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ABSTRACT

In recent years, significant efforts have been made to develop functional
materials in the field of nanoscience and biomedicine. Self-assembly is a
prevalent process in nature and has exhibited great advantages in the
development of functional architectures. Low molecular weight organic
compounds are routinely being used in the construction of self-assembled
nanostructures.  Self-assembly of small peptides have attracted
considerable attention due to their potential applications in tissue
engineering, cell culture, drug delivery and biosensing. Peptide self-
assembly is driven Dby various non-covalent interactions including
hydrogen bonding, n-rt stacking and hydrophobic interactions. To date, a
number of stimuli have been used in the development of peptide self-
assembly. Still, there is wide interest to develop novel biocompatible
approaches for the fabrication of self-assembled soft materials and their

further applications in biomedicine.

The main objectives of present study are:

» To synthesise small Nmoc-protected (Nmoc = Naphthalene-2-
methoxycarbonyl) peptides and to study their self-assembly
processes by novel approaches.

» Native chemical ligation is the most widely used method in protein
synthesis. To achieve simple and efficient method for peptide self-
assembly, our intention was to exploit oxo-ester mediated native
chemical ligation in peptide coupling and subsequent formation of
self-assembled peptide nanostructures.

» To develop a simple and easy orthogonal approach for peptide
coupling and self-assembly process. We opted to synthesise Nmoc-
protected-selenoesters which can readily undergo NCL reactions

with N-terminal cysteine and cysteine based peptides.



» To exploit enzymatic peptide hydrolysis reaction in order to
achieve a single predominating product from the dynamic peptide
libraries via self-assembly.

> To study lipase catalyzed esterification reaction of Nmoc-protected
peptides with gastrodigenin p-hydroxybenzyl alcohol in aqueous
medium at physiological pH for the development of blue light

emitting biomaterials.

1. Peptide self-assembly driven by oxo-ester mediated native
chemical ligation

In this work, we have synthesized a series of Nmoc-protected dipeptides
and Nmoc-amino acids which are finally coupled with p-nitrophenol to
prepare active esters. All the active esters were subjected to native
chemical ligation (NCL) reactions with cysteine in methanol-phosphate
buffer medium at pH 7-8. The corresponding samples were analyzed with
HPLC and ESI-MS. HPLC and ESI-MS results confirmed the formation
of ligated products. Self-assembly was observed for compound 1 and 5
upon leaving undisturbed in atmospheric air. To further confirm the
mechanism of self-assembly, reactions were carried out in inert
atmosphere and kept undisturbed for long time. Self-assembly was not
observed by any other ligated products. Thus, formation of disulfide bond
after NCL reactions between two ligated products was responsible for the
formation of self-assembled materials. This was further confirmed by
treating the ligated products with reducing agent tris(2-
carboxyethyl)phosphine (TCEP) that resulted in the dis-assembly of
peptide gels. Self-assembly and dis-assembly were characterized by
various techniques such as HPLC, rheology, circular dichroism, FTIR and

electron microscopes.
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2. In situ generation of redox active peptides driven by selenoester
mediated native chemical ligation

To study the selenoester mediated native chemical ligation reactions,
compounds 1-8 were synthesized. The Nmoc-protected amino acids were
modified at C-terminal with phenyl selenoesters as well as thioesters. In
this work, our objective was to make more facile and easy approach for
peptide synthesis and self-assembly process. The synthesized compound 1
was dissolved in 10% ethanol in phosphate buffer followed by addition of
Cys-Gly solution resulting in the formation of self-supporting gel within
1h. The self-assembled product was characterized by HPLC and ESI-MS
which confirmed the formation of desired peptide. Similarly, compounds
2-4 were ligated with Cys-Gly and cysteine. The compound 2 was able to
form self-assembled materials with different ligated products Cys-Gly and
cysteine. Both ligated products of 2 were observed in oxidized form while
ligated product of 1 was remained in reduced form. Cys-Gly is an active
metabolite in biology whose higher concentration is related to increased
risk in breast cancer. Such orthogonal reactions can be useful assays in
clinical research. These redox active materials were characterized by using
various techniques including HPLC, rheology, circular dichroism, FTIR,

and electron microscopes.

3. Emerging n-stacked dynamic nanostructured library

Self-assembly is governed by various non-covalent interactions such as
hydrogen bonding, n-m stacking and hydrophobic interactions. In this
work, we reported the generation of dynamic library of small peptides
with  N-terminal aromatic protecting group i.e. naphthalene-2-
methoxycarbonyl (Nmoc) that self-assembled to form self-supporting
hydrogels and ultimately lead to a nanostructured predominating product
via hydrogen bonding and =-stacking interactions. Nmoc-VVV 1 and
Nmoc-FFF 2 were synthesized by conventional solution phase
methodology. Nmoc-tripeptide 1 was dissolved in 2 mL of water and 1 mg

of enzyme thermolysin was added to the solution of 1. The self-supporting
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hydrogel was formed after 24 h. The resulting hydrogel was analyzed by
HPLC and ESI-MS which confirmed the formation of Nmoc-amino acid
as a predominating product while Nmoc-tripeptide 2 gave uneven
distribution of library components upon treatment with enzyme
thermolysin and remained in solution form. Thus, self-assembly aids to
drive the preferred product formation in dynamic combinatorial library
(DCL) pool. Nmoc-amino acid gel was analyzed by fluorescence
spectroscopy which confirms the formation of efficient n—=n stacking
interactions in the gel phase medium. Self-assembled hydrogel was further
analyzed by rheology and TCSPC.

4. Lipase catalysed inclusion of gastrodigenin for the evolution of
blue light emitting peptide nanofibers

Supramolecular ordered chromophoric n-conjugated aromatic systems
serve as active materials in photoelectronic devices. Organic molecules
with high fluorescence efficiency possess potential applications in organic
light emitting diodes (OLEDs) and photonic devices. In this work, we
reported lipase catalyzed incorporation of gastrodigenin p-hydroxybenzyl
alcohol (HBA) in Nmoc-protected peptides followed by evolution of blue
light emitting hydrogel. In this study, we have synthesized 1-3 Nmoc-
protected dipeptides in which peptide 1 significantly undergoes 92%
esterification reaction with p-HBA upon addition of candida rugosa lipase
at physiological pH 7.4. The peptides 2 and 3 gave moderate 10% and
24% vyields with HBA respectively. In case of peptide 1, self-assembly
drives esterification reaction at higher yield. The self-assembled
fluorescence hydrogel was characterized by UV-vis and fluorescence
spectroscopy. The emission peak appeared at 455-470 nm corresponding
to blue light in the visible region of electromagnetic spectrum. The
fluorescence microscopic study exhibits individual fluorescencent
nanofibers in hydrogel state. Further, hydrogel was characterized with

HPLC, rheology, CD, TCSPC and electron microscopy.
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assemble into nanorods with the positive charges
outside (step a). The monomers may also flap on
and become inserted into the outer membrane
surface (step b). They can then flip and become
inserted into the inner leaf of the membrane,
forming a ‘‘through barrel’’ or micelle to cause
leakage or lysis (step c). Nanorods formed may
also attack cell membrane through electrostatic
attraction or local hydrophobic affinity, lifting
some lipids out of the membrane and making the
membrane unstable, causing the nanorods to flop
into themembrane bilayer (step d and e).
Morphological characteristics of cells on various
peptide amphiphile (PA) substrates. (a-c) Cells
on smooth peptide amphiphile exhibited broad
flattened shape with randomly oriented
processes. (d-f) In contrast, hMSCs on CH-PA
(10 mm wide channels separated by 20 mm
distances) exhibited narrower cell bodies that
aligned along the microchannel axis while (g-i)
those growing on 40-PA (surfaces with 8 mm
deep holes that were 40 mm in diameter, and 8
mm high) tended to migrate and spread inside the
40 mm diameter holes. On all substrates, hMSCs

interacted with the PA nanofiber bundles (c, f, 1),
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which were especially evident along the vertical
geometries of the channels (f) and holes (i).

Figure 1.33. Chemical structures of succinated taxol and
hyaluronic acid and optical images of the
hydrogels in PBS solution (pH = 7.4) containing
1 wt% of the succinated taxol (gel I: without HA,
gel 11-1V: with 0.1, 0.3, 0.6 wit% of HA,
respectively).

Figure 1.34. Casting of silver nanowires with the peptide
nanotubes. A) The nanowires were formed by
reduction of silver ions within the tubes,
followed by enzymatic degradation of the peptde
mold. B) TEM analysis nanotubes filled with
silver nanowires. (C and D) nanowires upon

enzymatic degradation of the peptide mold.
Chapter 3. Peptide Self-Assembly Driven By Oxo-
Ester Mediated Native Chemical Ligation

Figure 3.1.  Synthesis of Nmoc-protected active ester for
NCL reactions.

Figure 3.2. 400 MHz *H NMR spectrum of Nmoc-Cl 6 in
CDCls.

Figure 3.3. 400 MHz 'H NMR spectrum of 7 in DMSO-ds.

Figure 3.4.  ESI-MS spectrum of 7.

Figure 3.5. 400 MHz "H NMR spectrum of 8 in CDCls.

Figure 3.6.  ESI-MS spectrum of 8.

Figure 3.7. 400 MHz 'H NMR spectrum of 9 in DMSO-ds.

Figure 3.8.  ESI-MS spectrum of 9

Figure 3.9. 400 MHz *H NMR spectrum of 1 in CDCls.

Figure 3.10. 100 MHz **C NMR spectrum of 1 in CDCls.

Figure 3.11. ESI-MS spectrum of 1.
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Figure 3.12.
Figure 3.13.
Figure 3.14.
Figure 3.15.
Figure 3.16.
Figure 3.17.
Figure 3.18.
Figure 3.19.
Figure 3.20.
Figure 3.21.
Figure 3.22.
Figure 3.23.
Figure 3.24.
Figure 3.25.
Figure 3.26.
Figure 3.27.
Figure 3.28.
Figure 3.29.
Figure 3.30.
Figure 3.31
Figure 3.32.

Figure 3.33.

400 MHz "H NMR spectrum of 10 in DMSO-dg.
ESI-MS spectrum of 10

400 MHz *H NMR spectrum of 11 in CDCls.
ESI-MS spectrum of 11

400 MHz *H NMR spectrum of 12 in DMSO-ds.
ESI-MS spectrum of 12

400 MHz "H NMR spectrum of 2 in CDCls.

100 MHz **C NMR spectrum of 2 in CDCls.
ESI-MS spectrum of 2.

400 MHz "H NMR spectrum of 3 in CDCls.

100 MHz **C NMR spectrum of 3 in CDCls.
ESI-MS spectrum of 3.

400 MHz *H NMR spectrum of 4 in CDCls.

100 MHz **C NMR spectrum of 4 in CDCls.
ESI-MS spectrum of 4.

400 MHz "H NMR spectrum of 13 in DMSO-dg.
ESI-MS spectrum of 13.

400 MHz "H NMR spectrum of 5 in CDCl.

100 MHz *CNMR spectrum of 5 in CDCls.
ESI-MS spectrum of 5.

Native chemical ligation at Nmoc-protected-p-
NP esters. The cysteine amino acid induces O—S
exchange with Nmoc-protected-p-NP 1 or 5 (step
I) to form a thioester intermediate. Subsequent S
—N acyl transfer furnishes the peptide bond la
or 5a (step Il). Air oxidation provides the
formation of ligated disulfide 1b or 5b (step I11)
resulting in supramolecular peptide gels.

(A) NCL

atmosphere. A solution of Nmoc- AVC turns to

reaction carried out in argon

gel upon exposure to air. (B) Results of HPLC
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Figure 3.34.

Figure 3.35.
Figure 3.36.
Figure 3.37.

Figure 3.38.
Figure 3.39.
Figure 3.40.

Figure 3.41.
Figure 3.42.

Figure 3.43.
Figure 3.44.
Figure 3.45.
Figure 3.46.

Figure 3.47.

analysis represent the formation of ligated
product la and its corresponding disulfide 1b
upon reaction of 1 with cysteine. (C) Mass
spectra for Nmoc-AVC 1la and Nmoc-AVC-
CVA-Nmoc 1b.

Overlaid HPLC chromatographs for compound 2
showing peak 2a after native chemical ligation
and peak 2b for its corresponding disulfide.
ESI-MS spectrum of compound 2a.

ESI-MS spectrum of compound 2b.

Overlaid HPLC chromatographs for compound 3
showing peak 3a after native chemical ligation
and peak 3b for its corresponding disulfide.
ESI-MS spectrum of compound 3a.

ESI-MS spectrum of compound 3b.

Overlaid HPLC chromatographs for compound 4
showing peak 4a after native chemical ligation
and peak 4b for its corresponding disulfide.
ESI-MS spectrum of compound 4a.

Overlaid HPLC chromatographs for compound 5
showing peak 5a after native chemical ligation
and peak 5b for its corresponding disulfide.
ESI-MS spectrum of compound 4b.

ESI-MS spectrum of compound 5a.

ESI-MS spectrum of compound 5b.

Optical images showing gel transform into
solution upon treatment with Tris(2-carboxyeth
yl)phosphine (TCEP) after 3h.

A) HPLC analysis for product 1b formation as
time to air

function of upon

(intermediates | and 1l Nmoc-AVC 1a) and B) la

exposure
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Figure 3.48.

Figure 3.49.

Figure 3.50.

Figure 3.51.

Figure 3.52.

Figure 3.53.

Figure 3.54.

Figure 3.55.

formation as function of time upon addition of
TCEP 40 mmol/L to 1b.

A) HPLC analysis for product 5b formation as
function of time upon exposure to air and B) 5a
formation as function of time upon addition of
TCEP 40 mmol/L to 5b.

A) Dynamic frequency sweep of Nmoc-AVC-
CVA-Nmoc 1b gel at constant strain 0.05% and
B) Oscillatory rheology of a solution containing
20 mmol of 1b at 25°C.

A) Oscillatory rheology of a gel containing 20
mmol of 1b and solution of TCEP 40 mmol at
25°C and B) Dynamic frequency sweep of
Nmoc-FC-CF-Nmoc 5b gel at constant strain
0.05%.

A) Oscillatory rheology of a solution containing
20 mmol of 5b at 25°C and B) gel containing 20
mmol of 5b and solution of TCEP 40 mmol at
25°C.

FT-IR spectra of A) Nmoc-AVC-CVA-Nmoc 1b
gel and B) a solution of Nmoc-AVC formed after
addition of TCEP.

FT-IR spectra of A) Nmoc-FC-CF-Nmoc 5b gel
and B) a solution of Nmoc-FC formed after
addition of TCEP.

CD spectra of A) Nmoc-AVC-AVC-Nmoc 1b
gel and Nmoc-AVC solution formed after
addition of TCEP. B) Nmoc-FC-FC-Nmoc 5b gel
and Nmoc-FC solution formed after addition of
TCEP.

Fluorescence emission spectra of Nmoc-AV-pNP
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Figure 3.56.
Figure 3.57.

1 before and Nmoc-AVC-CVA-Nmoc 1b gel
after NCL reaction (Aex. = 265 nm).
AFM images of gels A) 1b and B) 5b.

121

A) and B) AFM height images for 1b and 5b 122

gels. C) and D) SEM images for 1b and 5b gels.
E) TEM image of 1b gel.

Chapter 4. In Situ Generation of Redox Active

Peptides Driven By Selenoester Mediated Native

Chemical Ligation

Figure 4.1.

Figure 4.2

Figure 4.3.

Figure 4.4,
Figure 4.5.

Figure 4.6.

Figure 4.7.
Figure 4.8.

Figure 4.9.

Figure 4.10.

Figure 4.11.

Figure 4.12.
Figure 4.13.

Synthesis of Nmoc-protected seleno and thio-esters
for NCL reactions.

400 MHz "H NMR spectrum of Nmoc-Cl 9 in
CDCls.

400 MHz *H NMR spectrum of Nmoc-Tyr 10 in
DMSO-ds.

ESI-MS spectrum of Nmoc-Tyr 10.

400 MHz "H NMR spectrum of Nmoc-Tyr-SePh 1
in CDCls.

100 MHz **C NMR spectrum of Nmoc-Tyr-SePh 1
in CDCls.

ESI-MS spectrum of Nmoc-Tyr-SePh 1.

400 MHz "H NMR spectrum of Nmoc-Phe 11 in
DMSO-ds.

ESI-MS spectrum of Nmoc-Phe 11.

400 MHz *H NMR spectrum of Nmoc-Phe-SePh 2
in CDCls.

100 MHz *C NMR spectrum of Nmoc-Phe-SePh 2
in CDCls.

ESI-MS spectrum of Nmoc-Phe-SePh 2.

400 MHz *H NMR spectrum of Nmoc-Leu 12 in
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Figure 4.14.
Figure 4.15.

Figure 4.16.

Figure 4.17.
Figure 4.18.

Figure 4.19.
Figure 4.20.

Figure 4.21.

Figure 4.22.
Figure 4.23.

Figure 4.24.

Figure 4.25.

DMSO-ds .

ESI-MS spectrum of Nmoc-Leu 12.

400 MHz "H NMR spectrum of Nmoc-Leu-SePh 3
in CDClI3140.

100 MHz **C NMR spectrum of Nmoc-Leu-SePh 3
in CDCls.

ESI-MS spectrum of Nmoc-Leu-SePh 3.

400 MHz *H NMR spectrum of Nmoc-Val 13 in
DMSO-ds.

ESI-MS spectrum of Nmoc-Val 13.

400 MHz *H NMR spectrum of Nmoc-Val-SePh 4
in CDCls.

100 MHz **C NMR spectrum of Nmoc-Val-SePh 4
in CDCls.

ESI-MS spectrum of Nmoc-Val-SePh 4.
Selenoester mediated native chemical ligation.
Ligated products were formed upon NCL of
selenoesters with Cys-Gly and Cysteine at pH~8
and undergoes dynamic peptide self-assembly.
Nmoc-YCG 1la self-assembled in its reduced form
while  Nmoc-FCG 2c (sulfur linked with
selenophenol) and Bis-(Nmoc-FC) 6b oxidized in
presence of atmospheric air to form self-supporting
soft materials.

A) Overlaid HPLC chromatograms for compound 1
showing peak la after native chemical ligation in
air as well as in inert atmosphere B) compound 2
showing peaks 2a in inert condition after native
chemical ligation and sulfur selenide bond of
ligated product 2c in air.

A) Overlaid HPLC chromatograms for compound 3
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Figure 4.26.

Figure 4.27.

Figure 4.28.
Figure 4.29.
Figure 4.30.
Figure 4.31.
Figure 4.32.
Figure 4.33.
Figure 4.34.
Figure 4.35.
Figure 4.36.
Figure 4.37.
Figure 4.38.
Figure 4.39.
Figure 4.40.
Figure 4.41.

showing peaks 3a in inert condition after native
chemical Ligation and 3b disulfide of ligated
product in air B) compound 4 showing peak 4a in
inert condition after native chemical ligation and 4b
disulfide of ligated product in air.

A) Overlaid HPLC chromatograms for compound 1
showing peaks 5a in inert condition after native
chemical ligation and peak 5b for its corresponding
disulfide in air B) compound 2 showing peak 6a in
inert condition after native chemical ligation and
peak 6b for its corresponding disulfide in air.

A) Overlaid HPLC chromatograms for compound 3
showing peak 7a in inert condition after native
chemical ligation and peak 7b for its corresponding
disulfide in air B) compound 4 showing peak 8a in
inert condition after native chemical ligation and
peak 8b for its corresponding disulfide in air.
ESI-MS spectrum of ligated productla.

ESI-MS spectrum of ligated product 2a.

ESI-MS spectrum of ligated product 2c.

ESI-MS spectrum of ligated product 3a.

ESI-MS spectrum of ligated product 3b.

ESI-MS spectrum of ligated product 4a.

ESI-MS spectrum of ligated product 4b.

ESI-MS spectrum of ligated product 5a.

ESI-MS spectrum of ligated product 5b.

ESI-MS spectrum of ligated product 6a.

ESI-MS spectrum of ligated product 6b.

ESI-MS spectrum of ligated product 7a.

ESI-MS spectrum of ligated product 7b.

ESI-MS spectrum of ligated product 8a.
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Figure 4.42.
Figure 4.43.

Figure 4.44.

Figure 4.45.

Figure 4.46.

Figure 4.47.

ESI-MS spectrum of ligated product 8b.

Control experiment with Nmoc-V-SePh and
alanine.

A) Dynamic self-assembly of 6b formed upon NCL
reaction of compound 2 with cysteine. NCL reation
of compound 2 with cysteine gives 6a under inert
atmosphere and subsequently formed dynamic gel
6b upon exposure to air. B) Visual indication of
reaction progress initially mixing of compound 1
(20 mmol/L) with Cys-Gly (20 mmol/L) in
phosphate buffer at pH 7-8. a) Milky white
solution at 5 min, (b) turbid at 10 min, (c) colorless
solution at 15 min, (d) colorless viscous solution at
30 min and (e) self-supporting gel formed after 60
min. C) HPLC trace analysis of a representative
ligation of compound 2 with Cys-Gly and Cysteine
after 1 h with corresponding ESI-MS of ligated
products. D) HPLC traces of representative NCL
reaction of compound 1 with Cys-Gly with
corresponding ESI-MS of ligated product.

A) Rheological measurement of LVE at constant
frequency 10 rad s for gel la. B) Dynamic
frequency sweep of self-assembled peptide Nmoc-
YCG 1a at constant strain 0.05%.

A) Dynamic frequency sweep of self-assembled
peptide Nmoc-FCG 2c and B) Nmoc-FC-CF-Nmoc
6b at constant strain 0.05%.

Oscillatory rheology of a solution containing 20
mmol/L of 6b at 25 °C shows that 6b started
gaining gelation property at 12 min B) a gel
containing 20 mmol/L of 6b and solution of TCEP
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Figure 4.48.

Figure 4.49.

Figure 4.50.

Figure 4.51.

40 mmol/L at 25 °C indicates that the gel started
breaking at 60 min.

CD spectra of self-assembled peptides (a) Nmoc-
YCG 1a, (b) Nmoc-FCG 2c and (c) Bis(Nmoc-FC)
(concentration of l1a, 2c, 6b = 2 mmol/L) formed
upon NCL reaction at pH~8 B) Bis(Nmoc-FC) 6b
gel upon treatment with TCEP which results into
gel-sol transition.

Decay parameters for Nmoc-YCG, Nmoc-FCG and
Nmoc-FC-CF-Nmoc gel.

TEM images indicating nanotubular to nanofibrillar
structures of self-assembled gels A) Nmoc-YCG 1la
B) Nmoc-FCG 2c¢ C) Nmoc-FC-CF-Nmoc 6b.
AFM images indicating nanofibrillar structures of
self-assembled gels C) Nmoc-YCG 1a, D) Nmoc-
FCG 2c, E) Bis(Nmoc-FC) 6b, F) AFM image of
dis-assembled peptide gel Bis-(Nmoc-FC) 6b (20
mmol/L) upon addition of TCEP (40 mmol/L)
which converts to Nmoc-FC 6a indicating

disruption of nanofibrillar structures.

Chapter 5. Emerging n-Stacked Dynamic

Nanostructured Peptide Library

Figure 5.1.
Figure 5.2,

Figure 5.3.

Figure 5.4.
Figure 5.5.

Synthesis of Nmoc-protected tripeptides.

400 MHz *H NMR spectrum of Nmoc-Cl 3 in
CDCls.

400 MHz *H NMR spectrum of Nmoc-Val 4 in
DMSO-ds.

ESI-MS spectrum of Nmoc-Val 4.

400 MHz 'H NMR spectrum of Nmoc-Val-Val-
OBn 5 in CDCls.
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Figure 5.6.
Figure 5.7.

Figure 5.8.
Figure 5.9.

Figure 5.10.
Figure 5.11.

Figure 5.12.

Figure 5.13.
Figure 5.14.

Figure 5.15.
Figure 5.16.

Figure 5.17.
Figure 5.18.

Figure 5.19.
Figure 5.20.

Figure 5.21.
Figure 5.22.

Figure 5.23.
Figure 5.24.

Figure 5.25.

ESI-MS spectrum of Nmoc-Val-Val-OBn 5.

400 MHz *H NMR spectrum of Nmoc-Val-Val-OH
6 in DMSO-ds.

ESI-MS spectrum of Nmoc-Val-Val-OH 6.

400 MHz 'H NMR spectrum of Nmoc-Val-Val-
Val-OBn 7 in CDCls.

ESI-MS spectrum of Nmoc-Val-Val-Val-OBn 7.
400 MHz 'H NMR spectrum of Nmoc-Val-Val-
Val-OH 1 in DMSO-ds.

100 MHz **C spectrum of Nmoc-Val-Val-Val-OH
1 in DMSO-ds.

ESI-MS spectrum of Nmoc-Val-Val-Val-OH 1.

400 MHz *H NMR spectrum of Boc-Phe-OH 8 in
DMSO-ds.

ESI-MS spectrum of Boc-Phe-OH 8.

400 MHz 'H NMR spectrum of Boc-Phe-Phe-
OCHs 9 in CDCls.

ESI-MS spectrum of Boc-Phe-Phe-OCH3 9.

400 MHz 'H NMR spectrum of NH,-Phe-Phe-
OCH3 10 in DMSO-ds.

ESI-MS spectrum of NH,-Phe-Phe-OCHj5 10.

400 MHz *H NMR spectrum of Nmoc-Phe-OH 11
in DMSO-ds.

ESI-MS spectrum of Nmoc-Phe-OH 11.

400 MHz *H NMR spectrum of Nmoc-Phe-Phe-
Phe-OCH3 12 in CDCls.

ESI-MS spectrum of Nmoc-Phe-Phe-Phe-OCH3 12.
400 MHz 'H NMR spectrum of Nmoc-Phe-Phe-
Phe-OH 2 in DMSO-ds.

100 MHz **C NMR spectrum of Nmoc-Phe-Phe-
Phe-OH 2 in DMSO-ds.
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Figure 5.26.
Figure 5.27.

