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ABBREVIATION

Ac = Acyl

Ac,0 = Acetic anhydride

Aib/U = 2-Aminoisobutyric acid
Ala/A = Alainine

Arg/R = Arginine

Boc = tert-Butoxycarbonyl
(Boc),0 = Boc anhydride

DIPEA = Diisoproylethyl amine

DMF = Dimethyl formamide

EtOAc = Ethyl Acetate

Fmoc = 9-Fluorenylmethoxycarbonyl

Fmoc-OSu = N-(9-Fluorenylmethoxycarbonyloxy) succinimide
GABA = y-Aminobutyric acid

Glu = Glutamic acid

Gly/G = Glycine

HBTU = O-Benzotriazole-N,N,N',N'-tetramethyluronium hexafluorophosphate
HCI = Hydrochloric acid

HOBt = Hydroxybenzotriazol

HPLC = High performance liquid chromatography

IBC-CL = Isobutyl chloroformate

IBX = 2-iodoxybenzoic acid

Leu/L = Leucine

VI



LS(R,S) = syn (3R, 4S) B-hydroxy y-leucine

MeOH = Methanol

Met = Methionine

NaBH,4 = Sodium Borohydride

NaOH = Sodium hydroxide

NMP = N-methyl pyrrolidone

NMR = Nuclear Magnetic Resonance

PhAc = Phenyl acetyl

Phesta(R,S)/FS(R,S) = syn (3R, 4S) B-hydroxy y-phenylalanine
Phesta(S,S)/FS(S,S) = anti (3S, 4S) B-hydroxy y-phenylalanine
°Pro/P = PProline

Ser = Serine

SnCl, = Tin chloride

TFA = Trifluoro acetic acid

THF = Tetrahydrofuran

Val/V = Valine

Vil



ABSTRACT

Gamma-amino-B-hydroxy acids (statines) have been extensively investigated for
their biological activities, however, very little is known regarding their conformational
behaviour. The natural occurrence and their excellent biological activities inspired us
to investigate the conformational behavior of these amino acids in peptides. In this
regard, various hybrid peptide helices and hybrid B-hairpins were designed and
synthesized. The conformational properties of designed hybrid peptides were studied
in both solution and in single crystals. Results of these preliminary investigations
reveal that statines can be incorporated into the helices irrespective of the
stereochemistry of the B-hydroxyl group; however, the hydroxyl group with anti
stereochemistry with respect to the side-chain may facilitate the helical folds through
additional H-bond between the B-hydroxyl group and amide carbonyl groups.
Further, statine residues at the facing position of anti-parallel B-strands also stabilize
the overall B-hairpin conformation without much deviation from the overall B-hairpin
conformation in solution. In addition to understanding the conformational properties
of statines in the helix and B-hairpin structure mimetics, we have also designed a
water soluble analogue of universal aspartic acid protease inhibitor pepstatin and
studied its inhibitory activity against protease pepsin. Preliminary results suggest that

soluble pepstatin inhibits the proteolytic activity of pepsin.



INTRODUCTION

Designing protein secondary structure mimetic from the unnatural monomers is a very
attractive field of interest. The folding properties of unnatural amino acid oligomers do
not only give insight into the protein folding but also provide proteolytically stable protein
structure mimetics. These properties of unnatural foldamers have made them very
attractive from the perspective of medical and biological chemistry. Understanding of
peptide secondary structures through de novo design has drastically expanded our
knowledge towards the folding and functions of proteins.* The success of this endeavor
has been elegantly demonstrated in the synthetically derived oligomers of p- and v-
amino acids as well as hybrid peptides composed of o/, a/y and B/y-amino acids.? The
B-amino acids are homologated species of a-amino acids. Depending on the position of
the side chain, they are classified as B3 and B?-amino acids. Similarly, the double
homologated y-amino acids are classified as y%, y° and y*-amino acids. The secondary
structures displayed by the oligomers of B-amino acids can be further classified as
helices, sheets and turns. The helices produced by the B-peptides are recognized as
Ci4-, C12-, C10- and Cg-helices. The helices from B-peptides have displayed different
polarities with respect to their C and N-termini. The Cg- and Cj,-helices have a
hydrogen bond direction (C «—N), which is the same as that observed in a-peptides,
whereas in the Cyjo- and Cys- structures the hydrogen bond directions (N «<C) are
reversed. The stability of the helices increases upon progressing from a- to - to y-
peptides. The y- peptides form a right handed Cis-helix with 2.6 residues per turn.
Comparatively, y- and hybrid y-peptides composed of y*-amino acids are less studied
than the B- and other y-peptide counterparts. Various ordered secondary structure
mimetics have also been derived from the hybrid peptides composed of mixed o/f, aly
and ply sequences. The advantage of hybrid peptides (heterooligomer) over the
homooligomers is that various ordered helical structures can be designed by varying the
position and sequence patterns of constituent amino acids. These fascinating structural

features of hybrid peptide foldamers with expanded H-bond psuedocycles have greatly
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expanded the repertoire of the folded polypeptide structures. Some of the secondary

structure mimetics obtained from the o/ hybrid peptides® are shown in Figure 1.
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Figure 1: strucutres based on 2 and 3 amino aicds

The conformational analysis of y- and hybrid y-peptides with various types of v-
amino acids, y*-amino acids,* 3, 3-dialkyl y-amino acids,®> cyclic y-amino acids,® and 2,
3, 4-alkyl substituted y-amino acids’ revealed their preference towards helical
organization. However, peptides with o, B-unsaturated y-amino acids® and 4,4-dimethyl
substituted y-amino acids® preferred to adopt extended sheet type of structures. We
have been interested in the conformational analysis of various y- and a,y-hybrid
peptides and sought to investigate the conformational behaviour of naturally occurring
biologically important non-ribosomal B-hydroxy y-amino acids (statines) and hybrid

peptides composed of these statine amino acids.

Gamma-amino-B-hydroxy acids (statines) are naturally occurring non-ribosomal
y-amino acids widely present in many peptide natural products. Peptides constituted
with statines have been used as inhibitors for aspartic acid proteases. For example,

pepstatin,’® a naturally occurring peptide has shown broad inhibitory activities against

Page | 2



various aspartic acid proteases* such as, pepsin, cathespin D and E, rennin, HIV-1
protease, B-secretase, plasmepsin | and Il of malarial parasite Plasmodium falciparum
etc,. In addition, several natural peptides containing statines or modified statines, such
as didemnins,*? dolastatins,*® hapolosin,* Tamandarins,™ etc displayed promising anti-
cancer properties. Some of the representative examples of biologically active peptide

natural products containing statine amino acids are shown in Figure 2.
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Figure 2: structure of naturally occurring statine based peptides

Inspired by the remarkable biological applications of these peptide natural
products, various synthetic strategies have also been developed for the synthesis of
statines.'® Though the peptides containing statines have been extensively studied for
their biological properties, however, very little is known regarding their conformational
properties. The natural occurrence and their excellent biological activities inspired us to
investigate the conformational behavior of these amino acids in designed hybrid helices

and B-hairpins. In addtion, we also sought to investigate whether the highly insoluble

Page | 3



universal aspartic acid protease inhibitor pepstatin can be converted to water soluble

analogue without affecting its biological activity.

