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Abstract 

The conformational analysis of n-formyl-d-serine-d-alanine-NH2 dipeptide was studied using density functional theory 
methods at B3LYP, B3LYP‒D3, and M06‒2X levels using 6‒311 + G (d,p) basis set in the gas and water phases. 87 con-
formers of 243 stable ones were located and the rest of them were migrated to the more stable geometries. Migration 
pattern suggests the more stable dipeptide model bears serine in βL, γD, γL and the alanine in γL and γD configurations. 
The investigation of side‒chain‒backbone interactions revealed that the most stable conformer, γD

–γL, is in the β‒turn 
region of Ramachandran map; therefore, serine-alanine dipeptide model should be adopted with a β‒turn conforma-
tion. Intramolecular hydrogen bonding in β‒turns consideration by QTAIM disclosed γD

–γL includes three hydrogen 
bonds. The computed UV‒Vis spectrum alongside of NBO calculation showed the five main electronic transition 
bands derived of n →  n* of intra‒ligand alanine moiety of dipeptide structure.

Keywords For‒d‒Ser‒ d‒Ala‒NH2 dipeptide, Ramachandran map, β–turn, DFT, QTAIM, PCM

Introduction
The functional properties of the proteins and peptides 
constructing the living bodies depend on their three‒
dimensional (3D) structure. The conformational prop-
erties of these bio‒ingredients are directly impressed by 
their functional structures. Besides, the electronic and 
vibrational characters of a molecule are connected to 
its conformational structure. Amino acids, as the build-
ing blocks of peptides and proteins [1], are some of the 
designator biochemical regulators, such as neurotrans-
mitters [2, 3] and autophagy regulators [4–6]. Except 
of glycine, the rest of whole 20 amino acids have both 

d‒ and l‒ enantiomeric forms with different physiologi-
cal and biological functions. The optical purity have key 
effect on property and should be carefully controlled, 
i.e. l‒amino acids, in most cases, show a biocompatible 
identity, but d ‒amino acids may have harmless effects 
[7]. For a long time, it was thought which d‒amino acids 
are abnormal and absent in mammals. Nevertheless, 
recent studies approved the presence of d‒amino acids, 
such as d‒aspartate, d‒serine (ser), and d‒alanine (ala), 
in mammals [8, 9]. Additionally, enzymatic studies have 
elucidated that the synthesis and metabolism of d‒amino 
acids are physiologically regulated [10–13]. Furthermore, 
a reliable evidence emphasizes the role of d‒amino acids 
in the development, pathophysiology, and cancer therapy 
[14].

The ser‒ala dipeptide is constructed by coupling two 
contrary amino acids: the former is a polar/hydro-
philic (ser) and the latter is a non‒polar/hydrophobic 
(ala) kind. Ser and ala bear hydroxylic and aliphatic 
side‒chains of methyl and hydroxymethyl, respectively. 
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These specific properties of those unparalleled ala and 
ser residues give them some critical functional roles in 
many bio‒organisms. For example, d‒ser has an essen-
tial task in the central nervous system (CNS) of rodents 
and humans, including of midbrain, cerebellum, and 
spinal cord [15–18]. According to the secondary struc-
ture of proteins and peptides, the functional properties 
of them have traditionally visualized, appropriated, and 
analyzed.

d‒amino acids can be regarded as the constituents of 
bio‒stable polypeptides or some bio‒based materials. 
The stereo‒specificity of proteases can be pursued and 
controlled in polymerization reactions [19]. The protein 
structure and folding can be decoded by conformational 
space mapping of small peptide fragments. As noted 
above, incorporating d‒enantiomers of all amino acids 
within a peptide sequence would allow the synthetiza-
tion and preparation of the effective drugs. For example, 
leuprolide acetate known as a cancer drug, and penicillin 
consist of d‒leucine‒l‒leucine and d‒ala‒ d‒ala, respec-
tively [20, 21]. The results of conformational studies of 
the MeCO‒ala‒ala‒NH‒Me protected dipeptide about 
its four different configurations (l‒ala‒l‒ala, d‒ala‒ d‒
ala, l‒ala‒ d‒ala, and d‒ala‒ d‒ala), showed that the 
most stable one would be βLγL , βLγD , βLγD , and βLγL , 
respectively [22]. Moreover, the topologies of conforma-
tional potential energy surfaces of d‒ and l‒alanyl resi-
dues on a glycine unit of n‒Ac‒ala‒gly‒ala‒NHMe [23] 
and n‒Ac‒ala‒gly[β]‒ala‒NHMe [24] tripeptides were 
investigated.

The thermodynamic properties of protolytic equilib-
ria of d/l‒alanyl‒d/l‒serine dipeptide have been deter-
mined in aqueous solutions by means of potentiometry 
and calorimetry [25]. For the first time, herein, the com-
plete conformational analysis of HCO‒ser‒ala‒NH2 
dipeptide were investigated by the aid of quantum chemi-
cal calculations. All peptide bonds of HCO‒ser‒ala‒NH2 
dipeptide are in the trans isomeric state, and chiral α‒
carbons are in the D enantiomeric state [26].

N‒formyl and amine functionalities were attached to 
the terminus of dipeptides. These moieties safeguard the 
mimetic of conformational properties of polypeptides 
and protein segments and simulate the spatial and induc-
tive contacts of those adjacent ser‒ala (sa) amino acid 
residues.

The 243 possible different conformers of HCO‒d‒
ser‒d‒ala‒NH2 on the Ramachandran map, [27, 28] were 
investigated at the B3LYP/6‒311 + G (d,p) level of theory. 
However, it is possible that some conformers were lost 
and less than 243 conformers would be found. Migrations 
of nonexistent conformers can assist to identification 
of the relative stabilities and instabilities of the different 
conformations (ref Scheme 1).

The numbering of atomic sequence in the sa‒protected 
dipeptide was performed under the standardized num-
bering system [29], which provides the necessary mod-
eling data for the further studies of longer or shorter 
peptides (Fig.  1). Moreover, the β‒turn conformations 
of HCO‒d‒ser‒d‒ala‒NH2 protected dipeptide were 
also investigated by the B3LYP‒D3/6‒311 + G (d,p) and 
M06‒2x/6‒311 + G (d,p) levels of theory in the gas and 
water solvent. The L and D forms of ser-ala protected 
dipeptide have been investigated in the previous [26], and 
present studies, respectively that are depicted in Fig. 1.

The backbone (BB) conformation of the  β‒turn is 
highly variable that can be classified based on the dihe-
dral angles contents of φ and ψ of the central residue 
(Table  1). The deviation of ± 30° from these canonical 
extents is allowed within these foresaid angles, whereas 
the fourth ones can be deviated by ± 45° [30, 31].