Figure 5.28.

Figure 5.29.

Figure 5.30.

Figure 5.31.

Figure 5.32.

Figure 5.33

Figure 5.34.

Figure 5.35.

ESI-MS spectrum of Nmoc-Phe-Phe-Phe-OH 2.
Schematic  representation showing enzymatic
hydrolysis/reverse hydrolysis, self-assembly of a
single predominating product and formation of a
self-supporting hydrogel.

A) Percentage of Nmoc-V conversion as a function
of time followed by HPLC B) percentage of
conversion for Nmoc-F, Nmoc-FF and Nmoc-
FFFFF as function of time followed by HPLC. It
was achieved from Nmoc-FFF after treatment with
enzyme thermolysin.

HPLC chromatograms show conversion for Nmoc-
V when a solution of Nmoc-VVV treated with
thermolysin at different time.

HPLC chromatograms showing the library of
components generated when Nmoc-FFF treated
with thermolysin (Nmoc-F, Nmoc-FF, Nmoc-FFF,
Nmoc-FFFF and Nmoc-FFFFF).

HPLC chromatogram showing reverse hydrolysis
for Nmoc-F and FF to obtain Nmoc-FFF.

ESI-MS spectrum confirms the formation of library
members Nmoc-V and Nmoc-VVV.

ESI-MS spectrum confirms the generation library
of components Nmoc-F, Nmoc-FF, Nmoc-FFF and
Nmoc-FFFFF.

ESI-MS spectrum confirms the formation Nmoc-
FFF from Nmoc-F and FF upon enzymatic reverse
hydrolysis.

A) Comparison between the storage modulus (G’)
and loss modulus (G’’) at a particular point of

angular frequency (10.7 s) with the course of
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Figure 5.36.

Figure 5.37.

Figure 5.38.

Figure 5.39.

reaction time at a constant strain of 0.1%. B)
Dynamic frequency sweep showing viscoelastic
nature of Nmoc-V hydrogel a) a solution of Nmoc-
VVV prior enzyme addition and b) hydrogel of
Nmoc-V 5 min after addition of enzyme.

A) Dynamic frequency sweep showing viscoelastic
nature of Nmoc-V hydrogel a) Nmoc-V hydrogel
after 1 h of enzyme reaction and b) Nmoc-V
hydrogel after 6 h of enzyme reaction.B) Nmoc-V
hydrogel 1 day after enzyme reaction and b) Nmoc-
V 2 days after enzyme reaction.

Normalized fluorescence spectra taken during the
self-assembly process: (i) solution of Nmoc-VVV
prior to enzyme addition and (ii) gel of Nmoc-V
after enzyme addition (Aex = 265 nm).

A) Emission decay curves for a solution of Nmoc-
VVV prior to enzyme addition monitored at 463
nm (IRF: instrument response function). B) Gel
Nmoc-VVV/ Nmoc-V system monitored at 463 nm
after a day (IRF: instrument response function).
FE-SEM images of the Nmoc-VVV/Nmoc-V
system. SEM images of (A) Nmoc-VVV before
addition of enzyme and after enzyme addition at
(B) 5 min, (C) 1 h, (D) 6 h, (E) 1 day and (F) 1
month. (B) to (F) show the change of
nanostructural  morphology  with  subsequent
formation of Nmoc-V leading to formation of a

self-supporting hydrogel.
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Chapter 6. Lipase Catalyzed Inclusion of

Gastrodigenin for the Evolution of Blue Light

Emitting Peptide Nanofibers

Figure 6.1.
Figure 6.2.

Figure 6.3.
Figure 6.4.
Figure 6.5.
Figure 6.6.
Figure 6.7.
Figure 6.8.
Figure 6.9.

Figure 6.10.
Figure 6.11.
Figure 6.12.
Figure 6.13.
Figure 6.14.
Figure 6.15.
Figure 6.16.
Figure 6.17.
Figure 6.18.
Figure 6.19.
Figure 6.20.
Figure 6.21.
Figure 6.22.

Synthesis of Nmoc-protected dipeptides.

400 MHz *H NMR spectrum of Nmoc-Cl 4 in
CDCls.

400 MHz "H NMR spectrum of 5 in DMSO-d.
ESI-MS spectrum of 5.

400 MHz "H NMR spectrum of 6 in CDCls.
ESI-MS spectrum of 6.

400 MHz *H NMR spectrum of 1 in DMSO-d.
100 MHz **C NMR of spectrum of 1 in DMSO-d.
ESI-MS spectrum of 1.

400 MHz *H NMR spectrum of 7 in CDCls.
ESI-MS spectrum of 7.

400 MHz *H NMR spectrum of 2 in DMSO d.
100 MHz **C NMR spectrum of 2 in DMSO-d.
ESI-MS spectrum of 2.

400 MHz "H NMR spectrum of 8 in DMSO-d.
ESI-MS spectrum of 8.

400 MHz *H NMR spectrum of 9 in CDCl.
ESI-MS spectrum of 9.

400 MHz *H NMR spectrum of 3 in DMSO-d.
100 MHz *C NMR spectrum of 3 in DMSO-d.
ESI-MS spectrum of 3.

Schematic  representation of lipase (CRL)
catalysed regioselective inclusion of HBA to
Nmoc-peptides in aqueous medium. Lipase is used
as a source of energy for the reaction cycle of the

dissipative system. The corresponding ester
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Figure 6.23.

Figure 6.24.

Figure 6.25.

Figure 6.26.

Figure 6.27.

Figure 6.28.

Figure 6.29.

Figure 6.30.

evolves into a blue light emitting material upon the
self-assembly process at pH 7.4.

(A) HPLC trace analysis of enzyme catalyzed
esterification of Nmoc-LW 1 to Nmoc-LW-HBA
with its corresponding ESI-MS. (B) Real time
HPLC analysis for the formation of Nmoc-LW-
HBA.

HPLC chromatograms exihibit formation of
Nmoc-LY-HBA from Nmoc-LY 2 upon lipase
catalyzed inclusion of Gastrodigenin at different
time B) Nmoc-YW-HBA from Nmoc-YW 3 upon
li.pase catalyzed inclusion of Gastrodigenin at
different time.

'"H NMR of Nmoc-LW 1 and its corresponding
Nmoc-LW-HBA synthesized via CRL catalyzed
esterification reaction.

A) Rheological measurement of LVE at constant
frequency 10 rad s B) Dynamic frequency sweep
of Nmoc-LW-HBA hydrogel 1 at constant strain
0.01%.

CD spectrum of solution of Nmoc-LW 1 with
HBA and hydrogel of Nmoc-LW-HBA.

A) Absorption spectra of Nmoc-LW and p-
hydroxybenzyl alcohol in aqueous medium B)
UV-vis absorption spectra of hydrogel 1 at 20
mmol concentration.

Optical images of hydrogel Nmoc-LW-HBA 1
under day light and under UV light (365 nm).

A) Emission spectra of Nmoc-LW and p-
hydroxybenzyl alcohol in aqueous medium B)

Normalized emission spectra of solution of Nmoc-
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Figure 6.31.

Figure 6.32.

Figure 6.33.

Appendix-
A:
Figure Al.

Figure A2.

Figure A3.

Figure A4.

Figure A5.

LW 1 with HBA (A& = 280 nm) and hydrogel
formed by Nmoc-LW-HBA (hex = 365 nm).
Normalized emission spectra of solution of Nmoc-
LW 1 with HBA (Aex = 280 nm) and hydrogel
formed by Nmoc-LW-HBA (Aex= 280 nm).
Emission decay curves of solution of 1 and HBA
and corresponding self-assembled hydrogel 1
monitored at 455 nm (IRF: instrument response
function).

A) TEM image of hydrogel of Nmoc-LW-HBA 1
indicating nanofibrillar network in gel phase
medium B) AFM image of Nmoc-LW-HBA
hydrogel indicating dense nanofibrillar network in
gel phase medium C) fluorescence microscopy
image of gel at 2 mmol L™ concentration.

Characterization Data of Thioesters

Overlaid HPLC chromatograms for compound 5
showing

Overlaid HPLC chromatograms for compound 6
showing

Overlaid HPLC chromatograms for compound 7
showing ligation product NmLC with Cys-Gly.
The 80.79 % NmLC product was observed upon
ligation of 7 with Cysteine

Overlaid HPLC chromatograms for compound 8
showing ligation product NmVC with Cys-Gly.
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Chapter 1

General Introduction

The spontaneous formation of ordered structures at nanoscale is usually
referred as self-assembly.'! When the constitutive components are
molecules, the process is generally termed as molecular self-assembly.
The molecular self-assembly is again divided into intramolecular and
intermolecular self-assembly. The term molecular self-assembly refers to
intermolecular self-assembly and the intramolecular analog is more
commonly called folding. Scenarios guide research on origin of life stated
that there must have been process by which prebiotic organic compounds
were sufficiently concentrated®! to undergo physical and chemical
interactions. The physical properties of certain kind of molecules lead to
formation of complex structures with emergent properties. Such emergent
phenomena are referred to as self-assembly processes or self-organization.
Cellular life began when self-assembled membrane-bound polymers had
ability to not only polymerize, but also replicate their linear sequence of
monomers.”*!  Thus, self-assembly is a basic process by which
contemporary cellular life produces membranes, duplex DNA and folding
proteins. It has been demonstrated that the first cell must have been
formed by the same intermolecular interactions and self-assembled
structures. The self-assembly is a prevalent process in nature which plays
important role in maintaining integrity of cell®® to perform various
functions of cell.!”’ The cellular components such as actin filaments,
microtubules, DNA, vesicles and micelles are the classic representation of

molecular self-assembly in biological pools.™!

Microtubules are long hollow cylinders made up of a and B tubulin
dimmers (Figure 1.1). These dimers polymerize end to end in proto

filaments which are being considered as building block of the microtubule



structures. They are highly dynamic and involved in many important
cellular processes.™ Their rapid assembly and dis-assembly play
important role in the anaphase of mitosis. They are also involved in
maintaining the structures of the cell along with microfilament and

intermediate filament to form the cytoplasm.

° .'5’ GIP
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A
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Tubulin dimer
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Tubulin dimer
bound to GDP

end
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Shrinking microtubule

Capping £
proteins W ____of

Growing microtubule

Paused microtubule (neither polymerizing
nor depolymerizing)

Figure 1.1. Basics of microtubules.

DNA is a basic example of molecular self-assembly in all living things.
The transformation of genetic information occurs during the cell division
and chromosomes are duplicated providing each cell its own complete set
of chromosomes. All these important roles are performed by DNA in its
self-assembled form. The dynamic and self-replicating abilities of DNA to
transfer its genetic information has inspired scientist to mimic the
nanostructures in the development of biotechnology. The unique material
properties of DNA have made it an attractive molecule for material
scientists and engineers interested in  micro- and nano-
fabrication.*2131415] The self-assembled nanostructures have a great

impact on nanotechnology and biomedicine.!®*"*81%21 Natural preference
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for bio precursors in constructing nanostructures comes from the
biological world. The production of amino acids and their condensation to
polypeptides to complex biopolymers under plausible prebiotic conditions
has been known as the origin of life.?>%1 Amino acids have been
considered as a building block of life.[? The simple functionality and
easy condensation to polypeptide made it an attractive molecule in the
development of self-assembled nanostructures.>?27%! One of the
naturally occurring examples of self-assembled peptide is Insulin which
regulates the carbohydrate and fat metabolism in the body. The stability of
insulin is maintained by formation of hexameric self-assembly, 293031321
The self-assembly of a single or more linear polymer of polypeptide
chains leads to formation of complex structures. These complexities of
structures are commonly known as proteins.?®*3* Proteins are essential
part of organisms and participate in virtually every process within cells.
The formation of the essential haemoglobin is a classic example of
molecular self-assembly in biology in which four globular proteins
assemble to form the haemoglobin structure.®™ Collagen is the main
structural protein of the various connective tissues in which polypeptide
chains are associated to form triple helix which further self-assembled to
form collagen.***"*®! protein is generally used to refer to the complete
biological molecule in a stable conformation, whereas peptide is generally
reserved for short amino acid oligomers often lacking a stable three-
dimensional structure yet some short peptides acquire secondary structure

in its self-assembled form, 294044

1.1 Peptide Conformation

1.1.1 Primary Structure of Peptide

There are 20 different natural L-amino acids used by cells for protein
construction. Amino acids, as their name indicates, contain both a basic

amino group and an acidic carboxyl group. This difunctionality allows the
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individual amino acids to join together in long chains by forming peptide
bonds (Figure 1.2).

e D
HaH T

GI o | . C-M double bond character
Rx':ap;j,ﬁ R’“CQIT@R in amide (peptide) bonds

H H

Rl 2
N < o]
H | =
H =k

planar peptide bond segments

Figure 1. 2. Primary planar peptide bond.

1.1.2 Secondary Structures

In 1951, Linus Pauling and coworkers described that there are two main
types of secondary structure, the o helix and B sheets.[*] These secondary
structures are defined by patterns of hydrogen bonds between the main-
chain peptide groups.’**! They have a regular geometry, being constrained
to specific values of the dihedral angles y and ¢ on the Ramachandran plot
(Figure 1.3). Both the a helix and 3 sheets represent a way of saturating
all the hydrogen bond donors and acceptors in the peptide backbone. The
backbone conformation of a polypeptide chain is defined by its main chain
torsion angles. The torsion angle describes the rotations of the polypeptide
backbone around the bonds between N-C* (Phi, ¢) and C“-C (Psi, y). The
Ramachandran plot provides an easy way to view the distribution of
torsion angles of a protein structure.”? It also provides an overview of
allowed and disallowed regions of torsion angle values.'?! The third
possible torsion angle within the proteins or peptides backbone (omega, ®)
is essentially flat and fixed to 180°. Usually the trans conformation (o =
180°) of peptide bond is preferred over the cis conformation (0= 0°) to

avoid steric crowding of bulky side chains present at C* carbon atoms of
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amino acid residues. There are only three small sterically allowed regions
in the Ramachandran plot that are physically accessible to a polypeptide
chain and within this region the ¢-y values produces the right-handed a-

helix, the parallel and anti parallel B-pleated sheets and the collagen triple
helix,[464748]

180° ————
@ _ B-sheet
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90°
\
,,,7,,_\_,7 —

Wo—

65 left-handed a-helix
) right-handed a-helix

-180°. L — _|
-180°  -90° 0° 90° 180°

P

Figure 1.3. The positions of commonly found regular conformations of the proteins on a

Ramachandran plot.

1.1.3 a- Helix

a-helices are formed by hydrogen bonding in amino acids via their
carbonyl oxygen and amide protons. In a helix, every backbone NH group
donates hydrogen bond to the backbone C=0 group of the amino acid four
residue earlier (Figure 1.4). Such an association of amino acids gives rise
to a structure that resembles a cork screw. Each turn of the helix is made
up of 3.6 amino acids (residues). Each turn of the helix propagates 5.4 A
along the helical axis. This distance is also known as the pitch of the helix.
On average the ¢ angle in an alpha helix is -60° while the y angles can be
in the range of -45 to -50 degrees. The a-helix can exist as either right

handed helical structure or left handed helix. However, the left handed
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helix is not favored by natural L-amino acids. Typically a- helices adopt
backbone (¢, ) dihedral angles around (-60°, -45°), as shown in the
image at right. In more general terms, they adopt dihedral angles such that
the y dihedral angle of one residue and the ¢ dihedral angle of
the next residue sum to roughly -105°. As a consequence, a-helical
dihedral angles fall on a diagonal stripe on the Ramachandran plot ranging
from (-90°, -15°) to (-35°, -70°). Similar structures include the 330 helix (i

+ 3 — i) and the n-helix (i + 4 — i) also exit in polypeptide backbone.
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Figure 1.4. Diagram shows the a-helix is held together by hydrogen bonds between N-H

and C=0 groups in each turn.

1.1.4 g-Sheet

The B-sheet or B-pleated sheet is the second form of regular secondary
structure in proteins. B-sheet is long chain of polypeptide typically 3 to 10
amino acids with backbone in fully extended conformation. The majority
of P-strands are arranged adjacent to other strands and form an
extensive hydrogen bond network with their neighboring N-H groups in
the backbone of one strand and the C=0 groups in the backbone of the
other adjacent strands. The sideways distance between adjacent C* atoms
in hydrogen-bonded B-strands is roughly 5 A. The energetically
preferred dihedral angles near (o, y) = (-=135°, 135°) broadly, the upper
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left region of the Ramachandran plot. The parallel -sheet and antiparallel

B-sheet are the major class of 3-sheet structures.[*%

The parallel B-sheet is characterized by two peptide strands running in the
same direction held together by hydrogen bonds between the strands.
(figure 1.5). The antiparallel B-sheet is characterized by two peptide
strands running in opposite directions held together by hydrogen bonds
between the strands.

The anti-parallel p-sheet strand is known to be more stable than the
parallel B-sheet arrangement because hydrogen bonds between carbonyls
and amines are planar which gives preferred orientation. The peptide
backbone dihedral angles (¢, y) are about (-140° 135°) in antiparallel
sheets. The parallel B-sheet strand introduces non planarity in the inter-
strand hydrogen bonding pattern. The dihedral angles (¢, y) are about
(-120°, 115°) in parallel sheets. However, B-sheet arrangement is more
prominent in many self-assembling peptides and proteins. The higher-
level association of B sheets has been implicated in the formation of

protein aggregates and fibrils observed in many human diseases such

as Alzheimer's disease.>*%!]
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Figure 1.5. Diagram shows hydrogen bonding pattern in parallel and anti-parallel -
pleated sheet structures. The dotted lines indicates the hydrogen bonding between N-H

and C=0 groups.


http://en.wikipedia.org/wiki/Ramachandran_plot
http://en.wikipedia.org/wiki/Alzheimer%27s_disease

1.2 Development of Molecular Self-assembly

Molecular self-assembly®®? is the spontaneous association of molecules
under equilibrium conditions into stable, structurally well-defined
aggregates joined by non-colavlent bonds. Molecular self-assembly is
prevalent process in biological systems and underlies the formation of a
wide variety of complex biological structures.”** The understanding of
self-assembly process and associated non-covalent interactions®*°® that
connect the complementary interacting molecular backbones in biological
aggregates is a central concern in chemical biology. Besides the
biomacromolecular nanostructures, certain small organic molecules are
capable to self-assemble in a particular solvent, resulting in self-

S859.6162831 |f the self-assembly occurs in an aqueous

supporting gel.l’’
medium, the resulting gel is referred to a supramolecular hydrogel.[*%!
The design of biomolecules that can self-assemble into higher order
structure, has received increasing attention over the past few years,
because of their applications in supramolecular electronics,® drug

[67,68,69] 07 and  tissue

delivery, wound  healing, biosensing
engineering.l’>"*™ There are many weak interactions such as hydrogen
bonding, hydrophobic interactions and n-m interactions that govern the
assembly of everything from DNA in its double helix to the bonding of
H,O molecule in liquid water. Self-assembly is also the only practical

approach for building a wide variety of nanostructures. ['>®]

The development of nanoscale structures and devices can be accomplished
through “bottom-up approach” or “top-down” methods. In the bottom-up
approach, small building blocks assemble into larger structurest’”"®
(Figure 1.6). Examples of this approach include chemical synthesis,!"
molecular self assembly,®® and colloidal aggregation.®®#*#%! The most of
the self-assemblies are directed by small molecular weight organic
molecules and bioactive molecules. With the increasing applications of

supramoluclar hydrogels in the biomedicine, there is wide interest in the
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development of supramolecular soft materials.®*! Several, physical stimuli
such as pH, temperature, light, enzymes, and sonication are used to control
peptide self-assembly.

To materials
- N

gSelffassembly

ii?ll

[ ([}
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e @
o ' L ([ ] From molecule
()

Bottom Up Approach

Figure 1.6. The “‘bottom-up’’ approach is based on the interaction of simple monomers
to form building blocks. The building blocks assemble to form well-ordered self-assembly
by means of molecular interactions. This well order assembly leads to generation of a

functional material.

1.2.1 pH Modulated Molecular Self-assembly

Self-assembly is a powerful strategy for the preparation of ordered and
dynamic supramolecular nanomaterials. Peptide based building blocks are
prominent supramolecular synthons to produce hierarchical functional
materials in water.[®>8887] Self-assembled smart hydrogels are increasingly

important class of materials for biomedicine, 8]

pharmaceutics, coatings
and cosmetics.”®®  Three dimensional networks formed by

supramolecular hydrogels are result of covalent or non-covalent



interactions. Within the range of several external stimuli, pH-responsive
self-assembly is of particular interest for biomedical applications, since
different intra- and extracellular compartments maintain varying levels of
acidity or alkalinity. A highly relevant example is variation in pH between
the healthy tissue and tumor tissue.*2%3**! There are several reports on pH
triggered self-assembly for many applications. Hawker et al. (2013)
reported pH triggered self-assembly of biocompatible histamine-
functionalized triblock copolymers which shows abrupt and reversible
hydrogelation above pH 7.0 due to hydrophilic/hydrophobic transition of
the histamine units to form a network of hydrophobic domains bridged by
hydrophilic PEO matrix.®® Zang and coworker described 1D self-
assembly of water soluble perylene diimide molecule by pH triggered
hydrogelation with electronic and optical properties for self-assembled

nanofibers. 6]

H

Os_OH Os_Ol
o e e e b NH
/\/\/\/\/\/\/\)LN\)L N\)L N\)L N\/g
O~ OH

-
x\\\\\\\@g}?

Figure 1.7. pH-triggered morphological transition of self-assembling peptide

amphiphiles.

Goldberger and coworkers (2012) developed a series of self-assembling
peptide amphiphile molecules that transforms either isolated molecules
(Figure 1.7) or spherical micelles into nanofibers when the pH is slightly
reduced from 7.4 to 6.6.°"7 Escuder group described a new family of

isomeric tetrapeptides containing aromatic and polar amino acids residues
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that are able to form molecular hydrogels following a smooth change in
pH.[98,99]

1.2.2 Sonication Induced Molecular Self-assembly

Generally, sonication is used to solubilise and disperse compounds
through disruption of weak non-covalent interactions between molecules.
Sometimes it can help the small organic molecules to self-assemble into
supramolecular structure and tune the gelation properties.™* Ultrasound
breaks the non-covalent weak interactions and provides sufficient energy
to achieve self-assembly through reorientation of the assembly process,
such as intramolecular hydrogen bonding to intermolecular hydrogen
bonding, extension of -x stacking interactions and elongating the fiber to
form network structures. Wang group reported sonication-induced self-
assembly of flexible tris(ureidobenzyl)amine from its dimeric aggregates

to supramolecular gel™™ (Figure 1.8).

Sonlcatlon
fR
O - ey X
Dimeric Aggregates R = Supramdolecglar GelsbI
Bett dered bl - Less ordered assembly
etter ordered assembly /\O o/\\\

Dissolved monomers

Figure 1.8. Possibility of the tris(ureidobenzyl) amine to the transformation between

dimeric capsules and supramolecular gels by sonication.

Das and coworkers (2012) described sonication induced peptide-appended
bolaamphiphile hydrogels which can act as a nanoreactor for in situ
synthesis and stabilization of platinum (Pt) nanoparticles within the gel-

phase network. In situ synthesized Pt nanoparticles, with a diameter of 1-3
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nm, can reduce p-nitroaniline to p-phenylenediamine.!®? Zhang and
coworker designed and synthesized a series of monocholesterol substituted
quinacridone derivatives which can gelate a wide range of organic
solvents upon ultrasound irradiation and afford intriguing well-defined
nanostructures composed of three-dimensional sponge-like superstructures

or fibrous networks. %

1.2.3 Chemical Reactions Mediated Self-assembly

A chemical reaction is a process that leads to the transformation of one set
of chemical substances to another, which are usually characterized by
chemical changes. Chemical reactions are used for the synthesis of new
compounds from natural raw materials such as petroleum and
mineral ores. It has a crucial role not only in everyday life but also in
biology where it is referred as metabolism. In the living organisms, the
biochemical reactions are mainly controlled by enzymes. One of the most
important biochemical reaction is anabolism, in which different DNA and
enzyme-controlled processes result in the production of large molecules
such as proteins and carbohydrates from smaller units.™***] There has been
wide interest to achieve such processes in the laboratory to develop some
complex architecture exhibiting structural complexity ranging from nano-
to mesoscale which is of fundamental importance for various proteins-
related diseases but also hold great promise for various nano- and
biotechnological applications.™®™! Several physical perturbations are
known to develop such complex self-assembled architectures. However,
chemical reactions find wide scope in the development of self-assembled
biomaterials due to its one pot propensity.®! Generally, the efforts are
made to develop orthogonal chemical reactions to further explore in the
biomedical applications.**"*%! The self-assembly is mainly governed by
non-covalent interactions which maintain the delicate balance between
intermolecular interactions among the self-assembling molecules which

could be achieved by adding or removing constrain moiety from the
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molecules and subsequently leads to self-assembly.r® Escuder and
coworkers (2013), demonstrated the use of chemical stimuli in control

molecular gelation. %!

cyclic-1 linear-1
Ac-CIFKFE);CG-MH,  Ac-C(FKFE)-CG-NH,
.

Figure 1.9. Cyclic to linear peptide conformational switch using a chemical reductive

trigger.

Nilsson et al. (2010) described that imposing a conformational constraint
that prevents adoption of the B-sheet secondary structure required for the
self-assembly of short peptides is a possible strategy for controlling
peptide self-assembly™*! (Figure 1.9). They flanked a short self-
assembling peptide sequence with cysteine (Cys) residues which enabled
the macrocyclization of these peptides, preventing B-sheet formation and
self-assembly in the cyclic form. Thus, using TCEP, constraint was
removed by simple reduction of the disulfide bond which resulted in
relaxation to the stable B-strand and subsequently formation of self-

assembly.

