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ABSTRACT

Non-coded amino acid-based synthetic peptides have gained significant interest due to their potential
applications in various fields, such as therapeutics, nanotechnology, antibacterial activity, vaccine
development research, etc. Because of their huge importance in various fields, designing new peptides
based on non-coded amino acids in different structures is always challenging, as is synthesizing other

peptides for applications.

Chapter 1 includes a brief introduction and background study of non-coded amino acid-based peptides
(a, B, and y hybrid peptides) and their potential uses in various fields were discussed through X-ray

crystallographic studies.

Chapter 2 contains methodology studies, including peptide crystallization and stepwise single crystal

crystal XRD studies of non-coded amino acid-based peptides.

Chapter 3 contains a study that elucidates the conformational characteristics of the achiral a/f hybrid
peptide Boc-[Gly-tBuf3,3Ac6c]4-OMe(P1) through a single crystal XRD study. Mixed intra-molecular
Ci2, C22, and Czs type H-bonds and solvent molecules (water) mediated H-bonds stabilize the overall
structure of the octapeptide P1. Adding bulky groups like tBuB®3Acsc in B-residues leads to specific
preferences for the (¢, 6, ) torsion angles of the B-peptide, which leads to overall conformational
preferences in the a/f hybrid peptide. We have discovered a unique paper clamp-like fold, observed in

P1, which has not been reported in natural or any synthetic non-coded amino acid-based peptides.

Chapter 4 deals with a study that elucidates the conformational characteristics of chiral a-L-amino acid
and 83,3Acsc dimeric repeats in a/B hybrid peptide, Boc-[Leu-B33Acsc]s-OMe(P2) through a single XRD
study. Four molecules are present in the triclinic space group due to solvent-mediated symmetry
breaking. The self-assembly of peptide P2 forms channels filled with solvent molecules (dioxane and
ethanol) that present interesting patterns in the crystal packing. This comparison with the previously
published similar structures of tetrapeptides and pentapeptides containing a/f hybrid peptides confirms
that there are specific preferences for the (¢, 8, p) torsion angles for 833Acsc peptides and such a/f
hybrid dimeric repeats can indeed lead to helical folds stabilized by C11/Ce H-bond even in much longer

peptides.

Chapter 5 contains a study that elucidates the conformational and supramolecular interaction studies
of aly hybrid tripeptides, Boc-X-y*-Phe--Val-OMe (P3-P7) where X is an L/D amino acid (°PF/-F/PA/PL,
and P) through a single crystal XRD study. We have discovered a tri-peptide-based B-hairpin fold that
is stable without any intramolecular H-bonded interactions, which is normally observed in such B-hairpin
fold. This fold remains stable even with changes in the sequence of the tri-peptide by varying the first

amino acid with the L/D configuration in the sequence.

Keywords: a-, -, and y-hybrid peptides, chiral/achiral amino acids, L/D amino acids, H-bonds, helical
structures, B-hairpin, conformational analysis, Single crystal X-ray crystallography.
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1.1 Introduction and Literature of a/f hybrid peptides

In the era of peptidomimetics, there has been significant progress in the synthesis and
structural characterization of peptide foldamers.(1-3) Peptide foldamers are oligomers
of natural/unnatural amino acids that adopt well-defined structural motifs similar to that
observed in proteins.(Hill et al. 2001; Guichard and Huc 2011a; “Horne-et-al-2009;
Seebach et al. 1997) Oligomers of B- and y-amino acids and their hybrids with a-amino
acids can adopt various secondary structures as found in structures of peptides and
proteins. Characterization of various hybrid structures demonstrated that o/ residues
could be accommodated into helical folds, which have driven great interest in the
chemistry and biology of peptides.(3,8) Among unnatural peptides, a/f hybrid peptides
consisting of alternating a- and B-amino acid residues are among the most studied.
For a/p hybrid peptides, several types of helical conformations have been reported
similar to the natural 3i0-helix and the a-helix structures, analogous to protein
secondary structures.(Sharma et al. 2014; Roy-et-al-2004; Dong-et-al-2012;
Choudhary-et-al-2012) Un-natural a/B-amino acid residues have been used as
valuable building blocks in the construction of varieties of folded structures by
introducing them into peptide sequences that display structural diversity with similar
molecular divergence.(Gellman 1998b; Seebach, et al 2004; Baldauf et al 2006;
Gardiner-Seebach-2008) B-amino acids in peptide sequences have a promising
strategy to obtain analogs that exhibit properties of high interest for medicinal
chemistry applications.(Datta and Roy 2021; Fulop, Martinek, and Téth 2006; “Shin-
Gellman-2018; They can be combined with a-amino acids, which result in backbone
architectures with well-defined structures. [-amino acids stabilize a given
conformation and confer functionality through groups typically present in the side

chains of a-amino acids. In a/B-peptides, Ci11/Co-helix is a non-traditional helical



structure, in which Co-ring and Ci1-ring H-bond with residue alternation and has been
found to be among the most stable helices.("Hofmann-et-al-2006) To date, several
types of B-amino acids have been reported to promote C11/Co-helical folding: B2-, B3-,
B?2-, B%3-, B32-, and cyclic B-amino acids with a ring constraint.(Shahmohammadi and
Fuloép 2020; Kiss, Mandity, and Fulép 2017; Sharma, Venkateshwarlu, et al. 2015;
Sharma, Sridhar, et al. 2015; Legrand et al. 2014; Kudo, Miyanaga, and Eguchi 2014,
Sleebs, Nguyen, and Hughes 2013; Lee-et-al-2017; Liang et al. 2021) In the previous
studies by Wani et al. 2017 and Vasudev et al. 2008,(8,31), they reported C11/C9
helical folding in the a/f hybrid peptides containing 1-amino cyclohexane acetic acid
(B3,3Ac6c), which is a homologue of the conformationally constrained amino acid 1-
aminocyclohexane-1-carboxylic acid, AceéC. Research in this area aimed at how
alternating sequences of a- and [3- residues facilitate unique folding behaviours. For
instance, l-amino-cyclohexane acetic acid (AcsC) or its derivatives influence
backbone torsion angles and foster helical motifs such as the C11/Co helix. In another
study, we replaced the leucine residue with an achiral amino acid glycine. Then, we
investigated the effect of conformationally flexible achiral glycine residue on the
backbone conformation in ao/B-hybrid peptides(32) through x-ray crystallographic
studies. According to their research, the B-amino acids with Acsc derivatives are
helping in maintaining helical conformations, and glycine residues may have an impact

on folding behavior and backbone flexibility due to its small backbone structure.

1.1.1 Unnatural amino acids

Peptides composed of non-coded amino acids, also known as non-proteinogenic
amino acids, have a vital role in structural biology and therapeutic applications due to
their enhanced stability, which are naturally incorporated into proteins during

translation, unlike the other well-known twenty standard amino acids.(Lee et al 2017;
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Kudo et al 2014; Gellman et al 1998; Gardiner Seebach 2008; Conlon et al 2004,
Koehbach and Craik 2019; Datta and Roy 2021) These non-coded amino acids are
either modified or synthesized separately. They play a critical role in expanding the
structural and functional diversity of peptides due to their folding properties, which
increase stability and biological activity, offering tremendous opportunities in peptide
design and structural manipulation.(“Karle et al 1996.; Choudhary et al 2012; Sang

and Cai 2023; Guichard and Huc 2011)

1.1.2 Structure and Function

The non-coded amino acids can be incorporated into peptides to create novel
structures with improved stability, bioavailability, biological activity, and therapeutic
potential, as reported by Schneider and DeGrado (1998).(Degrado-Schneider 1998;
Schneider et al 1998) To increase the use of peptides in biomedical research, the
present literature review investigates how these amino acids can help create
foldamers, which are designed and followed by synthesized artificial compounds made
to resemble the folding characteristics of genuine biomolecules. The effect of non-
coded amino acids on structure and function numerous studies have been conducted
on the impact of non-standard amino acids on a peptide structure. In continuation,
Goodman et al. (2007)(40) showed how the foldamers containing non-coded amino
acids contribute to making flexible structures that enable the new generation
molecules with specific forms and functions.(Beke et al 2003) The effect of a-helix or
beta B-sheet mimics enhanced resistance to proteolysis, which is a crucial step for
drug stability. Further research delivered more information related to foldamers and
their potentiality for self-assembly and molecular recognition in their report. Their
research mainly focused on the function of peptides with stable secondary structures

like alpha helices and beta sheets formed by non-coded amino acids in biological
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systems.(Gellman 1998; Baldauf et al 2006) Divya Sahu et al. (2012)(Sahu et al-2012)
further explained the significance of non-coded amino acids in peptide drug discovery.
They mainly highlighted how non-coded amino acids can be used to produce stable
peptides with better pharmacokinetics and resistance to enzyme degradation, which

makes them promising candidates for clinical use.

1.1.3 Peptides Folding and Chirality

The torsion angles mainly govern the overall folding and structural stability inside the
peptides. The turn-effect of non-coded amino acids on torsion angles inside the
peptide backbone is primarily involved in the overall structure and folding behaviour
as described by Martinek and Fulop (2012)(42). Ranganathan et al. (1998)(43) also
reported that their N-terminus chirality effects mainly determine the peptide
conformations. Due to their unique nature, the non-coded amino acids can provide
different folding motifs and C12-type helices. Interestingly, Seebach and Matthews
(1997)(Seebach and Matthews 1997; Gardiner Seebach 2008; Koert 1997) reported
the folding dynamics of B-peptides, the non-coded amino acids at the B-position in the
peptides showing unique secondary structures including a-helices and [B-sheets,

which were not seen in a-position non-coded amino acid-based peptides.

1.2 Introduction and Literature of X-ray crystallography

The X-ray crystallography technique is the most reliable and powerful method for
determining the peptide as well as protein structures at their atomic resolution
level.(47) In the context of peptides that are based on non-coded amino acids,
crystallography offers a tremendous amount of information on how modified or
synthetic residues affect the peptide structure, folding, and interactions. Non-coded

amino acids include those that are not part of the standard amino acid code or have



been chemically modified (for example, B-amino acids, residues containing
cyclohexane, or D-amino acids). These can create specific functionalities like

enhanced stability, modified folding patterns, and novel functionalities.

1.3 Implications of SCXRD in Drug Design and Biotechnology

The usefulness of Single Crystal XRD study is evidenced by several publications that
have clearly established the importance of the X-ray crystallography technique in
peptide structure analysis.(48-51) Glusker et al. (1996)(52) provided key insights into
crystal structure analysis techniques to understand hydrogen-bond networks in small
peptides and modified small peptides that incorporated non-coded amino acids. Also,
the X-ray crystallographic technique used in finding unique folding properties such as
B-sheets and Ci2type helices for hybrid peptides containing both standard and non-
standard amino acids using X-ray crystallography, as reported by Aravinda et al.
(2003) and Bucci (2019).(53,54) In addition, Choi et al. (2010)(Choi, S. H. 2010)
reported the relative information about torsion angles and folding dynamics in peptides
containing B-amino acids which are different from their alpha-amino counterparts. The
overall x-ray crystallographic studies from different reports provided thorough
information about how the non-coded amino acids affect the overall peptide structure.
The review by Balaram et. al. (1996)(53) explained different applications for non-coded
amino acid-based peptides in molecular design. They concluded that the incorporation
of non-standard amino acids into peptide scaffolds creates tremendous opportunities
for various fields like bio-molecular engineering, targeted drug delivery, and peptide
vaccines. The incorporation of non-coded amino acids into peptides to increase their
overall structure stability and bioavailability was highlighted in a report by Adessi and
Soto (2002).(56) Their research mainly explains how non-coded amino acids enhance

the peptide’s resistance to proteolysis hence, usefulness as pharmaceutical
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compounds. Further, Patgiri et al. (2012) and Han et al. (2024) explained the effect of
designed non-standard amino acid-based peptide inhibitors interfering in some
protein-protein interactions with an experiment of Ras-protein and Ras-associated
protein interaction in cancer treatment.(57,58) Due to their more stability and higher
selectivity, the non-coded amino acid-based peptides are now potentially useful
therapeutic medicines. Banta et al. (2010)(59) also investigate the application of non-
coded amino acid-based peptides in the field of nanotechnology. The non-coded
amino acids were used in protein engineering to produce functional hydrogels and
some other drug-delivery materials. Their technique helps to create biomaterials with
improved mechanical qualities and targeted drug release by utilizing the special

gualities of non-coded amino acids.

1.4 Challenges and future directions

The non-coded amino acid-based peptides might be challenging to crystallize to get
high-quality x-ray data and structures due to the non-standard side chains of 3-amino
acids in the peptide sequence and their higher flexibility in a-, B- and y-hybrid
peptides.(60) Dezotti et al. (2012)(61) initially reported that the crystallization for non-
coded amino acids containing peptides was difficult due to their flexibility in nature and
conformational heterogeneity. The existence of disordered areas may create problems
during X-ray diffraction data (electron density) interpretation. Kabsch(2010)(62) and
team further reported a few key points to overcome the difficulties by using advanced
software of x-ray diffraction studies (XDS) for processing x-ray diffraction data,
essential software for getting high-resolution structures of peptides with
unconventional residues. Future research will probably concentrate on designing
computationally non-coded amino acids containing peptides and developing

techniques to study their dynamic behaviour in solution. The incorporation of non-
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standard amino acids into peptides, followed by dynamic behavioural studies, would
increase their applicability in the field of biomaterials, bio-sensing, and drug discovery.
Guichard and Huc (2011)(63) mentioned core points in their report for future research,
to create novel computational methods and crystallographic techniques to understand
the performance of non-coded amino acid-based peptides in both crystalline and
solution states. In addition, efforts are being made to produce non-standard amino
acids containing peptides with unique features for use in bio-sensing, nanotechnology,

and immunotherapy techniques.
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CHAPTER-2

Methodology for Single Crystal XRD studies
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2.1. Peptide Synthesis

All the peptides were designed and synthesized with Dr. Rajkishor Rai, a peptide

chemist and senior scientist at CSIR-IIIM, Jammu. While synthesizing designed

peptides, tertiary butoxy carbonyl (BOC) and methoxy (OMe) were used as protective

groups at the N-terminus and C-terminus, respectively.(64):(65)

XOYH\ . P

(a) BOC group (b) Methoxy group

Figure 2.1: Scheme of functional groups. (a) Boc and (b) OMe.

The synthesized peptides were crystallized and analyzed further. Our methodology

ensures accuracy and reproducibility in the production of peptides (P 1-7) crystal

structures by offering a methodical approach to crystallographic studies shown in

Figure 2.2.
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Figure 2.2: Workflow of single crystal XRD.

2.2. Crystallization
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Single crystals of peptides (P1-7) were obtained by using slow evaporation of different

solution mixtures of peptides as shown in Figure 2.3.(66) Different solutions of peptides

were taken in a small test tube (5 mL) and covered with parafilm with minimal holes

for slow evaporation of solvents. Crystal formation starts slowly when the solution gets

close to supersaturation due to solvent evaporation. The crystallization details of all

peptides are listed in Table 2.1.

Figure 2.3: Peptide crystallization procedure. (a) Solution of peptide in a small test tube (5mL)

placed inside the beaker. (b) Test tube containing crystals and peptide solution.

Table 2.1: Crystallization details of peptides (P1-7).

S. No Peptide Solution Solvent mixture | Time for first appearance
ratio (%) of crystals (in days)

1 P1 Methanol 100% 90

2 P2 Dioxane: Water 4:1 10-15

3 P3 Methanol: Water 11 15-30

4 P4 Methanol: Dioxane 11 15-30

5 P5 Methanol: Water 11 15-30

6 P6 Methanol: Water 11 15-30

7 P7 Methanol: Water 1:8 15-30

11




2.3. X-ray diffraction studies

2.3.1. Principle of X-ray diffraction

X-ray diffraction is a powerful analytical method for the analysis of crystalline materials
to determine their molecular structure. (67,68)(69) The interaction of X-rays with the
crystal lattice is the foundation of XRD. When an X-ray beam hits a crystalline sample,
it interacts with the electrons of the atoms in the sample, scattering the X-rays in
different directions. When conditions are met, the dispersed X-rays experience
constructive interference, resulting in a diffraction pattern shown in Figure 2.4. Bragg's

Law explains this phenomenon.(70,71)

B Detector

X-ray source

Diffracted Lines it
~— Beam

‘ - Stop Sample

— - ,VCrystaI

— = X-ray Beam

Figure 2.4: Scheme of X-ray Diffraction. (a) XRD pattern is shown in a Bruker Venture 8

diffractometer and (b) The same in cartoon representation.