Usually, β‒turn secondary structures exist in types I, 
II, and III. However, their conformational enantiom-
ers (I′, II′, III′), and VIa1, VIa2, VIb, and VIII types of 
β‒turns are less common. Conventionally, eight types of 
β‒turns have been distinguished and those not defined 
are classified as type IV. The turns comprise n consecu-
tive residues (i to i + n), according to some reports, the 
distance between α‒carbon of residues symbolized as 
i and i + n, must be smaller than 7  Å or 7.5  Å [32, 33]. 
The turns are composed of γ‒turns (n = 3), [34] β‒turns 
(n = 4), [35] α‒turns (n = 5) [36, 37] and π‒turns (n = 6) 
[38, 39]. The participated amino acids in the case of 
noted turns form 7  (C7), 10  (C10), 13  (C13) and 16  (C16) 
membered hydrogen bonded (H‒bonded) rings for γ‒, 
β‒, α‒ and π‒turns, respectively. The term Cn interaction 
is used when the H‒bond (HB) leads to the formation of 
a n‒membered ring, include of the donating NH and the 
accepting CO groups [40]. The most β‒turn structures, 
as defined by C.M. Venkatachalam were characterized by 
a HB between the N‒H and C=O of residues i and i + 3, 
respectively [41], that generates a 10 membered ring. The 

Scheme 1 Conformational nomenclature peptide conformers 
on the Ramachandran map for a peptide (PCO–NH–CHR–CO–NHQ, P 
and Q may be H or  CH3)
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 Cn interactions that lead to the formation of a n‒mem-
bered ring for n = 5, 7, and 10 were shown in Scheme 2. 
While the folding of a peptide into a β‒turn is a multifac-
eted process driven in part by local torsional preferences, 
inter‒strand H‒bonding can offer additional stabilization 
of the turn [42]. Another nomenclature is needed when 
SCs or the N and/or C terminus are involved in H‒bond-
ing [43–49], in the first case the size of formed ring is 
denoted with ″n″, and the position of side chain group 
related to its α‒C atom is given by Greek letters (e.g., γ, 
δ, ε) as superscript (left‒hand side if it’s in a donating 
function, right‒hand side for an acceptor function) [47, 
48]. In addition, the N‒ or C‒terminus participated in a 
HB is marked with ″N″ or ″C″ as superscripted to the 
number ″n″ of the ring size. The superscript is placed on 
the left and right‒hand side of ″n″, if the terminus acts 
as a HB donor and acceptor, respectively (see Fig. 1 and 
Scheme 2).

The further structural consideration of the studied sta-
ble conformers of sa‒protected dipeptide was applied 

[i]                     [i+1]                           [i+2]               [i+3]       [i]               [i+1]                       [i+2]                 [i+3]
N-Formyl             L-Serine                    L-Alanine       N-Amide     N-Formyl      D-Serine               D-Alanine         N-Amide 

(a) (b)
Fig. 1 Schematic of the standardized numbering system, applied to the conformational structure of diamides of HCO‒L‒ser‒L‒ala‒NH2 (a) 
and HCO‒D‒ser‒D‒ala‒NH2 (b) protected dipeptide, showing all BB torsional angles. The four sections of the structure of ser‒ala dipeptide are: 
N‒terminus protecting group (For=HCO), ser residue, ala residue, and the  NH2 group (φ1=C2‒N3‒C4‒C5, ψ1=N3‒C4‒C5‒N6, φ2=C5‒N6‒C7‒C8, ψ2=N6‒
C7‒C8‒N9, χ=N3‒C4‒C20‒N21)

Table 1 Torsional definitions of β‒turns by their torsional 
angles,ϕi+1 , ψi+1,ϕi+2 and ψi+2

* The three torsional angles varying by ± 30° and with one angle allowed to 
deviate by 45° [30, 31]

β − turn type BB torsional angle values*

ϕi+1 ψi+1 ϕi+2 ψi+2

I − 60 − 30 − 90 0

I
′ 60 30 90 0

II − 60 120 80 0

II
′ 60 − 120 − 80 0

III − 60 − 30 − 60 − 30

III
′ 60 30 60 30

IV − 61 10 − 53 17

V − 80 80 80 − 80

V
′ 80 − 80 − 80 80

VIa1 − 60 120 − 90 0

VIa2 − 120 120 − 60 0

VIb − 135 135 − 75 160

VIII − 60 − 30 − 120 120

Scheme 2 The intramolecular interactions and corresponding notation according to the H‒Bonding patterns: a BB‒BB interactions b SC‒BB 
interactions c N‒terminus interaction
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by the UV‒Vis spectrum and Frontier Molecular Orbit-
als (FMOs) investigations. These complementary results 
can be used for better understanding of the dipeptide 
structure.

In the present research, the new calculations including 
of the effect of solvent (water) dielectric constant on the 
stability of β−turn conformers and Frontier Molecular 
Orbitals investigations by UV–Vis spectrum and NBO 
considerations of the most stable conformer of dipeptide 
model were performed. These interesting studies can be 
presented as the main novelty and differentiation related 
to the previous reported results by us [26]. Moreover, 
the non-covalent interactions (like HB) consideration 
was studied by quantum theory of atoms in molecules 
(QTAIM) and B3LYP‒D3 theoretical levels with good 
consistency that both results confirm each other.

Computational methods
First, n−formyl−d−serine−d−alanine−NH2 was mod-
eled with each residue and protecting group segments 
were separately for the entirety of the peptide chain 
numbered. Then, formyl and amide functionalities were 
attached to the N‒ and C‒terminuses of the dipeptide, 
respectively for safe guarding the mimetic of steric effects 
of the neighboring amino acid residues.

The sa‒protected dipeptide was separated into four 
units: (1) The N‒terminus protecting group, (2) the D‒
ser residue, (3) the D‒ala residue, and (4) the C‒termi-
nus protecting group. A standardized numbering system 
was separately used into and along the peptide BB to 
define the numbered dipeptide (Fig. 1). Therefore, every 
of the comprised unit can be shortened at any time for 
modeling the structure of a larger polypeptide [30]. The 
sa‒protected dipeptide conformation is characterized 
by the dihedral angles along the α‒carbon atom of the 
amino acid subgroups denoted as φ, ψ, and χ [30, 31]. 
The φ, and ψ dihedral angles specify the BB, while the χ 
describes the side-chain conformation of the dipeptide. 
The rotations around N − Cα , Cα − CO , and OC − NH

(i.e., the peptide bond) bonds are specified by φ, ψ, and ω 
dihedral angles, respectively. Five dihedral angles φ1, ψ1, 
φ2, ψ2, and χ were considered most relevant to the shape 
and stability of sa-protected dipeptide model. The rota-
tion around χ resulted in side-chain conformers that are 
defined as gauche ( +) (g +), anti (a), and gauche ( −)  (g−). 
Initially, the fully relaxed optimization in the gas phase 
without any symmetry constraints (C1 symmetry for all 
conformations assumed) was employed at B3LYP [50, 51] 
and M06‒2X [52] levels of theory using the 6‒311 + G 
(d,p) basis set. M06‒2X is a hybrid meta exchange‒cor-
relation functional and one of the best functioning for 
studying the organic and biological small molecules [53]. 
In order to estimate the effect of dispersion interactions, 

the dispersion energy corrected B3LYP‒D3 functional 
[51] is also used here to optimize the structure and cal-
culate frequencies of β‒turn conformers. Additionally, 
the effect of solvent on β − turn structures was calcu-
lated using the SCRF keyword with Tomasi’s polarized 
continuum model (PCM; ε = 78.36 for water) [54, 55]. 
Frequency calculations at the same levels of theory were 
also performed to characterize the stationary points 
as local minima on the potential energy surface and to 
evaluate the zero‒point vibrational energy (ZPE). The 
absence of imaginary frequency on the calculated vibra-
tional spectrum confirms that the structure corresponds 
to the minimum energy. The different conformations of 
the dipeptide HCO−d−ser−d−ala−NH2 were optimized 
by restraining the serine residues to the nine conforma-
tions, ( αD,αL, εD, εL, γD, γL, δD, δL,βL ), on the Ramachan-
dran map (Scheme  1) and varying the alanine residues 
for each of the nine optimized conformations. Since 
it can be expected that three minima (g + , a,  g−) along 
χ side − chain dihedral angle are present, the multidi-
mensional conformational analysis (MDCA) would lead 
to the existence of  35 = 243 conformers. In addition, the 
theoretical electronic transitions (ETs) of vacuous phase 
of UV‒Vis spectrum of dipeptide optimized geometry 
were done using time‒dependent DFT (TD‒DFT) calcu-
lations. Both of singlet and triplet states were respected; 
while excitations to triplet excited states were prohibited. 
Partial atomic charges and Natural bond orbital (NBO) 
analyses were also computed using B3LYP‒D3/6‒311 + G 
(d,p) level of theory. All computations concerning con-
formers of serine‒alanine protected dipeptide were car-
ried out by the GAUSSIAN 09 program package, [56] at 
298.15  K and 1.0  atm. Finally, the computations of the 
QTAIM [57] were performed for analyzing the nature 
of the intramolecular hydrogen bonds (IHBs) of β − turn 
structures. The wave functions used in the QTAIM anal-
yses were generated at the B3LYP‒D3/6‒311 + G (d,p) 
and M06‒2X/6‒311 + G (d,p) levels of theory. The related 
calculations were carried out using the AIMAll program 
[58].