RESULTS AND DISCUSSIONS

Synthesis of 3-hydroxy y-amino acids:

We have chosen to use B-keto-y-amino esters as starting materials to synthesize -
hydroxy-y-amino esters. The main reason is that the mild reduction of B-keto-esters
gives both the diastereocisomers of statine residues and both the statine
diastereoisomers can be exploited in the design of hybrid peptide foldamers. We
recently reported the tin(ll)chloride mediated synthesis of B-keto-y-amino esters starting
from a-amino aldehyde and ethyl diazoacetate. We utilize the same strategy for the
synthesis of p-keto-y-amino esters. The amino aldehydes were synthesized from the
oxidation of corresponding amino alcohols using IBX. The amino alcohols were
synthesized through the mild NaBH,4 reduction of mixed anhydrides generated from the
reaction between protected amino acids and IBC-CI in the presence of a weak base
DIEA. After obtaining p-keto-y-amino esters through the modified Roskamp protocol®’,
we  subjected them to mild reduction using NaBH4 reported by Rich et al.'® The
schematic representation of the reaction is shown in Scheme 1. To understand the
compatibility and the stereochemical output, we initially subjected p-keto-y-amino esters
to the NaBH, reduction in dry THF at -78 °C. The mild reduction of B-keto-y-amino
esters gave anti (the pB-hydroxyl group is anti with respect to the amino acid side-chain)
is a major product and syn (B-hydroxyl group is syn with respect to amino acid side-
chain) product as minor isomer.*® The syn and anti diastereoisomers were separated
using column chromatography. The list of statine amino acid diasterecisomers
synthesized using this protocol is given in the Table 1. These were further used for the
solution phase synthesis of peptides after the selective deprotection Boc- and ester
groups. Solid phase compatible Fmoc-amino acids were synthesized from the N- and

C-terminal free statine amino acids obtained from the ester hydrolysis and subsequent
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Boc-deprotection. The Fmoc-group was introduced using Fmoc-OSu in the mild basic

environment. The schematic representation of the reaction is shown in Scheme 2.

1) IBC-CI,DIPEA

R R THF, 40min,-15°C R
oH (Boc),0 oH ’ ’ A _oH
HoN A0 BocHN BocHN
oNaLO3 2) NaBH,(in H,O
0 THF 6hrs, RT O ) 1hr4f)°C 20)
R =1) CH,CgHs IBX, EtOAC
2) -CHy-CH(CH3), 4hrs, 60°C
Reflux
R N,CHCOOE, S R
R 2 ) nCI2
NaBH,4 OEt o
OEt BocHN BocHN
BocHN 4 DCM, 30mins
- dry THF, 3hrs o) o , , H
RTR, © -78°C RT

a) Ry= OH, Ry= H
b) Ry= H, R, =OH

Scheme 1. Synthesis of Boc -protected 3 hydroxyl y amino esters from a amino acid.

Table 1: List of B hydroxyl y amino acids synthesised from a amino acids

S.No. | R R1 R2 Statine Yield % | Overall yield%
la -CH2C6H5 -OH -H
65
BocHN O~
OH O 95
1b -CH,CgHs -H -OH
35
2a -CHch(CH3)2 -OH -H
BocHN O~ 64
OH O 92
2b -CH,CH(CH3)2 -H -OH
36
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R NaOH, MeOH R R
o 2T oH  TFA DCM ® OH
BocHN 7 ~ 3hrs, RT BocHN 7 T RT H3N o
RiR2 O RiR2 O ’ Ri Ry O
R= CH2C6H5 or C5H11
Ry, Ry= OH, Hor H, OH

R

Fmoc-OSu, 10% Na;CO3  ErrocHN” OH

THF, 6hrs, RT Ri Rz O

Scheme 2: Synthesis of Fmoc-protected statine amino acids from the ethyl esters of
Boc-protected statines.

Synthesis of statine homooligomers:

To understand whether the statine peptides can be synthesized without protection of the
B-hybroxyl group, we subjected both the diastereoisomers of 1a and 1b to the dipeptide
synthesis. The dipeptides P1, P2 and P3 were synthesized in solution phase using Boc
chemistry. In the case of P1, the diastereoisomer 1a was used and in the case of P2 the
diastereoisomer 1b was used. Both l1a and 1b were used in the case of P3. The
schematic representation of the synthesis of statine dipeptides is shown in Scheme 3.
The Boc-group deprotected N-terminal free statine was coupled with free carboxylic
acid of the other statine. The coupling reactions were performed using HBTU/HOBt
standard coupling conditions. All three dipeptides were isolated in good yield after the
column purification. These results suggest that statines can be used in the peptide
synthesis without protection of the B-hydroxyl group. Inspired by these results, we
further extended same strategy to the synthesis of tripeptide P4. The N-free dipeptide
P3 was coupled to the free acid of amino acid 1a to give tripeptide P4. The tripeptide P4
was purified by reverse phase on C18 column using MeOH/H,O gradient system. The

sequence of all four statine peptides are shown in Scheme 4.
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+ HBTU, DIPEA H

® (0] > N
OH BocHN Y (0]
BocHN H3N >~ Dry DMF, 6 hrs, RT E

54 O OH O OH O
a) b)

Scheme 3: Synthesis of dipeptide in solution phase

OH O
BocHN\/E\)]\N o
P1 E H OH O
OH O
BocHN\/'\)]\N
P2 H
OH O
BocHN. L I o
P3 2 : H on o
y OH O
P4 BocHN NMN o~
OH O =

Scheme 4: Sequences of dipeptides and tripeptides generated from the B-hydroxy-y-

phenylalanine

The conformational analysis of these statine oligomers is under progress.

Design and syvnthesis and conformational analvsis of a,y-hvbrid peptide

helices

Recently, we reported the stable 12-helical conformations of a,y-hybrid peptides
composed 1:1 alternating o- and y*-amino acids. In order to understand the

conformational behaviour of statine residues in the hybrid peptide sequences, we
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designed four hybrid peptides. The sequences of these hybrid peptides along with
recently reported a/y-statine hybrid peptide P5 are shown in the Scheme 5. The hybrid
peptides P6 and P7 are composed of 1:1 alternating a- and statine residues, while P8
and P9 composed of single statine residues along with saturated y*-amino acids in 1:1
alternating o, y- hybrid peptides.  Synthesis and crystal conformation of P5 is recently
reported.?® In order to get clear understanding about the conformational properties of
statine residues, P6 and P7 were synthesised through solution phase chemistry using
2+2 convergent strategy and purified by column chromatography. The schematic
representation of the tetrapeptides synthesis is shown in the Scheme 6. The
heptapeptides, P8 and P9, were synthesized by solid phase method on Knorr amide

resin using standard Fmoc- chemistry. The coupling reactions

ITl (0]
N
P5 Boc/ %L OV
'T' (0]
P6
N
Boc” 7)L N o~

. E OH O
P8 %H %H %” %NHZ
o) - E OH O ’ o) -
! 0
%NHZ
O <

Scheme 5: Sequences of hybrid peptides composed of 1:1 alternating Aib and

Phestatine residues.
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were performed using HBTU/HOBt coupling reagents. The y*-Phe was synthesized

through Wittig reaction as reported earlier by our group.” The a, p-

g{ o HBTU, DIPEA o

N OH ~

BocHN + HoN BocHN fo)

S Sn © Dry DMF, 6hrs, RT 0C 5 H ~
e OH O

0 (0]
HoN
N H OH O A OH O
a) b)

HBTU, DIPEA
Dry DMF, 6hrs
RT

(0] H 0]
BocHN %LN N%LN o~
< H H OH O

OH O ~
Scheme 6: synthesis of a/y hybrid tetrapeptide

unstaturated y-amino acid obtained after the Witting reaction was reduced to saturated
y-amino acid through catalytic hydrogenation. The schematic representation of the

synthesis y*-Phe is shown in Scheme 7.

