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ABSTRACT: Canonically, protein β-hairpin motifs are stabilized by intramolecular hydrogen
bonds. Here, we attempt to develop a rational design recipe for a miniature hairpin structure
stabilized by hydrogen bonding as well as C−H···π interaction and try to understand how such
a stabilization effect varies with different functional groups at each terminus. Database analysis
shows that the α-amino acids with an aromatic side chain will not favor that kind of C−H···π
stabilized hairpin structure. However, hybrid tripeptides with an N-terminal Boc-Trp-Aib
corner residue and C-terminal aromatic ω-amino acids fold into the hairpin conformation with
a central β-turn/open-turn that is reinforced by a C−H···π interaction. The CCDC database
analysis further confirms that this C−H···π stabilized hairpin motif is general for Boc-protected
tripeptides containing Aib in the middle and aromatic functionality at the C-terminus. The
different α-amino acids like Leu/Ala/Phe/Pro/Ser at the N-terminus have a minor influence
on the C−H···π interaction and stabilities of the folded structures in solid-state. However, the
hybrid peptides exhibit different degrees of conformational heterogeneity both in the solid and
solution phase, which is common for this kind of flexible small molecule. Conformational heterogeneity in the solution phase
including the C−H···π stabilized β-hairpin structures are characterized by the molecular dynamics (MD) simulations explaining their
plausible origin at an atomistic level.

■ INTRODUCTION
The hairpin structure is one of the major structural motifs
found in proteins and peptides.1−3 The hairpin motif has a
crucial role in protein folding.4 Hairpins are also important as
epitopes in protein−protein5 and protein−nucleic6 acid
interactions.7 Most hairpins contain a central β-turn.8 Depend-
ing on the dihedral angles φ and ψ of the i + 1 and i + 2
residues, Hutchinson and Thornton defined nine β-turn types
such as types I, I′, II, II′, VIa1, VIa2, VIb, VIII, and IV.9 From
the previous report, the β-hairpins of α-peptides have been
constructed mostly of the type II′ β-turn of the D-Pro-Gly
segment,10 and the type I′ β- turn of the Asn-Gly11 and Aib-D-
Ala12 segments of longer peptides. Moreover, the peptides
developed from β-, γ-, and ω-amino acids can also form reverse
turn structures. Several examples of two-residue hairpin loops
consisting of the peptides containing conformationally rigid β-
amino acid residues like nipecotic acid or β-2,3-amino acids
have formed reverse turns and β-hairpin structures.13 The
effects of conformation are highly important in peptide-based
drug design. Peptides with particular conformations have been
used as drugs to disrupt protein−protein interactions. The
peptide-based natural hormone analogs with distinct con-
formation have been developed to inhibit intracellular
molecules such as receptor tyrosine kinases.14 Recently,
aromatic oligoamide foldamers have been used to mimic the
hairpin motif.15

The C−H···π interaction is a weak force that arises between
CH (soft acids) and π functional groups (soft base).16 The

stability of the C−H···π interaction increases with increasing
proton donating ability of the CH groups. The C−H···π
interaction takes place in nonpolar as well as polar solvents,
even in protic solvents like water. The geometry of C−H···π
interactions have wide ranges and the stability depends on the
orientation of the C−H and π functionalities.17 The C−H···π
interaction energy is mainly influenced by the arrangement and
position of both the CH and π-groups. Previous reports
suggested that C−H···π interactions have a key role in the
structure and function of proteins including the stabilization of
protein structural elements like α-helices, 310 helices, and cis
peptide bonds (nonproline).18−22 Moreover, C−H···π inter-
actions are important for stabilization of particular molecular
conformation,23 chiroptical properties,24 supramolecular chem-
istry such as host−guest chemistry,25 coordination chemis-
try,26b liquid crystals, and clathrates.26 In biology, thus, C−
H···π interactions have been recognized to collectively play a
significant role in protein folding, assembly, and biomolecular
recognition. In current times, in viral proteins, including in
spike proteins, a number of recent investigations found the

Received: February 26, 2022
Accepted: April 28, 2022
Published: May 11, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