Results and discussion
Side‑chain conformational study
The conformational structure of diamides of sa‒pro-
tected dipeptide and its standard numbering system is 
depicted in Fig. 1. The three different stable serine side‒
chain conformers where associated with every BB con-
formation was obtained by varying side‒chain dihedral 
angle, χ, at 30º intervals from 0 to 360º. Results for the 
relative energies (kcal  mol−1) of different conformations 
bearing different side‒chain dihedral angles ( χ ) are sum-
marized in Table 2.
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The anti ( χ = 180º) conformer is the most stable and the 
relative energies of gauche ( +) ( χ =  + 60º) and gauche ( −) 
( χ =  − 60º) conformers are 2.48 and 5.07, respectively.

The D‒ and L‒ enantiomers are mirror image of each 
other. The results of our previous work on the L form of 
sa dipeptide showed that gauche ( +) conformer is more 
stable than gauche ( −). This is also in agreement with the 
results that the anti-conformer is the most stable [26].

Backbone conformational analysis
The three dihedral angles φ, ψ, and ω, lead to a poten-
tial energy hypersurface (PEHS; E = E (φ,ψ,ω)). Since in 
a trans amide bond conformer, the ω torsional angle has 
a constant value of 180º, the hypersurface E = E (φ,ψ,ω) 
can be simplified to E = E (φ,ψ). The calculated results 
at the B3LYP/6‒311 + G (d,p) show that 87 stable con-
formers were characterized, and the rest changed to the 
more stable ones. Initial and final optimized conforma-
tions (including anti, gauche ( +), and gauche ( −) side-
chain forms) of all 243 possible ones of the sa-protected 
dipeptide were reported in supplementary informa-
tion (Additional file  1: Table  S1). The conformations of 
35 models of both ser and ala residues have migrated 
to the altered conformations (red and * marked ones in 
Additional file  1: Table  S1). In contrast, within the 121 
instances, only one of them has migrated, and another 
one remained unchanged (blue ones in Additional file 1: 
Table S1).

Migration patterns of alanine residue
The migration patterns of alanine residue of sa‒protected 
dipeptide are shown in Fig. 2. The obtained results indi-
cate that in 36 cases of 49 conformers bearing migration 
of ala BB to γL,the ser residue retained its original con-
formation, while, in about 13 instances, the ser residue 
also changed to a different conformation. Among the 
36 cases mentioned above, in 12, 14, 7, 2, and 1 models, 
ala BB conformers changed from αL , δL , εL , δ

D
 and βL 

to γL ,  respectively, and in 13 cases, ala BB conformers 
changed from δL , αL , δ

D
 , and εL to γL , within 5, 4, 1, and 

in 3 instances, respectively. Moreover, in 18 cases, the ala 
BB conformers migrated from εD and αD to γD . While, 
11 instances preserved the original conformation of ser 
residue, and in 7 ones, the ser residue changed to differ-
ent conformations. In 10 models of the all 11 mentioned 

cases, ala BB conformers changed from εD to γD and from 
αD to γD in 1 model. Additionally in 7 cases, ala BB con-
formers changed from εD and αD to γD , within 6 and 1 
instances, respectively.

According to the results shown in Fig.  2, the ala resi-
due of εL,αL and δ

D
 BB conformers migrated to βL,δL , and 

αD , within 9, 5, and 4 instances, respectively. Meanwhile, 
among of 18 conformers described above, in 5, 4, and 2 
cases, the ser residue retained its initial conformational 
structures, but in 4, 1, and 2 ones, the ser residue also 
changed to a different conformation, respectively.

Finally, in 2 instances, whereas the ser residue retained 
its original conformation, the ala residue also changed 
from αL and δL to δ

D
 conformation. In summary, from 

all 87 cases bearing the dipeptide migration, in 60 con-
formers, the serine residue retained its original structure 
while, changed to a different form within the rest of the 
27 cases. Our results suggest that the βL,δL,αD , and δ

D
 

conformers of Ala destabilize the model, while greater 
stability is conferred by the γL and γD conformers.

Migration patterns of serine residue
The migration patterns for the serine residue in the sa-
protected dipeptide are displayed in Fig. 3. The optimized 
geometries of different conformations of sa‒protected 
dipeptide show that in the 23 instances, the ser BB con-
formers migrated from εD , δ

D
 , and δL to βL , that in the 21 

cases (12, 7, and 2 items migrate from εD to δ
D

 , and δL 
to βL , respectively), the ala residue retained its confor-
mation and, in 3 cases, changed to the different confor-
mations. And also, in 39 instances, while the ala residue 
remained in its original conformation, the ser residue 
migrated to γD , γL , αD , and δL (15, 12, 11, and 1 items, 
respectively), but in 6 instances, the ser residue migrated 
to γL , and γD (4 and 2 items, respectively), whereas, the ala 
residue also converted to the different conformers (see 
Fig. 3).

The obtained results indicate that among the 156 
migrated conformers of ser and ala residues of BB con-
formers of sa‒protected dipeptide, 65, 33, 35, 15, 6, and 
2 cases converted to γL , βL , γD , αD , δL , and δ

D
 , respec-

tively. According to these results, it can be suggested that 
αD and δL conformers of ser residue cause the instability 
of the dipeptide while βL , γD and γL conformers make a 
more stable model. Moreover, the βL , δL , αD , and δ

D
 

Table 2 Calculated (B3LYP/6‒311 + G (d,p)) relative energies, �Erel(kcal  mol−1) of different side‒chain conformers of HCO‒D‒ser‒D‒
ala‒NH2

The bold values correspond to the three different stable serine side-chain conformers, including gauche (+) ( χ = + 60°), anti ( χ = 180°), and gauche (−) ( χ = − 60°), 
respectively

χ 0 30 60 90 120 150 180 210 240 270 300 330 360

�Erel 2.44 7.24 5.07 6.29 6.46 1.07 0.00 3.40 5.99 3.92 2.48 5.90 2.44



Page 6 of 18Chahkandi and Chahkandi  BMC Chemistry          (2023) 17:138 

conformers within the ala residue causes the dipeptide to 
be unstable, inversely, γL and γD bring the more stability 
for the model. In the previous study about the conforma-
tional analysis of L enantiomer of sa‒protected dipeptide, 
it became evident that the βL , γL , and γD conformations 
within the ser residue and the γD and γL conformations of 
the ala residue create more stable dipeptide [26].