2.3.2. The Bragg's Law
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W. L. Bragg developed an equation in 1913, building on the research of Freidrich,
Knipping, and Laue.(72) This study supported Laue's theory that crystals may diffract
X-rays, which was sparked by Ewald.(73) The diffraction geometry of X-rays by crystals
is still quantitatively explained by the Bragg equation nA = 2d sin @ today where n is
an integer that represents the order of reflection, A is the wavelength of the X-ray
radiation,

d is the spacing between the crystal layers (planes), and 6 is the angle between the
incident ray and the scatter plane shown in Figure 2.5. According to the equation,
crystals are made up of several parallel planes of atoms that are only slightly apart. It
is believed that the planes can reflect the X-rays in a way that makes the angle of
incidence and angle of reflection identical. Subsequent planes will contribute in phase,
meaning that the path length difference between waves must be only at specific angles

(integer number of wavelengths).(68,74)

A - C
nA = 2d sin 0 et
’ S
R
A7 + Re
/‘ o.é'e ”’
AR ’
T A
’
,,’ 1% plane
’
I'd
b o 2" plane
B|
d  Atomic-scale crystal lattice planes
T e . ® . o . o— 34 plane

Figure 2.5: A pictorial depiction of the relationships that constitute Bragg’s equation.
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Therefore, only when the Bragg equation is satisfied can constructive interference and
the creation of diffraction maxima take place. The Bragg equation is the first equation.
Destructive inference will happen if the waves are out of phase. This is a typical
scenario since the majority of a diffraction pattern is made up of space. Diffraction
spots can reveal just as much information when they are absent as when they are
present. For instance, systematically absent reflections can be used to allocate space
groups.

Laue also came up with a trio of less popular equations that describe the same result.

2.3.3. Crystal selection

Crystals are composed of a regular, repeating arrangement of units. To perform single
XRD studies, we need to select crystal to mount based on different factors(7s)
including:

o Quality of Crystals: The crystals were carefully selected based on their physical
appearance. The criteria for selection included clarity, well-formed structure,
and the absence of visible cracks. Selecting high-quality crystals is essential to
obtain reliable diffraction patterns and structure determination results. The size
(bigger the better but within the beam size) and quality of the crystal directly
affect the resolution of the data and, therefore, the accuracy of the final

structure shown in Figure 2.6.

e« Temperature Control: Molecules can be sensitive to temperature and x-ray
radiation damage, so cryoprotection is often used to maintain crystal integrity

during data collection.

14



« Symmetry and Disorder: Some molecules exhibit crystallographic disorders

(thermal or position disoeders) or high symmetry, which may complicate

structure solution and refinement.

Figure 2.6: Example of crystal selection for data collection. (left) large no of crystals grown in
a test tube and (right) a selected rectangular plate-shaped crystal with well-defined margins
and its measurements during microscopic examination shown in zoomed view. Note the
selected crystal's highest dimension (402 uM) is less than that of the beam size of 500 uM
used in the diffractometer.

2.3.4. Crystal Mounting

(a) (b)
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Figure 2.7: An Example of crystal pickup within a loop held in place with a viscous N-paratone
oil pictured via a high magnification camera (a) in the microscope and (b) mounted on the
diffractometer.

The selected crystals were mounted on a polymeric loop using N-paratone oil, which
ensures minimal damage to the crystal due it its inert nature and protects it from
environmental moisture by forming a film around the crystal as shown in Figure 2.7.
The process of crystal, mounting is critical for obtaining high-quality diffraction data.
Proper mounting minimizes the impact of air scattering and ensures that the crystal
remains stable (thermally as well as in position) which is crucial to maintain the integrity

of the crystal during data collection.(76)

2.3.5. Data Collection and Processing

Data collection was performed using a Bruker diffractometer.(77) The instrument
generates high-resolution diffraction patterns, essential for accurately determining the
crystal structure. This step involves rotating the crystal to collect reflections from
various angles.(67,74,78) Data collection consists of recording the diffraction pattern
produced when X-rays interact with the crystal lattice. The resulting data set contains
reflections that can be processed to elucidate the crystal structure. APEX2 or 3
software suite(79) was used for data acquisition and processing of single-crystal X-ray
diffraction data and XDS was used for data reduction and integration of X-ray

diffraction images shown in Figure 2.8.
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(a) (b)

Figure 2.8: An example of a diffraction pattern. The particular position and symmetry of the
spots are illustrated in addition to the varying intensities of the spots. Demonstration of the

reciprocal crystal lattice, created by representing the constituent diffraction with points.

2.3.6. Structure Solution and Refinement

Direct Method is used to solve most of the peptide structures as most of the data for
small peptides (<15-20 residues) is available in atomic resolution. These algorithms
exploit the phase relationships of the diffracted beams to generate initial estimates of
the electron density. SHELXL program(80,81) is normally used for structure solutions
via direct methods. The preliminary structure solution is obtained and refined using
Olex2 2-1.5 software suite (http://www.olexsys.org)(82) which uses SHELXT
software(83). Olex2 suite is also used for visualization and various crystallographic
calculations as shown in Figure 2.9s. All the relevant crystallographic data collection
parameters and structure refinement details for the peptides are summarized, cif files
are generated and submitted to the Cambridge Crystallographic Data Centre (CCDC)

(Advancing Structural Science | CCDC (cam.ac.uk)).(84)
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Figure 2.9: Example of the structure solution and refinement by using Olex2 software
suite(82).

2.3.7 Crystal packing, bond-length, and bond-angle calculations

Crystal packing studies investigate how molecules are arranged in the crystal lattice,
affecting properties like solid-state stability and reactivity. Analyzing intermolecular
interactions can provide insights into the packing efficiency and potential void spaces
within the crystal. The final structures, after refinement, were analyzed using Mercury
software22 (V 2024.2.0. 8) to study crystal packing, bond length and bond-angle
calculations. Understanding hydrogen bonding and their pattern and torsion angles
within the molecules is crucial for analyzing molecular conformation and stability.
PLATON software(85) is used for geometry checks and hydrogen bond analysis.
Hydrogen bonds influence crystal packing and molecular interactions. These analyses
provide insight into the molecular interactions and structural stability of the

compounds.
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2.3.8. Visualization and Image Generation

Chimera (Version 1.18)(86) and Pymol (The PyMOL Molecular Graphics System,
Version 2.3.2, Schrodinger, LLC.) software were used to superimpose peptides and
analyze the comparative studies. The GIMP program was used to generate all the

images.
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CHAPTER-3

Intramolecular H-bonded Helical Foldings in Achiral
a/B Hybrid Peptides Containing Glycine and Tertiary butyl-1-

Aminocyclohexaneaceticacid (tBuB33Acsc)

e e P T e ———— e ——_——————

-

tBUB33Acc(2) tBup®*Acgc(6)

(0]
Gly(3) H Gly(7) H
NM o
Gh(1) H N/cﬁ( - le(5) H P N/cﬁ(
tBUB33AC.C(4) tBUB33Ac,c(8)

o/B hybrid peptide: Boc-[Gly-tBuB®3Ac.c],-OMe
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3.1. Graphical Abstract

Stable helices: Mixed intramolecular Ci2, C22, and Cz6 type H-bonds and solvent
molecules (water and methanol) mediated stabilization of the helical conformation in

achiral a/f3 hybrid peptide leading to a paper clamp-like unique fold

3.2. Abstract
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This study elucidates the conformational characteristics of achiral a/B hybrid peptide
Boc-[Gly-tBuB®3Acsc]s-OMe (P1) through X-ray crystallography. Octapeptide P1
adopts folded conformations with stable Ci2, C22, and Caze-type intramolecular H-
bonded folded conformations. A water molecule also helps stabilize the helical
conformation of this peptide. Solvent molecules like water and methanol were
observed to play crucial roles in stabilizing the crystal structure through solvent-
mediated intramolecular and intermolecular H-bonds. The achiral LGly residues seem
to take @, and g values around +132.7(30.9)°, and £155.7(13.3)° while the B-residues
(tBuB®23Acsc) seem to take phi (@), theta (8), and psi (y) values around (+59.5(8)°,
+52.9(1.5)°, and £106.3(20.5)°). It shows that the conformational preference of (-
residues is the main determinant of the overall conformation of the octapeptide P1,
while the “Gly residues show a lot of flexibility in their conformation and adjust to the
overall requirement of peptide folding. The dimeric repeats of glycine and tBuB®3Acsc
residues in this octapeptide, P1 are observed to take a unique paper-clamp-like fold

hitherto unreported in any natural or synthetic peptides.

Keywords: Achiral amino acids, a/ hybrid peptides, solvent molecules, hydrogen

bonds, helices, conformational analysis, x-ray crystallography.

3.3. Introduction
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This chapter presents the structural characteristics of achiral a/B hybrid peptide, Boc-
[Gly-tBuB®3Acsc]4a-OMe (P1) in solid state studied by single crystal X-ray
crystallography. The scheme of peptide P1: Boc-Gly-tBuB33Acsc-Gly-tBuB33Acsc-Gly-

tBuB®3Acsc-Gly-tBuB®3Acsc-OMe is shown in Figure 3.1.

Figure 3.1. Scheme of peptide P1, Boc-[Gly-tBuB®3Acsc]s-OMe.

In this octapeptide P1, dimeric repeats of achiral amino acids “Gly (glycine) and B-
amino acid (tBuB®3Acsc) were taken to investigate the impact of the bulky side chain
tBu (t-butyl cyclohexyl group) containing p-amino acid on the conformation of the
peptide backbone. We also wanted to see if octapeptide P1 can take a well-defined,
rigid backbone and is capable of adopting a secondary structure stabilized by

intramolecular hydrogen bonds.

3.4. Literature review

Establishing specific intramolecular hydrogen bonding interactions like C;,/Cy and
C,1.1/C4, types in synthesized peptides appears to be a multifaceted tool in managing
secondary structures of peptides and small molecules.(87-89) Cyclohexyl-based
residues can efficiently use C;; type intramolecular hydrogen bonds to stabilize (-
turns in a/B hybrid peptide structures as reported by Krishnayan et. al. 2012. (1) They

demonstrated that controlling peptide and protein folding requires the stability of (-
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turns, which are ubiquitous structural motifs in proteins. Incorporating cyclohexyl
groups in non-coded amino acids is probably helpful in improving the stability of these
turns by adding steric effects that promote turn formation.(90)(91) Further, they have
explored the creation of repeating C,,/C, type intramolecular hydrogen-bonded helical
structures in peptides containing modified cyclohexyl group based B-amino acids.
Introducing cyclohexyl groups in peptides helps maintain helical conformations in
secondary structures. According to their study, adding cyclohexyl groups can affect
the overall shape and encourage particular helical configurations in the a/B hybrid
peptides.(92) Wani et. al. 2017 reported the stable intramolecular C;,/Cy type H-
bonded helices in short a/B hybrid peptides containing repeats of chiral “Leu (leucine)
and achiral B8 amino acids (B%3-Acec) in their sequences.(93-95) The results
demonstrated that the dimeric repeats of a chiral L-amino acid and achiral 8%3Acsc
residues can stabilize helical structures, which are ubiquitous elements of folded
proteins and may be useful in designing folded peptides. Such helical motifs probably
have an extra layer of stability in peptides due to the particular C;,/Cy type of
intramolecular hydrogen bonds.(31) In our earlier studies of peptides containing achiral
alB-hybrid peptides like Boc-Gly-B%3Acec-NHMe (P1’), Boc-Gly-B22Acsc-Gly-OMe
(P2"), and Boc-(Gly-B%2Acec)2-OMe (P3’) were studied.(32) These peptides
demonstrated variable Ci1 or Ci2 type intramolecular H-bonded stable structures or
intramolecular H-bonds were completely absent as in P3’. This was in contrast to
stable Co/C11 type of H-bonded helical structures in a/f3 hybrid peptides containing
chiral “Leu and achiral 823-Acsc. Since it is known that the type of B-amino acids can
affect the H-bonded pattern of a/f8 hybrid peptides,(96-100) hence we wanted to
explore further changes in the peptide structure by incorporating tBuB®3Acsc in our

peptide. Since the smaller peptides may take unusual conformations due to packing
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constraints in the solid state, we thought it wise to study a peptide of a reasonable

length (octapeptide) to study its natural propensity.

3.5. Methodology
3.5.1. Single crystal x-ray crystallography

The single crystals of the octapeptide P1 were grown by slow evaporation of the
methanolic solution of the peptide. Crystallization of this peptide was difficult and
crystals appeared only after repeating the crystallization process by dissolving the
dried-out peptide sample each time after solvent evaporation. The block-shaped
crystals were self-nucleated, grew, and reached their ideal size suitable for data
collection in about 15 weeks. The single crystal X-ray data was collected using a
Bruker Venture 8 diffractometer equipped with an IuS DIAMOND microfocus X-ray
source (Cu K/a= 1.54178 A) and fitted with a PHOTON Il photon counting detector
with mixed mode technology. The crystal diffraction data was collected using ¢/w scan
up to Bmax = 133.628° The APEX3 v2019.1-0 software(101) was used for data
collection and integration, while the SADABS(102) program was used to apply the
absorption correction. A least squares analysis on randomly collected reflections from
a single rapid scan set with 0.5° wide oscillation (180 frames) evenly dispersed in
reciprocal space provided the unit cell parameters of the crystal. An automated data
collection technique was used to collect all data sets using 0.5° wide scans in multiple
sets. The crystal-to-detector distance was kept fixed at 7.0 cm. The final unit-cell
parameters were refined using all available reflections. The SHELXT(83) program was
used to solve the structures, and the SHELXL (103):(80) program was used for refining
using the Olex 2-1.5 (http://www.olexsys.org) program suite.(82) Mercury 4.2.0.

(https://www.ccdc.cam.ac.uk/solutions/csd-system/components/mercury/)(104) was used to
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calculate the hydrogen-bond distances, and torsion angles (¢, 6, g, and w), and create
crystal packing diagrams. All the images were compiled using GIMP 3.10.38.(105)
Table 3.1 lists the crystallographic parameters of P1. The octapeptide P1 cif file was
submitted to The Cambridge Crystallographic Data Centre (CCDC) (Advancing
Structural Science| CCDC (cam.ac.uk))(84) with CCDC no. 2369636. These data are
provided free of charge by the joint Cambridge Crystallographic Data Center and
Fachinformationszentrum Karlsruhe http://www.ccdc.cam.ac.uk/structures Access

Structures service.

3.6. Results and Discussion

3.6.1. Single crystal X-ray diffraction study

The octapeptide P1 crystallized in the triclinic centrosymmetric space group P1. The
two molecules are present in the unit cell and are related by an inversion centre as the
entire molecule is achiral. The peptide P1 is co-crystallized with solvent molecules
(two water and two methanol). The ORTEP diagram and molecular conformation of the
peptide are shown in Figs 3.2 and 3.3, respectively. The X-ray crystallography
parameters for peptides are listed in Table 3.1. The measured hydrogen-bond
distances and backbone torsion angle parameters are listed in Tables 3.2 and 3.3,

respectively.

3.6.2. Molecular structure

The octapeptide P1 is well folded in the solid state. In all the four tBu-832-Acec residues
(B2-Bs) in the peptide P1, the backbone amino groups, and the tBu groups are oriented

equatorially, while the Cq carbons are oriented axially with respect to the mean plane
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of cyclohexyl moieties, which are all in stable chair conformation (Figure 3.3 and Table

3.2).

Figure 3.2. ORTEP diagram of octapeptide P1 drawn at 20%. All H-atoms are removed for

sake of clarity. All N-atoms have been shown in blue while O-atoms are in red. All non-

hydrogen atoms have been labeled. The co-crystallized solvent molecules (two water and two

methanol) have also been labeled.

ow(2)

Figure 3.3. Crystallographic structure of
octapeptide P1. All H-atoms have been removed
for the sake of clarity. All the a and 8 amino acids
as well as the N-terminal Boc and C-terminal
methoxy (OMe) groups have been labelled. All
putative intramolecular H-bonded interactions
have been shown by dashed lines and are
labeled showing the type of H-bond. All C-atoms
are in magenta, N-atoms are in blue, and O-
atoms are in red. The solvent molecules (two
water and two methanol) have also been shown

and labeled.
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Table 3.1. Crystal x-ray diffraction data and structure refinement parameters of octapeptide
P1.

Parameters

Octapeptide P1

Empirical formula
Formula weight
Crystal habit
Crystal size [mm]
Crystallizing solvent
Temperature (K)
\Wavelength
Crystal system
Space group

a [A]

b [A]

c [A]

Angles [a, B, y]°

Volume [A3]
z

F (000)
Radiation

© Range [°]
Scan type

Measured reflections

R int

Final R / wR> [%]
restraints/parameters

Density [g/cm3] [calc.]