1. Hy, 20% Pd/C
10% AcOH in THF

= OBzl > OH
CbzHN 2. Fmoc-OSu, FmocHN

O 10% Na,CO4 o

Scheme 7: Synthetic scheme for y phenyl alanine®
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To understand the conformations of P6 and P7 we subjected both the peptides for
crystallization in various solvent combinations. The X-ray quality single crystals were
obtained from the slow evaporation of solution of peptides in aqueous methanol. The X-
ray structures of P6 and P7 peptides are shown in Figure 3 along with P5.

P5 P6 P7
Figure 3: X-ray structures of P6 and P7 along with P5.

O 4Rg, 0, v
)k X X=NH-R; or -OEt

N
OH O

Figure 4: Local torsional variables of statine residues

As reported earlier, the helical conformation of P5 is stabilized by two intramolecular 12-
membered H-bonds.?® The analysis of the crystal structure of P6 and P7 with (3R, 4S)
B-hydroxy-»phenylalanine (syn) suggests the presence of a single molecule in their
asymmetric unit. Similar to P5, P6 and P7 also adopted 12-helical conformations in the

single crystals and the structure is stabilized by two intramolecular H-bonds between
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the residues i and i+3. The torsional angles of statine residues were measured by
introducing two additional variables ¢, (N-C'-CP-C%) and & (C'-CP-C®-C’) along with ¢
(C-N-C'-CP) and  (CP-C*-C’-N/O) (Figure 4). The torsion values of statines residues in
all three peptides along with statine amino acid diastereoisomers la and 1b are given
the Table 2.

Table 2: Tortional values for statine in tetrapeptides

No. Residue ) 01 02 )

AAs la -135 35 162 94
1b -131 59 -169 -172

P5 Phesta2 -123+3 5343 6043 -122+1
Phesta4 -105+3 173+3 168+9 154 (-57)

P6 Phesta2 -126 51 63 -121
Phesta4 -105 56 -170 -158

P7 Phesta2 -128 54 56 -121
Phesta4 -110 57 -179 27

Similar to the other a,y-hybrid peptide 12-helices, the a-residues displayed ¢ and vy
values around -60 and -40, respectively. Similar to P5, the Phe-sta2 in both P6 and P7
accommodated nicely into the 12-helical conformation by adopting g*, g* conformation
along &, and &. However, as observed in P5, Phe-sta4 in both P6 adopted extended
conformation by having the torisonal values & and y -170° and -158°, however, vy
displayed 27° in the case of P7. Due to the stereochemical requirement, the -OH
group of (3R, 4S) B-hydroxy-j-phenylalanine in P6 pointed towards C-terminus of the
helix similar to the amide CO groups. In contrast to the B-hydroxyl group of anti
(3S,4S)Phe-sta2 in P5, the B8-OH group of the Phe-sta2 in P6 is involved in the six
membered intramolecular H-bonding with CO of the same residue with a C=0---H
distance of 2.09 A and C=0---H-O angle 142°. Interestingly, Phe-sta2 P7 is not involved
in the intramolecular H-bonding. The intraresidue H-bonding is not observed in the

terminal Phe-sta4 in all the peptides as it is not participating in the helix due to the lack

Page | 11




of C-terminal amide NH, however, it is involved in the strong intermolecular H-bonding
with the solvent methanol. The structural analysis of P5, P6 and P7 reveal that
irrespective of the stereochemistry at the B-position, these peptides adopted right
handed helical conformation, except the projection of the B-hydroxyl groups and their
pattern of H-bonding. Overall, these results suggest that short hybrid peptides
constituted with syn and anti diastereoisomers of 8-hydroxy j-amino acids adopted 12-
helical conformations without much deviation from the hybrid peptides composed of a-
and »*-amino acids. Further, statine hybrid peptides displayed additional inter and

intramolecular H-bonds due to the presence of B-hydroxyl groups.

Inspired by these results, we designed two heptapeptide P8 and P9 by
incorporating single statine residue at the fourth position of the known a,y-hybrid peptide
composed of Aib and y-Phe to understand the influence of B-hybroxyl group on the
stability of a,y-hybrid peptide 12-helix. Both peptides were synthesized using solid
phase method and purified by HPLC. The CD analysis of the both the hybrid peptides
displayed the characteristic signature of the parent 12-helix (Figure 5), suggesting that
the accommodation of the statine residues in higher ordered helices. The 2D NMR and
X-ray analysis of these peptides is currently under progress. The model structures of
P8 and P9 generated based on the X-ray structures of the parent peptides using

Discovery studio are shown in Figure 5.
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Figure 5: Model structures and CD spectra of P8 and P9 depicting 12-helical
conformations. The models were generated through Discovery studio using crystal

structure information of the parent a,y-hybrid peptide.
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Overall these studies reveal that the statine residues can be incorporated into hybrid
peptide 12-helices without much deviation from the overall folding of the 12-helix. The
statine amino acids with anti stereochemistry may influence the stability of the helical
folds through additional H-bonding.

Design, synthesis and conformational analysis of hybrid $-hairpins

Beta-hairpins are another very important class of secondary structures widely present in
protein structures. A B-hairpin is a simplest structural motif consists of anti-parallel -
sheets and a reverse turn. Many proteins often constitute a B-hairpin scaffold for
biomolecular recognition. In contrast to the helical secondary structures, B-hairpins have
not been extensively studied. Unlike a-helical peptides, where structure is stabilized by
local H-bonds, B-strand requires a structural context for the stabilization. It has been
shown that B-hairpin structures from outside the protein context can be stabilized using
the sequences PPro-Xxx (Xxx is Gly, Ala, Pro, Aib etc.,), Asn-Gly, Aib-Gly at the turn
segment®. Further, the B-strand residues that modulate the p-hairpin stability depending
upon their intrinsic B-sheet propensities through both cross strand and diagonal side
chain-side chain interaction. Recently, our group reported the stable p-hairpin structure
by exploiting the geometrical rigidity of a, p-unsaturated y amino acids. Further it has
been shown that saturated analogue of the unsaturated hairpin (hairpin with y-amino
acids) obtained after the catalytic hydrogenation destabilises the hairpin conformation
through poor registry of the B-strands“. To understand whether the statine residues can
stabilize the B-hairpin conformation through additional H-bonding along the anti-parallel
B-strands, we designed two hybrid p-hairpins P10 ( Ac-Val-Phesta(S,S)-Val-°Pro-Gly-
Leu-Phesta(S,S)-Val-NHy) and P11 (Ac-Phesta(S,S)-Phesta(S,S)-"Pro-Gly-
Phesta(S,S)-Phesta(S,S)-NH,) incorporated with statine residues at the facing position
of the anti-parallel B-strands. The schematic representation of the P10 and P11 is

shown in Scheme 8.
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O - H-NH

Ph

P10 P11
Scheme 8: Schematic representation of designed B-hairpins P10 and P11. Statines are

highlighted in blue colour.

