φ1,ψ1 = scan)-azaGly (φ2 = +90◦, ψ2 = 180◦)-NHMe (A and B) and Ac-azaGly(φ1 = +90◦, ψ1 =

180◦)-Ala(φ2,ψ2 = scan)-NHMe (C, D) at the LCgau-BOP (A and C) and LCgau-BOP + LRD (B and D) with the 6-31 + G(d) basis set. Geometry 
optimization of all variables except (φ1, ψ1 = scan) for AaG or (φ2, ψ2 = scan) for aGA1 was performed on a grid with 15◦ spacing. The dihedral 
angle of ω0 and ω2 was set to ~180◦. The energy area from the lowest energy (blue) to 10 kcal/mol (red) is shown. IEF-PCM and SMD solvation 
methods were used to consider the water effect. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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phase. The αR region of i+1 Ala residue could be stabilized by the intramolecular hydrogen bond with the i+2 azaGly residue that 
adopted the δR conformer, which forms the β-I turn structure. LCgau-BOP and LCgau-POP + LRD functional show that region βS of i+1 
Ala residue has a higher energy surface than δR region in the isolated form (Fig. 3a and b, left). 

IEF-PCM/LCgau-BOP method predicts that γ′ and αR/δR regions of the i+1 Ala residue are stable (Fig. 3a, center). Interestingly, 
including the dispersion correction (+LRD) predicts that the γ′ and βS regions have a higher energy (Fig. 3b, middle). The prediction of 
SMD/LCgau-BOP shows the βS, βP, γ′ and δR/αR regions found to be local minima in water (Fig. 3a, right). Interestingly, the inclusion of 
the dispersion correction (+LRD) predicts that the polyproline II(βP) and δR regions are only stabilized in water (Fig. 3b, right). The 
results indicate that the δR region of the i+1 Ala residue in azapeptide 3 is stabilized by the biased conformation of the i+2 azaGly 
residue, which is related to the neighbor residue. The preference of βP region of i+1 Ala residue in azapeptide 3 would be related to the 
solvation effect (Fig. 3b, right). 

Fig. 3c and d are the respective LCgau-BOP and LCgau-BOP + LRD Ramachandran energy map of the i+2 position of Ala residue in 
azapeptide 4 as the i+1 azaGly adopts the δR conformer (φ1 = − 90◦, ψ1 = 0◦) in the gas and water phase. LCgau-BOP predicts that the 
βS and γ′ regions, likely Ala dipeptide, and the αR and δR regions of the i+2 Ala residue are stable in isolate form (Fig. 3c, left). The δL 
and αL regions of the i+2 Ala residue are on a higher energy surface than the αR and δR regions of the i+2 Ala residue of azapeptide 4. 
Remarkably, the favored αR and δR regions of the i+2 position Ala residue would result from the intramolecular hydrogen bond with 
the biased δR conformation of the i+1 azaGly residue. The LCgau-BOP + LRD Ramachandran energy map of the i+2 Ala residue 
(Fig. 3d, left) is like the LCgau-BOP method’s results (Fig. 3c, left). This indicates that the effect of dispersion correction is minor in this 
case. 

The IEF-PCM/LCgau-BOP method also shows similar conformational preferences of the i+2 Ala residue in the gas phase, except the 
βP region in water (Fig. 3c, middle). However, the IEF-PCM/LCgau-BOP + LRD method predicts that the αR and δR regions, but not the 
βp and βS regions, are found to be stable in water (Fig. 3d, middle). SMD/LCgau-BOP results are slightly different from IEF-PCM/LCgau- 
BOP results. SMD/LCgau-BOP predicts that the preference of i+2 Ala residue is found in the βP, βS, αR, and δR region, but not γ’region, 
in water (Fig. 3c, right). The results of the SMD/LCgau-BOP + LRD method are like those of IEF-PCM/LCgau-BOP + LRD, but SMD/ 
LCgau-BOP + LRD predicts αR region as the most stable, followed by the δR and βP regions of the i+2 position Ala in water (Fig. 3d, 
right). In sum, the βP region of Ala residue may be stabilized by water regardless of the position of Ala residue. The αR (or δR) 

Table 1 
The backbone dihedral angles and relative energies (ΔE in kcal/mol) of the most favorable conformer of Ac-Ala-azaGly-NHMe (3, AaG) calculated at 
the LCgau-BOP, LCgau-BOP-LRD, B3LYP, and B3LYP-D3 functionals with 6–311++G(2d,2p) basis set in isolated form and in water.  

LCgau-BOP 

No. conformer ω0 φ1 ψ1 ω1 φ2 ψ2 ω2 ΔE 

AaG02 βPδL 172.3 − 59.6 129.4 − 176.8 70.0 21.1 − 177.5 0.00 
AaG05 γ′ε 169.0 − 79.9 77.0 − 159.7 63.4 − 163.8 176.0 0.04 
AaG03 γ′δR − 176.7 − 83.4 80.0 − 167.6 − 95.2 − 22.1 176.9 0.31 
LCgau-BOP + LRD 

AaG05 γ′ε 168.0 − 79.4 78.0 − 157.5 60.7 − 162.6 175.9 0.00 
AaG02 βPδL 170.2 − 59.2 130.0 − 175.5 66.1 23.0 − 176.3 0.01 
AaG01 δRδR − 167.9 − 70.4 − 18.8 174.4 − 69.4 − 22.0 176.5 1.44 
B3LYP 

AaG03 γ′δR − 177.6 − 82.3 80.2 − 167.8 − 99.5 − 21.3 178.1 0.00 
AaG02 βPδL 175.0 − 62.8 124.5 − 175.7 73.9 20.4 − 178.9 0.19 
AaG05 γ′ε 172.0 − 80.8 75.0 − 163.6 67.6 − 164.2 177.2 0.63 
B3LYP-D3 