Energetic study of For‒d‒ser‒d‑ala−NH2 dipeptide
The obtained computed relative and Gibbs free ener-
gies of all found conformations of sa‒dipeptide are 
shown in Table  3. The values of relative Gibbs free 
energy (∆G) are shown in the parentheses The rela-
tive energies were calculated by comparing the low-
est energy conformer ( γ−

D
γL ). Our results indicate that 

γ−

D
γL and δ+

L
εD are the most stable and unstable con-

formations of For−d−ser−d−ala−NH2 dipeptide in the 
gas phase, respectively (see Table  3). The amounts of 
the relative and Gibbs free energies of the most unsta-
ble conformer, ( δ+

L
εD ), are calculated as 19.65 and 

18.00  kcal   mol−1, respectively. The conformations of 
For−d−ser−d−ala−NH2 dipeptide that have not been 
found and have migrated to a different conformation 

were symbolled with the N/F sign(s). The three more sta-
ble conformers of anti, gauche ( +), and gauche ( −) BB 
conformers of sa‒protected dipeptide are ( γ a

D
γL , βa

L
γL , 

βa
L
εD ), ( γ+

D
γL,γ+

D
γ
D

,γ+

D
αL ), and ( γ−

D
γL,γ−

D
γ
D

,γ−

D
αD ), with 

the energetic values of (3.25(2.95), 4.13(3.14), 4.29(4.29)), 
(5.91(5.16), 8.22(7.20), 8.27(6.23)) and (0.00(0.00), 
2.30(2.13), 4.03(3.88)), respectively. These results con-
firm the previous section that for the ser and ala residues, 
the ( βL,γL,γD ) and ( γL,γD ) conformers bring more stabil-
ity to the sa‒protected dipeptide. The results of Table 3  
indicate that among anti, gauche ( +), and gauche ( −), 
the ( γ a

D
γL,αa

D
γD ), ( γ+

D
γL,δ+

L
εD ), and ( γ−

D
γL,γ−

L
βL ), BB 

conformers of sa‒protected dipeptide have the highest 
and lowest stability, respectively. The values of the rela-
tive and Gibbs free energies of αa

D
γD , δ+

L
εD , and γ−

L
βL 

are obtained as 16.91 (14.85), 19.65 (18.00), and 16.87 
(14.27), respectively. Previous studies on L and D enan-
tiomers of some mono peptides [59], have illustrated 
a distinct pattern between the two enantiomers; criti-
cal points that were missing from one monopeptide 
were clearly observed in the other, and vice versa. The 
d‒enantiomer was shown to be the mirror image of the 
l‒enantiomer. However, for the herein studied dipeptide, 

Fig. 2 Migration patterns of the ala residue of the For‒D‒ser‒D‒ala −  NH2 dipeptide at the B3LYP/6‒311 + G (d,p) level of theory
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this issue was not clearly observed. According to the 
comparison of Ramachandran maps minima of l and 
k enantiomers of ser‒ala protected dipeptide it is obvi-
ously find that for example γ a

L
βL and γ a

D
βL conformations 

existed for For−d−ser−d−ala−NH2 while the same was 
true for γ a

L
βL conformation of For−d−ser−d−ala−NH2. 

When, the For−d−ser−d−ala−NH2 and 
For−d−ser−d−ala−NH2 dipeptides with a anti orienta-
tion of the ser side chain, had the alanine confined to δ

L
 

and the serine residues restrained to the nine conforma-
tions on the Ramachandran map, five found minima were 
present in l‒enantiomer dipeptide ( βa

L
δL , γ a

L
δL , γ a

D
δL , 

αa
D
δL , εa

D
δL ), but are annihilated in D‒enantiomer (see 

Table 3  and ref. [26]).
Based on the former study, the most stable and unsta-

ble BB conformers of l form of ser‒ala protected dipep-
tide were determined as the γ+

L
γ
D

 and δ−
D
εL , respectively. 

Also, for the anti, gauche ( +), and gauche ( −), conform-
ers of l‒ser‒l-ala protected dipeptide, ( γ a

L
γD , αa

L
γL ), 

( γ+

L
γD , γ+

D
βL ), and ( γ−

L
γD , δ−

D
εL ) BB conformers bear 

the highest and lowest stability, respectively [26]. As 
well as, l and d enantiomers of some similar protected 
dipeptides such as MeCO‒ala‒ala‒NHMe and l form of 
AC‒valyl‒alanine‒NHMe have presented βLγL , βLγD and 
αa
D
γL conformers as the most stable species with the low-

est potential energy minima in the gas phase, respectively 

[22, 60]. Moreover, for ala‒gly dipeptide it was found 
that the most stable conformations within gas phase and 
water solvent were adopted by γ

L
γ
D

 and εLδD ones [60, 
61].

β − turn conformers
Β − turns have been classified and summarized based on 
the dihedral angle values ( ϕ,ψ) of the (i + 1)th and (i + 2)
th positions. It can result that, 22 cases of the 87 found 
conformations of For‒d‒ser‒ d‒ala‒NH2 can be catego-
rized as the β − turns. All conformers of β − turns were 
optimized and verified to be at the minimum energy 
through vibrational analysis (no imaginary frequency 
mode). The optimizations of all 22 β − turns struc-
tures and frequency calculations were carried out at the 
B3LYP, B3LYP‒D3 and M06‒2X levels using the stand-
ard 6‒311 + G (d,p) basis set in gas and solution phases. 
To study the effect of solvent on the stability of β − turn 
structures, the quantum mechanical calculations were 
performed in water using Tomasi’s polarized continuum 
model at the M06‒2X/6–311 + G (d,p) level of theory.

Thermodynamic properties, including relative and 
Gibbs free energies, as well as the type of β − turns in 
gas and solution phases at the B3LYP‒D3/6–311 + G 
(d,p) and M06‒2X/6–311 + G (d,p) levels of theory, are 
provided in Table  4. Additionally, the classification of 

Fig. 3 Migration patterns of the ser residue of the For‒D‒ser‒D‒ala −  NH2 dipeptide at the B3LYP/6‒311 + G (d,p) level of theory
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β − turns according to their type, torsional dihedrals ( ϕ 
and ψ ), and their dipole moments (μ) in Debye, at the 
B3LYP‒D3 and M06‒2X/6–311 + G (d,p) levels of theory 
in the gas and water phases, was reported in the supple-
mentary information (Additional file 1: Table S2).

The given data of Gibbs free energy in the gas phase 
indicate that, β − turn conformers that belong to types V’ 
and I’ have the highest and lowest stability, respectively. 
Nevertheless, based on the water solution calculations, it 
can be noted that γ−

L
γ
D

 conformer as a type V β − turn 
is the highest unstable with the relative and Gibbs free 
energies of 9.60 and 8.57  kcalmol−1, respectively (see 
Table 4).

As shown in Tables  5 and 6, in the gas phase, the 
αa
D
γD conformer with the highest relative and Gibbs 

free energy should be considered as the lowest stable 

specie calculated at the B3LYP, B3LYP‒D3 and M06‒2X 
level of theory. The values of relative and Gibbs free 
energies of the αa

D
γD conformer in the gas phase at 

the B3LYP, B3LYP‒D3 and M06−2X levels of theory 
are calculated as 16.91 (14.85), 14.69 (13.07) and 14.64 
(12.82)  kcalmol−1, respectively. The values in parenthe-
ses are the relative Gibbs free energies. The thermody-
namic properties of β−turns in the gas phase, obtained 
at the B3LYP/6‒311 + G (d,p) level of theory are shown 
in Table 3  (highlighted in bold).

However, the results of the solution phase showed 
that all β−turn structures have lesser relative ener-
gies and the higher stability. The energy decreasing by 
a dimensionless factor of 1/ε, (ε is the dielectric con-
stant), is appropriate if the polarized or charged parti-
cles are immersed in any medium other than a vacuum. 

Table 3 Calculated (B3LYP/6‒311 + G (d,p)) relative energies (kcal  mol−1) of For‒D‒ser‒D‒ala‒NH2dipeptide in the gas phase

The bold values correspond to the relative energy and Gibbs free energies of β-turns in the gas phase, obtained at the B3LYP‒D3/6‒311 + G (d,p) level of theory

The calculated energies are relative to the minimum energy conformer, γ−

D
γL . The values in parentheses are the relative Gibbs free energies. The N/F symbol indicates 

not found conformers migrated to different conformations. The starred N/F* show that both serine and alanine residues have migrated to different conformations. 
(Refer to Additional file 1: Table S1). BB, backbone; a, anti; + , gauche ( +); − , gauche ( −).