Both B-hairpins P10 and P11, were synthesised on solid phase using HBTU/HOBt as
coupling agents on Knorr amide as resin using standard Fmoc- chemistry. After
completion of synthesis, the N-terminal was protected with acyl group using acetic
anhydride and pyridine. The peptide was then cleaved from resin using pure TFA. In
addition to the N-acetylation, we also observed O-acetylation of the peptides in the
MALDI TOF mass spectra. To remove O-acetylation, we further subjected crude
peptides for the selective mild NaBH, reduction in methanol. After obtaining the O-
deacetylated products, the peptides were subjected to the purification by reverse phase
HPLC on C18 column using MeOH/H,0 solvent system. The pure peptides were further
subjected to the 2D NMR and CD analysis to understand their solution state
conformations.

The CD spectrum of P10 recorded in methanol is shown in Figure 6. Peptide
displayed CD minima at 230 nm suggesting that well folded conformation of the peptide
in solution. In addition, the well dispersed amide proton signals (*H NMR ) of NH, CaH

and CyH in CD30H indicate the well folded signature of the peptide in solution.
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Figure 6: CD Spectra of the B hairpin P10

Further, we subjected the peptide P10 to the 2D NMR analysis. As anticipated,
the 2D NMR (TOCSY and ROESY) analysis showed the characteristic turn and cross-
strand NOEs of antiparallel g-strands confirming a B-hairpin structure in solution. The
fully assigned TOCSY spectrum of the peptide P10 is shown in Figure 7. The fully
assigned characteristic sequential NH«-C,H, cross-strand NH«<~NH and C,H-C,H
NOEs of ROESY spectrum are shown in the Figures 8, 9 and 10, respectively. The
critical NOEs observed in the ROESY spectrum are highlighted in the model shown in
Figure 11. The strong C,H<~C,H NOESs between the statine residues in P10 indicating
the stable antiparallel B-sheet character in solution. Further, we perform the
temperature dependent *H NMR to understand the involvement of amide NHs in the
intermolecular H-bonding. The *H NMR with increasing temperature is shown in Figure
12. The linear up field chemical shifts of B-strand amide NHs in vt NMR (temperature

ranging from -10 to 40 °C), indicating the strong registry of the antiparallel s-sheets

Page | 16



(Figure 13). Further the higher (-ve scale) temperature co-efficient values (d&/dt) of all

amide NHs obtained from the slope suggesting grater sheet character of the peptide.
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Figure 12: 'H NMR spectra with increasing temperture.
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Table 3: Chemical shifts of the amide NHs with increasing temperature.

Resi Chemical Shift of NH with temperature(ppm) do/dT

due 1563 [268 | 273 | 278 [283 |288 | 293 | 298 |303 |308 | 313 | PPP/K)

Val3 |8.69 865 |86 |855 851|847 |842|8.37(834|83 |835|-8.78

Gly5 |84 |84 |8.39|8.38|8.37|835|833|8.31 83 |828|8.26|-2.96

Vall |8.2 |8.16|8.13 |8.09 | 806 802|798 793 |79 |7.87|7.83|-7.45

Leu6 |8.11 | 8.1 |8.09 |8.07 |8.06 8.04 |8.03 |8 7.99 | 7.97 | 7.94 | -3.35

Val8 |8.09 |8.06 |8.02|799 796|793 |79 |7.86|7.84|7.82|7.79|-6.04

NH, |8 797 794 |79 |7.88 784|781 |7.77 |7.75|7.72|7.68 | -6.36

FS2 |792 788|784 |7.80 |7.77|7.74|7.70|7.66 |7.64|7.61|757]|-6.87

FS7 |7.74 | 7.7 |7.67 764|761 |758 |755|752|751|7.49|7.46|-5.49

We are presently investigating the solution state conformational properties of the other
hybrid B-hairpin P11.

Overall, these studies suggest that statine residues can be incorporated into the
canonical B-hairpin structures without much deviation from the overall fold of the B-
hairpin conformation. Results of these investigations can be further explored in the
design of biologically active B-hairpin structures as protease inhibitors as well as

inhibitors for protein-protein interactions.

Design synthesis and biological evaluation of water soluble pepstatin
analogues

The peptide natural product, pepstatin showed broad spectrum inhibitory activities
against various aspartic acid proteases, including pepsin, cathespin D and E, rennin,
HIV-1 protease, B-secretase, plasmepsin | and Il of malarial parasite Plasmodium
falciparum etc. The major disadvantage of the pepstatin is its insolubility in aqueous

solvents and buffers. Because of its insolubility, pepstatin has not been well exploited
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as an inhibitor against various proteases in vivo. Due to the difficulty in the synthesis
and isolation of stereochemically pure statine amino acids, very few attempts have been
made in the literature to design the water soluble pepstatin analogues. As we have
been standardized the protocol for the synthesis and the isolation stereochemically pure
of statines, and their utility in both solution and solid phase peptide synthesis, we sought
to further explore the design of water soluble pepstatin analogues. The sequence of the
pepstatin (P12, (CHs3),CHCH,CO-Val-Val-LS(R,S)-Ala-LS(R,S)NH;) is shown in the
Scheme 9. The natural peptide composed of two leucine statines at the positions 3 and
position 5 (C-terminal), along with a-Val residues at the position 1 and 2 and a-Ala at
the position 4. The N-terminal of the peptide is protected with isovaleric acid. Based on
the pepstatin sequence, we designed peptide P13 (Arg-GABA-Leu-Val-Val-LS(R,S)-Ala-
LS(R,S)-NH,) without disturbing the overall

o e e

P12 )\)LN N AL N NH,
H : H : H
0 Al OH 0 = OH O
NH o) e b o b O
N N N NH

P13 }hNJLN/\\/A\rJtN/\\/Njf \rJLN \fJ\N \/)kN G

H H : H H H H H

NH, o) \\(/ 0 AL OH O

OH O -
H+

HO__O g
(0] (0] (0] OPh (0]
P14 )L H\)J\ H\)k H\)L N NH
oj“[’j O \Ph OHO/ O O

H,N H
Scheme 9: Sequences of pepstatine, designed water soluble pepstatin and protease

substrate.

sequence order of the peptide (Scheme 9). We introduced Leu residue at position 3 to
compensate the structure of the isovaleric acid. The polar residue Arg was introduced
at the N-terminus to induce the solubility of the peptide and GABA was used as a linker

to separate polar residue Arg with the hydrophobic patch of pepstatin residues. Both
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the peptides, P12 and P13 were synthesized using solid phase method on Knorr amide
resin as described earlier. The schematic representation of the solid phase synthesis of

P13 is shown in Scheme 10. Due to the insolubility of P12, we were unable to purify

SCHEMATIC REPRESENTATION OF SOLID PHASE PAPTIDE SYNTHESIS
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Schemel0: Solid phase synthesis of water soluble pepstatin analogue P13.

this peptide however, the mass of peptide was confirmed using MALDI-TOF. The
designed peptide P13 turned out to be highly soluble in water and other aqueous

buffers. The peptide was purified by reverse phase HPLC using MeOH/H,O gradient
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system with 0.1%TFA. The mass spectrum of the peptide is given below. To
understand the inhibitory activity of the water soluble pepstatin analogue P13 against
the aspartic acid proteases, we selected pepsin as a model protease. The protease
substrate was derived from the plasmepsin cleavage site of the haemoglobin. The
sequence of the protease substrate (P14) is shown in the Scheme 9. We used MALDI-
TOF as a tool to understand the proteolytic activity of pepsin and the inhibitory effect of
P13. The literature suggests that pepsin cuts the substrate at 4™ or 5" residue that is
between leucine and phenylalanine or phenylalanine and methionine. The preliminary
investigations reveal the cleavage of the substrate P14 at position 4 as well as at
position 5 by the pepsin. The cleavage products were identified using MALD-TOF
analysis. To understand whether the water soluble pepstatin analogue P13 can inhibit
the activity of pepsin, we incubated P13 with pepsin prior to the treatment of protease
substrate P14. The mass spectral analysis suggests that there is no cleavage of P14
and the intact substrate was observed in the mass spectrum. These preliminary results
suggest that water soluble pepstatin inhibits the activity of pepsin protease. We are
currently investigating the kinetics of protease activity in the presence and absence of
inhibitor P13. In addition to the pepsin, we are also investigating the inhibitory activity of
the P13 with various other aspartic acid proteases and binding thermodynamic
parameters.