AaG02 βPδL 173.1 − 63.9 121.9 − 173.2 68.4 23.3 − 178.1 0.00 
AaG05 γ′ε 166.8 − 79.3 77.4 − 157.3 62.6 163.5 176.6 0.44 
AaG01 δRδR − 169.8 − 69.7 − 17.7 172.7 − 70.7 − 21.5 177.4 1.13 
SMD/LCgau-BOP 

AaG02 βPδL 178.8 − 56.7 133.8 − 179.6 72.4 17.9 − 177.8 0.00 
AaG01 αRδR − 174.0 − 63.7 − 25.3 178.8 − 73.9 − 19.8 179.5 0.31 
AaG10 βPδL 178.6 − 55.8 134.6 − 176.1 98.2 − 17.0 − 174.1 0.50 
SMD/LCgau-BOP + LRD 

AaG02 βPδL 175.5 − 55.5 135.3 − 177.7 70.2 19.0 − 176.2 0.00 
AaG01 αRδR − 175.5 − 61.9 − 28.1 177.8 − 70.8 − 21.2 177.2 0.31 
AaG10 βPδL 177.4 − 55.7 134.2 − 175.8 93.9 − 14.6 − 172.1 0.88 
SMD/B3LYP 

AaG02 βPδL 179.6 − 62.2 134.8 176.4 77.8 18.1 − 178.5 0.00 
AaG01 αRδR − 175.8 − 65.5 − 24.2 178.0 − 76.5 − 18.7 179.7 0.31 
AaG10 βPδL − 179.8 − 58.6 130.0 − 176.0 99.8 − 16.9 − 174.2 0.31 
SMD/B3LYP-D3 

AaG01 αRδR − 178.5 − 62.1 − 26.8 176.1 − 72.4 − 19.9 178.6 0.00 
AaG02 βPδL 178.9 − 59.9 129.8 − 176.1 68.6 19.2 − 176.7 0.19 
AaG10 βPδL 179.0 − 59.2 129.5 − 174.2 95.5 − 15.8 − 174.0 0.82  
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conformation of the Ala residue would be related to the biased δR conformation of the neighbor azaGly residue. 

3.2. Ramachandran energy maps of Ala residue when azaGly adopted δL conformation (φ = +90◦, ψ = 0◦) 

Fig. 4a and b are the respective LCgau-BOP and LCgau-BOP + LRD Ramachandran energy map of the i+1 Ala residue in azapeptide 
3 as the i+2 position of azaGly reside adopted the δL (φ = +90◦, ψ = 0◦) in the gas phase and water. In the gas phase, both methods 
predict that the βP region of the i+1 position of Ala residue is the most stable (Fig. 4a, left), which was not found in Ala dipeptide 
(Fig. 1c). The result indicated that the βP region of the i+1 Ala residue is stabilized through the intramolecular hydrogen bond with the 
i+2 azaGly residue. The βS, γ′, and αL regions have a higher energy surface than the βP region of the i+1 Ala residue in the gas phase. 
Interestingly, Including the long-range dependency (+LRD) stabilizes the βP region but destabilizes the βS and γ′ regions of i+1 Ala 
residue of azapeptide 3 in the gas phase (Fig. 4b, left). In water, the βS, γ′, βP, δR, and αR are found to be local minima (Fig. 4a, center) at 
the IEF-PCM/LCgau-BOP function. Including LRD predicts that βP regions are the most stable, followed by αL regions of i+1 Ala residue 
(Fig. 4b center). Note that SMD/LCgau-BOP prediction is different from IEF-PCM/LCgau-BOP prediction. The γ′ region is destabilized, 
and the βS and αR regions of i+1 Ala residue are located at the local minima at the SMD/LCgau-BOP (Fig. 4a, right). Including the long- 
range dependency (+LRD) would also predict the βP region of the i+1 Ala residue but not the βS region in water (Fig. 4b, right). All 
calculations show that the neighbor effect stabilizes the βP region of the i+1 Ala, and the solvent stabilizes the other stable areas, such 
as the δR and αL regions. 

Fig. 4c and d are the respective LCgau-BOP and LCgau-BOP + LRD Ramachandran energy maps of the i+2 position Ala residue in 
azapeptide 4 as the i+1 azaGly is set to the conformer δL (φ =+90◦, ψ = 0◦) in the gas and water phase. The Ramachandran energy plot 
of the i+2 position Ala residue is like that of the Ala dipeptide in Fig. 1c, showing that the regions βS and γ′ are expected to be most 
stable (Fig. 4c, left). The result suggests that the biased i+1 azaGly residue would not affect the conformational preferences of the i+2 
Ala residue in azapeptide 4. In addition, including LRD does not change the conformational behaviors of the i+2 Ala residue in the gas 
phase (Fig. 4d, left). In water, the βP, γ′, δR, and αR regions of the i+2 Ala residue are found in the local energy minima at the IEF-PCM/ 
LCgau-BOP prediction. The results indicate that water might stabilize the βP, δR, and αR regions but not the βS region of the i+2 Ala 
residue (Fig. 4c, center). SMD/LCgau-BOP calculation predicts that βP, δR, and αR regions, but not γ′ region of the i+2 Ala residue, are 

Table 2 
The backbone dihedral angles and relative energies (ΔE in kcal/mol) of the most favorable conformer of Ac-azaGly-Ala-NHMe (4, aGA) calculated at 
the LCgau-BOP, LCgau-BOP-LRD, B3LYP, and B3LYP-D3 functionals with 6–311++G(2d,2p) basis set in isolated form and in water.  