17245
https://doi.org/10.1021/acsomega.2c01168

ACS Omega 2022, 7, 17245−17252

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sujay+Kumar+Nandi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raju+Sarkar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Akhilesh+Jaiswar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Susmita+Roy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Debasish+Haldar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c01168&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01168?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01168?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01168?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01168?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01168?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/20?ref=pdf
https://pubs.acs.org/toc/acsodf/7/20?ref=pdf
https://pubs.acs.org/toc/acsodf/7/20?ref=pdf
https://pubs.acs.org/toc/acsodf/7/20?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c01168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


crucial role of C−H···π interaction in stabilizing protein
structure.27

Existence of the C−H···π interaction can be proved by
different techniques such as the calorimetric method and the
comparison of the electronic substituent effect in crystal
structure and NMR experiment.28 The crystallographic
database analyses yield strong evidence for C−H···π
interaction. Farrugia and co-workers have used both X-ray
diffraction and DFT calculations at the B3LYP/6-311++G**
level.28e However, the experimental investigations of β-hairpin
structure of small peptides stabilized by C−H···π interaction
are lacking.
Intrigued with that knowledge, in this study we urge to

mimic hairpin structure by the folding of short synthetic
peptides and understand the effective role of C−H···π
interaction in stabilizing the hairpin (Scheme 1). We also

wish to understand the perturbative effects of C-terminal and
N-terminal motifs on C−H···π stabilized conformers which
may, in turn, exert different degrees of heterogeneity both in
the solid and solution phase. To execute this, we plan to
replace one of the hydrogen bonds of β-hairpin (Scheme 1A)
by C−H···π interaction (Scheme 1B). For C−H···π
interaction, the peptide mimetic needs a C−H donor and a
hydrogen acceptor π base at the appropriate position (Scheme
1C). For that purpose, we consider having the N-terminal Boc
CH as soft acids and C-terminal aromatic amino acid as π
functional group (soft base) in a tripeptide.

■ EXPERIMENTAL SECTION
The reported peptides were synthesized by conventional
solution-phase methods using the racemization free fragment
condensation strategy. For N-terminal protection, Boc-
anhydride was used and the C- terminal was protected as a
methyl ester. Couplings were mediated by N,N′-dicyclohex-
ylcarbodiimide/1-hydroxybenzotriazole (DCC/HOBt). The
product was purified by column chromatography using the
silica (100−200-mesh size) gel as a stationary phase and n-
hexane-ethyl acetate mixture as eluent. The final compounds
were fully characterized by 400 and 500 MHz 1H NMR
spectroscopy, 13C NMR spectroscopy, mass spectrometry, and
IR Spectroscopy.
NMR Experiments. All NMR studies were carried out on

Brüker Avance 500 MHz and Jeol 400 MHz spectrometers at
298 K. Compound concentrations were in the range 1−10 mM
in CDCl3 and DMSO-d6.
FT−IR Spectroscopy. Solid-state FT−IR spectra were

obtained with a PerkinElmer Spectrum RX1 spectrophotom-
eter.
Mass Spectrometry. The mass spectra of the compounds

were recorded on a Q-Tof Micro YA263 high-resolution

(Waters Corporation) mass spectrometer by electrospray
ionization (positive-mode).

Single Crystal X-ray Diffraction Study. Intensity data of
all the reported peptides were collected with MoKα radiation
using Bruker APEX-2 CCD diffractometer. Data were
processed using the Bruker SAINT package and the structure
solution and refinement procedures were performed using
SHELX97. Single crystal X-ray analysis of tripeptides 1 and 2
were recorded on a Bruker high resolution X-ray diffractometer
instruments with MoKα radiation. Data were processed using
the Bruker SAINT package and the structure solution and
refinement procedures were performed using SHELX97.
Crystal data: Tripeptide 1: C32H36N4O6, 2(C2H6OS) Mw =
728.90, P na 21, a = 23.8893(6) Å, b = 10.0574(2) Å, c =
30.8929(7) Å, α = 90° β = 90°, γ = 90°, V = 7422.5(3) Å3, Z =
8, dm = 1.305 Mg m−3, T = 100 K, R1 = 0.0614 and wR2 =
0.1565 for 12903 data with I > 2σ(I). Tripeptide 2:
2(C31H34N4O8, 2(C7H8), Mw = 682.76, P1, a = 11.4783(2)
Å, b = 11.9570(5) Å, c = 15.2501(9) Å, V = 1824.3(2) Å3, Z =
2, dm = 1.243 Mg m−3, T = 100, R1 = 0.0519 and wR2 =
0.1341 for 8780 data with I > 2σ(I). CCDC: 2090664 and
2090665 contains the supplementary crystallographic data for
foldamer 1 and 2.