Overall, we designed and synthesized water soluble analogue of universal aspartic acid
protease inhibitor pepstatin and studied its inhibitory activity against the pepsin protease
using MALDI-TOF. Presently, we are investigating the kinetic and thermodynamic

binding parameters of the pepsin and inhibitor P13 interactions.
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MALDI-TOF based experiment for the inhibition study of pepstatin
Substrate(P14):

HO (@] \S
Ph
o L 0 e 0 o
N N N N NH
O = O = o - 0 0
NH “Ph HO™~

HzN)kN
H

MALDI-TOF

m/z calcd for CszH79N13013S (M+Na®) 1160.5539. Observed(M+Na*) 1160.6986
Spectrum Report
Final - Shots 400 - IISER-1; Run #433; Label A12
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Inhibitor(P13):

O

NH O H (0] H 0] H
HZN)LN/\/\‘)LNWN%N N\:)kN N\:)J\N NH,
H H E H E H H H
NH, O Y 0~ OH O OH O

MALDI-TOF

m/z calcd for CussHgeN12019 (M+H")955.6668, (M+Na')977.6482. Observed
(M+H")955.7871, (M+Na') 977.7786

Spectrum Report

Final - Shots 400 - ISER-1; Run #433; Label A10
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Substrate+ Enzyme(Pepsin): Proteolysis of the control was observed
Analysis: 1160.7023 corresponds to the (P13+Na")

HO. O ~g
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o L © e L0 o
N N N N NH
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ZH

m/z calcd for the (fragment+K*)555.2454. Observed(fragment+K™) 555.3303

HO__O g
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o e e IR o)
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HNT N
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m/z calcd for the ragment+ . . serve ragment+ .
/z calcd for the (f K*)702.3143. Ob d(f K*) 702.4400
Spectrum Report
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Addition of control in mixture of inhibitor and enzyme

No proteolysis was observed

Inhibitor inhibits the activity of the enzyme. So, 702 and 555 mass peak were not

observed.

Spectrum Report

Final - Shots 400 - lISER-1; Run #433; Label A16
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CONCLUSION

In conclusion, we have demonstrated the facile synthesis of B-hydroxy y-amino acids
through the mild reduction of B-keto-y-amino esters and their utility in the design of
various hybrid peptides and homooligomers. The conformational properties of hybrid
helices incorporated with stereochemically pure anti (3S, 4S) and syn (3R, 4S) B-
hydroxyy-phenylalanine reveal that irrespective of the stereochemistry p-carbon center,
both diastereoimers can be accommodated into 12-helices without much deviation of
the overall 12-helical conformation. However, the B-hydroxyl groups in syn
diastereoisomer projected upwards similar to the amide NHs in the helix, while in anti
diastereoisomers [-hydroxyl group projected downwards similar to the amide carbonyl.
These sterochemical requirements enable the B-hydroxyl groups to involve in the six
membered intraresidue H-bonds in the syn diastereocisomers and ten membered
interresidue H-bonds in the anti diastereoisomers, respectively. The influence of these
additional -OH group interactions with backbone carbonyl groups in higher ordered
helical peptides is currently under investigation. Further, we investigated the influence
of statine residues in the structural stability of pB-hairpins. The designed octapeptide
hairpin incorporated with (3R, 4S) B-hydroxy y-phenylalanine at the facing positions of
the anti-parallel strands displayed a well folded conformation in solution, suggesting that
these statines can be readily accommodated into the canonical B-hairpin structures
without much deviation from the overall folding of the pB-hairpin conformation. In
addition, we have also demonstrated the design of water soluble analogue of universal
aspartic acid protease inhibitor pepstatin and studied their inhibitory activity against
model protease pepsin using a-peptide substrate. The kinetic and thermodynamic
parameters substrate protease as well as the inhibitor protease interactions is currently
under progress. Over all we demonstrated the facile synthesis and isolation of statine
amino acids and their utility in the design of hybrid peptide foldamers as well as their

utility in the design of biologically active water soluble pepstatin.
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METHODS

CHEMICALS
All the amino acids, Ethyl diazoacetate, TFA, DIPEA were bought from Aldrich. IBCCI,

DCM, THF, DMF were obtained from spectrochem and used without further purification
unless specified otherwise. Silica gel for column chromatography was 120-200 mesh

obtained from Merck.

INSTRUMENTATION
The *H spectra were recorded on BRUKER 500 MHz (or 125 MHz for **C) and JEOL

400 MHz (or 100 MHz for *3C) using residual solvents signals as an internal reference
[(CDCI30H, 7.26 ppm, 8C 77.0 ppm) and CD3;OH &C 49.3 ppm]. The chemical shifts (d)
are reported in ppm and coupling constants (J) in Hz. MALDI-TOF/TOF mass spectra
were obtained on Model 4800 (Applied Biosystems) instrument. WATERS HPLCwas
used for the purification of peptide using distilled Methanol-Water system with
preparatory column. ZEISS EVO series Scanning Electron Microscope Model EVO 50

was used to obtain SEM images of the peptides after coating them with a gold layer.

EXPERIMENTAL

General procedure for the Synthesis of N-Boc-protected B-keto y-amino esters:

protected amino aldehyde (10 mmol) was dissolved in 15 ml of DCM at room temperature.

To the reaction mixture, tin (Il) chloride (20 mol%) was added followed by 1.05eq. of 15%

ethyl diazoacetate in toluene (7.5 ml). spontaneous evolution of N, gas is observed and

reaction is allowed to stir for 1hr. reaction progress is monitored with TLC. After completion

of reaction, the reaction mixture is acidified using 10% HCI and extracted with DCM. The

organic layer is washed with brine solution, dried over anhydrous sodium sulphate and

concentrated over reduced pressure to obtain (B-keto y-amino ester. Pure compound were

obtained after purification by column chromatography.
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General procedure for Synthesis of N-Boc-protected B-hydroxy y-amino esters: The
B-keto-y amino ester was dissolved in 30 ml of dry THF under nitrogen atmosphere. The
solution is brought to -78°C using dry ice and acetone. 1.4 eq. of NaBH4 was added to the
reaction mixture and reaction was allowed to stir vigorously for 3 hrs. After completion of
reaction, the reaction mixture was quenched using 10% HCI solution and extracted with
ethyl acetate. The organic layer was washed with brine solution, dried over anhydrous
sodium sulphate and concentrated at reduced pressure to obtain the diastereomers of -
hydroxyl y-amino ester. Diastereomers were separated using silica gel based column
chromatography. These diastereomers were further used for solution phase peptide

synthesis.