No conformer ω0 φ1 ψ1 ω1 φ2 ψ2 ω2 ΔE 

LCgau-BOP 
aGA11 δRγ′ − 169.5 − 93.6 − 21.3 − 179.0 − 82.8 75.5 − 172.8 0.00 
aGA03 δLγ′ 168.9 91.6 20.3 − 179.0 − 85.2 73.5 − 174.6 0.10 
aGA05 αRδR − 170.0 − 71.4 − 22.6 177.6 − 93.0 6.5 175.1 0.41 
LCgau-BOP + LRD 

aGA11 δRγ′ − 175.3 − 74.4 − 30.5 − 164.2 − 80.0 83.9 − 167.1 0.00 
aGA05 αRδR − 171.4 − 70.4 − 23.7 176.4 − 88.1 3.3 175.4 0.06 
aGA03 δLγ′ 169.8 85.3 20.9 − 179.0 − 85.1 74.2 − 173.8 0.69 
B3LYP 

aGA11 δRγ′ − 169.7 − 96.4 − 20.7 − 178.6 − 82.5 75.9 − 173.6 0.00 
aGA03 δLγ′ 169.6 93.8 19.7 179.0 − 83.9 75.1 − 174.8 0.12 
aGA05 αRδR − 170.7 − 71.0 − 22.3 176.9 − 94.4 6.6 175.3 0.65 
B3LYP-D3 

aGA05 αRδR − 172.8 − 69.4 − 23.6 174.6 − 88.6 3.7 175.7 0.00 
aGA11 δRγ′ − 176.0 − 74.0 − 30.9 163.5 − 80.6 81.8 − 165.7 0.16 
aGA03 δLγ′ 171.2 86.9 20.1 178.8 − 83.8 75.2 − 173.7 0.82 
SMD/LCgau-BOP 

aGA05 αRαR − 174.8 − 70.2 − 21.7 173.0 − 67.1 − 19.7 178.9 0.00 
aGA06 δRβS − 176.5 − 76.4 − 21.5 − 179.7 − 154.5 163.7 176.0 1.26 
aGA04 εβS − 176.4 67.4 − 159.6 − 170.9 − 160.5 147.1 174.8 1.48 
SMD/LCgau-BOP + LRD 

aGA05 αRαR − 174.8 − 70.2 − 21.7 173.0 − 67.1 − 19.7 178.9 0.00 
aGA11 δRβP − 179.5 − 67.8 − 32.0 159.3 − 80.6 114.7 − 177.4 1.95 
aGA06 δRβS − 176.5 − 76.4 − 21.5 − 179.7 − 154.5 163.7 176.0 2.40 
SMD/B3LYP 

aGA05 δRδR − 175.4 − 72.3 − 20.8 174.7 − 75.8 − 14.2 180.0 0.00 
aGA03 δLβP 173.9 83.1 18.7 175.1 − 65.4 142.5 174.6 0.25 
aGA01 βPβP − 179.0 − 77.4 162.6 162.6 − 63.2 143.5 175.4 0.38 
SMD/B3LYP-D3 

aGA05 δRδR − 176.7 − 69.3 − 22.5 172.6 − 72.1 − 15.3 179.3 0.00 
aGA06 δRβS − 178.1 − 75.4 − 20.8 − 176.5 − 156.6 153.1 174.5 2.70 
aGA11 δRγ′ − 177.9 − 71.0 − 25.8 166.4 − 79.6 86.5 − 170.0 2.71  
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energetically stable. The results of SMD/LCgau-BOP + LRD Ramachandran energy map of the i+2 Ala residue (Fig. 4c, right) is like 
that of SMD/LCgau-BOP calculation, indicating that the long-range correction might be negligible in the conformational preference of 
the i+2 Ala residue in water. In sum, the βP region of the i+1 Ala residue would be stabilized by the biased i+2 azaGly residue. The 
regions βP, αR, and δR of the i+2 Ala residue would be stabilized by solvent, not neighbor residue. 

3.3. Ramachandran energy maps of Ala residue when azaGly adopted βP conformation (φ = − 90◦, ψ = 180◦) 

Fig. 5a and b are the respective LCgau-BOP and LCgau-BOP + LRD Ramachan energy map of the i+1 position Ala residue as the i+2 
position azaGly adopts the βP conformer in the gas phase and water. In the isolated form, i+1 Ala residue favors the γ′ and βS regions 
energetically, but γ regions have higher energy surfaces than the γ′ region (Fig. 5a, left). The inclusion of LRD shows similar 
conformational preferences of i+1 Ala residue, except for γ regions (Fig. 5b, left), indicating that the dispersion correction may be 
negligible. In the water phase, both solvation methods predict that the βP and δR regions are the local minima (Fig. 5a, center and 
right). SMD/LCgau-BOP calculation indicates that the βP and αR regions of i+1 Ala residue are most stable in energy, but γ′ their areas 
are destabilized (Fig. 5b, right). In addition, SMD/LCgau-BOP + LRD calculation indicates that the i+1 Ala favors the βP region but not 
the γ′ region in the water phase. The results suggest that the solvation effect would be the preference of (βP region of the i+1 Ala residue 
with the biased i+2 azaGly residue. 

Fig. 5c and d are the respective LCgau-BOP and LCgau-BOP + LRD Ramachandran energy map of i+2 Ala residue for azapeptide 4 
as the i+1 azaGly adopts the βP conformer in the gas phase and water. In the gas phase, the LCgau-BOP method predicts that the i+2 
Ala residue favors γ′ and βS regions, which are the most stable (Fig. 5c, left). Interestingly, LCgau-BOP calculation shows that the area 
δR of the i+2 Ala residue is in a higher energy surface. In the water phase, the IEF-PCM and SMD solvent methods with the LCgau-BOP 
method predict that the regions βP, δR, and αR of the i+2 Ala residue are stable in water (Fig. 5c, middle and right). Note that the solvent 
environment would stabilize the αR region of i+2 Ala residue (Fig. 5c, middle; and Fig. 5d, middle). The SMD/LCgau-BOP method 
indicates that the γ′ region of the i+2 Ala residue is destabilized in the water phase. IEF-PCM(SMD)/LCgau-BOP + LRD results are like 
IEF-PCM(SMD)/LCgau-BOP (Fig. 5c and d, right). The results imply that the effect of LRD on conformational preferences for the i+2 
Ala residue in azapeptide 4 is negligible. Both solvation models with LCgau-BOP + LRD functional predict that βS, βP, and αR regions 
are most stable in water (Fig. 5d, middle and right). Note that the SMD/LCgau-BOP + LRD method predicts that the αR region, but not 
the δR region, is stable (Fig. 5c, right). In sum, the neighbor effect of the βP conformer in azaGly on Ala residue may be minor, and water 
may stabilize the βP and αR regions of Ala residues regardless of the position. The results imply that the effect of LRD on conformational 
preferences for i+2 position Ala residue in azapeptide 4 is negligible. 

