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E Abstract ’

Designing synthetic protein structures from non-natural amino acids has immense

importance not only to understand the protein folding but also from the perspective of
medicinal chemistry. Significant progress has been achieved in this regard using the
oligomers of B- and mixed sequences containing o/ hybrid peptides. However, the research
in the area of y*-peptides containing proteinogenic amino acid side-chains (y*-amino acids,
double homologated o-amino acids) is lagging behind that of - and hybrid B-peptides, this in
part probably due to the difficulty of obtaining stereochemically pure y*-amino acids. In
contrast to the saturated y'-amino acids, backbone functionalized y-amino acids such as o, p-
unsaturated y-amino acids, pB-keto-y-amino acids and B-hydroxy y-amino acids have been
frequently found in many biologically active peptide natural products. Inspired by the
nature’s selection, we explored whether or not these amino acids can be utilized to mimic
protein secondary structures. Using these amino acids various secondary and super-secondary
structures such as [-sheets, B-hairpins, helices and multi strand B-sheets were designed,
synthesized and characterized in both solution and single crystals. Results of this
investigation suggests that the o, P-unsaturated y-amino acids are ideal candidates for the
design of B-sheet structures, while the saturated y-amino acids are found to be ideal for the
constructions of helices with expanded H-bond pseudocycles. In contrast to the saturated y-
amino acids, the hybrid peptides containing B-hydroxy- y-amino acids have showed little
distorted helical structures. Further, we assessed the analogy of these hybrid secondary
structures with natural protein secondary structures. In addition, the folding rules of the
hybrid peptides were outlined. The conformational properties of these hybrid peptides, their
folding rules and the analogy with protein structures can be utilized for the design of

functional hybrid peptide foldamers.
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Chapter 1

Synthesis and crystal conformations of o, 8-
unsaturated y4-amin0 esters (E-vinylogous
gamma amino esters) and their
homooligomers



1.1 Introduction

The stability of protein 3-dimensional structures is fundamentally governed by many non-
covalent interactions. Understanding the folding and self-assembly processes of proteins is of
paramount importance in the de novo design of protein secondary structure elements.
Mimicking natural protein secondary structures using artificial molecules that are capable of
forming specific and predictable secondary structures offer new possibilities in the field of
molecular recognition, catalysis, and protein folding. The de novo design of the folded
secondary structure from the artificial molecules is also very important from the perspective
of designing biologically relevant peptidomimetics as inhibitors for proteases and protein-
protein interactions.” This endeavour has been elegantly described in the design of the
structured peptides from the homologated derivatives of o-amino acids such as -, and -
amino acids.” In mid 1990’s, Seebach and colleagues have initiated a comprehensive and
incisive analysis of the stereochemistry of - and y-peptide comprising single and double
homologated o-amino acids, respectively.* At the same time Gellman and colleagues
illustrated the crystallographic characterization of folded helical conformations from the
homooligomers of trans-2-amino cyclopentanecarboxylic acid (ACPC) and trans-2-
aminocyclohexanecarboxylicacid (ACHC), respectively.” Based on the substitution of the
side chains, B-amino acids are classified as f*-amino acids, p*-amino acids, p>*-amino acids,
Bz’z—amjno acids and [33’3 "amino acids.* In contrast to the naturally occurring o~ and 3¢-
helices, the homooligomers of Bz—and BS—amino acids have shown to adopt 14-helical
conformations. In addition, oligomers of y'-amino acids have shown to adopt 14-helical
conformations.*® The oligomers of cyclic B-amino acids ACPC and ACHC have adopted 12-
and 14-helical conformations, respectively. Interestingly, the H-bonding directionality and
associated macrodipole of 12-helical and 14-helical conformations by cyclic B-amino acids
and y*-amino acids respectively are analogous to that of a-peptide helices, while opposite
directionality of the H-bonding and the associated macrodipole were observed in the case of
14-helical conformations from oligomers of homologated B-amino acids. In addition various
groups have been utilising the different non-natural amino acids and organic templates to
design foldamers that mimic the secondary structures of peptides and proteins. Balaram and
colleagues reported folding patterns of hybrid peptides containing 0- and w-amino acids (B-,
Y- and & amino acids).**® Sharma et al. utilized the carbo B- and y-amino acids to design the

hybrid helical peptides and reported various helical organizations using these amino acids.’
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Reiser and colleagues explored the utilization of cyclic amino acids in the design of hybrid
peptides.® Guichard et al. have incorporated urea bonds in the peptides and studied helical
conformations.” Hamilton and colleagues adopted different strategy to mimic o-helices using
non-peptidic organic templates such as Terphenyl, Terpyridine, Diphenylindane,
Terephthalamide, Trispyridylamide, Phenylenaminones.'® The list of selected amino acids
and organic templates used in recent past to design foldamers are shown in the Figure 1.
Enormous amount of literature is documented in the design of helical peptides using these
amino acids and organic templates, however, very few reports are documented regarding the

amino acids that favour the formation of B-sheets structures.

R O R R O R @] R O
sz"\/U‘OH HzN\/HTOH HQNJ\l)J\OH HZN/H)LOH HZN%OH
0 F FF
B*-aminoacid B?-aminoacid p*?-aminoacid a-fluoroB-amino  a-difluoro B-amino
acid acid
@]
OH O R on
O e . P
2 0 D Q( HaN' ES(OH HoN °
NH2 H NHz (@] 2
ACPC (25, 35) APC (2R, 3R) ACHC (25, 3S) B-amlnocvc.lobu.tane B—amlnocvc!oprgpane
carboxylic acid carboxylic acid
R O 0
oH N)\HLOH HoN OH HN OH
2
NH, O OH 0 o HaN OH
Anthranilicacid  a-hydroxy B-amino l-amlnomethvlcyclo. NIpeC-OtIC 1-aminocyclohexane
acid propane caboxylic acid acid Jcetic acid
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y [1S,2R)-2-(am|nomethvl)
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cyclohexane carboxylic acid
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s H-N__O
i i }
e i+4 &
@
i+7 )
al i+7 @\N -
i @
Terphenyl Terpyridine Diphenylindane Terephthalamide

Figure 1: The list of selected amino acids and organic templates used in the design of foldamers.

1.1.1 Naturally occurring vinylogous amino acids and their Biological importance

o, B-Unsaturated y-amino acids (insertion of -CH=CH- between CoH and CO of o-amino
acids, vinylogous amino acids) are highly versatile non-ribosomal amino acids have been
frequently found in many peptide natural products, such as Cyclotheonamide (A, B, C, D, E),
Miraziridine A, Gallinamide A (Figure 2)."' These peptides have been shown as potent
inhibitors against many proteases. Cyclotheonamide A and B cyclic peptides isolated from
the Japanese marine sponge Theonella swinhoei are found to be potent thrombin inhibitor
¢ These cyclic peptides are containing a vinylogous tyrosine residue, which is involved
in binding to the thrombin.'"™ Cyclotheonamides are also found to be strong inhibitors of
other trypsin and serine proteases. Schreiber and colleagues described a detailed mechanistic
study of Cyclotheonamide A binding to a serine protease, bovine [3—'[rypsin11f (Figure 2b).
Miraziridine A, another naturally occurring hybrid peptide showed inhibition of the
proteolytic activity of trypsin-like serine proteases, papain-like cysteine proteases, and
pepsin-like aspartyl proteases.''® Gallinamide A isolated from marine cyanobacteria has also

been showed as a potential anti-malarial agent.



OH

Cyclothenamide C

A=R=H

Cyclotheonamide

HN

B=R=-CH,

H2N

O
I=z

-
ZT
(@) \::.w‘
Z Z
- o

OH

\ '

& q

O
O

Cyclothenamide E

w 2Ny

H2N

Cyclothenamide D

HN
HZN/LbNH




Miraziridine A HN NH,
)
(o] N (0]
N <:u\:)LN N\:/\)LN o
| o = H o} E / AN
N (o)

Gallinamide A
P. falciparum ICsq = 8.4uM

d

Figure 2: a) The structures of Cyclothanimide derivatives, b) Crystal structure of Trypsin-Cyclotheonamide A

Complex (PDB 1TYN), Chemical structures of ¢) Miraziridine A, d) Gallinamide A.

1.1.2 Peptides containing vinylogous amino acids as protease inhibitors

Inspired by the biological activity of naturally occurring peptides containing vinylogous
amino acid residues, various groups have designed synthetic peptides containing vinylogous
residues to target serine and cysteine proteases.12 Peptidic substrates in which the scissile
amide carbonyl is replaced by a Michael acceptor were pioneered by Hanzlik and colleagues
in 1984." They have introduced a new class of peptidyl thiol protease inhibitor using
vinylogous amino esters (3a).'”> Further, Kong et al. have shown the potent inactivation of
HRYV 3C protease using vinylogous glutamine esters'* (Figure 3c). In addition, there are
many reports of designed Michael acceptor based protease inhibitor and antiviral peptides

using vinylogous residue (Figure 3d, e).!2def
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Figure 3: a) Inactivator of Thiol protease, b) Papain inhibitors, ¢c) Michael Acceptor inhibitor of Human

Rhinovirus 3C Protease, d) The peptide designed by Webber and co-workers showed antiviral activity,' e)

Human B-tryptase inhibitor (analogue of Cyclotheonamide)'*.

1.1.3 Utilization of vinylogous resides in synthetic organic chemistry

Vinylogous amino acids have been used as starting materials for the synthesis of y-amino
acids™™ as well as substrates in a variety of organic reactions including, 1,4-conjugate

addition,” epoxidation,'* and Diels-Alder reaction' to develop the functional derivatives of

Y-amino acids (Scheme 1).
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Scheme 1: a) Michael additions with RCuLi occur stereoselectively, depending upon the nature of the R group
being transferred and on the configuration of the stereogenic centers along the peptide chain (by Reetz et al.), b)

Transformation of vinylogous amino acid to statin (B-hydroxy y-amino acid) analogue via epoxidation.

1.1.4 Vinylogous amino acids in designing foldamer

In spite of their utilization in the design of biologically active peptides and as starting
materials for the synthesis of various y- and functionalized y-amino acids, the o, [-
unsaturated y-amino acids have been very little explored in the design of hybrid peptide
foldamers. Nevertheless, preliminary work by Schreiber and colleagues gave an insight into
the structures (Figure 4) that can be formed by the vinylogous residues. The crystallographic
investigation of dipeptides and the hybrid hexapeptide containing E-vinylogous residues
suggested the formation of parallel B-sheet type of structures and unusual helical type of
structure, respectively.'® Grison et al. reported the p-turn mimetics with a nine-membered
hydrogen bond using (Z)-vinylogous amino acids.'” Chakraborty et al. provided the detailed
investigation on the utilization of E-vinylogous amino acids as revese trun inducers.'®
Recently, Hofmann et al. provided an overview of the helical structures formed by the
vinylogous amino acids on the basis of a systematic computational analysis at various levels
using ab initio MO theory.'® These systematic analyses have performed using both E and Z
geometry of the double bonds containing unsubstituted vinylogous amino acids. Theoretical
studies suggest that vinylogous residues with (E)-double bonds favour helices with larger
hydrogen bond pseudocycles starting from 14- up to 27-membered hydrogen-bonds, whereas
the (Z)-configuration of the double bonds supports a distinct preference of helices with
smaller seven- and nine-membered hydrogen bond pseudocycles. The stable helices of the

(E)-vinylogous peptides with 22-, 24- and 27-membered hydrogen-bonded pseudocycles have



inner diameters as large enough to act as ion channel (Figure 5). Thus, they could be
interesting model compounds for the design of membrane channels and monomolecular
nanotubes. With this background regarding the structure and the functions of vinyologous
residues motivated us to carry out the conformational analysis of vinyologus amino acids and

their homooligomers.

a) b)

Figure 4: a) Vinylogous dipeptide (Boc-dgF-dgF-OMe) adopted parallel sheet secondary structure, b) Boc--
hydroxy y-Ala-"Pro-Gly-dgA-OMe adopted novel helical sheet structure.

H] 9 H22 H27

Figure 5: Most stable helices with hydrogen bonds of (E)-vinylogous-peptide hexamers. The structures are
created from given co-ordinates in J. Org. Chem. 2005, 70, 5351 supporting information.



1.1.5 Earlier reports on vinylogous amino acid synthesis

A range of methodologies including Wittig,”® Julia,”’ Horner-Wadsworth-Emmons
reaction,” and Peterson’” olefination have been reported for the synthesis of o, B-unsaturated
esters. However, Horner-Wadsworth-Emmons reaction (Scheme 2), a variant of Wittig
reaction has been extensively utilized for the synthesis of vinylogous amino acids.*™® ** In
this reaction, alkali metal bases such as BuLi and NaH are commonly used to generate the
reactive metalated phosphonate intermediate and to achieve the high levels of
stereoselectivity, reactions are also performed in the presence of metal salts and organic
bases.” Seebach and co-workers reported the synthesis of methyl esters of N-Boc-protected
o, P-unsaturated y-amino acids with the E/Z ratio of 3:1 to 7:1 via Horner-Wadsworth-

. - db,c
Emmons reaction using NaH as a base.”

Grison and colleagues used Horner reagents as
starting materials for the stereoselective synthesis of E and Z vinylogous amino acids."”” To
achieve the major E-selectivity, lithiated dianion derivative of 2-diethylphosphonopropanoic
acid has been used, while Z-stereoselectivity has been achieved by KH/ethyl 2-
bis(trifluoroethyl)-phosphonopropanoate or BuLi/ethyl 2-diethyl phosphonopropanoate.
However, these procedures may not be compatible for the synthesis of vinylogous amino

acids containing commonly used base labile Fmoc-protecting group.

R (EtO),P(0)CH,CO,R’ R
Boc H Boc O.
0C ”/'ﬁ]/ oc NW R’
O Base o}
BuLi or NaH or KH E-isomer
O O.
+
Boc .
oC N =
H
Z-isomer

Scheme 2: Schematic representation of popular Horner-Wadsworth-Emmons reaction for synthesis of

Vinylogous amino acids.
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1.2 Aim and rationale of the present work

The naturally occurring and synthetic peptides containing o, B-unsaturated y-amino acids
have been utilized in a variety of biological applications. However, there is no detailed
investigation regarding the conformations of these amino acids and the peptides containing
these amino acids. The encouraging biological activities along with the functionalizable
backbone double bonds motivated us to investigate the conformational properties of E-
vinylogous amino acids and oligomers of these amino acids. In addition we would like to
investigate the influence of the electronic effects on the conformations of the vinylogous

amino acids.

Herein, we are reporting the synthesis of o, f-unsaturated y-amino esters starting from the
N-protected amino aldehydes using Wittig reaction with exceptional high E-selectivity and
single crystal conformations of vinylogous amino ester, [(S, E)-ethyl 4-(tert-
butoxycarbonylamino)-5-phenylpent-2-enoate (Boc-dgPhe-OEt or vinylogous
phenylalanine)], solution [circular dichroism (CD) and 2D NMR (TOCSY, ROESY and
COSY)] and crystal conformations of di and tripeptides. Further, we have assessed
secondary structures adopted by vinylogous oligomers with natural o-peptide secondary

structures.

1.3 Results and Discussion

1.3.1 Synthesis of N-Boc-a, f-unsaturated y-amino esters (dgX)

As a part of our investigation to understand the structural features of vinylogous peptides,
we sought to utilize the Wittig reaction, since the target vinylogous amino acids can be
obtained at neutral conditions and it can be compatible with a variety of N-protecting groups
including base labile Fmoc- group. To understand the efficacy and the stereochemical output
of the Wittig reaction in the synthesis of vinylogous amino acids, initially, the Boc-alanal was
subjected to the olefination reaction using the ylide, ethyl
(triphenylphosphoranylidene)acetate in dry THF at room temperature. The Schematic
representation of the synthesis is shown in Scheme 3. The Boc-amino aldehyde was
synthesized from the LAH (Lithium aluminium hydride) reduction of the corresponding

11



Weinreb amide and subjected immediately to the Wittig reaction.”® The corresponding
Weinreb amide of amino acid was synthesized from the DCC mediated coupling reaction
using Boc-Ala-OH and Weinreb amide hydrochloride in the presence of diisopropyl ethyl
amine (DiPEA).

R i) LiAIH, R
No.~ > /H(H
Pg'HN/H\/ o ii) 5% HCI Pg-HN
o) o)
A B
R
PhsP=CHCOOR;, Pg_HNJ\/\H/om
Dry THF, 12 hr, RT o
c

Where Pg= Boc or Fmoc-; R4= Ethyl or benzyl

Scheme 3: Synthesis of o, B-unsaturated y-amino acid esters using Wittig reaction.

Surprisingly, the analysis of the crude product reveals no trace of Z product in the reaction
and 100% E-isomer (1C) was isolated in high yield (93%). Further, using same protocol
various Wittig products (2C-5C) were isolated in high yields (>80%). The list of E-
vinyologus amino acids isolated from the Wittig reaction is given the Table 1. Though it has
been reported that the E- double bond is a major product in a verity of Wittig reactions, we
are surprised to see unprecedented E-selectivity in the synthesis of vinylogous amino acids.
All Wittig reactions of Boc-amino aldehydes proceeded very smoothly at room temperature

in THF.
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Tablel: Synthesis of N-Boc-0, B-unsaturated y-amino esters (dgX) using Wittig reaction

Ov
R PhaP? Y[ R
Boc. H O
I}I)ﬁr — - BOC\'\II/'\/\H/O\/
H O T
85-92% H ©
B C
Entry Aldehyde(B) Product (C) Yield (%)
Boc . = OEt
1 Boc N /'ﬁ( H H w 93
H o (0]
Boc-dgA-OEt
H
H o o)
Boc-dgV-OEt
Boc H Boc N ﬁ%‘/OEt
3 N H o 95
o Boc-dgl.-OEt
4 Boc.., [ Ny Boc\Néz(OEt 88
H o H 0
Boc-dgF-OEt
NH
5 AN S 80
BOC\N H BOC\N = OEt
H g H o
Boc-dgW-OEt

1.3.2 Crystal structure analysis of Boc-dgPhe-OEt

Out of all (E)-vinylogous amino esters in the Table 1, Boc-dgF-OEt (4C) was crystallized
after slow evaporation of methanol solution at temperature ~ 23 °C. The crystal structure is
shown in Figure 6a. The local conformation of these vinylogous residues were determined

by introducing the additional torsional variables (Figure 6b) 6; (N-C'-CP-C%) and 6, (C'-
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cP =C*-C) as described by the Hofmann and colleagues.19 Crystal structure analysis of
Boc-dgF-OEt (4C) reveals that 6, (125°) 6, (177°) and ¥ (-170°) adopted extended

conformation, where as ¢ (-80°) adopted semi extended conformation.

Figure 6: a) ORTEP diagram of Boc-dgPhe-OEt. Hydrogens are not labelled for clarity. b) Torsional variables
for vinylogous amino acid.

1.3.3 Design and Synthesis of dipeptides

After understanding the single crystal conformation of E-vinylogous amino ester, we
synthesized three dipeptides Boc-dgV-dgA-OFEt (P1), Boc-dgV-dgL-OFEt (P2) and Boc-dgF-
dgA-OEt (P3) in solution phase to understand the conformations of E-vinylogous residues in
peptides. The dipeptide Boc-dgV-dgA-OEt (P1) was synthesized by coupling of Boc-dgV-
OH (vinylogous acid) and the free amine of Boc-dgA-OEt (1C) obtained after the
saponification and the Boc-deprotection, respectively. The coupling reaction was mediated by
HBTU (Scheme 4). The pure peptide P1 was isolated in good yield after the silica gel
column chromatography. By utilizing the same protocol peptide P2 and P3 were synthesized

NaOH,
Boc\N _—~__OFEt EtOH/H,O0 Boc\N = OH
H 0 H 0

and purified.
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Scheme 4: Synthesis protocol of Boc-dgV-dgA-OEt (P1)

1.3.4 Crystal structure analysis of Boc-dgV-dgA-OEt (P1)

We have put efforts to crystallize all three dipeptides, out of them P1 was crystallized after
the slow evaporation of methanol solution. The X-ray structure of P1 is shown in Figure 7a.
Interestingly, the dipeptide adopted a B-sheet type of character in the crystal structure. No
intramolecular H-bonds were observed in the peptide. Inspection of the torsional angles
reveals that the molecule adopted an extended conformation similar to the amino acid dgF.
The torsional values of the peptide are given in the Table 2. The analysis of crystal structure
reveals that the dipeptide molecules are held together by two intermolecular H-bonding
between the C=0 and NH groups with N-H--O distances 2.035A (N1H-02) and 2.18A
(N2H--O3) with N-H---O angles 153° and 174°, respectively (Figure 7b). In addition, the
dipeptide P1 self-assembled into an infinite parallel B-sheet type of structure in the crystal

packing mediated by the intermolecular H-bonds.

a) b)

Figure 7: a) ORTEP diagram of Boc-dgV-dgA-OEt (P1). Hydrogens are not labelled for clarity, b) Self-
assembled parallel B-sheet structure exhibited by Boc-dgV-dgA-OEt (ball and stick model).
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Table 2: Torsional variables (in deg) of Boc-dgV-dgA-OEt

Resd. (0} 0, 0, v ®

dgV | -125] 116 176 | 176 | 174

dgA | -155] 105 | -179 | 170 | -

1.3.5 Design and Synthesis of tripeptides and tetrapeptide

With these exciting results from the dipeptide P1, we further synthesized tri- and
tetrapeptides to understand the conformational properties in higher ordered peptides. In
addition, we would like to investigate whether helical type of structures can be induced in
higher ordered peptides with intramolecular H-bonding. Two tripeptides Boc-dgV-dgA-dgL-
OEt (P4), Boc-dgV-dgA-dgF-OEt (PS) and a tetrapeptide Boc-dgV-dgA-dgl-dgF-OEt (P6)
were synthesized by solution phase method. The tripeptides were synthesized using 2+1
convergent strategy, while tetrapeptide was synthesized using 3+1 convergent strategy. In the
case of tripeptides, the dipeptide Boc-dgV-dgA-OEFEt (P1) was hydrolysed and Boc-dgV-dgA-
OH acid was coupled with the free amine of Boc-dglL-OEt (3C) and Boc-dgF-OEt (4C) to
give tripeptides Boc-dgV-dgA-dgl.-OEt (P4) and Boc-dgV-dgA-dgF-OEt (P5S), respectively.
The coupling reactions were mediated by HBTU (Scheme 5). After completion of reaction,
the reaction mixture was diluted with ethyl acetate and immediately the peptides were
separated as white precipitates from the reaction mixture indicating the formation of self-
assemblies similar to the dipeptide P1, however, both peptides P4 and PS5 are soluble in
methanol. The white precipitate in the ethyl acetate layer was isolated after filtering through
the sintered funnel. Further white powder was confirmed as expected peptide using 1H NMR
(in CDCl3) and MALDI-TOF/TOF mass.
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Scheme 5: Synthesis of tripeptides Boc-dgV-dgA-dgL-OEt (P4) and Boc-dgV-dgA-dgF-OEt (PS5).

The tetrapeptide Boc-dgV-dgA-dgl-dgF-OEt (P6) was synthesized using 3+1 convergent
strategy similar to the tripeptides. The Boc-dgV-dgA-dgL-OH (acid) was coupled to the free
amine of Boc-dgF-OEt (4C) (Scheme 6) mediated by the coupling reagent HBTU.
Instructively, white precipitate was observed within 30 min. After 3 hrs the white precipitate
was collected after filtering through the sintered funnel. The peptide was confirmed by NMR
and MALDI-TOF/TOF analysis. In contrast to the tripeptides P4 and PS5, peptide P6 was
sparingly soluble in methanol; however, it is completely soluble in DMF, DMSO and CHCl;.
Due to solubility problem, we are unable to extend synthesis of homooligomers beyond 4-

residues of vinylogous amino acids.
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Scheme 6: Schematic diagram of tetrapeptide synthesis Boc-dgV-dgA-dgL-dgF-OEt (P6)

1.3.6 Crystal conformation analysis of P4 and P5

After slow evaporation of methanol solution, both tripeptides P4 and P5 yielded the single
crystals suitable for X-ray diffraction. The crystal structures of P4 and PS5 are shown in
Figures 8 and 9. Instructively, no intramolecular H-bonds were observed in both peptides.
The analysis of the X-ray structure of P4 reveals that it adopted a B-sheet character. The
torsion angles of P4 are given in the Table 3. The residue dgV1 adopted a semi-extended
conformation by having the ¢ value — 94°, however, the other torsion variables 6;, & and ¥
adopted extended conformations by having the values 109°, -176° and 167°, respectively. The
second residue dgA2 adopted fully extended conformation by having the torsional values -
116°, 113°, -179° and 165° for @, 6;, & and v, respectively. In case of dgL3, surprisingly, &

is having value 0°, deviating from the -sheet structure. However, the other torsional

a) b)

Figure 8: a) ORTEP diagram of Boc-dgV-dgA-dgl-OEt. Hydrogens are not labelled for clarity, b) Self-
assembled parallel B-sheet structure exhibited by Boc-dgV-dgA-dgL-OEt.
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variables ¢, 6; and ¥ display the extended conformations. Inspection of the crystal structure
reveals that the two tripeptide molecules of P4 are held together by three intermolecular H-
bonds. The H-bond parameters are tabulated in the Table 4. Overall the molecule is adopting

parallel B-sheet type of structure stabilized by three intermolecular H-bonds.

In case of peptide PS, two different molecules were observed in asymmetric unit (Figure 9a)
with slight variation in the torsional values. The analysis of the crystal structure reveals that
one molecule adopted fully extended conformation, whereas another molecule adopted
partially extended conformation by taking the torsional value &; of dgF3 close to 0°. The
torsional values of all vinylogous residues are given in the Table 3. Further, similar to the P4
three intermolecular H-bonds were observed between the two tripeptide molecules. The H-
bond parameters are tabulated in the Table 4. Instructively, both peptide molecules adopted a
B-sheet character in the crystal structure. Further, crystal structures of P4 and P5 suggest that
they self-assembled into infinite parallel B-sheet structures by three intermolecular H-bonding
(Figure 9¢). We tried to crystallize tetrapeptide P6 in various combinations of solvents;

however, we could not get the single crystals suitable for X-ray diffraction.

As P1, P4 and P5 have shown the B-sheet type of characters in single crystals, we subjected
peptide P4 to the solution structure analysis using 2D NMR to understand whether or not

these peptides have same B-sheets character in solution.

a)
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Figure 9: a) ORTEP diagram of Boc-dgV-dgA-dgF-OEt. Hydrogens are not labelled for clarity; two molecules

are present in asymmetric unit, b) Self-assembled parallel B-sheet structure exhibited by Boc-dgV-dgA-dgF-

OEt, c) Crystal packing.

Table 3: Torsional variables (in deg) of Boc-dgV-dgA-dgL-OEt (P4) and Boc-dgV-dgA-dgF-OEt (PS)

Pept. | Resd. 0] 0, 0, " o)
dgV -94 109 -176 167 179
P4 dgA -116 113 -179 165 -168
dgL. -141 0 -179 177 -
dgV -101(-118) 114 -179(-175) 168(170) -180(-179)
p5* dgA -118(-134) 121(124) -179(171) 169(-168) -180(167)
dgF -109(-149) -13(106) -179(179) 173(171) -

*two molecules are present in asymmetric unit.
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Table 4: Hydrogen-Bond Parameters in Peptides Boc-dgV-dgA-dgL-OEt (P4) and Boc-dgV-dgA-dgF-OEt (P5)

Pept. Donor Acceptor (A) D---A (A) | D-H---A (A) /N-H---O /N---C=0

D) (deg) (deg)
N1(x,y,z) 02(x,-1+y,2) 2.94 2.11 161.8 168

P4 N2(x,y,z) 03(x,14y,z) 2.87 2.05 156.5 165.8
N3(x,y,z) O4(x,-1+y,2) 3.04 2.20 168.2 175.6
N1(x,y,z) 02(-1+x,y,2) 2.79 2.02 147.3 166.4
N2(x,y,z) 03(1+x,y,2) 2.89 2.03 177.0 175.1
P5* N3(x,y,z) O4(-1+x,y,2) 2.95 2.10 173.4 170.2
N4(x,y,z) 08(-14x,y,2) 2.75 1.95 154.6 168.8
N5(x,y,z) 09(1+x,y,2) 3.04 2.20 164.8 165.8
N6(x,y,z) 010(-1+x,y,2) 2.99 2.15 164.8 170.8

*two molecules are present in asymmetric unit.

1.3.7 Solution structures of P4 and P5

The 2D-NMR (TOCSY and ROESY) of P4 in CDCIs were recorded at 300 K. The TOCSY
spectrum of P4 is shown in Figure 10a. Using sequential interactions of protons in the
TOCSY spectrum, the vinylogous residues were indentified. Interestingly, the residues are
positioned in the increasing order along the down field shift. The partial ROESY spectrum
(NH-C'H, C'H-CPH/C*H) of P4 is given in the Figure 10b and 10c. All spatial interactions
of protons observed in the ROESY spectrum were identified. Interestingly, no long range
NOEs were observed. The critical NOEs observed in the ROESY spectrum are illustrated in
the schematic diagram shown in Figure 10d. The characteristic sequential NH«>C"H strong
NOEs (blue colour) (Figure 10d) suggest that P4 adopting an extended conformation in

solution.
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Figure 10: a) TOCSY NMR spectrum of P4 in CDCl;. The sequential assignments of amino acids were

performed using ROESY, b) Partial ROESY spectrum of P4 showing sequential NOEs of NH«> C°H, NH«>

CPH, NHes C'H, CPH <> C'H and CPH < C°H, ¢) C*H¢>Side chain, CPH¢> Side chain and C'H¢> Side chain,
d) Observed NOEs from ROESY spectrum of Boc-dgV-dgA-dgL-OEt (P4).
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Further, to understand whether these peptides are self-assembled to parallel f-sheet (or anti
parallel B-sheet) type of structures in solution, we subjected P4 for gradual dilution
experiments. The partial '"H NMR spectra with gradual dilution with CDCl; is shown in
Figure 11. Instructively, gradual upfield shift of amide proton with continuous dilution of P4

with CDCls was observed. These results suggest that the self assembling nature of P4 -sheet

structures in solution.
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Figure 11: The partial 'H-NMR spectra of Boc-dgV-dgA-dgL-OEt (P4), recorded with gradual dilution. The

concentration is mentioned with each spectrum on the left side.
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In order to investigate the conformations adopted by the tetrapeptide P6, we recorded the 2D
NMR in CDCl;. Partial TOCSY spectrum of P6 is shown in Figure 12a. Using sequential
proton interactions of TOCSY, all vinylogous residues were identified. Partial ROSEY
spectrum of P6 (NH-C'H, C'H-C"H/C®H) is shown in Figures 12b and 12c. The critical
NOEs observed in the ROESY spectrum are illustrated in the schematic diagram shown in
Figure 12d. The characteristic sequential NH«>C"H strong NOEs (blue colour) (Figure 12d)
and absence of NH<NH NOEs authenticate the adaptation of an extended sheet
conformation by P6. There are no characteristic NOEs observed in spectrum which support

helical or reverse turn conformation in P6.
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d

Figure 12: a) TOCSY NMR spectrum of P6 in CDCIl;, The sequential assignments of amino acids were
performed using ROESY, b) Partial ROESY spectrum of P6 showing sequential NOEs of NH¢> C*H, NH«>
CPH, NH&C'H, and ¢) CPH <> C°H, CPHe>C'H and C*H«>C'H, d) The critical NOEs of tetrapeptide (P6)
observed in ROESY spectrum.