General procedure for Synthesis of N-Boc-protected B-hydroxy y-amino acids: The
B-hydroxy y-amino ester (4.5 mmol) was dissolved MeOH (54 ml) and allowed to stir to
obtain a clear solution. To the reaction mixture 3eq of 1INaOH (13.5 ml, 13.5 mmol) was
added drop wise and reaction was allowed to stir for 3hrs at room temperature. After the
completion of the reaction, the reaction mixture was quenched with 10% HCI solution and
extracted with ethyl acetate. The organic layer was washed with brine solution, dried over
anhydrous sodium sulphate and concentrated at reduced pressure to obtain N-protected -

hydroxyl y-amino acid. It was used without any further purification.

General procedure for the synthesis of B-hydroxy y-amino acids: The N-protected B-
hydroxy y-amino acid was dissolved in 3 ml of DCM and cooled to 0 °C. To the solution
5ml of TFA was added slowly and reaction was brought to room temperature. The reaction
mixture was allowed to stir for about 1lhr. After completion of the reaction, TFA was
completely evaporated and the free amine was for the next step without any further

purification.

General procedure synthesis of N-Fmoc protected B-hydroxy y-amino acids: The N-
Boc- deprotected B-hyroxy y-amino acid (4 mmol) was dissolved in 10% sodium carbonate
(21.2 ml) and reaction mixture was maintained at basic pH. To the reaction mixture, THF
(15.8 ml) was added and cooled to 0 °C. The Fmoc-OSu was dissolved in 15 ml THF and
added drop wise to the reaction mixture. After the addition, the solution was brought to

room temperature and allowed to stir for 5hrs. After completion of the reaction, it was
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guenched with 10% HCI solution and extracted with ethyl acetate. The organic layer was
washed with brine solution, dried over anhydrous sodium sulphate and concentrated under
reduced pressure to obtain N-Fmoc protected B-hydroxyl y-amino acid. The gummy
product was precipitated using ethyl acetate and pet ether and directly used for the solid

phase peptide synthesis.

General procedure synthesis of statine dipeptides (P1-P3): The trifluoroacetate salt of
the statine ester (0.24 gm, 1 mmol) was dissolved in 0.5 ml of DMF. The solution was
cooled to 0 °C, followed by the addition of 3 eq. of DIPEA (0.52 ml, 3 mmol) drop wise.
After that reaction was allowed to attain room temperature, Boc protected statine acid
(0.340 gm, 1 mmol), HBTU (0.38 gm, 1 mmol) and HOBt (0.135 gm, 1 mmol) dissolved in
1ml of DMF were added and reaction was allowed to stir overnight. Reaction progress was
monitored by TLC. After completion, the reaction was quenched with 10% HCI and
extracted with ethyl acetate. The organic layer was washed with sodium carbonate and
brine solution and dried over anhydrous sodium sulphate. The pure dipeptide was obtained

after silica gel column chromatography.

Synthesis of tripeptide (P4): The trifluoroacetate salt of the dipeptide ester was dissolved
in dissolved in 0.5 ml of DMF. The solution was cooled to 0 °C, followed by the addition of
3 eq. of DIPEA (0.52 ml, 3 mmol) drop wise. After that reaction was allowed to attain room
temperature, Boc protected statine acid (0.34 gm, 1 mmol), HBTU (0.38 gm, 1 mmol) and
HOBt (0.135 gm, 1 mmol) dissolved in 1ml of DMF were added and reaction was allowed
to stir overnight. Reaction progress was monitored by TLC. After completion of the
reaction, reaction was quenched with 10% HCI and extracted with ethyl acetate. The
organic layer was washed with sodium carbonate and brine solution and dried over
anhydrous sodium sulphate. The pure dipeptide was obtained after HPLC purification using

MeOH/H,0 solvent system.

General procedure synthesis of tetrapeptides (P6 and P7): The two dipeptides were
prepared as mentioned above. One dipeptide was deprotected other was hydrolysed and
the same procedure as mentioned for the dipeptide was followed in order to obtain the

tetrapeptide. Which was then purified using HPLC with MeOH/H,0O as solvent system.
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Deprotection of the O-acetyl groups obtained from the solid phase synthesis: The
O-acylation of the peptide was the major problem faced while using statines in peptides. To
deprotect the O-acetylation, the crude peptide was dissolved in MeOH and treated with
5eq. of NaBH4 in one batch. The reaction mixture was allowed to stir at room temperature
for 5 to 6 hrs in order to obtain complete deacetylation of the peptide. Unreacted sodium
borohydride was neutralised using 10% HCI. And peptide was extracted in ethyl acetate

and purified using reverse phase HPLC using methanol and water as solvent system.

Cleavage of peptides from solid phase resin: The dried resin after the synthesis of
peptide was treated with cocktail mixture TFA/water (99/1) and allowed to stir for 2 hrs at
room temperature. After completion of the reaction, reaction mixture was filtered and
washed with DCM to separate resin from peptide. TFA was completely evaporated and
peptide was precipitated either ethyl acetate/ pet. ether (hydrophobic sequence) or diethyl
ether (hydrophilic sequence). The peptides were purified using reverse phase HPLC on Cig

column using methanol/water gradient system.
NMR details for the monomers

(R,S)-N-Boc protected B-hydroxyl y-phenyl alanine ester:*H NMR (400 MHz, CDCl; : dy
7.32-7.22 (m, 5H), 4.56-4.54 (d, J = 9.8, 1H), 4.21-4.16 (q, J = 7.2, 2H), 4.00-3.99 (d, J =
6.5, 1H), 3.90-3.84 (m, 1H), 3.61 (b, 1H), 3.01-2.82 (m, 2H), 2.61-2.47 (m, 2H), 1.36 (s, 9H)
,1.30-1.26 (t, J = 7.2, 3H); 3C NMR (100 MHz, CDCls): 8¢ 173.01, 155.71, 137.60, 129.47,
128.45, 126.43, 79.60, 70.06, 60.89, 55.11, 38.12, 35.79, 28.24, 14.13; ESI m/z : Calcd.
[M+Na]* 360.1786, observed 360.1789.

(S,S)-N-Boc protected B-hydroxyl y-phenyl alanine ester: *H NMR (400 MHz, CDCl3 : o4
7.31-7.22 (m, 5H), 4.97-4.95 (d, J = 9.8, 1H), 4.16-4.11 (q, J = 7.2, 2H), 4.00-3.97 (d, J = 8,
1H), 3.76-3.70 ( m, 1H), 3.52 (b, 1H), 2.93-2.91 (m, 2H), 2.63-2.35 (m, 2H), 1.42 (s, 9H,)
,1.27-1.25 (t, J = 7.0, 3H); **C NMR (100 MHz, CDCls) : 8¢ 173.61, 155.81, 138.14, 129.41,
128.45, 126.36, 79.40, 66.94, 60.85, 55.34, 38.53, 29.68, 28.33, 14.09; ESIm/z : Calcd.
[M+Na]" 360.1786, observed 360.1792.

(R,S)-N-Boc protected B-hydroxyl y-leucine ester: *H NMR (400 MHz, CDCl; : &y 4.59-4.57
(d, J=8.8, 1H), 4.20-4.15 (q, J = 7, 2H), 4.05-4.01 (m,1H), 3.70-3.63 (m, 1H), 3.45 (b, 1H),
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2.48-2.42 (m, 2H), 1.66-1.57 (m, 2H), 1.44 (s, 9H), 1.34-1.31 (t, J = 6.8) 1.29-1.26 (t, J =
7.2, 3H), 0.95-0.91 (m,6H); **C NMR (100 MHz, CDCls) : d¢c 172.84, 156.16, 79.57, 71.38,
60.82, 52.69, 38.84, 37.95, 28.35, 24.70, 23.65, 21.55, 14.14; ESI m/z : Calcd. [M+Na]*
326.1943, observed 326.1949.