Independent reflections

Aomax | Apmin [e A3
Goodness-of-fit on F2

Cs2H108NgO11 - 2(H20) - 2(CH40)

1218.86

Block
0.52x0.09x%0.08
Methanol (100%)
100.0

1.54178
Triclinic P

P1

11.6859(5)
17.2318(7)
18.3418(9)
a=107.497(2)
8 =90.101(2)

y = 96.644(2)
3496.3(3)

2

1.158

1334.0

CuKl/a

5.056 to 133.628
w/e

12267

172587

Observed reflections with | >=20(1)11337

0.0650
0.65/-0.43
1.052

0.0527/ 0.1367
0/811

CCDC No.

2369636
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Table 3.2. The configuration of different moieties of S-amino acids in peptide P1.

Sr. Residue NH2 tBu Ca
Number

1 tBu-333-Acsc (2) equitorial equitorial  axial

2 tBu-533-Acsc (4) equitorial equitorial  axial

3 tBu-B33-Acsc (6) equitorial equitorial  axial

4 tBu-B33-Acsc (8) equitorial equitorial  axial

In peptide P1, one intramolecular Ci2-type hydrogen bond is present between N-H of
Gly(3) and C=0 of Gly(5) atoms with a distance of 2.90 A, and another Cio-type
intramolecular hydrogen bond is present between N-H of Gly(5) and C=0 of Gly(7)
atoms with a distance of 2.85 A. A Ca-type intramolecular hydrogen bond forms
between C=0 of Gly(1) and N-H of Gly(7) atoms with a distance of 2.82 A, A Cos-type
intramolecular hydrogen bond forms at a distance of 3.0 A between N-H of Gly(1) and
C=0 of Gly(7), These intramolecular H-bonds are mainly involving in peptide P1
folding (Figure 3.3, Table 3.4). The solvent molecules like water and methanol also
form intermolecular and intramolecular hydrogen bonds with P1. The solvent mediated
(OW2) three-centred intramolecular hydrogen bond in peptide P1 between NH and
C=0 of B(6), and C=0 of Gly(7) is helping to further stabilize the folding of the peptide

as shown in Figure 3.3.

The intramolecular H-bonded interactions between achiral amino acids of a/ hybrid

peptide are shown schematically in Figure 3.6.
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~» Cl12-typeH-bond > C22-type H-bond ~* C26-type H-bond

Figure 3.6. The scheme of intramolecular H-bonds observed in P1. The dashed lines indicate
intramolecular H-bonds. All side chain residues have been labelled. Ci,-type H-bonds are
shown in blue, C,,-type H-bond are shown in red and Cys-type H-bond are shown in green

colours.

A simplified view of folded backbone of P1 is shown in Figure 3.7. The Overall
backbone structure of octapeptide P1 has a unique fold in a/B hybrid achiral peptide
that looks similar to a paper-clamp, which has not been reported so far in natural amino

acids-based peptides or synthetic non-coded amino acids-based peptides (Fig 3.8).

B(2)
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Figure 3.7. The molecular fold of peptide P1. All backbone residues have been labelled. All
side chain residues and all H-atoms were removed for clarity. All C, N and O atoms have been

shown in magenta, blue and red colours, respectively.

(a) (b)

Figure 3.8. (a) Paper-clamp-like fold of peptide P1 shown in ball and stick model. All C, N and
O atoms have been shown in magenta, blue, and red colours, respectively. All hydrogens
atoms have been removed for sake of clarity; (b) The paper-clamp image shown in a similar

orientation for reference.
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Table 3.3. Torsional angles (°) for octapeptide P1. Gly and tBuB®3Acsc refer to Glycine and
tertiary butyl-1-amino cyclohexane acetic acid, respectively. The standard deviations are

shown in parentheses.

Residue [ o] w[°] w[°]
Octapeptide P1

Gly (2) 106.8(2) -- -169.9(1) -161.6(1)
tBuB32Ac6c (2) 57.1(2) 54.5(2) -104.4(2) -179.5(1)
Gly (3) -169.3(1) -- -138.5(1) 179.7(1)
tBuB®-3Ac6e (4) -50.4(2) -51.5(2) 116.3(2) 170.0(1)
Gly (5) 146.4(2) - 161.2(1) -175.2(1)
tBu®-3Ac6ce (6) 60.9(2) 38.7(2) -125.9(2) 179.6(1)
Gly (7) -107.5(2) - 153.2(1) -178.1(1)
tBu®-3Ac6ce (8) 69.6(2) 52.8(2) 78.4(2) -

The measured torsion angles for all ‘Gly and B-amino acids are listed in Table 3.3.
The Ramachandran plots were generated using all calculated torsion angles (¢ and
y) and are shown in Figure 3.4. All “Gly residues in the peptide backbone exhibit large
variability in their ¢ and g values with an average of around +£132.7(30.9)° for ¢ while
the y torsion angles are averaged around +155.7(13.3)°. As shown by the
Ramachandran plot in Figure 3.4 the ¢, y values of all four Gly residues are distributed
across all four quadrants and they fall within the allowed regions of the Ramachandran
plot of Glycine. Gly(1) residue has ¢, and y of 106.8°, and -169.9° suggesting some
twisting in the peptide backbone but generally an extended S-sheet-like conformation.
The deviation of its w from the ideal 180° may be because of constraints of making

intramolecular H-bonds by N-H and C=0 of Gly(1) with C=0 and N-H respectively of
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Ramachandran plot for peptide P1

® Gly-residues

A f-residues

-180 -120  -60 0 60 120 180
¢ [°]

Figure 3.4. The Ramachandran plot for octapeptide P1. The green-colored area shows the
allowed regions (continuous lines) and the generously allowed regions (dotted lines) for Gly
residue in peptides/proteins (adapted from Ramakrishnan, 2001).(88)(106) Each point in the
plot corresponds to a specific residue, and their positions indicate the dihedral angles of

peptide P1. The dihedral angles of 8 residues are also shown for comparison.

Gly(7) (Figure 3.3). In the case of Gly(3), the torsion values are ¢ =-169.3°, and g =
-138.5° showing an extended backbone conformation. Gly(5) residue has ¢, y of
146.4(2)° 161.2(1)° and Gly(7) has ¢, y values of about -107.5(2) and 153.2(1)

respectively. Overall, all four Gly residues have extended S-sheet-like conformations.

All four B residues, B(2-8), adopt gauche conformation for ¢ torsion angles with an
average of around +£59.5(8.0)° while their g torsion angles are averaged around
+106.3(20.5)° (Table 3,3). Generally, for all B-residues, the sign of (@, 6, and y) is

either (+, +, -) oritis (-, -, +) except for 3(8), where it is (+, +, +). Since the C=0 of §(8)
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at one end is involved in water (OW1) mediated interaction with N-H and C=0 of 3(6)
residue (Figure 3.3) and at the other end its methoxy O makes H-bond with N-terminal
C=0 of the Boc group of another symmetry-related molecule (translational along a-
direction). Hence these H-bonding constraints may be forcing y of 5(8) residue to take
an unusual torsion angle value. All four B(2-8) residues adopt gauche conformation
about the Cg- C4 bond either with positive (+) or negative (-) signs with 8-values about
+50(6.3)° (Table 3.3). The three of the B-residues have a very narrow range of 6 values
around +£52.9(1.5)°. Only B(6) shows a larger deviation from this average 8-value and
has a low value around 38.7(2)°. Since N-H and C=0 of B(6) are involved in water
(OW1) mediated H-bonding with terminal carbonyl of B(6), this constrain may be
responsible for its larger deviation from the average 6-value observed for the other
three B-residues (Figure 3.3). It seems the bulky t-Bu substitution on the cyclohexyl
rings, may restrict its flexibility, which in turn may lead to restriction of its (@, 6, and )
values in a different region around [£59.5(8.0), £50 (6.3), + 106(20.5)] compared to
the to [+73(9), 58 (6), + 91(6)] observed for 33Ac6C observed in peptides containing
chiral-achiral dimeric repeats like (‘Leu- B33Ac6C) (Chapter 5). Hence, when
combined with flexible achiral Gly residue, their dimeric repeats show unique folds, as

observed for P1.

The w values in all LGly and B residues are consistently around +175(7)°, which is
close to +180°, indicating that all peptide bonds adopt the trans configuration (a
common feature for peptide bonds), which is more stable than the cis configuration.
The varying torsion angles suggest regions of flexibility due to Gly residues, and the
rigidity in B(2-8) residues allows the peptide to adopt different stable conformations

and influence their behaviour in the crystal lattice. The peptide P1 shows high
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intramolecular hydrogen bonding, as shown by the hydrogen bond analysis, which is

essential for maintaining its stability (Shown in Table 3.4).

Table 3.4. List of hydrogen bond and angle (°) distances of peptide P1l. The standard

deviations are shown in parentheses.

Type Donor (D) Acceptor (A) D---A (A) H---A (A) <DH---A (°)
(Octapeptide P1)

Intramolecular NH (Gly (1)) CO (Gly (7)) 3.0666(19) 2.20 167
Intermolecular NH (tBu-B8%3AcsC (2)) CO (OW (1)) ® 2.897(2) 2.04 165
Intramolecular NH (Gly (3)) CO (Gly (5)) 2.9052(18) 2.16 142
Intermolecular NH (tBu-B833AcsC (4)) CO (tBu-B33Acec (4))° 2.9248(18) 2.05 173
Intramolecular NH (Gly (5)) CO (Gly (7)) 2.8510(18)  2.17 134
Intermolecular NH (tBu-B8*3Acsc (6)) CO (OW (2)) 2.931(2) 2.21 139
Intramolecular NH (Gly (7)) CO (Gly (1)) 2.8249(19) 1.96 169
Intermolecular NH (tBu-8%3Acsc (8)) CO (tBu-B3*Acec (6)) 2.8928(19) 2.04 162
Intermolecular OH (MeOH (1)) CO (tBu-B>3Acsc (2)) 2.692(2) 1.86 172
Intermolecular OH (OW (1)) CO (MeOH (1)) 2.739(2) 1.89 167
Intermolecular OH (OW (1)) CO (tBu-B3Acsc (4)) 2.8880(18) 2.05 162
Intermolecular OH (OW (2)) CO (tBu-B3Acsc (8)) 2.672(3) 1.82 166
Intermolecular OH (OW (2)) CO (tBu-B33Acsc (6)) 2.849(2) 1.99 170
Intermolecular CH (Boc) OH (OW (2))¢ 3.359(4) 2.49 148
CH (Boc) CH (Boc) CO (Boc) 2.888(3) 2.36 113
Intramolecular CH (Boc) CO (Boc) 2.971(3) 2.38 118
Intramolecular CH (Gly (1)) CO (Boc) 2.778(2) 2.37 104
Intramolecular CH (Gly (1)) CO (Gly (5)) 3.316(2) 2.50 139
Intramolecular CH (tBu-B%*Acec (2)) CO (Gly (1)) 3.055(2) 2.49 116
Intramolecular CH (tBu-B%3Acec (2)) CO (tBu-B32Acec (2)) 3.105(2) 2.45 123
Intramolecular CH (tBu-B%3Acec (2)) CO (Gly (1)) 3.120(2) 2.55 116
Intramolecular CH (tBu-B*3Acsc (2)) CO (Gly (5)) 3.3709(19) 2.51 145
Intermolecular CH (Gly (1)) CO (tBu-B33Acsec (4))° 3.3979(19) 2.55 143
Intermolecular CH (Gly (1)) CO (tBu-B33Acsc (2))2 3.381(2) 241 167
Intermolecular CH (tBu-B%*Acec (4)) CO (MeOH (1)) 3.330(4) 2.36 167
Intermolecular CH (tBu-B%®Acec (4)) CO (tBu-B33Acsc (4)) 3.108(2) 2.45 123
Intramolecular CH (tBu-B%®Acec (4)) CO (Gly (3) 2.935(2) 2.37 115
Intramolecular CH (Gly (5)) CO (tBu-B33Acec (4)) 2.788(2) 2.44 100
Intramolecular CH (Gly (5)) CO (tBu-B33Acsc (8)) 3.425(3) 2.45 168
Intramolecular CH (tBu-B%3Acec (6)) CO (Gly (5)) 2.988(2) 2.38 119
Intramolecular CH (tBu-B*3Acsc (6)) CO (tBu-B3Acec (6)) 3.181(2) 2.51 125
Intermolecular CH (tBu-B%2*Acec (6)) CO CO (MeOH (2))f 3.533(4) 2.56 170
Intramolecular CH (tBu-B%2*Acec (6)) CO (Gly (1)) 3.279(2) 2.40 148
Intramolecular CH (Gly (7)) CO (tBu-B33Acsc (8)) 2.786(2) 2.39 103
Intramolecular CH (tBu-B%2®Acec (8)) O (OMe) 3.080(2) 2.48 119
Intermolecular CH (tBu-B%3Acec (8)) CO (Boc)® 3.418(2) 2.57 144
Intramolecular CH (tBu-B%3Acec (8)) CO (Gly (7)) 2.999(2) 2.43 116

symmetry operations: a: -x,1-y,1-z; b:1-x,-y,1-z; ¢:1-x,1-y,1-z; d:1+x,y,z; e:1-x,1-y,-z; f:-1+x,y,z.

35




3.6.3. Crystal packing

The packing of P1 in the crystalline state is shown in Figure 3.5. There are two
molecules in the unit cell which are related by an inversion centre. They interact by
forming a pair of H-bonds between two symmetry-related molecule’s B(4) residue
where N-H and C=0 of (4) residue make intermolecular H-bonds with another C=0
and N-H of inversion symmetry-related molecule’s B(4) residue (Fig 35.a and d).
Additionally, the C=0 of the same B(4) residue makes water (OW1) and methanol
(MeOH1) mediated H-bond with C=0 of B(2) of the inversion symmetry-related
molecule and vice versa. Thus, two pairs of H-bonds stabilize the dimer formed by the
molecule and its inversion symmetry-related molecule (Fig 3.5a). This inversion
symmetry-related H-bonded pair formation propagates roughly along the c-direction in
the crystal, and they are joined together by a pair of H-bonds between C=0 of 36 and
NH B8 of one molecule with NH and C=0 of B8' and 36’, respectively, of a symmetry-
related molecule (Fig 3.5 b and d). The C=0 of B(8) residue through water-mediated
interaction forms H-bond with N-H of 5(2). This propagates the crystal along the a-
direction (Figure 3.5d). No H-bond formation was observed along the b-direction
(Figure 3.5c). The hydrophobic interaction between tBu-moieties of 8 residues helps
to expand the crystal formation along the b-direction, and this interaction mimics

leucine zipper-like interactions.

The molecules in peptide P1 crystal are arranged in a parallel orientation in the overall
crystal packing with two molecules inside the crystal unit cell and, one centre of
inversion symmetry is present between two achiral molecules leading to every

molecule to be inversely aligned with respect to the other molecule (Figureure 3.5d).
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Figure 3.5. Crystal packing observed for peptide P1. (a) Interaction of two molecules of
peptide P1 in crystal unit cell viewed along a-axis shown in ball and stick model. Two
molecules related by inversion symmetry are present in the unit cell. One molecule of peptide
P1 is shown in magenta and another inversion symmetry-related molecule is shown in light
magenta for better understanding. The inversion centre is shown by an open circle between
two molecules; (b) The same arrangement when viewed along the a-axis of unit cell in ball
and stick model. All side chains are removed for the sake of clarity. The inversion centre is
shown by an open circle between two molecules (¢) The same viewed along the a-axis (in
stick model); (d) Packing of the molecule of P1 viewed along the b-axis (in ball and stick
model). All side chains have been removed for the sake of clarity. The inversion centre is
shown by open circle (e) The crystal packing viewed along the b-axis (in stick model). All the
a and  amino acids as well as the N-terminal Boc and C-terminal methoxy (OMe) groups
have been labelled. All putative intermolecular H-bonded interactions have been shown by
dashed lines. All C, N and O-atoms are shown in magenta, blue, and red colours respectively.
The solvent molecules (two water and two methanol) have also been shown in sphere model
and are labelled.

The octapeptide P1 adopts two Ci2, one Cz4, and one Czs types of intramolecular H-
bond mediated folded conformations in their structures. A few putative H-bonds were

also observed between P1 and solvent molecules (water and methanol). Therefore,
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they are crucial for defining the overall conformation and stability of P1. The schematic

diagram of the peptide’s intramolecular H-bonded pattern is shown in Figure 3.6.