BB[i] (ser) BB[i + 1] (ala)

βL γL γD δL δD αL αD εL εD

βa
L

5.67(3.92) 4.13(3.14) 6.33(5.02) N/F 8.57(7.15) N/F 8.00(7.02) N/F 4.29(4.29)

γ a
L

13.12(9.97) 9.67(8.42) 12.30(10.88) N/F 15.15(13.56) N/F 15.22(13.54) 7.64(7.34) 15.17(13.98)

γ a

D
6.02(3.76) 3.25(2.95) 5.97(5.26) N/F 8.67(7.06) N/F 7.40(6.89) N/F N/F

δa
L

14.01(10.95) 13.34(11.05) N/F N/F N/F N/F N/F* N/F 15.76(14.34)

δa
D

N/F N/F N/F N/F N/F N/F* N/F 6.82(5.16) N/F

αa
L

6.97(5.56) 6.72(6.23) 9.24(8.45) N/F 13.03(12.03) N/F N/F N/F N/F

αa

D
15.48(12.01) 14.05(12.08) 16.91(14.85) N/F N/F N/F 16.08(14.60) N/F* N/F

εa
L

10.04(7.73) 8.38(7.47) 10.51(9.57) N/F 14.53(12.83) N/F 10.80(10.69) N/F 10.86(11.07)

εa
D

N/F N/F N/F N/F N/F N/F* N/F N/F* N/F

β+

L
11.03(7.72) N/F N/F N/F* 16.48(13.31) N/F* N/F N/F 15.36(12.91)

γ+

L
12.07(9.40) 8.27(7.12) 10.85(9.57) 11.36(9.09) 13.35(11.58) N/F 13.18(11.86) N/F N/F

γ+

D
9.63(7.41) 5.91(5.16) 8.22(7.20) N/F* N/F* 8.27(6.23) 10.25(9.22) N/F N/F

δ+
L

N/F N/F N/F N/F* N/F* N/F* N/F* N/F* 19.65(18.00)

δ+
D

N/F N/F N/F N/F N/F N/F* N/F N/F* N/F*

α+

L
10.78(8.74) 9.71(8.59) 11.97(10.48) N/F 16.08(14.40) N/F 14.74(13.49) N/F N/F

α+

D
9.93(7.42) 8.50(7.05) 11.49(10.05) 11.66(9.33) N/F N/F* 9.80(9.20) N/F N/F

ε+
L

N/F N/F N/F N/F N/F N/F* 14.15(12.73) N/F* N/F*

ε+
D

10.77(8.35) N/F N/F N/F N/F N/F N/F N/F N/F*

β−

L
8.50(5.81) 8.24(6.44) 10.95(9.36) N/F 14.21(11.47) N/F 9.73(8.89) N/F 8.31(7.66)

γ−

L
16.87(14.27) 11.98(10.81) 14.38(12.66) N/F 15.74(14.76) N/F 13.33(12.94) 8.13(8.04) N/F

γ−

D
N/F 0.00(0.00) 2.30(2.13) N/F N/F N/F 4.03(3.88) N/F N/F

δ−
L

N/F 8.49(6.67) 11.09(9.18) N/F* 14.51(14.07) N/F N/F N/F 12.30(11.28)

δ−
D

N/F N/F N/F N/F* N/F N/F* N/F N/F* N/F*

α−

L
9.18(7.97) 8.79(8.43) 11.19(10.61) N/F N/F* N/F N/F N/F* N/F

α−

D
N/F N/F N/F N/F N/F N/F 9.61(8.52) 4.41(3.53) N/F*

ε−
L

N/F N/F N/F N/F N/F* N/F* N/F N/F* N/F*

ε−
D

N/F N/F N/F N/F N/F N/F N/F N/F* N/F
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It can be mentioned that a weaker interaction in a 
polarizable medium (e.g., water) than a vacuum should 
be formed [62]. Polar molecules with a dipole moment 
(μ), are  dissolved in polar liquids. The  dipole‒dipole 
interaction  between solvent and solute can decrease 
the relative energies [63]. The order of stability of β−
turn structures in the solvent and gas phase is different, 
which is due to the effect of solvent dielectric coeffi-
cient. For example, in the gas phase,αa

D
γD conformer is 

the most unstable structure, while in the solvent phase, 
γ−

L
γ
D

 has the highest relative energy as the most unsta-
ble β−turn. Increasing the dipole moment of the αa

D
γD 

and γ−

L
γ
D

 conformers to the values of 3.04 and 2.43 
Debye, led to the decreasing down of relative and Gibbs 
free energies of 8.20 (7.17) and 4.20 (3.66)  kcalmol−1, 
respectively. Therefore, the αa

D
γD conformer is more 

stable than γ−

L
γ
D

 in water solvent (ref. Table 4).
The β − turn structures are stabilized by forming IHBs 

known as a 1 ← 4 HB type, between the NH−function of 
the first amino acid ( ith ) residue and the carbonyl group 
of the fourth amino acid ( i + 3th ) residue. However, it 
was stipulated by Venkatachalam that 25% of β−turns are 
open, which means without any intraturn HB [41].

The theory of QTAIM provides a proper approach to 
elucidate the intermolecular interactions by considering 
the total electronic density,ρ(rc) , and its corresponding 
Laplacian,∇2ρ(rc).The AIM calculations based on Bader 
theory were performed for studying of HB interactions, 
including the topological analysis regarding the proper-
ties of bond critical points (BCPs) [64–67]. The ρ(rc),and 
∇

2ρ(rc) of BCPs describe the nature of HB and their val-
ues are related to the intermolecular interaction intensity. 
The greater ρ value, the more tremendous interaction 
energy and the positive ∇2ρ(rc) values indicate that the 
interaction is electrostatic (ionic interactions, HBs, and 
halogen bonds), while negative Laplacian values demon-
strate the characteristic covalent interaction.

The high value of ρ(rc) at BCP of order >  10–1 a.u. along 
with the negative value of ∇2ρ(rc) indicating the presence 
of covalent interaction [68]. Nevertheless, the positive 
values of ∇2ρ(rc) along with the ρ(rc) amounts of 0.001 
and 0.01 or less can be regarded for weak van der Waals 
and HB interactions, respectively [64, 67, 69]. The val-
ues of ρ(rc) and ∇2ρ(rc) at the BCP for the HB are in the 
range of 0.002–0.034 a.u. and 0.024–0.139 a.u., respec-
tively [70].