3.4. Ramachandran energy maps of Ala residue when azaGly adopted ε conformation (φ = +90◦, ψ = 180◦) 

Fig. 6a and b are the respective LCgau-BOP and LCgau-BOP + LRD Ramachandran energy map of i+1 Ala residue as the i+2 azaGly 
adopts the ε conformation (φ = +90◦, ψ = 180◦) in azapeptide 3 in the gas phase and water. Unlike the Ala dipeptide, the γ′ region of 
i+1 Ala residue is the most stable in isolated form (Fig. 6a, left). The βS and γ areas are also observed as local minima with higher 
energy than the γ′ region. The results suggest that conformational behaviors of the i+1 Ala residue for azapeptide 3 are affected by the 
neighbor’s biased conformation (φ = +90◦, ψ = 180◦) of the i+2 azaGly residue. Including LRD does not change the overall energy 
surface of i+1 Ala residue for azapeptide 3 in the gas phase (Fig. 6b, left), compared to LCgau-BOP (Fig. 6a left) results. 

IEF-PCM/LCgau-BOP calculation shows that the regionsγ’, βS, βP, δR, and αR of i+1 Ala residue are stabilized (Fig. 6a, middle). 
Including LRD stabilizes the regions γ′ and αR of the i+1 Ala residue in water (Fig. 6b, middle). SMD/LCgau-BOP method predicts that 
the βP region is the most stable, but γ′ region is destabilized (Fig. 6a, right). Note that the ε conformer of the i+2 azaGly affects the 
conformational preference of the i+1 position of Ala residue. The solvent model predicts that the βP and αR conformers of the i+1 Ala 
residue might be stabilized by water. 

Fig. 6c and d are the respective LCgau-BOP and LCgau-BOP + LRD Ramachandran energy map of the i+2 position Ala residue for 
azapeptide 4 as i+1 azaGly residue adopts the ε conformation (φ = +90◦, ψ = 180◦) at the i+1 position in the gas phase and water. In 
the gas phase, LCgau-BOP calculation shows that the regions βS and γ′ of the i+2 Ala residue are the most stable, remarkably, and δR 
region is also found as local minima. The results show that the conformational preferences of the i+2 position A are affected by the 
biased conformer of the i+1 azaGly residue. The inclusion of LRD does not change the conformational behaviors of the i+2 position of 
Ala residue in the gas phase (Fig. 6d, left). In water, both methods show similar potential energy maps of the i+2 Ala residue (Fig. 6c 
middle and right). The IEF-PCM/LCgau-BOP calculation indicates that the regions δR and αR of the i+2 Ala residue are the most stable 
(Fig. 6c, middle). SMD solvent model predicts that the βP and αR regions are the most stable in water. Including LRD predicts that the αR 
region of the i+2 Ala residue is stabilized for both solvent models (Fig. 6d, middle and right). IEF-PCM/LCgau-BOP + LRD calculation 
predicts that the areas βS, βP, and γ′ The local minima of the i+2 Ala residue are in a higher energy surface (Fig. 6d, middle). SMD/ 
LCgau-BOP + LRD shows the stabilization of the βP region but not the βS region in water (Fig. 6d, right). The results indicate that 
dispersion correction (+LRD) affects the conformation preferences of the i+2 Ala residue in water. In sum, the conformational 
behavior of the i+2 Ala residue is affected by the biased ε conformer of the i+1 position of azaGly. The water may stabilize the βP and 
αR conformer of i+2 Ala residue when azaGly adopts the extended conformation at the i+1 position. 

3.5. Minima conformations of azapeptides 3 and 4 

To characterize the conformational behaviors of azapeptides 3 and 4, we examined the minima using four DFT functionals, 
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including LCgau-BOP, LCgau-BOP + LRD, B3LYP, and B3LYP-D3 in the gas phase and water with 6–311++G(2d,2p) basis set. Tables 1 
and 2 summarize the top 3 ranked conformers for azapeptides 3 and 4 (Figs. 7a and 8a). The identified 10 or 12 minima for azapeptides 
3 and 4 are listed in SI Tables S1-S6. The conformation population of each conformer is shown in Fig. 7b and 8b and listed in SI 
Tables S7 and S8. The following are the details of local minima for the model azapeptides 3 and 4, respectively. 

General trends of Ac-Ala-azaGly-NHMe (3, AaG): The most preferred conformer for azapeptide 3 differs depending on the 
methods used. In the gas phase, DFT functionals used predict AaG02 (βPδL), AaG03(γ′δR), or AaG05 (γ′ε) conformer as the most stable 
conformers (Table 1 and Fig. 7a). LCgau-BOP method predicts two conformers AaG02 (βPδL) and AaG05 (γ′ε) are found in the same 
energy, showing that 32 % of AaG02, 34 % of AaG05, and 21 % of AaG03. Including LRD increases the population of AaG02 and 
AaG05 by 12 % and 11 %, respectively, though populations of other conformers decreased (SI Table S7). This trend is valid for the 
B3LYP-D3 method, showing that the three conformers AaG02, AaG03, and AaG05 were found in a less than 1 kcal/mol range. The 
dispersion correction increases the population of AaG02 by 26 % and AaG05 by 12 % in the isolated form (Table 1 and SI Table S7). 
The results suggest that the i+1 position Ala residue favors the polyproline II(βP) and inverse-gamma turn(γ′) conformers in the isolated 
form. Since inverse-gamma turn is also found in the Ala dipeptide model, the preferred polyproline conformer of i+1 Ala depends on 
the conformation of i+2 azaGly residue. 