A highly ordered crystal lattice by the peptide P1 is produced by a combination of
different factors like inter and intramolecular H-bonded interactions, weak wander walll
interactions especially between tBu groups of S-amino acids, optimal torsional angles
(9, 6, w, and w) of B-amino acids. It is additionally helped by interactions with solvent

molecules (water and methanol).

3.7. Conclusions

v' The octapeptide P1 structure comprises dimeric repeats of achiral a- (standard
amino acid, glycine) and B- (non-standard amino acid, tBuB®3Acsc) amino
acids. Unique conformational properties were observed for tBuB residues,
which introduces structural diversity in a/8 hybrid peptides.

v' It seems the bulky t-Bu substitution on the cyclohexyl rings, may restrict its
flexibility, which in turn may lead to restriction of its (¢, 6, and g) values in a
different region around [+59.5(8.0), +50 (6.3), £ 106(20.5)] compared to the to
[£73(9), 58 (6), = 91(6)] observed for B32Ac6C observed in peptides containing
chiral-achiral dimeric repeats like (*Leu- B32Ac6C). Hence, when combined with
flexible achiral Gly residue, their dimeric repeats may show unique folds, as
observed for P1.

v" We have discovered a unique paper clamp-like fold in the a/B hybrid achiral
peptide, which has not been reported so far in any natural or synthetic non-

coded amino acids-based peptides.
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________________________________________________________________________________________________

CHAPTER-4

Conformation of a/ Hybrid Peptides Containing Achiral

1-Aminocyclohexaneacetic acid (B*3-AcsC)
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- Cl1-type H-bond - » C9-type H-bond
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4.1 Graphical Abstract

Stable helices: Repeating mixed of Ci11/Co intramolecular H-bonds with opposite

directionalities stabilize the helical conformation in a/f hybrid peptides.
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4.2 Abstract

This study elucidates the conformational characteristics of a/f hybrid peptide, Boc-
LLeu-B33Acsc--Leu-B32Acsc-Leu-B32Acsc--Leu-B33Acec-OMe (P2) through X-ray
crystallography. The octapeptide P2 adopts a folded helical conformation stabilized by
repeating mixed types of C11/Co intramolecular H-bonds. The chiral ‘Leu residues
seem to take ¢, and g values around £65.3(12.4)°, and £154.9(5)° while the B-
residues (B8%3Acec) seem to take phi (), theta (8) and psi () values around (77(6)°,
58(6) and -91(6)°). The ¢ and y values in this range suggest that the ‘Leu residues
likely fall within regions typical for 3-sheet-like secondary structure and the B-residues
exhibit more conformational diversity, particularly in the @ angle, indicating they might
be involved in a more flexible region of the peptide. The larger spread in ¢ angle
suggests that the B-residues may have greater conformational flexibility compared to
the “Leu residues suggesting that the B-residues are able to accommodating structural
changes or transitions better than Leu. The B33Acsc (2-8) residues are able to fit well
in helical conformation. Four molecules are present in the triclinic space group due to
symmetry breaking. The self-assembly of peptide P2 forms channels filled with solvent

molecules (Dioxane and ethanol) that present interesting patterns in the crystal.

Keywords: Amino acids, o/ hybrid peptides, hydrogen bonds, helices,

conformations, x-ray crystallography.

4.3 Introduction
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This chapter presents the structural characteristics of a/f3 hybrid peptide (s) Boc-[Leu-
B33Acsc]a-OMe containing dimeric repeating units of one chiral L-a-amino acid
(Leucine) and one achiral B-amino acid (B33Acec) shown in Figure 4.1 a in solid state
studied by single crystal X-ray crystallography. Earlier, similar structures of the
tetrapeptide and pentapeptide were solved and reported by Wani et. al., 2017.(31)
Hence, by repeating these a and B dimers, we want to see if the structural features
observed in previously reported tetrapeptide and pentapeptide are retained or

changed when we increase the length of these a/f hybrid peptides.

Figure 4.1: Scheme of peptide P2 (Boc-[Leu-B*3Acsc]s-OMe).

4.4 Literature review

The previous study by Wani et. al., 2017(31) and Vasudev et. al., 2008(8) reported
C11/Co helical folding in o/f hybrid peptides containing 1-amino cyclohexane acetic
acid (B 2Acsc), a homolog of the conformationally constrained amino acid 1-amino-
cyclohexane-1-carboxylic acid, Acsc. Research in this area is aimed at how alternating
sequences of L- and B-residues facilitate unique folding behaviors.1,3,3-7 For instance,
1-amino-cyclohexane acetic acid (Acec) or its derivatives are acknowledged to
influence backbone torsion angles and foster helical motifs such as the C11/Co helix.

From our previously published data by Shankar et. al., 2022(111) we replaced the
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leucine residue in the backbone peptide with an achiral amino acid glycine. They
studied the effect of conformationally flexible achiral glycine residue Ci1/Ci2 helix on
the backbone conformation in a/B-hybrid peptides through x-ray crystallography
analysis. Those studies aimed to explore the hydrogen-bonded conformations and
examine the effect of 3, B-di-substitution in an B-amino acid on the conformation of
peptides.

In brief, the study of previous work by Wani et. al., 2017(31), was related to a/f hybrid
peptides (tetrapeptide; Boc-[Leu-B33Acsc]--OMe and pentapeptide; Boc-[Leu-
B33Acsc]2-Leu-OMe) that contain a-amino acids (like L-amino acids) and B-amino
acids have been studied for the unique structural properties of their helical folding and
enhanced stability compared to their natural counterparts through x-ray
crystallography method. The studies typically test the ability of B-amino acids to disrupt
or stabilize specific secondary structures, such as C11/Co helices or Ci2-helices, which
are very far from the standard a-helices found in proteins. The inclusion of B-amino
acids containing rigid cyclohexane-based macrocycles increases conformational
stability. Studies have been interested in the functions of the residues in generating
well-characterized secondary structures. Such studies involve hydrogen bonding
networks, torsion angles as well as steric contribution from the cyclohexane-containing
B-residues.

In the present study, we extensively investigate the crystal structure of octapeptide
containing 1-amino cyclohexane acetic acid (B32Acsc) using single crystal x-ray
crystallography. The crystal structure of long a/f hybrid peptide incorporating
conformationally constrained B, B-disubstituted B-amino acid (B33Acsc). B-Amino acid
contains amino and carboxyl groups separated by two carbon atoms in the backbone.

The insertion of additional atoms in between the flanking peptide units enhances the
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number of degrees of torsional freedom resulting in an expansion of energetically-
accessible conformational space. The chemical structure of a f-amino acid residues

with torsion angles are shown in Figure 4.2.
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Figure 4.2: The chemical structure of 3-amino acid residues showing its backbone torsion
anales.

4.5 Methodology
4.5.1 Single crystal x-ray crystallography

The single crystals of octapeptide P2: (Boc-[Leu-B32Ac6c]s-OMe) were grown by a
slow evaporation method using a dioxane/water (4:1) mixture. Clear, light hexagonal
plate-shaped crystals were grown within 15 days. Initially, initially due to the poor
quality of the crystals, we could not solve the structure for a long time. We repeated
the data collection by selecting different crystals, but the structure could not be solved.
Finally, a good quality crystal with a dimension of 0.9 x 0.6 x 0.2 mm?3, was used to
collect the data at a cryogenic temperature of 100 K. The intensity data was collected
on a Bruker Kappa Apex Il diffractometer (Mo Ka = 0.71073 A) using ¢ and w scans.
The peptide, P2 subjected to structural solution and refinement using the Olex 2-1.5
(http://www.olexsys.org) program suite(82). SHELXT(83) program was used to solve

the structure and refine it. Mercury 2024.2.0. (104)
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(https://lwww.ccdc.cam.ac.uk/solutions/csd-system/components /mercury/) was used
to create the hydrogen-bond distances, torsion angles (¢, 8, g, and w), and crystal
packing diagrams. The structures alignment was done by using chimera software(86)
(Version 1.18) and the figures of molecules alignment/superimposed view were
prepared using PyMol(112) (The PyMOL Molecular Graphics System, Version 2.3.2,
Schrodinger, LLC.), and all figures are compiled together using GIMP version 2.10.34
(GNU Image Manipulation Program).(105)

The peptide P2 structure cif file was submitted to The Cambridge Crystallographic
Data Centre (CCDC) (Advancing Structural Science | CCDC (cam.ac.uk))(84) with
CCDC number. The joint Cambridge Crystallographic Data Center and
Fachinformationszentrum Karlsruhe http://www.ccdc.cam.ac.uk/structures Access

Structures service provides these data free of charge.

4.6 Results and Discussion

4.6.1 Single crystal X-ray diffraction study

The octapeptide P2 crystallized in the P1 space group with four molecules in the
asymmetric unit. The crystal x-ray diffraction data and structure refinement parameters

details of peptide P2 are given in Table 4.1.
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Table 4.1: Crystal x-ray diffraction data and structure refinement parameters of octapeptide P2.

Parameters octapeptide (P2)
Empirical formula (C4HgO2)4 (CH40)4 (H20)2
Formula weight 1278.61
Crystal habit Plate
Crystal size [mm3] 0.9x0.6x0.2
Crystallizing solvent Water: Dioxane
Temperature (K) 100.15
\Wavelength 0.71073
Crystal system Triclinic
Space group P1
a [A] 9.9361(5)

b [A] 10.0827(5)
c [A] 84.853(5)
a [°] 89.242(3)
B [°] 88.749(3)
v [°] 60.437(3)
Volume [A3] 7392.3(7)
z 4

Density [g/cm3] [calc.] 1.149

F (000) 2790.0
Radiation Mo K/a

© Range [°] 2.88 t0 52.868
Scan type w/
Independent reflections 44360
Measured reflections 53752
Observed reflections with | >= 475893
20()

Rint 0.0478
Nomax | Apmin [e A3 0.67/-0.51
Goodness-of-fit on F2 1.021
Final R / wR2 [%] 0.1007/0.2616
restraints/parameters 403/3384
Flack parameter 0.3 (7)
CCDC No.

4.6.2. Molecular Structure

The solved molecular structures of peptide P2 are shown in Figure 4.3(a-d). In
peptide P2, the amino group of B33-Acsc (2), (4), (6), and (8) residues in all four

molecules (mol-A to mol-D) occupy axial orientation. The cyclohexyl rings of all B-
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residues are in stable chair conformation. All four molecules of the peptide take helical

conformation which are stabilized by C9/C11 type H-bonds.

The superimpose view of all four molecules of octapeptide P2 is shown in Figure 4.3
e. The four molecules aligned with each other very well with slight differences at
sidechain residues and N-terminus and C-terminus. All molecules mol-B, mol-C, and
mol-D were aligned to mol-A with their RMSD value of about 0.593 A, 0.528 A, and

2.083 A respectively.

BoC /f

(1)
N \
A
B2) e
L(3) ’ L ;HL(S)
g
B(6) Bl v ()E(G)
L7) ‘\ ,/O/
\\,f;\ f/ OMe

Y]

B(8) }:\ B(8) Lﬂ
(c) (d) (e)

Figure 4.3: The solid-state molecular conformations of octapeptide P2 showing four independent
molecules. (a) Molecule-A; (b) Molecule-B; (c) Molecule-C; (d) Molecule-D; and (e) Superimposed view
of all four molecules A-D. The repeating Ci11/Cs type intramolecular H-bonds in all four individual
molecules were shown by black dashed lines. All the hydrogen atoms have been removed for the sake

of clarity.

The torsion angles of all four molecules have been shown using Ramachandran plot
(Figure 4.4). When we observe the torsion angles of the octapeptide P2, the B(8)
residue shows a slight difference in conformation compared to all other 3(2), 3(4) and
B(6) residues in the peptide molecules mol-A, mol-B, mol-C, and mol-D shown in,
which may be due to constraining of H-bonding dioxane molecules as observed in the

crystal structure. The ¢ and y values along with their standard deviation (SD) for a-
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Leucine residues Leu (1), (3), (5), and (7) for all four molecules are within the allowed
region of the Ramachandran plot with ¢ and g values around -65.3(12.4)°, and

+154.9(5)° respectively, which is 3-sheet like conformation.

Ramachandran plot for peptide P2 (¢ vs V)
(3)
e Mol-A
= Mol-B
4 Mol-C
+  Mol-D
>
-180 -120 -60 0 60 120 180
$[]

Figure 4.4: Ramachandran plot for all four molecules (mol A-D) of octapeptide P2. The green-
colored area shows the allowed regions (continuous lines) and the generously allowed regions
(dotted lines) for Gly residue in peptides/proteins (adapted from Ramakrishnan,
2001).(113,114) Each point corresponds to a specific residue, and their positions indicate the
dihedral angles of peptide residue. The dihedral angles of B residues are also shown for
comparison. Mol-A is shown in blue color, mol-B is shown in red color, mol-C is shown in

purple color and mol-D is shown in green color.

The torsion angles of all 3-amino acids from all four molecules 3 (2-8), lie in the fourth
guadrant of the Ramachandran plot. The B(2-6) residues formed clusters with ¢ and

@ values around +77(6)° and -91.5(5.8) whereas all B(8) residues among four
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molecules had slightly different values of ¢ and similar g values around +60(2.9) and
-159(26.6). The difference observed for [(8) residues may be due to their
environmental factors/packing constrains in the crystal lattice. The dihedral angles (¢
and 0) of B-amino acids B(2), (4), (6), and (8) from all four molecules lie in the first

quadrant of the plot. ¢ and 6 values are around +73(9.3) and +58(5.6) shown in Figure

4.5,
Dihedral angle plot for peptide P2 (¢ vs 0)
180
® Mol-A
120 = Mol.B
] (72(9), 58(6)) or
B(6) A Mol-C
60 - o B(3) Mol-D
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60
120
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é [°]

Figure 4.5: Dihedral angles plot for all B-residue of four molecules (mol-A to mol-D) of
octapeptide P2. The green-colored area shows the allowed regions (continuous lines) and the
generously allowed regions (dotted lines) for Gly residue in peptides/proteins (adapted from
Ramakrishnan, 2001). (113,114)The dihedral angles of B residues are also shown for
comparison. Mol-A is shown in blue colour, mol-B is shown in red colour, mol-C is shown in

purple colour, and mol-D is shown in green colour.
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4.6.3. Crystal Packing Studies of Peptide P2

In the crystal packing studies of the peptide P2, while packing, the four molecules mol-
A, mol-B, mol-C, and mol-D were packed in the present cell with c-axes of 85 A and
not the half-length 45 A cell along the c-axis, which we had anticipated. Along with the
unique solvent interface between mol-B and mol-C, the finer differences between
interfaces of mol-A/mol-B and mol-C/mol-D may be breaking the symmetry among the
four observed molecules in the present crystal structures. Hence, we do not get a
higher symmetrical space group with one molecule asymmetric unit. Rather, we get
four molecules in the present triclinic crystal system with the P1 space group, as shown
in Figure 4.6. The dimension of each of the four molecules was calculated and shown
in Table 4.2.

The intramolecular and intermolecular H-bonding distances and their angles were
calculated for all four molecules mol A-D of peptide P2 and are listed in Table 4.3 and
Table 4.4, respectively. All four molecules (mol-A to mol-D) in the peptide P2 are taking
helical conformation stabilized by repeating C11/Co type of H-bonds which are crucial
for stabilizing the molecular structures in peptides. In a-helical structure, the Ci1 type
of intramolecular H-bond forms between -amino acid residue and a-amino acid i to
i+3 manner, and the Cg type of intramolecular H-bond also forms between (3-amino
acid residue and a-amino acid i to i+1 manner (Figure 4.9). The N-H of L(3), L(5), and
L(7) groups are forming Cu1 type of intramolecular H-bond repeats with C=0 of Boc,
B(2), B(4) groups respectively in the backbone structure of all four molecules (mol-A
to mol-D) and N-H of 3(2), B(4) and B(6) groups are forming Co type of intramolecular
H-bond repeats with C=0 of L(3), L(5) and L(7) groups respectively in the backbone
structure of all four molecules mol-A to mol-D contribute to maintaining stable helical

secondary structure. The crystal packing pattern of four molecules of octapeptide P2
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in a crystal unit cell along the a-axis shown in Figure 4.7. Mol-A and mol-B are bound
together by a dioxane molecule in a tail-to-tail manner whereas mol-B and mol-C
interact in a head-to-head manner. Mol-C and mol-D interact similarly to mol-A and
mol-B. The same arrangement of molecules inside the crystal unit cell pattern is shown
in the cartoon representation shown in Figure 4.7b. Similarly, the crystal packing

pattern viewed along the a-direction and b-direction are shown in Figure 4.7c,.
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Figure 4.6: The crystal packing octapeptide P2 viewed along the b-direction. (a) All four molecules A-
D are shown in the ball and stick model with respective colour codes (mol-A (green), mol-B (orange),
mol-C (magenta), and mol-D (yellow)). All solvent molecules and hydrogens were removed for the sake
of clarity; (b) The same view was shown along with solvent molecules. All four molecules shown in the
stick model and all sidechains of the backbone have been deleted for sake of clarity. All solvent
molecules are shown in the ball and stick model. All hydrogens have been removed for the sake of

clarity. The putative H-bonds have been shown in black dashed lines.