Van Esch and coworkers (2010) reported dissipative self-assembly system
in which a synthetic DSA fibrous network uses chemical fuel as an energy
source™™? (Figure 1.10). A gelator precursor dibenzoyl-(L)-cystine (DBC)
is converted into self-supporting gel by reaction with a chemical fuel
methyl iodide at pH=7 leading to formation of diester. Hydrolysis of the
gelator, which is labile under ambient conditions, leads to energy

dissipation and dis-assembly of the formed structures. Yang et al. (2013)
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reported redox controllable self-assembly properties of selenium
containing peptides.
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Figure 1.10. A monomeric building block (blue) is activated by fuel consumption and is
able to assemble (forming red fibers). In the assembled state, it can dissipate its energy

and revert to its monomeric state (blue).

An N-capped 4-phenyl-selenyl butanoic acid peptide was converted to
selenoxide upon oxidation with H,O, which is easily soluble in phosphate
buffer saline.l***] However, chemical treatment with vitamin C converts
selenoxide into less soluble selenide in aqueous medium leading to the
formation of self-assembling nanostructures. Lehn and coworkers (2005)
described that guanosine hydrazide yields a stable supramolecular
hydrogel based on the formation of a guanine quartet (G-quartet) in the
presence of metal cations. Guanosine hydrazide and its assemblies can be
reversibly decorated by acylhydrazone formation upon reaction with
various aldehydes, resulting in the formation of highly viscous dynamic
hydrogels.'* The dynamic system selects an aldehyde from the mixture
of aldehydes, which leads to the formation of the most stable gel. Rao et
al. (2010) demonstrated a biocompatible condensation reaction for
controlled assembly of nanostructures in living cells using 1, 2 aminothiol

and 2-cyanobenzothiazole.™* Ajayan reported (2011) uniform and
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crystalline nanofibers of perylene-3,4,9,10-tetracarboxylic dianhydride
(PTCDA), an insoluble organic semiconducting molecule which have
been achieved by self-assembling molecules using chemical reaction
mediated conversion of an appropriately designed soluble precursor
perylene tetracarboxylic acid (PTCA) using carbodiimide chemistry.[*'!
Das group (2013) exploited reversible acid catalyzed esterification
reaction and alkylation reactions that lead to the formation of a single
predominant product among the library members using dimethyl sulfate
(DMS) as chemical fuel.*®! The library members formed a self-
supporting hydrogel and showed the formation of a single predominant
product. Otto and coworkers (2010) developed two self-replicating
peptide-derived macrocycles that emerge from a small dynamic
combinatorial library through oxidative disulfide formation from their
pendant thiol groups in presence of oxygen and compete for a common
feedstock. Replication is driven by nanostructure formation resulting from

self-assembly of peptide.["

1.2.4 Photo-Switched Molecular Self-assembly

The self-assembly of bio-organic molecules into nanostructures is an
attractive route to fabricate functional materials. For example,
diphenylalanine (Phe-Phe, FF), an aromatic dipeptide consisting of two
covalently linked phenylalanine units, can form various nanostructures
such as nanotubes,™*1 nanowires and nanosphere™ under different
processing conditions.*?! FF-based nanostructures can readily self-
assemble in a simple way and possess the functional flexibility and
molecular recognition capability suitable for a wide range of applications,
such as  biosensors,*?  imaging, guest encapsulation and
nanofabrication.l!?312412%1 7hang et al. (2013) reported an azobenzene-

linked symmetrical gemini a-helical peptide which reversibly transforms
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Figure 1.11. Schematic illustration of the light-switched self-assembly of the gemini a-
helical peptide. (a) Molecular structure of the gemini a-helical peptide and light-
triggered reversible change between Z- and U-structures. (b) Model of light-triggered
reversible structural change in the gemini o-helical peptide. (c) Light-switched self-
assembly behaviors of the gemini a-helical peptide in acidic (pH 3.0), and (d) in basic
(8.0) medium.

between the trans- (Z-) and cis-structure (U-structure) under UV (A=365
nm) and subsequently visible light irradiationt*?! (Figure 1.11). This also
affects self-assembly behavior of the gemini a-helical peptide. Park
developed a light-harvesting peptide nanotubes that integrate
photosynthetic units for mimicking natural photosynthesis.™**"1 Zinic et al.
(2002) demonstrated that a bis(phenylalanine) maleic acid shows
irreversible photoinduced gelation in water that works on photochemical
isomerization of nongelling maleic acid amide to gelling fumaric acid

amide. 1?8

1.3 Enzyme Catalyzed Peptide Self-assembly

Enzymes are a class of highly efficient and specific catalysts in nature.

Enzyme-regulated molecular self-assembly plays a critical role in many

cell processes.*?°! The formation of microtubules, which governs mitosis,
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is one example.™*® The polymerization of actins which governs the focal
adhesion of cells, is essentially a self-assembly process of seemingly
miraculous sophistication that is regulated by enzymes. These natural self-
assemblies inspire the development of enzymatic hydrogelation of small
molecules. Compared with physical or conventional chemical
perturbations, enzymatic regulation promises a unique opportunity to
integrate  molecular self-assembly in water with natural biological
processes. Moreover, as a new method to make biomaterials, the enzyme-
catalyzed formation of hydrogels of small molecules has already shown
promise in biomedical applications.**¥* 133 Xy and coworkers (2012)
reported a method to image enzyme-triggered self-assembly of small
molecules inside live cells®**! (Figure 1.12). George et al. (2006) have
focused on the enzyme catalysis self-assembly strategy to develop
molecularly defined and functional materials.**! Ulijn groups exploited
several enzymes including phosphatases, esterases and proteases, to
trigger the self-assembly of aromatic peptide amphiphiles by converting
non-assembling precursors into self-assembling components. ¢ 37 138
139141 sajani and coworkers reported the effect of enzyme concentration
of the morphology and properties of enzymatically triggered peptide

[141]

hydrogels.

Hydrogel

Nanofiber o Precursor

Enzymatic
conversion

o Hydrogelator
w e
Hydrogelation Self-Assembly

Figure 1.12. The essential steps in the enzymatic hydrogelation of small molecules.
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1.3.1 Self-assembly Driven by Peptide Hydrolysis

Generally, hydrolysis is a chemical process in which a molecule of water
is added to a substance and this addition causes both substance and water
molecule to split into two parts. Acid-base-catalysed hydrolyses are very
common. One of such example is the hydrolysis of amides or esters.[**?
The amide bond in peptide is more rigid due to significant delocalisation
of the lone pair of electrons on the nitrogen atom giving the bond a partial
double bond character. Therefore, the hydrolysis reactions are very slow in
water. Usually in the laboratory hydrolysis of proteins or peptides is being
carried out by using 6N HCI at 110 °C.2* However, use of this method
leads to partial destruction of many amino acids including serine,
threonine and cysteine. Tryptophan is totally destroyed by this procedure.
In living system, most biochemical reactions including ATP hydrolysis
take place by the catalysis of enzymes. The catalytic action of enzymes
allows the hydrolysis of proteins, fats, oils, and carbohydrates. Protease
enzyme aids digestion by causing hydrolysis of peptide bond in
proteins.***! In recent years, there is growing interest in the development
of peptide nanostructure using biocatalytic method via peptide bond
hydrolysis. Researchers are interested to exploit enzyme for development
of peptide self-assembly for further biomedical applications without
destruction of any amino acids. Shao et al. (2011) reported self-assembly
of a peptide amphiphile based on hydrolysed Bombyx mori silk fibroin
usin a-chymotrypsin. !
o) (0]
>)\\NH2 O >)\\ NH; O O

Cys-Tyr-Lys-Cys a-Chymotrypsin Cys-Tyr O Lys-Cys
Q5.] 0w [0 .
)J\NHZ HN™ )J\NHZ Q HoN

Figure 1.13. A CYKC-cross-linked hydrogel degraded with a-chymotrypsin.
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Moore and coworkers (2005) described the chymotrypsin responsive
hydrogel in which tetrapeptide CYKC was used as a cross-linker to create
poly(acrylamide) hydrogel™*®! (Figure 1.13). In the sequence of CYKC
hydrolysis of tyrosine-lysine bond by chymotrypsin leads degradation of
hydrogel. Gazit et al. showed emzymatic degradation of self-assembled
peptide nanotubes, resulted in the production of discrete nanowires with a

long persistence length. 24"

1.3.2 Peptide Self-assembly Driven by Reverse-Hydrolysis

Reverse hydrolysis of peptide is exactly opposite to the hydrolysis of
amide bonds in peptides. Usually some protease show ability to reversibly
synthesis the amide bond as well as hydrolyze the amide bond in dilute
aqueous conditions. It is reported that self-assembly drives the reverse
hydrolysis of peptides and prefers the most stable product formation in gel
phase medium.**®! Thus, an enzyme thermolysin is preferably used to
exploit in peptide self-assembly. Self-assembly of macroscopic materials
from small molecular building blocks provides a route to design molecular
biomaterials. The control development of biomaterials is on high demand
in the context of biomedical applications. The stimuli that trigger self-
assembly include various physical chemical perturbations. The enzyme
triggered self-assembly is particularly interesting due to mild and
physiological reaction conditions. Enzymatic hydrogelation of peptides
causes to have desirable response in a biological environment.!**”! Herein,
some of the examples demonstrate the hydrogelation of peptides via

reverse hydrolysis of amide bonds in peptides.

Uljin and coworkers (2006) have used a protease enzyme that normally

hydrolyzes peptide bonds in aqueous medium.
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Figure 1.14. (A) Proposed mechanism: Fmoc amino acids (gray) are enzymatically
coupled to dipeptides (black) by a protease to form Fmoc-tripeptides that self-assemble
to higher-order aggregates driven by w-m interactions between fluorenyl
groups. Keq1 represents the equilibrium constant for peptide
synthesis/hydrolysis, Keq o for self-assembly. (B) Chemical structures of Fmoc-amino
acids, dipeptide precursors and amino acid side chains:
a Gly, b Ala, c Val, d Leu, e Pro, f Phe.

They described a conceptually novel approach by using thermolysin to
perform the reverse reaction (i.e. peptide synthesis or amide formation)
which can produce amphiphilic peptide hydrogelators and self-assembles
to form nanofibrous structures™®! (Figure 1.14). Uljin group (2009) also
reported the use of reversible enzyme-catalysed reactions to drive self-
assembly. They demonstrated that this system combines three features
such as (i) self-correction-fully reversible self-assembly under
thermodynamic control; (ii) component-selection-the ability to amplify the
most stable molecular self-assembly structures in dynamic combinatorial
libraries and (iii) spatiotemporal confinement of nucleation and structure
growth.% Enzyme-assisted self-assembly therefore provides control in
bottom-up fabrication of nanomaterials that could ultimately lead to

functional nanostructures with enhanced complexities and fewer defects.

1.3.3 Lipase Catalyzed Peptide Self-assembly

Lipase is an important class of enzyme that catalyzes the hydrolysis of fats

(lipid). Lipases are among the most broadly deployed biocatalysts because
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of their ability to produce chiral products™® with high enantiomeric
purity. Lipases are used as catalyst for hydrolysis, alcoholysis,
esterification™! and transestrification of carboxylic acids or esters
reactions.'*2153% They also work in organic as well as in agueous
medium which makes it a versatile candidate in the broad research area.
One of the important aspects in chemical synthesis of drugs is to retain a
single enantiomer, which is often a difficult task. Thus, one of the
commercially attractive and environmentally compatible ways of making
enantiomerically pure drug is biotransformation. In addition, peptides
acylated with fatty acids become capable of being anchored to liposomes,
translocating across lipid membranes, penetrating intact cells, and
penetrating through the blood-brain barrier. However, selective acylation
is a formidable task to a chemist due to the presence of numerous reactive
groups in peptides. Klibanov et al. (1991) reported a lipase catalyze
selective acylation of a dipeptide L-Phe-a-L-Lys-O'Bu.k*® It has two
primary amino groups. The a-NH; group of Phe and the w-NH, group of
Lys offer a challenge for selective acylation. Thus, lipase selectively
acylate ®-NH, group of Lys in dipeptide in presence of excess
trifluoroethyl acetate. Besides its useful applications in the organic
synthesis, lipases are being used in the development of molecular self-
assembly. Recently, the use of enzymes for the fabrication of biomaterials,
starting from small molecular building blocks, to promote the synthesis of
self-assembling materials has become an emerging area of research
activity. Additionally, the structure of these (bio) materials can be easily
controlled and tuned by using biological catalysts taking advantage of
chemo-, regio- and enantioselective synthesis and of mild reaction
conditions. In general, there are two routes to drive enzymatic molecular
self-assembly through either breaking or making of covalent bonds.
Interestingly, both the routes lead to self-assemble by maintaining the
hydrophobic and hydrophilic balance between the self-assembling

molecules. Important efforts have been made to get more insight into the
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molecular self-assembly. These studies have proved that non-covalent
interactions such as n-m stacking, hydrogen bonding and hydrophobic
interactions play a key role in the development of such systems. Recently,
thermolysin is used to generat dynamic combinatorial libraries for the
discovery of stable self-assembling nanostructures. Although lipases are
primarily used in esterification and transesterification of carboxylic acids,
there are few examples where the lipases have been used to develop
peptide self-assembly through amide bond synthesis. Palocci and
coworkers (2010) reported peptide self-assembly via coupling of Fmoc-
phenylalanine and diphenylalanine using lipase as catalyst at physiological
conditions™™® (Figure 1.15). This is an excellent example of synthesis of
peptide bond instead of using expensive protease. Lipase is known as an
industrial biocatalyst and can be exploited to study such self-assembling
systems. In his another work, Palocci described the self-assembly of
homochiral and heterochiral lipase catalyzed Fmoc-based peptides with

control drug release from hydrogel metrix.*>"

(A) M
@ [
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R1=R2=R3=Phenylgroup 1)

Figure 1.15. (A) Chemical structures of the precursor (1) and its corresponding
hydrogelator (2) and the schematic gelation process, (B) optical images of a solution of 1
in phosphate buffer (pH 7.4) and (C) the hydrogel of 2 formed by adding lipase to a

solution of 1.
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Figure 1.16. Lipase catalyzed acylation of the disaccharide trehalose generated a family

of low-molecular-weight gelators via transesterification.

Dordick et al. (2006) demonstrated lipase catalyzed sugar-containing self-
assembled organogels with nanostructured morphologies™® (Figure
1.16). The lipase activity and thermostability can be increased upon
immobilization with many supports. The self-assembled peptide
architectures have also been used for the better activity of lipase. Matsui
and coworkers (2005) reported lipase incorporated peptide nanotubes.***!
However, there are some nonspecific proteases which have been used for
ester hydrolysis followed by self-assembly. Although, lipases are widely
used in ester hydrolysis and transesterification, it is less explored in

molecular self-assembly.

1.4 Dynamic Library Influenced by Self-assembly

Dynamic combinatorial chemistry (DCC) is promising tool to create and
study the complexity of chemical reaction. DCC is often correlated with
evolution of life. Thus, chemists are taking inspiration from nature to
create dynamic molecular libraries and study the synthetic route for the
evolution of unexpected molecules. The dynamic library is based on the
reversible exchange of building blocks through chemical bonds. The
distribution of library components are typically governed by
thermodynamics and may alters upon changing the reaction condition.

Initially, dynamic libraries have been generated by adding external
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template which is inert to reversible chemistry of building blocks. The
molecular recognization between template and library member alter the
distribution of library members. The binding library member to template
often leads to amplification of library member in the dynamic system. This
effect may be utilized for the discovery of synthetic receptors and ligands
for biomacromolecules, in many cases leading to unexpected

supramolecular structures.

Lehn and Sreenivasachary described the reversible acyl hydrazone
formation of guanosine hydrazide upon mixing with a mixture of
aldehydes. This system leads to formation of dynamic libraries of
hydrazone components. The amplified single component among the
library member leads to stable gel formation.™®! The formation of
preferential component works under the pressure of gelation because of
the collective interactions in the assemblies of G-quartets. Otto et al.
reported two self-replicating peptide-derived macrocycles that emerge
from a small dynamic combinatorial library and compete for a common
feedstock. Replication is driven by nanostructure formation, resulting from
the assembly of the peptides into fibers held together by - sheets!*
(Figure 1.17).
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Figure 1.17. Schematic illustration of a small dynamic combinatorial library made from
dithiol building blocks.

1.5 Bioorthogonal Chemical Reactions

Innovations in chemical ligation reactions have been essential for major

breakthroughs in biology and medicine. At the heart of bioorthogonal

24



chemical reactions is the development of uniquely reactive functional
groups that allow specific covalent ligation of molecules in biological
systems. Despite the challenges of performing specific chemical reactions
in biological settings, a variety of bioorthogonal ligation methods such as
native chemical ligation, Staudinger ligation and many cycloaddition
reactions have been developed. The native chemical ligation is the most
revolutionary method for total or semi-synthesis of proteins discovered by
Kent and co-worker in 1994.M%% |n general, NCL involves reaction
between an unprotected peptide with a C-terminal thioester and another
unprotected peptide carrying an N-terminal cysteine. The sulfhydryl group
of N-terminal peptide undergoes transthioesterification with C-terminal
thioester. The resulting thioester-linked intermediate spontaneously and
rapidly rearranges through an intramolecular S—N acyl shift to yield a
native peptide bond (Figure 1.18). The term bioorthogonal chemistry was
coined by Carolyn R. Bertozzi in 2003%%% and refers to any chemical
reaction that can occur inside of living systems without interferring with
native biochemical processes.[**21%31%4l The concept of the bioorthogonal
reaction has enabled the study of biomolecules such
as glycans, proteins, and lipids in real time in living systems without

cellular toxicity.

O
m Capture step m

pH 7
thioester (R = Alkyl, Ar) cys-peptide
thioester-linked intermediate

IS, N acyl shift

proton transfer m
d j K,

5-membered ring intermediate

Figure 1.18. Native chemical ligation (NCL) mechanism.
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A number of chemical ligation strategies have been developed that fulfill
the  requirements of  bioorthogonality, including  1,3-dipolar
cycloaddition between azide and cyclooctynes (copper free-click
chemistry),*®* nitrones and cyclooctynes,!**®!  oximes/hydrazone
formation from aldehydes and ketones (tetrazine ligation),'®" the
isonitrile-based click reaction™® and most recently, the quadricyclane
ligation. Bertozzi group has developed the Staudinger ligation based on
Staudinger reactions of azides with triarylphosphines™ (Figure 1.19).
The Staudinger ligation has been used in both live cells and live mice.
Another interesting reaction was developed by Bertozzi group which is
copper-free click reaction based on the work by Sharpless et al.*®! Unlike
CuAAC, Cu-free click chemistry has been modified to bioorthogonal
reactions by eliminating cytotoxic copper catalyst (Figure 1.20), allowing
reactions to proceed quickly and without live cell toxicity. Instead of Cu in

CUAAC, the reaction is a strain-promoted alkyne-azide cycloaddition

reactions (SPAAC).
R
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Figure 1.19. Staudinger ligation mechanism.

It was developed as a faster alternative to the Staudinger ligation. The
incredible bioorthogonality of the reaction has allowed the Cu-free click
reaction to be applied within cultured cells, live zebrafish and mice. The

classic copper-catalyzed azide-alkyne cycloaddition has been an extremely
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fast and effective click reaction for bioconjugation, but it is not suitable
for use in live cells due to the toxicity of Cu(l) ions.

Cyclooctyne-labeled Covalently conjugated biomolecule

Azide-labeled probe
biomolecule © Non
N
N _
]
— L

Figure 1.20. Strain-promoted alkyne-azide cycloaddition (Copper free click reaction).

The azide group is particularly bioorthogonal because it is extremely small
(favorable for cell permeability and avoids perturbations), metabolically
stable and does not naturally exist in cells and thus has no competing
biological side reactions. Although azides are not the most reactive 1,3-
dipolar compounds available for reaction, they are preferred for their
relative lack of side reactions and stability in typical synthetic
conditions.*”* The alkyne is not small, but it still has the stability and
orthogonality necessary for in vivo labeling. Cyclooctynes were selected
as the smallest stable alkyne ring which increases reactivity through ring
strain which is calculated to be 19.9 kcal/mol.*"4 The reaction proceeds
as a standard 1,3-dipolar cycloaddition, a type of asynchronous
concerted pericyclic shift. Thus, the application of this bioorthogonal
chemistry in biology through functionalized chemical reporters has
enabled the imaging and large-scale analysis of nucleic acids, proteins,
glycans, lipids and other metabolites in vitro as well as in vivo in all
kingdoms of life including bacteria, plants and mammals. In addition, to
monitor biomolecules, bioorthogonal chemistry has allowed the
functionalization of molecules for target identification of drugs and semi-
synthesis of biomolecules for basic science as well as diagnostic and
therapeutic agents. Considering the biological relevance of these
bioorthogonal reactions, these methods open wide scope in various fields

of Chemistry. Native chemical ligation is widely used method for coupling
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of peptide fragments in protein synthesis. Considering its utility and
feasibility, we were inspired to use native chemical ligation reactions in

the development of dynamic peptide self-assembly.

1.5.1 Native Chemical Ligation

Native chemical ligation or NCL is an important extension of the chemical
ligation discovered by Kent and co-workers in 1994. It is widely used
method for the synthesis of total or semi-synthesis proteins. Native
chemical ligation involves the chemoselective reaction of two unprotected
peptides in aqueous solution to give a single covalently linked ligation
product (Figure 1.21). In fact, in 1953, Wieland and co-workers
discovered the chemical foundation of this reaction.*”®! The reaction
of valine-thioester and cysteine amino acid in aqueous buffer was shown
to yield the dipeptide valine-cysteine. The reaction proceeded through the
intermediacy of a thioester containing the sulfur of the cysteine residue.
However, Wieland's work led to the ‘active ester' method for making
protected peptide segments in conventional solution synthesis in organic

solvents.
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Figure 1.21. Native chemical ligation mechanism.
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The native chemical ligation is the first practical method to ligate large
unprotected peptide fragments was invented by Kent group. Native
Chemical Ligation has become an extremely powerful method for the
routine synthesis of small to moderate-sized proteins (approximately 150
amino acids), and it involves a chemoselective reaction between an
unprotected peptide-a-carboxy thioester (-aCOSR) and an unprotected
peptide with an N-terminal cysteine residue in solution. The mechanistic
aspects describe that NCL proceeds through transthioesterification of C-
terminal thioester of peptide with sulfhydryl group of N-terminal cysteine
residue, which further spontaneously and rapidly undergoes S—N acyl
transfer to give amide bond. The key features of this NCL reaction are that
it occurs in aqueous buffer at physiological pH~7 and room temperature.
The rate of ligation is dependent on the identity of the C-terminal amino
acid in the peptide-thioester.*’”?l The ligation at sterically less hindered
amino acid such as Gly- or Ala-RCOSR (R is an alkyl group) proceeds
more quickly than ligation at sterically hindered S-branched C-terminal
residues such as lle- or Val-RCOSR. The ligation rate also affects on the
nature of leaving group. Ligation with a highly activated 5-thio-2-
nitrobenzoic acid thioester proceeds to completion within 10 min at pH
7.0, whereas ligation with an alkyl thioester is very slow and can take days
to reach completion. The rate-limiting step in native chemical ligation is
the transthioesterification with the thiol moiety of the side chain of the N-
terminal cysteine. In general, the alkyl thioester are unreactive at normal
NCL reaction conditions. Thus, exogenous thiol catalysts are required to
be added to native chemical ligation reactions to promote the in situ
formation of more active thioesters and thus increase the kinetics of
ligation. The most common thiol catalysts to date have been used are
either a mixture of thiophenyl, 4-mercaptophenylacetic acid (MPAA), or
2-mercaptoethanesulfonate (MESNa) in the NCL reactions.'”® The NCL
reaction is highly chemoselective as no side-products are formed from

reaction with the other functional groups present in either peptide segment
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such as acids or basic amino groups and phenolic hydroxyls. Peptide and
protein thioesters are extremely useful in chemistry and chemical biology
and are essential for the synthesis of site-specifically modified peptides
and proteins by NCL. The traditional method to synthesis peptide-
thioesters is based on the activation of carboxylic acid of amino acids.
Thioester can also be prepared by Boc chemistry using solid phase peptide
synthesis.

1.5.2 Intein

In 1990, similar S—N acyl shift analogy of natural protein intein was
observed to generate medium-sized proteins via native chemical
ligation.”®*"" Intein mediated self-catalyzed protein splicing begins with
the intramolecular rearrangement of N-terminal cysteine residue resulting
into the formation of thioester intermediate (Figure 1.22). A
transesterification occurs when the side chain of the first residue of the C-
extein attacks the newly formed thioester inetrmediate to free the N-
terminal end of the intein. The branched intermediate forms which
undergoes excision by cyaclization of asparagine at the C-terminus of the
intein splice junction. Finally, the free amino group of the C-extein attacks
on thioester and undergoes NCL like S—N acyl shift to form a peptide
bond of fuctional protein.t”®°1 A protein semisynthesis method that
involves a chemoselective reaction between an intein-generated protein
thioester with a synthetic cysteinyl peptide to provide access to larger
proteins (greater than about 150 amino acids) is termed Expressed Protein
Ligation (EPL) (or semisynthesis), and was introduced by Muir
Laboratory. 8%

EPL can be used for various applications*®:82183 including introduction
of fluorescent probe into proteins, to regulate post-translational

modification, isotopic labeling and in protein engineering.
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Figure 1.22. The mechanism of protein splicing involves in inteins.