Table 4 Calculated (B3LYP‒D3 and M06‒2X/6‒311 + G (d,p)) relative and Gibbs free energy values  (kcalmol−1) of β − turn conformers 
of sa‒protected dipeptide in the gas and water phases

β − turn type Conformer B3LYP‑D3 M06‑2X (gas phase) M06‑2X (water)

ΔE ΔG ΔE ΔG ΔE ΔG

I αa
L
γL 5.74 5.43 5.01 5.01 1.54 1.53

α+

L
γL 7.45 6.57 6.65 6.14 3.56 3.42

α−

L
γL 7.75 7.42 6.61 6.87 3.00 3.40

I’ αa

D
γD 14.69 13.07 14.64 12.82 6.44 5.65

α+

D
γD 9.22 8.01 9.39 8.33 4.92) 4.12

II εa
L
γD 8.87 8.20 8.89 7.77 5.37 4.75

εa
L
δD 12.84 11.48 12.22 11.06 7.08 5.53

III’ αa

D
αD 13.67 12.44 12.87 12.13 3.29 3.72

α+

D
αD 7.37 7.07 6.36 6.31 0.98 0.96

α−

D
αD 6.88 6.32 6.18 5.77 0.47 0.66

V γ a
L
γD 10.03 9.19 10.87 9.86 7.08 6.58

γ+

L
γD 8.40 7.74 9.50 8.76 7.05 6.31

γ−

L
γD 12.62 11.60 13.80 12.23 9.60 8.57

V’ γ a

D
γL 2.91 2.48 3.01 2.81 1.73 1.74

γ+

D
γL 4.90 4.20 5.12 4.48 3.07 1.79

γ−

D
γL 0.00 0.00 0.00 0.00 0.00 0.00

VIa1 εa
L
γL 7.18 6.43 6.79 6.01 3.54 3.09

VIa2 βα
L
γL 3.46 2.46 3.26 2.08 2.00 1.28

β−

L
γL 6.69 5.12 6.37 5.08 2.99 2.25

VIII αa
L
βL 6.30 5.14 5.59 4.52 1.52 0.49

α+

L
βL 8.56 6.84 7.93 6.66 3.75 2.49

α−

L
βL 8.43 7.27 7.25 6.53 2.95 2.52
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Table 5 Calculated (B3LYP‒D3/6‒311 + G (d,p) and M0‒2X/6‒311 + G (d,p)) topological parameters (in a.u.) and IHB energy (in kcal 
 mol−1) for β-turn conformers of sa-protected dipeptide

β‑turn 
type

Conformer Method O14 · · ·H19 − N9 N3 · · ·H15 − N6 O14 · · ·H27 − O21

Topological 
parameters

r ρ(r) ∇2ρ(r) EHB r ρ(r) ∇2ρ(r) EHB r ρ(r) ∇2ρ(r) EHB

I αa
L
γL B3LYP 2.22 0.015 0.051 2.95 – – – – 2.10 0.021 0.072 4.83

M06-2X 2.18 0.016 0.058 3.38 – – – – 2.08 0.021 0.080 5.34

α+

L
γL B3LYP 2.20 0.015 0.053 3.07 – – – – – – – –

M06-2X 2.17 0.016 0.058 3.35 – – – – – – – –

α−

L
γL B3LYP 2.25 0.014 0.047 2.74 – – – – 2.42 0.011 0.040 2.53

M06-2X 2.20 0.015 0.054 3.17 – – – – 2.33 0.013 0.048 3.07

I’ αa

D
γD B3LYP 1.99 0.023 0.085 5.22 – – – – – – – –

M06-2X 2.04 0.020 0.079 4.59 – – – – – – – –

α+

D
γD B3LYP 1.98 0.024 0.087 5.42 2.29 0.017 0.070 3.72 – – – –

M06-2X 2.00 0.022 0.089 5.31 2.28 0.018 0.076 4.10 – – – –

O14 · · ·H19 − N9 O21 · · ·H15 − N6

II εa
L
γD B3LYP 1.98 0.024 0.088 5.51 2.00 0.024 0.091 5.70 – – – –

M06-2X 2.02 0.022 0.085 5.03 2.01 0.023 0.092 5.60 – – – –

εa
L
δD B3LYP – – – – 2.02 0.023 0.088 5.39 – – – –

M06-2X – – – – 2.03 0.022 0.090 5.40 – – – –

O11 · · ·H19 − N9

III’ αa

D
αD B3LYP 2.07 0.017 0.068 3.62 – – – – – – – –

M06-2X 2.07 0.017 0.071 3.72 – – – – – – – –

α+

D
αD B3LYP 2.06 0.018 0.069 3.67 – – – – – – – –

M06-2X 2.09 0.016 0.067 3.52 – – – – – – – –

α−

D
αD B3LYP 2.18 0.014 0.050 2.62 – – – – – – – –

M06-2X 2.17 0.014 0.054 2.78 – – – – – – – –

O14 · · ·H19 − N9 O11 · · ·H15 − N6

V γ a
L
γD B3LYP 1.94 0.026 0.095 6.16 2.00 0.023 0.083 5.20 – – – –

M06-2X 2.07 0.024 0.097 6.03 2.06 0.021 0.083 5.01 – – – –

γ+

L
γD B3LYP 1.95 0.026 0.094 5.96 1.89 0.030 0.103 7.16 – – – –

M06-2X 1.96 0.024 0.097 6.00 1.93 0.026 0.101 6.52 – – – –

γ−

L
γD B3LYP 1.94 0.027 0.097 6.32 1.81 0.036 0.121 9.35 – – – –

M06-2X 1.95 0.025 0.100 6.25 1.84 0.032 0.121 8.56 – – – –

O14 · · ·H19 − N9 O14 · · ·H27 − O21 O11 · · ·H15 − N6

V’ γ a

D
γL B3LYP 2.09 0.019 0.070 4.18 2.19 0.018 0.061 4.02 2.05 0.021 0.075 4.50

M06-2X 2.07 0.020 0.077 4.56 2.13 0.019 0.073 4.78 2.06 0.020 0.077 4.51

O14 · · ·H19 − N9 O14 · · ·H27 − O21 O11 · · ·H15 − N6

γ−

D
γL B3LYP 2.10 0.019 0.068 4.05 2.15 0.023 0.079 4.33 2.06 0.022 0.076 4.34

M06-2X 2.08 0.019 0.075 4.41 2.12 0.020 0.073 4.84 2.06 0.020 0.076 4.53

O14 · · ·H19 − N9 O21 · · ·H15 − N6 O11 · · ·H15 − N6

γ+

D
γL B3LYP 2.07 0.020 0.072 4.34 – – – – 1.96 0.025 0.091 5.81

M06-2X 2.06 0.020 0.078 4.63 – – – – 1.97 0.024 0.095 5.91

VIa1 εa
L
γL B3LYP 2.08 0.020 0.071 4.26 2.02 0.023 0.087 5.34 – – – –

M06-2X 2.06 0.020 0.077 4.55 2.03 0.022 0.089 5.32 – – – –

O14 · · ·H19 − N9 O14 · · ·H12 − N3 O21 · · ·H15 − N6
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The topological parameters and IHB energy  (EHB) of 
β‒turn structures at the B3LYP‒D3 and M06‒2X levels 
of theory using the 6‒311 + G (d,p) basis set are sum-
marized in Table  5. Only HB interactions were investi-
gated, and unconventional interactions were ignored. 
Our results show that the  EHB of O11 · · ·H19 − N9 (C10) 
(see Scheme  2), for αa

D
αD,α+

D
αD and α−

D
αD conform-

ers are measured as 3.62, 3.67, 2.62, and 3.72, 3.52, 
2.78 kcal   mol−1 with distance (r) of 2.07, 2.06, 2.18, and 
2.07, 2.09, 2.17  Å at the B3LYP‒D3 and M06‒2X levels 
of theory, respectively that are in agreement with previ-
ous studies, (the NH···OC distance in C10 structures 
is around 2.10 − 2.20  Å) [71, 72]. These data show that 
increasing of O11 · · ·H19 distance resulted in the dimin-
ishing of HB energy. The IHB energy is obtained by rela-
tion of EHB =

1
2
V (rBCP) where V (rBCP) is the potential 

electronic energy density at the critical point [67]. In 
the investigated β‒turn structures, different types of 
HBs including O14 · · ·H19 − N9(C7A), O11 · · ·H15 − N6

(C7F), O14 · · ·H12 − N3(C5S), O18 · · ·H15 − N6(C5A), 
O14 · · ·H27 − O21(γ 6 ), O21 · · ·H15 − N6(6γ ), and 
N3 · · ·H15 − N6(5N ), were observed (see Fig.  1 and 
Scheme 2).