Also, the N-H of (8) and L(1) forming intermolecular H-bonds with solvent molecules
(Dioxane and ethanol) help in overall crystal packing and solvent-mediated

stabilization of peptides.

Table 4.2: Data for crystal cell dimensions and cell origin of each molecule of octapeptide P2.

Peptide Dimension (A)
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Mol-A

Cell Basis Vector 1 (a) 11.040000200271606 0 0
Cell Basis Vector 2 (b) 0 11.365999698638916 0
Cell Basis Vector 3 (c) 00 19.977996826171875

Cell Origin: x = 8.061817169189453; y = 2.575385332107544; z = 80.86487579345703

Mol-B

Cell Basis Vector 1 (a) 10.944999754428864 0 0
Cell Basis Vector 2 (b) 011.577999830245972 0
Cell Basis Vector 3 (c) 00 20.23299789428711

Cell Origin: x = 5.526697158813477; y = 2.9047629833221436; z = 60.07504653930664

Mol-C

Cell Basis Vector 1 (a) 10.9660005569458 0 0
Cell Basis Vector 2 (b) 011.535999774932861 0
Cell Basis Vector 3 (c) 00 20.307998657226563

Cell Origin: x =10.111132621765137; y = 2.842677116394043; z = 38.02681350708008

Mol-D

cell Basis Vector 1 (a) 11.059999585151672 00
Cell Basis Vector 2 (b) 011.38700008392334 0
Cell Basis Vector 3 (c) 00 19.937000274658203

Cell Origin: x = 7.567444801330566; y = 2.478381395339966; z = 17.238279342651367

Whole peptide P2 dimension along with solvent molecules

Cell Basis Vector 1 (a) 15.919000446796417 0 0
Cell Basis Vector 2 (b) 0 14.101000308990479 0
Cell Basis Vector 3 (c) 0087.81100034713745

Cell Origin: x = 7.788802146911621; y = 2.8312554359436035; z = 47.974884033203125
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Table 4.3: Hydrogen bond distances and angles for peptide P2. The standard deviations are shown in

parentheses.

Type of H-bond Donor Acceptor D----A (°) H---A (°) <DH---A (°)
Mol-A

Intramolecular (Ci1) NH (L3) CO (Boc) 2.95(1) 2.153 150.1
Intramolecular (Co) NH (B32Acsc (2)) CO (L3) 3.01(2) 2.286 139.7
Intramolecular (C11) NH (L5) CO (B33Acsc (2)) 3.019(9) 2.261 143.8
Intramolecular (Co) NH (B33Acesc (4)) CO (L5) 3.00(2) 2.326 133.2
Intramolecular (C11) NH (L7) CO (B33Acsc (4)) 3.06(1) 2.262 151.6
Intramolecular (Co) NH (B33Acesc (6)) CO (L7) 2.99(1) 2.306 134.6
Intermolecular NH (B22Acesc (8))  O1 (dioxane-E) 2.96(1) 2.136 155.2
Mol-B

Intermolecular NH (L1) O1 (dioxane-G) 2.95(2) 2.2 143
Intramolecular (Cu11) NH (L3) CO (Boc) 2.97(1) 2.17 150.4
Intramolecular (Co) NH (B32Acsc (2)) CO (L3) 3.00(2) 2.273 140.5
Intramolecular (C11) NH (L5) CO (B22Acec (2)) 3.04(2) 2.273 145.5
Intramolecular (Co) NH (B32Acsc (4))  CO (L5) 2.98(1) 2.296 134
Intramolecular (Ci1) NH (L7) CO (B23Acec (4)) 2.99(2) 2.182 151.5
Intramolecular (Co) NH (B32Acsc (6)) CO (L7) 2.95(1) 2.262 135.1
Intermolecular NH (B32Acsc (8)) 04 (dioxane-E) 2.96(1) 2.13 156.8
Mol-C

Intermolecular NH (L1) 04 (dioxane-G) 3.06(3) 2.2 166.8
Intramolecular (Ci1) NH (L3) CO (Boc) 3.00(1) 2.187 152.6
Intramolecular (Co) NH (B32Acsc (2)) CO (L3) 3.01(2) 2.282 139.7
Intramolecular (C11) NH (L5) CO (B32Acsc (2)) 3.04(1) 2.266 147.6
Intramolecular (Co) NH (B22Acesc (4)) CO (L5) 2.99(1) 2.337 131.7
Intramolecular (C11) NH (L7) CO (B33Acsc (4)) 2.98(1) 2.18 151.2
Intramolecular (Co) NH (B32Acsc (6)) CO (L7) 2.95(2) 2.276 133.3
Intermolecular NH (B32Acesc (8))  O1 (dioxane-H)  2.96(1) 2.124 157.8
Mol-D

Intermolecular NH (L1) O1 (dioxane-J) 2.98(2) 2.13 165.4
Intermolecular NH (L1) 01 (methanol-K)  3.34(3) 2.581 150
Intramolecular (Cu11) NH (L3) CO (Boc) 2.93(1) 2.128 151.4
Intramolecular (Co) NH (B32Acsc (2)) CO (L3) 3.01(2) 2.27 141
Intramolecular (C11) NH (L5) CO (B32Acsc (2)) 3.01(2) 2.256 143.9
Intramolecular (Co) NH (B22Acesc (4)) CO (L5) 3.00(1) 2.311 134.5
Intramolecular (C11) NH (L7) CO (B32Acsc (4)) 3.06(1) 2.249 152.5
Intramolecular (Co) NH (B33Acsc (6)) CO (L7) 2.977(9) 2.276 136.7
Intermolecular NH (B32Acsc (8))  O4 (dioxane H) 2.95(1) 2.131 154.9
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Table 4.4: Torsional angles observed for peptide P2. The standard deviations are shown in

parentheses.

Residue o] © [] w[] w []
molecule A

Leu (1) -49(1) -- 146.6(9) -169.7(9)
B33Acsc (2) 83(1) 58(1) -98(1) 168.1(9)
Leu (3) -61(1) - 157.8(8) -175.8(9)
B33Acsc (4) 78(1) 57(1) -92(1) 166.7(9)
Leu (5) -67(1) -- 155.7(8) -172.4(9)
B33 Acsc (6) 72(1) 66(1) -84(1) 163.8(9)
Leu (7) -81(1) -- 158.1(9) 178.2(9)
B33 Acsc (8) 62(1) 51(1) -179(2) --
molecule B

Leu (1) -51(1) -- 148.3(9) -166.9(9)
B33 Acsc (2) 85(1) 56(1) -98(1) 167.6(9)
Leu (3) -61(1) -- 156.2(8) -175.2(9)
B33 Acsc (4) 72(1) 64(1) -95(1) 167.9(8)
Leu (5) -70(1) - 154.0(8) -170.9(9)
B33 Acsc (6) 71(2) 65(1) -84(1) 164.6(9)
Leu (7) -84(1) -- 162.8(9) -172.7(9)
B33 Acsc (8) 57(1) 50(1) -168(1) --
molecule C

Leu (1) -50(1) -- 148.4(9) -167(2)
B33 Acsc (2) 84(1) 56(1) -97(2) 168.5(9)
Leu (3) -61(1) - 156.8(8) -175.2(9)
B33 Acsc (4) 72(1) 63(1) -92(1) 165.0(8)
Leu (5) -71(1) - 155.2(8) -171.0(9)
B33 Acsc (6) 71(1) 65(1) -85(1) 164.4(9)
Leu (7) -81(1) -- 161.9(9) -175.3(9)
B33 Acsc (8) 58(1) 50(1) -170(2) --
molecule D

Leu (1) -46(1) -- 146(1) -170(2)
B33 Acsc (2) 86(1) 57(1) -96(1) 166.4(9)
Leu (3) -62(1) -- 156.1(8) -175.3(8)
B33 Acsc (4) 78(1) 59(1) -94(1) 167.2(8)
Leu (5) -67(1) - 155.6(8) -174.3(8)
B33 Acsc (6) 73(1) 64(1) -83(1) 163.6(9)
Leu (7) -82(1) - 158.5(8) 179.8(9)
B33 Acsc (8) 63(1) 52(1) -120(1) -
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Figure 4.7 Crystal packing of four molecules of octapeptide P2. (a) Interactions between four molecules
mol-A to mol-D and solvent molecules, are shown viewed along the a-axis. All the molecules, including
solvent molecules, are shown in the ball and stick model with their colour codes. Mol-A and mol-B
interact with dioxane in a tail-to-tail manner, whereas mol-B and mol-C interact in a head-to-head
manner. Mol-C and mol-D interact similarly to mol-A and mol-B; (b) The same arrangement of molecules
inside the crystal unit cell is shown in the cartoon representation. All the molecules are shown in arrow
representation similar to the molecule's colour and labelled accordingly, whereas solvent dioxane
molecules are shown in in grey colour; (c) Same viewed along the b-direction. All the molecules were
shown in the stick model with their colours mol-A to mol-D (green, orange, magenta, and yellow,
respectively), whereas all the solvent molecules were shown in the ball and stick model for a better
appearance. All hydrogens have been deleted for the sake of clarity. The putative hydrogen bonds have

been shown in black dashed lines.
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Figure 4.8: Packing of the helices of molecules (A-D) octapeptide P2 viewed along the c-axis (all four
molecules (A-D) shown in stick model in their respective colour; side chains in the backbone structures
and all hydrogens have been removed for sake of clarity. The arrows indicate the direction of the helix
axis from the N-terminus to the C-terminus. The (+) sign indicates that the helix-axis direction from N to
C terminal is pointing inwards into the plane of the paper, whereas (-) indicates that it is pointing
outwards towards the viewer; side, and top view, respectively, (a) The symmetry-related interconnected
helices of mol-A and mol-B (green and orange) side view; (b) same from a top view; (c) the symmetry-
related interconnected helices of mol-C and mol-D (magenta and yellow) side view; (d) same from a
top view; (e) The symmetry-related interconnected helices of mol-B and mol-C (orange and magenta)

side view; (f) same from the top view. The putative H-bonds are shown in black-colored dashed lines.

The mol-A exhibits both C11/Co type intramolecular and intermolecular H-bonds in its
structure. The repetitive N-H groups consistently form intramolecular H-bonds with
C=0 groups at various positions stabilizing the structure. The solvent-mediated
intermolecular interaction with the dioxane molecule also helps stabilize the structure.
Similar to mol-A, mol-B also forms N-H(Ci1) and N-H(Co) types of Intramolecular H-
bonds among backbone groups and significant solvent dioxane-mediated
intermolecular interaction. Mol-C also exhibits consistent C11/Co type intramolecular
H-bonds. Another H-bond involves solvent interaction with a dioxane molecule. Mol-D
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also repeats a similar C11/Co type intramolecular H-bond pattern and intermolecular H-
bond with solvent molecules dioxane including a unique interaction with ethanol. The
dimensions of each molecule (mol A-D) were measured and listed in Table 4.2. All
four molecules are roughly 11 A thick, 11.45 A wide and about 20.2 A long. The
dimensions of unit cell is a = 15.919A, b = 14.010A, and ¢ = 87.818A respectively.
From the dimensions, the c-axis is significantly longer (c=87.818A) than the individual
molecule dimensions reflecting the presence of solvent molecules as well as the
elongated packing of octapeptide along c-axis. The inclusion of solvent molecules can
cause lattice expansion along one or more axes, which is reflected in this crystal

structure.

In octapeptide P2, the mol-A and mol-B helices are aligned in a tail-to-tail manner
helped by the solvent dioxane molecule which interfaces the two helical peptide

molecules mol-A and mol-B. In mol-A, the N-H of B(8) is interfacing with the cyclic
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L(5) B(8)
—» Cl1-type H-bond - » C9-type H-bond

Figure 4.9: (a) The molecular structure of octapeptide P2 is shown in the ball and stick model. All the
C11/Co type intramolecular H-bonds are shown in black dashed lines and labeled accordingly; (b) The
superimposed view of Octapeptide P4 with previously published tetrapeptide (shown in orange color)
and pentapeptide (shown in green color) in stick model. All side chain residues from backbone
structures were removed for clarity. The repeating C11/Co type intramolecular H-bonds are shown in
black dashed lines and labeled accordingly; (c) The chemical structure of octapeptide P4 with its C11/Co

type intramolecular H-bonds pattern shown in red and green color dashed arrows respectively.
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ether of the solvent dioxane molecule. In contrast, the other cyclic ether oxygen of the
solvent dioxane molecule is involved in making an H-bond with 3(8) N-H of mol-B
(Figure 4.8a). The interaction between mol-B and mol-C happens in a head-to-head
manner interfaced by a solvent disorder dioxane molecule as shown in Figure 4.8c.
Here, the main chain N-H of Leu(1) is H-bonded to the cyclic ether oxygen of solvent
dioxane molecule, while the other cyclic ether oxygen of solvent dioxane molecule is
H-bonded to the main chain N-H of residue Leu(1) of mol-C. The interaction between
mol-C and mol-D is in a tail-to-tail fashion mediated by H-bonding with a cyclic ether
oxygen of solvent dioxane molecule which is sandwiched between them (Figure 4.8c).
The interaction between mol-B and mol-C is similar to that observed between mol-A
and mol-B. When the head-to-head interaction is taking place, there are two solvent
dioxane molecules at the interface. When tail-to-tail interaction takes place, there are
dioxane, ethanol, and water solvent molecules close to the interface. The interface
between mol-B and mol-C is unique. However, the interface between mol-A and mol-
B is similar to that between mol-C and mol-D. The difference in their interface along
with finer differences among molecules may be responsible for breaking the symmetry
between them and hence P2 crystallizes with 4 molecules in the asymmetric unit of

P1 space group rather than a higher symmetry space group.

The superimpose aligned view of octapeptide P2 with previously published
tetrapeptide and pentapeptide containing similar a-L-amino acid and 3,3Ac6c¢ repeats
with their C11/Co type of intramolecular H-bonding repeats is shown in Figure 4.9b.
This comparison study confirms that such repeat can indeed lead to helical folds
stabilized by a similar type of C11/Co type of H-bonding patterns as observed in shorter

peptides and holds true even on length elongation of the peptides as shown by P2
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(Figure 4.9 a-b). It is the first observation of this kind of helix formation with C11/Co type

intramolecular H-bonds in an octapeptide, which may be used as a design principle.

4.7 Conclusions

The study produces greater clarity in the preferences of B-amino acids like B33Acsc
regarding their (¢,0, ) torsion angles, especially when flanked by chiral a-L-amino

acid like “Leu.

This study also confirms that a-L-amino acid and B32Acsc repeats form stable helical
structures stabilized by a similar type of C11/C9 type of H-bonding patterns, as
reported for smaller peptides (tetra/pepta-peptides) by us. It is the first observation of
this kind in such a long octapeptide P2. The insight gained from this study may be
used as a design principle in new peptide designs for getting specific folds or designing

peptides with new functions.
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CHAPTER-5

Effect of N-terminus chirality in the conformational changes of some a and y

hybrid tripeptides

R1 H CB O LVal
Boc\l\I >~_N c)/ NG OMe
H o = H o
v “LPhe

R:= L/D amino acid

o/y hybrid peptide
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5.1. Graphical Abstract

Stable B-turns: Hybride Boc-protected tripeptides containing a and y-amino acids,
with generic Boc-PX/-P-y4-F-V-Ome sequence, display folded hairpin structure
without forming any intramolecular hydrogen bonds. The folding in these tripeptides

seems to be invariant of the sequence changes at the first position of the tripeptide.