1.3.8 Parallel sheet stabilization by expanded hydrogen bond pseudocycle

In the backbone of protein structure, the B-sheet is one of the two regular scaffolds. The

stereochemistry of the p-sheets was illustrated by Linus Pauling in 1951.%

The B-sheets are
composed of straight segments of the protein strand held together by intermolecular hydrogen
bonds. Two types of B-sheets are observed in protein structure. They are classified as
antiparallel and parallel p-sheet (Figure 13a, 13b).”’ It has been observed in natural B-sheets
that antiparrallel B-sheets are stabilized through two cooperative hydrogen bonding
psuodocycle, 10-membered and 14-membered (Figure 13a), whereas, parallel B-sheets are
stabilized through continuous 12-membered hydrogen bonding psuodocycle (Figure 13b). In
our investigation of the crystal structure of P1, P4 and PS5, we observed that vinylogous
homooligomers adopted parallel B-sheet self assembled structures. Interestingly these
vinylogous homooligomers are stabilized through 16-membered H-bonding pseudocycles
(Figure 13c). In principle, the 16-membered hydrogen bond pseudocycles are less stable
when compared to the 12-membered hydrogen bond pseudocycles observed in the natural
parallel B-sheet structures. The question we ask that how these vinylogous homooligomers

are stable as parallel -sheets? Probably, the presence of geometrical restriction of double

bonds present in the backbone and the availability of H-bonding partner with this particular
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stable conformation lead them to assemble in a parallel f-sheet fashion. And the question still

remains is that why only parallel B-sheets and not anti-parallel B-sheets?

L e
! i
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Figure 13: Schematic diagram H-bonding pseudocycles observed in a) parallel -sheet, b) antiparallel -sheet,
c) Parallel B-sheet exhibited by vinylogous oligomers, d) Two 16-membered H-bonding pseudocycles observed

in tripeptide crystal structure. Side chains are deleted for clarity.

1.3.9 Additional stability through C-H--O hydrogen bonding

In the antiparallel B-sheets, the C=0---H-N hydrogen bonds that grip the p-strands together
are exactly perpendicular to the strands, as described by Pauling. Though, a several group of
researchers found a shear in antiparallel and parallel B-sheets.® Ho & Curmi have shown that
the only interaction consistent with the measured geometry of the shear is the formation of
C*H---O hydrogen bond in the interface between the p-strands.” However, there is a debate
on whether the C-H--O weak hydrogen bond is just an artefact in protein structures.
Afterwards, Derewenda and co-workers found statistical evidence for the existence of C-

H-O hydrogen bonds in protein structures.”® The C=0-+H-N hydrogen bond and the C*
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H---O hydrogen bond form a network called the bifurcated hydrogen bond (Figure 14) where
the O atom is common to the two hydrogen bonds. In the antiparallel B-sheet, the sheet is
sheared to accommodate the bifurcated hydrogen bonds. In contrast, the parallel B-sheet as
described by Linus Pauling, already places the C*-H atoms in contact with the O atoms. This
C%H--O hydrogen bond plays a significant role in determining both protein conformation®'

and stability’?, especially for parallel B-sheets.

Y YL %/Y—» Yy w)L “r'%/\r—»

)\/N\(C% )\/N\n/cl;')\/N )\rr \)\ é\rr \)\NY

a) b)

Figure 14: The C=0---H-N (blue) and C*-H-~-O (red) bifurcated hydrogen bond in a) antiparallel B-sheet, b)
parallel B-sheet.

There are few examples of the exploitation of this interaction in the development of novel
folded structures.®® The careful analysis of crystal structures of P1, P4 and P5 reveals that the
C*%H:O hydrogen bond might be playing crucial role in stabilizing the parallel B-sheet
structure of vinylogous polypeptide. The enhanced hydrogen bonding capabilities of this
functional group may be attributed to the electron-withdrawing nature of carbonyl group as
well as the acidic nature of the C-H which is directly attached to the sp2 hybridized carbon
(Figure 15). In all crystal structures, we observed the bifurcated hydrogen bond between N-
H-+O and C“H--O. Interestingly, the terminal ester C=0 also participated in C*-H:-O
hydrogen bond to favour B-sheet conformation. The bond angle and the distance criteria for

CH:--O hydrogen bonds are well satisfied in the vinylogous peptides.34’ 3

The bond angles
and the distances of observed C-H---O H-bonds in the peptides P1, P4 and PS5 are tabulated in

Table 5. These values are in close agreement with the average values observed in proteins.
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Figure 15: a) Schematic diagram of parallel B-sheet structure of vinylogous oligomer with C-H--O H-bonding
(red). C-H---O H-bonding (red) shown along with NH:--O=C H-bonding (black) in crystal structure of b) Boc-
dgV-dgA-OEt (P1), c) Boc-dgV-dgA-dgL-OEt (P4), d) Boc-dgV-dgA-dgF-OEt (PS).

Table S: Interstrand average CH---O hydrogen bond distances and angles for P1, P4 and PS5

Peptide | CH-O(A) | C~O(A) | ZN---C=0 (deg)

P1 2.7 3.35 136.3
P4 2.85 3.60 143.2
Ps 2.67 3.33 140.8

1.3.10 Circular dichroism (CD) spectra

Further, to understand the conformational signature of all the peptides in solution, we
subjected them for CD analysis. The CD spectra of the all vinylogous peptides (P1-P6) in
methanol are shown in Figure 16. Instructively, all peptides showed the CD negative maxima
at ~ 228 nm, indicating a -sheet character in solution. We speculate that the red shift of the

CD negative maxima at 228 nm may be due to the conjugated enamides and esters of
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vinylogous residues. Due to the similar CD minima observed in all the peptides, we conclude

that P2 and P3 are also adpoting -sheet character in solution.

Molar Ellip (deg. cm? dmol™)

1 ' I v 1 ' 1 ! 1
200 220 240 260 280
Wavelength (nm)
Figure 16: Circular Dichroism spectra of vinylogous peptides (P1-P6) recorded in MeOH.

1.3.11 Conformational analysis of the vinylogous residues

Surprised by the B-sheet structure adopted by vinylogous homooligomers, we sought to
analyze the conformations adopted by the vinylogous residues in crystal structures. A careful
analysis of the crystal structures of E-vinylogous residues reported earlier'® and from the
present work (Chapter 1, 2 and 3 containing vinylogous amino acid and peptides) revealed
very intriguing results. From the analysis of total twenty four units of vinylogous residues in
the single crystals of monomers and peptides, two lowest energy eclipsed conformations are
observed (Scheme 7). The N-C,-Cg=C, eclipsed conformation A (6, = 0°) is normally
observed in the vinylogous esters, while H-C,-Cp=C, eclipsed conformation B (6, = + 120°)
is observed in the vinylogous amides. In all the cases, 8, takes the value either close to O or +
120°. The conjugated carbonyl functional group mostly adapted local s-cis conformation (y =
~ + 180°) compared to the s-frans conformation (y = ~ + 0°). Results from the analysis
reveal that vinylogous residues (amides) prefer the extended conformations and may serve as

ideal candidates for the construction of B-sheet structures.
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Scheme 7. The stable eclipsed conformers of vinylogous residues observed in the crystal structures.

The analysis of all crystal structures reveals that torsional variables 8, and y mostly adopted
extended conformation with value + 180°. Further, we plotted a two dimensional plot for the
torsional variables 8, and ¢ by keeping 6, and i as constant. The two dimensional map of 6,
and ¢ is shown in Figure 19. Nice correlation of vinylogous residues with the a-peptide -
sheet structure can be observed by comparing two dimensional plot (¢ vs 8;) of vinylogous
residues with the classical Ramachandran M:’:lp37 for a-peptides. Interestingly, the vinylogous
ester in the C-terminal of the vinylogous peptides and the monomeric amino esters deviated
from the B-sheet character. Analysis of these results suggests that the vinylogous amides are

ideal candidates for the construction of B-sheet structures.
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Figure 19: a) Two dimensional plot for vinylogous residues observed from crystal structures (listed in the next

page), b) Ramachandran map; the position occupied by natural -sheet is shown.
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List of crystal structures used to plot the Figure 19a

Boc-dgA-OMe,'® Boc-dgA-NHPr','® Boc-dgF-dgF-OMe,'® Boc-B-hydroxy y-Ala-"pro-Gly-dgA-OMe,'® Boc-
dgF-OEt, Boc-dgV-dgA-OEt, Boc-dgV-dgA-dgl-OEt, Boc-dgV-dgA-dgF-OEt, Ac-V-dgL-V-"P-G-L-dgV-V-
NH,, Boc-Val-dgL-Val-"Pro-Gly-Leu-dgV-Val-Ala-"Pro-Gly-Leu-Val-dgL-Val-NH,, Boc-U-dgF-U-dgF-OEt.

1.3.12 Analogy with Natural parallel B-sheets

The interesting results from the (E)-vinylogous oligomers P1, P4 and P5, motivated us to
evaluate the (E)-vinylogous homooligomers -sheet structures with respect to the existing
natural parallel B-sheets. The superimposition of the parallel B-sheets of P5 with the natural
parallel B-sheet of Pectate Lyase C [PBD CODE 1AIR, SEQUENCE Q-A-L-I-E (249-254)
and T-W-V-L-K (275-289)]** is shown in the Figure 20. Instructively, the backbone
conformation of PS5 is well correlated with five residue natural B-sheet, except H-bonding
pattern. The backbone correlation of (E)-vinylogous B-sheet structure with respect to the
natural B-sheet suggests that these vinylogous peptides can be exploited as mimics of natural

parallel B-sheets.

PECTATE LYASE C

a) b)

Figure 20: a) Crystal structure of Pectate Lyase C protein (PDB 1AIR)*, b) Superimposition of backbone
conformation of the Boc-dgV-dgA-dgF-OEt peptide (gray) on the natural parallel B-sheet. All the backbone

atoms of vinylogous tripeptide were used to overlay with pentapeptide of natural parallel B-sheet, RMSD = 0.91
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1.4 Conclusion

We have demonstrated the facile synthesis of o, P-unsaturated y-amino esters with
exceptional E-stereoselectivity using Wittig reaction. Further, solution and the crystal
conformations of vinylogous homooligomers suggested that they adopted stable B-sheet type
of structures and self-assembled into infinite parallel B-sheets. Further the analogy of the
vinylogous parallel B-sheet structures with respect to the natural a-peptide parallel sheets
suggests that the tripeptide of vinylogous amino acids is sufficient to mimic the pentapeptide
of the a-amino acids. Very nice backbone correlation has observed between o-pentapeptide
and the vinylogous tripeptide except the H-bonding pattern. As compared to extensive
investigations on the helix inducing amino acids/templates, there is a very little progress in
the design of amino acid scaffolds that can induce the B-sheet conformations in peptides.
Results from these findings reveal that E-vinylogous residues will serve as ideal candidates
for the construction of B-sheet structures. The knowledge from this work can be further
utilized to construct higher ordered structures of vinylogous residues as well as for the

synthesis of biologically active peptides.

1.5 Experimental section

General Experimental Details

All amino acids, DIPEA, TFA, triphenylphosphine were purchased from Aldrich. THF,
DCM, DMF, NaOH were purchased from Merck. Ethyl bromoacetate, HBTU, HOBt,
EtOAc, NMP, Pet-ether (60-80 °C) were obtained from Spectrochem and used without
further  purification. THF and DIPEA were dried over sodium and distilled
immediately prior to use. Column chromatographies were performed on Merck silica gel
(120-200 mesh). The 'H spectra were recorded on Bruker 500 MHz (or 125 MHz for °C) and
Jeol 400 MHz (or 100 MHz for 13C) using residual solvents signals as an internal reference
[(CDCl; dy, 7.26 ppm, 6. 77.0 ppm) and CD;0OH 6. 49.3 ppm]. The chemical shifts (J) are
reported in ppm and coupling constants (J) in Hz. MALDI-TOF/TOF mass spectra were
obtained on Model 4800 (Applied Biosystems) instrument. X-Ray data were collected on
Bruker APEX (II) DUO.
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NMR spectroscopy: All 2D-NMR studies were carried out by using a Bruker 500 MHz and
spectrometer at a probe temperature of 300 K. Resonance assignments were obtained by
TOCSY and ROESY analysis. All two-dimensional data were collected in phase-sensitive
mode, by using the time-proportional phase incrementation (TPPI) method. Sets of 1024 and
512 data points were used in the t> and t; dimensions, respectively. For TOCSY and ROESY
analysis, 32 and 72 transients were collected, respectively. A spectral width of 6007 Hz was
used in both dimensions. A spin-lock time of 256 ms was used to obtain ROESY spectra.
Zero-filling was carried out to finally yield a data set of 2 K x1 K. A shifted square-sine-bell

window was used before processing.

Circular dichroism (CD) spectroscopy

CD spectrometry studies were carried out on JASCO J-815 spectropolarimeter using
cylindrical, jacketed quartz cell (1 mm path length), which was connected to Julabo-UC-25
water circulator. Spectra were recorded with a spectral resolution of 1 nm, band width 1 nm
at a scan speed of 50 nm/min and a response time 1 sec. All the spectra were corrected with

MeOH solvent condition and are typically averaged over 3 scans.

Crystal structure analysis of Boc-dgF-OEt: Crystals were grown by slow evaporation from
a solution of MeOH. A single crystal (0.35 x 0.23 x 0.18 mm) was mounted on loop with a
small amount of the paraffin oil. The X-ray data were collected at 100K temperature on a
Bruker AXS SMART APEX CCD diffractometer using Mo Ka radiation (4 = 0.71073 A), w-
scans (20 = 56.16), for a total of 4235 independent reflections. Space group C2, a =
21.719(3), b= 5.3179(7), c = 15.433(2), B = 90.208(5), V = 1782.5(4) A3, Monoclinic C, Z =
4 for chemical formula C;gH,sNO,, with one molecule in asymmetric unit; pcaeq = 1.190 gem’
3, u=0.084 mm’l, F(000) = 688, Rjy =0.0230. The structure was obtained by direct methods
using SHELXS-97.%° The final R value was 0.0351 (wR2 = 0.0905) 3987 observed reflections
(FO > 46 (IFOl)) and 212 variables, S = 1.133. The largest difference peak and hole were 0.197
and -0.214 e/&3, respectively.

Crystal structure analysis of (Boc-dgV-dgA-OEt) P1: Crystals of peptide were grown by
slow evaporation from a solution of ethyl acetate. A single crystal (0.32 x 0.20 x 0.15 mm)
was mounted in a loop with a small amount of the mother liquor. The X-ray data were
collected at 100 K temperature on a Bruker AXS SMART APEX CCD diffractometer using
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MoK, radiation (41 = 0.71073 A), w-scans (20 = 56.54°), for a total number of 5152
independent reflections. Space group P2(1), a =5.0377(9), b =19.994(4), c = 10.408(2) A, o
= 90.00 , B = 95.693(5), vy = 90.00, V = 1043.2(3) A3, Monoclinic P, Z=2 for chemical
formula C;9H3,N,0s, with one molecule in asymmetric unit; peyeqa = 1.173 g cm'3, u =0.084
mm’l, F(000) = 400, R;; = 0.0494. The structure was obtained by direct methods using
SHELXS-97.* All non-hydrogen atoms were refined anisotropically. The hydrogen atoms
were fixed geometrically in the idealized position and refined in the final cycle of refinement
as riding over the atoms to which they are bonded. The final R value was 0.0494 (WR2 =
0.1211) for 3804 observed reflections (Fy > 40 (IFyl)) and 242 variables, S = 0.834. The
largest difference peak and hole were 0.185 and -0.213 eA”, respectively.

Crystal structure analysis of (Boc-dgV-dgA-dgL-OEt) P4: Crystals of peptide were grown
by slow evaporation from a solution of methanol. A single crystal (0.24 x 0.20 x 0.13 mm)
was mounted in a loop with a small amount of the mother liquor. The X-ray data were
collected at 100 K temperature on a Bruker AXS SMART APEX CCD diffractometer using
MoK, radiation (4 = 0.71073 A), w-scans (20 = 50.34°), for a total number of 3075
independent reflections. Space group P2(1),a =17.12(4), b =5.101(12), ¢ = 17.59(4) Aa=
90.00 , B =98.34(3), vy =90.00, V = 1520(6) A3, Monoclinic P, Z = 2 for chemical formula
C,7H45N306, with one molecule in asymmetric unit; peaeq = 1.109 g cm’, u=0.078 mm'l,
F(000) = 552, R;;; = 0.2011. The structure was obtained by direct methods using SHELXS-
97.%° All non-hydrogen atoms were refined anisotropically. The hydrogen atoms were fixed
geometrically in the idealized position and refined in the final cycle of refinement as riding
over the atoms to which they are bonded. The final R value was 0.0951 (wR2 = 0.1797) for
1236 observed reflections (Fy > 4o (IFgl)) and 334 variables, S = 0.869. The largest difference
peak and hole were 0.254 and -0.257 eA’, respectively.

Crystal structure analysis of (Boc-dgV-dgA-dgF-OEt) PS: Crystals of peptide were grown
by slow evaporation from a solution of methanol. A single crystal (0.34 x 0.30 x 0.10 mm)

was mounted in a loop with a small amount of the mother liquor. The X-ray data were
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collected at 100 K temperature on a Bruker AXS SMART APEX CCD diffractometer using
MoK, radiation (1 = 0.71073 A), w-scans (20 = 56.56°), for a total number of 13291
independent reflections. Space group P2(1), a = 4.9647(11), b =50.644(11), ¢ = 12.532(3)
A, o = 90.00 , B = 100.812(6), v = 90.00, V = 3094.9(12) A3, Monoclinic P, Z = 2 for
chemical formula CgoHgsNeOj2, with two molecule in asymmetric unit; peaea = 1.163 g cm’3,
w=0.081 mm™”, F(000) = 1168, R;,y = 0.0990. The structure was obtained by direct methods
using SHELXS-97.% All non-hydrogen atoms were refined anisotropically. The hydrogen
atoms were fixed geometrically in the idealized position and refined in the final cycle of
refinement as riding over the atoms to which they are bonded. The final R value was 0.0936

(WwR2 =0.2003) for 5852 observed reflections (Fy > 4o (IFgl )) and 717 variables, S = 0.912.
The largest difference peak and hole were 0.336 and -0.372 eA’, respectively.

General procedure for the synthesis of ethyl ester of Boc-Protected a, B-unsaturated y-

amino acids

Boc-amino aldehyde (10 mmol) was dissolved in 30 mL of dry THF. The ylide (15 mmol,
5.22g) was added at RT. Reaction mixture was stirred for about Shrs at RT. Completion of
reaction was monitored by TLC. After completion, reaction mixture was quenched with 50
mL of 2N ammonium chloride solution. The product was extracted with EtOAc (3 x 80 mL).
Combined organic layer was washed with brine (60 mL) and dried over anhydrous Na;SQOy,
Organic layer was concentrated under reduced pressure to give crude product, which was
further purified on silica gel column chromatography using EtOAc/Pet-ether (60-80 °C) to

get pure ethyl ester of Boc-protected o, B-unsaturated y-amino acid.™

R PPhs=CHCO,Et R
Boc. )\WH > Boc. /k/\[(oa
N N
H H

@) )
R = -Pr, -Bu

Scheme 6: Synthesis of ethyl ester of Boc-Protected a, B-unsaturated y- amino acids
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(S, E)-ethyl 4-(tert-butoxycarbonylamino)pent-2-enoate (1C)

Physical state ¢ Colourless Oil
Boc\N M(O Et
Mol. Formula : CpHpNOy4 H 5
Yield : 93%,2.25g Boc-(S, E)-dgA-OEt
'H NMR (400 MHz, CDCl;) ¢ 0g 6.90-6.85 (dd, J = 14.7, J = 5.3, 1H vinylic B proton),

5.93-5.88 (d, J =16.8, 1H vinylic a proton), 4.54 (br, NH), 4.44-4.38 (m, 1H, y proton), 4.23-
417 (q,J=17.3,-OCH>), 1.45 (s, 9H, -C(CH3)3 Boc), 1.29-1.27 (m, 6H, -CH3, -OCH,CH3);

BCNMR (100 MHz CDCl;)  : d¢ 166.37, 154.87, 120.10, 79.75, 60.44, 46.98, 28.33,
20.32, 14.20;

MALDI TOF/TOF m/z : Calcd. [M+Na]" 266.1368, observed 266.1365.

(S, E)-ethyl 4-(tert-butoxycarbonylamino)-5-methylhex-2-

enoate (2C)
Boc< pZ OEt
Physical state ¢ Colourless crystalline N

H (0]
Mol. Formula : Ci4HasNOy Boc-(S, E)-dgV-OFEt

Yield ¢ 85%,2.30g

'"H NMR (500 MHz, CDCl;) :0u 6.88-6.84 (dd, J = 15.5, J =4.5, 1H, CH=CHCO,EY),
5.93-5.90 (d, J = 15.5, 1H, CH=CHCO,Et ), 4.57-4.56 (d, J = 8.5, 1H, NH), 4.21-4.17 (m,
3H, -OCH,, CH-CH=CH), 1.89-1.85 (m, 1H, CH-(CHz3),), 1.45 (s, 9H, -( CH3)3; Boc), 1.30-
1.28 (t, /=7, 3H, -OCH,CH3), 0.95-0.90 (dd, J = 15.5, /=7, 6H, CH-(CH3)»).

C NMR (100MHz, CDCL;)  : dc 166.24, 155.31, 147.34, 121.40, 79.61, 60.38, 56.61,
32.18, 28.29, 18.81, 17.94, 14.18.

MALDI TOF/TOF m/z : Calcd. for [M+Na]™ 294.1681, observed 294.1606.
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(S, E)-ethyl 4-(tert-butoxycarbonylamino)-6-methylhept-2-

enoate (3C)
Physical state : Colourless crystalline Bocs \ NN OF

|

H (0]
Mol. Formula H C15H27NO4

Boc-(S, E)-dgL-OEt

Yield : 87%,2.47¢g
"H NMR (500 MHz, CDCl5) : 0y 6.85-6.80 (dd, J = 16, J = 5.5, 1H, CH=CHCO,Et),

5.93-5.89 (d, J = 16, 1H, CH=CHCO,Et ), 449 (b, 1H, NH), 4.37-432 ( m, 1H, CH-
CH=CH), 4.21-4.16 (q, J = 7, 2H, -OCH.), 1.72-1.67 (m, 1H, CH-(CHs),), 1.44 (s, 9H, -
(CHs); Boc), 1.40-1.37 (t, J = 7, 2H, CH,CH-(CH;z),), 1.30-1.27 (t, J = 7, 3H, -OCH.CHs),
0.94-0.93 (d, J = 6.5, 6H, CH-(CH3),).

BC NMR (100MHz, CDCl;)  : dc 166.41, 155.05, 148.89, 120.35, 79.65, 60.40, 49.75,
43.78, 28.31, 24.67, 22.68, 22.14, 14.20.

MALDI TOF/TOF m/z : Caled. [M+Na]" 308.1838, observed 308.1857.

(S, E)-ethyl 4-(tert-butoxycarbonylamino)-5-phenylpent-2-

enoate (4C)
Physical state : White powder

Boc\N = OEt
Mol. Formula ¢ CigHasNOy |_'| o
Yield : 84%,2.67 g Boc-(S, E)-dgF-OEt

'H NMR (400 MHz, CDCl;)  : 8y 7.30-7.14 (m, SH, -Ph), 6.91-6.86 (dd, J = 5.04, J = 11,
1H, CH=CHCO,EY), 5.85-5.81 (d, J = 17.4, 1H, CH=CHCO,E{), 4.59 (b, 1H, NH), 4.52 (b,
1H, CH-CH=CH), 4.18-4.13 (q, J = 6.88, 2H, -OCH,), 2.92-2.85 (m, 2H, CH,-Ph), 1.37 (s,
9H, -(CHs); Boc), 1.27-1.23 (t, J = 7.3, 3H, -OCH,CH).

BCNMR (100MHz, CDCl;) @ dc 166.14, 154.91, 147.56, 136.33, 129.36, 128.54,
126.83, 121.04, 79.83, 60.44, 52.16, 40.82, 28.26, 14.18.
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MALDI TOF/TOF m/z : Calcd. [M+Na]" 342.1681, observed 342.1657.

(S, E)-ethyl 4-(tert-butoxycarbonylamino)-5-(1H-indol-3- / \
yl)pent-2-enoate (5C)
~_,/NH
Physical state ¢ White powder
Boc. OEt
Mol. Formula : CyoHaeN,O; E Z I
Yield : 80%,2.86 g kBoc—(S, E)-dgW-OFt

'H NMR (400 MHz, CDCL;)  : du 8.169 (s, NH, indol ring), 7.60-6.95 (m, 6H, indol,
CH=CHCO,E), 5.90-5.86 (d, J = 17.2, 1H, CH=CHCO,E), 4.67-4.62 (m, 2H, NH and CH-
CH=CH), 4.20-4.14 (q, J = 6.9, 2H, -OCH,), 3.08-3.07 (m, 2H, CH>-indol), 1.41 (s, 9H, -
(CHs); Boc), 1.28-1.24 (t, J = 7.2, 3H, -OCH,CHs) .

3C NMR (100MHz, CDCl5) : Jc 166.27, 155.11, 148.44, 136.16, 122.83, 122.14,
120.86, 119.62, 118.88, 111.14, 110.51, 84.95, 79.74, 60.40, 28.29, 14.21.

MALDI TOF/TOF m/z :  Calcd. For [M+Na]" 358.1893, observed 358.2425.

Synthesis of Dipeptide
(Boc-dgV-dgA-OEY) (P1)

Boc-dgV-OH: Boc-dgV-OEt (5 mmol, 1.35 g) was dissolved in ethanol (20 mL). Then 20
mL of 1(N) NaOH was added slowly to this solution. After completion of the reaction (~ 2
hrs), ethanol was evaporated from reaction mixture and the residue was acidified to pH ~ 3
using 5% HCI (5% volume in water) at cold condition after diluting with 50 mL of cold
water. Product was extracted with ethyl acetate (3 x 70 mL). Combined organic layer was
washed with brine (100 mL) and dried over anhydrous Na,SO. Organic layer was
concentrated under reduced pressure to give gummy product with quantitative yield 99%

(4.95 mmol, 1.2 g).
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NaOH,

EtOH/H,O
B ~ —> B ~
ocC 'Tl 7 OEt ocC I}I = OH
H (0] H (0]

NH,-dgA-OEt: (Boc-dgA-OEt) (5.5 mmol, 1.33 g) was dissolved in DCM (7 mL) and
cooled the solution in ice bath. Then 7 mL neat TFA was added to this solution. After
completion of the reaction (~ 30 min), TFA was removed from reaction mixture under
vacuum. The residue was dissolved in water and the pH was adjusted to ~10 by the slow
addition of solid Na,COs in ice cool condition. Then Boc deprotected free amine was
extracted with ethyl acetate (3 x 40 mL). Combined organic layer was washed with brine (60
mL) followed by dried over Na,SO4 and concentrated under vacuum to ca. 2 mL and directly

used for the coupling reaction in the next step.

1.50%TFA
in DCM
Boc.
oc NJ\/\WOE - HN/'\/WOEJ(
H o) 2. N32CO3 H O

Boc-dgV-OH (4.95 mmol, 1.2 g) and NH,-dgA-OEt were dissolved together in DMF (4 mL),
followed by HBTU (5.5 mmol, 2.1 g) was added into the reaction mixture and cooled to 0 °C
for 5 min. Then DIPEA (6 mmol, 1.08 mL) was added to the reaction mixture with stirring
and the reaction mixture was allowed to come to room temperature. The progress of the
reaction was monitored by TLC. After completion of the reaction (roughly 6hrs), reaction
mixture was diluted with 300 mL of ethyl acetate and washed with 5% HCl (5 % by vol.
in water, 2 X 80 mL), 10 % sodium carbonate solution in water (2 x 80 mL) and followed by
brine (100 mL). The organic layer was dried over Na,SO4 and evaporated under reduced
pressure to give gummy yellowish product, which was purified on silica gel column
chromatography using DCM/MeOH solvent system to gummy product, which was further
crystallized using EtOAc/Hexane. Overall yield 77% (3.8 mmol, 1.4 g).
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HBTU, DIiPEA
BOC\MOH + HN = OFEt D—I> Boc. I/W M
|
' 0 H O

Boc-dgV-dgA-OEt (P1)

Physical state ¢ White powder

H 0

|
Mol. Formula : CioHuNOs BOC\MNNOE
Yield : 71%,14¢ c -

"H NMR (400 MHz, CDCl5) ¢ 0m6.90-6.85 (dd, J=5,J=10.5, 1H, vinylic B proton),
6.75-6.70 (dd, J = 6.4, J = 8.7, 1H, vinylic § proton), 5.91-5.87 (d, 2H, vinylic a proton) ,
5.78-5.76 (d, J = 7.8, 1H, NH), 4.82-4.77 (m, 1H, y proton), 4.65-4.63 (d, J = 9.1, 1H, NH),
4.20-4.15 (q, J =17, 2H, -OCH), 4.11-4.06 (m, 1H, y proton), 1.87-1.79 (m, 1H),1.43 (s, 9H,
C(CHj3); Boc), 1.32-1.30 (d, J = 6.9, 3H, CHs; side chain Ala), 1.29-1.25 (t, J = 7, 3H, -
CH,CHs3), 0.952-0.907 (m, 6H, CH-(CH3), Val side chain).

3C NMR (100 MHz CDCls) : dc 16627, 164.51, 155.39, 148.36, 143.58, 123.73,
120.62,79.59, 60.49, 56.92, 45.61, 32.26, 28.34, 19.84, 18.84, 18.09, 14.16.

MALDI TOF/TOF m/z : Calcd. [M+Na]* 391.2209 Da, observed 391.2187 Da.