(R,S)-N-Boc protected B-hydroxyl y-leucine ester: *H NMR (400 MHz, CDCl; : &y 4.73-
4.71 (d, J = 10, 1H), 4.20-4.15 (q, J = 7.2, 2H), 4.03-4.01 (d, J = 8, 1H), 3.63-3.60 (m, 1H),
3.30 (b, 1H), 2.59-2.46 (m, 2H), 1.69-1.58 (m, 3H), 1.44 (s, 9H) ,1.30-1.26 (t, J = 7.2, 3H),
0.94-0.92 (m,6H); **C NMR (100 MHz, CDCl3) : d¢ 173.55, 156.00, 79.18, 69.65, 51.93,
41.70, 38.67, 28.35, 24.73, 23.01, 22.24, 14.13; ESI m/z : Calcd. [M+Na]® 326.1943,
observed 326.1946.

NMR details for dipeptides

N-Boc protected (S,S)phesta-(S,S)phesta ethyl ester:1H NMR (400 MHz, DMSO-d6) &y
7.64 (d, J = 8.6 Hz, 1H), 7.25 — 7.07 (m, 10H), 6.45 (d, J = 9.2 Hz, 1H), 5.10 (d, J = 5.8 Hz,
1H), 4.81 (d, J = 5.8 Hz, 1H), 3.97 (q, J = 7 Hz, 2H), 3.93 — 3.83 (m, 2H), 3.81 — 3.70 (m,
1H), 3.58 (dd, J = 6.6, 3.8 Hz, 1H), 2.76 (ddt, J = 12, 8.8, 4.8 Hz, 2H), 2.63 — 2.48 (m, 2H),
2.34 —2.20 (m, 2H), 2.19 — 2.05 (m, 2H), 1.26 (d, J = 2.6 Hz, 9H), 1.10 (t, J = 7 Hz, 3H); *C
NMR (100 MHz, DMSO-D6) 6. 171.85, 171.36, 155.91, 139.78, 129.58, 128.52, 126.43,
78.11, 69.16, 67.88, 60.20, 56.45, 54.59, 36.55, 28.72, 14.60.

N-Boc protected (S,S)phesta-(R,S)phesta ethyl ester: *H NMR (400 MHz, DMSO-d6) 5y
7.67 (d, J =8.2 Hz, 1H), 7.21 — 7.10 (m, 10H), 6.40 (d, J = 9.4 Hz, 1H), 5.07 (d, J = 6.6
Hz, 1H), 4.70 (d, J = 5.6 Hz, 1H), 3.99 (q, J = 7 Hz, 2H), 3.81 — 3.71 (m, 2H), 3.71(s,
1H) 3.56 (s, 1H), 2.84 (dd, J = 60.4, 12.6 Hz, 2H), 2.55 — 2.49 (m, 2H), 2.31 — 2.11 (m,
2H), 2.11 — 1.90 (m, 2H), 1.25 (s, 9H), 1.12 (t, J = 7.0 Hz, 3H). **C NMR (100 MHz,
DMSO0-D6) &¢ 172.16, 171.10, 157.81, 155.91, 139.78, 129.72, 128.67, 126.29, 78.08,
70.19, 68.89, 60.21, 56.16, 55.25, 36.88, 36.04, 28.71, 14.65.

N-Boc protected (S,S)phesta-(R,S)phesta ethyl ester: *H NMR (400 MHz, DMSO-d6) &y,
7.72 (d, J = 9 Hz, 1H), 7.27 — 7.05 (m, 10H), 6.56 (d, J = 9.4 Hz, 1H), 5.10 (d, J=7.0
Hz, 1H), 4.94 (d, J = 5.8 Hz, 1H), 4.02 (q, J = 7 Hz, 2H), 3.86 — 3.71 (m, 2H), 3.63 (s,
1H), 3.40 (s, 1H), 2.96 (dd, J = 41.4, 13.8 Hz, 2H), 2.75 — 2.55 (m, 2H), 2.40 (dd, J =
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14.0, 10.8 Hz, 1H), 2.18 (dd, J = 15.2, 10 Hz, 1H), 2.02 (d, J = 6.4 Hz, 2H), 1.21 (s, 9H),
1.17 (s, 3H). *C NMR (100 MHz, DMSO-D6) &c 172.39, 171.35, 155.81, 139.94,
129.59, 128.38, 126.26, 77.84, 71.03, 67.61, 60.22, 57.04, 55.22, 36.44, 28.70, 14.67.

REFERENCES

1) a) Hill, R. B.; Raleigh, D. P.; Lombardi, A.; DeGrado, W. F. Acc. Chem. Res. 2000,
33, 745. b) Hecht, S.; Huc, |. Foldamers: Structure, Properties, and
Applications;Wiley-VCH: Weinheim, 2007.

2) Tamariz, J., 1997 (Juaristi, E., ed.),Wiley-VCH, Inc., New York,. (a) Seebach, D.;
Beck, A. K.; Bierbaum, D. J. Chem. Biodiv. 2004, 1, 1111-1239. (b) Seebach, D.;
Gardiner, J. Acc. Chem. Res. 2008, 41, 1366—-1375. (c) Horne, W. S.; Gellmann,
S. H. Acc. Chem. Res. 2008, 41, 1399-1408. (d) Cheng, R. P.; Gellman, S. H.;
DeGrado, W. F. Chem. Rev. 2001, 101, 3219-3232. (e) Vasudev, P. G
Chatterjee, S.; Shamala, N.; Balaram, P. Chem. Rev. 2011, 111, 657-687.

3) Shandler, SJ Shapovalov, MV Dunbrack, RL DeGrado, WF. J Am Chem Soc
132, 7312-7320

4) a) Hintermann, T.; Gademann, K.; Jaun, B.; Seebach, D. Helv. Chim. Acta 1998,
81, 893. b) Hanessian, S.; Luo, X.; Schaum,R.; Michnick, S. J. Am. Chem. Soc.
1998, 120, 8569. c) Basuroy, K.; Dinesh, B.; M. B. Madhusudana Reddy, M. B.;
Chandrappa, S.; Raghothama,S.; Shamala,N.; Balaram, P. Org. Lett. 2013, 15,
4866. d) Bandyopadhyay, A.; Gopi, H. N. Org. Lett. 2012, 14, 2770. e) Basuroy,
K.; Dinesh, B.; Shamala, N.; Balaram, P. Angew. Chem. Int. Ed. 2012, 51, 8736.
f) Shin, Y. H.; Mortenson, D. E.; Satyshur, K. A.; Forest, K. T.; Gellman, S. H. J.
Am. Chem. Soc. 2013, 135, 8149. g) Pendem, N.; Nelli, Y. R.; Douat, C.;
Fischer, L.; Laguerre, M.; Ennifar, E.; Kauffman, B.; Guichard, G. Angew. Chem.
Int. Ed. 2013, 52, 4147. h) Bouillere, F.; Thetiot-Laurent, S.; Kouklovsky, C.;

Page | 35



5)

6)

7
8)

9)