(a-i) Hairpin (b-i) Hairpin (c-i) Hairpin
H bond " H bond " "
2 = 2 = S HBnd |2
© Q 4] Q © Q
S-—-—---- > s----- =] S-A=\->
®| Hbond |& | -1 bond | & » Q
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5.2. Abstract

In this chapter, we investigate the influence of chirality on the conformational
properties of aly hybrid tripeptides with Boc-X-y*-Phe--vVal-OMe sequence, where X
is L/D amino acid. Using single-crystal X-ray diffraction analysis, we have studied the
structural preferences of five tripeptides (P3—-P7) and their sensitivity to N-terminal
chirality of amino acid, their backbone torsion angles, and their potential for forming
any intermolecular H-bonding. The findings indicate that P3—P5 with X=D-amino acids
mostly take on B-turn conformations, while P6, ‘pro has a distinct polyproline-like
conformation, showing the effect of proline residues on folding behaviour. The
research also exhibits the ability of these sequences to form B-hairpin structures and
get stabilized in the absence of any intramolecular H-bonds. Rather, supramolecular
interactions, such as m—1r stacking and van der Waals forces, contribute to the
structural stability and lipid bilayer type crystal packing of the tripeptides in the solid
state. The effect of chirality is clear, as changes in D- and L-amino acid conformations
affect hydrogen-bonding schemes, producing different crystal packing structures.
Furthermore, apart from chirality at the N-terminus, the conformation of vy4-
Lphenylalanine amino acid contributes to B-hairpin formation as its shows invariant
conformation in these peptides.

In summary, this research enhances our knowledge of short peptide folding
mechanisms and self-assembly, with implications for biomaterials and drug design.
The work implies that engineering tripeptides with targeted sequence changes can
induce stable B-hairpin folds, widening their scope of applications in nanotechnology
and molecular recognition systems.

Keywords: Tripeptides, [B-hairpin, hydrogen bonds, a/y hybrid peptides,

supramolecular interactions, crystal packing, self-assembly, X-ray crystallography.
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5.3. Introduction

Tripeptides have also become central models for the study of B-hairpin formation and
stabilization, which are critical motifs in protein structure. In these motifs, two anti-
parallel B-strands joined by a loop, are stabilized mainly by intramolecular H-
bonds.(115-120) Recent studies suggest that B-hairpin loops can also be formed and
stabilized without conventional hydrogen  bonding, broadening  our knowledge of
peptide folding mechanisms. The tripeptide self-assembly has
been studied extensively, and the knowledge gained shows that certain sequences
can form B-hairpin conformations that are stabilized through intramolecular H-
bonds. An example is the tripeptide Boc-Leu-Val-Ac,,c-OMe, which contains a bulky
1-aminocyclododecane-1-carboxylicacid (Ac,.c) residue. The molecular arrangement
shows a fascinating supramolecular twisted parallel B-sheet thatfoldsinto a
helical structure in the crystal state. This disposition highlights the role of certain
amino acid residues and their side chains in B-hairpin folding and
stabilization via hydrogen-bonding networks.(121) Chirality is responsible for self-
assembly and structure formation of tripeptides. Experiments have shown that a
change in the chirality of the N-terminal amino acid residue in tripeptides like PVal-
Phe-'Phe(PVLFLF)  and  PPhe-Phe-tval  (PFFLV) triggers  hydrogelation at
physiological pH, a characteristic not exhibited by their all L-analogues. Notably, the
inversion of phenylalanine residues yields different nanostructures;
DVLFLF produces nano tapes, while PF-FLV generates twisted fibres. These findings
highlight how chirality influences hydrogen bonding patterns and, consequently, the
morphology of B-hairpin structures.(116) In addition to conventional H-bonds, 3-hairpin
structures can be stabilized by other interactions. Studies of hybrid ay polypeptides

have shown the presence of mixed C;,/Ci, helices with alternating directionality
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of hydrogen bonds. For instance, the hybrid ay peptide Boc-Leu-Gpn-Leu-Aib-OMe,
which includes gabapentin (Gpn) and amino isobutyric acid (Aib), takes on a
helical conformation stabilized by atypical hydrogen bonding patterns.
This indicates that B-hairpin loops can be stabilized by non-conventional hydrogen
bonds, broadening the design and functionality of peptides.(117) In addition,
the introduction of backbone-expanded amino acid residues, including B- and y-amino
acids, into tripeptides has been found to affect p-hairpin stability. These residues can
introduce conformational flexibility, enabling the generation of stable B-hairpin
structures even without traditional hydrogen bonds. This flexibility enables the
investigation of various folding patterns and stabilization mechanisms,
expanding the possible applications of tripeptide-based materials in biotechnology
and medicine.(122) In short, tripeptides are general models for 3-hairpin loop formation
and stabilization. Although intramolecular H-bonds play a central
role in stabilizing these structures, other interactions and modifications, including
chirality changes and  backbone-expanded residues, provide  other means of
stabilization. These findings not only advance our knowledge of peptide folding
kinetics but also open the doorto the design of new biomaterials with engineered
structural and functional properties.

Through single-crystal X-ray crystallographic research, this chapter reveals how L-
and D-amino acids comprising peptides interact with one another to stabilize overall
conformations in specific ways and pack in the crystal lattice. This understanding may
help advance peptide-based drug design and material development and, more
importantly, influences the stereochemical underpinning in biological systems. We
have also discussed the crystallographic studies of a/y hybrid tripeptides containing

non-coded amino acids. Some of the key aspects of the research in this direction
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include exploring the unusual folding patterns, how the supramolecular networks
assist these structures in maintaining those forms, and how changes in the torsion

angle affect peptide dynamics.
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Figure 5.1: Scheme of tripeptides (P3-P7). (a) Boc-°Phe-y*-Phe--Val-OMe, P3; (b) Boc-PAla-
vy*Phe--Val-OMe, P4; (c) Boc-PLeu-y*-Phe-Val-OMe, P5; (d) Boc-°Pro-y*-Phe--Val-OMe, P6;
and (e) Boc-*Phe-y*-Phe-*val-OMe, P7.

5.4. Literature Review

The study of tripeptides, particularly those incorporating D-phenylalanine (°Phe), L-
phenylalanine (*Phe), and L-valine (Val), has been a subject of interest due to their
unique structural and conformational properties. These investigations provide insights
into peptide behaviour, stereochemistry, and potential applications in drug design,
nanotechnology and material science.(123-126) Initial research focused on
understanding the fundamental conformations of tripeptides. Studies on sequences
like Gly-Gly-X (where X represents various amino acids) revealed that glycine residues
confer significant flexibility, allowing the peptide backbone to adopt multiple
conformations. This flexibility is crucial for accommodating various side chains and

influences the overall stability and function of the peptide. The introduction of D-amino
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acids into peptide sequences has been explored to understand their impact on peptide
conformation and stability. For instance, the synthesis and structural analysis of
peptides containing both D- and L-proline residues demonstrated that heterochiral
sequences can adopt multiple conformations.(127) These studies highlighted that the
presence of D-amino acids can lead to distinct folding patterns, influencing the
peptide's biological activity and resistance to enzymatic degradation.(128) N-
(Benzyloxycarbonyl)glycylglycyl-L-norvaline: ~ This  tripeptide, containing a
nonproteinogenic amino acid norvaline (an isomer of valine), was found to adopt an
extended conformation. The crystal structure revealed a network of N—H---O and O-
H---O hydrogen bonds, stabilizing the packing and influencing the overall molecular
arrangement.(129) Research into peptides with sequences containing P’“-proline such
as Piv-PPro-'Pro-PXxx-NHMe (where Xxx represents various amino acids) showed
that these heterochiral sequences could adopt multiple conformations in the solid
state. The presence of both D- and L-proline residues was found to influence the
peptide's folding and intermolecular interactions, contributing to conformational
diversity.(128)(119,130-132) Understanding the structural nuances of tripeptides,
especially those incorporating both D- and L-amino acids, has significant implications
including Drug Design where Incorporating D-amino acids into peptide-based
therapeutics can enhance stability against enzymatic degradation, potentially leading
to more effective drugs with longer half-lives and in material science, these tripeptides'
unique packing and self-assembly properties can be harnessed in the design of novel
biomaterials with specific structural characteristics.(133,134) The Boc--Phe-y*-Phe-
Lval-OMe, P7 compound from our current work has already been reported for its

antimicrobial activity.(135)

5.5. Methodology
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Single crystals of tripeptides Boc-PPhe-y*-Phe--Val-OMe, P3, Boc-PAla-y*Phe--Val-
OMe, P4, Boc-PLeu-y*-Phe--Val-OMe, P5, and Boc--Pro-y*-Phe--Val-OMe, P6, Boc-
LPhe-y*-Phe--Val-OMe, P7 (P3-P7) suitable for X-ray diffraction, were grown by slow
evaporation from methanol/water mixtures with different ratios for compounds P3-7
listed in x-ray diffraction parameters list Table 5.1. Needle-shaped crystals with a
maximum size of about 1nm were used to collect the data. The X-ray intensity data for
tripeptide crystals, P3-7, were collected at room temperature on a Bruker Kappa APEX
Il diffractometer with graphite monochromated Mo Ka (A=0.71073A) radiation from a
sealed tube generator.(136) They were subjected to structural solution and refinement
using the Olex 2-1.5 (http://www.olexsys.org) program suite.(82) Absorption
corrections were made using the SADABS program.(101,102) The structures were
determined by direct phase determination using SHELXL.(103) Refinements of non-
hydrogen atoms for all five structures (P3-P6) were carried out with a full matrix
anisotropic least-square method using SHELXT.(83) In tripeptide P3, one solvent
dioxane molecule was observed from different Fourier maps during the refinement. All
the hydrogen atoms were fixed geometrically in the idealized positions and refined as
riding over the heavier atoms to which they are bonded. The hydrogen atoms attached
to nitrogen atoms were located from different Fourier maps and refined isotopically
and the final refinement was using the Olex 2-1.5 (http://www.olexsys.org) program
suite.(82) All hydrogen-bond distances, torsion angles (¢, 6, g, and w), and crystal
packing diagrams were created by using Mercury 2024.2.0. 8 software

(https://www.ccdc.cam.ac.uk/solutions/csd-system/components /mercury/),(104) The

important crystallographic parameters are listed in Table 5.1 and 5.2. The structures
alignments were done by using chimera software (Version 1.18)(86) and the figures

of molecules alignment/ superimposed view were prepared using PyMol (The PyMOL
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Molecular Graphics System, Version 2.3.2, Schrodinger, LLC.),(112) and all figures are
compiled together using GIMP version 2.10.34 (GNU Image Manipulation

Program).(105)

All the relevant crystallographic data collection parameters and structure refinement
details for the five tripeptides (P3-P7) are summarized in Tables 5.1 and Table 5.2.
The CIF files were generated and submitted to the Cambridge Crystallographic Data
Centre (CCDC) (Advancing Structural Science | CCDC (cam.ac.uk))(84) with CCDC
number containing, CCDC-1455264 P3, CCDC-1456694 P4, CCDC-1877122 P5,

CCDC-1877707 P6, and CCDC-1877796 P7.

5.6. Results and Discussion
5.6.1 Single crystal X-ray diffraction

We described the crystallographic characterization of the tripeptides (P3-P7) Boc-
PPhe-y*-tPhe-tvVal-OMe, P3, Boc-PAla-y*--Phe-tvVal-OMe, P4, Boc-PLeu-y*-'Phe-
Lval-OMe, P5, and Boc-PPro-y*--Phe-tvVal-OMe, P6, and Boc--Phe-y*--Phe--Val-
OMe, P7. The solved peptides or trip images are shown in Figure 5.2. The measured
hydrogen-bond distances and backbone torsion angle parameters for the peptides P3-
7 are listed in Tables 5.3-4, respectively. The Ortep view image and molecular

confirmation are shown in Figures 3.2 and 3.3, respectively.
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Table 5.1: single crystal X-ray diffraction data and structure refinement parameters of

tripeptides P3-5.

Parameters P3 P4 P5
Empirical formula C31H43N3O0s Ca25H39N306 C28H42N30s
Formula weight 553.68 477.59 518.66
Crystal habit Needle Needle Needle
Temperature/K 293 296 296
Wavelength (A) 0.71073 0.71073 0.71073
Crystal size[mm] 0.86x0.08x0.08 0.6x0.15x0.12 0.9x0.09x0.07 mm
Crystal solvent Methanol/Water Methanol/Water Methanol/Water
Crystal system Triclinic Monaoclinic, Monoclinic
Space group P1 P2, Cc2
a/A 5.1571 (10) 5.108 (3) 18.863 (9)
b/A 9.762 (2) 27.778 (18) 5.148 (2)
c/A 16.624 (3) 9.607 (6) 32.319 (15)
a/° 95.432 (14) 90 90
Br° 96.408 (13) 102.089(6) 104.464 (13)
y/° 102.952 (13) 90 90
Volume/A3 804.3 (3) 1333.1 (14) 3039 (2)
Z 1 2 4
Density [g/cm?3][calc.] 1.143 1.190 1.134
F(000) 298 516 1124
Radiation type Mo Ka Mo Ka Mo Ka
Tmin, Tmax 0.738, 1 0.480, 0.745 0.662,0.745
6 Range[°] 2.35t025.45 2.617 to 25.683 2.2-22.1
Scan type /o /o d/w
Independent reflections 6872 4588 4880
Measured reflections 13209 9371 16367
Observed reflections with | > 20 (1)] 3781 2976 3008
Rint 0.033 0.076 0.051
Apmax/ Apmin (e A-3) 0.11, -0.13 0.11,-0.17 0.25/ -0.26
Goodness-of-fit on F? 0.97 0.99 1.00
Final R/ wR2[%)] 0.044/0.116 0.043/0.105 0.059/0.173
Restraints/ parameters 87/ 492 1/ 314 6/363
Absolute structure parameter 0.1(7) 0.0 (10) -0.2 (7)
CCDC No. 1456694 1877122 1877707
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Table 5.2: Crystal x-ray diffraction data and structure refinement parameters of tripeptides P6

and P7.
Parameters P6 P7
Empirical formula C27H41N30s C31H43N306-CaHsO2
Formula weight 503.63 641.78
Crystal habit Needle Needle
Temperature/K 298 100
Wavelength (A) 0.71073 0.71073
Crystal size [mm] 0.34 x 0.19 x 0.16 0.7 x0.24 x 0.2
Crystal solvent Methanol/Water Methanol/Dioxane
Crystal system Monoclinic Triclinic
Space group P2; P1
alA 5.645 (3), 5.1030(3)
b/A 28.944 (17) 13.4312(10)
c/A 9.135 (5) 13.5881(10)
a/° 90 95.190(5)
Br° 103.982 (10) 90.742(4)
y/° 90 97.366(4)
Volume/A3 1448.4 (15) 919.564(11)
Z 2 1
Density [g/cm][calc.] 1.155 1.159
F(000) 544 346
Radiation type Mo Ka Mo Ka
Tmin, Tmax 0.654, 0.745 0.789, 1
6 Range[°] 25.840-2.297 3.012to 27.496
Scan type d/o /o
Independent reflections 4785 7428
Measured reflections 14148 15204
Observed reflections with | > 2a(1)] 1517 5344
Rint 0.069 0.027
Apmax/ Apmin (e A-3) 0.26, -0.15 0.16, -0.18
Goodness-of-fit on F? 0.847 1.023
Final R/ wR2 [%] 0.065/0.216 0.045/0.1192
Restraints/ parameters 24/331 3/421
Absolute structure parameter -0.9 (10) 0.4 (5)
CCDC No. 1877796 1455264
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Figure 5.2. The ORTEP diagram of peptide with ellipsoid probability of 20% for (a) P3; (b) P4;
(c) P5; (d) P6; (e) P7. Al N and O atoms have been shown in blue and red colours,

respectively. All H-atoms have been removed for the sake of clarity.

5.6.2. Molecular structures of tripeptides (P3-7)

All tripeptide structures (P3-P7) have been designed and synthesized using similar

backbone sequences except the first amino acid Boc-X-y*--Phe--Val-OMe, where X is
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Figure 5.3: The scheme of tripeptide backbone.
L/D amino acids shown in Figure 5.3 and all individual tripeptides molecular structures
are listed in Figure 5.4(a-e). All tripeptides have N-terminus Boc and C-terminus OMe
protective functional groups. The first amino acid in the backbone is either L or D amino
acids, the second position was substituted with Y*-phe amino acids. While -Val residue

is at the third position.

P3 shows a B-hairpin structure where the two phenyl rings of side chains of °Phe (1)
and y4-Phe(2) are positionally disordered such that they form T-type 1-1T interactions
leading to stable conformation without forming any intramolecular H-bonded
interactions by the main chain atoms (Figure 5.4a). It appeared that the tr-1m
interactions may be the primary force behind stabilization of the B-hairpin structure.
Hence, another peptide P4 was designed where PPhe(1) was replace with PAla(1)
residue (containing short sidechain) to break the -1 interaction and to see if P4
retains B-hairpin structure. Surprisingly, P4 also shows similar backbone conformation
as that observed in P3 (Figure 5.4b). Similarly, in P5, where we increased the
sidechain length by mutating PAla(1) to PLeu(1), the overall structure of the peptide
remained the same (Figure5.4c). From the literature knowledge, we know that both -

and Dpro residues are capable of making stable B-hairpin loop conformations.(127)
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Hence, we designed peptide P6 with Ypro(1) mutation which also showed similar
overall fold for the peptide as observed for P3-P5. Since the side chain of residue at
N-terminal first position points outwardly in P2-P5, without presenting any steric clash
with any main-chain or side chain of neighbouring residues, it was speculated that the
overall fold may be affected by the chirality at the N-terminal first residue. Hence, in
P7 was designed where PPhe(1) was mutated to “Phe(1) of P3. This change led to
complete change of the overall conformation of the peptide which now showed zig-
zag fold instead of B-hairpin fold (Figure 5.4e).