(Boc-dgV-dgL-OEt) (P2)

Boc-dgV-OH: Boc-dgV-OEt (5 mmol, 1.35 g) was dissolved in ethanol (20 mL). Then 20
mL of 1(N) NaOH was added slowly to this solution. After completion of the reaction (~ 2
hrs), ethanol was evaporated from reaction mixture and the residue was acidified to pH ~ 3
using 5% HCI (5% volume in water) at cold condition after diluting with 50 mL of cold
water. Product was extracted with ethyl acetate (3 x 70 mL). Combined organic layer was

washed with brine (100 mL) and dried over anhydrous Na,SO. Organic layer was
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concentrated under reduced pressure to give gummy product with quantitative yield 99%

(4.95 mmol, 1.2 g).

NaOH,

EtOH/H,O
Boc\,Tl = OEt — » Boc\l}l = OH
H 0] H (0]

NH;-dgL-OEt: (Boc-dgL-OEt) (5.5 mmol, 1.68 g) was dissolved in DCM (7 mL) and cooled
the solution in ice bath. Then 7 mL neat TFA was added to this solution. After completion of
the reaction (~ 30 min), TFA was removed from reaction mixture under vacuum. The residue
was dissolved in water and the pH was adjusted to ~ 10 by the slow addition of solid Na,CO;
in ice cool condition. Then Boc deprotected free amine was extracted with ethyl acetate (3 x
40 mL). Combined organic layer was washed with brine (60 mL) followed by dried over
Na,SO4 and concentrated under vacuum to ca. 2 mL and directly used for the coupling

reaction in the next step.

1.50%TFA
in DCM
_—
Boc\’}l _~__OFEt 2 NayCO, N _~__OFEt
H o) H 0

Boc-dgV-OH (4.95 mmol, 1.2 g) and NH,-dgL.-OEt were dissolved together in DMF (4 mL),
followed by HBTU (5.5 mmol, 2.1 g) was added. The reaction mixture and cooled to 0 °C for
5 min. Then DiPEA (6 mmol, 1.08 mL) was added to the reaction mixture with stirring
condition and the reaction mixture was allowed to come to room temperature. The progress
of the reaction was monitored by TLC. After completion of the reaction (roughly 6hrs),
reaction mixture was diluted with 300 mL of ethyl acetate and washed with 5% HCI (5 %
by vol. in water, 2 x 80 mL), 10 % sodium carbonate solution in water (2 x 80 mL) and
followed by brine (100 mL). The organic layer was dried over Na,SO, and evaporated under
reduced pressure to give gummy yellowish product, which was purified on silica gel column
chromatography using DCM/MeOH solvent system to gummy product, which was further
crystallized using EtOAc/Hexane. Overall yield 75% (3.6 mmol, 1.5 g).
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H o}

H @]
|
HBTU DIiPEA Boc. = N NN
Boc NI/YOH + NI/Y \é/\)J\OEt
| HN H 0 \(

I
H

Boc-dgV-dgL-OEt (P2)

Physical stat ¢ Whit d
ysical state ite powder Boc. % \/\)I\

Mol. Formula ¢ CypH3sNy0s

Yield : 75%,15¢

"H NMR (400 MHz, CDCl5) :  Oun 6.85-6.80 (dd, J = 17.1, J = 2.7, 1H, vinylic B
proton), 6.76-6.71( dd, J = 15.1, J = 2.9, 1H, vinylic B proton), 5.92-5.87(m, 2H, vinylic a
proton), 5.48 (b, 1H, NH), 4.79 (m, 1H, y proton), 4.59-4.57 (d, J = 8.7,1H, NH), 4.20-4.14
(q, J =7.2, 2H, -OCH), 4.13-4.09 (m, 1H, y proton), 1.87-1.79 (m, 1H), 1.71-1.58 (m, 3H),
1.44 (s, 9H, C(CH;); Boc), 1.29-1.25 (t, J = 7.1, 3H, -CH,CHj3), 0.93-0.90 (m, 12H, CH-
(CH3); Val & Leu side chains)

3C NMR (100MHz, CD;0H)  : dc 168.74, 168.63, 158.8, 150.57, 145.71, 125.37, 122.08,
80.96, 62.35, 59.58, 44.62, 35.52, 34.38, 29.50, 27.48, 26.76, 24.00, 22.82, 20.32, 19.68,
15.25

MALDI TOF/TOF m/z : Caled. CpH3gN,Os [M+Na]* 433.2678, observed
433.1865

(Boc-dgF-dgA-OEt) (P3)

Boc-dgF-OH: Boc-dgF-OFEt (5 mmol, 1.59 g) was dissolved in ethanol (20 mL). Then 20 mL
of 1(N) NaOH was added slowly to this solution. After completion of the reaction (~ 2 hrs),
ethanol was evaporated from reaction mixture and the residue was acidified to pH ~ 3 using
5% HCI (5% volume in water) at cold condition after diluting with 50 mL of cold water.

Product was extracted with ethyl acetate (3 x 70 mL). Combined organic layer was washed
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with brine (100 mL) and dried over anhydrous Na,SO., Organic layer was concentrated under

reduced pressure to give gummy product with quantitative yield 99% (4.95 mmol, 1.56 g).

NaOH,
EtOH/H,O
B — e
Boc. OEt Boc. OH
[o]¢] l\ll = oC l}] =
@] H 0]

NH,-dgA-OEt: (Boc-dgA-OEt) (5.5 mmol, 1.33 g) was dissolved in DCM (7 mL) and
cooled the solution in ice bath. Then 7 mL neat TFA was added to this solution. After
completion of the reaction (~ 30 min), TFA was removed from reaction mixture under
vacuum. The residue was dissolved in water and the pH was adjusted to ~10 by the slow
addition of solid NayCOs in ice cool condition. Then Boc deprotected free amine was
extracted with ethyl acetate (3 x 40 mL). Combined organic layer was washed with brine (60
mL) followed by dried over Na,SO4 and concentrated under vacuum to ca. 2 mL and directly

used for the coupling reaction in the next step.

1.50%TFA
in DCM
BOC\’T'J\/\[(OB HNJ\/\H/OEt
H 0 2. N32CO3 H 0

Boc-dgF-OH (4.95 mmol, 1.56 g) and NH,-dgA-OEt were dissolved together in DMF (4
mL), followed by HBTU (5.5 mmol, 2.1 g) was added into the reaction mixture and cooled to
0 °C for 5 min. Then DiPEA (6 mmol, 1.08 mL) was added to the reaction mixture with
stirring and the reaction mixture was allowed to come to room temperature. The progress of
the reaction was monitored by TLC. After completion of the reaction (roughly 6hrs), reaction
mixture was diluted with 300 mL of ethyl acetate and washed with 5% HCI1 (5 % by vol.
in water, 2 x 80 mL), 10 % sodium carbonate solution in water (2 x 80 mL) and followed by
brine (100 mL). The organic layer was dried over Na,SO4 and evaporated under reduced
pressure to give gummy yellowish product, which was purified on silica gel column
chromatography using DCM/MeOH solvent system to gummy product, which was further
crystallized using EtOAc/Hexane. Overall yield 80% (4 mmol, 1.66 g).
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. HN/k/YOEt HBTU, DIPEA H o
Boc. _— OH l DMF Boc.. = N X
H z

Boc-dgF-dgA-OEt (P3)

Physical state ¢ White powder H 0
|
Boc. P N AN
Mol. Formula H C23H32N205 ” \':/\)I\OEt
O py

Yield : 80%,1.66¢g

"H NMR (400 MHz, CDCl5) : 0u 7.33-7.17 (m, 5H, -Ph), 6.90-6.85 (dd, /=5, J=10.5,
1H, vinylic B proton), 6.82-6.78 (dd, J = 6.4, J = 8.7, 1H, vinylic § proton), 5.88-5.81 (d, J =
16.8, 1H, vinylic a proton) , 5.85-5.77 (d, J = 16.9, 1H, vinylic a proton), 5.57-5.56 (d, J =
7.5, 1H, NH), 4.83-4.74 (m, 1H, y proton), 4.58 (b, 2H, NH and y proton), 4.22-4.16 (q, J =7,
2H, -OCH,), 2.89-2.88 (d, J = 6.5, 2H, -CH»-Ph),1.39 (s, 9H, -C(CHj3)s Boc), 1.31-1.27 (m,
6H, CHj; side chain Ala and -CH,CHj3)

MALDI TOF/TOF m/z : Caled. [M+Na]* 439.2209Da, observed 439.1362Da.

Synthesis of Tripeptide

Saponification of Boc-dgV-dgA-OEt

Boc-dgV-dgA-OH: Boc-dgV-dgA-OEt (3.8 mmol, 1.4 g) was dissolved in ethanol (15 mL).
Then 15 mL of 1(N) NaOH was added slowly to this solution. After completion of the
reaction (~ 2 hrs), ethanol was evaporated from reaction mixture and the residue was
acidified to pH ~ 3 using 5% HCI (5% volume in water) at cold condition after diluting with
50 mL of cold water. Product was extracted with ethyl acetate (3 x 50 mL). Combined

organic layer was washed with brine (80 mL) and dried over anhydrous Na,SO.. Organic
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layer was concentrated under reduced pressure to give gummy product with quantitative yield
98% (3.72 mmol, 1.26 g). This dipeptide acid was further used to synthesize two tripeptides

with different sequence.

NaCH,

||‘| 0 EtOH/H,0 'Tl 0
~ _— ~
Boc I}' = NMOEt Boc '}l = N\:/\)J\OH
H o - H o -

Boc-dgV-dgA-dglL-OEt (P4)

NH;-dgL-OEt: (Boc-dglL-OEt) (1.25 mmol, 0.36 g) was dissolved in DCM (4 mL) and
cooled the solution in ice bath. Then 4 mL neat TFA was added to this solution. After
completion of the reaction (~ 30 min), TFA was removed from reaction mixture under
vacuum. The residue was dissolved in water and the pH was adjusted to ~ 10 by slow
addition of NayCOs in ice cold conditions. Then Boc deprotected free amine was extracted
with ethyl acetate (3 x 20 mL). Combined organic layer was washed with brine (40 mL)
followed by dried over Na,SO4 and concentrated under vacuum to ca.2 mL and directly used

for coupling reaction in the next step.

1.50%TFA
Boc.. OEt in DCM OEt
N “avecor T MY
H 0 2. N62CO3 H 0

Boc-dgV-dgA-OH (1 mmol, 0.34 g) and NH,-dgL.-OEt were dissolved together in DMF (2
mL) and HBTU (1.1 mmol, 0.418 g) was added into the reaction mixture. Then reaction
mixture was cooled to 0 °C for 5 min. Then DiEPA (1.25 mmol, 0.225 mL) was added to the
reaction mixture and it was allowed to come in room temperature. The progress of the
reaction was monitored by TLC. After completion of the reaction (roughly 6 hrs), peptide
was precipitated out from reaction mixture. Then reaction mixture was diluted with 15 mL of
ethyl acetate and it was observed that peptide is insoluble in ethyl acetate. Peptide was

filtered out using sintered funnel and peptide was thoroughly washed with ethyl acetate (3 x
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20 mL). White powder peptide was collected and confirmed by analysing '"H-NMR and
MALDI TOF/TOF mass. Overall yield of the peptide 80% (0.8 mmol, 0.4 g).

H O
|
Boc. N
oc ’}I/\H/ MOH
H O =

Boc-dgV-dgA-dgL-OEt (P4)
Physical state

Mol. Formula

Yield

"H NMR (500 MHz, CDCl;)

HBTU, DIPEA

B —

+
HN = OEt DMF

O

H o)
|
BOC\MNNN
H o = H

= OEt

¢ White powder

C»7H45N304

80%, 0.4 g

:0n 7.31-7.29 (d, J = 7.9, 1H, NH of Leu), 6.90-6.77 (m,

4H, vinylic B proton, NH of Ala), 5.93-5.90 (d, J = 15.8, 1H, vinylic a proton), 5.89-5.86 (d,
J =15.2, 1H, vinylic a proton), 5.67-5.64 (d, J = 15.2, 1H, vinylic a proton), 4.75-4.70 (m,
3H, NH, y proton), 4.19-4.12 (m, 3H, -OCH;, y proton), 1.89-1.85 (m, 1H), 1.69-1.67
(m, 1H), 1.49 (s, 9H, C(CH3)3; Boc), 1.48-1.46 (m, 2H), 1.32-1.28 (m, 6H, CHj; side chain
Ala, -CH,CH3), 0.95-0.88 (m, 12H, CH-(CH3), Val & Leu side chains)

MALDI TOF/TOF m/z

: Caled. [M+Na]* 530.3206 Da, observed 530.3857 Da.

H 0 ')\
|
Boc\%NMN = OEt
I : ./\/\ﬂ/
H o = H )
P4
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Boc-dgV-dgA-dgF-OEt (P5)

NH;-dgF-OEt: Boc-dgF-OEt (1.25 mmol, 0.4 g) was dissolved in DCM (4 mL) and cooled
the solution in ice bath. Then 4 mL neat TFA was added to this solution. After completion of
the reaction (~ 30 min), TFA was removed from reaction mixture under vacuum. The residue
was dissolved in water and the pH was adjusted to ~ 10 by the slow addition of solid Na,CO3
in ice cool condition. Then Boc deprotected free amine was extracted with ethyl acetate
(3%x20 mL). Combined organic layer was washed with brine (40 mL) followed by dried over
Na,SO4 and concentrated under vacuum to ca. 2 mL and directly used for the coupling

reaction in the next step.

1.50%TFA
in DCM
R
Boc. OEt OEt
N a 2. Na,CO4 HIN =
H o) H o)

Boc-dgV-dgA-OH (1 mmol, 0.34 g) and NH,-dgF-OEt were dissolved together in DMF (2
mL) followed by HBTU (1.1 mmol, 0.418 g) was added into the reaction mixture and cooled
to 0 °C for 5 min. Then DiPEA (1.25 mmol, 0.225 mL) was added to the reaction mixture
with stirring and the reaction mixture was allowed to come to room temperature. The
progress of the reaction was monitored by TLC. After completion of the reaction (roughly
6hrs), reaction mixture was diluted with 15 mL of ethyl acetate and it was observed that the
white precipitate is coming out from reaction mixture. We anticipated that peptide might be
insoluble in ethyl acetate. The white precipitate was filtered out using sintered funnel and
precipitate was thoroughly washed with ethyl acetate (3 x20 mL). Further the precipitate was
dried and by analysing "H-NMR and MALDI TOF/TOF mass suggested that, this is expected
peptide. Overall yield of the peptide 78% (0.78 mmol, 0.44 g).
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Boc-dgV-dgA-dgF-OEt (PS)
Physical state

Mol. Formula

Yield

"H NMR (500 MHz, CDCls)

HBTU, DiPEA

HN™ SN OF DMF

|

H O

|T| O
Boo. A N AL A OE
H o * H 0

White powder

C30Ha3N306
. 78%, 044 g

oy 7.62-7.61 (d, J = 5.8, 1H, NH), 7.27-7.20 (m, 5H,

aromatic for —Ph), 6.93-6.90 (m, 2H, NH, vinylic B proton), 6.80-6.75 (dd, J=5.3, /=104,
1H, vinylic B proton), 6.71-6.66 (dd, J = 6.4, J = 8.7, 1H, vinylic B proton), 5.60-5.57 (d, J =
12.7, 2H, vinylic a proton), 5.85-5.82 (d, J = 12.4, 2H, vinylic a proton), 5.78-5.76 (d, J =
12.2, 1H, NH), 5.02-4.98 (m, 1H, y proton), 4.71-4.69 (d, J = 6.8, 1H, NH), 4.17-4.09 (m,
3H, y proton, -OCH>), 3.06-2.87 (m, 2H, o-proton of dgF), 1.88-1.82 (m, 1H), 1.49 (s, 9H, -
C(CHj3); Boc), 1.32-1.31 (d, J = 6.9, 3H, CHj side chain Ala), 1.27-1.24 (t, J = 7, 3H, -
CH,CHs3), 0.95-0.85 (m, 6H, CH-(CH3), Val side chain)

MALDI TOF/TOF m/z

: Calcd. [M+Na]" 564.3050 Da, observed 564.3197 Da.

H 0]
[
Boc. N /[ ; _OEt
oc M \:/\)I\'}l Z
H 0] = H (0]

P5
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Synthesis of Tetrapeptide Boc-dgV-dgA-dgL-dgF-OEt (P6)

Boc-dgV-dgA-dgL.-OH: Boc-dgV-dgA-dgL-OFEt (0.5 mmol, 250 mg) was dissolved in
ethanol (7 mL). Then 7 mL of 1(N) NaOH was added slowly to this solution. After
completion of the reaction (~ 2 hrs), ethanol was evaporated from reaction mixture and the
residue was acidified to pH ~ 3 using 5% HCI (5% volume in water) at cold condition after
diluting with 30 mL of cold water. Product was extracted with ethyl acetate (3 x 30 mL).
Combined organic layer was washed with brine (50 mL) and dried over anhydrous Na;SOj.
Organic layer was concentrated under reduced pressure to give gummy product with

quantitative yield 98% (0.49 mmol, 230mg).

NaOH, H 0
Boc< I/\H/ NL ﬁ:\( _ EtOH/H,0 Boc %NMN % OH
0 H o H o

NH,-dgF-OEt: Boc-dgF-OEt (0.75 mmol, 0.24 g) was dissolved in DCM (4 mL) and cooled
the solution in ice bath. Then 4 mL neat TFA was added to this solution. After completion of
the reaction (~ 30 min), TFA was removed from reaction mixture under vacuum. The residue
was dissolved in water and the pH was adjusted to ~ 10 by the slow addition of solid Na,CO3
in ice cool condition. Then Boc deprotected free amine was extracted with ethyl acetate (3 X
20 mL). Combined organic layer was washed with brine (40 mL) followed by dried over
Na,SO4 and concentrated under vacuum to ca. 2 mL and directly used for the coupling

reaction in the next step.

1.50%TFA
in DCM
Boc. OEt OEt
oc N = 2. Na,CO; N =
H o} H o}
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Boc-dgV-dgA-dglL-OH (0.49 mmol, 0.23 g) and NH,-dgL.-OEt were dissolved together in
DMF (1.5 mL) and HBTU (0.52 mmol, 0.21 g) was added into the reaction mixture. Then
reaction mixture was cooled to 0 °C for 5 min. Then DiPEA (0.75 mmol, 0.115 mL) was
added to the reaction mixture and it was allowed to come in room temperature. The progress
of the reaction was monitored by TLC. After completion of the reaction (roughly 6hrs),
peptide was precipitated out from reaction mixture. Then reaction mixture was diluted with
15 mL of ethyl acetate and it was observed that peptide is insoluble in ethyl acetate. Peptide
was filtered out using sintered funnel and peptide was thoroughly washed with ethyl acetate
(3 x 20 mL). White powder peptide was collected and confirmed by analysing "H-NMR and
MALDI TOF/TOF mass. Overall yield of the peptide 70% (0.343 mmol, 0.231 g).

|T| 0O HBTU, DIPEA
+
. OEt
Booy N\:/\)J\N _~__OH N iy
H o H o H 0

H 0] H
|
BOC\NI/\'rN\/\)J\N = NMOEt
I H I :
H o “ H

Boc-dgV-dgA-dgL-dgF-OEt (P6):

Physical state ¢ White powder
Mol. Formula : CioH3oN20s
Yield : 70%,0.231 g

"H NMR (500 MHz, CDCL;)  : 8y 8.24-8.22 (d, J = 7.8, 1H, NH of dgF), 8.20-8.19 (d, J =
7.6, 1H, NH of dgL), 7.81 (b, 1H, NH of dgA), 7.29-7.18 (m, 5H, Ph), 6.97-6.82 (m, 4H,
vinylic B proton), 5.98-5.94 (d, J = 15.6, 1H, vinylic a proton), 5.94-5.90 (d, J = 15.3, 1H,
vinylic a proton), 5.53-5.49 (d, J = 15.2, 1H, vinylic a proton), 5.48-5.44 (d, J = 15.2, 1H,
vinylic a proton), 5.01-4.97 (m, 1H, y proton), 4.78 (b, 1H, y proton), 4.67-4.66 (d, J = 7.2,
1H, NH), 4.51 (b, 1H, y proton), 4.17-4.12 (q, J = 7, 2H, -OCH,), 4.08 (b, 1H, y proton),
3.13-2.88 (m, 2H, -CH,Ph), 1.94-1.89 (m, 1H), 1.79-1.76 (m, 1H), 1.74-1.72 (m, 1H), 1.54 (s,
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9H, C(CH;); Boc), 1.32-1.30 (d, J = 7, 3H, CH; side chain Ala), 1.29-1.25 (t, J = 7, 3H, -
CH,CH3), 0.95-0.91 (m, 6H, CH-(CH3), Val & Leu side chains)

MALDI TOF/TOF m/z : Calcd. CsgHs¢N4O; [M+Na]* 703.4047 Da, observed
703.2796 Da.
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1.7 Appendix I: Characterization Data of Synthesized Compounds

m

Boc-dgF-OEt 'H NMR (400MHz) 59
Boc-dgV-dgA-OEt (P1) 'H NMR (400MHz) 59
Boc-dgV-dgL-OEt (P2) '"H NMR (400MHz) 60
Boc-dgF-dgA-OEt (P3) 'H NMR (400MHz) 60
Boc-dgV-dgA-dgL-OEt (P4) 'HNMR (500MHz) 61
Boc-dgV-dgA-dgF-OEt (P5) '"H NMR (500MHz) 61
Boc-dgV-dgA-dgl-dgF-OEt (P6) 'H NMR (500MHz) 62
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Chapter 2

Structural investigation of (E)-vinylogous vy-
amino acids in hybrid p-hairpin and multi-

strand -sheets
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2.1 Introduction

B-hairpins are one of the simplest supersecondary structures and they are extensively found
in globular proteins (Figure 1). Unlike helical geometries, the extended conformations can be
classified as parallel and antiparallel B-sheets.' The two extended sheets are connected by a
reverse turn leading to B-hairpin structures. The B-turns are the most economical polypeptide
geometry that can link two extended segments of polypeptide chain with reversal direction.
The PB-turn is the simplest defined loop structure with conformational characteristics
determined by residues at two positions (i+1 and i+2) of the turn segment. The B-turns are
further classified based on the torsional angles of i+1 and i+2 residues.” A B-strand typically
consists of 3 to 10 amino acids. In their survey, Sibanda and Thornton® have found that 70%
of B-hairpins are less than 7 residues in length with the two-residue tight turns. In contrast to
the type I (@41 = -60° Wir1 = -30° @2 = -90°, Y41 = 0°) and type 11 (@1 = -60° Wir1 = 120° @iin
= 80° w1 =0° turns, their mirror images type I” (@41 = 60° Wiy = 30° @0 =90°, iy =0
and type II" turns (@1 = 60° Wi = -120° g2 = -80°, wis1 = 0°), respectively, have been found

predominantly in protein structures.

Many proteins often constitute a p-hairpin scaffold for biomolecular recognitions.” The B-
hairpin scaffolds have been used to structurally mimic the epitopes of antibodies and cytokine
receptors.” Recently, Robinson et al. have investigated the structural mimicry of canonical
conformation in antibody Hypervariables loops using cyclic peptides containing a
heterochiral diprolin template (Figure 2b). They have been used as inhibitors for protein-
protein and protein-nucleic acid interactions, which have proven difficult targets for small
molecule drugs,® as well synthetic vaccine design.” Naturally occurring B-hairpin scaffolds
have proved their potential as antimicrobial and antiviral candidates.® The antimicrobial
peptides are generally cationic and they possess B-hairpin structure stabilized by disulfide
bridges, including the protegrins, polyphemusins, and tachyplesin (Figure 3). These peptides
show broad-spectrum of antimicrobial activity against Gram-positive and Gram-negative
bacteria. In their pioneering work, Robinson and colleagues have studied the first B-hairpin

mimetic inhibitor for the bovine immunodeficiency virus (BIV) TAR-Tat domain.*
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B-strand

Figure 2: a) Hairpin mimetics based on antibody CDR loops. The antibody domains are shown with the CDR
loops purple, and b) The hairpin mimetic.

In addition, B-hairpins are also being used to obtain self-assembling biomaterials with gel and

hydrogel properties.” These peptide based gels and hydrogels have been utilized in tissue
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engineering and controlled drug release application. Moreover, designed B-hairpins have also
0

been exploited as chiral catalysts in a variety of organic reactions.'

| Y. R
G/ \(.:/ \R/ \q

F V. V. R18-NH
R/ \C‘:/ \Q/ \G/ 2
RGN A~ R NETNRTINEST K
R C C R
Protegrin 1 Tachyplesin 1
18_
K. oRT-NHy

F Y.
G/ \C/ \R/ ‘

)

| x <
Yo V. Fo! W -1
K \é/ N~ \é/ R
Polyphcmusin 1

Figure 3: Hairpin, cationic antimicrobial peptides.

2.1.1 B-hairpins as catalyst in organic reactions
The discovery of new and effective small-molecule catalysts is a challenging process.
Peptide-based catalysts have become important players in this area for a variety of reasons, in
particular, due to their modularity and tunability.'' In this context, designed B-hairpins have
been exploited as asymmetric catalysts in a variety of organic reactions.'” Miller and
colleagues showed the utility of B-hairpin mimetic catalysts in selective acylation (Scheme

1), phosphorylation, conjugate addition, asymmetric C-C bond formation and other site

specific reactions.
HO  NHAC Ac0 AcO  NHAc HO  NHAC
~ Toluene - .
O 2.0 mol% Catalyst .
(*) trans-1,2-acetamidocyclohexanol/\ AcOH _ o P
Bu!'
H. H
HHN N\_)LNH OMe
NH b /
O:/ ; 9 Pr / Cl)

Catalyst — - /O y by
/, r
\ ,N/SHN 2

Scheme 1: Schematic diagram of asymmetric acylation reactions with B-hairpin peptide-based catalysts.'®
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2.1.2 B-hairpin peptidomimetic using non-ribosomal amino acids

The remarkable and widespread properties of B-hairpins in both biology and synthetic
organic chemistry have attracted synthetic chemists and structural biologists to design stable
B-hairpins using non-natural amino acids.'””> Because in contrast to a-peptides, p-peptides
and higher homologue oligomers have proven better proteolytic and metabolic stability and
the prospect of intracellular delivery."> Unlike a-helical peptides, where the structure is
stabilized by intramolecular 13-atoms H-bond, B-strand requires a structural context for the
stabilization. The design of -hairpins using non-natural amino acids with stabilized p-strands
with tight turn is a challenging task for a chemist as well as biochemist. Recent advances that
improved B-hairpin stabilities outside the protein context, thus far, have the sequences “Pro-
Xxx (Xxx is Gly, Ala, Pro, Aib etc.,), Asn-Gly, Aib-Gly, Aib-PAla at the turn

Gala llb 14 ppe B-strand residues modulate the B-hairpin stability depending upon

segment.
their intrinsic B-sheet propensities through both cross strand and diagonal side chain-side
chain interactions. In this context, Gellman et al.,'* Balaram and colleagues,”d’lle’14 have

investigated the B-hairpin structures by inserting a variety of non-natural amino acids as

Figure 4: Crystal structures of B-hairpins containing non-natural amino acids a) Boc-p*Phe-B*Phe-"Pro-Gly-
pPhe-p*Phe-OMe,"* b) Boc-Leu-Val-yAbu-Val-"Pro-Gly-Leu-yAbu-Val-Val-OMe,'"® ¢) Ac-pGly-Nip-Nip-
BGly-NHMe,'*® d) Boc-Leu-Val-p*Phe-Val-"Pro-Gly-Leu-B*Phe-Val-Val-OMe.'*
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11d,15

guest into the host p-strands. They have shown that p*-amino acids, v-Abu (4-amino

11e 1

butyric acid),'"® o,B-disubstituted p- amino acids ,'® frans-3-aminocyclopentanecarboxylic
acid (trans-3-ACPC)'® can be incorporated into a canonical B-hairpin structure. The crystal

conformations of some of these hybrid peptide B-hairpins are shown in the Figure 4.

2.1.4 Multi-stranded p-sheets

Besides the design of B-hairpins, efforts were also been taken in the design of multi-
stranded B-sheets to understand the protein folding with little extension compared to [-
hairpins. However, Balaram and colleagues'’ and Gellman et al."® have designed three, four
and five stranded B-sheets by utilizing "Pro-Xxx sequences at the turn segments and studied
their solution conformations. The turn sequence “Pro-Xxx can adopt either type I’ or type II’

. 1
conformations. Serrano et al., ?

reported a 20-residue polypeptide (named Betanova)
adopting a three-stranded, antiparallel B-sheet using Asn-Gly in the turn segment. Kelly et al.
have extensively investigated the role H-bonds in stabilizing the three stranded [-sheet
conformations.*’ Recently, Schneider and colleagues showed the folding, self-assembly and
bulk material properties of designed three stranded B-sheet hydrogels.”' The major hurdle in
the design of multi-stranded B-sheet structures is aggregation of the B-sheets in solutions,
which is the major cause for many diseases such as Alzheimer’s,”> Parkinson’s,”
Huntington24 diseases etc,. Understanding the nucleation and process of the P-sheet
aggregation is of paramount importance in designing inhibitors for these diseases. However,

thus far there are no reports regarding crystallographic charecterization of multi-stranded (-

sheet structures.

2.2 Aim and rationale of the present work

The intriguing results of vinylogous amino acids and their tendency to adopt extended -
sheet structures in their homooligomers enable us to ask the question that whether it is
possible to generate stable -hairpins by incorporating these vinylogous amino acids as guest

molecules into the host a-peptide B-hairpin structures. We anticipate that stable hybrid B-

68



hairpins and multi-stranded P-sheets can be generated by utilizing the conformational
restrictions of the vinylogous amino acids. In order to understand the conformational
properties of E-vinylogous amino acids in the o-peptide B-hairpin sequence, an octapeptide
P1 (Ac-Val-dgLeu-Val-"Pro-Gly-Leu-dgVal-Val-CONH,) and a 15-mer three stranded B-
sheet (double B-hairpin, Boc-Val-dgL-Val-"Pro-Gly-Leu-dgV-Val-Ala-"Pro-Gly-Leu-Val-
dgl-Val-NH,) P2 were designed by incorporating vinylogous amino acids at the opposite

11a, 11b, 14
ly ™ "™ ™ was used to

faces of the anti-parallel p-strands. The dipeptide segment “Pro-G
induce B-turn in both B-hairpin and three stranded -sheet. In addition, we speculate that the
corresponding hybrid y-peptides can be generated using single step catalytic hydrogenation.
This strategy provides a unique opportunity to understand the conformational properties and

stabilities of hybrid peptides containing unsaturated and saturated y-amino acids.