Molecular Dynamics Simulation Details|. To study the
conformational heterogeneity of peptides 1 and 2, we have
performed molecular dynamics (MD) simulations. The initial
structural coordinates for all atoms of the peptide molecule
were obtained from XRD measurement. All-atom topologies
were generated using CHARMM-36 force field and the
molecule is cantered in a cubic box having a length of 36.27
Å. The peptide was solvated with a pre-equilibrated TIP3P
water model. Since the importance of π-interactions involving
aromatic functional groups, such as, CH−π, π−π, lone pair−π,
cation−π, and anion−π interactions have been recognized to
collectively play a significant role in the folding, assembly, and
biomolecular recognition, CHARMM force field and in
combination with CHARM-modified TIP3P water model
found better in reproducing the preferred binding modes in
majority of orientations.29 In 2005, CHARMM22 first
attempted to reproduce the preferred binding modes, with
excellent agreement for the benzene dimer. Concurrently, a
survey was published focusing on thermodynamic data for the
aromatic amino acids and that prompted additional opti-
mization of the tryptophan (Trp) force field.30 When
CHARMM36 force field was developed and the partial charges
of Trp ring protons in the CHARMM36 was found better
correlated with the observed ring atom participation
frequency.31 Thus, in recent biological studies where the
specific participation of CH−π is expected, CHARMM36 and
CHARM-modified TIP3P are being used compared to other
force fields.32

A total of 1551 water molecules were added. In the following
steps, energy minimization and equilibration procedures were
performed for the system. Energy minimization was done using
the steepest descent algorithm and hydrogen bond constraints
were added using the LINC algorithm. All the simulations in
this study were done at 303.15 K and 1 bar pressure. The
temperature was kept constant using the Nose−Hoover
thermostat. In the initial equilibration step, the peptide
molecule was positionally restrained and an NVT equilibration
process has been performed for 0.125 ns. It was followed by an
NPT equilibration for 10 ns using the Parinello-Rahman
barostat. This MD run was performed removing the position

Scheme 1. (A) Hydrogen Bond Stabilized β-Hairpin, (B)
C−H···π and Hydrogen Bond Stabilized β-Hairpin, and (c)
C−H···π Interaction
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restraint of the peptide molecule. The final production
molecular dynamic simulation was performed for 200 ns at
303.15K. Periodic boundary conditions were applied and
nonbonded force calculations employed a grid system for
neighbor searching. Neighbor list generation was performed
after every 5 steps. A cutoff radius of 1.2 nm was used both for
the neighbor list and van der Waal’s interaction. To calculate
the electrostatic interactions, we used PME with a grid spacing
of 0.12 nm and an interpolation order of 4. All the molecular
dynamics (MD) simulations have been performed using the
GROMACS package.

■ RESULTS AND DISCUSSION

A database analysis has been performed using the Cambridge
Crystallographic Data Centre (CCDC) to understand the role
of C−H···π interactions for folding and stability of Boc
protected tripeptides containing Aib at the middle and
aromatic functionality at the C terminus. C−H···π interactions
stabilized turn structures in the CCDC have been identified
based purely on geometric criteria. Figure 1A shows the
parameters of surveying C−H···π interactions. For C−H···π
interactions, the hydrogen atom is positioned above the π
plane, considering the charge transfer of the π-electrons to the
antibonding orbital of the C−H bond.33 However, hydrogen
does not need to lie exactly above the aromatic system.34 We
have mainly considered the distance of H and aromatic C,
Datm, and angle C−H···Caromatic θ (Figure 1A).16b33 The cutoff
for the Datm was 3 Å and for θ was >60°.37 As shown in Figure
1, couples of tripeptides having Boc protection at N-terminus
and an aromatic moiety at C-terminal has shown C−H···π
interactions in solid-state. Boc-Leu-Aib-m-nitroaniline35 (Fig-
ure 1B) and Boc-Phe-Aib-m-nitroaniline35 (Figure 1C) exhibit
C−H···π interactions due to charge transfer of the π-electrons
to the antibonding orbital of the C−H bond. Replacing Leu
with Ser residue and m-aminobenzoic acid has a minor
influence on the C−H···π interaction and stabilities of the