We investigated the solvent effect on the conformational preferences of azapeptide 3. The IEF-PCM model indicates that all DFT 
functionals used predict AaG01(αRδR) as the lowest energy conformation (Table 1, SI Table S2), corresponding to the β-I turn structure. 
LCgau-BOP shows 46 % of AaG01, and including LRD increases the population of AgG01 by 11 %. Compared to IEF-PCM/LCgau-BOP 
results, IEF-PCM/B3LYP shows a reduced population of AaG01(31 %) and AaG02 (23 %). B3LYP-D3 functional shows the increment 
population of AaG01 by 34 % in the isolated form. Generally, the prediction of the IEF-PCM model indicates that the β-I turn structure 
is stabilized in the water phase (SI Table S7). However, the SMD/LCgau-BOP method predicts AaG02 (β-II) as the lowest energy 
conformation (Table 1 and SI Tables S3 and S7). Including LRD shows similar relative stability among conformers but increases the 
population of AaG01 (δRδR) and AaG02 (βPδL) by 6 % and 9 %, respectively. SMD/B3LYP predicts 31 % of AaG02 and 20 % of AaG10, 
corresponding to the β-II turn structures. The inclusion of D3 empirical dispersion correction indicates AaG01(αRδR) conformer, 
corresponding to β-I-turn, as the lowest conformation. B3LYP-D3 increases the population of AaG01 by 28 % and shows a similar 
population of AaG02 and AaG10 conformers. The results suggest that water would stabilize the αR or βP conformer for i+1 Ala residue. 

General trends of Ac-azaGly-Ala-NHMe (4, aGA1): Table 2 lists the top-ranked three conformers of azapeptide 4 calculated at the 
four DFT functionals in the gas phase and water (SI Table S8). For the isolated form, LCgau-BOP predicts aGA1-11(δRγ′) as the lowest 
energy conformation, followed by aGA1-03 (δLγ′) and aGA1-05 (αRδR, β-I turn). The population of aGA1-11 is estimated to be 31 %, 
and that of aGA1-03 is 26 % (Fig. 8). The inclusion of LRD changes the relative energy stability of conformations of aGA1. Although 

Fig. 7. The most favorable conformation of Ac-Ala-azaGly-NHMe (3, AaG) at the SMD/LCgau-BOP + LRD/6–311++G(2d,2p) (A) and population of 
conformers in the gas and water (B). For y-axis, M1:LCgau-BOP; M2:LCgau + LRD; M3:IEF-PCM/LCgau-BOP; M4:IEF-PCM/LCgau-BOP + LRD; M5: 
SMD/LCgau-BOP; M6: SMD/LCgau-BOP + LRD; M7: B3LYP; M8:B3LYP-D3; M9: IEF-PCM/B3LYP; M10: IEF-PCM/B3LYP-D3; M11: SMD/B3LYP; 
M12: SMD/B3LYP-D3 with the 6–311++G(2d,2p) basis set used. 
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aGA1-11(δRγ′) is the lowest energy conformation, corresponding to 38 % of the total population, aGA1-05 (33 %) is the second lowest, 
and aGA1-03 (12 %). The results of B3LYP are like those of LCgau-BOP. The results show that 35 % of aGA1-11, 29 % of aGA1-03, and 
12 % of aGA1-05 are estimated in the isolated form (Table 2). The inclusion of D3 empirical dispersion correction changes the relative 
energy order, showing that aGA1-05 (44 %) is the lowest energy minimum, followed by aGA1-11 (33 %) and then aGA1-03 (12 %) in 
the isolated form (Table 2 and Fig. 8). The results showed that the relative populations of aGA1 minima for LCgau-BOP + LRD are like 
those for B3LYP-D3 in the gas phase. 

In water, the IEF-PCM method with all DFT calculations used here predicts that aGA1-05 (δRδR, β-I turn) is the lowest energy 
conformation. Remarkably, the population of aGA1-05 is 80 % at the IEF-PCM/LCgau-BOP and 96 % at the IEF-PCM/LCgau-BOP +
LRD level of theories. For the IEF-PCM/B3LYP method, 62 % of aGA1-05 is estimated. Considering the D3 method, 96 % of aGA1-05 
conformer is predicted in the water phase. The SMD/LCgau-BOP method estimates 55 % of aGA1-05 in water. SMD/LCgau-BOP + LRD 
is predicted to be 90 % of aGA1-05 in the water phase. For SMD/B3LYP, 29 % of aGA1-05, 20 % of aGA1-03, and 16 % of aGA1-01 are 
estimated. However, SMD/B3LYP-D3 predicts aGA1-05 is the lowest energy conformation, corresponding to 95 % of the total 
population. 

In sum, aGA1-11(δRγ′) is the lowest energy conformation for most DFT functionals in the gas phase; aGA1-05 (δRδR) is the most 
favorable in water. The results imply that i+2 Ala residue favors inverse γ-turn(γ′) in the gas phase and helical/bridged conformer (αR/ 
δR) in the water. The results showed that the relative populations of aGA1 minima for SMD (or IEF-PCM)/LCgau-BOP + LRD are like 
those for SMD (IEF-PCM)/B3LYP-D3 in the water phase. 