2.3 Results and Discussion

2.3.1 Design and synthesis of Octapeptide p-hairpin

In order to understand the conformational behaviour of E-vinylogous residues in hybrid
peptide PB-hairpin, we designed an octapeptide (Ac-Val-dgL-Val-"Pro-Gly-Leu-dgV-Val-
NH,) (P1). The E-vinylogous amino acids dgL and dgV were inserted at facing positions 2
and 7 in such a way that it should not disturb the interstrand H-bonding pattern in the
designed B-hairpin (Figure 5). The "Pro-Gly segment was used to nucleate reverse turn. It
has been proved that the DPro—Gly dipeptide segment can adopt either type I or type I’ B-
turns. The vinylogous hybrid octapeptide P1 (Figure 5) was synthesized using solid phase
method by standard Fmoc chemistry on Rink amide resin. The corresponding vinylogous
amino acids, Fmoc-(S,E)-dgL.-OH and Fmoc-(S,E)-dgV-OH were synthesized using Wittig
reaction® starting from Boc-protected amino aldehydes as shown in Scheme 2. The
Schematic representation of solid phase synthesis is shown in Scheme 3. After completion of
the syntheis, the peptide was cleaved from resin using TFA/water cocktail mixture and
isolated as solid white crude product after precipitation with chloroform/pet-ether solvent
systems. The peptide was purified using reverse phase HPLC on C18 column using

MeOH/H,O0 as solvent systems.
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Figure 5: Model hybrid B-hairpin containing o, B-dehydro y-amino acids (dg) at facing positions of the

antiparallel B-strands.

R R

PPH,=CHCO,Et
Boc\N/H(H - Boc\N)\/\ﬂ/OEt
| THF, 25 °C |

H 0 5h, 90% H ©

i) 1IN NaOH, EtOH

30 min, 97% R
- Fmoc\NWOH
i) 50% TFA in DCM I
. H @)
30 min

iii) Fmoc-OSu, 10%
Na,COs, THF, 5h
97%

Scheme 2: Synthesis of Fmoc-N-vinylogous amino acid.
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1. swelling with DCM
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2. 20% Piperidine in
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3. washing 3 times
with DMF and DCM  y

1. Fmoc-Val-OH, HBTU,
HOBt, DIPEA, NMP
30 min
2. washing 3 times
with DMF and DCM

1. 20% Piperidine in
DMF
2. washing 3 times
with DMF and DCM
3.Fmoc-dgV-OH, HBTU,
DiPEA, NMP, 1 hr

Repeating cycle 6 times
for AA coupling

according to
peptide sequence

1. 20% Piperidine in
DMF
2. washing 3 times
with DMF and DCM
3. Ac,0, pyridine
DMF, 1hr

OCH,

—Linker—NH—(I?—VaI—Fmoc
(0]

ﬂ

Linker

! OCH,

OCH;
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Fmoc

Fmoc-Leu-OH (6), Fmoc-Gly-OH (5),
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Scheme 3: Solid phase synthesis of peptide Ac-Val-dgL-Val-"Pro-Gly-Leu-dgV-Val-NH,
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2.3.2. Structural analysis of P1 in solution

The '"H NMR of P1 in CD;OH reveals that the wide dispersion of backbone NH and C'H
along with vinylic protons chemical shifts signalling a well structured peptide in solution. In
addition, circular dichroism (CD) spectrum of P1 (110 uM) in methanol shown in Figure 6a
indicating the B-sheet structure in solution. We speculate that the red shift of the CD minima
at 234 nm may be due to the conjugated enamides of vinylogous residues. Partial TOCSY
spectrum of the P1 is given Figure 7A. Using the sequential proton interactions from
TOCSY, all residues in the B-hairpin were indentified. The order of amino acid residues in
the sequence were established using ROESY spectrum. The chemical shifts of P1 are
tabulated in Table 1. As anticipated, the 2D NMR (ROESY) analysis showed the
characteristic turn and the cross-strand NOEs of antiparallel B-strands confirming a -hairpin
structure in solution. The critical NOEs observed in the ROESY spectrum are illustrated in

the schematic diagram shown in Figure 6b.

Molar Ellip (deg. cm” dmol x 10°)

-50

T T T M T T T T T T 1
200 220 240 260 280 300
(0] % NH,

Wavelength (nm)

a) b)

Figure 6: a) Circular dichroism (CD) spectrum of vinylogous hybrid B-hairpin P1 in methanol, b) the observed
NOE:s of the peptide P1 in the ROESY are schematically shown by double headed arrows.



The characteristic sequential NH«<>C*H, cross-strand NH<>NH and C*H«>C'H NOEs of
facing vinylogous residues observed in the ROESY spectrum are shown in Figure 7B, 7C and
7D. The strong C*H«>C'H NOEs between the interstrand vinylogous residues in P1
indicating the stable and the well folded antiparallel B-sheet character in solution. In
addition, the linear temperature dependence of B-strand amide NHs observed in vt NMR
(temperature ranging from -20 to 35 °C), suggesting the strong registry of the antiparallel B-
sheets (Figure 8a). The temperature coefficient of chemical shifts (d6/dT) for amide protons
are tabulated in Table 1. The analysis of (d6/dT) reveals that NH proton Leu3 is less exposed
in solvent compared to other NH protons of P1 involved in internal H-bonding. In addition,
the (do/dT) value (-4.8 ppb K'I) for dgl.2 amide proton (NH) suggests the involvement in an
internal H-bond.The deuterium exchange of amide NHs was carried out in CD3;OD.
Strikingly, it was found that the slower exchange rate of dgL.2NH and dgV7NH even after 4.5
hrs (Figure 8b), indicating that the NHs are being shielded from the solvent by the extended
antiparallel B-sheets of B-hairpins held together by strong intermolecular H-bonding.
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Figure 7: A) TOCSY NMR spectrum of P1 in CD;OH. The sequential assignments of amino acids were

performed using ROESY. B) Partial ROESY spectra of P1 showing cross-strand NOEs of NH«> C*H, NH¢«>
C™H, C) C*H¢> C'H, CPH¢s C™H of antiparallel B-strand residues, and D) NH<>NH.

Table 1: Chemical Shifts of unsaturated hybrid octapeptide P1

Residue Chemical Shifts (ppm) dd/dT 3 TancH
NH | C'H C’H C'H C°H C°H Others (ppb/K) (Hz)
Vall 8.18 4.25 2.02 1.00-0.93 - - - -71.59 8.6
dgleu2 | 822 | 6.47* 6.59" 4.57 1.6 1.36-1.37 | 1.00-0.95 -6.6 8.72
Val3 8.35 4.61 2.1 1.00-0.93 - - - -3.93 9.04
PPro4 - 4.48 | 2.21-1.98 | 2.18-2.01 3.78 - - - -
Gly5 849 | 3.94 - - - - - -6.61 5.88
Leu6 8.12 4.54 1.9 1.6 1.00-0.95 - - -71.22 8.36
dgVal7 8.07 | 6.40%* 6.67" 4.27 1.85 1.00-0.94 - -4.8 8.4
Val8 8.26 4.42 2.05 1.00-0.93 - - - -6.49 9.04

* Alpha hydrogen of backbone in amino acid next to C=0 (CH=CH-C=0). # Beta hydrogen of backbone in

amino acid (CH=CH-C=0)
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Figure 8: a) Plot of amides chemical shift with the various temperatures, b) 'H NMR spectra showing the
exchange of amide NHs of P1 with deuterium in CD;0D. The pure peptide P1 was dissolved in CD;0D and

subjected for time course experiment to probe the H-bonding and solvent accessibility.
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2.3.3 Solid state structure of peptide P1

Single crystals of P1 obtained in methanol solution after slow evaporation yield the
structure shown in Figure 9. Indeed, hybrid peptide P1 adopted a well folded B-hairpin
conformation in crystals. The torsional variables are given in the Table 2. Examination of the
torsional angles at "Pro-Gly segment reveals that it adapts a type II’ B-turn conformation
[Standard (@+1 = 60° W1 = -120° @i = -80°, Wir1 = 0°), observed (@1 = 61° Wiy = -130°, 2
= -75°% Wiq = -10°)]. All a-residues in strands adapted characteristic conformations of a -
sheet. Both vinylogous amino acids dgl.(2) (¢ = -118°, 6, = 132°, 6 = 174°, and ¥ = 174°)
and dgV(7) (¢=-130°, 6, =123° 6 =179°, and = 176") were accommodated into the -
sheets with a very similar characteristic backbone conformations (Figure 7b). The torsional
angles &, ¥ and @ all have extended geometry with a value approximately (+)180°. The

extended conformation of vinylic -CP=C* and -C*-CO- (s-cis) of enamide facilitates the
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Figure 9: a) The ORTEP diagram of hybrid octapeptide B-hairpin (P1) containing o, B-unsaturated y-amino
acids. H-atoms are not labelled for clarity. All four intramolecular hydrogen bonds are represented by dotted
lines. The two water molecules O10 and O11 are also shown, b) capped stick model of P1, and for clarity some

of the H-atoms are not shown.
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accommodation of vinylogous residues into the backbone conformation without disturbing
the canonical B-hairpin structure. Interestingly, the values of ¢ and 6; of vinylogous amino
acids have values very similar to the ¢ and ¥ of o-residues. In addition, the B-hairpin
conformation in crystal is further stabilized by four cross strand intra molecular hydrogen
bonds (Figure 10a). The characteristic hydrogen bond parameters are given in the Table 3.
Both dgl.2 and dgV7 are not involved in intramolecular hydrogen bonding as they are
incorporated at the non-hydrogen bonding positions of antiparallel B-strands. After careful
observation reveals that two water molecules O10 and O11 are involved in the head-to-head
connection of two independent B-hairpins through H-bonding (Figure 10b). In addition they
are self assembled through extended B-sheets connected by intermolecular hydrogen bonding

(Figure 10a).

O ¢ R6 6, ¥
PN N
NMrN\
H
O

Torsional variables of vinylogous residues

Table 2: Backbone torsional variables (in deg) of vinylogous hybrid octapeptide -hairpin (P1)

Residues 0 0, 0, v [0)
Vall -118 --- --- 114 178
dgl2 -118 132 174 174 -179
Val3 -141 - --- 103 178
PPro4 61 -130 178
Gly5 -75 --- --- -10 178
Leu6 -75 - --- 124 -178
dgVv7 -130 123 179 176 -173
Val8 -137 --- - 130 -
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a) b)

Figure 10: a) The extended B-sheets connected by intermolecular hydrogen bonding, b) The side view of P1 in
crystal structure. The side chains are deleted for clarity. Two water molecules O10 and O11 are involved in the

head-to-head connection of two independent -hairpins through H-bonding.

Table 3: Hydrogen bonding parameters of octapeptide B-hairpin (P1)

Type Donar Acceptor D--A H--A £ZD-H-+-A | £D--0=C
[D] [A] [A] [A] [deg] [deg]
Intramol. N1 09 2.913 2.060 172 158
Intermol. N2 ogT 2.804 1.977 161 174
Intramol. N3 07 3.062 2.237 161 143
Pro N4(Pro) -—- - - -—- -—-
P1---Sol. N5 O10(W1)’ 2915 2.058 175
Intramol. N6 04 2.892 2.124 148 135
Intramol. N8 02 2.932 2.125 156 154
Intermol. N9 or 2.894 2.043 170 156
P1---Sol. | W2(Ol1) 05 2.70
Sol---Sol. Wi w2 2.825

Intermol.; intermolecular, intramol.; intramolecular, P1-Sol; Peptide-solvent, #Symmetry equivalent 1-x,-
1/2+4y, 1-z, 1Symmetry equivalent —x, -1/2+y, 2-z, {Symmetry equivalent 1+x, y, z, §Symmetry equivalent 1-x,
-1/2+y,-z, *Symmetry equivalent -1+X, y, z. a: Hydrogen bonding parameters of molecule A2B in the

asymmetric unit.
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2.3.4 Transformation of vinylogous hybrid Peptide P1 (Ac-V-dgL-V- "Pro-Gly-L-dgV-
V-NH,) to its saturated hybrid y-peptide analogue P2 (Ac-V-yL-V- "Pro-Gly-L-yV-V-
NH;)

Further, we examined the feasibility of the transformation of an unsaturated B-hairpin to its
saturated y-peptide analogue P2 (Ac-Val-yLeu-Val-"Pro-Gly-Leu -yVal-Val-NH,), using
catalytic hydrogenation. The pure P1 was subjected to catalytic hydrogenation using 10%
Pd/C in ethanol. The reaction was monitored by MALDI-TOF and HPLC. Noticeably,
complete conversion of P1 to P2 was observed in 6 hrs (Scheme 4). The pure hybrid -
peptide was isolated in 95% yield. The transformation of vinylogous hybrid B-hairpin to its
saturated analogue proceeds very smoothly. The completely assigned 'H NMR of P1 and P2
(amide region) is shown in Figure 11. The redistribution of amide NHs and the complete
disappearance of all vinylic protons are observed in hybrid y-peptide analogue. Surprisingly,

the up field chemical shifts were observed for all B-strand residues (Figure 11).

Scheme 4: Transformation of vinylogous hybrid octapeptide B-hairpin (P1) to its y-hybrid peptide analogue
P2).
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Figure 11: Assigned partial '"H NMR spectra of P1 and P2. A well dispersed amide and vinylic protons of P1
are shown in the bottom spectrum. The disappearance of vinylic protons and the reshuffled amide protons of
saturated peptide P2 are shown in top spectrum. The sequential assignment of all amide protons were carried out
using 2D NMR (TOCSY and ROESY).

2.3.5 Structural analysis of P2 in solution

In contrast to P1, saturated P2 shows the anomalous CD spectrum with negative maxima at
200 and 225 nm (Figure 12). We made several attempts to crystallize P2 in different
solvents; however, we could not get X-ray diffract able quality crystals. Further, to
understand the conformational behaviour of P2 in solution, we subjected hybrid y-peptide to
2D NMR analysis. The TOCSY spectrum used to identify the amino acid residues in P2 is
shown Figure 14A. The order of amino acid residues in the sequence were established using
ROESY spectrum. The chemical shifts of P2 are tabulated in Table 4. The NOEs observed
from 2D NMR (ROESY) are schematically shown in Figure 13a. Interestingly, in contrast to
P1, we did not observe any characteristic cross-strand NH<NH and CH«>CH interactions in
P2. However, the sequential NOEs of 5NH«>6NH (weak) and 6NH«<7NH (medium)
indicating that the lack of proper B-strand registry of hairpin in solution. This may be due to
the conformational freedom around the saturated C*-C® bond of y-residues. However, a
strong NOE between the side chains of y-Leu2 to C'H of y-Val7 is observed. Using the
experimentally deduced NOEs for P2, the ensemble of structures is obtained by distance
restrained molecular dynamic simulations (Insight I 2005, Accelrys Inc.).?® The overlay of
ten low energy conformers of NMR calculated structures are shown in Figure13b. The NMR

model reveals that the
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Figure 12: CD spectrum of P2 recorded in methanol.
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Figure 13: a) the observed NOEs of the peptide P2 in the ROESY are schematically shown by double headed
arrows, b) The solution conformation of the peptide P2 in methanol. The ensemble of ten low energy structures

is calculated based on the observed NOEs. Hydrogens are omitted for clarity.
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saturation of vinylic double bond introduces the additional freedom in the backbone and
breaks the proper strand registry of B-hairpin. Overall, the hybrid y-peptide P2 adapted a
folded B-hairpin conformation with poor B-strand registry in solution. It is interesting to
notice that a well folded B-hairpin structure of hybrid vinylogous peptide P1 transformed to a
distorted B-hairpin conformation of P2 after the catalytic hydrogenation. These results are

suggesting that insertion of saturated y-residues may lead to the distorted hairpin structures.
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Figure 14: A) TOCSY NMR spectrum of P2 in CD;OH. The sequential assignments of amino acids were

performed using ROESY. B) Partial ROESY spectra of P2 in CD;0H showing sequential and the cross-strand

NOEs of NH«C®H, NH«CPH and NH&C™H of antiparallel B-strand residues, C) CH<>CH and D) NH«<>NH.

Table 4: Chemical Shifts of saturated hybrid octapeptide P2

Residue Chemical Shifts (ppm) 3 e’
NH | C'H C’H C'H C'H C°H Others (Hz)
Vall 8.01 4.14 2.12 1.09-0.94 - - - 8.4
gleu2 7.78 | 2.31% 1.73" 3.95 1.42 1.32 1.09-0.94 8.5
Val3 8.13 4.38 2.12 1.09-0.94 - - - 9.0
PPro4 - 4.38 2.21-1.98 2.18-2.01 3.73 - - -
Gly5 8.38 3.85 - - - - - 5.67
Leu6 8.05 4.38 1.84-1.93 1.6 1.00-0.95 - - 8.2
gVal7 7.55 | 2.28% | 1.84-1.93" 3.6 1.45-1.67 1.09-0.94 - 8.6
Val8 7.89 4.2 2.12 1.09-0.94 - - - 8.7

*Alpha hydrogen of backbone in amino acid next to C=0 (CH,-CH,-C=0), # Beta hydrogen of backbone in

amino acid (CH,-CH,-C=0)
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2.3.6 Design and synthesis of 3-stranded antiparallel -sheet

Exciting results from the vinylogous hybrid B-hairpin provoke us extend similar strategy to
higher ordered super secondary structures. To understand whether or not the stable three
stranded B-sheet structures can be generated by incorporating these E-vinylogous amino acids
similar to the octapeptide B-hairpin P1, we designed a 15 residues three stranded B-sheet,
Boc-Val-dgL-Val-"Pro-Gly-Leu-dgV-Val-Ala-"Pro-Gly-Leu-Val-dgL-Val-NH,, P3. The
anticipated three stranded structure is shown in Scheme 5. Similar to the P1, the dipeptide
segment “Pro-Gly was used to induce either type I’ or type II' B-turns in P3. Vinylogous
residues, dgl., dgV and dgl. were incorporated at facing positions of anti-parallel B-strands at
positions 2, 7 and 14 respectively. The hybrid peptide was synthesized using solid phase
method using standard Fmoc chemistry on Rink amide resin. After completion of the
synthesis the peptide was cleaved from resin using TFA/water cocktail mixture and isolated
as solid white crude product after precipitation with ethyl acetate/pet-ether solvent systems.
The pure peptide was isolated after subjecting the crude product to reverse phase HPLC
prurification on C18 column using MeOH/H,O solvent systems. The purity of the peptide
was confirmed by passing through analytical C18 column in reverse phase HPLC using same

solvent system.

H N-H Extension

Scheme 5: Extension of octapeptide hybrid B-hairpin (P1) to 3-stranded B-sheets (P3).



2.3.7 Solution structure of P3

The circular dichroism (CD) spectrum of P3 (100 uM) recorded in methanol is shown in
Figure 15 along with peptide P1. The CD singnature of the P3 in methanol suggested that the
peptide adopted a regular B-sheet character in solution. In contrast to the P1, P3 showed the
CD minima at ~ 228 nm. The '"H NMR of P3 is shown in Figure 16. The 'H NMR of P3 in
CD;OH reveals that the wide dispersion of backbone NH and C'H along with vinylic protons
chemical shifts signalling a well structured peptide in solution.  Further to evaluate the
solution structure, we recorded 2D NMR (TOCSY and ROESY). Using TOCSY spectrum,
amino acids residues were indentified. Fully assigned TOCSY spectrum is shown in Figure
18A. Using ROESY spectrum the order of the amino acid sequence was established. The
chemical shifts of peptide P3 are tabulated in Table 5. Critical NOEs observed in the ROESY

spectrum are illustrated in the schematic diagram shown in Figure 17.

—P3
—P1

Molar Ellip (deg. cm’ dmol™)

200 220 240 260 280
Wavelength (nm)

Figure 15: Circular dichroism (CD) spectra of vinylogous hybrid B-hairpin P1 (navy blue) and 3-stranded -

sheet P3 (cyan) in methanol.
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Figure 16: Fully assigned 'H-NMR spectrum of P3 (Bottom) recorded in CD;OH. Expansion of NH, vinyl,
C*H and C'H proton region (Top). The sequential assignments of amino acids were performed using TOCSY

and ROESY spectra.

Figure 17: The observed NOEs of the peptide P3 in the ROESY are schematically shown by double headed

arrows, blue for inter-residue and red for intra-residue.
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The strong sequential NOEs between the C*-H(i+1) and NH(i) in the strand sequences are
suggesting the B-sheet character. The characteristic sequential NH«>C“H, cross-strand
C’HeCPH and NH&NH  NOEs of facing vinylogous residues observed in the ROESY
spectrum are shown in Figure 18B, 18C and 18D, respectively. The long range NOEs
between the Lue6 C*H and NHa(ter-amide) of Val 15 (C*H—NH,) , dgL7 CPH to dgL14C*H
(CﬁH<—> CBH) and Ala 9 NH to Leu 13 NH (NH—NH) suggested the folded nature of the [3-
sheets 2 and 3. However, no cross strand NOEs were identified between the strands 1 and 2
as NHs were closely positioned in the 'H NMR spectrum. The NH<>NH NOEs in Figure
18D gave the clear support that, in the two turns the i + 2 residue must adopted local helical
conformations. Further to understand whether or not amide NHs are involved in the
intermolecular H-bonding as well as to undersand the stability of B-strands we subjected P3
for varaible temperature NMR. A plot of NH chemical shifts versus temperature is shown
Figure 19. The linear temperature dependence of fB-strand amide NHs in vt NMR
(temperature ranging from -20 to 30 °C) are suggesting the strong registry of the antiparallel
B-sheets. The temperature coefficient of chemical shifts (dd/dT) for amide protons are
tabulated in Table 5. The measured do/dT values are spread over the range -2.91 to -7.80 ppb
K. The analysis of (d8/dT) reveals that NH protons of Vall, Leu6, dgV7, Ala9 and dgL14
are less exposed in solvent compared to other NH protons (d8/dT value > -6 ppb K™) of P3
involved in internal H-bonding. Further, Ala9 and dglL14 found to be strong involvement of
internal H-bond in the 3-strand with (d8/dT) values -2.91 and -3.38 ppb K", respectively. In
addition, the (dd/dT) values for dgL.2 and Vall5 amide protons (NH) -4.83 and -3.31 ppb K™,
respectively suggest the involvement in internal H-bond. The NH groups of residue Gly5 and
Glyl1, which are anticipated to be solvent exposed, have higher do/dT values with -7.8 and -
6.85, respectively.
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Figure 18: A) TOCSY NMR spectrum of P3 in CD;OH. The sequential assignments of amino acids were
performed using ROESY, Partial ROESY spectra of P3 showing cross-strand NOEs of B) NH< NH, C)

vinylogous C’"He>CPH, and D) NH-C*H, NH-C"H and NH-C°H.
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Figure 19: Plot of amides chemical shift with the various temperatures for P3
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Table S: Chemical Shifts of hybrid peptide P3

Residue Chemical Shifts (ppm) Jauc'w | d&/dT
NH C“H C’H C'H C°H C°H Others (Hz) | ppb/K
Vall 8.38 4.39 2.03 0.8-0.6 - - - 9.15 -4.49
dgleu2 | 8.39 6.61 6.64 4.62 1.36 163 | 0806 | 885 -4.83
Val3 8.44 4.74 2.12 0.8-0.6 - - - 9.25 -6.48
PPro4 - 4.33 2.19-1.96 | 2.17-2.01 3.78 - - - -
Glys 8.66 | 3.79-3.98 - - - - - 6.1 -7.80
Leu6 8.32 4.6 1.88 1.72 0.8-0.6 - - 8.55 -4.22
dgval7 | 8.40 6.62 6.80 4.30 172 | 0.8-0.6 8.9 -5.86
Val8 8.48 4.18 2.08 0.8-0.6 - - - 9.15 -6.47
Ala9 8.91 4.92 1.32 - - - - 7.95 2.91
Prol0 - 4.35 224202 | 2.17-2.01 3.76 - - - -
Glyl1 8.55 | 3.69-4.03 - - - - - 6.4 -6.85
Leul2 8.17 4.61 1.92 171 0.8-0.6 - - 9.15 -6.92
Vall3 8.47 5.02 2.03 0.8-0.6 - - - 9.15 -6.40
dgleuld | 877 6.22 6.87 4.75 1.58 128 | 0.8-06 | 855 -3.28
Vall5 8.13 4.52 2.12 0.8-0.6 - - - 8.5 -3.31

* Alpha hydrogen of backbone in amino acid next to C=0 (CH=CH-C=0), # Beta hydrogen of backbone in
amino acid (CH=CH-C=0)

2.3.8 Solid state structure of peptide P3

We were able to get single crystals of P3 after slow evaporation in aqueous methanol
solution. The X-ray structure of P3 is shown in Figure 20. As anticipated the hybrid peptide
P3 adopted a well folded 3-stranded B-sheet conformation in single crystals. Noticeably, this
is first example of designed three stranded [-sheet structure in single crystals, though there
are many reports in literature regarding the design of three stranded -sheets. All o-residues
in the strands adopted the characteristic conformations of a J-sheet. Three vinylogous amino
acids dgl(2) (¢=-112°, 6, =102°, 6 =168°, and = 161°), dgV(7) (¢=-102°, 6, = 104°, &
= -170° and y = -178°) and dgL(14) (¢ = -111°, 6, = 94°, 6, = -177°, and y = 171°),
accommodated into the B-sheets with a very similar characteristic backbone conformations.
The local s-cis conformation is observed in all enamides of the vinylogous residues. Similar

to P1, the extended conformation of vinylic -Cpg=Cgy- and -Co-CO- (s-cis) of enamide
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facilitates the accommodation of vinylogous residues into the backbone conformation without
disturbing the overall fold of the molecule. The torsional angles 6, ¥ and @ all have
extended geometry with a value approximately (£) 180°. Interestingly, the values of ¢and 6,
of vinylogous amino acids have values very similar to the ¢ and ¥ of o-residues. The
torsional variables of all amino acids are given in the Table 6. The analysis of the crystal
structure reveals that the peptide is stabilized by eight strong cross-strand intramolecular
C=0---H-N H-bonds (Figure 20a). According to design the vinylogous residues dgl.2 and
dgV7 are not involved in intramolecular hydrogen bonding as they are incorporated at the
non-hydrogen bonding positions of the antiparallel -strands, however, dgV(7) and dgL(14)
are involvoved in intramolecular H-bonding as they are placed in the H-bonding positions in
antiparallel B-strands 2 and 3. Surprisingly, ideally positioned Ala9 NH and the Leu 13 C=0
are not involved in the intramolecular H-bonds as their N-H--O distance exceeds (2.32A) the
normal H-bonding distances. In addition, all exposed NHs and the C=0 groups are involved

in the intermolecular H-bonding. The characteristic hydrogen bond parameters are given in

a) b)

Figure 20: a) The ORTEP diagram of hybrid 3-stranded (-sheet (P3) containing o, B-unsaturated y-amino
acids. H-atoms are not labelled for clarity. All four intramolecular hydrogen bonds are represented in dotted

lines, b) capped stick model of P3, and for clarity some of the H-atoms are not shown.
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the Table 7. All H-bonding distances and angles are within the limits of standard H-bonding

2
parameters.”’

Careful analysis of torsional angles at the turn “Pro-Gly segments reveals that they both

adopted type I’ B-turn conformation [Standard (¢, = 60° Wiy = 30° @y = 90°, Wiy = 0°),

observed DPr04—Gly5 (1 = 66° Y1 =25° ¢io=88°, Wia=1°) and DProlO-Glyll (Ge1=57°

Vel = 30° @uo = 86°, Wi = -15°)]. In contrast to the "Pro-Gly segment in octapeptide P1

which adopted type II" conformation, similar octapeptide (1-8 residues) adopted type I’

conformation in P3. After extending the B-strand lengths a smooth transition from type II” to

type I is observed. It has been observed that type I’ B-turn is the most abundant two residue

B-turn in protein structures. The crystal structures of both P1 and P3 provide the unique

opportunity to elucidate and understand the stereochemical properties of type I" and type II’

B-hairpin structures.

Table 6: Torsional variables (in deg.) of Ac-Val-dgLeu-Val-"Pro-Gly-Leu-dgVal-Val-Ala-"Pro-Gly-Leu-Val-

dgleu-Val-NH, (P3)

Resd. ) 0, 0, v ©
Vall -119 - - 114 170
dgLeu2 -112 102 168 161 173
Val3 -147 - - 139 162
PPro4 66 - - 25 -177
Gly5 88 - - 1 174
Leu6 -104 - - 120 168
dgVal7 -102 104 -170 -178 -175
Val8 -127 - - 116 -173
Ala9 -152 - - 137 179
PPro10 57 - - 30 -178
Glyll 86 - - -15 -174
Leul2 -80 - - 138 171
Vall3 -100 - - 103 -176
dgleul4 | -111 94 -177 171 176
Vall5 -98 - - 136 -
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Table 7: Hydrogen bonding parameters of 3-stranded [-sheet Ac-Val-dgLeu-Val-"Pro-Gly-Leu-dgVal-Val-
Ala-"Pro-Gly-Leu-Val-dgLeu-Val-NH, (P3).

Type Donar Acceptor D--A H--A D-H--A D--0=C
(D] [A] [A] [A] [deg] [deg]
Intramol. N1 09 2.85 1.99 176 156
Intermol. N2 o147 2.78 1.98 157 169
Intramol. N3 o7 2.97 2.20 148 157
Pro N4(Pro) --- - --- --- -
Intermol. N5 012 2.71 1.97 144 168
Intramol. N6 04 2.96 2.13 159 128
Intramol. N7 015 2.98 2.17 155 157
Intramol. N8 02 2.79 1.96 161 154
Intramol. N9 013 3.09 2.32 148 146
Pro N10(Pro) --- - -—- - -
Intermol. N11 016" 292 2.18 156 149
Intramol. N12 010 2.87 2.06 157 124
Intermol. N13 o1 2.88 2.04 164 164
Intramol. N14 08 2.77 1.97 157 169
Intermol. N15 03¢ 3.00 2.15 172 175
Intramol. N16 06 291 2.06 167 165
Intermol. N16 09* 3.01 2.15 175 110

Intermol.; intermolecular, intramol.; intramolecular, #Symmetry equivalent x, y, 1+z, Symmetry equivalent X,
y, -14z, {Symmetry equivalent -1+x, -1+y, z, §Symmetry equivalent 14x, 1+y,14z, *Symmetry equivalent -

1+x, -14y, -1+z.