Kent group (2006) reported a “kinetically control ligation” method during
the convergent synthesis of proteins.'*® The method is based on the
relative rate of ligation in thioester and N-terminal cysteine peptides.
Typically, NCL reaction of alkyl thiolester was carried out with addition
of thiol catalyst. However, Kent and co-workers modified the C-terminal
with new 4-mercaptophenyl acetic acid (MPAA)-based linker which
enables much fast ligation of cys-peptide than the alkylthiolester. In the
competitive experiment in the absence of thiophenol, this large rate
difference makes peptide-alkylthioester effectively unreactive. These
chemoselective ligation reactions are being exploited by various research
groups to synthesis long peptides, proteins as well as post-translational

modification of proteins.
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1.6 Applications of Native Chemical Ligation
1.6.1 Total Synthesis of HIVV-1 Protease

The HIV-1 protease (HIV-1 PR) is a virally encoded 21.4 kDa aspartyl
protease made up of two identical 99-residue polypeptide chains that
together form an enzyme molecule with a single active site. Kent and co-
workers (2007) successfully synthesized the mature 99-residue
polypeptide by native chemical ligation by overcoming the frustrating
solubility problems by adding 10 residues from the reverse transcriptase
(RT) protein adjacent to the HIV-1 PR sequence in the Gag- Pol
polyprotein to the C-terminus of the 95-99 peptide, followed by 10
arginine residues to act as a solubilizing “tag” to keep the polypeptide
intermediates in solution™®®! (Figure 1.23). Finally the conversion of
cysteine to alanine was done by Raney nickel desulfurization.
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Figure 1.23. Total synthesis of HIV-1 protease via native chemical ligation and convers-
ion of cysteines into alanines by Raney nickel desulfurization. (Numbers indicate amino

acid residues).
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1.6.2 Post-Translational Modifications of Histones

The N-terminal tail of histone H3 protrudes from the
globular nucleosome core and can undergo several different types of post-
translational modification that influence cellular processes. Peterson et al.
(2003) described a native chemical ligation strategy that permits the
reconstitution of nucleosomal arrays that harbor a wide range of individual
or combinations of histone modifications, including serine
phosphorylation, lysine acetylation, and lysine methylation. The solid
phase peptide synthesis was used to generate a histone N-terminal tail
domain that contains modified amino acids at any desired location. Native
chemical ligation strategy was used to assemble full-length recombinant
histone, which is reconstituted into histones octamer and subsequently
assembled into nucleosomal arrays. The nucleosomal array was modified

by phosphorylating serine at position 10 of each histone H3 proteins. ¢!

1.6.3 Semisynthesis of Glycoprotein CAM-1

Glycosylation is a vital protein modification for the normal growth and
development of organisms. Macmillan and Bertozzi (2004) prepared
multi-glycosylated protein CAM-1 using semisynthesisi*®”! (Figure 1.24).
A mucin-like glycoprotein functions as a ligand for the leukocyte adhesion
molecule L-selectin. Two distinct motifs of this protein are separated by
mucin domain which undergoes N-acetyl galactosamine (GalNAc) a-O-
glycosylation on the hydroxyl groups of Ser/Thr residues. Three
glycosylated forms of CAM-1 were prepared by using chemoselctive
ligation having glycosylated residues at the N-terminal, C-terminal and
simultaneously N- and C-termini regions. Despite efficiency and
application of NCL reactions, various groups are looking to extend the

scope of NCL reactions.
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Figure 1.24. Retrosynthetic rout to semisynthesis of glycoprotein CAM-1 via native

chemical ligation.

1.7 Extended Native Chemical Ligation

A limitation of native chemical ligation reaction is the requirement of N-
terminal cysteine residue in the ligated peptide. However, most of the
naturally occurring peptides and proteins are lacking the abundance of
cysteine residue that promoted the development of post-ligation
desulfurization chemistry. The Cys residue is used to facilitate the ligation
which can be desulfurized to provide an alanine (Ala) residue either
through hydrogenation or via a radical mediated approach, for example,
through the use of the popular water-soluble radical initiator 2,2"-azobis[2-
(2-imidazolin-2-yl)propane] ~ dihydrochloride ~ (VA-044),1188.189.1%0]
Therefore, to extend the scope of native chemical ligation, extensive
research efforts have recently focused on the synthesis of -, y-, and o-
thiol-derived amino acids as well as thiol-derived aromatic amino acids,
which can be implemented in ligation-desulfurization chemistry through a
similar mechanism to native chemical ligation (Figure 1.25). Seitz et al.
(2008) extended the ligation reaction at valine site followed by
desulfurization of penicillyl residues using reported method (VA-044,
TCEP, EtSH, and tBuSH). Furthermore, they modified the reaction

conditions for better yield.[**"
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Figure 1.25. A) Native chemical ligation-desulfurization at Cys or S-thiol amino acids.

B) y-thiol-mediated ligation desulfurization.

Crich and Banerjee (2007) carried out native chemical ligation at /-
phenylalanine. They anticipated that facile reductive cleavage of the
benzylic C-S bond would ensure compatibility with other sulfur
containing AAs.'** The desulfurization was done with nickel boride
which was obtained in situ by sodium borohydride reduction of nickel
chloride. Danishefsky and co-workers (2011) demonstrated an advance in
proline ligation. Ligation at C-terminal proline site is not readily
accomplished due to poor reactivity of proline thioesters.***! Here, they
showed that ligation at N-terminal proline is feasible. An efficient
methodology for ligation at glutamate (Glu) was described by Payne
group. They first synthesized a suitably protected y-thiol-Glu building
block through a short and scalable route and further extended its utility in

[194]

peptide ligation-desulfurization chemistry. Payne and co-workers

(2011) also successfully carried out ligation at f-aspartate as well as at -
tryptophan followed by desulfurization of sulfhydryl group.[9%!
Similarly, the expansion of native chemical ligation at side chain bearing
thiol group facilitates ligation reaction in similar way to cysteine. The

concept has also been applied for expansion of ligation reaction at C-
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terminal thioester peptides. Despite the advances and utility of thioester
mediated native chemical ligation, several groups expanded ligation
reactions beyond C-terminal peptide thioester (Figure 1.26). There has
been continuous advancement in native chemical ligation reaction by
modifying various functionalities at C-terminal of peptides. Danishefsky
et al. (2008) first reported oxo-ester mediated native chemical ligation
using active p-nitrophenol ester at C-terminal of peptides.™) Liu et al.
(2012) described the ligation of peptide hydrazides that is complementary
to native chemical ligation which proceeds through a chemoselective
reaction between a C-terminal peptide hydrazide and a Cys-peptide to
yield a native peptide bond.'®®] White and Offer (2012) reported a
simplified procedure for the chemical ligation of peptides by using the N-

methylsulfonamide linker.**]

o
Ligat Pe t|de 2
Peptide 1 )LXR Peptlde o|—NH, _ bigation Peptlde 1 m

X =S, 0, Se, azide, R = alkyl or aryl group

Figure 1.26. Native chemical ligation at C-terminal of thioester, oxo-ester, selenoesters

and azide.

Durek et al. (2011) enabled the native chemical ligation reaction at
selenoester by first converting thiolester to selenoacid followed by
alkylation with 2-iodoacetamide at pH 4.12°! Considering the versatility of
native chemical ligation reaction, there is growing interest to exploit NCL
reactions in various fields of science and nanosciences. NCL reactions are
successfully used for coupling of peptide and glycoconjugates bearing N-

terminal cysteine based peptide to activated surfaces.
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1.8 Peptide Self-assembly Driven by Native

Chemical Ligation

1.8.1 Thioester Mediated Native Chemical Ligation

As posited in a "Thioester World," thioesters are possible precursors to
life.l°) It is revealed that thioesters are obligatory intermediates in several
key processes in which ATP is either used or regenerated. Thioesters are
involved in the synthesis of all esters, including those found in
complex lipids. The biosynthesis of lignin, which comprises a large
fraction of biomass, proceeds via thioester derivative of caffeic acid.l**?
Acetyl CoA is an important molecule in metabolism. The chemical
structure of Acetyl CoA includes a thioester between coenzyme A (a thiol)
and acetic acid which is produced during the second step of
aerobic cellular respiration in Krebs cycle. The C-terminal peptides or
protein thioesters are essential in NCL. The synthetic thioester preparation
is generally carried out via conventional carboxyl activation chemistry
rather than the N—S route so elegantly directed by intein. Thioesters can
also be prepared via ter-butyloxycarbonyl (Boc)-based solid-phase peptide
synthesis (SPPS) on a thioester resin or 9-fluorenylmethoxycarbonyl
(Fmoc)-based SPPS which involves mild bases during synthesis.?%!
Melnyk and co-workers (2011) reported a solid-phase N—S acyl transfer
for thioester synthesis after peptide chain assembly using Fmoc/t-Bu
chemistry in combination with the sulfonamide safety-catch linker.[?%*!
Once, thioester is synthesized that can easily be subjected to NCL reaction
at physiological conditions. Since the beginning of thioester mediated
NCL reaction, it is being exploited for total synthesis of proteins or
peptides and dendrimers®®®! and is combined with peptide self-assembly.
Recently, NCL reaction has attracted wide research group for the

development of functional biomaterials.
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Figure 1.27. Native chemical ligation is used in cross-linking of hydrogel.

Woolfson et al. (2007) described the combination of chemical ligation
with peptide self-assembly to deliver extremely long polypeptide chains
with stipulated, repeated sequences. The self-assembling fibers were used
to align peptide from their N to C-terminals which facilitate the liagtion
reaction without usual requirement of N-terminal catalytic cysteine
residue.’?®  Collier and co-workers (2008) investigated a novel method
for rapidly increasing the stiffness of self-assembled p-sheet fibrillar
peptide hydrogels using native chemical ligation (NCL)®?°" (Figure 1.27).
Messersmith et al. (2009) illustrated the use of NCL as a strategy to form
covalently cross-linked polymer hydrogels under mild conditions and in
the absence of catalysts.”® The thioester based polymer and N-terminal
cysteine polymer bioconjugate were synthesized to bring up
hydrolgelation by native chemical ligation reaction and viscoelastic nature

of hydrogel was studied by oscillatory rheology.

1.8.2 Oxo-ester Mediated Native Chemical Ligation

Amino acid and peptide oxo-esters have played an important role in
peptide chemistry for many years. Various amino acid esters are
commonly used as protecting groups for peptide synthesis in conventional
solution phase methodology. Moreover, activated phenyl ester derivatives
have been used for chemical ligation of peptides. Several modifications of

thioester mediated NCL reaction have been made in an effort to expand
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the utility of the method. Danishefsky and co-workers (2004) first reported
the use of oxo-ester in NCL reactions through indirect approach involving
o-thiophenolic ester®! which was followed later by a direct approach
utilizing p-nitrophenyl (pNP) activated C-terminal ester (Figure 1.28). The
oxo-ester mediated native chemical ligation reactions were successfully
carried out with sterically hindered C-terminal amino acids which is rather
problematic with thioester mediated NCL. Hackeng et al. (1999) observed
that p-branched amino acids such as Thr, Val and lle in this position react
extremely slow under standard NCL reaction conditions (>48 h).[?*@ Long
NCL reaction times are generally discouraged, due to potential side-
reactions (thioester hydrolysis, desulfurization of cysteine and methionine
oxidation)®™] under the NCL conditions employed. Moreover, proline in
this position was found to react even more sluggishly with, at best,
conversions of around 20% after 48 h.***231 However, the p-nitrophenol
oxo-esters are more labile acyl donor than thioester in NCL reactions.
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Figure 1.28. Oxo-ester mediated native chemical ligation, reagents and conditions: (a)
I,, MeOH, H,0; (b) BF;-OEt,, EtSSEt,CH,Cl,, 99%, 2 steps; (c) Boc-Phe-OH, EDCI,
DMAP, CH,CI,/THF, 93%; (d) 4 N HCl/dioxane, 94%; (e) Fmoc-Arg(Pbf)-Asp(tBu)-
Arg(Pbf)-Ser(tBu)-Gly-OH, HATU, DIEA, DMF, 61%; (f) TFA/phenol/Et;SiH/H,0,
35:2:1:1, 60%; (g) GlcNAcf1—4GlcNAcS1-NH,, HATU, DIEA, DMSO, 52%.
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Synthesis of p-nitrophenol ester is easy and less problematic. Weissenborn
et al. (2012) described oxo-ester mediated NCL on oxo-ester activated
surfaces and found that 2,3,4,5,6-pentafluorophenyl (PFP) is more
efficient acyl donor than than p-nitrophenol and N-hydroxysuccinimide
(NHS) activating agents.™! Liu and co-workers (2010) reported a simple
and less activated phenyl oxo-ester of peptide for chemoselective NCL
reactions.’?*®! Borner et al. (2006) investigated peptide guided assembly of
PEO-peptide conjugate via intramolecular O—N acyl transfer to restore
native amide bond.’*®) Messersmith et al. (2013) described polymer
hydrogel formation via oxo-ester mediated NCL between branched
polymer precursors containing NHS activated ester and N-terminal
cysteine group and showed cytocompatibility and in vivo acute
inflammatory responsel®"(figure 1.29).

8

R‘k/\oa:\_rm-rgﬂisuls 1H1L/\aﬁ;\r°m‘:jjj>
sﬁlr:k}\{\és

J S
5 "'\-\..d"\-\.\_\.s
T

T
o

HM SH
L8]
=0
a
A

&
Figure 1.29. Peptide self-assembly via oxo-ester mediated native chemical ligation

1.8.3 Selenoester Mediated Native Chemical Ligation

Over the past decades, selenium and organoselenium compounds are
gaining increasing attention due to their properties as antioxidant and
antitumor agents, as apoptosis inducers, and in the effective
chemoprevention of cancer in a variety of organs.[?18219220221.222]

Selenoesters are important intermediates in  several organic
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transformations. The compounds in this class have been used as precursors
of acyl radicals?®???*?1 and anions*! and have attracted attention for
the synthesis of new molecular materials, especially superconducting
materials, liquid crystals and self-assembled biomaterials. The hydrolysis
of selenoesters subsequently generates ionic species of selenium (such as
selenols) which can readily participate in redox processes. These charged
seleno compounds may possess inherent biological activity, and it would
be beneficial if they could enhance the cytotoxic impact on cancer cells. In
case of aryl selenoester, the magnitude of selenoesters hydrolysis as well
as its expected biological activity can be tuned by the placement of
different substituent on the aryl ring. The synthesis of selenoesters can be
achieved by solution phase methodology as well as Boc solid phase
peptide synthesis in peptide chemistry. Durek et al. (2011) reported
solution phase method for selenoester synthesis, in which unprotected
peptide thioesters were converted to selenoacids by treatment with NaHSe
at pH 7 followed by alkylation with alkyl halides at pH 4 to yield the
corresponding selenoesters.™ However, in solid phase peptide synthesis,
the starting pre-loaded Ile-OCH,-PAM-resin, 3-bromo- or 3-iodopropionic
acid was coupled by using symmetric anhydride conditions and
dicyclohexylcarbodiimide (DCC). The mixture of (Li,Se;) was used to
selenate the halogenated resin under inert conditions. Diselenides were
reduced with 1,4-dithiothreitol (DTT) in DMF and the selenol acylated
with the first Boc-protected amino acid building block using standard
SPPS protocols with an extended coupling time (1 h).??") The completed
peptide selenoester was cleaved from the resin with concomitant side
chain deprotection using HF/p-cresol (9:1 (v/v)) at - 5 °C. The reactivity of
selenoesters was found higher than the comparable thioesters towards thiol
nucleophiles in the first transesterification step of NCL. Therefore,
selenoesters have been expanded to the synthesis of proteins by chemical

ligation of chalcogenol esters,?222%1 tg the synthesis of substrates which
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undergo facile and efficient radical decarbonylation, as well as to the
synthesis of the natural alkaloid (+)-geissoschizine.®!
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Figure 1.30. Seleno-ester mediated native chemical ligation.
Durek and coworkers first reported the utility of selenoester in NCL
reactions (Figure 1.30). However, their utility and potential in the peptide

self-assembly via selenoester mediated native chemical ligation reaction

has not been investigated.

1.9 Applications of Peptide Self-assembly

There are many applications in the biomedical field where self-assembled
peptide nanostructures could play an important role as part of biosensing
platforms, as efficient drug-delivery systems, cell cultures or as a
hydrogels for tissue reparation. This section presents the advantages of

such biomaterials.

1.9.1 Antimicrobial Activities

There is increasing demand to develop new antimicrobial agents due to the
increasing resistance of microbes against conventional antibiotics. Like
some of the traditional antibiotics, the short cationic antimicrobial peptides
kill the microbes by interacting and disrupting bacterial cell membranes.
Effectiveness of antimicrobial activity depends on the cationic charges and
the hydrophobicity of peptides.’**! These varying extent of antimicrobial

activities are supported by evident permeation and disruption to the
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bacterial membranes.[?2 Shai and coworkers investigated the influence of
PAs (palmitoyl) containing cationic K-based di- and tri-peptides on
antimicrobial and antifungal activity using a range of Gram-negative and
Gram-positive bacteria, and two fungal strains®®*! (Figure 1.31). The
amphiphilic peptides self-assemble into micelles and were shown to be
effective against S. aureus infection in mice and rabbits. In the latter case,
transport across the blood-brain barrier and reduction of bacterial growth
in infected brains were demonstrated.% Mitra et al. studied lipopeptide-
based molecules with proline (P), phenylalanine (F) or tryptophan (W) as
part of the head groups and Ci4 as tails. These lipopeptides showed
remarkable growth inhibition activity on both Gram-positive and Gram-
negative bacteria and fungus. In addition, they have good biocompatibility
to different mammalian cell lines like HepG2, HeLa and SiHa.**!
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Figure 1.31. Schematic illustration of mechanisms of action adopted by A9K for the
bacterial membrane permeation and disruption. The red rods represent A9K nanorods.
The A9K molecules assemble into nanorods with the positive charges outside (step a).
The monomers may also flap on and become inserted into the outer membrane surface
(step b). They can then flip and become inserted into the inner leaf of the membrane,
forming a “‘through barrel’’ or micelle to cause leakage or lysis (step c). Nanorods
formed may also attack cell membrane through electrostatic attraction or local
hydrophobic affinity, lifting some lipids out of the membrane and making the membrane

unstable, causing the nanorods to flop into the membrane bilayer (step d and e).
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1.9.2 Cell Culture

The self-assembled architectures in associated gel networks and
antimicrobial activities of peptide amphiphiles make them potential
candidates as cell culture matrices or scaffolds in tissue engineering and
regenerative medicine. Extensive study of these self-assembled
biomaterials has already proved their biocompatibility.*®! Self-assembly
of amphiphilic peptides bearing N-terminal hydrophobic aromatic moiety
has been used in cell cultures by several groups. The Fmoc-based
dipeptide, tripepeptide are regularly used by several groups as scaffold in

cell cultures.

Figure 1.32. Morphological characteristics of cells on various peptide amphiphile (PA)
substrates. (a-c) Cells on smooth peptide amphiphile exhibited broad flattened shape with
randomly oriented processes. (d-f) In contrast, hMSCs on CH-PA (10 mm wide channels
separated by 20 mm distances) exhibited narrower cell bodies that aligned along the
microchannel axis while (g-i) those growing on 40-PA (surfaces with 8 mm deep holes
that were 40 mm in diameter, and 8 mm high) tended to migrate and spread inside the 40
mm diameter holes. On all substrates, hMSCs interacted with the PA nanofiber bundles
(c, f, i), which were especially evident along the vertical geometries of the channels (f)
and holes (i).

A simple peptide Fmoc-RGD mimicking the extracellular matrix (ECM)
has recently been reported, where Fmoc as a hydrophobic moiety was

linked to the tri-peptide sequence RGD forming an elegant peptide
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amphiphile. These molecules self-assembled into nanofibers and bioactive
hydrogels through n-n stacking of the Fmoc groups, leaving the RGD
groups outside the nanofiber surfaces. The self-assembled hydrogels
displayed excellent performance in 3D cell culture using human adult
dermal fibroblast cells.”®*”] Peptide amphiphiles have shown potential
application to create 3D microscale topographical patterns to study the
behaviour of human mesenchymal stem cells (hMSCs)#® (Figure 1.32).
In vivo delivery of luciferase-expressing cells using the binary lipopeptide
nanofiber system into the mouse model revealed the enhanced viability
and proliferation of associated bone marrow derived stem and progenitor
cells. Lipopeptides with branched head groups containing Arg-Gly-Asp-
Ser (RGDS) also showed excellent performance as scaffolds for the
growth of human bladder smooth muscle cells.”**! Nguyen et al. (2013)
reported a peptide hydrogel that shows superior physiological properties
as an in vitro matrix for 3D cell culture. Human epithelial cancer cells,
MCEF-7, are encapsulated homogeneously in the hydrogel matrix during
hydrogelation. Compared with two-dimensional (2D) monolayer culture,
cells residing in the hydrogel matrix grow as tumor-like clusters in 3D
formation. Relevant parameters related to cell morphology, survival,
proliferation, and apoptosis were analyzed using MCF-7 cells in 3D
hydrogels.[?*%! Inetersetingly, upon treatment with cisplatin, an anti-cancer
drug, can cause a significant decrease of cell viability of MCF-7 clusters
in hydrogels. These results provided evidence that this peptide hydrogel is

a promising 3D cell culture material for drug testing.

1.9.3 Drug Delivery System

Supramolecular self-assembly of rationally designed peptidic sequences is
emerging as a promising route to novel biofunctional materials. The
biocompatibility and immunogenicity of these self-assembled
nanostructures will bring important information that will define the

possibility to use this biomaterial in applications such as drug-delivery
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systems or tissue reparation in humans. Several groups have reported that
molecular hydrogels have been widely used as carriers for the delivery of
therapeutic agents.!?*+242243241 There are two ways for delivery of
therapeutic agent. One can either physically entraps the drug in the matrix
of self-assembled hydrogel or covalently links to hydrogelators via
hydrolysable bonds.[#*524247] These encapsulated therapeutic agent can
be released from the matrix of hydrogel by hydrolysis of this hydrolysable
bond or enzymatic degradation of the gel.’?*®] Besides the self-assembled
hydrogels as carriers in drug delivery system, focus has been given to the
development of molecular hydrogel of therapeutic agent as ‘self-
delivery’.”*! Yang and coworkers developed molecular hydrogel of a
hydrophobic therapeutic agent such as taxol. The original drug molecules

can be released upon ester bond hydrolysis.
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Figure 1.33. Chemical structures of succinated taxol and hyaluronic acid and optical
images of the hydrogels in PBS solution (pH = 7.4) containing 1 wt% of the succinated
taxol (gel I: without HA, gel 11-1V: with 0.1, 0.3, 0.6 wt% of HA, respectively).

Yang group (2013) covalently coupled the taxol molecule to succinic acid
which formed self-supporting hydrogel upon sonication™® (figure 1.33).
The release profile of anti-cancer drug from gel was monitored at 37 °C.
All hydrogels released succinated taxol during the 24 h experimental time.

Both gel I and gel Il exhibited similar release behaviors and there were
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about 1.48 and 1.58% of succinated taxol being released from gel I and gel
Il over 24 hours, respectively. Gel 1ll and gel IV with more than 3 mg
mL " of HA possessed slightly slower release profiles, and there were
about 1.27 and 1.15% of succinated taxol being released from gel Il and
gel 1V over 24 hours, respectively. There were no burst releases for four
gels, suggesting its good potential for long term release of anti-cancer
drugs for cancer therapy.

1.9.4 Wound Healing, Skin Care and Cosmetics

Short peptide amphiphiles are able to self-assemble into complex fibrous
structures in water. These architectures can retain more than 99.9% of
water and possess sufficiently strong mechanical strengths for the use as
biological scaffolds. Self-assembling peptide (SAP) nanofiber scaffold
combined with epidermal growth factors (EGFs) could serve as a bioactive
wound dressing. These scaffolds closely mimic the structure and porosity
of extracellular matrices in that growth factors and nutrients freely diffuse
in and out of the scaffold at very slow rates. Egles et al. (2008) used
wounded HSEs to study the capacity of SAP scaffolds that are combined
with EGF, to modulate the wound healing rate in tissues that closely
mimic the human wound response in vivo.?*"! Peptide amphiphiles can
not only act as surfactants, but they also have inherent biological functions
such as anti-wrinkle, antimicrobial activities, and can be directly used as
nutrients. They have great potential for cosmetic applications.?*%
Palmitoyl pentapeptide-3 or 4 (Matrixyl) is a typical lipopeptide with a Cy¢
acyl chain as tail and a peptide sequence KTTKS as head. The short
peptide is a structural mimic of part of the sequence of collagen type |I.
The attachment of the fatty acid tail clearly enhances its oil solubility and
improves skin penetration. The peptide sequence, when used in the culture
of fibroblast cells, stimulates the synthesis of the key constituents of the
skin matrix such as collagen, elastin and glucosaminoglycans. Although

the exact mechanism is not well understood, the lipopeptide has been used

47



in a variety of anti-aging products and has exhibited effectiveness against
wrinkles with no skin irritation. C16-GHK is another important component
of matrixyl™ 3000 which can presumably stimulate skin matrix

replenishment and reduce wrinkles.?**!

1.9.5 Templates for Nanofabrication

Molecular self-assembly offers new routes for the fabrication of
nanomaterials. However, self-assembling peptide amphiphiles have sought
great potential as templates for nanofabrication such as biomineralization,
nucleation, nanowires, nanocircuits.”®? The self-assembled nanofibers
have also been used as templates for the nucleation and growth of CdS
nanocrystals.? Cui and Liu, (2013) reported a new approach that
combines electron-induced molecular self-assembly with simultaneous
nanoparticle formation by room temperature electron reduction to develop
peptide thin films with highly dispersed noble metal nanoparticles.[zssl
Gazit et al. (2003) reported self-assembly of very short peptide,
Alzheimer’s B-amyloid diphenylalanine structural motif, into descrete and
stiff nanotubes. Nanotublar structures formed by self-assembling peptide

were further exploited in the fabrication of silver nanowires (Figure 1.34).
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Figure 1.34. Casting of silver nanowiers with the peptide nanotubes. A) The nanowires
were formed by reduction of silver ions within the tubes, followed by enzymatic
degradation of the peptde mold. B) TEM analysis nanotubes filled with silver nanowires.