folded structures (Figure 1F, Boc-Ser-Aib-Maba-OMe36 and
Figure 1G, Boc-Leu-Aib-Maba-OMe).36 Even incorporation of
proline has an insignificant effect on the C−H···π stabilized
hairpin conformation (Figure 1D, Boc-Pro-Aib-m-nitroaniline
and Figure 1E, Boc-Pro-Aib-Maba-OMe).37 So, on the basis of
the crystal structures of compounds 1 and 2, we confirm the
C−H···π interaction and formation of C−H···π interaction
stabilized β-hairpin structure. The C-terminal aromatic units
with different properties (electron-rich or poor) have a minor
influence on the C−H···π interaction and stabilities of the
folded structures. As we need a CH that can act as soft acids
for C−H···π interaction, we cannot use other N-terminal
protecting groups like trityl (trt), 3,5-dimethoxyphenylisopro-
poxycarbonyl (Ddz), 2-(4-biphenyl)isopropoxycarbonyl
(Bpoc), 2-nitrophenylsulfenyl (Nps), 9-fluorenylmethoxycar-
bonyl (Fmoc), 2-(4-nitrophenylsulfonyl)ethoxycarbonyl
(Nsc), 1,1-dioxobenzo[b]thiophene-2- ylmethyloxycarbonyl
(Bsmoc), tetrachlorophthaloyl (TCP), 2-chlorobenzyloxycar-
bonyl (Cl-Z), and benzyloxycarbonyl (Z) for control experi-
ments.
So, in peptide design, at C-terminus, instead of α-amino

acids with aromatic side chain, we have incorporated β/ω-
amino acid with an aromatic backbone (Scheme 2). From
Scheme 2, the tripeptide can fold into a hydrogen-bonded β-
turn structure and the N-terminal Boc CH can act as a soft acid
and C-terminal aromatic amino acid as π functional group (soft

Figure 1. (A) The schematic presentation of surveying C−H···π interaction for a six-member π-system. O: centroid of six-member π-system. Datm:
interatomic distance between H and nearest sp2-carbon. θ: ∠HCCaromatic; The solid-state conformations showing C−H···π interactions of (B) Boc-
Leu-Aib-m-nitroaniline, (C) Boc-Phe-Aib-m-nitroaniline, (D) Boc-Pro-Aib-m-nitroaniline, (E) Boc-Pro-Aib-Maba-OMe, (F) Boc-Ser-Aib-Maba-
OMe, and (G) Boc-Leu-Aib-Maba-Ome.

Scheme 2. Diagram of Hybrid Tripeptide Folds into a C−
H···π and Hydrogen-Bond Stabilized β-Hairpin Structure
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base) and show C−H···π interaction. Thus, a miniature β-
hairpin structure stabilized by intramolecular hydrogen bond
and C−H···π interaction may appear.
From our previous report, we learn that Boc-Trp-Aib can act

as a corner residue for β-turn mimetic.38 For foldamers 1 and 2
(Figure 2a,d), we have incorporated Boc-Trp-Aib as a corner
residue and 3-amino-naphthalene-2-carboxylic acid and 6-
amino-coumarin-3-carboxylic acid as π functional group (soft
base) at the C-terminus. The design principle was, the Boc-
Trp-Aib as a corner residue will help to form an intramolecular
hydrogen-bonded β-turn structure, like many other reported
Aib containing tripeptides.39 The C-terminal aromatic moiety
may help to stabilize the motif with additional C−H···π
interactions with Boc CH. Target tripeptides 1 and 2 were
synthesized by conventional solution-phase methodology
following a high purity, as confirmed by 1H NMR, 13C
NMR, FT−IR spectroscopy, and mass spectrometry (MS)
analysis (see Supporting Information, SI).
Solid-state FT−IR spectroscopy is a reliable technique to

study the conformational preferences of the foldamers. The
FT−IR spectrum of foldamer 1 (SI Figure S1a) exhibits an
intense band at 3295 cm−1 indicative of the presence of
hydrogen-bonded NH groups. The amide I bands at 1663,
1650 cm−1, and amide II band at 1507 cm−1 suggest that the
foldamer 1 adopts a hydrogen-bonded turn-like structure.40

For foldamer 2, a band at 3253 cm−1 indicates the presence of
hydrogen-bonded NH groups. The amide I band at 1658 cm−1

and amide II bands at 1514, 1502 cm−1 (SI Figure S1b)
suggests a similar turn structure for foldamer 2.40