2.3.9 Expanded H-bond pseudocycles

In our investigation parallel B-sheet structurs of vinylogous hybrid peptides revealed that the
parallel B-sheets are stabilized by continous intermolecular 16 membered H-bonding
pseudocycles. Inspection of the vinylogous segments in the three stranded B-sheet revealed
that the structure is stabilized by 14 and 16 membered H-bond psuedocyles along with the
regular 10 and 14 memberd H-bond psuedocycles in anti-parallel sheets. The three stranded
B-sheets are interconnecting in parallel sheets fassion through intermolecular H-bonding

between the sheet 3 and 1. The infinite 3-sheet assembly of three stranded -sheets is shown

in Figure 21a. In addition, the crystal structure analysis reveals that three independent 3-
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strand B-sheet molecules are involved in the head-to-tail fashion through three intermolecular

H-bonding as shown in Figure 21b.

. ‘\ Y : _ i 3
Y s : ]
4 ‘ e y " ‘| o N
< 4 ) PSS ;

b)

Figure 21: a) The extended B-sheets connected by intermolecular hydrogen bonding, b) three independent 3-
strand B-sheet molecules are involved in the head-to-tail connection through three intermolecular H-bonding

(shown with cyan wireframe).
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2.3.10 Analysis of p-haripins containing type I’ and type II’ f-turns

Crystal structures of P1 and P3 provides realistic examples to analyze the context free

isolated B-hairpin secondary structures containing type I and type II" B-turns. The sequence

of P1 is similar to the 1-8 residues of three stranded B-sheet, however, P1 adopted a type II’

B-turn, while the same sequence adopted type I’ B-turn in P3. The intramolecular H-bonding

distances between the anti-parallel B-strands suggested that the H-bond lengths are shorter in

the hairpins are conatining type I” B-turn. In addition we measured the atom to atom distances

between the anti-parallel B-strands of the two hairpin models. The H-bond distances and the

distances between the backbone to backbone atoms are given the Table 8 and Table 9

respectively. These results suggested that the B-strands are more compactly packed in the

type I B-hairpins compared to the type II” hairpins.

Table 8: Comparison between H-bond distances (A) observed in P1 and P3

B-hairpin P1 3-stranded P3 Difference Difference

D-H:---A D---A D-H---A D---A (P1-P3) (P1-P3)

(A) A) (A) (A |DH-A@R) | DA
ValINH---O=CVal§ 2.080 2.933 1.996 2.855 0.084 0.078
VallC=0---HNVal8 2213 2.929 1.960 2.791 0.253 0.128
Val3NH:--0=CLeu6 2.246 3.069 2.206 2.972 0.040 0.097
Val3C=0---HNLeu6 2.111 2.880 2.139 2.960 -0.028 -0.08
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Table 9: Comparison between cross-strand backbone atom to atom distance (A) observed in P1 and P3

Cross-strand backbone B-hairpin P1 3-stranded P3 Difterence (P1
Atome>Atom (A) A) -P3) (A)
ValIN&C(O)Val8 4.120 4.026 0.094
VallCq>CyVal8 5.097 5.072 0.015
VallC(O)<>NVal8 4.102 3.945 0.157
dgL2N«C(0)dgV7 5.721 5.523 0.198
dgl2C,«>C,dgV7 4.751 4.477 0.274
dgL2Cy «>CydgV7 5.900 5.608 0.292
dgl2C>CdgV7 4.937 4.502 0.435
dgl2C(0)>NdgV7 5.791 5.601 0.190
Val3N«>C(O)Leu6 4.113 4.153 -0.040
Val3Cu>Coleu6 5.024 5.407 -0.383
Val3C(O)<>NLeu6 3.887 3.849 0.038

2.3.11 Overlay of hybrid three stranded p-sheets over a-peptide p-sheets

This interesting result of three stranded [B-sheet structure motivated us to assess its
structural similarities with native protein structures. In this regard, we randomly selected the
alpha-cobra toxin venom from Naja naja®® (PBD CODE 2CTX). The overlay of the peptide
P3 with cobra toxin is shown in Figure 22. Instructively, the backbone conformation of P3 is
well correlated with the multi-strand B-sheet motif. These results suggest that  three-
stranded B-sheet (P3) can be utlized in mimicking the native chemical domain of natural [3-
sheets or toxin molecules. In addition, the alpha and o, B-unsaturated hybrid multi-stranded -
sheet might provide useful route to design many functionally targeted theraputics as well as

inhibitors for protein-protein interactions.
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Figure 22: Overlay structure of P3 with B-sheet rich region of Cobra toxin venom protein (PDB 2CTX)”’ from

Naja naja.

2.4 Conclusion

In conclusion, we have shown the effective incorporation of the vinylogous amino acids into
the cannonical B-hairpin and 3-stranded B-sheets. The solution and solid state structural
analysis reveals that the peptide P1 adopted a stable and regular B-hairpin and P3 adopted a
multiple B-hairpin structure. In addition, we have demonstrated the effective incorporation of
functionalizable vinylogous amino acids into the B-hairpin and 3-stranded B-sheet without
disturbing the overall fold of the molecule. Also we have described a single step conversion
of vinylogous hybrid peptide into its saturated analogue. The hybrid y-peptide adapted a
distorted B-hairpin conformation with poor strand registry in solution. It is worth noting that
appropriate geometry for the proper interstrand registry of B-hairpin peptide P1 is dictated by
the double bonds of vinylogous y-residues. This geometrical constrain is lacking in P2, which
leads to the non-registry of interstrands, altering its conformation. This present study
envisages that the choice of these o,B-unsaturated y-amino acids at appropriate positions
could be used to design a well folded B-hairpin and multi-strand B-sheet with proper strand

registry.
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2.5 Experimental section

General Experimental Details

All amino acids, DiPEA, TFA, Triphenylphosphine were purchased from Aldrich. THF,
DCM, DMF, NaOH were purchased from Merck. Ethyl bromoacetate, HBTU, HOBt,
EtOAc, NMP, Pet-ether (60-80 °C) were obtained from Spectrochem and used without
further purification. THF and DiPEA were dried over sodium and distilled
immediately prior to use. Column chromatographies were performed on Merck silica gel
(120-200 mesh). Final peptides were purified on reverse phase HPLC (Waters 600) (C18
column, MeOH/H,0O 65:35- 95:5 as gradient, 1.25 mL flow per min). The 'H spectra were
recorded on Bruker 500 MHz (or 125 MHz for "*C) and Jeol 400 MHz (or 100 MHz for '*C)
using residual solvents signals as an internal reference (CDCl3 dy, 7.26 ppm, Jc 77.3 ppm and
CD;0H dy 3.31 ppm, d. 49.0 ppm). The chemical shifts (d) are reported in ppm and coupling
constants (J) in Hz. Mass was recorded on MALDI TOF/TOF (Applied Biosystem) and CD
was recorded on JASCO (J-815). X-Ray data were collected on Bruker APEX 11 DUO.

NMR spectroscopy: All NMR studies were carried out by using a Bruker AVANCE"-500
MHz spectrometer at a probe temperature of 300 K. Resonance assignments were obtained
by TOCSY and ROESY analysis. All two-dimensional data were collected in phase-sensitive
mode, by using the time-proportional phase incrementation (TPPI) method. Sets of 1024 and
512 data points were used in the t, and t; dimensions, respectively. For TOCSY and ROESY
analysis, 32 and 72 transients were collected, respectively. A spectral width of 6007 Hz was
used in both dimensions. A spin-lock time of 256 ms was used to obtain ROESY spectra.
Zero-filling was carried out to finally yield a data set of 2 K x 1 K. A shifted square-sine-bell

window was used before processing.
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Molecular Dynamics: Model building and molecular dynamics simulation of P2 was carried
out using Insight II (97.0) / Discover program on a Silicon Graphics Octane workstation. 28
The cvff force field with default parameters was used throughout the simulations.
Minimization’s were done first with steepest decent, followed by conjugate gradient methods
for a maximum of 1000 iterations each or RMS deviation of 0.001 kcal/mol, whichever was
earlier. The energy-minimized structures were then subjected to MD simulations. A number
of inter atomic distance constraints obtained from NMR data were used as restraints in the
minimization as well as MD runs. For MD runs, a temperature of 300 K was used. The
molecules were initially equilibrated for 50 ps and subsequently subjected to a 1 ns dynamics
with a step size of 1 fs, sampling the trajectory at equal intervals of 10 ps. In trajectory 50
samples were generated and the best structures were again energy minimized with above

protocol and superimposed these structures.

Circular dichroism (CD) spectroscopy:

CD spectrometry study was carried out on JASCO J-815 spectropolarimeter using cylindrical,
jacketed quartz cell (1 mm path length), which was connected to Julabo-UC-25 water
circulator. Spectra were recorded with a spectral resolution of 0.05 nm, band width 1 nm at a
scan speed of 50 nm/min and a response time 1 sec. All the spectra were corrected for

methanol solvent and are typically averaged over 3 scans.
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List of NOEs used in the MD calculation

Residue H-atom Residue H-atom NOE observed
Val(1) NH Val(1) oH Strong
Val(1) NH Val(1) BH Strong
Val(1) oH yLeu(2) NH Strong
Val(1) oH C-terminal NH, NH, Weak
Val(1) BH yLeu(2) NH Weak
yLeu(2) NH yLeu(2) BH Strong
vLeu(2) NH vLeu(2) YyH Medium
vLeu(2) NH vLeu(2) oH Weak
yLeu(2) NH yLeu(2) oH Medium
yLeu(2) NH yLeu(2) -(CHs;), Weak
vLeu(2) oH vLeu(2) vyH Strong
Val(3) NH yLeu(2) oH Strong
Val(3) NH yLeu(2) BH Weak
Val(3) NH Val(3) aH Medium
Val(3) NH Val(3) BH Medium
Val(3) NH Val(3) YyH Medium
Val(3) oH Pro(4) 6H Medium
Val(3) BH Pro(4) 6H Medium
Pro(4) oH Pro(4) oH Strong
Pro(4) oH Gly(5) oH Strong
Pro(4) BH Pro(4) OH Strong
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Pro(4)
Gly(5)
Gly(5)
Gly(5)
Gly(5)
Leu(6)
Leu(6)
Leu(6)
Leu(6)
Leu(6)
yVal(7)
yVal(7)
yVal(7)
yVal(7)
yVal(7)
yVal(7)
Val(8)
Val(8)
Val(8)
Val(8)
Val(8)

Val(8)

fH
NH
NH

NH

NH
NH

NH

NH

NH

NH
yH
YyH
BH
NH
NH
NH
NH
oH

BH

Gly(5)
Pro(4)
Gly(5)
Leu(6)
Leu(6)
Leu(6)
Leu(6)
yVal(7)
yVal(7)
yVal(7)

yVal(7)

yVal(7)

yVal(7)
yVal(7)
yLeu(2)
yLeu(2)
yLeu(2)

Val(8)

Val(8)

Val(8)

C-terminal NH,
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oH
oH
NH
NH
oH

pH

oH

oH
BH

YyH
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aH

NH,

NH,

Medium
Strong
Strong
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Strong
Medium
Strong
Medium
Medium
Strong
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Strong
Medium
Strong
Strong
Medium
Strong
Medium
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Medium
Medium

Weak
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Structure Solution and Refinement

The initial cell constants were obtained from three series of ® scans at different starting
angles. Each series consisted of 12 frames collected @ with the exposure time of 10 seconds
per frame. Obtained reflections were successfully indexed by an automated indexing routine

built in the SMART program.

The data were collected by using the full sphere data collection routine to survey the
reciprocal space to the extent of a full sphere to a resolution of 0.75 A, with an exposure time
10 sec per frame. The data integration and reduction were processed with SAINT ¥ software.

A multi-scan absorption correction was applied to the collected reflections.

The systematic absences in the diffraction data were uniquely consistent for the space
group that yielded chemically reasonable and computationally stable results of refinement.*
A successful solution by the direct methods provided most non-hydrogen atoms from the E-
map. The remaining non-hydrogen atoms were located in an alternating series of least-
squares cycles and difference Fourier maps. All non-hydrogen atoms were refined with
anisotropic displacement coefficients. All hydrogen atoms were included in the structure
factor calculation at idealized positions and were allowed to ride on the neighbouring atoms

with relative isotropic displacement coefficients.

Crystal structure analysis of P1 (Ac-Val-dgLeu-Val-"Pro-Gly-Leu-dgVal-Val-NH,)

Crystals of peptide P1 were grown by slow evaporation from a solution of methanol. A single
crystal (0.25 x 0.20 x 0.10 mm) was mounted in a loop with a small amount of the mother
liquor. The X-ray data were collected at 200 K temperature on a Bruker AXS SMART APEX
I CCD diffractometer using MoK, radiation (4 = 0.71073 A), w-scans (26 = 52.52°), for a
total number of 5661 independent reflections. Space group P2(1) , a = 9.758(6), b =
13.043(8), ¢ = 20.820(13) A, a = 90.00 , B = 92.986(8), ¥ = 90.00, V= 2646(3) A’,
Monoclinic P, Z=2 for chemical formula C45H77N¢09.2-H,O, with one molecule in
asymmetric unit; pegea = 1.155 g cm™, 1 = 0.083 mm™', F(000) = 1004, R;,, = 0.2279. The
structure was obtained by direct methods using SHELXS-97.%° All non-hydrogen atoms were
refined anisotropically. The hydrogen atoms were fixed geometrically in the idealized

position and refined in the final cycle of refinement as riding over the atoms to which they
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are bonded. The final R value was 0.0747 (wR2 = 0.1130) for 2828 observed reflections (Fy >
40(IFgl)) and 599 variables, S = 1.075. The largest difference peak and hole were 0.208 and -
0.201 e A%, respectively. [CCDC 802256]

Crystal structure analysis of P3 (Ac-Val-dgLeu-Val-"Pro-Gly-Leu-dgVal-Val-Ala-"Pro-
Gly-Leu-Val-dgLeu-Val-NH,)

Crystals of peptide were grown by slow evaporation from a solution of methanol. A single
crystal (0.18 x 0.14 x 0.11 mm) was mounted in a loop with a small amount of the mother
liquor. The X-ray data were collected at 100 K temperature on a Bruker AXS SMART APEX
I CCD Duo diffractometer using MoK, radiation (1= 0.71073 /i), w-scans (20 = 56.56°), for
a total number of 21007 independent reflections. . Space group P1, a = 12.367(3), b =
13.818(3), ¢ = 16.091(5) A, a = 105.224(6) , p = 97.197(6), vy = 113.827(4), V = 2342.2(10)
,&3, Triclinic P, Z = 1 for chemical formula (C;9H;34N;¢O16), with one molecule in
asymmetric unit; peaca = 1.117 g cm”, u = 0.078 mm™, F(000) = 854, Ry = 0.0472. The
structure was obtained by direct methods using SHELXS-97.% All non-hydrogen atoms were
refined anisotropically. The hydrogen atoms were fixed geometrically in the idealized
position and refined in the final cycle of refinement as riding over the atoms to which they
are bonded. The final R value was 0.0705 (wR2 = 0.1939) for 14462 observed reflections (Fj
> 40 (IFol)) and 1009 variables, S = 1.041. The largest difference peak and hole were 1.192
and -0.500 e A°, respectively.

During the refinement it was observed that, C10, C11 and C12 atoms are disordered with
two site occupancy (where C10 with 50:50, C11 with 60:40 and C12 with 60:40). A
significant amount of time was invested to refine the disordered atoms anisotropically using
constrains to fix them. But due to huge disorder property of C10, C11 and C12 atoms were
refined isotropically and it was observed that the absolute value of parameter shift to su ratio

is 4.25.
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General procedure for the synthesis of Fmoc-a, B-unsaturated y- amino acids

Boc-a, p-unsaturated y-amino acid: Ethyl ester of Boc-a, B-unsaturated y- amino acid (2
mmol) was dissolved in 5 mL of ethanol. Then 5 mL of 1N NaOH was added slowly to the
reaction mixture. After completion of the reaction (~ 30 min), ethanol was evaporated from
the reaction mixture and residue was acidified using 10 mL of 5% HCI (5% volume in water)
at cold conditions. The product was extracted with ethyl acetate (3 x 40 mL). Combined
organic layer was washed with brine (30 mL) and dried over anhydrous Na,SO4 The solvent
was concentrated under reduced pressure to give Boc-a, B-unsaturated y-amino acid as

gummy product in a quantitative yield.

The Boc-a, f-unsaturated y-amino acid (1 mmol) was dissolved in 5 mL of DCM and cooled
to 0 °C in ice bath followed by 5 mL of neat TFA was added to the reaction mixture. After
30 min, TFA was removed from reaction mixture under vacuum. Residue was dissolved in 15
mL of water (15 mL) and the pH was adjusted to ~ 10 by the slow addition of solid Na,COs.
The solution of Fmoc-OSu (1 mmol) in 10 mL of THF was added slowly to the reaction
mixture. Reaction mixture was stirred overnight at RT. After completion of the reaction, the
reaction mixture was acidified with 20 mL of 20% HCIl (20% volume in water) in cold
condition. Product was extracted with ethyl acetate (3 x 50 mL). Combined organic layer was
washed with brine (30 mL) and dried over anhydrous Na,SO, The solvent was concentrated
under reduced pressure to give gummy product, which was recrystallized using EtOAc/Pet-
ether. The pure white solid of Fmoc- o, B-unsaturated y-amino acid was subjected for SPPS.

The schematic representation of the synthesis is shown below.

1. NaOH

R R
MeOH/H,O
Boc\N)\/\ﬂ/OEt R, N/'\/YOH
o . 3
. I 250% TFAINDCM @ 5
R R
H3N/'\/\H/OH M, FmOC\N/'\/YOH
® Na,COs H,O/THF |
O 2C03,M; K o
R =-'Pr, -'Bu
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(S, E)-4-(((9H-fluoren-9-yl)methoxy)carbonylamino)-5-methylhex-2-enoic acid

Physical state : white powder
Fmoc. = OH
Mol. Formula H C22H23NO4 HI/\H/
o
Yield : 0.590 g, 90% Fmoc-(S, E)-dgV-OH

'"H NMR (400 MHz, CDCl;) : 0y 7.7814-7.3095 (m, 8H, -Fmoc aromatic) 6.9853-6.9349
(dd, J = 9.6, J = 5.34, 1H, CH=CHCO:Et), 5.9154-5.8730 (d, J = 16, 1H, CH=CHCO,Ev),
4.8123-4.7871 (d, J = 9.1,1H, NH), 4.4881-4.4732 (d, J = 6.1, 2H, -OCH,-Fmoc), 4.3174-
4.2086 (m, 2H, CH-CH=CH,-CH(of Fmoc )), 1.9360-1.8524 (m, 1H, CH-(CH3),), 0.9543-
0.9096 (m, 6H, CH-(CH3),).

BC NMR (100 MHz, CDCL;)  : 8¢ 170.6868, 155.8987, 149.3389, 143.7707, 141.3298,
127.7430, 127.0661, 124.9017, 121.0402, 119.9819, 66.6454, 57.2825, 47.2902, 32.1112,
18.8772, 18.0191.

MALDI-TOF/TOF m/z : Calcd. [M+Na]" 388.1525, observed 388.1581

(S, E)-4-(((9H-fluoren-9-yl)methoxy)carbonylamino)-6-methylhept-2-enoic acid

Physical character ¢ white powder

Mol. Formula ¢ Cy3HpsNOy Fmoc. A\~ -OH
H (0]

Yield : 0.60g,89%

Fmoc-(S, E)-dgL-OH
"H NMR (400 MHz, CDCL) : 0y 7.7754-7.3033 (m, 8H, -Fmoc aromatic) 6.9482-6.8955
(dd, J =10.5, J = 5.4, 1H, CH=CHCO,Et), 5.9069-5.8680 (d, J = 15.5, 1H, CH=CHCO,Et),
4.6859-4.6652 (d, J = 8.2,1H, NH), 4.4842-4.4686 (d, J = 6.2, 2H, -OCH,-Fmoc)), 4.4281-
4.3926 (t, J = 4.7, 1H, CH-CH=CH), 4.2277-4.1967 ( t, J = 4.1, 1H,-CH(of Fmoc ), 1.6824-
1.6033 (m, 2H, CH»-CH-(CHs)»), 1.4281-1.3926 (t, J = 4.7, 3H, CH-(CH3)»), 0.9372-0.9218
(d, J=6.1, 6H, CH-(CHs)»).
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3C NMR (100 MHz, CDCls) : d¢ 170.7535, 155.6031, 150.8358, 143.7325, 141.3298,
127.7335, 127.0661, 124.9017, 119.9724, 66.5501, 50.3032, 47.29.02, 43.4669, 24.6742,
22.7196, 22.0331.

MALDI-TOF/TOF m/z : Caled. [M+Na]" 402.1681, observed 402.1662.

SPPS peptide synthesis of (Ac-V-dgL-V-"Pro-Gly-L-dgV-V-NH,) (P1)

P1 peptide was synthesized at 0.2 mmol scale on Rink Amide resin using standard Fmoc-
chemistry. HBTU/HOBT was used as coupling agents. The coupling reactions were
monitored by Kaiser Test. After completion of the synthesis, peptide was cleaved from the
resin using 15 mL of TFA/thioanisole/H>O (98:1.5:0.5) cocktail mixture. After cleavage, the
resin was filtered and washed with TFA. The cleavage mixture was evaporated under reduced
pressure to give gummy product. Peptide was further recrystallized using EtOAc/Hexane.
Peptide was filtered and purified through reverse phase HPLC on C;s column using
MeOH/H,0 gradient. Homogeneity of peptide was further confirmed using analytical Cg
column in same MeOH/H,O gradient system. The HPLC profile is given below. The mass of
the peptide was confirmed using MALDI TOF/TOF Mass Calcd. for C45sH77N9Oy [M+Na]
910.5742 Da, observed 910.4104 Da.

e =y

0.4+

? i -

T T T T T T T T T T T T T 1
N H 0 0 5 10 15 20 25 30 35

0% NH, Min

a) b)

P1

Figure 23: a) Schematic view of P1. b) Reverse Phase HPLC profile of peptide P1. Methanol/ H,O were used

as a solvent system at a flow rate of 1.25 mL /min.
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Transformation of vinylogous hybrid Peptide P1 (Ac-V-dgL-V- PPro-Gly-L-dgV-V-
NH,) to its saturated hybrid y-peptide analogue (Ac-V-yL-V- I)Pro-Gly-L-\(V-V-NHz) P2

Ac—V—dgL—V—DPro—Gly—L—dgV—V—NHz (P1) (0.0225 mmol, 20 mg) was dissolved in EtOH (5
mL), and was treated with 20 mg of Pd/C. The hydrogen gas was supplied through balloon.
The schematic representation is shown below. The reaction mixture was stirred under
hydrogen atmosphere for about 6 hrs. The completion of the reaction was monitored by
MALDI TOF/TOF and HPLC. After the completion, the reaction mixture was diluted with
EtOH (10 mL) and it was centrifuged at 4000 rpm for about 20 min. The Pd/C was
precipitated out and the supernatant was collected and evaporated under reduced pressure.
Peptide was purified by reverse phase HPLC using the same protocol mentioned above.
Overall, the ¢hybrid peptide was isolated in 95% yield (19 mg, 0.0214mmol). The mass of
the peptide was confirmed using MALDI TOF/TOF m/z Calcd. for C4sHgiNoOg [M+Na]
914.6055Da, observed 914.3443Da;
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HPLC profile of P2

0-14—- 18.07 P2
0.12—-
0.10—-
0.08—-
0.06—-
0.04—-

0.02 +

0.00 +

Min

SPPS peptide synthesis of (Ac-Val-dgLeu-Val-DPro-Gly-Leu-dgVal-Val-Ala-DPro-Gly-
Leu-Val-dgLeu-Val-NH,) P3

P3 peptide was synthesized at 0.2 mmol scales on Rink Amide resin using standard Fmoc-
chemistry. HBTU/HOBT was used as coupling agents for alpha amino acids and only HBTU
was used as coupling agent for vinylogous y-amino acids. Fmoc deprotections were
facilitated using 20% piperidine in DMF. N-terminal of peptide was capped with acetyl
group. The coupling reactions were monitored by Kaiser Test. After completion of the
synthesis, peptide was cleaved from the resin using 15 mL of TFA/thioanisole/H,O
(98:1.5:0.5) cocktail mixture. After cleavage, the resin was filtered and washed with TFA.
The cleavage mixture was evaporated under reduced pressure to give gummy product.
Peptide was further recrystallized using EtOAc/Hexane. Peptide was filtered and finally it
was purified on reverse phase HPLC (Waters 600), with C;s column (XBridgeTM Prep BEH
130, C;s S5um, dimension 10 x 250 mm column) using MeOH/H,O (system MeOH/H,O
65:35- 95:5 as gradient, 1.25 mL flow per min)gradient system. Homogeneity of peptide was
further confirmed using analytical (XBridge™ BEH 130, C;3 5um, dimension 4.6 x 250 mm
column) C;s column in same MeOH/H,O (system MeOH/H,O 65:35- 95:5 as gradient, 0.75
mL flow per min) gradient system. The HPLC profile is given below. The mass of the
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peptide was confirmed using MALDI TOF/TOF Mass Calcd. for C7oH 34N 6016 [M+Na]"
1586.0061 Da, observed 1586.3785 Da.

HN
o o
Vi V13
N—H NH
o=
AN
HN
=
G11
A
35+
4 30.12

3.0

2.5

2.0
5 j
<< 154

1.0

0.5

0.0 4 ~— : _— —_— .

T T T T T T T T T T T T T 1
0 5 10 15 20 25 30 35
Time (min)

B

Figure 23: A: Schematic view of P3. B. Reverse phase HPLC profile of 3-stranded B-sheet (P3). Methanol/

H,0 were used as a solvent system at a flow rate of 1.25 mL /min.
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2.7 Appendix I: Characterization Data of Synthesized Compounds

m

Fmoc-dgV-OH
Fmoc-dgl-OH
Peptide (P1)
Peptide (P1)
Peptide (P2)
Peptide (P2)

Peptide (P3)

"H NMR (400MHz)
'H NMR (400MHz)
'H NMR (500MHz)
MALDI TOF/TOF mass
'H NMR (500MHz)
MALDI TOF/TOF mass

MALDI TOF/TOF mass
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Chapter 3

oc/'y4-hybrid peptide helices: Direct
transformation of o/o, f-unsaturated -
hybrid peptides to 0(/'y4-hybrid peptide 12-
helices and analogy with a-helix
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3.1 Introduction

The deconstruction of a protein leads to a limited number of secondary structural elements,
such as B-strands, helices, and turns. Among these secondary structures, the helix is most
prevalent. The helical secondary structures of a-peptides can be recognized as Cis-helix (or
o- helix) and Cjo-helix (3;0-helix) by the nature of the internal hydrogen bonding pattern.'” In
both the cases, the directionality of the hydrogen bond with respect to the chain direction
(C<-N) is the same. The a-helix plays fundamental roles in various biological and
physiological processes.® a-Helix in natural peptides and proteins is induced by consecutive
intramolecular hydrogen bonds between the carbonyl group of amino acid residue i and the
amide proton in the residue i + 4 (Figure 1a) with 3.6 residues per turn. There are 13 atoms
involved to form intramolecular hydrogen bond through the backbone. The backbone
conformation of a-helix can be described by the three torsion anglesg,  and w (Figure 1b)

and a-helix possesses average torsional values ¢ =— 57° and y =—47°.

Residue i

Residue i+4

I R
Residue i+8
¢ v oo .
}AS\N ~ (555
H
O
a) b)

Figure 1: a) Molecular model for right-handed a-helix. Intramolecular hydrogen bonds are shown with green

wireframes, b) Three torsion angles to describe the backbone conformation of a-helix.

a-Helix is a basic building block for many protein structures such as the helix bundles’ and
coiled coils.® It has been hypothesized that in the process of protein folding, a-helix forms at
the early stage and subsequently induces other processes.7’8 a-Helix also acts as the basic

receptor-binding element in many peptide hormones, including neuropeptide Y, calcitonin, '
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and often serves as the recognition site in the DN A-protein interactions'' and other protein-
protein interactions, such as p53/HDM212 and Bak/Bcl-xL."” As helical secondary structures
have been involved in various biomolecular protein-protein interactions, enormous efforts
have been made to design the a-helical structures outside the protein context. In the past two
decades, foldamer chemistry has attracted chemists and biologists to design the a-helical
mimetics.'* In this regard a good deal of success has been achieved using non-natural amino

acid or higher homologous of a-amino acids such as B-amino acids and y-amino acids.

3.2 Helical structure mimicry using higher homologous of a-amino acids
3.2.1 Homooligomers of - and y-amino acids

It has been shown that in contrast to a-peptides, B-peptides and higher homologue oligomers
have proved the proteolytic and metabolic stability in the prospect of intracellular delivery.15
These properties make B-peptides and higher homologue oligomers very attractive from a
biomedical perspective. The design of helical peptides containing non-natural amino acids
has been achieved by several research groups. The major achievements in designing of
several types of helical conformations using -amino acids and y-amino acids homooligomers
has been documented by Seebach et al.,'** Gellman’s group'® and Balaram et al.'*® Seebach
and colleagues utilized the homologated a-amino acids in their study, while Gellman et al.
utilized the cyclic B- and y-amino acids. In addition, Sharma et al. demonstrated the helical
folding patterns from carbohydrate modified B- y-and 8-amino acids.'” The oligomers of
homologated B’- and B*-amino acids have been shown to adopt left handed 14-helical (the
helix is made up of a 14-membered H-bridged ring; three amino acid units make a turn)
conformation. Interestingly, helicity and the macrodipole of B’-peptide helix are opposite to
that of a-helix. The schematic representation of 14-helix adopted by (H-BhVal-phAla-BhLeu-
BhVal-BhAla-BhLeu-OH) is shown in Figure 2a. Further Seebach et al. have investigated and
shown that (S)-B*-oligomers also adopt left handed 14-helical structure. In contrast, peptides
containing alternatively B’- and B*-residues were found to form a right-handed 12/10-helix

consisting of alternating 12- and 10-membered hydrogen-bonded rings (Figure 2b).
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b)

Figure 2: a) The 3 ,-helix of the p*-hexapeptide TFA H-(B’hVal-B’hAla-p’hLeu),-OH in MeOH, b) the 12/10-
helix of B*/p*-mixed peptide Boc-p°hVal-p*hAla-p*hLeu-p*hVal-B*hAla-p*hLeu-B*hVal-p*hAla-p*hLeu-OBn

and schematic presentation of the 12- (blue) and 10- (red) membered hydrogen-bonded rings.