(C and D) nanowires upon enzymatic degradation of the peptide mold.
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The reduction of ionic silver within the nanotubes, followed by enzymatic
degradation of peptide backbone leads to formation of long persistent
nanowires.”®”1 Therefore, such fabrication may have applications in
supramolecular electronics. Peptide bolaamphiphiles self-assembly have
been used for the synthesis and stabilization of palladium nanoparticle
under physiological conditions. The catalytic activity of these peptide-
nanofiber-supported Pd nanoparticles have used for the removal of N-

terminus protecting groups of amino acids and peptides. >

1.10 Organization of the Thesis

The initial aim of this project was to explore different chemical strategies
to drive the peptide self-assembly for further applications in nanosciences
and biomedicine. This was to be achieved by synthesizing various Nmoc-
protected peptides and Nmoc-protected active esters. The peptide self-
assembly of Nmoc-protected peptides was to be achieved by enzyme
catalyzed chemical reactions while self-assembly of Nmoc-protected ester

was to be carried out by chemoselective native chemical ligation reactions.

Chapter 2: This chapter includes materials and experimental techniques

which weres used in this thesis.

Chapter 3: Native chemical ligation is the most widely used method in
protein synthesis. In this chapter, we have exploited simple and efficient
method for peptide self-assembly. Our intention was to exploit oxo-ester
mediated native chemical ligation in peptide coupling and subsequent

formation of self-assembled peptide nanostructures.

Chapter 4: In this chapter, Nmoc-protected-selenoesters were synthesized

to in situ generation of redox active peptides via native chemical ligation.
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Chapter 5: In this chapter, we have exploited enzymatic peptide

hydrolysis reaction in order to achieve a single predominating product

from the dynamic peptide libraries via self-assembly.

Chapter 6: Lipase catalyzed chemical reaction was used to include

gastrodigenin for the evolution of blue light emitting peptide nanofibers.
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Chapter 2

Materials and Experimental Techniques

2.1 Introduction

This chapter presents the materials used and general synthetic procedures
employed in this thesis for solution phase peptide synthesis. This chapter
covers the range of characterization techniques used in this work. The
respective chapter described the specific synthetic procedures pertaining to

sequences studies in this thesis.

2.2 Experimental Procedures

2.2.1 Source of Chemicals

All the amino acids, tert-butylpyrocarbonate, dicyclohexylcarbodiimide
(DCC), 1-hydroxybenzotriazole (HOBt), p-nitrophenol, 4-dimethylamino
pyridine (DMAP), selenophenol, 2-naphthalenemethanol, phosgene,
ethylchloroformate, triethylamine, p-hydroxybenzyl alcohol and benzyl
alcohol were obtained from Sigma Chemical Company, St. Louis
Missouri, U. S. A.; Aldrich, U. S. A.; E- Merck, Germany, Lancaster,
England, and SRL, India. Deuterated solvents for NMR studies, CDCls,
and (CD3),SO were purchased form Sigma Chemical Company, St. Louis
Missouri, U. S. A. Silica gel (100-200 mesh) for column chromatography
was purchased from SRL and TLC pre-coated silica gel plates (Kieselgel
60F254, Merck) were obtained from Merck, India. All other local
chemicals were obtained from local manufactures like SD Fine Chemicals
Pvt. Ltd., SRL India, and E-Merck India etc. Enzyme themolysin from
Bacillus thermoproteolyticus rokko and Lipase from candida rugosa were

obtained from Sigma Chemical Company, St. Louis Missouri U. S. A.
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2.2.2 Purification of Solvents and Reagents

In order to obtained satisfactory results in many synthesis involving air
moisture sensitive reactions, it IS necessary to remove oxygen or
impurities from the solvents. The solvents used during the course of
synthesis were purified by a commonly employed still method. Ethyl
acetate, chloroform and hexane were distilled prior to use.
Dichloromethane and dioxane were passed through basic alumina before
use. Methanol was purified by drying over an effective drying agent
calcium oxide and fractionally distilled before further use.! Thionyl
chloride was simply distilled and used. Dimethylformamide (DMF) was
fractionally distilled using condenser packed with fenske helices under

reduced pressure over calcium hydride (3 g L™).

2.2.3 Amino Acid Derivatives

All the required amino acid methyl ester hydrochlorides were prepared in
good to excellent yields by the room temperature reaction of amino acids
with methanol in the presence of thionylchloride.[! The amino acid benzyl
ester was prepared using a normal method of preparation for benzyl ester
involves heating of amino acid with benzyl alcohol in presence of p-
toluene sulphonic aicd. The Boc-amino acids used in this work were

prepared by Schnabel’s method. 31

2.2.4 Solution Phase Peptide Synthesis

Solution-phase peptide synthesis!! is a classical approach to peptide
synthesis. It has been replaced in most of the lab by solid-phase peptide
synthesis for long peptides. All the peptides used in this works were
synthesized by solution-phase peptide synthesis using conventional
coupling agent dicyclohexylcarbodiimide/1-hydroxybenzotriazole (DCC/

HOBt). All the coupling reactions were performed at ambient temperature
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(25°C) conditions unless specifically mentioned. The racemization at C* is
the major problem in peptide synthesis. Thus, HOBt reacts with acyl urea
and form less reactive ester which is less sensitive toward racemization.
The possibility of diastereomers formation due to racemization was
confirmed by NMR. Normally no diastereomers could be detected. The
ter-butyloxycarbonyl (Boc) and Naphthalene-2-methoxycarbonyl groups
were used for amino N-terminal protection, while C-terminal was
protected with methyl ester™ or benzyl ester. The N-terminal deprotection
was done by saponification of Boc group in trifluoroacetic acid solution.
The C- terminal deprotections were performed by saponification for the

ester groups in alkaline methanolic solution.

2.2.5 Characterization and Purification of Peptides

The column chromatography can be regarded as the heart of the
chromatographic system. Peptide fragments were routinely checked for
monitoring the reactions and homogeneity by thin layer chrmomatography
(TLC) before subjecting to column chromatographic purification. The thin
layer chromatography was performed on pre-coated silica gel plates
(Kieselgel 60F254, Merck) using either CHCIl3: MeOH (9:1) or ethyl
acetate: hexane (3:1) as eluent. Detailed characterization was done at
every stage by an analysis of 400 MHz *H NMR spectra. All the peptides
and their fragments were purified by column chromatography using silica
gel (100-200 mesh size) as stationary phase and CHCI3;-MeOH,

ethylacetate-hexane as eluents.

2.3 Spectroscopic Measurements

2.3.1 'H NMR Spectroscopy

All NMR spectra were recorded at 400 MHz Bruker AV 400 NMR

spectrometer. TMS was used an internal reference in the NMR spectra.
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Peptide concentrations were in the range of 1-10 mmol in (CD3),SO and
CDCls.

2.3.2 FT-1R Spectroscopy

The reported FT-IR spectra were taken using Bruker (Tensor 27) FT-IR
spectrophotometer. The solid state measurements were performed using
the KBr pallet technique. The gel samples were done using crystal Zn-Se
windows and scanned between 900 and 4000 cm™ over 64 scans at a

resolution of 4 cm™ and an interval of 1 cm™.
2.3.3 Polarimeter

Specific rotations of the synthesized peptides were measured on an
Autopol V automatic polarimeter (Rudolph research analytical). The cell
(length =100 mm, capacity = 2 mL) was used for this study at 25 °C.

2.3.4 Mass Spectrometry

Mass spectra of peptides were recorded on Bruker micrOTOF-Q Il by

positive and negative mode electrospray ionizations.

2.3.5 High Performance Liquid Chromatography

A Dionex HPLC-Ultimate 3000 (High Performance Liquid
Chromatography) pump was used to analyse products. A 20 pL of sample
was injected onto a Dionex Acclaim ® 120 C18 column of 250 mm length
with an internal diameter of 4.6 mm and 5 pum fused silica particles at a
flow rate of 1 mL min™ (linear gradient of 40 % v/v acetonitrile in water
for 35 min, gradually rising to 100 % (v/v) acetonitrile in water at 35 min).
This concentration was kept constant until 40 min when the gradient was
decreased to 40 % (v/v) acetonitrile in water at 42 min. The sample

preparation involved mixing of 100 pL gel in 900 uL acetonitrile-water
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(50: 50 mixture) solution containing 0.1 % trifluroacetic acid. The samples
were then filtered through a 0.45 pm syringe filter (Whatman, 150 units,
13 mm diameter, 2.7 mm pore size) prior to injection. The products were
identified by using Ultimate 3000 RS Variable Wavelength Detector at
280 nm.

2.3.6 UV-Vis Spectroscopy

UV-Vis absorption spectra of self-assembled gel were recorded using a
Varian Cary100 Bio UV-Vis spectrophotometer at a concentration of 20

mmol L?.

2.3.7 Fluorescence Spectroscopy

Fluorescence emission spectra were recorded upon specific excitation
wavelength for self-assembled gel with medium sensitivity on a Horiba
Scientific Fluoromax-4 spectrophotometer. The slit width for the
excitation and emission was set at 2 nm and 1 nm data pitch. Samples

were prepared in 1 cm? quartz cuvette at room temperature.

2.3.8 Time-Correlated Single Photon Counting Technique

Time Correlated Single Photon Counting (TCSPC) is based on the
detection of single photons of the periodic light signal,’®! measurement
of the detection times of the individual photons and the reconstruction
of the waveform from the individual time measurements. 2 mL gel was
prepared in a 1 cm? quartz cuvette and time resolved studies were done by
a time correlated single photon counting (TCSPC) system from Horiba
Yovin (Model: Fluorocube-01-NL). Samples were excited at 376 nm using
a picosecond diode laser (Model: Pico Brite-375L). The signals were
collected at magic angle (54.70) polarization using a photomultiplier tube
(TBX-07C) as detector, which has a dark counts less than 20 cps. The

instrument response function was typically 140 ps. The data analysis was
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performed using IBH DAS (version 6, HORIBA Scientific, Edison, NJ)
decay analysis software. The amplitude-weighted lifetime was estimated
by

(B)=Xria;7;

where 17 is the fluorescence lifetime of various fluorescent species and the
a; normalized pre-exponential factors. To gain the best fitting in all cases,
the y* was kept near to unity.

2.3.9 Circular Dichroism

Circular dichroism (CD) spectra were measured at 25°C on a Jasco J-815
spectropolarimeter. Spectra were measured between 300 and 190 nm with
a data pitch of 0.1 nm. The bandwidth was set to 1 nm with a scanning
speed of 20 nm min™ and a response time of 1 s. The path length was 1
mm quartz cell. Samples were prepared at a concentration of 2 mmol L™.

Experimental data were acquired in thrice and the average data is shown.

2.3.10 Rheology

Rheological study was performed to determine the mechanical
propertiest”! of hydrogels. These properties were assessed using an Anton
Paar Physica Rheometer (MCR 301, Austria) with cone plate geometry
(20 mm in diameter, 50 um gap and 1° angle) and temperature was
controlled at 25 °C. The dynamic moduli of the hydrogel were measured
as a function of frequency in the range of 0.1-100 rad s™* with a constant
strain value 0.05 %. To determine the exact strain for frequency sweep
experiments, the linear viscoelastic (LVE) regime was performed at
constant frequency of 10 rad s*, Experimental data was acquired in thrice
and the average data is shown. Every time 200 pL of gel was prepared in
glass vial and transferred it over the plate using microspatula to proceed

for rheological measurements.
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2.4 Microscopic Studies

2.4.1 Atomic Force Microscopic Study

Morphological studies of self-assembled peptides were investigated using a
tapping mode atomic force microscopy. A very dilute solution of gel was
placed (200 pL of gel was dissolved in 800 uL of milii-Q water) on mica and
allowed it dry in air for 2 days at room temperature. Nanostructural images
were colleted by using scanning probe microscope AIST-NT instrument
(model no. smart SPM-1000).

2.4.2 Scanning Electron Microscopic Study

Field-emission Gun-scanning electron microscopic study was done by
using Jeol Scanning Microscope-JSM-7600F. The gel samples were dried
on a glass cover slip and coated with platinum. Interesting nanostructural

morphology was observed in each sample of self-assembled gel.

2.4.3 Transmission Electron Microscopic Study

Transmission electron microscopy was used to determine the
nanofibrillar®® architectures of self-assembled gel. Sample was prepared
by adding a drop of pre-formed gel over the carbon-coated copper grids
(200 or 300 mesh). Excess gel was blotted with filter paper and sample
was allowed dry under an infrared lamp for 30 min. The measurements of
gels were acquired using a PHILIPS electron microscope (model: CM
200), operated at an accelerating voltage of 200 kV and JEM-2100

electron microscope operated at an accelerating voltage of 200 kV.
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Chapter 3
Peptide Self-Assembly Driven By Oxo-Ester
Mediated Native Chemical Ligation

3.1 Introduction

Self-assembly™ is a spontaneous process in nature which plays crucial
roles in constructing various nanostructures. Self-assembled
nanostructures of small molecules have attracted researchers for their
potential applications in tissue engineering,” drug delivery®®! and
biosensing.!! Supramolecular gels™ rely on non-covalent interactions,
including hydrogen bonding, n-stacking and hydrophobic interactions
which are exploited in nanostructures.’®! The study of designed short
peptide based supramolecular gels is of interest due to their drug
delivery and biomedical applications.[’) In recent years, different kinds
of stimuli have been used to develop supramolecular gels. Our
objective is to exploit chemical reactions towards the formation of soft
materials as well as the formation of new Kkinds of peptide
nanostructures.

Self-assembly through oxo-ester directed native chemical ligation
remains unexplored. Since its discovery by Kent and co-workers in
1994, native chemical ligation (NCL) has revolutionized the total or
semi-synthesis® of medium sized proteins. Typically, NCL involves
the coupling of two unprotected peptides including a thioester peptide
and an N-terminal cysteinyl peptide.’” To achieve an efficient and
simple method, our intention was to exploit oxo-ester™® mediated
native chemical ligation in peptide coupling and the subsequent
formation of self-assembled peptide gels. The potential application in
the self-assembly process of oxo-ester mediated NCL has not been
investigated. The modified p-nitrophenyl (p-NP) ester could be a more
effective acyl donor than the complex S-S acyl transfer of the

corresponding thioester. Here, we have synthesized Nmoc-protected
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amino acids/peptides having C-terminal p-NP esters. The modified
ligation precursors undergo self-assembly via NCL with N-terminal
cysteine residues. Self-assembly via NCL was studied with Nmoc-
protected amino acid and peptide p-NP esters. Five compounds 1-5
(Figure 3.1) were synthesized by conventional solution phase
methodology.

pp
OH COClz C|+H N OH l_’?\ngxline o H
dryTHF a
R2 DMF
/'w/OCHZPh DCC/HOBT
HoN

(0]
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Figure 3.1. Synthesis of Nmoc-protected active ester(compounds 1, 2, 3, 4 and 5) for

NCL reactions.

3.2 Experimental

3.2.(1) Synthesis of compounds 1-5

The Nmoc-protected peptides were synthesized by conventional
solution phase peptide synthesis. Nmoc-protected amino acids coupled
with corresponding methyl ester protected amino acid using
dicyclohexylcarbodiimde/1-hydroxybenzotriazole (DCC/HOBt) as
coupling reagents. The deprotection of methyl ester was done by
saponification in acid medium. The active esters were synthesized

using p-nitrophenol by DCC/HOBt method.
3.2.1 Synthesis of compound 1:

a) Synthesis of Nmoc-Cl 6: To a stirred solution of
naphthalene methanol (5g, 31.6 mmol) in dry THF (143.3 mL),

90



phosgene (39.2 mL, 75.5 mmol) was added at 0°C. The stirring was
continued at ambient temperature for 24h. The reaction was monitored
by thin layer chromatography (TLC). After completion of reaction,
excess phosgene was removed under low vacuum and trapped with
aqueous NaOH. Reaction mixture was concentrated and oily product
was obtained. Then it was dissolved in hot hexane to get crystalline
product 6. Yield = 6.8 g (30 mmol, 94.93 %).

FT-IR (KBr): 3066 (m), 1777 (s), 1601 (m), 1168 (s) cm™'H NMR
(400 MHz, CDCls): 7.89 (m, 4H), 7.56 (m, 3H), 5.48 (s, 2H)."*C NMR
(100 MHz, CDCls) & 71.82, 125.7, 126.6, 126.8, 127.8, 128.6, 130.6,
133.0, 133.5, 140.9, 147.9, 150.7 ppm.

aromatic Hs

—

CHZ Hs

Chemical Shift (ppm)

Figure 3.2. 400 MHz *H NMR spectrum of Nmoc-Cl 6 in CDCl,

b) Synthesis of Nmoc-Ala 7: A solution of L-alanine (0.445 g, 5
mmol) in a mixture of 1, 4 dioxane (10 mL) and 1 M sodium
hydroxide (15 mL) was stirred and cooled in an ice-water bath.
Naphthalene-2- methyloxychloroformate 6 (1.102 g, 5 mmol) was
added and stirring was continued at room temperature for 12 h.
Reaction mixture was diluted with 200 mL of water and dioxane was
evaporated under vaccum. Aqueous layer was washed with diethyl
ether and the pH of aqueous layer was adjusted to 2 with 2N

hydrochloric acid. The aqueous phase was extracted with ethyl acetate
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(3 x50 mL) and dried with Na,SO, and concentrated in vacuo to give
7 as colorless oil. Yield=0.890 mg (3.2 mmol, 64%)

[a]o® -13° (c = 1, MeOH). *H NMR (400 MHz, DMSO-dg): 12.51 (s,
1H, COOH), 7.98 (t, 4H, Nph), 7.65 (d, J = 7.6 Hz, 1H), 7.53 (t, 2H,
Nph), 7.46 (d, 1H, NH), 5.15 (s, 2H, CH, of Nph), 4.09 (m, 1H, C*H
of Ala), 1.34 (d, J=7.6 Hz, 3H, C* Hs of Ala). MS (ESI) m/z for
CisH1sNO, (M+Na)* calcd.: 296.0893, found: 296.0911. Elemental
Analysis calculated for C15H15NOy: C, 65.95; H, 5.53; N, 5.13; Found:

C, 65.82; H, 5.52; N, 5.11.

cPHs of Ala

CH, Hs

aromatic Hs and NH of Ala

ﬁ—)\—’\

E> COOH
] EC“H of Ala

Chemical Shift (ppm)

Figure 3.3. 400 MHz *H NMR spectrum of 7 in DMSO-ds.
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Figure 3.4. ESI-MS spectrum of 7.

c) Synthesis of Nmoc-Ala(1)-Val(2)-OBn 8: A solution of
Nmoc-Ala-OH 7 (3.1 mmol, 0.846 g) and HOBt (3.1 mmol, 0.418 g)
was stirred in 2 mL of DMF. A neutralized solution of valine benzyl
ester (6.2 mmol, 2.349 g ) was extracted from its corresponding p-
toluene sulfonate salt and concentrated to add to the reaction mixture

followed by dicyclohexylcarbodiimde (3.2 mmol, 0.659 g) at 0°C and
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allowed to stirred at room temperature for 12 hours. The mixture was
diluted with ethyl acetate and organic layer was washed with 1M HCI
(2 x 30 mL), brine solution, 1M Na,COs3; (3 x 30 mL) and brine
solution. Ethyl acetate layer was dried over Na,SO, and evaporated
under vacuum to yield 8 as white powder. Purification was done by
silica gel column (100-200 mesh) using ethyl acetate-toluene as eluent.
Yield = 1.219 g (2.6 mmol, 83.87 %).

[a]p®® -30° (¢ = 1, MeOH). *H NMR (400 MHz, CDCls): 7.83 (d, 4H,
Nph), 7.51 (m, 3H, Nph), 7.48 (d 1H, NH), 7.45 (d 1H, NH), 7.37
(m,5H, Ph), 5.29 (s, 2H, CH; of Nph), 5.20 (dd, 2H, CH, of OBn), 4.61
(m, 1H, C*H of Val), 4.31 (m, 1H, C*H of Ala), 2.20 (m, 1H, C* H of
Val), 1.41 (d, 3H, C* H of Ala), 0.88 (d, J=6.8 Hz, 6H, C" Hs of Val).
MS (ESI) m/z for Cy7H3oN,0s (M+Na)" calcd.: 485.2047, found:
485.2123. Elemental Analysis calculated for C,7H3oN,Os: C, 70.11; H,
6.54; N, 6.06; Found: C, 70.14; H, 6.51; N, 6.04.

w
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Figure 3.5. 400 MHz *H NMR spectrum of 8 in CDCls.
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Figure 3.6. ESI-MS spectrum of 8.
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d) Synthesis of Nmoc-Ala(1)-Val(2)-OH 9: A solution of Nmoc-

Ala-Val-OBn 8 (1.180 g, 2.5 mmol) in 20 mL of dry MeOH was
allowed to react with a solution of 10 mL 2M NaOH solution. The
progress of reaction was monitored by thin layer chromatography
(TLC). The reaction mixture was stirred upto 10 h. Then, methanol
was removed under vacuum, residue was taken in 100 mL of water and
washed with diethyl ether (2 x 20 mL). Then the pH of aqueous layer
was adjusted to 2 using 2 M HCI and it was extracted with ethyl
acetate (3 x 30 mL) and dried over anhydrous sodium sulfate and
evaporated in vacuo to yield 9 as white powder and used further
without purification. Yield = 0.716 g (1.9 mmol, 76 %).
[a]p®® -14° (c = 1, MeOH). *H NMR (400 MHz, DMSO-dg): 7.98 (t,
4H, Nph), 7.48 (d, 3H, J = 6.8 Hz Nph), 7.32 (d, 1H, NH of Val (2)),
7.09 (d, 1H, NH of Ala (1)), 5.19 (s, 2H), 4.18 (m, 2H, C* H of Val(2)
and Ala(1)), 2.06 (m, 1H, C? H of Val (2)), 1.23 (d, J = 7.2 Hz, 3H, C*
Hs of Ala (1)), 1.1 (d, 6H C" Hs of Val (2)). MS (ESI) m/z for
C20H24N205 (M+Na)* caled.: 395.1577, found: 395.1821. Elemental
Analysis calculated for C,H24N20s: C, 64.50; H, 6.50; N, 7.52; Found:
C, 64.74; H, 6.53; N, 7.51.

val(2) ¢ "Hs

Ala(1) cBHs

CH, Hs

aromatic Hs and NH
of Ala(1) and Val(2)

—
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Figure 3.7. 400 MHz *H NMR spectrum of 9 in DMSO-ds.
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Figure 3.8. ESI-MS spectrum of 9.

e) Synthesis of Nmoc-Ala(1)-Val(2)-p-Nitrophenol 1: A

solution of Nmoc-Ala-Val-OH 9 (0.690 g, 1.8 mmol) and 4-dimethyl
amino pyridine (DMAP) (10 Mol %, 21.9 mg) was stirred in 2 mL of
DMF. A p-Nitrophenol (0.264 g, 1.9 mmol) was added to the reaction
mixture followed by DCC (2 mmol, 0.412 g) at 0 °C. The mixture was
allowed to stir at room temperature for 12 h. The mixture was diluted
with ethyl acetate and organic layer was washed with 0.1M HCI (2 x
30 mL), 1M NaHCOs (3 x 30 mL) and brine solution. The ethyl acetate
layer was dried over Na,SO, and evaporated under vacuum to yield 1
as yellow solid. Purification was done by silica gel column (100-200
mesh) using ethyl acetate-toluene as eluent. Yield= 751 g (1.5 mmol,
83.33 %).
[a]p? -12° (c = 1, MeOH). FT-IR (KBr): 3306(s), 3062 (m), 2965 (m),
1765 (s), 1694 (w), 1654 (m), 1525(s), 1451(w), 1344 (s), 1245(s) cm
. 'H NMR (400 MHz, CDCls): 8.24 (d, 2H, J= 8.52 Hz, Ph), 8.14 (d,
1H, J=8.52 Hz, NH), 7.82 (d, 4H, Nph), 7.51 (d, 3H, Nph), 7.35 (s,
1H, NH), 7.24 (d, 2H, J=8.56 Hz, Ph), 5.31 (s, 2H, CH; of Nph), 4.72
(m, 1H, C* H of Val (2)), 4.39 (m, 1H, C* H of Ala (1)), 2.33 (m, 1H,
C? H of Val (2)), 1.45 (d, 3H, C? Hs of Ala (1)), 0.99 (d, 6H, C" Hs of
Val (2)). *C NMR (100 MHz, CDCls): & 188.17, 172.87, 169.59,
156.33, 154.95, 14556, 133.41, 133.16, 128.40, 127.97, 127.23,
126.34, 126.11, 125.70, 125.27, 122.27, 115.65, 67.42, 57.55, 50.52,
33.84, 30.91, 25.19, 24.89, 19.05, 17.76. HRMS (ESI) m/z for
C26H27N307 (M+Na) * calcd.: 516.1741, found: 516.2159. Elemental
Analysis calculated for C,sH27N307: C, 63.28; H, 5.51; N, 8.51; Found:
C, 63.42; H, 5.53; N, 8.55.
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Figure 3.9. 400 MHz "H NMR spectrum of 1 in CDCls.
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Figure 3.10. 100 MHz *C NMR spectrum of 1 in CDCl.
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Figure 3.11. ESI-MS spectrum of 1.

3.2.2 Synthesis of Compound 2:

a) Synthesis of Nmoc-Val-OH 10: A solution of valine (0.468 g,
4 mmol) in a mixture of 1, 4 dioxane (10 mL) and 1M sodium
hydroxide (15 ml) was stirred and cooled in an ice-water bath.

Naphthalene-2-methoxychloroformate 6 (0.882 g, 4 mmol) was added
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and stirring was continued at room temperature for 12 h. Reaction
mixture was diluted with 200 mL of water and dioxane was evaporated
under vaccum. Aqueous layer was washed with diethyl ether and the
pH of aqueous layer was adjusted to 2 with 2N hydrochloric acid. The
aqueous phase was extracted with ethyl acetate (3 x 50 mL) and dried
over Na,SO, concentrated in vacuo to give 10 as colorless oil.
Yield=0.863 g (2.8 mmol, 70 %).