According to Rozas et  al. HBs can be classified into 
weak, medium, and strong based on ρ(rc),∇2ρ(rc) , 
and  EHB values [70]. The measured values of ρO···H 
for O14 · · ·H19 − N9 in different β‒turn conformers 
in the ranges of 0.014‒0.027 and 0.015‒0.025 a.u. and 
∇

2ρO···H in the contents of 0.047‒0.097 and 0.054‒0.100 
a.u. made  EHB amounts in the range of 2.74‒6.32 and 
3.17‒6.25  kcal   mol−1 at the B3LYP‒D3 and M06‒2X 
levels of theory, respectively. The highest and lowest 
amounts of ρ(rc),∇2ρ(rc) , and  EHB for  C7A IHB belong-
ing to the γ−

L
γD and α−

L
γL of types V and I β‒turn sec-

ondary structures, respectively. As shown in Table 5 the 
B3LYP‒D3 and M06‒2X values of ρ(rc),∇2ρ(rc) , and 

 EHB are in the ranges of (0.011‒0.036 a.u.), (0.040‒0.121 
a.u.), (2.53‒9.35  kcal   mol−1) and (0.013‒0.032 a.u.), 
(0.048‒0.121 a.u.), (2.78‒8.56  kcal   mol−1), respectively. 
The residues possessing an HB acceptor and/or donor 
site potentially lead to a NH → side chain and/or side 
chain donor → backbone CO HB that are observed con-
comitantly with backbone − backbone HBs. This is the 
case for instance with the Ser, His, Asn, and Gln side 
chains, where an extended locking through multiple 
bonds occurs between the backbone and the side chain 
[40]. For ser‒ala protected dipeptide the side chain of 
ser residue could create IHBs such as Cn (n = 5, 7 and 
10),γ 6 and 6γ . The obtained results at the B3LYP‒D3 and 
M06‒2X levels of theory show that the γ 6 and C10 IHBs 
of α−

L
γL and α−

D
αD β‒turns have lowest  EHB, whereas, 

 C7F interaction of γ−

L
γD β‒turn, show the highest one, 

respectively (see Table  5). The γ−

D
γL conformer of type 

V’ β‒turn is the most stable one, including three IHBs: 
a one γ 6 and two C7 interactions whatever computed at 
the B3LYP‒D3 and M06‒2X levels of theory. These IHBs 
 (C7A,  C7F, and γ 6 ) have  EHB values and O · · ·H distances 
obtained as (4.05, 4.33, and 4.34 kcal   mol−1), (2.10, 2.06, 
and 2.15 Å) and (4.41, 4.53, and 4.84 kcal   mol−1), (2.08, 
2.06, and 2.12 Å) at the B3LYP‒D3 and M06‒2X levels of 
theory, respectively (Tables 4 and 5).

It should be noted that although one of the γ‒turn 
characteristics is the creation of C7 IHB, some studies 
show that this bond and also γ 6 and 5γ interactions are 
observed in both γ‒ and β‒turns. [40, 46, 49]. However, 
our results show that the most unstable αa

D
γD β-turn 

structure of type I’ has one  C7A with calculated  EHB 
values as 5.22 and 4.59 kcal   mol−1 and r distance in the 
amount of 1.99 and 2.04  Å at B3LYP-D3 and M06-2X 
levels of theory, respectively. The AIM calculations 
show that there are not any interactions for α+

L
βL β‒turn 

structure.

Table 5 (continued)

β‑turn 
type

Conformer Method O14 · · ·H19 − N9 N3 · · ·H15 − N6 O14 · · ·H27 − O21

Topological 
parameters

r ρ(r) ∇2ρ(r) EHB r ρ(r) ∇2ρ(r) EHB r ρ(r) ∇2ρ(r) EHB

VIa2 βα
L
γL B3LYP 2.10 0.019 0.068 4.01 2.14 0.021 0.095 5.12 2.02 0.022 0.088 5.19

M06-2X 2.07 0.019 0.075 4.44 2.13 0.022 0.104 5.61 2.02 0.022 0.093 5.36

β−

L
γL B3LYP 2.12 0.018 0.065 3.84 – – – – – – – –

M06-2X 2.09 0.019 0.073 4.27 – – – – – – – –

O18 · · ·H15 − N6 O14 · · ·H27 − O21

VIII αa
L
βL B3LYP – – – – 2.06 0.022 0.077 5.24 – – – –

M06-2X – – – – 2.05 0.022 0.084 5.61 – – – –

α−

L
βL B3LYP 2.15 0.020 0.095 4.98 2.38 0.012 0.042 2.68 – – – –

M06-2X 2.12 0.021 0.105 5.56 2.31 0.013 0.050 3.16 – – – –

α+

L
βL (No intramolecular interactions including hydrogen bonding or other types were observed)
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The most stable and unstable β‒turn structures,γ−

D
γL 

and αa
D
γD , of the sa‒protected dipeptide are shown in 

Fig. 4. For β‒turn conformers the distance between  H1 
and  H10 atoms, ( dH1−H10

 ), of HCO and  NH2 protect-
ing groups must be < 7  Å except for VIa1, VIa2, and 
VIb types that dH1−H10

 would be greater than 7 Å [73]. 
The value of dH1−H10

 for γ−

D
γL and αa

D
γD conformers 

was measured as 5.75, 5.93  Å and 5.79, 5.48  Å at the 
B3LYP‒D3 and M06‒2X levels of theory, respectively 
(see Fig.  4). The range of dH1−H10

 is from 4.94 ( α−

L
γL - 

type I) to 8.71 Å ( εa
L
δD-type II) and 4.83 ( α−

L
γL - type I) 

to 8.78 Å ( β−

L
δL-type VIa2) for the gas phase computed 

conformers at the B3LYP‒D3 and M06‒2X levels of 
theory, respectively.

It could be pointed out that the calculations of 
solution media show that the distance between  H1 
and  H10 atoms is in the range of 5.25‒8.73  Å for the 
αa
D
αD(type III’) and εa

L
δL(type VIa1) β‒turns, respec-

tively. The values of the electron density, Laplacian, 
and potential electronic energy, V(r), (in a.u.) at the 
M06‒2X level of theory for three conventional  C7A, 
 C7F,γ 6 and two unconventional ( N9 · · ·O11 − C2 ) and 
( O14 · · ·H24 − C17 ) IHBs for the γ−

D
γL and αa

D
γD β-turns 

are shown in Fig.  4. As shown in Fig.  4a the values of 
V(r) for  C7A, O14 · · ·H24 − C17 , and N9 · · ·O11 − C2 
IHB interactions at BCPs for the αa

D
γD conformer, are 

obtained as (-0.014614, -0.008621, -0.002048) Har-
tree, respectively. Therefore, the obtained  EHB for these 
interactions is (4.59, 2.70, 0.64) kcal  mol−1, respec-
tively. Also, the values of V(r) and  EHB for  C7A,  C7F,γ 6 
IHB interactions in γ−

D
γL conformer are calculated as 

(-0.014045, -0.014433, -0.015441, Hartree), (4.41, 4.53, 
4.84 kcal  mol−1), respectively (see Fig. 4b).

Our results show that the most unstable conformer 
of δ+

L
εD,is not in a β‒turn region of the Ramachandran 

map. While the γ−

D
γL , β-turn conformer of type V’ is the 

most stable conformer among all 87 considered ones 
with the three IHBs of  C7A,  C7F, and γ 6 (Table  5 and 
Fig.  4a). Therefore, the HCO − d − ser − d − ala −  NH2 
dipeptide adopt a β‒turn conformation.