The first crystallographic characterization of novel helices in oligopeptides was
demonstrated by Gellman and colleagues using cyclic f-amino acids trans-2-
aminocyclopentanecarboxylicacid (ACPC) and trans-2-aminocyclohexanecarboxylic acid
(ACHC)."® The oligomers of trans-ACHC adopted the right handed stable 14-helical
conformation where the hydrogen bond direction is N<—C (Figure 3a), whereas the oligomers
of trans-ACPC adopted a stable right handed 12-helical structure (Figure 3b). According to
crystal structure of oligomers of trans-ACPC the hydrogen bond direction and the associated
macrodipole are analogous to that of a-helix. The interesting observation in this is that the
backbone dihedral angle 8 is close to the gauche form, which induces the helical folding.
However, Fulop et al. reported Cj/2 helix from the oligomers of cis-2-Aminocyclohex-3-ene
carboxylic acid (cis~ACHEC) residues with alternating backbone configuration (figure 3c)."®
In 2010 Aitken and colleague studied the 12-helical conformations in cyclobutane B-amino

acid" oligomers in both solution and solid state (figure 3d).

124



a) b) ) d

Figure 3: Crystal structure of a) trans-ACHA oligomer, b) trans-ACPC oligomer, c) schematic representation

of cis-ACHEC oligomer, d) crystal structure of cyclobutane B-amino acid oligomers.

The lessons that have been learnt, thus far, from the growing body of work on B-peptide
helices is the helices with novel H-bonding patterns can be generated along with reversal of

directionality of donors and acceptors, and reversal of the sense of helix twist.

In comparison with B-peptides and B-amino acids, the folding patterns of oligomers of Y-
amino acids are less explored probably due to the difficulty of obtaining stereochemically
pure y-amino acids. Nevertheless, Seebach and colleagues™ and Hanessain et al.*! in their
pioneering work recognized the formation of 14-helical conformations of the oligomers of the
¥'-amino acids. The schematic representation of H-y'Val-y*Ala-y'Leu-y'Val-y* Ala-y'Leu-OH
with 14-membered H-bonding is shown in Figure 4. In contrast to the B-peptide 14-helix
generated from the [-amino acids, the directionality of H-bonding and associated

macrodipole of the y-peptide helix is analogous to that of o-helix. Sharma et al. have shown
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Figure 4: The C,,-helix of the Y-hexapeptide H-y*Val-y'Ala-y*Leu-y*Val-y*Ala-y'Leu-OH
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left handed Co-helix in gamma peptides using dipeptide repeats of carbo-y* amino acid and y-
amio butyric acid.'”® In their investigation, Balaram et al. demonstrated the formation of
novel Co-helix in a short tetrapeptide™ containing B,B'-disubstituted y-amino acid residue, 1-
(aminomethyl) cyclohexaneacetic acid, gabapentin (Figure 5a and 5b). It has been argued
that the presence of geminal substituents at the Cg carbon restricts the torsion angles 0, and 6,
primarily to gauche conformations. In addition, recently Gellman et al.,> have demonstrated
the right handed 14-helical conformation (Figure 5d) adopted by the homooligomers of cyclic

Y-amino acids.
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Figure 5: a) Gabapentin residue, b) Gabapentin oligomer Co-helix, ¢) Y~ “-trisubstituted amino acid residue, d)

v-*trisubstituted oligomer 14-helix.

3.2.2 Hybrid peptide helices and their biological applications

In addition to the B-and y-peptide homooligomers, another very attractive area of research in
the foldamers is the hybrid peptides. Hybrid peptides are heterooligomers composed of
different combination of o/f, P/y and o/y amino acids. By varying the sequence
combinations and the composition various ordered helical patterns can be generated with
different H-bonding pseudocycles.** This aspect of heterooligomers have several advantages
over that of their homooligomers counterparts, including access to many new conformational

diversity based on the variation in the stoichiometries and patterns of the residues
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combination. Further, heterooligmers have been shown to be more effective than homo-

oligomers in the context of inhibitions of protein-protein interactions.**

Based on the 4—1 and 5—1 hydrogen bonding patterns, the 1:1 alternating hetero amino
acid sequences in the hybrid peptides different types of hybrid helices can be derived. The
different types of helices formed in the heterooligomeric peptides are tabulated in the Tables

1la, and 1b based on 4—1 and 5—1hydrogen bonding patterns, respectively.

Table 1: Schematic diagram showing the number of atoms involved in the a) two-residue hydrogen bonded

turns (4—1) and b) three residue hydrogen bonded turns (5—1) for a, B, Y and their hybrid peptides.

a) 4—1(CO;--HNy,3) b) 5—1(CO;--HNjp4)

oo | op/Bo | ayyoe | BB | BY YR Y

5 . > a3 1 o 13 14 15 15 16 17
1 1
B a3 7 s B 14 15 16 16 17 18
v
v 15 16 17 17 18 19

The hypothesis of the hybrid peptide concept was demonstrated by Balaram and colleagues
in the crystal structure of hybrid peptide containing unsubtituted p-and y-amino acids.”
Subsequently, Reiser and co-workers,”® and Gellman et al.”” conducted the structural studies
of hybrid o/p peptides. Further, Sharma and co-workers provided the evidences of variety of
‘mixed” H-bonding pattern in o/f hybrid peptides such as Co;;'’* and Cuuns' helices.
Seebach et al. concluded the o/p hybrid peptides containing Aib and B’-residue can adopt
14/15-helix-like conformation in solution,® however, recently Balaram and colleagues
provided the crystallographic evidence for the formation of 14/15-helical conformation.”

Some of the examples of hybrid peptide helices are shown in Figure 6.
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a) <)

Figure 6: Examples of experimentally characterized hybrid peptides a) aff Boc-Aib-ACPC-Aib-ACPC-Aib-
ACPC-Aib-ACPC-OBn, b) aaf with 10/11/11 helix, Boc-ACPC-Aib-Aib-ACPC-Aib-Aib-ACPC-OBn, c) ffo
12/11/11 helix, Boc-ACPC-ACPC-Phe-ACPC-ACPC-Phe-OBn,

Creating foldamers which can adopt distinct tertiary structure is also a challenging job to
develop potential inhibitor for protein-protein interactions. Gellman’s group has shown the
formation of three and four helix bundle by systematic a— [’ substitution at selected
positions in the peptides from yeast protein GCN4-p1(33-residue o-peptide) and GCN4-pLI
(Figure 7).*° Each B’-residue bears the side chain of the o-residue. The crystallographic data
of these two peptides provided first high-resolution insight for heterogeneous backbone that
can adopt helix bundle structure. Further, the same group has demonstrated the formation of

heterohelix quaternary bundle.’’

a) Ac-RMKQLEDKVEELLSKNYHLENEVARLKKLVGER-OH

b) Ac-RMKQI EDKLEE I LSKLYH IENELARI KKLLGER-OH
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Figure 7: Primary sequence of a) GCN4-pland b) GCN4pLI. Blue colour residue indicates substitution o~

amino acid with the corresponding p*-amino acid. ¢) Three helix bundle from the crystal structure of o/p-hybrid

peptide (PDB-20X1J).

In contrast to the o/B-hybrid peptides, a/y hybrid have received little attention. However,
Hoffmann and colleagues provided the overview of the formation of various ordered helical
conformations in 1:1 alternating a- and Y- acids using ab initio calculations.”® Nevertheless,

Balaram and colleagues® and Gellman et al.** have demonstrated the formation of stable

a) b)

Figure 8: Crystal structure of 12 helical o/y-hybrid peptides a) Boc-(Gpn-Aib),-OMe and b) Boc-(Ala-y***
AA);-OBn
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right handed 12-helical conformations using 3, 3-dialkyl y-amino acids (Figure 8a) and cyclic
Y-amino acids (Figure 8b), respectively. In addition, Sharma et al. reported the 10/12 mixed
helix formation using C-linked carbo y-amino acids in o/y-mixed hybrid peptides.35 However,
helical conformations of a/y-hybrid peptides containing y*-amino acid having proteinogenic

side chains has not been much explored.

3.3 Aim and rationale of the present work

In continuation of our studies in the design of hybrid peptides containing E-vinylogous
amino acids, we sought to understand the conformational behavior of vinylogous amino acids
in the presence of conformationally constrained, helix favoring Aib residues. In addition, as
the vinylogous amino acids containing the functionalizable double bonds we sought to
investigate whether or not these hybrid peptides can be transformed into their saturated y-
peptide analogues. We anticipate that this approach provides an unprecedented opportunity to
analyze and understand the conformational preferences of both ¢, B-unsaturated and saturated
y*-amino acids in hybrid oligopeptides. To understand the conformational behaviour of o, f-
unsaturated y-amino acids as well as y-amino acids in hybrid peptides, various 1:1 alternating

o~ and ¢, B-unsaturated y-amino acids were synthesized and subjected for the analysis.

3.4 Results and Discussion

3.4.1 Synthesis of o/a, p-unsaturated y-amino acids (vinylogous amino acids) hybrid

tetrapeptides

In order to test our hypothesis, three tetrapeptides (Boc-Aib-dgF-Aib-dgF-OEt) D1, (Boc-
Ala-dgF-Aib-dgF-OEt) D2 and (Boc-Aib-dgF-Leu-dgF-OEt) D3 (Scheme 1) containing
alternative o and vinylogous amino acids were synthesized in solution phase. The N-terminal
was protected with the Boc- group, while the C-terminal was protected with ethyl ester. The
two Aib residues of D1 were alternatively replaced with Ala and Leu in D2 and D3,
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respectively. The E-vinylogous amino acid dgF [dgF = a, B-dehydro y-phenylalanine] was
synthesized using Wittig reaction.’® First the dipeptide Boc-Aib-dgF-OEt (A1)  was
synthesized by coupling of Boc-Aib-OH and the free amine of Boc-dgF-OEt obtained after
the Boc-deprotection. The coupling reaction was mediated by HBTU (Scheme 1a). Further
Boc-Aib-dgF-OEt was purified using silica gel column chromatography. Similarly, other two
dipeptides Boc-Ala-dgF-OEt (A2) and Boc-Leu-dgF-OFt (A3) were synthesized using the
same protocol. The tetrapeptides were synthesized using through [2+2] convergent strategy
(Scheme 1b).
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Scheme 1: Schematic representation of a) synthesis of A1, A2 and A3 dipeptide, b) synthesis of D1, D2 and
D3.

3.4.2 Crystal structure analysis of D1

In order to understand the conformations of these hybrid peptides in single crystals, we tried
to crystallize all a/vinylogous hybrid peptides in the various combinations of solvents. Out of
all the peptides we were able to get the single crystals of D1 from the slow evaporation of
methanol/toluene solution. X-ray structure of D1 shown in Figure 9a. Interestingly, the D1
adopted an unusual planar structure in crystalline state and as anticipated did not show any
protein secondary structural properties. No intramolecular H-bonding is observed in the
crystal structure. Examination of the torsional angles of o-residues reveals that both residues
adopted opposite right and left handed helical conformations with the ¢ and ¥ values — 51°,
—48° and 64°and 52°rrespectively. The local conformations of the vinylogous residues were
determined by introducing additional torsional variables & (N-C,-Cg=Cy) and & (Cy-
Cp=Cy—C) as shown in Figure 9c. The vinylogous residue dgF2 adopted a fully extended
conformation by having the torsional angles ¢ = —139°, 6, = 121°, 6, = 178° and ¥ =-161°.
Interestingly, another vinylogous residue, dgF4 adopted N-C,~Cp=Cy, eclipsed conformation
by having & close to 0°. Further, the torsional angle ¢ adapted a semi-extended
conformation with the value — 81° and the other torsional variables & and ¥ of dgF4 showed
the extended conformations by having the values 180° and —168°, respectively. In addition,
the local s-cis conformations (i = ~180°) of conjugated ester (dgF4) and the amide (dgF2),

favouring the extended planar structures. The torsional variables are tabulated in Table 2.
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a) b)

)

Figure 9: The crystal structure of Boc-Aib-dgF-Aib-dgF-OEt (D1) a) ORTEP diagram, H-atoms are not

labelled for clarity, b) capped stick model, c) Torsional variables of vinylogous amino acids.

Table 2. Torsion angle variables (in deg) of Boc-Aib-dgF-Aib-dgF-OEt (D1)

Resd. [0) 0, 0, U o)
Aib -51 - - -48 179

dgPhe -139 121 178 -161 165
Aib 64 - - 52 178

dgPhe -81 12 180 -168 -

3.4.3 Structural analysis using 2D-NMR spectra

Further, we investigated whether peptide D1 adopted the similar conformation in solution or
not. We recorded 2D NMR (TOCSY, ROESY) of D1 in CDCl; at 300K. The 'H NMR shows
the wide dispersion of NH and vinylic protons. Using the TOCSY, the amino acid residues
were indentified in the sequence. Partial TOCSY spectrum is shown in Figure 10A.
Subsequently, the order of the amino acids in the peptide sequence is determined using

ROESY. Fully assigned ROESY spectrum is shown in the Figures 10B and 10C.
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Surprisingly, ROESY analysis reveals that no characteristic intramolecular =~ NOEs
corresponding to either the helix, sheet or reverse turn conformations, indicating that no
secondary structure in the hybrid peptide. The observed NOEs in the ROESY spectrum are
shown in the crystal structure of D1 and the NOEs match satisfactorily in the observed
conformation of D1 crystal structure (Figure 11). Similarly, 2D NMR analysis of D2 and D3
suggests no secondary structure present in the hybrid peptide containing 1:1 alternating o and

E-vinylogous amino acids.
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Figure 10: a) TOCSY NMR spectrum of peptide D1 in CDCl;. The sequential assignments of amino acids were
performed using ROESY, b) The full ROESY spectra of peptide D1, c) Partial ROESY spectra of peptide D1
showing sequential NOEs of NH—NH, C*H, NH—C’H, NH~C'H, C*H~C"H, C*H—C"'H and C’"H->C'H.

Figure 11: The observed NOEs from ROESY spectra of peptide D1 are highlighted in the crystal structure.
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3.4.4 Circular dicroism spectra of a/vinylogous peptides D1, D2 and D3

Further, CD spectra of all hybrid peptides D1, D2, and D3 recorded in MeOH are given in
the Figure 12. The CD spectra of the a/vinylogous peptides D1, D2 and D3 showed similar
kind of CD signature with negative maxima at ~ 209 nm. The results from CD spectra
further confirmed that all the hybrid peptides D1, D2 and D3 adopted similar structure in

solution.
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Figure 12: Circular dichroism (CD) spectra of o/vinylogous hybrid peptides D1, D2 and D3.

3.4.5 Direct transformation of o/vinylogous hybrid peptides to (x/'y4-hybrid peptides and
their analysis

Indeed surprised by the unusual planar structure of D1, which is probably due to the
conformational restrictions of the double bonds provoke us to release the conformational
strain through the catalytic hydrogenation. We anticipate that the conformational flexibility
provided by the saturated y*-amino acids in hybrid peptides may lead to the ordered structures
through intramolecular H-bonding. The types of possible intramolecular H-bonding in the
o/y-hybrid peptides are depicted in the Scheme 2. In the case of backward H-bonding a 12-
helix may prevail due to presence of two Ci2 H-bond pseudocycles compared to the other or a
Cio-helix may dominate in the case forward H-bonding due to the presence of three C;o H-

bond pseudocycles. We anticipate that the o/y*-hybrid tetrapetides may adopt either C,o or
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C) or the combination of C;¢/C;, H-bonded structures as reported in the literature for other -

amino acids such as 3,3-dialkyl y-amino acids,” carbo y-amino acids® and cyclic y-amino

acids.
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Scheme 2: Schematic representation of possible a) backward, and b) forward CO---NH H-bonds in o/y-hybrid
peptides.

We further investigated the possibilities of transforming hybrid unsaturated peptide to its
saturated analogue using catalytic hydrogenation. The pure peptide D1 was subjected to
catalytic hydrogenation using 20% Pd/C in ethanol. The reaction was monitored by MALDI-
TOF/TOF and HPLC. The complete conversion of peptide D1 to peptide (Boc-Aib-y'Phe-
Aib—Y4Phe—OEt) G1 was achieved within six hours and the pure 0Uy4—hybrid peptide was
isolated in 95% yield (Scheme 3a). The transformation of hybrid unsaturated peptide to its
saturated analogue proceeds very smoothly. Fully assigned 'H NMR (amide and vinylic

region) before and after the catalytic hydrogenation of D1 is shown in Scheme 3b.
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Scheme 3: a) Transformation of hybrid unsaturated peptide D1 (Boc-Aib-dgF-Aib-dgF-OEt) to its saturated
analogue G1 (Boc-Aib-y*Phe-Aib-y'Phe-OEt) using catalytic hydrogenation, b) The 'H NMR spectra of
peptides before (D1) and after (G1) the catalytic hydrogenation.

Single crystals of o/y*-hybrid peptide G1 obtained from the slow evaporation of ethanol
solution yielded the structure shown in Figure 13. Four molecules were observed in the
asymmetric unit with slight variation in the torsional values. The ORTEP diagram of G1 has
shown in Figure 13a. Instructively, the peptide adopted a right-handed 12-helical [12-atom
ring H-bonds of C=0(i)--H-N(i+3), C;»] conformation in the crystalline state. The analysis
of the crystal structure reveals that the two cooperative twelve membered backward (1+—4)
H-bonds (Scheme 2a) C=0(Boc)--*NH(3) [C=0--H-N dist. 2.064A, O-N dist. 2.920A and
Z0-+H-N 172°] and C=0(1)-"NH(4) [C=0--H-N dist. 1.984 A, O-N dist. 2.819A and
Z0--H-N 163°] stabilizing the helical conformation (Figure 17b). The torsion angle

variables are tabulated in Table 3.

Further, we investigated whether the peptide G1 adopted similar conformation in solution
using 2D NMR. The observed NOE patterns of the peptide are highlighted in crystal
conformation (Figure 14c). The NOEs between the protons of inter-residues within the
peptide molecule provide the evidence of the strong population of compact helical

conformations in solution. The TOCSY and partial ROESY spectra are shown in Figurel5.
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a) b)

Figure 13: a) ORTEP diagram of o/y*-hybrid peptide Boc-Aib-y"Phe-Aib-y*Phe-OEt (G1), b) capped stick
model of G1.

Figure 14. a) The H-bonds observed in the crystal structure of G1. The C—H---O hydrogen bond is highlighted
using red colour. b) The NOEs observed in the ROESY spectrum. c) The observed NOEs are highlighted in the

crystal structure.
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Among the unambiguous NOEs involving in the backbone protons of peptide G1, the strong
NOEs were observed between protons of NH(1)<NH(2), CBH(2)HNH(3), tert-
butyl<>NH(3), NH(4)<>C"H(3) and NH(3)<>NH(4) with the distances less than 3.0 A are
shown in Figure 14B and 14C. Overall, the (x/y4—hybrid peptide G1 adopted helical

conformation in crystals as well as in solution.
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Figure 15: A) TOCSY NMR spectrum of peptide D1 in CDCl;. The sequential assignments of amino acids
were performed using ROESY, B) Partial ROESY spectra of peptide G1 showing sequential NOEs of
NH«<NH and NH—C'H, C) Partial ROESY spectra of peptide G1 showing sequential NOEs of NH«—C*H,
NH-CPH, NHoCH, C'H <> C°H, C'HC"H and C'"H—~C°H.

The transformation of D1 to G1 providing a unique example of converting a non-folded to
folded state of peptides. Inspired by the 12-helical conformation of G1, we further subjected
D2 and D3 to the catalytic hydrogenation to give saturated peptides G2 (Boc-Ala-y'Phe-Aib-
y4Phe—OEt) and G3 (Boc—Aib—y4Phe—Leu—Y4Phe—OEt), respectively (Scheme 4).
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Scheme 4: Schematic representation of transformation of hybrid unsaturated peptide to its saturated analogue
using catalytic hydrogenation: a) D2 (Boc-Ala-dgF-Aib-dgF-OEt) to G2 (Boc-Ala-y'Phe-Aib-y'Phe-OEt), b) D3
(Boc-Aib-dgF-Leu-dgF-OEt) to G3 (Boc-Aib-Y'Phe-Leu-y*Phe-OEt).

Single crystals of G2 and G3 were obtained from the slow evaporation of peptides solutions
in ethanol and methanol, respectively. The crystal structures of G2 and G3 is shown in Figure
16a and 17a, respectively. The crystal structure analysis reveals that similar to G1 both
peptides G2 and G3 adopted 12-helical conformations. Along with G2, one ethanol
molecule was observed in the asymmetric unit. As shown in Figure 16c¢, ethanol played very
important role in the inter-connecting two independent helical molecules through head-to-tail

interactions.

a) b) c)

Figure 16: a) ORTEP diagram of Boc-Ala-y'Phe-Aib-y'Phe-OEt (G2), b) capped stick model of G2, c)
interconnection of two different G2 molecules in head-to-tail fashion with the help of an ethanol molecule.

Interconnected H-bonds are shown with green colour.
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The analysis of the crystal structure reveals that the similar to the G1, two cooperative
twelve membered backward hydrogen bonds (1«+—4) are stabilizing the helical conformations.
In the case of G3, two molecules are present in the asymmetric unit along with two methanol
molecules. The two different molecules in asymmetric unit are interconnected with other
independent helix with the help of methanol in a head-to-tail fashion (Figure 17c) similar to
G2. The hydrogen bonding parameters of all hybrid peptides G1, G2 and G3 are tabulated in
Table 3.

a) b) ©)

Figure 17: a) ORTEP diagram of Boc-Aib-y4Phe—Leu— *Phe-OEt (G3), b) capped stick model of G3, c)
interconnection of two different G3 molecules in head-to-tail fashion with the help of a methanol molecule.

Interconnected H-bonds are shown with green colour.

In contrast to peptide D1, o-residues in G1-G3 showed the right handed helical
conformations by having average ¢ and ¥ values —58 + 3° and -39 + 5°, respectively. The
torsion angle variables are tabulated in Table 3. The stereochemical analysis of y*-residues in
G1, G2 and G3 reveal that, Y'Phe2 adopted gauche®, gauche® (g%, g*, 6) = 6; = 60°) local
conformation about the Cs—Cy and Co—Cy bonds, while the C-terminal y'Phe4 residues
displayed gauche® (Cp—Cy), anti (Cq—Cp) conformation due to the lack of terminal H-bond
donor (NH). We anticipate that g*, g* conformation can be induced in the terminal y-amino

acid by introducing H-bond donor (NH) at the C-terminus. Peptide G4 (Boc—Ala—y4Phe—Aib—
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y4Phe—CONHMe) was synthesized from G2 to evaluate the hypothesis. The treatment of
aqueous methyl amine to the N-hydroxy succinimidyl ester of G2 leads to formation G4
(Scheme 5). After the slow evaporation of 5% MeOH solution in DCM G4 was crystallized
and its X-ray structure is shown in Figure 18. As anticipated, the terminal y*-residue adopted
g, g conformation and accommodated into the helix. The torsion variables of G4 are
tabulated in Table 3. The helical structure is stabilized by three consecutive intramolecular
backward C;, H-bonds. The hydrogen bonding parameters of G1-G4 are shown in Table 4.
The H-bonding between the 1«4 residues in all o/y" hybrid peptides indicating the backbone

expanded version of a 3;p-helix.

5 =
g
NH,Me in H,0 H '/[\ J ] H

—_—

0 oy
Boc/NT N v/\WN})LN/ TN\
THF H o H

0

Boc

G4

Figure 18: X-ray structure of o/y*-hybrid peptides Boc-Ala-y'Phe-Aib-y'Phe-CONHMe (G4) a) ORTEP
diagram, and b) capped stick model.
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Table 3: Backbone torsional variables (in deg) of (x/y4-hybrid tetrapeptides

Pept. Resd. 0] 0, 0, \ ®
Aibl | -59+1 - - 3843 17245
G1 YPhe2 | -127%6 | 5043 | 625+0.5 | -11747 17543
Aib2 | -58%3 - - 3945 1784
YPhed | -104#3 | 61+2 | -17543 | -155%7 -
Alal 65 - - -39 177
G2 [ yphe2 | -123 51 63 123 172
Aib3 58 - - -40 -169
YPhed | -113 57 177 130 -
Aibl | -60+1 - - 36+ 175
G3  ["yphe2 | -12623 | 50+2 6323 114 | 175205
Leu3 | -63%2 - - 371 177+
YPhed | -108%7 | 62+2 | -176/179 | -142/65 -
Alal 67 - - T3 179
G4 | yphe2 | -117 49 68 125 172
Aib3 63 - - 30 176
YPhed | -111 43 56 137 177

Table 4: Hydrogen-Bond Parameters in Peptides G1, G2, G3 and G4

Type of H- Donar Acceptor D- ‘A D—H;~ A 4N-H---O
bonds (D) (A) (A) (A) (deg)
Boc-Aib-y‘Phe-Aib-y'Phe-OEt (G1)

14 N3 00(Boc) 3.03 2.18 168.7
14 N4 o1 2.84 2.03 156.5
Boc-Ala-y*Phe-Aib-y*Phe-OEt (G2)

14 N3 00(Boc) 3.00 2.14 178.2
14 N4 01 2.86 2.06 155.8
Boc-Aib-y'Phe-Leu-y*Phe-OEt (G3)

14 N3 00(Boc) 2.95 2.10 161.0
14 N4 o1 2.90 2.07 155.8
Boc-Ala-y Phe- Aib-y'Phe-NHMe (G4)

14 N3 00(Boc) 2.88 2.02 1735
14 N4 o1 2.94 2.13 156.6
14 N5 02 2.92 2.16 147.5
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3.4.6 Synthesis and crystal structure analysis of a/'y4-hybrid hexapeptides

Further, to exploit the same methodology and to understand the conformational behaviour of
0(/74—hybrid helix containing vinylogous amino acids, a hexapeptide D4 (Boc—Aib—y4Phe—Leu—
¥'Phe-Aib-dgF-OEt) was synthesized from G3 through [4+2] convergent strategy. It is
noteworthy to mention that pure D4 was crystallized within 30 min in many solvents
including acetone and ethyl acetate/hexane. The single crystals of D4 in ethyl acetate/hexane
yield the structure shown in Figure 19. The crystal structure analysis reveals that the 12-
helical structure is stabilized by four consecutive backward 1<-4 hydrogen bonds.
Surprisingly, the C-terminal vinylogous residue nicely accommodated into the helix (top
view Figure 19b) through a 10 membered weak C-H---O H-bonding between the dgF6 C,-H
and the carbonyl of YPhe4 (1<—3). In contrast to the D1, the vinylogous amino acid in D4
displayed the torsional angle 23° for 6, and the conjugated ester adopted local s-trans
conformation with the y value 28°. It is interesting to notice the little distortion in the
structure of vinylogous amino acid in the helix terminal compared B-sheet structures

observed earlier.

a) b)

Figure 19: a) X-ray structure of Boc-Aib-y*Phe-Leu-y'Phe-Aib-dgF-OEt (D4) (capped stick model). Non-polar

H-atoms are not shown for clarity, b) top view of D4.
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Two independent D4 molecules (along with a solvent water molecule) are present in the
asymmetric unit with slight variation in the torsional values. The two helices are
independently interconnected with the other helices in a head-to-tail fashion (Figure 20)
through four intermolecular H-bonds with the help of water molecule, NH(7)---O(6) [
NH---O dist. 2.132A, N---O dist. 2.927 A and ZN-H:--O = 154°], NH(8)---O(8) [NH:--O
dist. 2.235 A, N---O dist. 3.062 A and ZN-H---O = 161°], NH(1)---O15 [ NH.--O dist. 2.210
A, N---O dist. 2921 A and ZN-H:---O = 155°], and NH(2)---O17 [NH:--O dist. 2.225 A,
N---O dist. 3.061 A and ZN-H:--O = 164°].

Figure 20: The two independent helix molecules of D4 are interconnected with the other helices in a head-to-

tail fashion through four intermolecular H-bonds with the help of water molecule.

Further, D4 was transformed to its saturated analogue G5 (Boc-Aib-y'Phe-Leu-y'Phe-Aib-
¥"Phe-OEt) using catalytic hydrogenation and its X-ray structure is shown in Figure 21. The
analysis reveals the 12-helical structure of G5 in single crystals is stabilized by four

consecutive Ci, intramolecular 1<—4 H-bonds. Similar to G1, G2

149



and G3, the C-terminal y-amino ester in G5 adopted g*, f conformation. The torsion angles
of D4 and GS are tabulated in Table 6. In addition, a weak 10 membered C—H:--O H-bond
between the acidic a-hydrogens and the C=0 of preceding YPhe residue (1<—3) was observed
in all hybrid peptides containing C-terminal y-amino ester (G1-G3 and GS5). The H-bond
parameters of peptides D4 and GS are tabulated and given in the Table 5. The two peptide
molecules of G5 (a and b) (along with a solvent water molecule) are present in the
asymmetric unit with slight variation in the torsional values and displayed antiparallel

orientation.

a) b) ¢)
Figure 21: a) X-ray structures of Boc-Aib-y'Phe-Leu-y'Phe-Aib-y*Phe-OEt (G5), b) top view of G5 showing

the distinct projections of amino acid side-chains, c) helix favouring the g*, g* conformation adopted by the

¥'Phe residue in 12-helices.

In contrast to D4, the two peptide molecules in G5 are interconnected through the
intermolecular C-H- - interaction between the aromatic side-chains of yPhe2 (a) and yPhe4
(b) [C-H- dist. 2.898 A] along with water mediated CH(70)--O(19) [CH--O dist. 2.457A,
C+O dist. 3.264 A and £C-H---O = 145°] and O(7)-+H-O(19) [ O-~-OH dist. 1.764 A, OO
dist.2.807 A and ZO-H:--O = 170°] H-bonds. The two peptides (a and b) in the asymmetric
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unit are independently interacting with other helices in a head-to-tail fashion through two
intermolecular H-bonds (Figure 22). In the molecule a, NH(1)---O(6) [ NH---O dist. 2.114 A,
N--O dist. 2.889 A and ZN-H:--O = 150° ] and NH(2)---O(8) [NH---O dist. 2.151 A, N---O
dist. 2.959 A and ZN-H---O = 156° ] are involved in the intermolecular H-bonding, while in
the molecule b, NH(7)---O(15) [ NH---O dist. 2.226 A, N---O dist. 3.050 A and ZN-H.--O =
160° ] and NH(8)---O(17) [NH---O dist. 2.069 A, N---O dist. 2.882 A and ZN-H---O = 157°]

are involved in the intermolecular H-bonding.