[a]o®® -5° (c = 1, MeOH). *H NMR (400 MHz, CDCls): 12.56 (s,1H,
COOH), 7.90 (t, 4H, Nph), 7.53 (d, 3H, Nph), 7.37 (s, 1H), 5.22 (s,
2H, CH, of Nph), 4.02 (m, 1H, C* H of Val), 2.08 (m, 1H, C* H of
Val), 0.92 (d, 6H, C" Hs of Val). MS (ESI) m/z for Cy7H19NO,
(M+Na)" calcd.: 324.1206, found: 324.1228. Elemental Analysis
calculated for C17H19NO4: C, 67.76; H, 6.36; N, 4.65; Found: C, 67.65;
H, 6.38, N, 4.63.
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Figure 3.12. 400 MHz *H NMR spectrum of 10 in DMSO-ds.
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Figure 3.13. ESI-MS spectrum of 10.
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b) Synthesis of Nmoc-Val(1)-Ala(2)-OMe 11: A solution of
Nmoc-Val-OH 10 (0.602 g, 2.2 mmol) and HOBt (0.297 g, 2.2 mmol)
was stirred in 2 mL of DMF. A neutralized solution of Alanine methyl
ester (1.223 g, 8.8 mmol) was extracted from its corresponding
hydrochloride salt and concentrated to add to the reaction mixture
followed by dicyclohexylcarbodiimde (0.474 g, 2.2 mmol) at 0°C and
allowed to stirred at room temperature for 12 hours. The mixture was
diluted with ethyl acetate and organic layer was washed with 1M HCI
(2 x 30 mL), brine solution, 1M Na,CO; (3 x 30 mL) and brine
solution. Ethyl acetate layer was dried over Na,SO, and evaporated
under vacuum to yield 11 as white powder. Yield= 0.676 g, (1.6 mmol,
72.72 %).

[a]p®® -41° (c = 1, MeOH). *H NMR (400 MHz, CDCls): 7.82 (d, 4H,
J=10.28 Hz, Nph), 7.49 (t, 3H, Nph), 7.44 (s, 1H, NH), 5.27 (s, CH, of
Nph), 4.57 (t, 1H, C* H of Ala (1)), 4.03(m,1H, C* H of Val (2)), 3.73
(s, 3H, OCHs), 2.13 (m, 1H, C" H of Val (1)), 1.39 (d, 3H, J=7.8 Hz,
C? Hs of Ala (2)), 0.97 (d, 6H, J=7.28 Hz, C" Hs of Val (1)). HRMS
(ESI) m/z for C21H26N,05 (M+Na)* calcd.: 409.1734, found: 409.1694.
Elemental Analysis calculated for C;H6N2Os: C, 65.27; H, 6.78; N,
7.25; Found: C, 65.08; H, 6.37; N, 7.49.
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Figure 3.14. 400 MHz *H NMR spectrum of 11 in CDCls.
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Figure 3.15. ESI-MS spectrum of 11.

c) Synthesis of Nmoc-Val(1)-Ala(2)-OH 12: A solution of
Nmoc-Val-Ala methyl ester 11 (0.630 g, 1.5 mmol) in 20 mL of dry
MeOH was allowed to react with a solution of 15 mL 2M NaOH
solution. The progress of reaction was monitored by thin layer
chromatography (TLC). The reaction mixture was stirred up to 10 h.
Then, methanol was removed under vacuum, residue was taken in 100
mL of water and washed with diethyl ether (2 x 20 mL). Then the pH
of aqueous layer was adjusted to 2 using 2 M HCL and it was extracted
with ethyl acetate (3 x 30 mL) and dried over anhydrous sodium
sulfate and evaporated in vacuo to yield 12 as white powder and used
further without purification. Yield= 0.538 g (1.4 mmol, 93.33 %)
[a]o®® -36° (c = 1, MeOH). *H NMR (400 MHz, DMSO-ds): 8.22 (d,
1H, J=7.76 Hz, NH), 7.91 (t, 4H, Nph), 7.51 (t, 3H, Nph), 7.31(d, 1H,
NH), 5.20 (s, CH; of Nph), 4.21 (t, 1H, C" H of Ala (2)), 3.92 (m, 1H,
C*H of Val (1)), 1.91 (m, 1H, C* H of Val (1)), 1.26 (d, 3H, C" Hs of
Ala (2)), 0.91 (d, 6H, J=7.52 Hz, C' Hs of Val(1)). HRMS (ESI) m/z
for CyHuN,Os (M+Na)" calcd.: 395.1611, found: 395.1698.
Elemental analysis calculated for CyoH24N,Os: C, 64.50; H, 6.50; N,
7.52; Found: C, 64.36; H, 6.53; N, 7.53.
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Figure 3.16. 400 MHz *H NMR spectrum of 12 in DMSO-d.
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Figure 3.17. ESI-MS mass spectrum of 12.

d) Synthesis of Nmoc-Val-Ala-p-nitrophenol 2: A solution of
Nmoc-Val-Ala-OH 12 (0.508 g, 1.3 mmol) and 4-Dimethyl amino
pyridine (DMAP) (5 mol%, 8 mg) was stirred in 2 mL of DMF. A p-
Nitrophenol (0.217 g, 1.5 mmol) was added to the reaction mixture
followed by DCC (0.288 g, 1.4 mmol) at 0 °C. The mixture was
allowed to stir at room temperature for 12 h. The mixture was diluted
with ethyl acetate and organic layer was washed with 0.1M HCI (2 x
30 mL), 1M NaHCOs; (3 x 30 mL) and brine solution. The ethyl acetate
layer was dried over Na,SO, and evaporated under vacuum to yield 2
as yellow solid. Purification was done by silica gel column (100-200
mesh) using ethyl acetate-toluene as eluent. Yield = 0.545 g (1.1
mmol, 84.61%).

[a]o® -33° (¢ = 1, MeOH). FT-IR (KBr): 3321(s), 3058 (w), 2930 (s),
2851(m), 1760 (s), 1688 (s), 1627 (s), 1528 (s), 1450 (m), 1381 (s),
1245 (m) cm™. *H NMR (100 MHz, CDCls): & 8.23 (d, 2H, Ph), 8.12
(d, 1H, NH), 7.81 (d, 4H, Nph), 7.49 (d, 3H, Nph), 7.18 (d, 2H, J= 7
Hz, Ph), 5.27 (s, 2H, CH, of Nph), 4.75 (t, 1H, C* H of Ala (2)), 4.10
(m, 1H, C* H of Val (1)), 2.17 (m, 1H, C? H of Val (1)), 1.93 (d, 3H,
CPHs of Ala (2)), 0.95 (d, 6H, J=5.28 Hz, C* Hs of Val (1)). **C NMR
(100 MHz, CDCl3) & 171.32, 170.44, 156.75, 155.03, 133.53, 133.16,
128.38, 127.95, 127.70, 126.32, 125.66, 125.28, 122.22, 67.35, 60.35,
60.14, 49.18, 48.43, 33.92, 31.00, 30.99, 25.58, 24.92, 19.13, 17.84,
17.57. HRMS (ESI) m/z for CasH2sN307; (M+Na)* calcd.: 516.1741,
found: 516.1630; Elemental analysis calculated for CysH,7N3O7: C,
63.28; H, 5.51; N, 8.51; Found: C, 63.55; H, 5.54; N, 8.50.
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Figure 3.18. 400 MHz "H NMR spectrum of 2 in CDCls.
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Figure 3.19. 100 MHz **C NMR spectrum of 2 in CDCls.

Intens. |
x104 s16.1630 [M+Na]*
6~
4 601.3227
3771388
2]
B3 | bk “L | | Ly 7122493 | ‘
200 300 400 500 600 700 800 900
m/z

Figure 3.20. ESI-MS spectrum of 2.

3.2.3 Synthesis of Compound 3:
a) Synthesis of Nmoc-Val-p-nitrophenol 3: A solution of Nmoc-
Val-OH 10 (0.820 g, 2.7 mmol ) and 4-dimethyl amino pyridine
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(DMAP) (5 mol%, 15.8 mg) was stirred in 2 mL of DMF. p-
Nitrophenol (0.393 g, 2.83 mmol ) was added to the reaction mixture
followed by DCC (0.598 g, 2.9 mmol) at 0°C. The mixture was
allowed to stir at room temperature for 12 h. The mixture was diluted
with ethyl acetate and organic layer was washed with 0.1M HCI (2 x
30 mL), 1M NaHCOs; (3 x 30 mL) and brine solution. The ethyl acetate
layer was dried over Na,SO, and evaporated under vacuum to yield 3
as yellow solid. Purification was done by silica gel column (100-200
mesh) using ethyl acetate-toluene as eluent. Yield= 0.832 g (1.9 mmol,
70.37%).

[a]p? -11° (¢ = 1, MeOH). FT-IR (KBr): 3299(s), 3055 (m), 2966 (s),
2893(sm), 1762 (s), 1685 (w), 1614 (m), 1520(s), 1488( m), 1341 (s),
1245(w) cm™; *H NMR (400 MHz, CDCls): 8.15 (d, 2H, J= 9.04 Hz,
Ph), 7.75 (d, 4H, Nph), 7.40 (t, 3H, Nph), 7.14 (d, 2H, J=9.04 Hz, Ph)
7.28 (d, 1H, NH), 5.23 (s, 2H, CH, of Nph), 4.46 (t, 1H, C* H of Val),
2.26 (m, 1H, CP H of Val), 0.97 (d, 6H, C" Hs of Val). **C NMR (100
MHz, CDCl3) 6 170.05, 156.36, 154.97, 145.56, 133.44, 133.17,
128.43, 127.98, 127.72, 127.35, 126.36, 126.13, 125.81, 125.26,
122.28, 121.94, 72.12, 67.53, 59.46, 31.67, 19.14, 17.76. MS (ESI) m/z
for CaHN,O¢ (M+Na)™ caled.: 445.1370, found: 445.1458;
Elemental Analysis calculated for C3H22N2Og: C, 65.39; H, 5.25; N,
6.63; Found: C, 65.59; H, 5.26; N, 6.60.
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Figure 3.21. 400 MHz *H NMR spectrum of 3 in CDCls.
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Figure 3.22. 100 MHz *C NMR spectrum of 3 in CDCls.
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Figure 3.23. ESI-MS spectrum of 3.

3.2.4 Synthesis of Compound 4:

a) Synthesis of Nmoc-Ala-p-nitrophenol 4: A solution of Nmoc-
Ala-OH 7 (0.529 g, 1.9 mmol) and 4-dimethyl amino pyridine
(DMAP) (5 Mol %, 11.5 mg) was stirred in 2 mL of DMF. A p-
Nitrophenol (0.278 g, 2 mmol ) was added to the reaction mixture
followed by DCC (2 mmol, 0.412 g) at 0°C. The mixture was allowed
to stir at room temperature for 12 h. The mixture was diluted with ethyl
acetate and organic layer was washed with 0.1M HCI (2 x 30 mL), 1M
NaHCO; (3 x 30 mL) and brine solution. The ethyl acetate layer was
dried over Na,SO, and evaporated under vacuum to yield 4 as yellow
solid. Purification was done by silica gel column (100-200 mesh) using
ethyl acetate-toluene as eluent. Yield = 0.618 g (1.5 mmol, 78.94%).

[a]po?®-17° (c = 1, MeOH). FT-IR (KBr): 3381(s), 3056 (m), 2920 (m),
1763 (s), 1617 (m), 1592(m), 1513( m), 1345 (s), 1291(m) cm™. *H
NMR (400 MHz, CDCls): 8.23 (d,1H, J= 8.28 Hz, Ph), 7.85 (d, 4H,
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Nph), 7.51 (t, 3H, Nph), 7.47 (s, 1H, NH), 7.25 (d, 2H, J= 8 Hz, Ph),
5.33 (s, 2H, CH, of Nph), 4.65 (m, 1H C* H of Ala), 1.63 (d, 3H, C*
Hs of Ala); *C NMR (100 MHz, CDCls) & 170.86, 161.57, 155.80,
155.00, 145.54, 133.40, 133.14, 128.41, 127.96, 127.69, 126.36,
126.18, 125.76, 125.21, 122.18, 115.58, 67.45, 50.01, 34.99, 26.69,
18.02. MS (ESI) m/z for C21H1gN,Og (M+Na)" calcd.:417.1057, found:
417.4989. Elemental Analysis calculated for C,;H1sN2Os: C, 63.96; H,
4.60; N, 7.01; Found: C, 64.13; H, 4.62; N, 6.98.
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Figure 3.24. 400 MHz *H NMR spectrum of 4 in CDCl.
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Figure 3.25. 100 MHz **C NMR spectrum of 4 in CDCls.
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Figure 3.26. ESI-MS spectrum of 4.
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3.2.5 Synthesis of Compound 5:

a) Synthesis of Nmoc-Phe-OH 13: A solution of L-
phenylalanine (0.825 g, 5 mmol) in a mixture of 1, 4 dioxane (10 mL)
and 1M sodium hydroxide (15 mL) was stirred and cooled in an ice-
water bath. Napthalene-2-methoxychloroformate 6 (1.102 g, 5 mmol)
was added and stirring was continued at room temperature for 12 h,
Reaction mixture was diluted with 200 mL of water and dioxane was
evaporated under vaccum. Aqueous layer was washed with diethyl
ether and the pH of aqueous layer was adjusted to 2 with 2N
hydrochloric acid. The aqueous phase was extracted with ethyl acetate
(3 x50 mL) and dried with Na,SO, and concentrated in vacuo to give
13 as colorless oil. Yield=1.46 g, (4.1 mmol, 82 %)

[a]o®®: -7° (c = 1, MeOH). *H NMR (400 MHz, DMSO-dg): 12.75 (s,
1H, COOH), 7.88 (d, 4H, Nph), 7.73 (d, 1H, J=8.04 Hz, Nph), 7.53 (t,
2H, Nph), 7.41 (d, 1H, J= 8.28, NH), 7.21 (m, 5H, Phe), 5.16 (s, 2H
CH; of Nph), 4.21 (g, 1H, C* H of Phe), 3.11 (d, 1H, J=11.2 Hz, C* H
of Phe), 2.86 (t, 1H, C* H of Phe). HRMS (ESI) m/z for CyH1sNO,
(M+Na)* calcd.: 372.1212, found: 372.1206. Elemental Analysis
calculated for C,;H19NO4: C, 72.19; H, 5.48; N, 4.01; Found: C, 72.21;
H, 5.53; N, 4.11.
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Figure 3.27. 400 MHz *H NMR spectrum of 13 in DMSO-ds.
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Figure 3.28. ESI-MS spectrum of 13.
b) Synthesis of Nmoc-Phe-p-nitrophenol: A solution of Nmoc-

F-OH (1.25 g, 3.5 mmol) and 4-Dimethyl amino pyridine (DMAP) (10
Mol %, 42.7 mg) was stirred in 2 mL of DMF. A p-Nitrophenol (0.264
g, 1.9 mmol) was added to the reaction mixture followed by DCC (4.2
mmol, 0.583 g) at 0°C. The mixture was allowed to stir at room
temperature for 12 h. The mixture was diluted with ethyl acetate and
organic layer was washed with 0.1M HCI (2 x 30 mL), 1M NaHCO3 (3
x 30 mL) and brine solution. The ethyl acetate layer was dried over
Na,SO, and evaporated under vacuum to yield as yellow solid.
Purification was done by silica gel column (100-200 mesh) using ethyl
acetate-toluene as eluent Yield= 1.50 g (3.1 mmol, 85.57 %).

[a]p?: -40° (c = 1, MeOH). FT-IR (KBr): 3322 (s), 3057 (m), 2924
(m), 2857 (m), 1763 (s), 1686 (s), 1594 (s), 1510 (m), 1453 (m), 1347
(s), 1301 (m), 1252(s) cm™. *H NMR (400 MHz, CDCls): 8.17 (d, 2H,
J=8.28 Hz, Ph), 7.79 (d, 4H, Nph), 7.48 (d, 3H, J= 3.52 Hz, Nph),
7.44 (d, 1H, J=8.52 Hz, Nph), 7.21 (d, 2H, J= 6.52 Hz, Nph), 7.30 (m,
5H, Phe), 7.21 (d, 1H, J= 6.52 Hz, NH), 7.02 (d, 2H, J= 8.28 Hz, Ph),
5.28 (s, 2H, CH, of Nph), 4.88 (t, 1H, C*H of Phe), 3.24 (d, 2H, C* Hs
of Phe). ®*C NMR (100 MHz, CDCls) & 169.60, 161.92, 155.92,
154.78, 145.56, 135.04, 133.33, 133.17, 129.29, 128.98, 128.44,
127.97, 127.72, 127.67, 127.35, 126.39, 126.16, 125.76, 125.20,
122.18, 115.59, 67.59, 55.28, 38.08, 29.70. MS (ESI) m/z for
C27H2N206 (M+Na)™ caled.: 493.1376, found: 493.1683. Elemental
Analysis calculated for C,;H2,N2Os: C, 68.93; H, 4.71; N, 5.95; Found:
C, 67.97; H, 4.84; N, 6.07.
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Figure 3.30. 100 MHz *CNMR spectrum of 5 in CDCl.
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Figure 3.31. ESI-MS spectrum of 5.

3.3 Gel Preparation and Characterization

Techniques

3.3.1 Gel Preparation

A compound 1 Nmoc-AV-pNP (20 mmol L™, 9.8 mg) was dissolved in
100 pL of methanol. A solution of cysteine (80 mmol L™, 9.6 mg) in
phosphate buffer 900 puL (pH 8) was mixed together to homogeneous
followed by incubation for 15 min at 80 °C. Self-assembly of ligated
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product 1b was observed after 6h of native chemical ligation reaction.
Formation of Nmoc-AVC and Nmoc-AVC-CVA-Nmoc were
confirmed by HPLC and ESI-MS. Similarly, compound 5 Nmoc-F-
pNP (20 mmol L™, 9.4 mg) was ligated to cysteine at same reaction
condition. Self-assembly of ligated product 5b was observed after 3h
of native chemical reatcion. Synthesized products Nmoc-FC 5a and
Nmoc-FC-CF-Nmoc 5b were confirmed by HPLC and ESI-MS.

3.3.2 Gel-Sol Transition

Self-assembly and dis-assembly were observed for gelators 1b and 5b
as described in the text. la transforms into 1b upon exposure to air
resulting into the formation of self-supporting strong gel. Gel-sol
transition occurred after 3h after addition of reductant Tris(2-
carboxyethyl)phosphine (TCEP) 40 mmol/L to 1b gel at pH 5.2.
However, quick gel-sol transition was observed for compound 5b (1.5
h) at pH 4.8. TCEP is an effective reductant which can cleave disulfide

linkage.

3.3.3 'H NMR Spectroscopy

All NMR spectra were recorded at 400 MHz Bruker AV 400 NMR
spectrometer. TMS was used a internal reference in the NMR spectra.
Peptides concentrations were in the range of 1-10 mmol in (CD3),SO
and CDCls.

3.3.4 Polarimeter

Specific rotations of the synthesized peptides were measured on an
Autopol V automatic polarimeter (Rudolph research analytical). The
cell (length =100 mm, capacity = 2 mL) was used for this study at 25
°C.

3.3.5 Mass Spectrometry

Mass spectra of peptides were recorded on Bruker micrOTOF-Q Il by

positive and negative mode electrospray ionizations.
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3.3.6 High Performance Liguid Chromatograpy Analysis

A Dionex HPLC-Ultimate 3000 (High Performance Liquid
Chromatography) pump was used to analyze native chemical ligated
products. A 20 pL of sample was injected onto a Dionex Acclaim ®
120 C 18 column of 250 mm length with an internal diameter 4.6 mm
and 5 um fused silica particles at a flow rate of 1 mL min™ (linear
gradient of 40 % v/v) acetonitrile in water for 35 min, gradually rising
to 100 % (v/v) acetonitrile in water at 35 min). This concentration was
kept constant until 40 min when the gradient was decreased to 40 %
(v/v) acetonitrile in water at 42 min. The sample preparation involved
mixing 100 puL of gel/solution with acetonitrile-water (900 pL, 50: 50
mixture) containing 0.1 % trifluoacetic acid. The samples were then
filtered through a 0.45 pm syringe filter (Whatman, 150 units, 13 mm
diameter, 2.7 mm pore size) prior to injection. The native chemical
ligated products were identified by using Ultimate 3000 RS Variable
Wavelength Detector at 280 nm.

3.3.7 Rheology

Rheological measurement was carried out using an Anton Paar Physica
MCR 301 rheometer with parallel plate of geometry (25 mm in
diameter, 0.200 um gap). 200 uL of 1b and 5b gels were prepared in
glass vials and transfered onto the plate of the instrument using
microspatulla. The temperature was kept at 25°C by using an
integrated temperature controller. Then dynamic frequency sweep of
the gel Nmoc-AVC- CVA-Nmoc and Nmoc-FC-CF-Nmoc were
measured as function of frequency in the range of 0.05-100 rad s™ with
constant strain value 0.05%. The time sweep was measured at constant
strain of 0.05%. To determine the exact strain for frequency sweep and
time sweep experiments the linear viscoelastic (LVE) regime were

performed at constant frequency of 10 rad s™.
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3.3.8 FT-IR Spectroscopy

Fourier transform infrared (FTIR) spectra were recorded using a bruker
(Tensor 27) FTIR spectrophotometer for solid samples and wet gel
material by using ZnSe windows. The gel samples were placed
between crystal Zn-Se windows and scanned between 400 and 4000

cm™ over 64 scans at a resolution of 4 cm™ and an interval of 1 cm™.

3.3.9 Circular Dichroism

Circular dichroism (CD) spectra were measured at 25°C on a Jasco J-
815 spectropolarimeter. Spectra were measured between 300 and 190
nm with a data pitch of 0.1 nm. The bandwidth was set to 1 nm with a
scanning speed of 20 nm min™ and a response time of 1 s. The path
length was 1 mm quartz cell (Starna Scientific Ltd. Hainault, UK).
Samples were prepared at concentration of 20 mmol L™. Experimental

data were acquired in thrice and the average data is shown.

3.3.10 Fluorescence Spectroscopy

Fluorescence spectra of gel 1b as well as solution 1 were recorded
from 275-650 nm, exciting at 265 nm, using slit settings of 2 nm, with
medium  sensitivity on a Horiba Scientific  Fluoromax-4
spectrophotometer. Samples were prepared in path length 1 cm quartz

cuvettes at room temperature.

3.3. 11 Microscopic Study

Transmission electron microscopic images were taken using a
PHILIPS electron microscope (model: CM 200), operated at an
accelerating voltage of 200 kV. Dilute solution of the gel was dried on
carbon-coated copper grids (300 mesh) by slow evaporation in air, then

allowed to dry separately in a vacuum at room temperature.
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Field-emission Gun-scanning electron microscopic study was done by
using Jeol Scanning Microscope-JSM-7600F. The gel samples were
dried on a glass cover slip and coated with platinum. Finally the
morphology of gels was investigated using a tapping- mode atomic
force microscope (AFM). AFM study was done by placing very dilute
solution of gel (200 pL of gel was dissolved in 800 pL of milii-Q
water) on mica and allowed it dry in air for 2 days at room
temperature. Images were recorded by using scanning probe
microscope AIST-NT instrument (model no. smart SPM-1000).

3.4 Results and Discussion

In this chapter a chemoselective native chemical ligation has been used
to drive peptide self-assembly at sterically hindered amino acids. We
anticipated that steric crowding at the C-terminal ligation site would
not give full conversion to ligated products. Here, Nmoc-AV-p-NP
ester 1 and Nmoc-F-p-NP ester 5 ligated with cysteine (Figure 3.32).
In this procedure, peptides Nmoc-AVC la and Nmoc-FC 5a were

obtained in 99% vyield via an intermediate state under an inert

atmosphere.
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Figure 3.32. Native chemical ligation at Nmoc-protected-p-NP esters. The cysteine
amino acid induces O—S exchange with Nmoc-protected-p-NP 1 or 5 (step 1) to form
a thioester intermediate. Subsequent S —N acyl transfer furnishes the peptide bond
la or 5a (step Il). Air oxidation provides the formation of ligated disulfide 1b or 5b

(step HI) resulting in supramolecular peptide gels.
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3.4.1 Ligation Study

Compound 1 (0.9 wt%) was dissolved in 100 mL of methanol followed
by a solution of cysteine in phosphate buffer (900 mL, pH 7.5-8)
slowly and incubated up to 80°C for 15 min under an inert atmosphere
(Figure 3.33A). The HPLC analysis showed 99% NCL prior to air
exposure. Interestingly, the HPLC data revealed the formation of two
products.'™] Two parallel peaks appeared in the HPLC chromatogram
with 49% and 50% conversion, which were further analyzed with ESI-
MS (Figure 3.33B and C). ESI-MS data support ligated product mass
only, which confirms the dual product mass for the intermediate state
and ligated product.

The ligated products were left undisturbed in atmospheric air. Strong
self-supporting gels of 1/1b and 5/5b were observed after 6 h and 3 h
of reaction. However, compounds 2, 3 and 4 could not form gels under
similar conditions. Precipitation was observed after 6 h of reaction for
compounds 2, 3 and 4. All the ligated products were characterized by
HPLC and ESI-MS.

N > " C) 9713196
— 7 (M+Na)
< .-i Ib

Solution of Formation of gel 1b
Nmoc-AVC 1a upon exposure to air

5 1 01384
B) Nmoc-AVC-CVA-Nmoc 1b x —A

A A ol 4981712

(M+Na)
la

Height (mAU)

Figure 3.33. (A) NCL reaction carried out in argon atmosphere. A solution of Nmoc-
AVC turns to gel upon exposure to air. (B) Results of HPLC analysis represent the
formation of ligated product 1a and its corresponding disulfide 1b upon reaction of 1
with cysteine. (C) Mass spectra for Nmoc-AVC la and Nmoc-AVC-CVA-Nmoc 1b.
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Table 3.1. Gelation properties of ligated products obtained from compounds 1-5.