Single crystal X-ray analysis sheds some light on the
molecular conformation of the tripeptides. Colorless crystals
of tripeptides 1 and 2 were obtained from DMSO and toluene
solutions respectively by slow evaporation. From X-ray
crystallography, the asymmetric unit contains two molecules
of peptide 1 (termed as 1A and 1B) and four molecules of
DMSO (SI Figure S2). Two DMSO molecules are hydrogen-
bonded with the indole NH of tryptophan and the rest DMSO
units are hydrogen-bonded with the Aib NH’s. The ORTEP
diagram (SI Figure S2) of peptide 1 shows that the peptide 1A
backbone adopts a distorted type II′ β-turn conformation and
peptide 1B backbone has a distorted type II β-turn
conformation, though there is no 10-member intramolecular
N−H···O hydrogen bond. The important backbone torsion
angles are listed in Table 1. In the asymmetric unit, the peptide
1 molecules (A and B) are in an antiparallel position and
linked by two intermolecular hydrogen bonds between
reciprocal Trp NH and Trp CO functional groups. The
overlay of peptides 1A and 1B show a significant difference in
the position of peptides bonds and aromatic and hydrophobic
side chains (SI Figure S3). The folded structure of the peptide
1A molecule is further stabilized by a C−H···π interaction
between Boc CH and C-terminal aromatic β-amino acid (Datm
2.68 Å, θ 157°, C−H to centroid distance 3.14 Å) (Figure
2B,C). The peptide 1B molecule is also stabilized by a C−
H···π interaction between Boc CH and the C-terminal

Figure 2. (A) The schematic presentation of peptide 1; (B) solid-state conformation of peptide 1A showing C−H···π interactions; (C) space fill
model of peptide 1A showing C−H···π interactions and parameters; (D) schematic presentation of peptide 2, (E) solid-state conformation of
peptide 2A showing hydrogen bonding and C−H···π interactions; and (F) space fill model of peptide 2A showing C−H···π interactions and
parameters.

Table 1. Selected Backbone Torsion Angles (deg) for Peptides 1 and 2

φ1 (deg) ψ1 (deg) φ2 (deg) ψ2 (deg) φ3 (deg) ψ3 (deg)

Peptide 1A 59.54 −143.06 −52.94 −41.49 172.88 156.24
Peptide 1B −61.48 143.49 51.74 42.90 −170.33 −154.42
Peptide 2A 44.87 −131.29 −59.26 −29.61 153.57 −169.39
Peptide 2B −53.05 149.64 57.52 32.24 −163.80 173.26
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aromatic β-amino acid (Datm 2.72 Å, θ 155°, C−H to centroid
distance 3.19 Å) (SI Figure S4). Two molecules of peptide 2
crystallize with two molecules of toluene in the asymmetric
unit (SI Figure S5). Two toluene molecules are accompanied
by peptide 2 molecules through strong face-to-face π−π
stacking interactions with the coumarin functionality (centroid
to centroid distance 3.54 Å) (SI Figure S6). The torsion angle
around the conformationally constrained Aib residues
(−59.26° and −29.61°) plays a crucial role in dictating the
distorted type II′ β-turn-like conformation of 2A. The
backbone torsion angles of peptide 2 are listed in Table 1.
There is an intramolecular 10-member N−H···O hydrogen
bond between the Boc CO and NH of the 6-amino-
coumarin-3-carboxylic acid (Figure 2E). The folded structure
of the peptide 2A molecule is further stabilized by a C−H···π
interaction between the Boc CH and 6-amino-coumarin-3-
carboxylic acid (Datm 2.83 Å, θ 155°, C−H to centroid distance
2.74 Å) (Figure 2E,F). The peptide 2B molecule with an open
turn structure is also stabilized by a C−H···π interaction
between Boc CH and C-terminal 6-amino-coumarin-3-
carboxylic acid (Datm 2.95 Å, θ 162°, C−H to centroid
distance 2.84 Å). The overlay of 2A and 2B show significant
heterogeneity in backbone conformation (SI Figure S7). In
higher-order packing, the peptide 1 molecules are themselves
regularly interlinked through multiple π−π stacking inter-
actions and thereby form a supramolecular cage-like structure
along the crystallographic a and c direction (SI Figure S8).
However, in packing, peptide 2 molecules form a sheet-like
structure (SI Figure S9). The hydrogen bonding parameters of
1 and 2 are listed in Table S1.
To study the conformational preferences of the foldamers 1