Molecule a

Molecule b

a) b)

Figure 22: a) The packing of two independent molecules in asymmetric unit through C-H---n interaction along
with water molecule, b) interconnection of two different G5 molecules in head-to-tail fashion. Interconnected

H-bonds are shown with green colour.
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Table 5: Hydrogen-Bond Parameters in Peptides D4 and G5

Type of Donar Acceptor D---A A) D-H:---A /N-H---O
H-bonds (D) (A) (A) (deg)
Boc-Aib-y*'Phe-Leu-y*Phe-Aib-dgPhe-OEt (D4)
14 N3 00(Boc) 2.89 2.03 176.3
14 N4 01 2.95 2.14 156.5
14 N5 02 3.03 2.18 172.1
14 N6 03 2.80 2.01 152.8
Boc-Aib-y'Phe-Leu-y*Phe-Aib-y'Phe-OEt (G5)
14 N3 00(Boc) 2.87 2.01 174.2
14 N4 01 2.96 2.18 150.7
14 N5 02 2.98 2.12 174.5
14 N6 03 2.80 2.00 153.4

Table 6: Backbone torsional variables (in deg) of o/y'-hybrid Hexapeptides D4 and G5

Pept. Resd. [0} 0, 0, ] ®
Aibl -55.542 - - -49+0.5 -175
YPhe2 -137.5+1 61.5+1 59 -115+1 -176
Leu3 -64+1 - - -33+1 -175%1
D4 YPhed -123+2 49+1 63+1 -120+£3 -170+1
Aib5 -61.5+1 - - -32.5+1 -173%1
dgPhe6 -113 24.5+1 17341 29.5£1.5 -
Aibl -58 - - -47 -175.5¢0.5
YPhe2 -135 59+1 61 1141 -176
G5 Leu3 -66+1 - - -314£2 -176
YPhed | -122.542.5 | 46.5+£2.5 | 63.5+2.5 -12743 -171
Aib5 -60+2 - - -35.5%1.5 | -175.5%£2.5
YPhe6 -116+3 55+1 177.5+£0.5 | 24.5+0.5 -
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3.4.7 Solution structure Boc-Aib-y'Phe-Leu-y'Phe-Aib-y'Phe-OEt (G5)

Further, we investigated whether or not the peptide G5 adopted similar conformation in
solution using 2D NMR. Fully assigned TOCSY spectrum is shown in Figure 24A. The
partial ROESY spectra assigned with NOEs are shown in Figure 24B and 24C. The observed
NOE patterns of the peptide obtained from the ROESY spectrum are highlighted in Figure
23a. In the ROESY spectrum the NOEs were observed between protons of NH(1)<>NH(2),
C’H(1)&>NH(2), C°H(2)e&>NH(3), NH(3)<>NH(4), C'H(2)eNH(4), CPH(3)e->NH(4),
C*H(3)>NH(5), NH(5)<>C"H(2), NH(5)<>NH(6), NH(6)<>C™H(4) and C’H(5)<->NH(6).
The NOEs between the protons of inter-residues within the peptide molecule provide the
evidence of the strong population of compact helical conformations in solution. The
observed NOEs are shown in the crystal structure of GS (Figure 23c) and they are well
correlated with the helical conformation observed in crystal structure (Figure 23c). Overall,

the ovy*-hybrid peptide G5 adopted helical conformation in crystals as well as in solution.

Figure 25: a) The NOEs observed in the ROESY spectrum, b) The H-bonds observed in the crystal structure of
GS5. The C—H:- - O hydrogen bond is highlighted using blue colour arrow, c) The observed NOEs are highlighted

in the crystal structure.
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Figure 24: A) TOCSY spectrum of G5 in CDCl;. The sequential assignments of amino acids were performed
using ROESY, B) Partial ROESY spectra of peptide G5 showing sequential NOEs of NH«+NH, C) Partial
ROESY spectra of peptide G5 showing sequential NOEs of NH—C"H, NH~CPH, NH—~C'H

3.4.8 Ramachandran type plot for 0(/74-hybrid peptides

From the analysis of the crystal structures of all a/y*-hybrid peptides (G1-G5 and D4)
reveal that the o-residues adopted right handed helical conformations by having average ¢
and y values —59 + 5° and —38 + 5°, respectively. In addition, we observed that all y*-amino
acid residues participated in the 12-helical structures adopted g, g* conformations with
torsional angles 6, = 6 = 60°. Keeping 6, and & as a constant, two distinct regions in the left
quadrant of the Ramachandran map' can be recognized for y-and o-residues. The average ¢
and y values for all 74—residues participated in the helix were found to be -126 £+ 10° and -

118 £ 10°, respectively. A plot of ¢ and ¥ angles of all residues in peptides G1-GS and D4 is
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shown in Figure 25, except the C-terminal ester residues which are not participated in the
canonical helical structures with regular CO---HN bonds. This plot may be useful in the

design of functional a/y*-hybrid foldamers similar to the o/B-hybrid peptides.

180 —— —T T
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¢

Figure 25: A plot depicting the ¢ and y values in the o/y*-hybrid peptides. The C-terminal y*-residues are not

considered.

3.4.9 Circular Dichroism spectra of oz/’y“-hybrid peptide 12-helices

In order to understand the CD signature of 0c/y4—hybrid peptide 12-helices, we recorded
circular dichroism spectra of all o/y*-hybrid peptides G1, G2, G3, G4, G5 and D4 in
methanol solution (200 uM). The CD spectra of the all peptides are shown in Figure 26. A
typical CD signature was observed for all peptides with CD maxima at ~ 205 nm and weak
minima with at ~ 218 nm. Recent work on Ci»-helices containing cyclic B-amino acid,
Gellman et al. and Aitken et al. also observed the similar CD signature for 12-helices.'® *’

Comparably, D4 displayed a little distorted CD spectrum with the CD maxima at 204 nm and

minima at 218 nm, may be due to the interference of C-terminal o,pB-unsaturated ester.
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Figure 26: Circular dichroism spectra of a/y*-hybrid peptides G1-G5 and D4 in MeOH.

3.4.10 Analogy with a-helix

The intriguing results from the hybrid ov/y*-hybrid peptides G1-G5, encouraged us to assess
the hybrid 12-helical structure with respect to the predominantly existing natural a-helix. The
superimposition of the backbone conformations of G5 (Boc—Aib—y4Phe—Leu—'y4Phe—Aib—y4Phe—
OEt) with the a-helix of chicken egg white lysozime (PBD CODE 1HEL, SEQUENCE C-E-
L-A-A-A-M-K, 6-13)*® is shown in the Figure 27a. Instructively, the backbone conformation
of hybrid hexapeptide G5 is well correlated with eight residue a-helix, except the H-bonding
pattern. However, the internal H-bonding orientation and the macrodiople of o/y*-hybrid
peptides are analogous to the a-peptide helix. The top view of the superimposed G5 and the
a-helix signify the projection of the amino acid side-chains (Figure 27a). The backbone
correlation and the side-chain projections of a/y4—hybrid peptide helcies with respect to the o-
helix suggest that these hybrid peptides can be exploited as possible mimics of o-peptide
helices. Further, with the availability of broad side-chain diversity in both a-and y*-amino

acids, these o/y*-hybrid peptides stand unique than the other a/y-hybrid peptides.
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a) b)

Figure 27: a) Superposition of backbone conformation of the a/y-hybrid peptide on the o-helix. All the
backbone atoms of a/y* hybrid peptide were used to overlay with octapeptide of a-helix, RMSD = 0.81 b) G5
(Boc-Aib-y'Phe-Leu-y'Phe-Aib-y*Phe-OEt) cryastal structure, along with ribbon representation of G5.

3.4 Conclusion

In conclusion, we presented the stereochemical analysis of hybrid o/o, B-unsaturated 7y-
peptides and their smooth transformation to (x/y4—hybrid peptides. Though there is a
possibility of conceiving different types of H-bond pseudocycles, the atomic resolution data
of a series of (x/y4—hybrid peptides revealed the unprecedented 12-helical conformations. The
strategy described here provides an opportunity to study the conformational preferences of
both vinylogous and saturated y'-amino acids in hybrid oligopeptides. The presence of
geometrical constrains of the double bonds in the hybrid vinylogous peptides enforcing the
molecules to adopt unusual planar conformations. After releasing the geometrical constrains
of the double bonds, the H-bond strength overrode the conformational flexibility of the
saturated y'-amino acids to accommodate into the helical conformations. The conformational
analysis and the unique side-chain projections of a/y4—hybrid peptides presented here may

provide basic information for the structure-based designs with specific functions.
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3.5 Experimental section

All amino acids, DIPEA, TFA, Triphenylphosphine were purchased from Aldrich. THF,
DCM, DMF, NaOH were purchased from Merck. Ethyl bromoacetate, MeNH, solution in
water, HOSu, HBTU, HOBT, EtOAc, Pet-ether (60-80 °C) were obtained from Spectrochem
and used without further purification. THF and DIPEA were dried over sodium and
distilled immediately prior to use. Column chromatographies were performed on Merck silica
gel (120-200 mesh). The 'H, "*C and 2D spectra were recorded on Jeol 400 MHz (or 100
MHz for '*C) and Bruker 500 MHz using residual solvents signals as an internal reference
(CDCl3 0n, 7.26 ppm and oc, 77.00). The chemical shifts () are reported in ppm and coupling
constants (J) in Hz. Mass was recorded on MALDI TOF/TOF (Applied Biosystem) and CD
was recorded on JASCO (J-815). X-Ray data were collected on Bruker APEX (II) DUO.

NMR spectroscopy: All 2D NMR studies were carried out by using a Bruker AVANCE"-
500 MHz spectrometer at a probe temperature of 300 K. Resonance assignments were
obtained by TOCSY and ROESY analysis. All two-dimensional data were collected in phase-
sensitive mode, by using the time-proportional phase incrementation (TPPI) method. Sets of
1024 and 512 data points were used in the t, and t; dimensions, respectively. For TOCSY and
ROESY analysis, 32 and 72 transients were collected, respectively. A spectral width of 6007
Hz was used in both dimensions. A spin-lock time of 256 ms was used to obtain ROESY
spectra. Zero-filling was carried out to finally yield a data set of 2 K x1 K. A shifted square-

sine-bell window was used before processing.

Circular dichroism (CD) spectroscopy:

CD spectrometry study was carried out on JASCO J-815 spectropolarimeter using cylindrical,
jacketed quartz cell (1 mm path length), which was connected to Julabo-UC-25 water
circulator. Spectra were recorded with a spectral resolution of 0.05 nm, band width 1 nm at a
scan speed of 50 nm/min and a response time 1 sec. All the spectra were corrected for

methanol solvent and are typically averaged over 3 scans.
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Crystal structure analysis of (Boc-Aib-dgF-Aib-dgF-OEt) D1: Crystals of peptide were
grown by slow evaporation from a solution of methanol/toluene. A single crystal (0.32 x 0.18
x 0.11 mm) was mounted in a loop with a small amount of the mother liquor. The X-ray data
were collected at 100 K temperature on a Bruker AXS SMART APEX CCD diffractometer
using MoK, radiation (4 = 0.71073 A), w-scans (20 = 56.56°), for a total number of 9672
independent reflections. Space group P2(1), a =9.541(8), b =12.369(10), c = 18.060(14) A,
o = 90.00 , B = 95.405(17), vy = 90.00, V = 2122(3) A?, Monoclinic P, Z = 2 for chemical
formula C37H50N4O7.C;Hs, with one molecule in asymmetric unit; peaeq = 1.182 g cm™ s 1=
0.080 mm™, F (000) = 812, Ri, = 0.1006. The structure was obtained by direct methods using
SHELXS-97. All non-hydrogen atoms were refined anisotropically. The hydrogen atoms
were fixed geometrically in the idealized position and refined in the final cycle of refinement
as riding over the atoms to which they are bonded. The final R value was 0.0866 (WR2 =
0.1815) for 4850 observed reflections (Fy > 4o0( IFol )) and 505 variables, S = 0.973. The
largest difference peak and hole were 0.682 and -0.504 ¢ A®, respectively.

Crystal structure analysis of (Boc-Aib-y'Phe-Aib-y*Phe-OEt) G1: Crystals of peptide
were grown by slow evaporation from a solution of ethanol. A single crystal (0.58 x 0.43 x
0.38 mm) was mounted in a loop with a small amount of the mother liquor. The X-ray data
were collected at 100 K temperature on a Bruker AXS SMART APEX CCD diffractometer
using MoK, radiation (4 = 0.71073 1&), w-scans (20 = 56.56°), for a total number of 36899
independent reflections. . Space group P2(1), a = 19.123(10), b =20.644(11), c =20.129(11)
A, a=90.00, p=98.135(11), y=90.00, V = 7866(7) A3, Monoclinic P, Z = 4 for chemical
formula 2(C37Hs54N407).CoHgO, with two molecule in asymmetric unit; peaiea = 1.165 g cm’3,
1 =0.081 mm’, F (000) = 2984, R;,; = 0.0450. The structure was obtained by direct methods
using SHELXS-97.% All non-hydrogen atoms were refined anisotropically. The hydrogen
atoms were fixed geometrically in the idealized position and refined in the final cycle of
refinement as riding over the atoms to which they are bonded. The final R value was 0.063

(WR2 =0.1527) for 24459 observed reflections (Fy> 4o0( IFgl )) and 1819 variables, S = 1.048.
The largest difference peak and hole were 0.967 and -0.619 e A’ respectively.

Crystal structure analysis of (Boc-Ala-y*Phe-Aib-y'Phe-OEt) G2: Crystals of peptide
were grown by slow evaporation from a solution of ethanol. A single crystal (0.34 x 0.30 x

0.28 mm) was mounted in a loop with a small amount of the mother liquor. The X-ray data
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were collected at 100 K temperature on a Bruker AXS SMART APEX CCD diffractometer
using MoK, radiation (4 = 0.71073 A), w-scans (20 = 56.56°), for a total number of 7324
independent reflections. Space group P2(1), a = 10.591(4), b =9.065(4), c =21.005(9) A, o
=90.00 , B =92.232(11), y=90.00, V = 2015.2(15) A3, Monoclinic P, Z = 2 for chemical
formula C3¢Hs3N4O7.C,HgO, with one molecule in asymmetric unit; peaeqa = 1.152 g cm’3, u=
0.081 mm™, F (000) = 756, Riy= 0.0624. The structure was obtained by direct methods using
SHELXS-97.% All non-hydrogen atoms were refined anisotropically. The hydrogen atoms
were fixed geometrically in the idealized position and refined in the final cycle of refinement
as riding over the atoms to which they are bonded. The final R value was 0.0535 (WR2 =
0.1290) for 4583 observed reflections (Fy > 4o( [Fyl )) and 460 variables, S = 1.026. The
largest difference peak and hole were 0.269 and -0.259 e A’ respectively.

Crystal structure analysis of (Boc-Aib-y*Phe-Leu-y*Phe-OEt) G3: Crystals of peptide
were grown by slow evaporation from a solution of methanol. A single crystal (0.42 x 0.35 x
0.32 mm) was mounted in a loop with a small amount of the mother liquor. The X-ray data
were collected at 100 K temperature on a Bruker AXS SMART APEX II CCD Duo
diffractometer using MoK, radiation (1 = 0.71073 A), w-scans (20 = 56.56°), for a total
number of 14908 independent reflections. . Space group P2(1), a = 10.132(2), b =20.141(4),
¢ =21.0104) A, a=90.00 , B =99.384(5), Y= 90.00, V = 4230.1(14) A*, Monoclinic P, Z =
4 for chemical formula (C39HssN4O7).CH4O, with two molecule in asymmetric unit; pcaicd =
1.141 g cm™, 4 = 0.079 mm™', F(000) = 1576, R;,; = 0.0699. The structure was obtained by
direct methods using SHELXS-97.% All non-hydrogen atoms were refined anisotropically.
The hydrogen atoms were fixed geometrically in the idealized position and refined in the
final cycle of refinement as riding over the atoms to which they are bonded. The final R value
was 0.0574 (wR2 = 0.1331) for 6991 observed reflections (Fy > 4o( [Fyl )) and 958 variables,
S = 0.929. The largest difference peak and hole were 0.256 and -0.212 e A’ respectively.
Strange C-O-H Geometry (C-O .LT. 1.25 Ang....... 0O15) is reported in check cif. This is due
to the disordered over two sites occupancy of oxygen atom (O15) in methanol solvent

molecule.
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Crystal structure analysis of (Boc-Ala-y*Phe-Aib-y*Phe-NHMe) G4: Crystals of peptide
were grown by slow evaporation from a solution of DCM and methanol. A single crystal
(0.34 x 0.32 x 0.28 mm) was mounted in a loop with a small amount of the mother liquor.
The X-ray data were collected at 100 K temperature on a Bruker AXS SMART APEX CCD
diffractometer using MoK, radiation (4 = 0.71073 A), w-scans (26 = 57.12°), for a total
number of 8813 independent reflections. . Space group P 2(1), 2(1), 2(1); a = 10.5245(18), b
= 16.382(3), ¢ = 22.095(4) A, a = 90.00 , B = 90.00, Y = 90.00, V = 3809.4(11) A,
Orthorhombic P, Z = 4 for chemical formula (C;5H50N50¢).CH,Cl,, with one molecule in
asymmetric unit; pegea = 1.258 g em™, 1 = 0.220 mm™', F(000) = 1540, R, = 0.0343. The
structure was obtained by direct methods using SHELXS-97.%° All non-hydrogen atoms were
refined anisotropically. The hydrogen atoms were fixed geometrically in the idealized
position and refined in the final cycle of refinement as riding over the atoms to which they
are bonded. The final R value was 0.0511 (wR2 = 0.1180) for 8813 observed reflections (Fy >
40( IFgl )) and 449 variables, S = 1.015. The largest difference peak and hole were 0.280 and
10262 ¢ A3, respectively.

Crystal structure analysis of (Boc-Aib-y*Phe-Leu-y*Phe-Aib-dgF-OEt) D4: Crystals of
peptide were grown by slow evaporation from a solution of ethylacetate and hexane. A single
crystal (0.35 x 0.28 x 0.16 mm) was mounted in a loop with a small amount of the mother
liquor. The X-ray data were collected at 100 K temperature on a Bruker AXS SMART APEX
I CCD Duo diffractometer using MoK, radiation (1= 0.71073 1&), w-scans (20 = 56.56°), for
a total number of 28846 independent reflections. . Space group P2(1), a = 14.850(6), b =
18.173(7), ¢ = 24.075(9) A, o = 90.00 , B = 107.254(7), y = 90.00, V = 6204(4) A,
Monoclinic P, Z = 4 for chemical formula 2(CssH76N¢O9).H,O, with two molecule in
asymmetric unit; pegca = 1.029 g cm™, g = 0.071 mm™, F(000) = 2072, R; = 0.0660. The
structure was obtained by direct methods using SHELXS-97.%° All non-hydrogen atoms were
refined anisotropically. The hydrogen atoms were fixed geometrically in the idealized
position and refined in the final cycle of refinement as riding over the atoms to which they
are bonded. The final R value was 0.0576 (wR2 = 0.1400) for 13821 observed reflections (Fy
>4o( IFgl )) and 1272 variables, S = 0.788. The largest difference peak and hole were 0.215
and -0.197 ¢ A®, respectively.

There were partially occupied molecules of some solvent also present in the asymmetric

unit. A significant amount of time was invested in identifying and refining the disordered
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molecules. It was observed that one hexane and EtOAC molecule, which tend to host
disordered solvent molecules. Bond length restraints were applied to model the molecules but
the resulting isotropic displacement coefficients suggested the molecules were highly mobile.
In addition, the refinement was computationally unstable. Option SQUEEZE of program
PLATON" was used to correct the diffraction data for diffuse scattering effects and to
identify the solvent molecule. PLATON calculated the upper limit of volume that can be
occupied by the solvent to be 1149.4A°%, or 18.5% of the unit cell volume. The program
calculated 60 electrons in the unit cell for the diffuse species. No data are given for the

diffusely scattering species.

Crystal structure analysis of (Boc-Aib-y4Phe-Leu-y4Phe-Aib-y4Phe-OEt) GS: Crystals of
peptide were grown by slow evaporation from a solution of acetone. A single crystal (0.42 x
0.32 x 0.18 mm) was mounted in a loop with a small amount of the mother liquor. The X-ray
data were collected at 100 K temperature on a Bruker AXS SMART APEX II CCD Duo
diffractometer using MoK, radiation (4 = 0.71073 A), w-scans (20 = 56.56°), for a total
number of 27803 independent reflections. . Space group P 2(1), 2(1), 2(1); a=17.910(3), b
= 24.339(4), ¢ = 26.446(4) A, a = 90.00 , B = 90.00, y = 90.00, V = 11528(3) A’,
Orthorhombic P, Z = 4 for chemical formula 2(CssH73N¢Oy).H,O, with two molecule in
asymmetric unit; pegeq = 1.111 g cm™, g = 0.076 mm™, F(000) = 4168, R;,, = 0.0661. The
structure was obtained by direct methods using SHELXS-97.%° All non-hydrogen atoms were
refined anisotropically. The hydrogen atoms were fixed geometrically in the idealized
position and refined in the final cycle of refinement as riding over the atoms to which they
are bonded. The final R value was 0.0927 (wR2 = 0.2457) for 11730 observed reflections (Fp
>40( IFol )) and 1258 variables, S = 1.074. The largest difference peak and hole were 0.720
and -0.331 e A?, respectively.

There were partially occupied molecules of some solvent also present in the asymmetric
unit. A significant amount of time was invested in identifying and refining the disordered
molecules. It was observed that two acetone molecules, which tend to host disordered solvent
molecules. Bond length restraints were applied to model the molecules but the resulting
isotropic displacement coefficients suggested the molecules were highly mobile. In addition,
the refinement was computationally unstable. Option SQUEEZE of program PLATON" was

used to correct the diffraction data for diffuse scattering.
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Synthesis of Dipeptide

Boc-Aib-dgF-OEt:

(S, E)-ethyl 4-(tert-butoxycarbonylamino)-5-phenylpent-2-enoate (Boc-dgF-OEt) (11 mmol,
3.15 g) was dissolved in DCM (10 mL) and cooled the solution in ice bath. Then, 10 mL of
neat TFA was added slowly to this solution. After completion of the reaction (~ 30 min),
TFA was removed from the reaction mixture under vacuum. The residue was dissolved in
water and the pH was adjusted to ~ 10 by the slow addition of solid Na,COs3 in ice cold
conditions. Then Boc deprotected free amine was extracted with ethyl acetate (3 x 40 mL).
The combined organic layer was washed with brine (60 mL), dried over Na;SOy,
concentrated under vacuum to ca. 2 mL and directly used for the coupling reaction in the next

step.

1.50%TFA
Boc. A A~ OFt _inDCM NN O
I 2. Na,CO3 [
H o H 0

Boc-Aib-OH (10 mmol, 2 g) and NH,-dgF-OEt were dissolved together in DMF (6 mL),
followed by HBTU (11 mmol, 4.2 g) was added to the reaction mixture and cooled to 0 °C for
5 min. Then, DiPEA (12 mmol, 2.15 mL) was added to the reaction mixture with stirring and
the reaction mixture was allowed to come to room temperature. The progress of the reaction
was monitored by TLC. After completion

(roughly 6 hrs), the reaction mixture was diluted with 400 mL of ethyl acetate and washed
with 5% HCI (2 x 150 mL), 10 % sodium carbonate solution in water (2 x 150 mL) and
followed by brine (130 mL). The organic layer was dried over anhydrous Na,SOs and
evaporated under reduced pressure to give gummy yellowish product, which was purified on
silica gel column chromatography using EtOAc/Petether (60-80 °C) to get white crystalline
product. Overall yield 75% (3.25 g, 7.5 mmol).
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N HBTU, DIPEA N OEt
Boc \N&OH * HN Z OEt Boc” % N 7
N DMF %

o) O H 0]

Boc-Aib-dgF-OEt

Physical state : white powder

I—I| O
Mol. Formula : CoH3N205 Boc N 7)LN _~__OFt
Yield £ 75%, 3.25¢ A ©

"H NMR (400 MHz, CDCl;)  : 8 d 7.31-7.17 (m, 5H, -Ph), 6.96-6.91 (dd, J = 5.04, J =
11.3, 1H, CH=CHCO;Et), 6.69 (b, 1H, NH), 5.94-5.90 (d, J = 16.8, 1H, CH=CHCO,Et),
4.98-4.91 (m, 1H, CH-CH=CH), 4.81 (s, 1H, NH), 4.19-4.13 (q, J = 6.88, 2H, -OCH,), 2.99-
2.84 (m, 2H, CH»-Ph), 1.44 (s, 15H, -(CH3)s Boc, -(CH3), Aib), 1.27-1.24 (t, J = 7.3, 3H, -
OCH,CH3).

BC NMR (100 MHz, CDCl;)  : 8¢ 173.37, 166.30, 154.98, 147.18, 136.55, 129.37,
128.63,126.94, 121.21, 80.95, 60.44, 56.93, 50.76, 40.64, 28.36, 25.22, 14.27.

MALDI TOF/TOF m/z : Caled. [M+Na]" 427.2209, observed 427.2511

(Boc-Ala-dgF-OEt):

(S, E)-ethyl 4-(tert-butoxycarbonylamino)-5-phenylpent-2-enoate (Boc-dgF-OEt) (5.5 mmol,
1.57 g) was dissolved in DCM (5 mL) and cooled the solution in ice bath. Then SmL neat
TFA was added to this solution. After 30 min reaction was completed, monitored by TLC.
Then TFA was removed from reaction mixture under vacuum. The residue was dissolved in
water and the pH was adjusted to ~10 by the slow addition of solid Na,COs3 in ice cold
conditions. Then Boc deprotected free amine was extracted with ethyl acetate (3 x 40 mL).
Combined organic layer was washed with brine (60 mL) followed by dried over Na,SO4 and

concentrated under vacuum to ca.2 mL for coupling.
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1.50%TFA

Boc. A A~ Ot _inbCM P OEt
| 2. NaZCO3 |_||

Boc-Ala-OH (5 mmol, 0.95 g) and NH,-dgF-OEt were dissolved together in DMF (4 mL)
and HBTU (5.5 mmol, 2.1 g) was added into the reaction mixture. Then reaction mixture was
cooled to 0 °C for 5 min. Then DiEPA (6 mmol, 1.05 mL) was added to the reaction mixture
and it was allowed to come in room temperature. The progress of the reaction was monitored
by TLC. After completion of the reaction (roughly 6 hrs), reaction mixture was diluted with
300 mL of ethyl acetate and washed with 5% HCI1 (5 % by vol. in water, 2 x 100 mL), 10
% sodium carbonate solution in water (2 x 100 mL) and followed by brine (100 mL). The
organic layer was dried over Na,SO, and evaporated under reduced pressure to get gummy
yellowish product, which was purified on silica gel column chromatography using

EtOAc/Pet-ether (60-80 °C) to get gummy product. Overall yield 88% (1.72 g, 4.4 mmol).

HBTU, DIPEA E\)CL OFt
BOC\N OH + H2N = OEt TW’ Boc” - 'l\l =
H 5 o : H o)

Boc-Ala-dgF-OEt

Physical state : colourless gummy

Mol. Formula : CH30N205 /E \i _~_ _OFEt
Boc : l\ll

Yield : 88%, 1.72¢ - H o

"H NMR (400 MHz, CDCl;) : 0m 7.31-7.15 (m, 5H, -Ph), 6.94-6.88 (dd, J = 4.8, J =
10.8, 1H, CH=CHCO:Et), 6.34-6.32 (d, J = 7.84, 1H, NH), 5.87-5.82 (d, J = 17.4, 1H,
CH=CHCO;Et), 4.94-4.89 (m, 1H, a-H of Ala), 4.84-4.83 (d, J = 6.16, 1H, NH), 4.19-4.07
(m, 3H, -OCH,, CH-CH=CH), 2.97-2.84 (m, 2H, CH,-Ph), 1.44 (s, 9H, -(CH3); Boc), 1.28-
1.24 (m, 6H, -OCH,CH3, -CH3).
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3C NMR (100 MHz, CDCl3) : 8¢ 171.94, 166.03, 146.60, 136.18, 129.26, 128.58, 126.94,
121.32,79.68, 60.46, 50.57, 40.41, 28.25, 25.22, 14.17.

MALDI TOF/TOF m/z : Calcd. [M+Na]" 413.2052, observed 413.2655.

(Boc-Leu-dgF-OEt)

(S, E)-ethyl 4-(tert-butoxycarbonylamino)-5-phenylpent-2-enoate (Boc-dgF-OEt) (5.5 mmol,
1.57 g) was dissolved in DCM (5 mL) and the solution was cooled in ice bath. Then, 5 mL of
neat TFA was added slowly to the solution. After completion of the reaction (30 min.), the
TFA was removed from reaction mixture under reduced pressure. The residue was dissolved
in water and the pH was adjusted to ~10 by the slow addition of solid Na,COs in ice cold
conditions. The Boc deprotected free amine was extracted with ethyl acetate (3 x 40 mL).
The combined organic layer was washed with brine (60 mL), dried over anhydrous Na,SOj4

and concentrated under vacuum to ca. 2 mL and directly used for coupling reaction.

1.50%TFA
Boc. _~_ Ot _nbCM _~__OEt
N HN
| 2. N32CO3 |
H o H 0

Boc-Leu-OH (5 mmol, 1.15 g) and NH,-dgF-OEt were dissolved together in DMF (4 mL)
and HBTU (5.5 mmol, 2.1 g) was added into the reaction mixture. The reaction mixture was
cooled to 0 °C for 5 min. Then DiPEA (6 mmol, 1.05 mL) was added to the reaction mixture
and allowed to come to room temperature. The progress of the reaction was monitored by
TLC. After completion of the reaction (roughly 6 hrs), the reaction mixture was diluted with
300 mL of ethyl acetate and washed with 5%

HCI (2 x 100 mL), 10 % sodium carbonate solution in water (2 x 100 mL) followed by brine
(100 mL). The organic layer was dried over anhydrous Na,SO, and evaporated under reduced
pressure to get gummy yellowish product, which was purified via silica gel column
chromatography using EtOAc/Petether (60-80 °C) to get white solid product. Overall yield
78% (1.68 g, 3.9 mmol).
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HBTU, DIPEA E\)(i _ om
BOC\N OH + H2N = OEt T BOC/ - N
Ho o o) \( H o)

Boc-Leu-dgF-OEt

Physical state : white powder

1
Mol. Formula . C24H36N205 Boc \)J\ Z OFt

(0]
Yield . 78% \(

"H NMR (400 MHz, CDCl5) 10y 7.31-7.16 (m, 5SH, -Ph), 6.94-6.88 (dd, /=49, J=10.9,
1H, CH=CHCO;Et), 6.34-6.31 (d, J = 8.8, 1H, NH), 5.86-5.82 (d, J = 169, IH,
CH=CHCO,Et), 4.08-4.90 (m, 1H, a-H of Leu), 4.74-4.73 (d, J = 5.8, 1H, NH), 4.20-4.14 (q,
J=17.1,2H, -OCH,), 4.08-3.99 (m, 1H, CH-CH=CH), 2.97-2.85 (m, 2H, CH,-Ph), 2.08-2.05
(m, 2H, B-H of Leu), 1.63-1.54 (m, 1H, y-H of Leu), 1.44 (s, 9H, -(CH3); Boc), 1.28-1.25 (t, J
=7.1, 3H, -OCH,CHj3), 0.92-0.90 (d, /= 6.9, 3H).