The superimposed view of all the peptides is shown in Figure 5.4f. It clearly shows
that all peptides align very well with each other except P7, which shows altered
conformation for the N-terminal first residues. However, it is interesting to note that the
other two residues, y4LPhe(2) and LVal(2) of P7, maintain their conformations despite
the chirality change at the N-terminal first position and align well with the rest of the
peptides P3-P6. Where all D-amino acids along with L-pro are aligning with each other
very well with RMSD varying from 0.06 to 0.30 A Total 12 pairs of atoms are aligning
in this alignment, as L-Phe has total 11 pairs of atoms due to its different conformation.
All the backbone dihedral angles for tripeptides (P3-P7) are calculated and listed in

Table 5.3.
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(d)

Figure 5.4. Molecular structure of tripeptides. (a) P3; (b) P4; (c) P5; (d) P6; (e) P7; and (f)
Superimposed view of all tripeptides P3-P7. All side chain residues and H-atoms have been
removed for sake of clarity.
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Table 5.3. Torsion angles (deg) observed in P3 - P7.

Residue @[] ©.1[°] ©:[°] y[°] w[°]
Peptide P3
Boc - - - - -172.2(3)
PPhe (1) 95.2(3) - - -96.5(3) 168.0(3)
y*-tPhe (2) -111.1(3) | 62.7(4) | 171.8(3) | -139.2(3) -178.9(3)
Lval (3) -84.8(5) - - 141.7(4)
Peptide P4
Boc - - - - -167.9(3)
PAla (1) 94.0(4) - - -98.3(3) 172.8(3)
v4-LPhe (2) -115.7(3) | 63.3(4) | 171.4(3) | -139.5(4) -179.4(3)
Lval (3) -79.0(5) - - 139.8(4)
Peptide P5
Boc - - - - -170.7(4)
PLeu (1) 91.8(5) - - -101.2(4) 169.2(4)
y*tPhe (2) -110.0(5) | 62.7(5) | 171.1(4) | -141.8(4) -179.9(4)
Lval (3) -81.6(6) - - 137.2(6)
Peptide P6
Boc - - - - 19(1)
LPro (1) -85(1) - - -11(1) -175.0(9)
y*tPhe (2) -102(1) 61(1) -179(1) -151(1) -177(1)
Lval (3) -80(2) - - 139(1)
Peptide P7
Boc - - - - 172.8(2)
Phe (1) -100.45(3) - - 104.3(3) -177.3(2)
y*-tPhe (2) -123.2(3) 59.3(3) | 169.0(2) -126.7(2) -175.6(2)
Lval (3) -132.1(3) - - 83.0(3)
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Dihedral angles plot for tripeptides (¢ vs y)

® tripeptide P3

A tripeptide P4
¢ tripeptide P5
tripeptide P6
& m tripeptide P7
> - \ {
i P )
. . /
-60 = e (93.6(+2)°, -98.6(+2)°)
: i . Pray
. (-112.4(£8)°, -139.6 (8)°) ) 2°A0)
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Figure 5.5. The Dihedral angles plot (¢ vs ) for peptides P3-P7. All peptides have been
labeled with individual color codes. The green-colored area shows the allowed regions
(continuous lines) and the generously allowed regions (dotted lines) for Proline residues in
peptides/proteins (adapted from Ramakrishnan, 2001).(88,106) Each point corresponds to a

specific residue in all tripeptides, and their positions indicate the dihedral angles of peptide

P3-P7.
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Dihedral angles plot for tripeptides (¢ vs ©1)

180
120 e tripeptide P3
. A tripeptide P4
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Figure 5.6: The Dihedral angles plot (¢ vs 61) for peptides P3-P7. All peptides are labelled
with individual colour codes. (33,34)Each point corresponds to a specific y*--Phe residue in all

tripeptides, and their positions indicate the dihedral angles of peptide P3-P7.
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Dihedral angles plot for tripeptides (¢ vs O2)
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Figure 5.7: The Dihedral angles plot (¢ vs 02) for peptides P3-P7. All peptides are labelled
with individual colour codes. (33,34)Each point corresponds to a specific y*--Phe residue in all

tripeptides, and their positions indicate the dihedral angles of peptide P3-P7.

All torsional dihedral angles (o, 61, 62, and y) for peptides P3-P7 were calculated and
shown in a Ramachandran plot (dihedral plot) along with proline residue. The plots
confirm that different residues adopt specific backbone conformations depending on

their chirality, steric bulk, and sequence position within the tripeptide.

It is very clear from the analysis that the y*“Phe(2), which is the middle residue of all
the tripeptides, shows the most stable conformation in all five peptides with ¢ =-112.4
+7.8° ©61=61.8+1.8° 02 =1725 + 3.8° y=-139.6 + 8.7° values irrespective of

variations at the first position among these peptides. The ¢ torsion around -112° keeps

79



the side chain phenyl ring of y4-LPhe(2) optimally oriented such that it is facing
towards the outer surface of the B-hairpin and avoids any clashes with the main-chain
backbone. The ©1=61.8° is in staggered gauche conformation which is a stable
conformation. Values lower than this may cause clashes with the N-terminal residue,
and higher values may reduce the optimal van der Waal’s contacts, which this residue
and the C-terminal “Val(3) make with the folded N-terminal residues. The 62 value of
173° is a stable trans-conformation, which is optimum as the gauche-conformation
may cause steric clashes with the main-chain backbone. The y value of -139.6 °is a
normal stable extended conformation. It may be noted that the standard deviation in
the values of ©1 and ©2 in these peptides is less compared to that of ¢ and g, which
may be understood from the fact that the y-Phe has no substitutions at y2 an y3
positions which put less packing contains compared to ¢ and y values which are

constrained by the side chain’s steric or main chain carbonyl’s H-bonding interactions.

As can be seen from Figure 5.5 all the Val(3) residues are in the extended 3-sheet-
like conformation with ¢ around -81.4 £ 2.5° and g around 139.4 + 1.5° in peptides
P3-P6. However, In P7, we find that the (¢, g) values, which remain in the extended
conformation are significantly different (-132°, 83°) compared to other peptides. The
packing constraints may be responsible for such differences as the zig-zag shape of
P7 is dramatically different compared to other peptides (P3-P6), which form (3-hairpin,
due to the chirality change at the N-terminal first position in these tri-peptides.

All D-residues at the N-terminus, including PPhe, PAla, and PLeu exhibit extended B-
hairpin conformation with average ¢ and y values of about 93.7 £1.7° and 98.7 + 2.4
and are lying in the 4" quadrant of the Ramachandran plot. This falls in the forbidden
region of the normal Ramachandran plot of L-amino acids. However, it should be noted

that the allowed region of the D-amino acids in this plot is expected to be a mirror
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image of that of the L-amino acids, which has also been shown by theoretical studies
by Towse et al. 2014.(137) Hence, accessing these conformations is only possible
due to chirality changes. The low standard deviation values for (¢,{) suggest that the
structures have stable conformations. Substituting L-Phe(1) at the N-terminus first
position as in P7, which has (= -100.5°, y= 104.5°), exactly the opposite sign that
observed for D-amino acids at this position, forces breaking of the B-hairpin structure
and it rather takes a zig-zag fold (Figure 5.4). Interestingly, the “Pro(1) as in P6 with
(p= -85°, y= -11°), which is in the generously allowed region for Proline residues in
the Ramachandran plot, falls intermediate between that of aliphatic L and D amino
acids (Figure 5.5). This conformation still allows the formation of the B-hairpin as
observed in P6, which is well-known for proline residues. The average omega(w) value
in all peptides P3-P7 is 174.05 + 4.15° suggesting stable trans conformation. In
summary, the torsional angles data strongly suggests that tripeptides P3-P5 form [3-
strand-like conformations, while P6 likely adopts a turn-like structure, which is
essential for hairpin loop formation. This distribution supports the hypothesis that these
tripeptides together adopt a B-hairpin conformation, a common motif in protein
secondary structures, but without forming any H-bonds, which is not reported so far in

the literature.

5.6.3. Crystal Packing Studies

The H-bond distances and angles of peptides P3-P7 are listed in Table 5.4.

Table 5.4. Hydrogen bond parameters for P3-P7. The standard deviations are shown in

parentheses.
Type Donor (D) Acceptor (A) D---A (A) H---A (A) <DH---A (°)
Peptide P3
Intermolecular NH (°phe (1)) CO (Boc)? 3.011(4) 2.18 161

81



Intermolecular NH (y*-Phe (2)) CO (Pphe (1))° 2.932(4) 2.15 151
Intermolecular NH (‘val (3)) CO (y*Phe (2))2 3.061(4) 2.21 171
Peptide P4

Intermolecular NH (PAla (1)) CO (Boc)? 2.965(5) 2.16 156
Intermolecular NH (y*-Phe (2)) CO (PAla (1))° 2.913(4) 212 154
Intermolecular NH (‘val (3)) CO (y*Phe (2))2 3.023(5) 217 170
Peptide P5

Intermolecular NH (PLeu (1)) CO (Boc)¢ 3.043(6) 2.22 161
Intermolecular NH (y*-Phe (2)) CO (°Leu (1))° 2.925(5) 2.16 147
Intermolecular NH (val (3)) CO (y*Phe (2))° 3.055(6) 221 169
Peptide P6

Intermolecular NH (y*-Phe (2)) NH (°pro (1)) 2.833(12) 2.44 109
Intermolecular CH (BOC) CO (Boc) 3.02(2) 2.45 118
Intermolecular CH (BOC) CO (Boc) 2.946(19) 2.42 115
Intermolecular CH (Ppro (1)) CO (Boc)® 3.406(12) 2.53 149
Intermolecular CH (y*-Phe (2)) CO (Ppro (1)) 2.866(12) 2.49 103
Intermolecular CH (y*-Phe (2)) CO (Ppro (1))? 3.424(13) 2.57 146
Intermolecular CH (OMe) CO (y*Phe (2)) 2.68(3) 2.23 107
Peptide P7

Intermolecular NH (*Phe (1)) CO (Boc)? 2.976(3) 2.11 167
Intermolecular NH (y*-Phe (2)) CO (*Phe (1))° 2.897(3) 2.08 155
symmetry operations: a:1+x,y,z; b:-1+x,y,z; c: X,-1+y,z; d: x,1+y,z.

The peptide P3 has a disordered phenyl ring at the first position in its backbone
showing a pi-pi interaction with the phenyl moiety of y4--Phe(2). The pi-pi interactions
observed are both parallel staggered and T-type as the two consecutive phenyl
moieties are each positionally disordered with occupancies of about 50% in two
conformations observed in the crystal structures (Figure 5.8 a and d). In parallel
staggered geometry, the centroid-to-centroid distances between disordered Phe rings
vary from 4.6 - 5.0 A, with dihedral angles between planes varying between 34°-39°.
In T-type geometry, the centroid-centroid distances are between 4.8-5.2 A with

dihedral angles between planes varying between 46°-49°,

The crystal packing of P3 is shown in Figure 5.8 (a,b and d). The packing is stabilized
by three intermolecular H-bonds can be seen in the view along the c-axis shown in

Figure 5.8 (a,b and d). The C=0 of Boc H-bonds with translational symmetry related
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N-H of PPhe(1) at 3.01A with an angle of about 161° at the same time the N-H of y4-
LPhe(2) H-bonds with symmetry-related C=0 of PPhe(1)’ at h-bond distance of about
2.932A and the angle of about 151°. Additionally, the C=0 of y4--Phe(2) and N-H of
symmetry related -Val(3)’ show H-bonding at a distance of about 3.061A and an angle
of 171°. These interactions help the molecules propagate along the a-direction in the
crystal. The -1 interactions and van der Waal’s interactions among Boc and main
chain y4-'Phe(2) of symmetry-related molecules help them propagate along the b-
direction in the crystal lattice (Figure 5.8 b and c). The hydrophobic interactions among
phenyl moieties of PPhe(1), y4--Phe(2), the side chain of Val(3), and OMe moieties
help the propagation of molecules along the c-direction in the crystal (Figure 5.8 b and
C).

The crystal packing of P4 is shown in Figure 5.10. P4, molecules form H-bonded
dimers such that NH of PAla(1) is H-bonded with C=0 of Boc' of symmetry-related
molecules at a distance of about 2.965 A and H-bond angle of about 156°. Similarly,
the C=0 of PAla(1) is H-bonded with NH of y4--Phe(2)’ of symmetry-related molecule
at a distance of 2.913 A and the H-bond angle of about 154° and NH of LVal(3) is H-
bonded with the C=0 of y4-'-Phe(2)' of symmetry-related molecule at a distance of
about 3.023 A and has a near-linear H-bond angle of about 170° ensuring strong
directional bonding. These H-bonds help in the propagation of molecules along a-
direction in the crystals (Figure 5.9 a,b and d). The hydrophobic interactions among
the phenyl moieties of y4--Phe, OMe, Boc, and side chains of Pala(1) and “Val(3) help
in the propagation of molecules along the b-direction in the crystal lattice (Figure 5.9c).
Similarly, the hydrophobic interactions among Boc, the main chain of y4--Phe(2), and
side chains of DAla(1) and y4-LPhe(2) help in the propagation of molecules along the

c-direction in the crystal (Figure 5.9c).
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Since P3 crystallizes in the P1 space group. When compared with the approximate
calculated dimensions of different peptides observed in these crystal structures, as

shown in Table 5.5.

Table 5.5: Calculations of molecular dimensions of each peptide (P3-P7).

Compound Thickness (A) Length (A) Width (A)
P3 4.05 14.81 9.39

P4 3.66 12.83 8.97

P5 4.26 13.31 9.12

P6 4.85 13.35 8.50

P7 (without solvent mol) 414 15.90 8.86

P7 (with solvent mol) 5.12 15.90 10.95

The a, b and c dimensions of the unit cell approximately represent the thickness, width
and length of the B-hairpin formed by P3. For P4, the dimensions of the a and c axes
are similar to the dimensions of the a and b axes, respectively of P3. This implies that
the thickness of the B-hairpin of P3 and P4 are also similar, as the y4-Phe(2) is present
in both of them, even though there is a change of residues at the N-terminal first
position. Only their third dimension (c= 16.624 A, for P3 and b=27.778 A for P4) are
different. The longer b dimension of P4 is due to the 2-fold screw axis along the b-
direction of the monoclinic lattice, which increases the length of the axis approximately
two times its molecular length of about 12.83A. Comparing the packing of P3 and P4,
it may be noted that their H-bonding pattern is conserved along the a-direction in their
respective crystal structures which is also reflected in their similar dimension of the a-
axis in their respective unit cells (Table 5.1). Perhaps the change in the side chains at

the N-terminal first position of the two peptides i.e. PPhe(1) in P3 and PAla(1) in P4,
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may be responsible for breaking the symmetry in their respective crystalline
arrangements. Hence, while P3 crystallizes in the P1 space group, P4 crystallizes in
the P21 space group.

The molecular interactions and crystal packing of P5 is shown in Figure 5.10. P5 also
shows H-bonded molecular dimer formation, similar to that observed for P3 and P4
(Figure 5.10a). The H-bonded molecules stack along the b-direction in the crystal
(Figure 5.10b). The hydrophobic interactions between side-chains of PLeu(1) and y4-
'Phe(2) as well as the Boc and main chain of y4--Phe(2) help the molecules to pack
as layers along the a-direction in the crystal lattice. At one end, the hydrophobic
interactions between the side chains of Val(3) and OMe moieties in binding of the
layers together.While at the other end the interactions between Leu and Phe sides
chains, which form leucin-zipper interaction running along a-axis, help the above
molecular layers bind together and propagate along the c-direction in the crystal. This
packing arrangement mimics lipid bilayers in the crystal, where one layer propagating
along the a-direction interacts with neighbouring layers separated along the c-
direction. The presence of Leu(l) and its interactions with other neighbouring
molecules breaks the symmetry as observed for P3, which crystallizes in P1 space
group and P5 crystallizes in C2 space group. The b-axis of the unit cell in P5 remains
similar to that of the a-axis dimension of P3 and P4 (about 5.1 A) , which represents
the thickness of the -hairpin. However, there is a doubling of its a and b-axis unit cell
length compared to the b and c-axis length, respectively, of the P3 crystal lattice to
accommodate 4 molecules in the unit cell.