3.6. X-ray crystallographic and DFT studies on Ac-azaGly-Ala-NH2 (5, aGA2) 

To examine the conformational properties of i+2 Ala residue, we synthesized azapeptide 5, Ac-azaGly-Ala-NH2 (Fig. 9a). The 
crystal structure of azapeptide 5 shows that i+1 azaGly residue adopts polyproline II (βP: φ1 = − 66.4◦, ψ1 = 161.1◦) and i+2 Ala 
residue adopts helical or bridged conformation (δR: φ2 = − 72.2◦, ψ2 = − 32.9◦). Puckering of N4, N5 (azaglycine), and N8 (alanine) 
atoms, as well as the deviation of the acetamidyl and ureidyl moieties from planarity (SI Table S10), indicate a decrease of conjugation 
within these groups. Crystal packing shows a 3D network of hydrogen-bonded chains of molecules with all the donor and acceptor 
groups involved in intermolecular H-bonds (Fig. 9b–e, Table 3). A hydrogen-bonded chain of molecules is formed by the acetamidyl 
moiety of one molecule, and the ureidyl moiety of a symmetry equivalent molecule runs parallel to the diagonal of ab plane of the unit 
cell - the ureidyl moiety of the first molecule is involved in the same type of hydrogen-bonded chain of molecules parallel to the other 
diagonal (Fig. 9b). These form 2-D layers of hydrogen-bonded molecules parallel to the ab planes of the unit cell (Fig. 9c and d). The C- 
terminal amides form a hydrogen-bonded amide ladder along the unit cell axis b (Fig. 9d). 

Note that the X-ray structure of aGA2 in the solid differs from the conformational behaviors of aGA1 predicted in the gas phase and 

Fig. 8. The most favorable conformation of Ac-azaGly-Ala-NHMe (4, aGA1) at the SMD/LCgau-BOP + LRD/6–311++G(2d,2p) (A) and population 
of conformers for azapeptide 4 in the gas and water (B). For y-axis, M1:LCgau-BOP; M2:LCgau + LRD; M3:IEF-PCM/LCgau-BOP; M4:IEF-PCM/ 
LCgau-BOP + LRD; M5: SMD/LCgau-BOP; M6: SMD/LCgau-BOP + LRD; M7: B3LYP; M8:B3LYP-D3; M9: IEF-PCM/B3LYP; M10: IEF-PCM/B3LYP- 
D3; M11: SMD/B3LYP; M12: SMD/B3LYP-D3 with the 6–311++G(2d,2p) basis set used. 
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water. The predicted aGA1-12 (βPδR) conformer for Ac-azaGly-Ala-NHMe (aGA1) is located at the higher energy (ΔE = 2.99–4.32 
kcal/mol) for all DFT functionals in the gas phase (Table S4). In water, aGA1-12 is found in the range of energy (ΔE = 1.95–4.07 kcal/ 
mol) at the IEF-PCM solvation model, depending on the DFT functionals. The IEF-PCM/B3LYP-D3 method predicts that aGA1-12 is at 
higher energy (ΔE = 4.07 kcal/mol). SMD/B3LYP-D3 solvation model seems to stabilize the aGA1-12 conformer but is found in the 
range of energy (ΔE = 0.75–2.64 kcal/mol) depending on the DFT calculation. Since the conformer aGA1-12 is found at the higher 
energy for all DFT functionals used here, we wondered (1) whether the C-terminal methyl group may affect the conformational 
preferences of i+2 Ala residue (2) in the intermolecular hydrogen bond between i+1 azaGly residue may have a stabilize the specific 

Fig. 9. (A) Crystal structure of Ac-azaGly-Ala-NH2 (azapeptide 5, aGA2). Atomic displacement ellipsoids are contoured at the 0.5 probability level. 
Crystal packing with H-bonds is shown as cyan dotted lines: (B) H-bonded chains of molecules along the diagonal of the ab plane of the unit cell 
(view along the b axis). (C and D) H-bonded 2-D network of molecules in the ab plane(view along unit cell axis a and c, respectively). (E) H-bonded 
ladder of molecules along unit cell axis b (view along axis a). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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conformation. 
To answer these two questions, we calculated the local minima of Ac-azaGly-Ala-NH2 (5, aGA2) using LCgau-BOP + LRD and 

B3LYP-D3 functionals (Fig. 10a and SI Tables S11-S13). As expected, the relative energy order among the conformers for azapeptide 5 
is quite similar to that for azapeptide 4, although the relative populations among the conformers are slightly different (SI Tables S11- 
S13). The lowest energy conformer for azapeptide 5 is the conformer aGA2-05 (δRδR, β-I) with 31 % and 44 % population, at the LCgau- 
BOP + LRD and B3LYP-D3 functions, respectively, in the isolated form (SI Table S11). Remarkably, the second lowest energy 
conformer aGA2-12 (βPδR) has a higher energy (ΔE = 3.24 kcal/mol and 4.19 kcal/mol) at the LCgau-BOP + LRD and B3LYP-D3 
functional, respectively). In water, the population of the conformer aGA2-05 is increased to 86 % and 94 % at the SMD/LCgau- 
BOP + LRD and SMD/B3LYP-D3 functionals, respectively (SI Table S12). SMD/LCgau-BOP + LRD and SMD/B3LYP-D3 functions 
stabilize the aGA2-12 conformer (ΔE = 1.67 kcal/mol and 2.44 kcal/mol, respectively). IEF-PCM/B3LYP-D3 predicts that aGA2-12 is 
the third lowest energy conformer (ΔE = 3.96 kcal/mol) (SI Table S13). The results imply that the aGA2-12(βPδR) conformer would be 
stabilized by intermolecular hydrogen bonds in a solid state [43,44,75,76]. 

Since the X-ray structure of aGA2 adopts the polyproline II (βP) in the i+1 azaGly residue and α-helical (αR) structure in the i+2 Ala 
residue, we assessed the performance of DFT functionals used here to see whether the conformer aGA2-12 is stabilized through the 
intermolecular hydrogen bond. We calculated the dimer structures of aGA2 using different methods (SI Figure S1). Remarkably, all 
DFT functionals used here failed to predict the dimer structure of aGA2 in the isolated form (SI Fig. S1). The backbone (φ, ψ) dihedral 
angles of i+1 azaGly residue and i+2 Ala residue in aGA2 in the isolated form are also quite different from those in the X-ray structure. 
Interestingly, IEF-PCM/LCgau-BOP + LRD, SMD/LCgau-BOP + LRD, and SMD/B3LYP-D3 calculations show a similar X-ray structure 
of aGA2. The results imply that the dispersion and solvent effect would be essential to describe the intrinsic structures of Ala residue in 
the azapeptide model. 