Alezra, V. Amino Acids, 2011, 41,687. i) Sharma, G. V. M.; Jadhav, V. B
Ramakrishna, K. V. S.; Jayaprakash, P.; Narsimulu, K.; Subash, V.; Kunwar, A.
C. J. Am. Chem. Soc. 2006, 128, 14657.

a) Vasudev, P. G.; Chatterjee, S.; Shamala, N.; Balaram, P. Chem. Rev. 2011,
111, 657. b) Vasudev, P. G.; Chatterjee, S.; Shamala, N.; Balaram, P. Acc.
Chem. Res. 2009, 42, 1628.

a) Guo, L.; Chi, Y.; Almeida, A. M.; Guzei, I. A.; Parker, B. K.; Gellman, S. H. J.
Am. Chem. Soc. 2009, 131, 16018. b) Guo, L.; Zhang, W.; Reidenbach, A. G,;
Giuliano, M. W.; Guzei, I. A.; Spencer, L.C.; Gellman, S. H. Angew. Chem. Int.
Ed. 2011, 50, 5843. c) Bogle, X. S.; Singleton, D. A. Org. Lett, 2012, 14, 2582.
Seebach, D.; Brenner, M.; Rueping, M.; Jaun, B. Chem. Eur. J. 2002, 8, 573.

a) Hagihara, M.; Anthony, N. J.; Stout,T. J.; Clardy, J.; Schreiber, S. L. J. Am.
Chem. Soc. 1992, 114, 6568. b) Bandyopadhyay, A.; Mali, S. M.; Lunawat, P.;
Raja, K. M. P.; Gopi, H. N. Org. Lett. 2011, 13, 4482.

Jadhav, S.V.; Gopi, H. N. Chem. Commun. 2013, 49, 9179.

10)Umezawa, H.; Aoyagi, T.; Morishima, H.; Matsuzaki, M.; Hamada, M.; Takeuchi,

T. J. Antibiot.1970, 23, 259.

11)a) Dunn, B. M. Chem. Rev. 2002, 102, 4431. b) Leung, D.; Abbenante, G,

Fairlie, D. P. J. Med. Chem. 2000, 43, 305.c) Binkert, C.; Frigerio, M.; Jones, A.;
Meyer, S.; Pesenti, C.; Prade, L.; Viani, F.; Zanda, M. ChemBioChem 2006, 7,
181. e) Rich, D. H.; Sun, E. T. O.; Ulm, E. J. Med. Chem. 1980, 23, 27. f)Zaidi,
N.; Burster, T.; Sommandas, V.; Timo Herrmann, T.; Boehm, B. O.; Driessen,
C.; Voelter, W.; Kalbacher, H. Biochem. Biophys. Res. Commun.2007, 364, 243.
g) Matuz, K.; Motyan, J.; Li, M.; Wlodawer, A.; Tozser, J. FEBS J. 2012, 279,
3276. h) Barazza, A.; Gotz, M.; Cadamuro, S. A.; Goettig, P.; Willem, M.
Steuber, H.; Kohler, T.; Jestel, A.; Reinemer, P.; Renner, C.; Bode, W.;
Moroder, L. ChemBioChem 2007, 8, 2078. i) Gupta, D.; Yedidi, R.S.; Varghese,
S.; Kovari, L. C.; Woster, P.M. J. Med. Chem. 2010, 53, 4234-4247

12)Vera, M. D.; Joullie, M. M. Med. Res. Rev. 2002, 22, 102.
13)a) Pettit, G. R.; Kamano, Y.; Herald, C. L.; Fuijii, Y.; Kizu, H.; Boyd, M. R;;

Boettner, F. E.; Doubek, D. L.; Schmidt, J. M.; Chapuis, J.-C. Tetrahedron 1993,

Page | 36



49, 9151. b) Aherne, G. W.; Hardcastle, A.; Valenti, M.; Bryant, A.; Rogers, P.;
Pettit, G. R.; Srirangam, J. K.; Kelland, L. R. Cancer Chemother.
Pharmacol.1996, 38, 225.

14)Stratmann, K.; Burgoyne, D. L.; Moore, R. E.; Patterson, G. M. L; Smith, C. D.
J. Org. Chem. 1994, 59,7219.

15)Vervoort, H.; Fenical, W.; de A. Epifanio, R. J. Org. Chem. 2000, 65, 782.

16)Ordonez, M.; Cativiela, C. Tetrahedron: Asymmetry 2007, 18, 3.

17)Holmquist, C. R.; Roskamp, E. J. J. Org. Chem. 1989, 54, 3258.

18)Maibaum, J.; Rich, D. H. J.Org. Chem. 1988, 53, 869.

19)Bandyopadhyay, A., Malik, A., Kumar, M. G., Gopi, H. N. Org. Lett. 2014, 16,
294-297.

20)Synthesis and Utilization of Naturally Occurring Functionalized Gamma Amino
Acids in the Design of Hybrid Peptide Foldamers, thesis by Anupam
Bandyopadhyay.

21)Sandip V. Jadhav, Rajkumar Misra, Sumeet K. Singh, and Hosahudya N. Gopi,
Chem. Eur. J. 2013, 19, 16256 — 16262.

22)Anupam Bandyopadhyay, Sandip V. Jadhav and Hosahudya N. Gopi Chem.
Commun., 2012,48, 7170-7172.

23)a) Robinson, J. A. Acc. Chem. Res. 2008, 41, 1278-1288, b) Dalko, P. I.; Moisan,
L. Angew. Chem. Int., Ed. 2004, 43, 5138-5175. c) Berkessel, A. Curr. Opin.
Chem. Biol. 2003, 7, 409-419. d) Haque, T. S.; Little, J. C.; Gellman, S. H. J.
Am. Chem. Soc. 1994, 116, 4105-4106. e)Karle, I. L.; Awasthi, S. K.; Balaram, P.
Proc. Natl. Acad. Sci. U.S.A. 1996, 93, 8189-8193. f) Ramirez-Alvarado, M.;
Blanco, F. J.; Serrano, L. Nat. Struct. Biol. 1996, 3, 604-612. g) Masterson, L. R.;
Etienne, M. A.; Porcelli, F.; Barany, G.; Hammer, R. P.; Veglia,G. Biopolymers
2007, 88, 746-753. h) Aravinda, S.; Shamala, N.; Rajkishore, R.; Gopi,H. N.;
Balaram, P. Angew. Chem. Int. Ed. Engl. 2002, 41, 3863-3865.

24)Bandyopadhyay, A., Mali, S.M., Lunawat, P., Raja, K. M., Gopi, H. N. Org.
Lett., 2011, 13 (17), 4482-4485.

Page | 37


http://pubs.rsc.org/en/journals/journal/cc
http://pubs.rsc.org/en/journals/journal/cc

SUPPLEMENTRY DATA

HRMS Spectras P1 mass calcd. (M+H") 529.2908 Observed 529.2914
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P3 mass calcd. (M+H") 529.2908 Observed 529.2914
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P5 mass calcd. (M+Na") 721.3783 Observed 721.3950
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P6 mass calcd. (M+Na") 721.3783 Observed 721.4096
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P7 mass calcd. (M+Na") 721.3783 Observed 721.4432
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P8 mass calcd. (M+Na*) 963.5314 Observed 963.5841
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P9 mass calcd. (M+Na") 963.5314 Observed 963.6000
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P11 mass calcd. (M+H") 1076.5104 Observed 1076.4999
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NMR FOR DIPEPTIDES *H NMR
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'H NMR
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