and 2 in solution, solvent titration experiments have been
performed. The effects of adding a hydrogen bond accepting
solvent like (CD3)2SO to CDCl3 solutions of peptides 1 and 2
are presented in Figure 3A. Generally, the addition of small
amounts of (CD3)2SO to CDCl3 brings about monotonic
downfield shifts of exposed NH groups in peptides, leaving
solvent-shielded NH groups largely unaffected.41 Figure 3A
shows that for both peptides 1 and 2, Boc and Aib NHs are
solvent-exposed. For both peptides, residue 3 NH exhibits
minimum chemical shift (Δδ 0.02 for peptide 1 and 0.05 for
peptide 2) even at higher percentages of (CD3)2SO. However,
the Aib NH shows a maximum chemical shift (Δδ 0.80 for
peptide 1 and 0.43 for peptide 2). SI Table S2 illustrates Δδ
values of all amide NHs for peptides 1 and 2. This
demonstrates that peptides 1 and 2 form intramolecular
hydrogen-bonded structures in solution.42 While the effects of
varying concentration, temperature, and solvent polarity on the
H-bonding interactions involving protons of peptides 1 and 2
point to the adoption of the β-turn conformation, the folded
structures of these hybrid peptides were studied by 2D NMR
spectra recorded in CDCl3 solution. The NOESY spectrum
exhibits NOE intensities which are responsible for intra-
molecular interaction between Boc protons with aromatic
protons and methyl ester protons of peptide 1 (Figures 3B and
S10). For peptide 2 also, the NOESY spectrum exhibits NOE
intensities which are responsible for the intramolecular
interaction between Boc protons with aromatic protons only,
as the methyl ester protons are at the far end of the aromatic
ring (Figures 3C and S11). From the NOESY spectrum, the
NOEs observed with foldamers 1 and 2 (Figure 3B,C, red
arrows) share a general pattern that is responsible for a β-
hairpin conformation where two termini of each hybrid

peptide are brought into close proximity in the folded
conformation. These multiple NOEs confirm that despite
their different α- and ω-amino acid residues, the hybrid
peptides all fold into similar hairpin conformations, albeit with
different stabilities. Moreover, the NOESY spectrum also
indicates the presence of other conformations of peptides 1
and 2 in solution. This kind of conformational heterogeneity of
flexible small peptides in solution is quite common. The solid-
state structure may be considered to be a snapshot of one of
the many possible conformations of the small peptides.
Further, to study the conformational heterogeneity and

plasticity of peptides 1 and 2, we have combined 2D NOESY
spectra and Atomistic Molecular Dynamics (MD) simulations
to determine their three-dimensional conformational states in
solution. The MD simulation has been performed using the
CHARMM-36 force field43,44 and TIP3P45 water model to
obtain the equilibrium conformational states of the peptides
(the simulation method details are described in the SI and
equilibration is verified in SI Figures S12 and S13).45 However,
in different MD studies specific C−H···π interactions are well
validated with the combination of CHARMM-36 and modified
CHARMM-36(CHARMM-36m) compared to other biomo-
lecular force-fields. To define the conformational heterogeneity
of peptide 1 we have defined dihedral angles, φ and ψ, around
the central Aib residue (Figure 4A). Figure 4B shows the four
distinct structural ensembles of peptide 1 in conformational
space of φ and ψ. The emergence of two rotamers, state A and
state C, indeed reflects the stabilization of C−H···π induced
hairpin fold. However, due to the subtle interference of an
adjacent t-butyl segment of 3-amino-naphthalene-2-carboxylic
acid, a highly dynamic folding behavior is observed resulting in
two other states D and E for peptide 1, in solution. Although
the degree of conformational heterogeneity reflected by the