3.7. CD spectrum of azapeptide 5 

Although the X-ray structure of azapeptide 5 adopts the βP conformer for azaGly and the αR conformer for Ala residue in the solid 
phase, all DFT functionals used here in the gas and water predict the aGA2-05(δRδR) conformer has the lowest energy. To characterize 
the conformation preference of azapeptide 5 in water, we obtained the circular dichroism (CD) spectrum of azapeptide 5 at 5 ◦C 
(Fig. 10a and b). While the CD spectrum of the peptide is sensitive to the secondary structure of protein [77], the CD spectrum of the 
azapeptide remains unclear. Thus, we computed the electronic circular dichroism (ECD) spectrum using time-dependent density 
functional theory (TD-DFT) (SI Figures S2 and S3). In addition, which DFT functionals predict the ECD spectrum of azapeptide has yet 
to be examined. We calculated the ECD spectrum for 12 conformers of azapeptide 5 at the SMD/TD-LCgau-BOP + LRD and 
SMD/TD-B3LYP-D3 functionals (SI Figures S2 and S3, Figs. 10c and d and). The computed ECD spectrum of aGA2-05 using the 
SMD/TD-B3LYP-D3, but not SMD/TD-LCgau-BOP-LRD, shows good agreement with the experimental one (Fig. 10c and d). Since the 
predicted population of aGA2-05 is 94 % at SMD/B3LYP-D3 level, the experiment CD spectrum of azapeptide 5 may represent the 
major conformer aGA2-05 in water. The results imply that the SMD/TD-B3LYP-D3 method would help examine the ECD spectrum to 
explore the conformational preference of azapeptide. However, SMD/B3LYP-D3 and SMD/LCgau-BOP + LRD functionals predict that 
aGA2-05 is the lowest energy conformer in water. 

3.8. Assessment of DFT functionals used here using azapeptide 6, Ac-Phe-azaGly-NH2 (6, FaG) 

We found that SMD/LCgau-BOP + LRD and SMD/B3LYP-D3 methods best describe the conformational preferences of Ala residue in 
azapeptide 5. We further assessed the performance of DFT functionals used in this work. We benchmarked our previous study (SI 
Figure S4) [47], showing that the solution structure of Ac-Phe-azaGly-NH2 (6, FaG) adopted β-II (primary) and β-I (minor) turns in the 
polar solvent (DMSO). Thus, we re-investigated the conformational behaviors of azapeptide 6 using the LCgau-BOP + LRD and 
B3LYP-D3 functions in the gas phase and water using the IEF-PCM and SMD model (SI Table S14-S18). In the gas phase, LCgau-BOP +
LRD and B3LYP-D3 predict that FaG02 (βPδL(a), β-II turn) is the lowest energy conformer, corresponding to 42 % and 26 % of the 
population, respectively (SI Table S14). In water, IEF-PCM/LCgau-BOP + LRD and SMD/LCgau-BOP + LRD predict that the conformer 
FaG02 (β–II–turn, 37–38 %) is the lowest (SI Tables S15 and S16). The conformer FaG12 (βI’-turn, 19 % population) for 
IEF-PCM/SMD/LCgau-BOP + LRD and the conformer FaG14 (βI-turn, 13 % population) for SMD/LCgau-BOP + LRD, respectively, are 

Table 3 
Geometric parameters for hydrogen bonds formed within the crystal structure of Ac-azaGly-Ala-NH2 (5, aGA2).  

D-H.A atoms d(D-H) (Å) d(H.A) (Å) <DHA (◦) d(D.A) (Å) Symmetry operator for atom A 

N13–H13A … O12 0.880a 2.101 168.52 2.969 [-x, y-1/2, -z ]b 

N13–H13B ….O12 0.880a 2.160 138.51 2.879 [ x, y-1, z ]b 

C1–H1B⋯O7 0.980a 2.440 144.54 3.287 [-x, y-1/2, -z+1 ] 
N5–H5⋯O3 0.846 2.240 146.35 2.982 [-x+1, y-1/2, -z+1 ]c 

N8–H8⋯O3 0.908 1.913 158.60 2.778 [-x+1, y-1/2, -z+1 ]c 

N4–H4⋯O7 0.852 1.943 165.69 2.777 [-x, y-1/2, -z+1 ]c  

a These H atoms were idealized and included as rigid groups. 
b Forming a hydrogen-bonded ladder of molecules along unit cell axis d. (Fig. 9e). 
c Forming chains of hydrogen bonded molecules along the diagonal of unit cell plane ab (Fig. 9b–d). 
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found to be the second lowest energy minimum (ΔE = 0.62 kcal/mol) (SI Tables S15 and S16 and Fig. S4). We observed that 
SMD/LCgau-BOP + LRD functional predicts the four β–II–turn structures (FaG02, FaG01, FaG11, and FaG16) with the different 
orientation of χ1 value, corresponding to 55 % of the total population (SI Table S16). However, the SMD/B3LYP-D3 method predicts 
the conformer FaG14 (β-I turn, 24 % population) as the lowest energy conformer; the conformer FaG02 (β-II turn, 14 % population) is 
the second lowest energy minimum (SI Tables S17 and S18). The results suggest that the SMD/LCgau-BOP + LRD method would 
explain the population of azapeptide 6 better than the SMD/B3LYP-D3 method in water. 