In P6, due to the presence of a Pro(1) residue, the main chain free NH is lost as it is
used for cyclization of the side chain in Pro(1). This, along with the steric hindrance

presented by the Pro(1) side chain, there is no H-bonded dimer formation similar to
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that observed in P3, P4 and P5, where the main chain NH was observed to be
involved in H-bonding with symmetry-related neighbouring molecules. Although there
is still stacking of the B-hairpin shaped P6 molecules along the a-direction of the crystal
lattice, due to the lack of any H-bonds along this direction, the squeezing effect that
H-bonds produce is lacking. The molecules interact purely by van der Waal’s
interaction along a-direction, which, along with the steric hindrance by the side chain
of Pro(1), most likely leads to the elongation of the molecular stacking axis (here a-
axis) to 5.65 A instead of ~ 5.11 to 5.16 A observed for P3-P5 (Table 5.1). The
molecules form layers along the c-direction in the crystal due to hydrophobic
interactions between Boc and the main chain of y4-Phe(2) and between the phenyl
moiety of y4-Phe(2) and the side-chain of Pro(1). These layers interact by hydrophobic
interactions among side chains of y4-Phe(2), Pro(1), Val(3) and OMe moiety at the C-
terminus along the b-direction in the crystal. Overall, the crystal lattice of P6 is
isomorphous with that of P4, as they have almost the same crystal parameters, and
they both have the same P21 space group (Table 5.1). Their b-dimension is almost
double the molecular length as two molecules are accommodated along the b-

direction due to the 2-fold screw axis in the monoclinic crystal lattice.

lIn the case of Peptide P7, there are two intermolecular H-bonds present, which is
shown in Figure 5.9a. The same crystal packing view is shown in Figure 5.9b. The N-
H of “Phe(1) and C=0 of Boc’ with a h-bond distance of about 2.976 A, and the angle
was about 167° suggests highly directional h-bonding, enhancing packing strength
and another C=0 of “Phe(1) and N-H of -Phe(2)’ with H-bond about 2.897 A indicate
a compact and well-packed arrangement in the crystal which are relatively strong due

to their short H-bond distances and the angle was about 155°. There are no direct h-
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bonds see along the axis-a (Figure 5.9c) The solvent dioxane molecules were helped
in filling the space between molecules during crystal packing.

Overall crystal packing studies in similar tripeptides P3-7, peptides P3-5 have the
shortest hydrogen bonds, leading to tight packing arrangements and the peptides P5-
7 have slightly longer interactions, suggesting a more open lattice. Due to weak h-
bond interactions in peptide P6, it has more flexible packing motifs may adopt a less
rigid, possibly layered arrangement in the crystal lattice, compared to all other

tripeptides.

(a) °,—>a
Bo
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Figure 5.8: Crystal packing view in stick model for tripeptide Boc-°Phe-y*-'-Phe--Val-OMe, P3.
(a) The intermolecular interactions between two molecules of peptide P3 in crystal (one mol
shown in green and another mol in light green color) are shown. The two molecules labeled
and the parallel molecule labeled using prime; (b) The same viewed along the c-axis; (¢) The
interaction pattern in crystal packing along the a-axis, and (d) The intermolecular interaction
pattern between molecules inside crystal packing. Dash lines in black color show the putative
H-bonds. All N-atoms are shown in blue color while all O are shown in red color. All H-atoms
were removed for the sake of clarity.

(@) o a k)L L/ L/
I OoMe ome' LA~ *Q
\ zLV(S) \2‘ Lv(3y Gy A

(o
-e"g’“:;,’
opp
.< 4 \vA
%% X
SReRs
5 |57 |V
C
Cap i N
45—
Q O 0O
@ Vv B ~L) \Q\/ v/ B L
v /\A ,m,_/" ) \\
B = &
e O] A ~ Y LS
T «— /0 T\
('/\ mn V \O ,,("/
v ¢ Q 7~ A0

Figure 5.9: Crystals packing of P4. (a) The intermolecular H-bonded dimer formation by
molecules of P5 in crystal lattice. The some of the residues of both molecules have been
labeled and the translational symmetry related molecule has been labeled using prime; (b)
The crystal packing viewed along the c-axis; (c) The same viewed along the a-axis, (d) The
intermolecular interaction pattern between molecules inside crystal viewed approximately
along a-direction. The putative H-bonds are shown by dash lines in black colour. All C, N and
O atoms have been shown in light-blue, blue and red colours, respectively. All H-atoms have

been removed for the sake of clarity.
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Figure 5.10: Crystals packing of P5. (a) The intermolecular H-bonding between two molecules
of P5 in crystals viewed approximately along the b-axis. Some of the residues are labelled,
and the symmetry-related molecule’s residues are labelled using prime; (b) The crystal
packing viewed along the b-axis; The same when viewed along the (c) a-axis and (d) b-axis.
The putative H-bonds are shown by dash lines in black colour. All C, N and O atoms have
been shown in yellow, blue and red colours, respectively. All H-atoms have been removed for

the sake of clarity.
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' l
- Lv(3) Ly(3)

Figure 5.11: Crystals packing of P6. (a) The weekly interacting two molecules of P6 without
forming any H-bonds, viewed approximately along the c-axis. Some of the residues of P6 are
labelled, and the translation symmetry-related molecule is labelled using a prime (b) The
crystal packing viewed along the c-axis; (c) The same view along the a-axis. All C, N and O
atoms have been shown in brown, blue and red colours, respectively. All H-atoms have been

removed for the sake of clarity.



(b)

Figure 5.12: Crystals packing of P7. (a) The H-bonded two molecules of P7 form dimers in
crystalline state. The residues of both molecules are labelled. The translation symmetry-
related molecule has been labelled using prime. Note that these dimers form only two H-bonds
whereas three H-bonds were observed in P3-P5 (b) The crystal packing viewed along the c-
axis; (c¢) The same viewed along the a-axis. (d) The where P7 molecules are shown as CPK
model and the solvent molecules are shown in the ball and stick model. Note the channel
formed by the self-assembly of P7, which is occupied by solvent molecules (dioxane) (e). The
crystal packing is viewed approximately along the a-axis. P7 molecules are shown in stick
models, and the solvent molecules are shown in ball and stick models. Dash lines in black
colour show the putative H-bonds. All C, N and O atoms have been shown in magenta, blue
and red colours, respectively. All H-atoms have been removed for the sake of clarity.
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5.7. Conclusions

We have discovered a tri-peptide-based B-hairpin turn that is stable without any
forming any intra-molecular H-bonded interactions normally observed in natural or
non-canonical amino-acid based petides. This fold remains stable even with
changes in the sequence of the tri-peptide by varying the first amino acid in the
sequence. The chirality of the first amino acid seems to be critical for the B-hairpin
formation. The rigidity of y4--Phe conformation also seems to play an important

role in the formation an maintenance of these (-hairpin turns.

5.8. Future Perspectives

It will be interesting to see if the B-hairpin structures observed in the solid state also
hold true in the solution state. Solution state NMR studies may takeun up in the future.
It would also be interesting if these B-turns could be incorporated into much bigger
peptides by incorporating resides on both its N and C-termini to demonstrate their use
for introducing such B-turns in longer peptides to form super secondary structures.

This may form part of future studies.
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Melatonin Inhibits AGS Cell Proliferation by Binding to the ATP
Binding Site of CDK2 Under Hyperglycemic Conditions
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Abstract

Cancer cells uwilize ghioose as their pimary energy source. The ageressive nature of cancer cells is therefore enhanced in
hyperglycemic conditions. This sudy has been adopted to investigate te therapeutic poental of melatonin against such
aggressive proliferaton of AGS cells—a human gastric cancer cell line, under hyperg lycemic conditions. AGS cells were
incubated with high glucose-containing media, and he effects of melatonin have boen evaluated, therein, Cell proliferation,
ROS generation, Aow-cytometric analysis for cell cycle and apoptosiz, wound healing, immunoblotting, zymog raphy,
reverse zymography assays, in-silico analysis, and kinase activity assays were performed io evaluaie the effect of melatonin.
We observed that melatonin inhibited the hyperglycemis-induced cell proliferation in a dose-dependent manner. It funther
ahered the expression and activity of MMP-2 and TIMP-1. Moreover, melamnin inhibited AGS cell proliferation by
amesting AGS cells inthe Go'Gy phase after hinding in the ATF hinding site of CDE-2, theneby inhibiting its kinase activity.
In association, a significant decrease in the expression of cyclin DI, cyelin E, CDE-, and CDE-2 wene observed. In
comncluzion, these findings suggest that melatonin has anti-gastric cancer potential. Melatonin could therefore be includad in
fuwre drug designs for gastric cancer-hyperglycemia co-morbidity trestment.
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ARTICLE EINFOQ ABSTRACT

Egrwondc The environment friendly solid state synchesis b5 adopted for tee synthess of molecal plex, 2-4{3-Hydnox-
T dimgren Fpdimipl}2,3-dibpdroquinas olin-401 H)-one, (ANHE] with utmost yied. The phise disgram (PD) of wtheonila-
e i (AN] — 3-hydroxybesealdetyde (HE] systen gives the compesitional bebavies of compotites in the entie
Plucmmcence sange, and has idetified the fomaation of Do Gutectics and o moleruler comaphea The noveny and srocnaral
ﬁw : behavioe of ANHE wis stodied using FTIR, NMR, UV-vis, fluorescence, DEC and FXRD techniques. The vasboe
Sirgls Crystal ¥R thermodynambe charssterizations of artectics and comgher are done wing the best of fogion valees shtained
fram DEC. The singhe crystal XRED (SOMRD) and atomb: packing studies of grows ANHE crystal infer that ANHE
eqmmumqmmm“pwmpTunmmmmmmmmm
malecules in the unit cell The synth lex shows ) ission in visible egion.
1. Imtroduction significantly used as a finorescence labe for the vimmlization of oligo-

= iz maturally ooowrring alkaloid fmmnd in Bicsctive

natural products with several biclogical activities [1], and its derivatives
are potential pharmaceutical agents [2- 6], Due bo sSgnificant impor-
tance, several methods have been psed for cydocondensation of
anthranilamide with aromatic aldehydes in the presence of warioas
catalysts [7-12]. Some methods show tedions limitations, sach as, the
e of excess solvents, expemsive catalysts and particalady low yield.
which has iix own advantages being eovirooment friendly, and
mmation about the nature of binary composites in the sntire compositions.
The FI} identifies the sioichiometry ratio of complex having nowvel
behavior, and helps in syathesis of material with utmaost 1009 yisld. The
PIr shedy has immenss importance in crystal growth 2 it gives idea
lbmlmmdbﬁnymnﬂ'ﬂgnrlﬁngnﬂnmd:l:g:m
behavior of and sgoichiometry compesition forming the
complex [173.14]. The investigations on FD, molsmalar complexation,
particularly between medicinally known compounds, bydrogen bonded
crystals are found to be worth 1o yidd the promising materials [1516].
Anthranilamide has three donor centers, mitrogen of the amine and
nitrogen and oxygen of the amide group for bonding and has
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saccharide [17]. 3-Hydroxybenzaldebyde belongs to orthorhombic
crystal [18], and shows vasouloprotective potency and antibacterial
activity [19,20].

With a wiew o synthesize the maderial via solid-staie syothess, AN
{donor) and HE (acoeptor) were sslectsd. The compositions of subectics
and maolecular complex were determined by the study of PD of the bi-
nary system. The synthesized ANHE complexr was stodied by spectral,
thermal and XRD techmigues. The single crystal of ANHE was grown
from mixed solution and evaporation technique. The aystal structure
and atomic packing of ANHE was studied by SCXRD. The sudies of
phase diagram, thermal properties, single oystal growth and SCHED
along with atomic packing are being communicated. However, the
stndies on the medicinal properties of the system are in progress.

2. Experimental

The purities of AN (98%) and HB (9%%), procured from Sigma-
Aldrich, Germamy, were verifisd by melting points and NME studies
[Z1]. The PD of AM-HBE systrm was established in temperature-
composition curve [22]. The thermal behaviors were stisdied wsing
DA (Mettler DEC-4000). For spectral stisdisx Perkin Elmer FTIR and
INM-ECES00R,S1 500 MHr NMRE were wsed. Rigakn Powder
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Conformation of Achiral /P Hybrid Peptides Containing
Glycine and 1-Aminocyclohexaneacetic Acid

Sudha Shankar, ® Deeti Jyothi,* Junaid ur Rahim,*" Purna Chandra Pal,*

Umesh Prasad Singh,*™ % and Rajkishor Rai**

The present work describes the conformation of achiral a/ff
hybrid peptides, Boc-Gly-f™-Ac,c-NHMe (P1), Boc-Gly-f~'-Acc-
Gly-OMe (P2), and Boc-Gly-f-Acc-Gly-f~-Acc-OMe, (P
using ¥-ray crystallography. Peptides P11 and P2 adopt C,, and
C,; folded conformations, respectively. The directionality of the
hydrogen bond obsereed in P1 is opposite to that chserved in
peptide P2. In case of tetrapeptide P3, no such hydrogen bond
is observed. Further, the solvent titration experiment estab-

The peptides containing f-amino acids have a strong propen-
sity to fold into well-defined stable conformations.”* The
insertion of f-amino add into o-peptide sequences facilitates
varieties of folded structures™"" The choice of B-amino acids
determines the hydrogen bonding patterns in «/f-hybrid
peptide sequences™™ C,, and C,,/C,.-helical conformations
have been observed in the crystal structure of octapeptide
containing achiral oc-aminoisobutyric acid (Aib) and trans-2-
aminocyclopentanecarboodic acid (ACPC)™™ C,,4C., helical
conformation has also been reported in the peptide containing
Aib and acyclic f-amino acids™ The o/f-hybrid peptides
containing altemating cis-2-aminocydohexanecarbogylic acid,
cis-2-aminocyclohex-4-enecarboxylic acid, and cis-2-aminocy-
dooctanecarbosxylic acd [cis-ACDC) with alanine exhibited the
CiiCe-helical conformation™ " Legrand et gl reported the
/G, helix in the crystals of o/f- peptides containing c-amino
acid and [ trisubstituted bicydic amine acd, (5)1-
aminobicydol2.2.2]octane-2-carboxylic acid.”¥ The helical folds
with C,, as wel as C,/C, hydrogen bonding patterns hawe
been reported in  o/f-hybrid  peptides containing 1-
{aminomethyljcydohexane carboxylic acid (Y-Ac,c)™™ and 1-
aminocyclohexaneacetic acid (f*-Acq)™ ™ There are faw
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lishes the similar intramolecular hydrogen bonding as observed
in the crystals. In P1 and P2, the amino group of B*-Acc
ocoupies equatorial orentations, while in the case of peptide
P3, it ocoupies axial and equatorial orientations for residues
F-Ace(2) and BH-Acccid), respectively. The average (8.
torsional preferences of §*-Ac.c in achiral @[ peptides are
somewhat differant from that of chiral o/ peptides.

examples of intermally hydrogen-bonded conformations in
peptides containing [},S-disubstituted-S-amino acid, [(*-Ac,c.

Herein, we describe the synthesis and characterization of
achiral e/f-hybrid peptides containing FY-Ac.c, Boc-Gly-f-
Acsc-MHMa, P1; Boc-Gly-f~-AcecGly-0OMe, P2, and Boc-Gly-
f*-Ac,c)-OMe, P3 (Figure 1). The design of peptide P1 is based
on the previously reported peptide Piv-Pro-f2-Ac,c-NHMa, ™"
im which Pro is replaced with Gly, while the design of P2 and
P3 is based on the peptide sequence Boc-Leu-f-Acc-Leu-f-
Biczc-OM2™ in which Leu is replaced with Gly residue, which is
the most conformationzlly flexible amino acid. In this study, we
gimed to investigate the effect of conformationally flexible
achiral glycine residue on the backbone conformation in o/f-
hybrid peptides.

The peptides P1-P3 were synthesized in the solution phase
using EDC/HOEBt (Schemes 1-3, Supporting Information) and
the molecular conformation of @i hybrid peptides P1-P3 was
determined by X-ray diffraction. Peptide P1 was crystallized in
orthorhombic space group Pbog with two molecules in the
asymmetric unit, while P2 and P3 were crystallized in triclinic
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Figura 1. Chemical structure of Boc-Ghy-f*-Acc-NHMe, P1; Boc-Gly-f~-Acc-
Ghy-OMee, P2, and Boc-Ghy-fH-Acsc-Gly-F--Acyc-OMe, P
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