Figure 3. (A) Plot of solvent dependence of NH chemical shifts for
peptides 1 and 2 at varying concentrations of (CD3)2SO in CDCl3
solutions. The indole NH of Trp side chains have not been included;
NOEs (shown as blue and red arrows) between remote (non-
adjacent) protons revealed by the NOESY spectra in CDCl3 (5 mM,
298 K, 500 MHz) of (B) peptide 1 and (C) peptide 2.
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torsion angles measurement (Table 1 and Figure 4) in the
solid and solution phase would appear differently, the
population of C−H···π stabilized β-hairpin conformations
still emerge both in solid and solution phase. The emergence
of C−H···π stabilized conformations are compared in both the
solid and solution phase based on the geometric criteria as
defined in Figure 4A. As for peptide 1, C−H···π stabilization in
state A occurs through Datm ≈ 2.90 Å, θ ≈ 110.84° and for
state C, they are Datm ≈ 2.77 Å, θ ≈ 123.89° which is
comparable with the experimental findings. Similarly, for
peptide 2, we have defined dihedral angles, φ and ψ, around
the central Aib residue (Figure 4C). In comparison to peptide
1, the distant spatial allocation of the t-butyl segment in 6-
amino-coumarin-3-carboxylic acid at the C-terminus and its
lower interference helps peptide 2 to mostly stay in its folding
states as depicted in Figure 4D. For peptide 2, we obtain four
(out of a total of six conformations) diverse, highly populated
ensembles that are indeed C−H···π induced folded hairpin
structures (state A, B, E). Among them, state E represents a
rich β-hairpin conformation stabilized by both the N−H···O
hydrogen bond between Boc CO and NH of 6-amino-
coumarin-3-carboxylic acid and C−H···π interactions. Besides,
time-dependent fluctuations of two dihedral angles entail that
the ψ angle is more sensitive to molecular modification than φ
for both peptides (SI Figures S14−S16). This signifies that
these hybrid tripeptides have the potential to show more
sensitivity to changes made over the C-terminus. Here, for
peptide 2, C−H···π stabilization in state A occurs through Datm
∼ 2.90 Å, θ ∼ 135.40° and for state B, they are Datm ∼ 3.01 Å,
θ ∼ 126.42°, and for state E, they are Datm ∼ 2.82 Å, θ ∼
152.19°, which is correlating with the solid-state folded
structure of peptide 2A molecule shown in Figure 2F.
Further, we have performed a database analysis (Cambridge

Crystallographic Data Centre, CCDC) for the crystal
structures of tripeptides with a Boc protecting group at the
N-terminus, α-aminoisobutyric acid (Aib) at the middle, and
α-amino acids with an aromatic side chain (Phe/Tyr/Trp) at
C-terminus. Aib is helicogenic and will be helpful for reverse
turn formation. For the C−H···π interaction, the selected C−
H···C distance was 3 Å. However, the analysis shows that the

tripeptides containing C-terminal α-amino acids with aromatic
side chain did not favored that kind of C−H···π interactions
with Boc CH. The tripeptides Boc-Leu-Aib-Tyr-OMe, Boc-
Leu-Aib-Phe-OMe,46 Boc-Ile-Aib-Phe-OMe,47 Boc-Ser-Aib-
Tyr-OMe,48 Boc-Phe-Aib-Phe-OMe,49 and Boc-Ile-Aib-Tyr-
OMe48 adopt different conformations, and there is no C−H···π
interaction between Boc CH and aromatic functionalities.

■ CONCLUSIONS
In conclusion, we have shown that the hybrid tripeptides,
having a common backbone with an N-terminal Boc-Trp-Aib
corner residue and a C-terminal aromatic ω-amino acids fold
into the hairpin conformation with a central β-turn/open-turn
that is reinforced by a C−H···π interaction. This hairpin motif
is general and can accommodate different α-amino acids at the
N-terminus and aromatic ω-amino acids at the C-terminus.
This hypothesis is further supported by the CCDC database
analysis. The hybrid peptides show different degrees of
conformational heterogeneity in the solid and solution phases.
The conformational heterogeneity, including the C−H···π
stabilized β-hairpin structures, were further characterized by
the MD simulations. Nonetheless, our dihedral angle
calculations around the peptide backbone and their time-
dependent fluctuations show a more dynamic response
originating from the C-terminus rather than the Boc-protected
N-terminus. This provides an atomistic-level of understanding
and also a plausible explanation behind the lower sensitivity of
the N-terminus toward molecular modification. The results
presented here may foster new studies to rationally mimic the
biological motif and their function following an in-depth
understanding-based approach.
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Figure 4. (A) Defining backbone PHI(Φ), PSI(Ψ) dihedral angles around Aib residue of peptide 1. (B) Conformational phase-space as a function
of PHI, PSI dihedrals calculated from atomistic MD simulation trajectories extracted by simulating the peptide 1. (C) Defining backbone PHI(Φ),
PSI(Ψ) dihedral angles around Aib residue of peptide 2. (D) Conformational phase-space as a function of PHI, PSI dihedral angles calculated from
atomistic MD simulation trajectories extracted by simulating the peptide 2 in water.
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