Entry Starting Yield (%) Yield (%) Gel formation”
material® (Inert atm.) (disulfide)

1. Nmoc-AV- 99 (biphasic) 84.511b G
pNP 1 la

2. Nmoc-VA- 85.86 2a 83.312b P
pNP 2

3. Nmoc-V-pNP 69.13 3a 98 3b P
3

4, Nmoc-A-pNP 99 4a 35.114b P
4

5. Nmoc-F-pNP 99.2 5a 99 5b G
5

¥pNP = p-nitro phenol, °G = gelation, P = precipitation
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Figure 3.34. Overlaid HPLC chromatographs for compound 2 showing peak

2a after native chemical ligation and peak 2b for its corresponding disulfide.
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Figure 3.35. ESI-MS spectrum of compound 2a.
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Figure 3.36. ESI-MS spectrum of compound 2b.
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Figure 3.37. Overlaid HPLC chromatographs for compound 3 showing peak 3a after
native chemical ligation and peak 3b for its corresponding disulfide.
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Figure 3.39. ESI-MS spectrum of compound 3b.
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Figure 3.40. Overlaid HPLC chromatographs for compound 4 showing peak 4a after
native chemical ligation and peak 4b for its corresponding disulfide.
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Figure 3.41. ESI-MS spectrum of compound 4a.
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Figure 3.42. ESI-MS spectrum of compound 4b.
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Figure 3.43. Overlaid HPLC chromatographs for compound 5 showing peak 5a after

native chemical ligation and peak 5b for its corresponding disulfide.
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Figure 3.44. ESI-MS spectrum of compound 5a.
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Figure 3.45. ESI-MS spectrum of compound 5b.

3.4.2 Self-assembly Study

Self-assembly of compounds 1a and 5b were observed upon exposure

to atmospheric air. The dis-assembly phenomenon was observed after
3 h for gelator 1b and 1.5 h for 5b upon treatment with reducing agent
tris(2 carboxyethyl)phosphine (TCEP). The product conversion of gel

reversal was analysed by HPLC.
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TCEP

Figure 3.46. Optical images showing gel transform into solution upon treatment with
Tris(2-carboxyethyl)phosphine (TCEP) after 3h.
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Figure 3.47. A) HPLC analysis for product 1b formation as function of time upon
exposure to air (intermediates | and Il Nmoc-AVC 1a) and B) la formation as
function of time upon addition of TCEP 40 mmol/L to 1b.
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Figure 3.48. A) HPLC analysis for product 5b formation as function of time upon

exposure to air and B) 5a formation as function of time upon addition of TCEP 40
mmol/L to 5b.

3.4.3 Rheological Study

Rheological measurements (Figures 3.49A and 3.50B) demonstrate the
viscoelastic properties of gels 1b and 5b. The values of the storage

moduli (G) exceeded those of the loss moduli (G) by an order of
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magnitude, which indicates the formation of strong and solid like gels.
Rheological experiments show that the gelation process started at 32
min for 1b (Figure 3.49B) and 22 min for 5b (Figure 3.51A) after
exposure to air. The disassembly behaviour of gels 1b (Figure 3.50A)
and 5b (Figure 3.51B) upon treatment with TCEP was also analysed by

rheological experiments.
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Figure 3.49. A) Dynamic frequency sweep of Nmoc-AVC-CVA-Nmoc 1b gel at
constant strain 0.05% and B) Oscillatory rheology of a solution containing 20 mmol

of 1b at 25 C.
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Figure 3.50. A) Oscillatory rheology of a gel containing 20 mmol of 1b and solution
of TCEP 40 mmol at 25C and B) Dynamic frequency sweep of Nmoc-FC-CF-Nmoc

5b gel at constant strain 0.05%.
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Figure 3.51. A) Oscillatory rheology of a solution containing 20 mmol of 5b at 25 C
and B) gel containing 20 mmol of 5b and solution of TCEP 40 mmol at 25 C.
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3.4.4 ETIR and Circular Dichroism Study

To discover more about the molecular interactions of gelators 1b and
5b in the gel phase, FT-IR (Figures 3.52 and 3.53) and circular
dichroism (CD) (Figure 54) spectra were recorded. A gel of 1b exhibits
well defined amide | bands centered at 1639 and 1687 cm™ and gel 5b
exhibits bands at 1636 and 1686 cm™. This indicates that the peptides
self-assemble in a B-sheet fashion.'?! A broad peak appeared at 3287-
3350 cm™, which indicates hydrogen bonded N-H stretching
vibrations for both cases. Dis-assembly of gels 1b and 5b was also
analyzed by FT-IR, which showed new peaks in the amide | region
centred at 1650 and 1651 cm™. This corresponds to a p-turn
conformation. The CD spectrum of gel 1b showed the presence of a
negative peak at 217 nm, which confirms the B-sheet[13] conformation.
Similarly, a positive peak at 196 nm and negative peaks at 208 and 228
nm were observed for 5b, which indicate a mixture of B-sheet and a-
helical conformations. Structural changes were observed after the
addition of TCEP to gels 1b and 5b.
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Figure 3.52. FT-IR spectra of A) Nmoc-AVC-CVA-Nmoc 1b gel and B) a solution of
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Figure 3.53. FT-IR spectra of A) Nmoc-FC-CF-Nmoc 5b gel and B) a solution of
Nmoc-FC formed after addition of TCEP.
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Figure 3.54. CD spectra of A) Nmoc-AVC-AVC-Nmoc 1b gel and Nmoc-AVC
solution formed after addition of TCEP. B) Nmoc-FC-FC-Nmoc 5b gel and Nmoc-
FC solution formed after addition of TCEP.

3.4.5 Fluorescence Study

An emission maximum at 334 nm for the naphthalene double ring and
a small peak at 466 nm corresponding to the p-nitrophenyl ester
appeared for Nmoc-AV-p-NP 1. The pronounced emission for gel 1b
at 531 nm suggests n-7 interactions between naphthalene groups and
cleaved p-nitrophenolate anions (Figure 3.55). Yang et al. (2006)
reported that a pronounced emission peak appeared above 400 nm for a
naphthalene based dipeptide hydrogel.*! Ikeda et al. (2003) showed
that a caged excimer of a naphthalene group gives a broad emission
peak between 400-550 nm.™ This result clearly suggests that m-

stacking interactions also drive the self-assembly process.
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Figure 3.55. Fluorescence emission spectra of Nmoc-AV-pNP 1 before and Nmoc-
AVC-CVA-Nmoc 1b gel after NCL reaction (Ae.= 265 nm).

3.4.6 Microscopic Study

Gels 1b and 5b were deposited on mica for AFM studies which
showed fibrous nanostructures with height ranging from 1.75 nm to 14
nm (Figure 3.56). Nanofibrous dense network structures were observed
for gels 1b and 5b, as is evident from SEM images. These results are
consistent with AFM and TEM images. Nanofibrillar morphology was
observed for gels 1b and 5b on SEM imaging, with width ranging from
25 to 60 nm (Figure 3.57). TEM analysis of gel 1b shows highly
entangled nanofibrous networks with fiber diameter ranging from 23
nm to 46 nm. These entangled nanofibrillar network structures are

responsible for the stable gel.

Figure 3.56. AFM images of gels A) 1b and B) 5b.
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Figure 3.57. A) and B) AFM height images for 1b and 5b gels. C) and D) SEM
images for 1b and 5b gels. E) TEM image of 1b gel.

3.5 Conclusion

The present study has described oxo-ester mediated NCL for peptide
self-assembly. N-terminal cysteines can be efficiently coupled with
Nmoc protected peptide oxo-esters through amide bond formation via
NCL reaction. Self-assembled dynamic peptide gels are formed via
oxidation of the Nmoc-protected peptides synthesized via the NCL
reaction. Similarly, enzyme catalysed reactions, thio-ester mediated
native chemical reactions and redox as well as photoresponsive
chemical reactions were used to make nanostructured peptide gels. A
number of peptides with N-capped aromatic moieties including
naphthalene, Fmoc, pyrene and anthracene groups have been shown to
be suitable for the preparation of gels. Here, self-assembly and dis-
assembly phenomena are highly dependent on the oxidation and

reduction of cysteine and cystine based peptides. Here, NCL reactions
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allow the formation of nanofibrillar structures. The entangled

nanofibrillar™! structures are responsible for the formation of self

supporting gels. Peptides are self-assembled via disulfide bonds,

hydrogen bonding and m-n stacking interactions. These kinds of soft

biomaterials can be used for cell culture, tissue engineering and

supramolecular electronics applications.
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Chapter 4
In Situ Generation of Redox Active Peptides
Driven By Selenoester Mediated Native

Chemical Ligation

4.1 Introduction

In nature, complex soft materials are created through hierarchical self-
assembly of nanoscale biomolecules.™ Low molecular weight organic
molecules are used in directed self-assembly, which further forms three
dimensional network structures. Various functional groups can be
incorporated into the molecular structure™ to mimic and develop the
biological processes in the laboratory. However, rational and universal
molecular design remained challenge to fit them for biomaterial
applications. Self-assembly of short peptides has sought great attention
due to their vast applications in drug delivery,?! tissue engineering™
and supramolecular electronics.™! Several physical stimuli®® such as
pH, temperature, light and enzymes are used to exploit the peptide self-
assembly.!”! Redox active peptide self-assembly is still remained area
of interest due to their potential applications in drug delivery. Redox
reactions are prevalent in nature to regulate various biological
functions. Redox activel nature mimicking dynamic self-assembly
could be achieved using chemoselective native chemical ligation
(NCL) reactions. Peptide self-assembly could be exploited through
native chemical ligation reaction because (i) this method is orthogonal,
(i) self-assembly through NCL reaction is particularly interesting for
the development of controlled dynamic self-assembly and (iii) the
presence of free sulfhydryl group in peptides which can offer multiple
applications after NCL reactions.

NCL reactions are the most revolutionary method for the total or semi
synthesis of proteins.”! Beside its useful applications in protein

synthesis, NCL reactions can be used as effective and efficient methods
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for the development of soft biomaterials. Collier and coworkers (2008)
reported a novel method for the stiffing of a hydrogel via thioester
mediated NCL reaction.'” Messersmith group (2009) described a
strategy, which forms covalently cross-linked polymer hydrogels.* In
general, the conceptual approach for NCL is based on the reaction
between two unprotected peptides one bearing C-terminal thioester and
another N-terminal cysteine residue based peptide. The sulfhydryl
group of N-terminal cysteine residue undergoes trans-thioesterification
with C-terminal thioester™ and forms thioester-linked intermediate.
Thioester-linked intermediate simultaneously and rapidly undergoes
intramolecular S—N acyl transfer to form native amide bond.!]
Inspired by this chemoselective ligation reaction,™ our objective was
to develop a simple and efficient approach which can direct dynamic
peptide self-assembly. In order to reach our goal, we have synthesized
compounds 1-4 with N-terminal capped with aromatic naphthalene-2-
methoxycarbonyl (Nmoc) group. The C-terminals of 1-4 is protected
with phenyl selenoester which can readily undergo NCL reaction at
room temperature with N-terminal cysteine and N- terminal cysteine

based peptide Cys-Gly.

X
THF, 24h Amino acid,
1,4 dioxane,
1 N Nay,COg,

12h
R R

i hi
OH
OAN X CICO,Et, o"N
- —————
H o EtsN, PhSeH, o}

THF, -10°C, 1.5 h
X=Se, S

Compounds 1and 5 : Rz/—OOH 3and7:R= ‘l&
Ty
2and6:R:»H{—® 4and8:R= “51{

Figure 4.1. Synthesis of Nmoc-protected seleno and thio-esters for NCL reactions.
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4.2 Experimental

4.2.(1) Synthesis of compounds 1-8

The Nmoc-protected amino acids were synthesized by reaction of
Nmoc-Cl with amino acid. The corresponding active esters were
synthesized by conventional acid activation methodology with ethyl
chloroformate.

a) Synthesis of Compound 9: To a stirred solution of naphthalene
methanol (5 g, 31.6 mmol) in dry THF (140 mL), phosgene (39.2 mL,
75.5 mmol) was added at 0° C. The stirring was continued at ambient
temperature for 24 h. The reaction was monitored by thin layer
chromatography (TLC). After completion of reaction, excess phosgene
was removed under low vacuum and trapped with aqueous NaOH.
Reaction mixture was concentrated and oily product was obtained.

Then it was dissolved in hot hexane to get crystalline product 9.

Yield = 6.8 g (30 mmol, 94.93 %); mp: 62 °C; FT-IR (KBr): 3066 (m),
1777 (s), 1601 (ms), 1168 (s) cm™ ; 'H NMR (400 MHz, CDCls): &
7.90 (d, 4H), 7.56 (m, 2H), 7.29 (s, 1H), 5.48 (s, 2H) ppm; *C NMR
(100 MHz, CDCls): & 71.82, 125.7, 126.6, 127.8, 128.1, 128.6, 130.6,
133.5, 140.9, 147.9, 150.7 ppm.

1%
T
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=

] %wms
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3 2 1 o

5
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Figure 4.2. 400 MHz *H NMR spectrum of Nmoc-Cl 9 in CDCls.
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b) Synthesis of Nmoc-Tyr-OH 10: A solution of tyrosine (0.724 g,
4 mmol) in a mixture of 1,4 dioxane (10 mL) and 2M sodium
hydroxide (15 mL) was stirred and cooled in an ice-water bath.
Naphthalene-2-methoxychloroformate (0.882 g, 4 mmol) was added
and stirring was continued at room temperature for 12 h. Reaction
mixture was diluted with 200 mL of water and dioxane was evaporated
under vaccum. Aqueous layer was washed with diethyl ether and the
pH of aqueous layer was adjusted to 2 with 2N hydrochloric acid. The
aqueous phase was extracted with ethyl acetate (3 x 50 mL) and dried
over Na SO, It was concentrated in vacuo to give 10 as colorless solid.

Yield= 1.124 g ( 3 mmol, 75 %). mp: 111°C. [o]o™ = -7 (c = 1,
MeOH); FT-IR (KBr): 3331 (br), 3055 (br), 2928 (ms), 1709 (s), 1612
(ms), 1513 (s), 1445 (s), 1367 (ms), 1336 (ms), 1225 (s) cm™; 'H
NMR (400 MHz, DMSO-dg): & 9.21 (s, 1H, OH of Tyr), 7.89 (d, 4H,
Nph), 7.52 (t, 3H, Nph), 7.42 (s, 1H, J= 7.52 Hz, NH), 7.05(d, 2H, J=
8.28 Hz, Tyr), 6.66 (d, 2H, J= 8 Hz, Tyr), 5.17 (q, 2H, CH, of Nph),
4.25 (m, 1H, C* H of Tyr), 2.95 (dd, 1H, J= 4.52 and 4 Hz, C* H of
Tyr), 2.87 (dd, 1H, J=5 and 5 Hz, C* H of Tyr) ppm; MS (ESI) m/z
for C21H1gNOs (M+H)" calcd.: 366.1341 found: 366.4131; Elemental
Analysis calculated for C,1H19NOs: C, 69.03; H, 5.24; N, 3.83; Found:
C, 66.53; H, 5.46, N, 3.32.

aromatic Hs and NH T
of Tyr L T )
3 Y I 5 Q0
TSNS U IR
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Figure 4.3. 400 MHz *H NMR spectrum of Nmoc-Tyr-OH 10 in DMSO-d.
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Figure 4.4. ESI-MS spectrum of Nmoc-Tyr-OH 10.

4.2.1 Synthesis of Nmoc-Tyr-SePh 1:

¢) Nmoc-Tyrosine (0.500 gm, 1.36 mmol) in 50 mL THF was
added with (1.36 mmol, 0.189 mL) EtsN. 1.36 mmol (0.129 mL) of
CICO,Et was added to the reaction mixture at -15 °C and stirred it for
10 min. The benzeneselenol (1.36 mmol, 0.144 mL) which was easily
prepared from CsHsMgBr and Se was added to the reaction mixture.
The solution was kept for 30 min at 10 °C with stirring. The reaction
mixture was stirred for 1h at room temperature. 20 mL water was
added. THF was evaporated in vacuo and the residue was dissolved in
ethyl acetate. The solution was washed with saturated NaHCOj;
solution and water. The ethyl acetate layer was extracted and dried
over Na,S0O;,. It was concentrated in vacuo and covered with a layer of
petroleum ether. The compound 1 was obtained as white solid.
Purification was done by silica gel column (100-200 mesh) using

hexane-ethylacetate (9:1) as eluent.

Yield= 0.520 g (1 mmol, 73.52 %). mp: 161°C; [a]o™ = -36 (c = 1,
MeOH); FT-IR (KBr): 3316 (br), 3053 (ms), 2922 (s), 2852 (ms), 1696
(s), 1606 (ms), 1517 (s), 1471 (ms), 1369 (ms) 1260 (s) cm™; *H NMR
(400 MHz, CDCls): & 7.82 (d, 4H, J= 8 Hz, Nph), 7.48 (t 3H, Nph),
7.38 (m, 5H, Ph), 7.25 (s, 1H, NH), 6.97 (d, 2H, J = 7.28 Hz, Tyr),
6.68 (d, 2H, J = 7.56 Hz, Tyr), 5.28 (g, 2H, CH, oh Nph), 4.72 (m, 1H,
C*H of Tyr), 3.09 (dd, 1H, J= 4.24 and 4.24 Hz, C* H of Tyr), 3.00
(dd, 1H, CP of Tyr) ppm ; *C NMR (100 MHz, CDCl): & 203.5,
155.9, 135.9, 133.1, 132.0, 130.5, 130.3, 129.4, 129.0, 128.6, 128.4,
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128.0, 127.7, 127.3, 126.9,126.5, 126.4, 126.3, 125.7, 121.3, 115.7,
70.6, 67.6, 64.2, 36.9 ppm; MS (ESI) m/z for Co;H23NO,Se (M+Na)*
calcd.: 528.0690, found: 528.0686; Elemental Analysis calculated for
C27H23NO4Se: C, 64.29; H, 4.60; N, 2.78; Found: C, 65.69; H, 5.17, N,
2.29.
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Figure 4.5. 400 MHz "H NMR spectrum of Nmoc-Tyr-SePh 1 in CDCls,
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Figure 4.6. 100 MHz **C NMR spectrum of Nmoc-Tyr-SePh 1 in CDCls.
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Figure 4.7. ESI-MS spectrum of Nmoc-Tyr-SePh 1.
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a) Synthesis of Nmoc-Phe-OH 11: A solution of phenylalanine
(0.660 g, 4 mmol) in a mixture of 1, 4 dioxane (10 mL) and 2M
sodium hydroxide (15 mL) was stirred and cooled in an ice-water bath.
Naphthalene-2-methoxychloroformate (0.882 g, 4 mmol) was added
and stirring was continued at room temperature for 12 h. Reaction
mixture was diluted with 200 mL of water and dioxane was evaporated
under vaccum. Aqueous layer was washed with diethyl ether and the
pH of aqueous layer was adjusted to 2 with 2N hydrochloric acid. The
aqueous phase was extracted with ethyl acetate (3 x 50 mL) and dried
over Na,SO,4. The organic layer was concentrated in vacuo to give 11
as white solid.

Yield = 1.12 g (3.2 mmol, 80 %). mp: 102 °C; [a]p® = -7 (c = 1,
MeOH); FT-IR (KBr): 3340 (s), 3030 (br), 2930 (br), 2884 (br), 1692
(s), 1529 (s), 1450 (m), 1338 (m), 1258 (s) cm™; 12.75 (s, 1H, COOH),
7.88 (d, 4H, Nph), 7.73 (d, 1H, J=8.04 Hz, Nph), 7.53 (t, 2H, Nph),
7.41 (d, 1H, J=8.28, NH), 7.21 (m, 5H, Phe), 5.16 (s, 2H CH; of Nph),
4.21 (g, 1H, C* H of Phe), 3.11 (d, 1H, CPH of Phe), 2.86 (m, 1H, C"H
of Phe) ppm; MS (ESI) m/z for C,;H1sNO,4 (M+Na)* calcd.: 372.1212,
found: 372.1206; Elemental Analysis calculated for C,;H19gNOy4: C,
72.19; H, 5.48; N, 4.01; Found: C, 72.21; H, 5.53; N, 4.11.
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Figure 4.8. 400 MHz *H NMR spectrum of Nmoc-Phe-OH 11 in DMSO-d.
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Figure 4.9. ESI-MS spectrum of Nmoc-Phe 11.

4.2.2 Synthesis of Nmoc-Phe-SePh 2:

b) Nmoc-Phenylalanine (0.526 gm, 1.5 mmol) in 50 mL THF was
added with (1.5 mmol, 0.208 mL) EtsN. 1.5 mmol (0.142 mL)
CICO,Et was added to the reaction mixture at -15 °C and stirred it for
10 min. The benzeneselenol (1.36 mmol, 0.158 mL) which was easily
prepared from CsHsMgBr and Se was added to the reaction mixture.
The solution was kept for 30 min at 10 °C with stirring. The reaction
mixture was stirred for 1h at room temperature. 20 mL water was
added. THF was evaporated in vacuo and the residue was dissolved in
ethyl acetate. The solution was washed with saturated NaHCOj;
solution and water. The ethyl acetate layer was extracted and dried
over Na,SO;,. It was concentrated in vacuo and covered with a layer of
petroleum ether. The compound 2 was obtained as white solid.
Purification was done by silica gel column (100-200 mesh) using

hexane-ethylacetate (9:1) as eluent.

Yield=0.45g (0.92 mmol, 61.33 %). mp: 123°C; [a]p®> = -38 (c = 1,
MeOH); FT-IR (KBr): 3299 (s), 3058 (ms), 3029 (ms), 2963 (ms),
1693 (s), 1578 (s), 1530 (ms), 1444 (ms), 1368 (ms), 1315 (ms), 1257
(s) cm™; *H NMR (400 MHz, CDCls): & 7.84 (t, 4H, Nph), 7.48 (m,
3H, Nph), 7.41 (m, 5H, Ph), 7.24 (m, 5H, Phe), 7.15 (d, 1H, J= 7.52
Hz, NH), 5.30 (g, 2H, CH; of Nph), 4.75 (m, 1H, C* H of Phe), 3.15
(d, 1H, CP H of Phe), 3.12 (d, 1H, C? H of Phe) ppm; *C NMR (100
MHz, CDCls): & 203.5, 155.8, 135.9, 135.0, 133.3, 133.1, 130.5,
129.5, 129.3, 129.0, 128.8, 128.7, 128.4, 128.2,128.0, 127.7, 127.3,
127.2, 126.3, 125.8, 125.7, 67.6, 66.6, 65.0, 64.0, 62.0, 37.7; MS (ESI)
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m/z for Cy7H,3NOsSe (M+Na)® caled.: 512.0741, found: 512.0728;
Elemental Analysis calculated for C,;H23NO3Se: C, 66.39; H, 4.75; N,
2.87; Found: C, 66.03; H, 4.72, N, 2.68.
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Figure 4.10. 400 MHz *H NMR spectrum of Nmoc-Phe-SePh 2 in CDCl.
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Figure 4.11. 100 MHz **C NMR spectrum of Nmoc-Phe-SePh 2 in CDCls.

Intens. 4
s120728 [M+Na]
2500
2000
1500
1000
3711407
500
1001.1501
o] |
500 1000 1500 2000 2500

m/z

Figure 4.12. ESI-MS spectrum of Nmoc-Phe-SePh 2.

a) Synthesis of Nmoc-Leu-OH 12: A solution of leucine (0.524 g, 4
mmol) in a mixture of 1, 4 dioxane (10 mL) and 1M sodium

hydroxide (15 mL) was stirred and cooled in an ice-water bath.
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Naphthalene-2-methoxychloroformate (0.882 g, 4 mmol) was added
and stirring was continued at room temperature for 12 h. Reaction
mixture was diluted with 200 ml of water and dioxane was evaporated
under vaccum. Aqueous layer was washed with diethyl ether and the
pH of aqueous layer was adjusted to 2 with 2N hydrochloric acid. The
aqueous phase was extracted with ethyl acetate (3 x 50 mL) and dried
over Na,SO,4. The organic layer was concentrated in vacuo to give 12

as white solid.

Yield =0.954 g (3 mmol, 75 %). mp: 79 °C; [a]o® = -12 (c = 1,
MeOH); FT-IR (KBr): 3418 (br), 3380 (br), 3053 (ms), 2960 (s), 2874
(ms), 1700 (s), 1604 (ms), 1517 (s), 1462 (ms), 1363 (ms), 1321 (ms),
1239 (s) cm™; *H NMR (400 MHz, CDCly): & 7.91 (t, 4H, Nph), 7.63
(d, 1H, J= 7.84 Hz, NH), 7.53 (t, 3H, Nph), 5.20 (s, 2H, CH, of Nph),
4.00 (m, 1H, C" H of Leu), 1.66 (m, 1H C'H, of Leu), 1.53 (m, 1H,
C’H of Leu), 1.49 (m, 1H, CPH of Leu), 0.88 (d, 6H, C°Hs of Leu)
ppm; MS (ESI) m/z for C1gH21NO4 (M+Na)* calcd.: 338.1368, found:
338.1378; Elemental Analysis calculated for C1gH21NO,4: C, 68.55; H,
6.71; N, 4.44; Found: C, 67.06; H, 6.84, N, 4.04.
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Figure 4.13. 400 MHz *H NMR spectrum of Nmoc-Leu-OH 12 in DMSO-ds.
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Figure 4.14. ESI-MS spectrum of Nmoc-Leu-OH 12.