BCNMR (100 MHz, CDCly)  : 8¢ 171.95, 166.05, 155.74, 146.57, 136.18, 129.29,
128.58,126.94, 121.35, 80.42, 60.47, 50.62, 40.43, 31.57, 28.24, 24.69, 22.88, 14.17.

MALDI TOF/TOF m/z : Calcd. [M+Na]" 455.2522, observed 455.3341.

Synthesis of Tetrapeptide

(Boc-Aib-dgF-Aib-dgF-OEt) (D1)

Boc-Aib-dgF-OH: Boc-Aib-dgF-OEt (2 mmol, 0.810 g) was dissolved in ethanol (5 mL).
Then 5 mL of 1(N) NaOH was added slowly to this solution. After completion of the reaction
(~ 2 hrs), ethanol was evaporated from reaction mixture and residue was acidified to pH ~ 3
using 5% HCI (5% volume in water) at cold conditions after diluting with 50 mL cold water.

Product was extracted with ethyl acetate (3 x 30 mL). Combined organic layer was washed
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with brine (40 mL) and dried over anhydrous Na,SO,, Organic layer was concentrated under

reduced pressure to give gummy product with quantitative yield 98% (1.96 mmol, 0.742 g).

H O i.NaI(EDtg |_1|(N) H o
- > N H
Boc— N%N Z OEt — Boc” 7;)J\N = ©
S ii. HCI Y
©H o] © H 0

NH;-Aib-dgF-OEt: Boc-Aib-dgF-OEt (2.2 mmol, 0.90 g) was dissolved in DCM (5 mL)
and cooled the solution in ice bath. Then 5 mL neat TFA was added to the solution. After
completion of the reaction (~ 30 min), TFA was removed from reaction mixture under
vacuum. The residue was dissolved in water and the pH was adjusted to ~ 10 by the slow
addition of solid Na,CO; in ice cold conditions. Then Boc deprotected dipeptide was
extracted with ethyl acetate (3 x 40 mL). Combined organic layer was washed with brine (60
mL) followed by dried over Na,SO,4 and concentrated under vacuum to ca.2 mL and used for

coupling reaction in the next step.

i. 50%TFA
m DCM O
Boc/N H,N _~__OFEt
ii. NazC03 '}l
H

Boc-Aib-dgF-OH (1.96 mmol, 0.742 g) and NH,-Aib-dgF-OEt were dissolved together in
DMF (5 mL) followed by HBTU (2.2 mmol, 0.820 g) was added. The reaction mixture was
cooled to 0 °C for 5 min. Then DiEPA (2.5 mmol, 0.45 mL) was added to the reaction
mixture and it was allowed to come in room temperature at constant stirring. The progress of
the reaction was monitored by TLC. After completion of the reaction (roughly 4hrs), reaction
mixture was diluted with 200 mL of ethyl acetate and washed with 5% HCI1 (5 % by vol.
in water, 2 X 80 mL), 10 % sodium carbonate solution in water (2 x 80 mL) and followed by
brine (80 mL). The organic layer was dried over Na,SO, and evaporated under reduced
pressure to give gummy yellowish product, which was purified on silica gel column
chromatography using DCM/MeOH solvent system to get gummy product, which was further
crystallized using EtOAc/Hexane. Overall yield 70% (1.4 mmol, 0.861 g).
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Q 0 HBTU, DIPEA

0 N o)
Hoo HoO
Boc” N7’)J\’|\l = N%’LN P OEt
 H o ** H 0
D1

Boc-Aib-dgF-Aib-dgF-OEt (D1)

Physical state : white crystalline powder

Mol. Formula . C37H50N407

Yield : 70%, 0.861g

"H NMR (500 MHz, CDCl;) : O0n 7.36-7.21 (m, 11H, -Ph, NH), 7.00-6.97 (dd, J=5.04,
J =11, 1H, CH=CH), 6.92-6.89 (dd, J =4.84, J=10.7, 1H, CH=CH), 6.42-6.41 (d, J = 8.45,
1H, NH), 6.15-6.13 (d, J = 144, 1H, CH=CH ), 6.02 (s, 1H, NH), 5.93-590 (d, J = 15, 1H,
CH=CH ), 4.98-4.92 (m, 2H, CH-CH=CH), 4.90 (s, 1H, NH), 4.25-4.21 (q, J = 6.88, 2H, -
OCH,), 3.05-2.88 (m, 4H, CH»-Ph), 1.52 (s, 3H, -(CHz3),), 1.50 (s, 3H, -(CH3),), 1.43 (s, 12H,
-(CH3)3 Boc, -(CHzs), Aib), 1.34-1.31 (m, 6H, -OCH,CHj3, -(CHs), Aib).

MALDI TOF/TOF m/z : Caled. [M+Na]* 685.3620, observed 685.4178.

HQ W9
N N E
Boc” 7)\’?' / 7)(,}] ~_OFEt
“ H O “ H
\_ D1

(Boc-Ala-dgF-Aib-dgF-OEt) (D2)
Boc-Ala-dgF-OH: Boc-Ala-dgF-OEt (2 mmol, 0.780 g) was dissolved in ethanol (7 mL).

Then 5 mL of 1(N) NaOH was added slowly to this solution. After completion of the reaction

(~ 2 hrs), ethanol was evaporated from reaction mixture and residue was acidified to pH ~ 3
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using 5% HCI (5% volume in water) at cold conditions after diluting with 50 mL cold water.
Product was extracted with ethyl acetate (3 x 30 mL). Combined organic layer was washed
with brine (40 mL) and dried over anhydrous Na,SO,. Organic layer was concentrated under

reduced pressure to give gummy product with quantitative yield 99% (1.98 mmol, 0.716 g).

i.NaOH 1(N) H O
__EtOH _ :

Boc/N\)J\ BOC/N\_)KN _~__OH
ii. HCI : |l|

NH;-Aib-dgF-OEt: Boc-Aib-dgF-OEt (2.2 mmol, 0.810 g) was dissolved in DCM (5 mL)
and cooled the solution in ice bath. Then 5 mL neat TFA was added to the solution. After
completion of the reaction (~ 30 min), TFA was removed from reaction mixture under
vacuum. The residue was dissolved in water and the pH was adjusted to ~ 10 by the slow
addition of solid Na,CO; in ice cold conditions. Then Boc deprotected dipeptide was
extracted with ethyl acetate (3 x 40 mL). Combined organic layer was washed with brine (60
mL) followed by dried over Na;SO; and concentrated under vacuum to ca.2 mL and used for

coupling reaction in the next step.

i. 50%TFA
i Q in DCM O
Boc—N N~ AN Ot H,N _~__OFEt
% ii. Na,CO, ~ N
H O ~ H

Boc-Ala-dgF-OH (1.83 mmol, 0.742 g) and NH,-Aib-dgF-OEt were dissolved together in
DMF (5 mL) followed by HBTU (2.2 mmol, 0.820 g) was added. The reaction mixture was
cooled to 0 °C for 5 min. Then DiEPA (2.5 mmol, 0.45 mL) was added to the reaction

mixture and it was allowed to come in room temperature at constant stirring. The progress of
the reaction was monitored by TLC. After completion of the reaction (roughly 4hrs), reaction
mixture was diluted with 200 mL of ethyl acetate and washed with 5% HCI1 (5 % by vol.

in water, 2 x 80 mL), 10 % sodium carbonate solution in water (2 x 80 mL) and followed by
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brine (80 mL). The organic layer was dried over Na,SO, and evaporated under reduced
pressure to give gummy yellowish product, which was purified on silica gel column
chromatography using DCM/MeOH solvent system to get gummy product, which was further
crystallized using EtOAc/Hexane. Overall yield 73% (1.46 mmol, 0.946 g).

|T| 9 hl Q HBTU, DiPEA
Boc/N\)J\N AN + BN _~_OFt ’
S N DMF
=4 H (@] “ |l|

HoO Ho O
BOC/NEQLN _ N%N _~_OEt
= H o “* H 0
D2

Boc-Ala-dgF-Aib-dgF-OEt (D2)

Physical state ¢ white crystalline powder

Mbol. Formula . C36H48N4O7

Yield : 73%,0.716 g

"H NMR (500 MHz, CDCl5) : 0m 7.31-7.15 (m, 11H, -Ph, NH of dgF), 6.96-6.91 (dd, J
=5,J=10.8, 1H, CH=CH), 6.85-6.80 (dd, J=4.7, J=10.8, 1H, CH=CH), 6.35-6.33 (b, 1H,
NH), 5.95 (b, 1H, NH) 5.90-5.83 (m, 2H, CH=CH ), 4.93-4.88 (m, 2H), 4.82-4.79 (d, J =
9.47,1H, NH), 4.20-4.15 (q, / =7.1, 2H, -OCH,), 4.10-4.07 (m, 2H), 3.00-2.81 (m, 4H, CH>-
Ph), 1.46 (s, 3H, -(CH3)), 1.41 (s, 9H, -(CHs)3 Boc), 1.40 (s, 3H, -(CH3),) Aib), 1.29-1.25
(m, 6H, -OCH,CH3, -(CH3), Aib).

MALDI TOF/TOF m/z : Caled. [M+Na]* 671.3421, observed 671.4699
H o H o
N N E
= H o} “ H o}
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Boc-Aib-dgF-Leu-dgF-OEt (D3)

Boc-Aib-dgF-OH: Boc-Aib-dgF-OEt (2 mmol, 0.810 g) was dissolved in ethanol (5 mL).
Then 5 mL of 1(N) NaOH was added slowly to this solution. After completion of the reaction
(~ 2 hrs), ethanol was evaporated from reaction mixture and the residue was acidified to pH ~
3 using 5% HCI (5% volume in water) at cold conditions after diluting with 50 mL of cold
water. Product was extracted with ethyl acetate (3 x 30 mL). Combined organic layer was
washed with brine (40 mL) and dried over anhydrous Na,SO,. Organic layer was
concentrated under reduced pressure to give gummy product with quantitative yield 98%

(1.83 mmol, 0.742 g).

'T' 0 i.NaI(E)tg:l(N) |T| (0]
— - = - N H
Boc N%N = OEt - Boc” ?;)J\N = (@]
2 ii. HCI O
> H 0 - H (0]

NH;-Leu-dgF-OEt: Boc-Leu-dgF-OEt (2.2 mmol, 0.870 g) was dissolved in DCM (5 mL)
and cooled the solution in ice bath. Then 5 mL of neat TFA was added to the solution. After
completion of the reaction (~ 30 min), TFA was removed from reaction mixture under
vacuum. The residue was dissolved in water and the pH was adjusted to ~ 10 by the slow
addition of solid Na,CO; in ice cold conditions. Then Boc deprotected dipeptide was
extracted with ethyl acetate (3 x 40 mL). Combined organic layer was washed with brine (60
mL), dried over anhydrous Na,SQOy, concentrated under vacuum to ca. 2 mL and directly used

for coupling reaction in the next step.

H O i. 50%TFA 0
| in DCM
BOC/N\_)J\N = OEt HZN\)LN = OEt
H | ii. Na,CO3 : |
Y H o Y H o)

Boc-Aib-dgF-OH (1.83 mmol, 0.742 g) and NH,-Leu-dgF-OFEt were dissolved together in
DMF (5 mL) followed by HBTU (2.2 mmol, 0.820 g) was added. The reaction mixture was
cooled to 0 °C for 5 min. Then DiPEA (2.5 mmol, 0.45 mL) was added to the reaction
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mixture and it was allowed to come to room temperature at constant stirring. The progress of
the reaction was monitored by TLC. After completion of the reaction (roughly 4hrs), the
reaction mixture was diluted with 200 mL of ethyl acetate and washed with 5% HCI (2 x 80
mL), 10 % sodium carbonate solution in water (2 x 80 mL) and followed by brine(80 mL).
The organic layer was dried over anhydrous Na,;SO4 and evaporated under reduced pressure
to give gummy yellowish product, which was purified on silica gel column chromatography
using DCM/MeOH solvent system to get gummy product, which was further crystallized
using EtOAc/Hexane. Overall yield 68% (1.36 mmol, 0.938 g).
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N H 0 S
Y

Boc-Aib-dgF-Leu-dgF-OEt (D3)

Physical state : white crystalline powder

Mol. Formula : C30Hs4N4O4

Yield : 68%,0938 g

"H NMR (500 MHz, CDCl3) : &g 7.31-7.10 (m, 10H, -Ph), 6.92-6.84 (m, 2H, CH=CH),
6.66-6.84 (d, J = 8.5, 1H, NH), 6.44-6.42 (d, J = 8.5, 1H, NH), 6.06-6.02 (d, J = 15.5, 1H,
CH=CH ), 5.88-5.83 (d, /= 17.4, 1H, CH=CH ), 5.80-5.78 (d, J = 7.8, 1H, NH), 5.00-4.95
(m, 2H), 4.91-4.84 (m, 1H, -CH-), 4.81 (s, 1H, NH), 4.46-4.40 (m, 1H, -CH-), 4.20-4.15 (q, J
=7, 2H, -OCH>), 3.03-2.77 (m, 4H, CH>-Ph), 1.71-1.52 (m, 3H, a and B-H of Leu), 1.47 (s,
3H, -(CH3), Aib), 1.39 (s, 9H, -(CH3); Boc), 1.29-1.26 (t, J = 7.1, 3H, -OCH,CH53), 1.27 (s,
3H, -(CHj3); Aib), 0.90-0.88 (d, J = 6.8, 3H, -CH; of Leu), 0.87-0.86 (d, J = 6.8, 3H, -CH; of
Leu).
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MALDI TOF/TOF m/z

: Calcd. [M+Na]* 713.3890, observed 713.4538.

General procedure for transformation of Vinylogous hybrid tetra peptide to its

saturated hybrid y*-peptide analogue

Vinylogous hybrid tetra peptide (0.5 mmol) was dissolved in EtOH (5 mL), and was treated

with 60 mg of Pd/C. The hydrogen gas was supplied through balloon. The schematic

representation is shown below. The reaction mixture was stirred under hydrogen atmosphere

for about 6 hrs. The completion of the reaction was monitored by MALDI TOF/TOF and

HPLC. After the completion of reaction, the reaction mixture was diluted with EtOH (30 mL)

and it was filtered through sintered funnel using celite bed and celite bed was washed with

EtOH (3 x 25mL). The filtrate was evaporated under vacuum to get white crystalline pure

product. Overall, the y-hybrid peptide was isolated with quantitative yield.

a) Boc-Aib-y'Phe-Aib-y'Phe-OEt:

H O H O
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“H 0 “ H
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H
0 2

H o H 0

Boc/N%J\l}l N%N

“ H o) “ H
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Boc-Aib-y'Phe-Aib-y*Phe-OEt (G1)

Physical state ¢ white crystalline powder
Mol. Formula ¢ C37Hs54N4Oy
Yield : 95%

'H NMR (500 MHz, CDCL;) ~ : 81 7.59-7.58 (d, J =9, 1H, NH of yF), 7.38-7.20 (m, 10H,
_Ph), 7.03 (s, 1H, NH of U), 5.86-5.84 (d, J = 9.4, 1H, NH of yF), 4.94 (s, 1H, NH of U),
4.37-4.30 (m, 2H, CH-CH,-CHy), 4.19-4.15 (q, J = 7, 2H, -OCH>), 3.08-2.71 (m, 4H, CH>-
Ph), 2.69-2.46 (m, 4H, CH,-C=0), 2.34-1.98 (m, 4H, CH,-CH,-C=0), 1.54 (s, 3H, -(CHz),
Aib), 1.47 (s, 12H, -(CHs); Boc, -(CHs), Aib), 1.30-1.27 (t, J=7, 3H, -OCH,CHs), 1.25 (s,
3H, -(CH;), Aib), 1.06 (s, 3H, -(CHs), Aib).

MALDI TOF/TOF m/z : Caled. [M+Na]" 689.3890, observed 689.4219.
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Boc/N7._)‘\l}l N7__)L,}l OFt
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b) Boc-Ala-y'Phe-Aib-y'Phe-OFEt (G2):
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Boc-Ala-y'Phe-Aib-y'Phe-OEt (G2)

Physical state ¢ white crystalline powder
Mobol. Formula . C36H52N4O7
Yield : 97%

"H NMR (500 MHz, CDCl;)  : 8y 7.30-7.15 (m, 11H, NH, -Ph), 6.74 (b, 1H, NH), 6.00
(b, 1H, NH), 4.92 (b, 1H, NH), 4.27-4.21 (m, 1H, -CH-), 4.15-4.08 (m, 3H, -OCH,, -CH-),
3.97-3.94 (m, 1H, -CH-), 2.97-2.60 (m, 5H, CH,-Ph, -CH,-), 2.44-2.38 (m, 1H, -CH>-), 2.24-
1.72 (m, 6H, -CH>-), 1.45 (s, 3H, -(CHz), Aib), 1.43 (s, 9H, -(CHz); Boc), 1.26-1.21 (m, 6H, -
OCH,CHs, -CH; of Ala), 1.11 (s, 3H, -(CHs), Aib

MALDI TOF/TOF m/z : Calcd. [M+Na]" 675.3734, observed 675.4694

4 N
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Boc-Aib-y'Phe-Leu-y'Phe-OEt (G3)

Physical state ¢ white crystalline powder
Mol. Formula . C39H58N407
Yield : 96%

"H NMR (500 MHz, CDCl;) : 0u 7.49-747 (d, J = 8.7, 1H, NH), 7.29-7.13 (m, 10H, -
Ph), 6.76 (s, 1H, NH), 5.85-5.83 (d, / = 9.28, 1H, NH), 4.93 (s, 1H, NH), 4.30-4.18 (m, 2H, -
CH-), 4.12-4.07 (m, 3H, -OCH,, -CH-), 3.00-2.80 (m, 4H, CH,-Ph), 2.65-2.60 (m, 1H, CH>-
Ph), 2.57-2.36 (m, 2H, -CH>-), 2.30-2.10 (m, 3H, -CH>-), 1.97-1.72 (m, 14H, -CH>-), 1.60-
1.53 (m, 1H, y-H of Leu), 1.48 (s, 3H, -(CHs;), Aib), 1.41 (s, 9H, -(CH3); Boc), 1.26-1.22 (t, J
=7, 3H, -OCH,CH3), 1.22 (s, 3H, -(CH3), Aib), 0.84-0.82 (d, J = 6.6, 3H, -CH; of Leu),
0.80-0.79 (d, /=6.9, 3H, -CH; of Leu).

MALDI TOF/TOF m/z : Caled. [M+Na]" 717.4203, observed 717.5516.

Synthesis of (Boc-Ala-y'Phe-Aib-y'Phe-NHMe) (G4)

Boc-Ala-y'Phe-Aib-y'Phe-OH: Boc-Ala-y'Phe-Aib-y'Phe-OEt (0.33 mmol, 0.210 g) was
dissolved in ethanol (4 mL). Then 5 mL of 1(N) NaOH was added slowly to this solution.
After completion of the reaction (~ 2 hrs), ethanol was evaporated from reaction mixture and
residue was acidified to pH ~ 3 using 5% HCI (5% volume in water) at cold conditions after
diluting with 50 mL cold water. Product was extracted with ethyl acetate (3 x 20 mL).
Combined organic layer was washed with brine (40 mL) and dried over anhydrous Na,SO,,

Organic layer was concentrated under reduced pressure to give gummy product with

quantitative yield 98% (0.323 mmol, 0.200 g).
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Boc-Ala-y4Phe-Aib-y4Phe-OSu: Boc-Ala-y'Phe-Aib-y*Phe-OH (0.323 mmol, 0.2 g) and N-
hydroxysuccinimide were dissolved together in DMF (3 mL) followed by HBTU (0.4 mmol,
0.151 g) was added. The reaction mixture was cooled to 0 °C for 5 min. Then DiEPA (0.5
mmol, 0.09 mL) was added to the reaction mixture and it was allowed to come in room
temperature at constant stirring. The progress of the reaction was monitored by TLC. After
completion of the reaction (roughly 8 hrs), reaction mixture was diluted with 50 mL of ethyl
acetate and washed with 10 % sodium carbonate solution in water (2 x 25 mL) and followed
by brine (30 mL). The organic layer was dried over Na,SO4 and evaporated under reduced
pressure to give gummy product, which was used for next step without further purification.

Overall yield 78% (0.25 mmol, 0.180 g).
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Boc-Ala-y*'Phe-Aib-y*Phe-NHMe: Boc-Ala-y'Phe-Aib-y*Phe-OSu (0.25mmol, 0.180 g) was
dissolved in 10 mL THF. Then the solution was cooled to 0° C for 5 min. Methyl amine
solution in water (roughly 10 mL) was added to the reaction and reaction mixture was kept

for Shrs to complete the reaction. After completion of reaction, methyl amine was evaporated
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from reaction mixture. Then the solid residue was dissolved in ethyl acetate (70 mL) and
organic layer was washed with 5% HCl (5 % by vol. in water, 2 x40 mL), followed by
brine (40 mL). The organic layer was dried over Na,SO4 and evaporated under reduced
pressure to give white solid product, which was purified on silica gel column chromatography
using DCM/MeOH (product was eluted at 4.5% MeOH in DCM) solvent system to get solid
white powder product. Overall yield 85% (0.21 mmol, 0.135 g).
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Boc-Ala-y'Phe-Aib-y'Phe-NHMe (G4)

Physical state ¢ white crystalline powder
Mol. Formula : Cs5H5:Ns50¢
Yield : 85%,0.135 ¢

"H NMR (500 MHz, CDCly)  : 8y 7.46-7.44 (d, J = 7.4, IH, NH), 7.27-7.10 (m, 11H, -Ph,
NH), 6.95 (s, 1H, NH), 6.05-6.03 (d, J = 8.2, 1H, NH), 5.01 (b, 1H, NH), 4.25-4.22 (m, 1H, -
CH-), 4.15-4.10 (m, 1H, -CH>-), 3.96-3.90 (m, 1H, -CH-), 2.87-2.60 (m, 4H, -CH,-Ph), 2.79-
2.78 (d, J = 3.7, 3H, -NHMe), 2.39-1.87 (m, 8H, -CH,-), 1.44 (s, 9H, -(CHs)3 Boc), 1.39 (s,
3H, -(CH;), Aib), 1.27-1.26 (d, J = 5.84, 3H, -CH; of Ala), 0.9 (s, 3H, -(CHs), Aib).

MALDI TOF/TOF m/z : Caled. [M+Na]" 660.3737, observed 660.4789
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Synthesis of Hexapeptide (Boc-Aib-'y4Phe-Leu-y4Phe-Aib-dgF-OEt) (D4)

Boc-Aib-y'Phe-Leu-y*Phe-OH: Boc-Aib-y'Phe-Leu-y"Phe-OEt (0.4 mmol, 0.286 g) was
dissolved in ethanol (4 mL). Then 5 mL of 1(N) NaOH was added slowly to this solution.
After completion of the reaction (~ 2 hrs), ethanol was evaporated from reaction mixture and
residue was acidified to pH ~ 3 using 5% HCI (5% volume in water) at cold conditions after
diluting with 50 mL cold water. Product was extracted with ethyl acetate (3 x 25 mL).
Combined organic layer was washed with brine (40 mL) and dried over anhydrous Na;SOj.
Organic layer was concentrated under reduced pressure to give gummy product with

quantitative yield 98% (0.392 mmol, 0.261 g).

-, H 0 H O ., H o H o
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N : N : OFt EtOH N : N : OH

H O H O ——————> H 0 = H O
ACHAI Sl o0
G3

G3 acid

NH,-Aib-dgF-OEt: Boc-Aib-dgF-OEt (0.5 mmol, 0.210 g) was dissolved in DCM (3 mL)
and cooled the solution in ice bath. Then 3 mL of neat TFA was added to the solution. After
completion of the reaction (~ 30 min), TFA was removed from reaction mixture under
vacuum. The residue was dissolved in water and the pH was adjusted to ~10 by the slow
addition of solid Na,COj; at ice cold conditions Then Boc

deprotected dipeptide was extracted with ethyl acetate (3 x 25 mL). Combined organic layer
was washed with brine (40 mL), dried over Na,SO4 and concentrated under vacuum to ca. 2

mL and directly used for the coupling reaction in the next step.

i. 50%TFA
Ho9 in DCM o
Boc—N N~ A OFt H,oN _~_OFEt
P ii. NayCO4 ~ N
o’ H O <
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Boc—Aib—y4Phe—Leu—y4Phe—OH (0.392 mmol, 0.261 g) and NH,-Aib-dgF-OEt were dissolved
together in DMF (2 mL) followed by HBTU (0.5 mmol, 0.190 g) was added. The reaction
mixture was cooled to 0 °C for 5 min. Then DiPEA (0.7 mmol, 0.12 mL) was added to the
reaction mixture and it was allowed to come to room temperature at constant stirring. The
progress of the reaction was monitored by TLC. After completion of the reaction (roughly 8
hrs), the reaction mixture was diluted with 100 mL of ethyl acetate. The organic layer was
washed with 5% HCI (2 x 40 mL), 10 % sodium carbonate solution in water (2 x 40 mL) and
brine (50 mL). The organic layer was dried over Na,SO4 and evaporated under reduced
pressure to give gummy yellowish product, which was purified on silica gel column
chromatography using EtOAc/Pet-ether (product was eluted at 90% EtOAc in pet-ether)
solvent system to get gummy product, which was further crystallized using EtOAc/Hexane.

Overall yield 60% (0.231 mmol, 0.220 g).
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Boc-Aib-y'Phe-Leu-y'Phe-Aib-dgF-OEt (D4)

Physical state ¢ white crystalline powder
Mol. Formula ¢ Cs4H76N6O9
Yield : 60%

"H NMR (500 MHz, CDCl;) : Om 8.59-8.57 (d, J = 8.3, 1H, NH), 7.70-7.68 (d, J = 10.2,
1H, NH), 7.48-7.47 (d, J = 3.85, 1H, NH), 7.48-7.07 (m, 17H, -Ph, NH, -CH-(B) of dgF),
6.53-6.49 (dd, J=17.7,J=2.1, 1H, -CH= -CH a of dgF), 6.07-6.05 (d, / = 10.3, 1H, NH),

182



5.23 (s, 1H, NH), 5.13-4.97 (m, 1H, y-CH- of dgF), 4.26-4.13 (m, 4H y-CH- of yPhe, -
OCH,), 3.80-3.76 (m, 1H, a-CH- of Leu), 2.98-2.60 (m, 6H, -CH,-Ph), 2.29-2.10 (m, 4H, a-
CH;- of yPhe), 1.76 (s, 3H, -(CH3), for Aib),1.71-1.65 (m, 2H, B-CH;- of yPhe), 1.59 (s, 3H,
-(CH3); for Aib), 1.55-1.48 (m, 2H, B-CH>- of yPhe), 1.45 (s, 3H, -(CH3), for Aib), 1.43 (s,
9H, -(CHs); Boc), 1.30 (s, 3H, -(CHs); for Aib), 1.29-1.26 (t, J/ = 7, 3H, -OCH,CHs3), 1.20-
1.14(m, 2H, B-CH,- of Leu), 0.99 (s, 3H, -(CHs); for Aib), 0.94-0.88 (m, 2H, y-CH>- of Leu),
0.83-0.82 (d, /= 6.6, 3H, -CH; of Leu), 0.78-0.77 (d, /= 6.7, 3H, -CH; of Leu).

MALDI TOF/TOF m/z : Calcd. [M+Na]"975.5571, observed 975.9615.

Transformation of a-y-Vinylogous hybrid hexapeptide Boc-Aib-'y4Phe -Leu-'y4Phe-Aib-
dgF-OEt (D4) to its saturated hybrid 74-peptide analogue Boc-Aib-'y4Phe-Leu-'y4Phe-
Aib-y'Phe-OEt (G5)

Boc-Aib-y'Phe -Leu-y'Phe-Aib-dgF-OEt (D4) (0.10 mmol, 100 mg) was dissolved in EtOH
(4 mL), and was treated with 20 mg of 20% Pd/C. The hydrogen gas was supplied through
balloon. The schematic representation is shown below. The reaction mixture was stirred
under hydrogen atmosphere for about 6 hrs. The completion of the reaction was monitored by
MALDI-TOF/TOF (m/z Calcd. For Cs4H7sN¢O9 [M+Na]+ 977.5728, observed 977.8813) and
HPLC. After the completion of the reaction, the reaction mixture was diluted with EtOH (10
mL) and it was filtered through sintered funnel using celite bed and celite bed was washed

with EtOH (3 x 15 mL). The filtrate was evaporated under vacuum to get white crystalline
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pure product. Overall, the o/y*-hybrid peptide was isolated in 97% yield (97 mg, 0.097

mmol).
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Boc-Aib-y'Phe-Leu-y'Phe-Aib-y'Phe-OEt (G5)

Physical state ¢ White crystalline powder
Mol. Formula ¢ Cs4H7sNgO9
Yield : 97%, 97 mg

"H NMR (500 MHz, CDCL;)  : 8y 8.08-8.06 (d, J = 9.25, 1H, NH), 7.66-7.64 (d, J = 10.2,
1H, NH), 7.39-7.38 (d, J = 4, 1H, NH), 7.39-7.09 (m, 15H, -Ph), 7.01 (s, 1H, NH), 5.96-5.94
(d, J = 10.3, 1H, NH), 5.05 (s, 1 H, NH), 4.26-4.13 (m, SH, -OCH,, -CH-(y) of yPhe), 3.85-
3.82 (m, 1H, a -CH- of Leu), 2.99-2.59 (m, 6H, CH,-Ph), 2.49-2.02 (m, 6H, -CH,-(0)) of
yPhe), 1.99-1.83(m, 6H, -CH>-(B) of yPhe), 1.72-1.58(m, 6H, -CH>-(B) of yPhe), 1.56-
1.48(m, 6H, -CH,-(B) of yPhe), 1.60 (s, 3H, -(CHs), for Aib), 1.44 (s, 9H, -(CHs); Boc), 1.43
(s, 3H, -(CHs), for Aib), 1.29 (s, 3H, -(CHs), for Aib), 1.27-1.22 (m, SH, -OCH,CHs, CH.-,
B-H of Leu ), 1.13-1.05 (m, 1H, y-H of Leu), 1.00 (s, 3H, -(CHs), for Aib), 0.86-0.85 (d, J =
6.6, 3H, -CH; of Leu), 0.81-0.80 (d, J = 6.7, 3H, -CHs of Leu).

MALDI TOF/TOF m/z : Caled. [M+Na]" 977.5728, observed 977.8813.
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