4. Conclusion 

The neighbor and solvation effects on the conformational spaces of Ala residues were examined using two azapeptides, Ac-Ala- 

Fig. 10. CD spectrum of azapeptide 5. (A) Chemical structure of azapeptide 5 (B) Experimental CD spectrum of azapeptide 5 in water at 5 ◦C. (C and 
D) Calculated electronic circular dichroism (ECD) for aGA2-05 and aGA2-12 at the SMD/B3LYP-D3 functional with a 6–311++G(2d,2p) basis set in 
water. NCI analysis of aGA2-05 and aGA2-12. NCI plot shows the regions of attractive (blue) and repulsive (red) interactions, as well as regions of 
van der Waals interactions (green) for the B3LYP-D3 functional (Multiwfn and VMD software were used to generate the figures). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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azaGly-NHMe (3) and Ac-azaGly-Ala-NHMe (4). Since azaGly can adopt specific conformation, we could reduce the possible con-
formations of azapeptide models. Using the LCgau-BOP without and with LRD, we generated the potential energy maps of i+1 or i+2 
Ala residue, showing that the local minima of Ala residues are found in the beta-sheet (βS), inverse gamma-turn(γ′), polyproline II (βP), 
the right-handed alpha-helical/bridged (αR/δR) regions depending on the neighbor and solvation effect. The polyproline II conformer 
in the i+1 position of Ala residue is found as a local minimum as the i+2 azaGly adopts the left-bridged (δL: φ = +90◦, ψ = 0◦) 
conformation in the gas phase and water. However, the βP conformer of i+1 Ala residue was found to be local minima regardless of the 
conformations of azaGly residue in water. The conformers αR/δR were found as local minima for the i+1 or i+2 Ala residue as azaGly 
adopts the δR, βP, or ε conformer regardless of the sequence and solvent. The IEF-PCM and SMD solvation methods exhibit that the γ′ 
conformer is destabilized in water, although it is stabilized in the gas phase. The X-ray structure of Ac-azaGly-Ala-NH2 (5, aGA2) was 
obtained, showing that the i+1 azaGly residue adopts the βP conformer and the i+2 Ala adopts the δR conformer in the solid state. The 
βP conformer of the i+1 azaGly of azapeptide 5 would be stabilized by intermolecular hydrogen bonds [43,76,78], and the δR 
conformer of i+2 Ala residue may be stabilized by solvent. In water, azapeptide 5 adopts β-I turn (δRδR conformer) as shown in the 
experimental and theoretical CD spectrum of aGA2-05 conformer. We also assessed the conformational preferences of Ac-Phe-aza-
Gly-NH2 (6, FaG) using DFT functionals, showing that SMD/LCgau-BOP + LRD predictions agree well with the experimental results. 
The results imply that the inclusion of the dispersion effect is necessary to describe the conformational properties of Ala residue in short 
azapeptides. The study may also be employed to design a new foldamer containing azaglycine residue in peptide. 
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[23] D. Caballero, J. Määttä, A.Q. Zhou, M. Sammalkorpi, C.S. O’Hern, L. Regan, Intrinsic α-helical and β-sheet conformational preferences: a computational case 

study of alanine, Protein Sci. 23 (7) (2014) 970–980. 
[24] R.A. Cormanich, M. Bühl, R. Rittner, Understanding the conformational behaviour of Ac-Ala-NHMe in different media. A joint NMR and DFT study, Org. Biomol. 

Chem. 13 (35) (2015) 9206–9213. 
[25] F. Jiang, W. Han, Y.-D. Wu, The intrinsic conformational features of amino acids from a protein coil library and their applications in force field development, 

Phys. Chem. Chem. Phys. 15 (10) (2013) 3413–3428. 
[26] D. Wei, H. Guo, D.R. Salahub, Conformational dynamics of an alanine dipeptide analog: an ab initio molecular dynamics study, Phys. Rev. E - Stat. Nonlinear 

Soft Matter Phys. 64 (1 Pt 1) (2001) 011907. 
[27] H. Hu, M. Elstner, J. Hermans, Comparison of a QM/MM force field and molecular mechanics force fields in simulations of alanine and glycine "dipeptides" (Ace- 

Ala-Nme and Ace-Gly-Nme) in water in relation to the problem of modeling the unfolded peptide backbone in solution, Proteins 50 (3) (2003) 451–463. 
[28] J. Grdadolnik, V. Mohacek-Grosev, R.L. Baldwin, F. Avbelj, Populations of the three major backbone conformations in 19 amino acid dipeptides, Proc. Natl. 

Acad. Sci. U.S.A. 108 (5) (2011) 1794–1798. 
[29] V. Parchansky, J. Kapitan, J. Kaminsky, J. Sebestik, P. Bour, Ramachandran plot for alanine dipeptide as determined from Raman optical activity, J. Phys. Chem. 

Lett. 4 (16) (2013) 2763–2768. 
[30] M. Culka, T. Kalvoda, O. Gutten, L. Rulí̌sek, Mapping conformational space of all 8000 tripeptides by quantum chemical methods: what strain is affordable 

within folded protein chains? J. Phys. Chem. B 125 (1) (2021) 58–69. 
[31] T. Kalvoda, M. Culka, L. Rulí̌sek, E. Andris, Exhaustive mapping of the conformational space of natural dipeptides by the DFT-D3//COSMO-RS method, J. Phys. 

Chem. B 126 (32) (2022) 5949–5958. 
[32] B. Chahkandi, M. Chahkandi, A reconnaissance DFT study of the full conformational analysis of N− formyl− L− serine− L− alanine− NH2 dipeptide, J. Mol. Model. 

26 (6) (2020). 
[33] V.K. Prasad, A. Otero-de-la-Roza, G.A. DiLabio, PEPCONF, a diverse data set of peptide conformational energies, Sci. Data 6 (2019) 180310. 
[34] P.A. Karplus, Experimentally observed conformation-dependent geometry and hidden strain in proteins, Protein Sci. 5 (7) (1996) 1406–1420. 
[35] K. Fan Cheng, S. VanPatten, M. He, Y. Al-Abed, Azapeptides -A history of synthetic milestones and key Examples, Curr. Med. Chem. 29 (42) (2022) 6336–6358. 
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