Study of electronic transitions: FMO analysis
Herein, the electronic study of the most stable conformer 
of HCO − d − ser − d − ala −  NH2 protected dipeptide, 
γ−

D
γL , has been considered using TD‒DFT calculations 

at the B3LYP‒D3/6‒311 + G (d,p) level of theory. The 
computed electronic transitions in vacuo by TD − DFT 
method show several sharp bands assigned to intra‒
charge transfer (CT) in the respected dipeptide.

However, the computed UV−Vis spectrum of sa‒pro-
tected dipeptide indicates several main CTs that five 
major ones can mention as 164.8, 166.9, 172.7, 186.2 
and 191.6  nm (see Fig.  5). The electronic characteristic 

issue of optimized ground state structure of sa‒protected 
dipeptide has been performed by molecular orbital the-
oretical considerations along with natural population 
analysis (NPA). The optimized geometry bears singlet 
multiplicity due to 54 occupied molecular orbitals (MOs). 
The FMOs investigation was applied to elucidation and 
attributing that CTs to the pertinent UV − Vis calculated 
spectrum (see Table  6). Moreover, the accurately calcu-
lated and reported results of FMOs energy show the con-
sistency and confirmation with herein obtained results 
[74, 75]. They used these data to find out the interaction 
sites of molecule with the other species. The lowest unoc-
cupied molecular orbitals (LUMOs) and in some orbit-
als of highest occupied molecular orbitals (HOMOs) 
that involve in ET are populated over alanine residue of 
computed dipeptide. They are almost composed of just 
s and p orbitals. The 49 (HOMO−5), 50 (HOMO−4), 
51 (HOMO‒3), and 53 (HOMO‒1) consist primar-
ily of lone pair(s) electrons of atomic orbitals of oxygen 
atoms of alanine part of sa‒protected dipeptide (com-
prising ~ s 59.34% p 40.66; p ~ 100%; s 58.46% p 41.51%; 
and s 48.35%, d 51.65%, respectively) and 56 (LUMO + 1) 
and 58 (LUMO + 3) consist primarily of anti−bonding 
Rydberg molecular orbitals of hydrogen atoms of alanine 
moiety of sa‒protected dipeptide (comprising s 87.26% 
p 12.74%; and s 7.76%, p 92.24%, respectively). There-
fore, it can be said that all of the computed ET bands 
can be assigned to the n →  n* intra−ligand charge trans-
fer (ILCT) transitions (see Fig. 6). All the four bands (λ1, 
λ2, λ3, and λ4) at 164.8, 166.9, 172.7, and 186.2 are attrib-
uted to CT of intra transfer of alanine amino acid resi-
due within CT from 49 (HOMO−5), 50 (HOMO−4), 51 
(HOMO−3), and 53 (HOMO−1) to 58 (LUMO + 3), 
respectively. Also, the last one (λ5) at 191.6  nm could 
be assigned to CT of intra charge transition of alanine 
amino acid part of dipeptide from 53 (HOMO−1) to 56 
(LUMO + 1).

Conclusion
A complete conformational analysis of the d−
ser−d−ala protected dipeptide was performed using 
B3LYP/6‒311 + G (d,p) calculations in the gas phase. In 
addition, all β−turn structures were optimized in the gas 
and solution phases and verified to be at the minimum 
energy using DFT‒B3LYP‒D3 and M06‒2X levels of 
theory. Also, the β−turn conformers have been consid-
ered at that those same levels of theory by using QTAIM. 
According to MDCA, the whole  35 = 243 plausible con-
formers were investigated. The results show that 87 stable 
conformers were found and 156 ones changed to some 
different more stable conformations among the found con-
formations. It can be highlighted that γ−

D
γL and δ+

L
εD were 
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Fig. 4 The electron density, Laplacian, and potential electronic energy values (in a.u.) for two β‒turn conformers of the HCO‒D‒ser‒D‒ala‒NH2 
protected dipeptide at the M06‒2X/6‒311 + G (d,p) level of theory. a αa

D
γD b γ−

D
γL . The small green dots represent the BCPs
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characterized as the most stable and unstable conform-
ers, respectively. Also, based on the migration pattern of 
sa‒protected dipeptide, it can be suggested that ( βL,γD,γL ) 
and ( γL,γD ) conformers of ser and ala residues provide the 
more stable dipeptide model. Moreover, 22 conformers 
of the all 87 found ones of For‒d‒ser‒d‒ala‒NH2 can be 
categorized as the β−turn structures bearing γ−

D
γL as the 

most stable conformer in the gas and water solvent phases.
The AIM calculations discover the formation of a C10 

HB ( O11 · · ·H19 − N9 ) between the N‒H and C=O of res-
idues i and i + 3 in αa

D
αD,α+

D
αD and α−

D
αD β−turns with 

 EHB of 3.62, 3.67, 2.62, and 3.72, 3.52, 2.78 kcal  mol−1 at 

the B3LYP‒D3 and M06‒2X levels of theory, respectively. 
The γ−

D
γL conformer of type V’ β‒turn, is the most sta-

ble one that includes three IHBs (C7 and γ 6 types) with 
the calculated  EHB of (4.05, 4.33, & 4.34  kcal   mol−1 and 
4.41, 4.84, & 4.53  kcal   mol−1at B3LYP‒D3 or M06‒2X 
levels of theory, respectively. However, the αa

D
γD con-

former of type I’ β‒turn, is the most unstable species in 
the gas phase and consists of one C7 HB with  EHB meas-
ured at the B3LYP and M06−2X levels of theory as 5.22 
and 4.59  kcal   mol−1, respectively. Finally, since γ−

D
γL as 

the most stable conformer of sa‒protected dipeptide 
is in a β‒turn region of the Ramachandran map, the 

Fig. 5 Calculated (B3LYP‒D3/6‒311 + G (d,p) electronic spectra for γ−

D
γL conformer of sa-protected dipeptide

Table 6 Calculated (B3LYP‒D3/6‒311 + G (d,p)) electronic data for γ−

D
γL conformer of sa‒protected dipeptide

Wave Length(nm) ΔEad (ev) Oscillator strength Electronic transition Involved orbitals in 
CTs

Calculated energies

164.8 7.52 0.049 49 (HOMO-5) → 58 
(LUMO + 3)

HOMO (a.u.)  − 0.2589

166.9 7.43 0.039 50 (HOMO-4) → 58 
(LUMO + 3)

LUMO (a.u.)  − 0.0276

172.7 7.18 0.036 51 (HOMO-3) → 58 
(LUMO + 3)

Δ (LUMO–HOMO) (a.u.) 0.2313

186.2 6.66 0.021 53 (HOMO-1) → 58 
(LUMO + 3)

HOMO-5 (a.u.)  − 0.3087

191.6 6.47 0.042 53 (HOMO-1) → 56 
(LUMO + 1)

HOMO-4 (a.u.)  − 0.3031

HOMO-3 (a.u.) ‒0.2951

HOMO-1 (a.u.) ‒0.2774

LUMO + 1 (a.u.)  − 0.0126

LUMO + 3 (a.u.)  − 0.0034
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Fig. 6 Frontier molecular diagrams for γ−

D
γL conformer of sa‒protected dipeptide involving in CT obtained according to the B3LYP‒D3/6‒311 + G 

(d, p) level of theory
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HCO−d−ser−d−ala−NH2 dipeptide adopts a β‒turn 
conformation.

The calculated electronic spectrum by the TD‒DFT 
method for the most stable conformer of sa‒protected 
dipeptide indicated the five major bands. NBO and elec-
tronic transitions analysis of γ−

D
γL conformer show that 

the bands in the UV‒Vis spectrum are mainly attributed 
to n →  n* of intra‒transfer of alanine moiety of sa‒pro-
tected dipeptide.
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