4.2.3 Synthesis of Nmoc-Leu-SePh 3:

b) Nmoc-Leucine (0.392gm, 1.24 mmol) in 50 mL THF was added
with (1.24 mmol, 0.172 mL) EtsN. 1.24 mmol (0.117 mL) CICO,Et
was added to the reaction mixture at -15 °C and stirred it for 10 min.
The benzeneselenol (1.24 mmol, 0.131 mL) which was easily prepared
from C¢HsMgBr and Se was added to the reaction mixture. The
solution was kept for 30 min at 10 °C with stirring. The reaction
mixture was stirred for 1h at room temperature. 20 mL water was
added. THF was evaporated in vacuo and the residue was dissolved in
ethyl acetate. The solution was washed with saturated NaHCOj;
solution and water. The ethyl acetate layer was extracted and dried
over Na,S0O;,. It was concentrated in vacuo and covered with a layer of
petroleum ether. The compound 3 was obtained as white solid.
Purification was done by silica gel column (100-200 mesh) using

hexane-ethyl acetate (9:1) as eluent.

Yield =0.321g (0.7 mmol, 56.45 %). mp: 91°C; [a]p?®> = -30 (c = 1,
MeOH); FT-IR (KBr): 3382 (s), 3059 (ms), 2955 (s), 2872 (ms), 1718
(s), 1701 (s), 1600 (ms), 1576 (s), 1465 (ms), 1386 (ms), 1336 (ms),
1250 (s) cm™; *H NMR (400 MHz, CDCls): & 7.84 (d, 4H, J= 7.76 Hz,
Nph), 7.48 (m, 5H, Ph), 7.37 (d, 3H, Nph), 7.27 (s, 1H, NH), 5.35 (m,
2H, CH, of Nph), 451 (m, 1H, C* H of Leu), 1.73 (d, 2H, C"Hs of
Leu), 1.52 (m, 1H, C'H of Leu), 0.93 (d, 6H, J = 6.04 Hz, C°Hs of
Leu) ppm; **C NMR (100 MHz, CDCly): & 203.9, 155.9, 136.01,
133.4, 133.2, 133.1, 131.5, 129.3, 129.1, 128.9, 128.4, 128.01, 127.7,
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127.5,127.2, 126.3, 125.7, 67.6, 62.4, 41.0, 24.7, 23.0, 22.6, 21.4 ppm;
MS (ESI) m/z for CysHosNOsSe (M+Na)* calcd.: 478.0897, found:
478.0890; Elemental Analysis calculated for Cy4H2sNO3sSe: C, 63.43;
H, 5.55; N, 3.08; Found: C, 63.60; H, 5.62, N, 2.98.
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Figure 4.15. 400 MHz *H NMR spectrum of Nmoc-Leu-SePh 3 in CDCls.

aromatic carbons

aliphatic carbons
A

o ™
carbonyl carbons
—_— ’
| | J | J l l I
Tao T 1w 1w u w w0 o O 2 X

Chemical Shift (ppm)

Figure 4.16. 100 MHz **CNMR spectrum of Nmoc-Leu-SePh 3 in CDCls.
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Figure 4.17. ESI-MS spectrum of Nmoc-Leu-SePh 3.

a) Synthesis of Nmoc-Val-OH 13: A solution of Valine (0.468 g, 4
mmol) in a mixture of 1, 4 dioxane (10 mL) and 1M sodium hydroxide

(15 mL) was stirred and cooled in an ice-water bath. Naphthalene-2-
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methoxychloroformate (0.882 g, 4 mmol) was added and stirring was
continued at room temperature for 12 h. Reaction mixture was diluted
with 200 mL of water and dioxane was evaporated under vaccum.
Aqueous layer was washed with diethyl ether and the pH of aqueous
layer was adjusted to 2 with 2N hydrochloric acid. The aqueous phase
was extracted with ethyl acetate (3 x 50 mL) and dried over Na;SO4

concentrated in vacuo to give 13 as white solid.

Yield=1.012 g (3.3 mmol, 82.5 %). mp: 99 °C; [a]p® = -5 (¢ = 1,
MeOH); FT-IR (KBr): 3419 (s), 3055 (br), 2960 (br), 1739 (s), 1679
(m), 1545 (s), 1463 (m), 1399 (m), 1258 (s) cm™; *H NMR (400 MHz,
CDCls): & 12.56 (s,1H, COOH), 7.90 (t, 4H, Nph), 7.53 (d, 3H, Nph),
7.37 (s, 1H, NH), 5.22 (s, 2H, CH, of Nph), 4.02 (m, 1H, C*H of Val),
2.08 (m, 1H, C’H of Val), 0.92 (d, 6H, C'Hs of Val). ppm; MS (ESI)
m/z for Ci7H1oNO4 (M+Na)™ calcd.: 324.1206, found: 324.1228;
Elemental Analysis calculated for C17H;9NO,4: C, 67.76; H, 6.36; N,
4.65; Found: C, 67.65; H, 6.38, N, 4.63.
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Figure 4.18. 400 MHz *H NMR spectrum of Nmoc-Val-OH 13 in DMSO-d.
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Figure 4.19. ESI-MS spectrum of Nmoc-Val 13.
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4.2.4 Synthesis of Nmoc-Val-SePh 4:

b) Nmoc-Valine (0.540 gm, 1.79 mmol) in 50 mL THF was added
with (1.79 mmol, 0.248 mL) EtsN. 1.79 mmol (0.169 mL) CICO.Et

was added to the reaction mixture at -15 °C and stirred it for 10 min.

The benzeneselenol (1.79 mmol, 0.189 mL) which was easily prepared
from C¢HsMgBr and Se was added to the reaction mixture. The
solution was kept for 30 min at 10 °C with stirring. The reaction
mixture was stirred for 1h at room temperature. 20 mL water was
added. THF was evaporated in vacuo and the residue was dissolved in
ethyl acetate. The solution was washed with saturated NaHCOsj
solution and water. The ethyl acetate layer was extracted and dried
over Na,SO;,. It was concentrated in vacuo and covered with a layer of
petroleum ether. The compound 4 was obtained as white solid.

Yield = 0.387 g (0.87 mmol, 48.99 %). mp: 99 °C; [o]o> = -42 (c = 1,
MeOH); FT-IR (KBr): 3420 (s), 3054 (br), 2968 (br), 2868 (ms), 1723
(s), 1693 (s), 1602 (m), 1519 (s), 1466 (m), 1391 (ms), 1314 (ms),
1259 (s) cm™; *H NMR (400 MHz, CDCls): & 7.88 (t, 4H, Nph), 7.53
(m, 5H, Ph), 7.41 (d, 3H, Nph), 7.34 (s, 1H, NH), 5.38 (g, 2H, CH; of
Nph), 4.49 (q, 1H, C*H of Val), 2.40 (m, 1H, CPH of Val), 0.97 (d, 6H,
J = 6.76 Hz, C"Hs of Val) ppm; **C NMR (100 MHz, CDCl5): § 203.2,
156.3, 135.9, 133.4, 133.2, 133.1, 131.5, 129.3, 129.2, 129.0, 128.4,
128.0, 127.7, 127.3, 126.3, 125.9, 125.7, 68.5, 67.7, 30.6, 19.5, 16.7
ppm; MS (ESI) m/z for CyHx:NO3Se (M+Na)® calcd.: 464.0741,
found: 464.0740; Elemental Analysis calculated for C,3H23NO3Se: C,
62.73; H, 5.26; N, 3.18; Found: C, 63.25; H, 5.33, N, 2.95.
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Figure 4.21. 100 MHz **C NMR spectrum of Nmoc-Val-SePh 4 in CDCl,.
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Figure 4.22. ESI-MS spectrum of Nmoc-Val-SePh 4.

4.2.5 Synthesis of Nmoc-Tyr-SPh 5:

a) Nmoc-Tyr-OH (0.358 gm, 0.98 mmol) in 25 mL THF was
added with 0.98 mmol (0.137 mL) EtzN. 0.98 mmol (0.093 mL) of

CICO,Et was added to the reaction mixture at -15 °C and stirred it for
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10 min. Thiophenol (0.98 mmol, 0.1 mL) was added to the reaction
mixture. The solution was kept for 30 min at 10 °C with stirring. The
reaction mixture was stirred for 1h at room temperature. 20 mL water
was added. THF was evaporated in vacuo and the residue was
dissolved in ethyl acetate. The solution was washed with saturated
NaHCOs; solution and water. The ethyl acetate layer was extracted and
dried over Na;SO,. It was concentrated in vacuo and covered with a
layer of petroleum ether. The compound 5 was obtained as white solid.
Yield= 0.324 g (0.71 mmol, 72.34 %). [a]o> = -30 (c = 1, MeOH); FT-
IR (KBr): © 3320 (br), 3050 (ms), 2955 (ms), 1689 (s), 1604 (ms),
1521 (s), 1440 (ms), 1340 (ms), 1310 (ms), 1264 (s); 'H NMR (400
MHz, CDCls): & 7.81 (t, 4H, Nph), 7.48 (m, 2H), 7.43 (s, 1H, Nph),
7.40 (m, 5H, Ph), 7.33 (d, 1H, NH), 7.01 (d, 2H, J= 8.8 Hz, Tyr), 6.71
(d, 2H, J= 8.8 Hz, Tyr), 5.28 (s, 2H of Nph), 4.77 (m, 1H, C*H of Tyr),
3.08 (m, 2H, CPHs of Tyr) ppm; *C NMR (100 MHz, CDCly): &
198.90, 155.7, 154.8, 134.6, 133.4, 133.1, 130.6, 129.6, 129.3, 128.4,
128.0, 127.7, 127.2, 127.1, 126.9, 126.3, 125.8, 115.6, 67.49, 61.51,
37.63 ppm; MS (ESI) m/z for Co;H,3NO4S (M+Na)* calcd.: 480.1240
found: 480.1305.

4.2.6 Synthesis of Nmoc-Phe-SPh 6:
a) Nmoc-Phe-OH (0.522 gm, 1.5 mmol) in 50 mL THF was
added with 1.5 mmol, 0.208 mL) EtzN. 1.5mmol (0.142 mL) of

CICO,Et was added to the reaction mixture at -15 °C and stirred it for

10 min. Thiophenol (1.5 mmol, 0.152 mL) was added to the reaction
mixture. The solution was kept for 30 min at 10 °C with stirring. The
reaction mixture was stirred for 1h at room temperature. 20 mL water
was added. THF was evaporated in vacuo and the residue was
dissolved in ethyl acetate. The solution was washed with saturated
NaHCOs solution and water. The ethyl acetate layer was extracted and
dried over Na,SO,. It was concentrated in vacuo and covered with a
layer of petroleum ether. The compound 6 was obtained as white solid.
Yield= 0.580 g (1.31 mmol, 87%). [o]o> = -16 (c = 1, MeOH); FT-IR
(KBr): v 3305 (s), 3058 (ms), 2965 (ms), 1690 (s), 1533 (ms), 1446 (s),
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1369 (ms), 1318 (ms), 1259 (s); *H NMR (400 MHz, CDCly): 6 7.76
(m, 4H, Nph), 7.41 (m, 2H, Nph), 7.31 (s, 1H, Nph), 7.21 (d, 1H, J=
7.28 Hz, NH), 7.18 (m, 5H, Ph), 7.10 (m, 5H, Phe), 5.22 (s, 2H, CH, of
Nph), 4.78 (m, 1H, C*H of Phe), 3.10 (m, 2H, C"Hs of Phe) ppm; *3C
NMR (100 MHz, CDCls): 6 198.7, 193.1, 135.2, 134.6, 133.4, 133.1,
131.7, 129.6, 129.4, 129.2, 128.7, 128.3, 127.7, 127.2, 126.2, 125.7,
67.45, 61.37, 38.43 ppm; MS (ESI) m/z for CyH23NOsS (M+Na)*
calcd.: 464.1291 found: 464.1368.

4.2.7 Synthesis of Nmoc-Leu-SPh 7:

Nmoc-Leu-OH (0.321 gm, 1 mmol) in 25 mL THF was added with 1
mmol (0.139 mL) Et3N. 1 mmol (0.095 mL) of CICO;Et was added to

the reaction mixture at -15 °C and stirred it for 10 min. Thiophenol (1

mmol, 0.1 mL) was added to the reaction mixture. The solution was
kept for 30 min at 10 °C with stirring. The reaction mixture was stirred
for 1h at room temperature. 20 mL water was added. THF was
evaporated in vacuo and the residue was dissolved in ethyl acetate. The
solution was washed with saturated NaHCO3 solution and water. The
ethyl acetate layer was extracted and dried over Na,SO,. It was
concentrated in vacuo and covered with a layer of petroleum ether. The
compound 7 was obtained as white solid.

Yield= 0.262 g (0.64 mmol, 64%). [o]o> = -11 (c = 1, MeOH); FT-IR
(KBr): 3380 (s), 3058 (ms), 2958 (ms), 2875 (ms), 1700 (s), 1506 (s),
1469 (ms), 1336 (ms), 1262 (s); 'H NMR (400 MHz, CDCls): & 7.84
(m, 4H, Nph), 7.49 (d, 2H, Nph), 7.46 (s, 1H, Nph), 7.39 (m, 5H, Ph),
5.32 (s, 2H, CH; of Nph), 4.62 (m, 1H, C“H of Leu), 1.76 (m, 2H,
CPHs of Leu), 1.58 (m, 1H, C"H of Leu), 0.96 (d, 6H, J= 5.28 Hz, C°Hs
of Leu) ppm; *C NMR (100 MHz, CDCls): 199.5, 155.8, 134.6, 133.5,
133.2, 133.1, 129.5, 129.2, 128.4, 128.0, 127.7, 127.2, 127.0, 126.3,
126.2, 125.7, 67.45, 59.54, 41.79, 24.82, 23.06, 21.58 ppm; MS (ESI)
m/z for Ca4H2sNO3S (M+Na)* calcd.: 430.1447 found: 480.1446.
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4.2.8 Synthesis of Nmoc-Val-SPh 8:

Nmoc-Val-OH (0.311 gm, 1 mmol) in 25 mL THF was added with 1
mmol (0.139 mL) EtsN. 1 mmol (0.1 mL) of CICOEt was added to the
reaction mixture at -15 °C and stirred it for 10 min. Thiophenol (1

mmol, 0.1 mL) was added to the reaction mixture. The solution was
kept for 30 min at 10 °C with stirring. The reaction mixture was stirred
for 1h at room temperature. 20 mL water was added. THF was
evaporated in vacuo and the residue was dissolved in ethyl acetate. The
solution was washed with saturated NaHCO3 solution and water. The
ethyl acetate layer was extracted and dried over Na,SO,. It was
concentrated in vacuo and covered with a layer of petroleum ether. The
compound 8 was obtained as white solid.

Yield= 0.289 g (0.735 mmol, 73.66%). [o]o”™ = -9 (c = 1, MeOH); FT-
IR (KBr): ¥ 3347 (s), 3051 (ms), 2960 (ms), 1723 (s), 1682 (s), 1529
(s), 1446 (ms), 1392 (ms), 1343 (ms), 1295 (s); 'H NMR (400 MHz,
CDCls): & 7.84 (m, 4H, Nph), 7.49 (m, 3H, Nph), 7.39 (m, 5H, Ph),
5.32 (s, 2H, CH, of Nph), 4.51 (m, 1H, C*H of Val), 2.36 (m, 1H, C"H
of Val), 1.04 (d, 3H, J= 7.28 Hz, C'Hs of Val), 0.93 (d, 3H, J= 7.28
Hz, C'Hs of Val) ppm; *C NMR (100 MHz, CDCls): 198.7, 156.2,
134.6, 133.5, 133.2, 133.1, 131.7, 130.1, 129.5, 129.2, 128.4, 128.0,
127.7, 127.2, 127.0, 126.3, 126.2, 125.7, 67.52, 65.74, 31.23, 19.48,
16.87 ppm; MS (ESI) m/z for Cy3H,3NO3S (M+Na)* calcd.: 416.2191
found: 416.1297.

4.3 Gel Preparation and Characterization

Techniques

4.3.1 Gel Preparation

Compound 1 Nmoc-Y-SePh (20 mmol L™, 10.1 mg) was dissolved in
100 pL of ethanol. A solution of Cys-Gly (20 mmol L™, 3.5 mg) in
phosphate buffer (900 pL, pH 7-8) was mixed together and left

undisturbed at room temperature for 1h. Self-assembly of ligated
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product la was observed at 60 min after mixing with Cys-Gly
dipeptide. Formation of Nmoc-YCG was confirmed by HPLC and ESI-
MS. Similarly, compound 2 Nmoc-F-SePh (20 mmol L™, 9.7 mg) was
ligated to Cys-Gly at same reaction condition. The 2c is a ligated
product which forms sulfur-selenium bond with cleaved phenyl selenol
resulting into formation of self-supporting gel. The self-assembly of 2c
was observed at 15 min after NCL reaction. No self-assembly was
observed for compounds 3 to 8 at same reaction condition. Similarly,
compounds 1 to 4 were subjected to NCL reaction with cysteine at
same reaction conditions and ligated products were characterized by
HPLC and ESI-MS. None of them self-assembled in phosphate buffer
except 6b (Nmoc-FC-OH), which is the disulfide of ligated product
6a.

4.3.2 Dis-assembly Study

Dynamic self-assembly (NmFC), was monitored upon NCL reaction
under inert atmosphere. The NmFC is a ligated product formed upon
NCL reaction which remained in solution phase until exposure to air.
Self-supporting gel was observed when NmFC was exposed to air
which turned into disulfide (NmFC),. The gel-sol reversal
phenomenon was observed for (NmFC), upon addition of a reductant
Tris(2-carboxyethyl)phosphine (TCEP) 40 mmol/L at pH 5.8.

4.3.3 'H NMR Spectroscopy

All NMR spectra were recorded with 400 MHz Bruker AV 400 NMR
spectrometer. TMS was used as internal reference in the NMR spectra.
Compounds concentrations were in the range of 1-10 mmol in
(CD3),S0 and CDCls.

4.3.4 Polarimeter

Specific rotations of the synthesized compounds were measured on an

Autopol V automatic polarimeter (Rudolph research analytical). The
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cell (length =100 mm, capacity = 2 mL) was used for this study at 25
°C.

4.3.5 Mass Spectrometry

Mass spectra of peptides were recorded on Bruker micrOTOF-Q Il by
positive and negative mode electrospray ionizations.

4.3.6 High Performance Liguid Chromatograpy (HPLC)
Analysis

A Dionex HPLC-Ultimate 3000 (High Performance Liquid
Chromatography) pump was used to analyze native chemical ligated
products. 20 puL of sample was injected onto a Dionex Acclaim ® 120
C 18 column of 250 mm length with an internal diameter 4.6 mmand 5
um fused silica particles at a flow rate of I mL min™ (linear gradient of
40 % v/v) acetonitrile in water for 35 min, gradually rising to 100 %
(v/v) acetonitrile in water at 35 min). This concentration was kept
constant until 40 min when the gradient was decreased to 40 % (v/v)
acetonitrile in water at 42 min. The sample preparation was involved
mixing of 100 uL of gel/solution with acetonitrile-water (900 uL, 50:
50 mixture) containing 0.1 % trifluoroacetic acid. The samples were
then filtered through a 0.45 pm syringe filter (Whatman, 150 units, 13
mm diameter, 2.7 mm pore size) prior to injection. The native chemical
ligated products were identified by using Ultimate 3000 RS Variable
Wavelength Detector at 280 nm.

4.3.7 Rheology

Rheological measurements were carried out using an Anton Paar
Physica MCR 301 rheometer with parallel plate of geometry (25 mm
in diameter, 0.200 um gap). 200 uL of NmYCG, NmF(SePh)CG and
(NmFC), gels were prepared in glass vials and transferred onto the
plate of the instrument using microspatulla. The temperature was kept

at 25°C by using an integrated temperature controller. Then dynamic
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frequency sweep of the gel NmYCG, NmF(SePh)CG and (NmFC);
were measured as function of frequency in the range of 0.05-100 rad s’
! with constant strain value 0.05%. The time sweep was measured at
constant strain of 0.05%. To determine the exact strain for frequency
sweep and time sweep experiments the linear viscoelastic (LVE)
regime were performed at constant frequency of 10 rad s™.

Dis-assembly behavior of gel was performed by adding Tris(2-
carboxyethyl)phosphine (TCEP) (40 mmol/L, 10.6 ul) to a gel formed
by (NmFC), (20 mmol/L). The gels were transferred onto the plate of
rheometer by using micro-spatula immediately after addition of TCEP.
The time sweep measurement was done at constant strain of 0.05%. As
time sweep experiment shows that the gel (NmFC), started to break at
60 min, where the G’ (storage modulus) and G”* (loss modulus) started

to intermix with each other.

4.3.8 FT-IR Spectroscopy

Fourier transform infrared (FTIR) spectra were recorded using a bruker
(Tensor 27) FTIR spectrophotometer for wet gel material by using
ZnSe windows. The gel samples were placed between crystal Zn-Se
windows and scanned between 900 and 4000 cm™ over 64 scans at a

resolution of 4 cm™ and an interval of 1 cm™.

4.3.9 Circular Dichroism

Circular dichroism (CD) spectra were measured at 25°C on a Jasco J-
815 spectropolarimeter. Spectra were measured between 300 and 190
nm with a data pitch of 0.1 nm. The bandwidth was set to 1 nm with a
scanning speed of 20 nm min™ and a response time of 1 s. The path
length was 1 mm quartz cell (Starna Scientific Ltd. Hainault, UK).
Samples were prepared at concentration of 2 mmol/L. Experimental

data were acquired in thrice and the average data is shown.
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4.3.10 Time Correlated Single Photon Counting

Spectroscopy

A 2 mL of gel sample was prepared in a 1 cm? quartz cuvette and Time
resolved studies were done by a time correlated single photon counting
(TCSPC) system from Horiba Yovin (Model: Fluorocube-01-NL).
Samples were excited at 376 nm using a picosecond diode laser
(Model: Pico Brite-375L). The signals were collected at magic angle
(54.70) polarization using a photomultiplier tube (TBX-07C) as
detector, which has a dark counts less than 20 cps. The instrument
response function was typically 140 ps. The data analysis was
performed using IBH DAS (version 6, HORIBA Scientific, Edison,
NJ) decay analysis software.

The amplitude weighted lifetime was estimated by

() = Z?_lai T

where 7 is the fluorescence lifetime of various fluorescent species and
are the normalized pre-exponential factors. To gain the best fitting in

all cases the y° was kept near to unity.

4.3.11 Microscopic Techniques

Transmission electron microscopic images were taken using a
PHILIPS electron microscope (model: CM 200), operated at an
accelerating voltage of 200 kV. The 2 mmolL™ of dilute solution of the
gel was dried on carbon-coated copper grids (300 mesh) by slow
evaporation in air, then allowed to dry separately under vacuum at

room temperature.

AFM study was done by placing very dilute solution of gel (200 uL of
gel was dissolved in 800 pL of milii-Q water) on mica and allowed it
to dry in air for 2 days at room temperature. Images were recorded by
using scanning probe microscope AIST-NT instrument (model no.
smart SPM-1000).
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4.4 Results and Discussion

Native chemical ligation is a widely used method in proteins and
peptide synthesis. In the chapter, we focused on the redox active
peptides generated via selenoester mediated native chemical ligation.
L-Cysteineglycine, a prooxidant generated from the extracellular
glutathione through the catalytic activity of an enzyme v-
glutamyltransferase. Cys-Gly is known as a highly reactive
metabolite which is directly related to induce the oxidative stress in the
cells. Lin et al. (2007) reported that higher cysteineglycine level were
marginally associated with an increased risk of breast cancer in
women. ]

Here, we have exploited Cys-Gly dipeptide in the development of
dynamic peptide self-assembly through NCL reaction (figure 4.23).
The selenoester easily undergoes NCL reaction with Cys-Gly dipeptide

which could be an assay in further clinical research.
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Figure 4.23. Selenoester mediated native chemical ligation. Ligated products were
formed upon NCL of selenoesters with Cys-Gly and Cysteine at pH~8 and undergoes
dynamic peptide self-assembly. Nmoc-YCG 1a self-assembled in its reduced form
while Nmoc-F(SePh)CG 2c¢ (sulfur linked with selenophenol) and (Nmoc-FC-OH),

6b oxidized in presence of atmospheric air to form self-supporting soft materials.
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4.4.1 Ligation Study

The NCL reaction proceeds through thioester linked intermediate
where acyl transfers from Se—S™"! followed by intramolecular S—N
acyl transfer to give a peptide bond (Figure 4.23). A compound 1
Nmoc-Y-SePh (20 mmolL™, 10.1 mg) was dissolved in 100 pL of
ethanol. A solution of Cys-Gly (20 mmolL™, 3.5 mg) in phosphate
buffer (900 pL, pH~8) was mixed together and left undisturbed at
room temperature for 1h. Self-assembly of ligated product NmYCG
was observed at 60 min after mixing with Cys-Gly dipeptide.
Formation of Nmoc-YCG was confirmed by HPLC and ESI-MS.
Similarly, compound 2 Nmoc-F-SePh (20 mmolL™, 9.7 mg) was
ligated to Cys-Gly at same reaction condition. The NmF(SePh)CG is a
ligated product which forms sulfur-selenium bond with cleaved phenyl
selenol resulting into formation of self-supporting gel.

Table 4.1. Native chemical ligation under inert as well as air conditions
“Cys-Gly dipeptide, "Cysteine, °G = gel, S = solution

Entr  Sub CG* Conversion in Conversion in Gel”
y strat  and inert atm.* [%] air® [%]
e ct
1 1 CG >99 NmYCG >99 NmYCG G
2 2 CG 22.64/76° 77.36 G
NmFCG/ NmFC(SePh)G
NmFC(SePh)G
CG >99 NmLCG >99 (NmLCG), S
4 4 CG 65.79 NmVCG 63.35 S
(NmVCG),
5 1 C >99 NmYC 95.09 (NmYC), S
6 2 C 94.31NmFC 84.90 (NmFC), G
7 3 C >99 NmLC >99 (NmLC), S
8 4 C >99 NmVC 79.28 (NmVC), S

The self-assembly of NmFC(SePh)G was observed at 15 min after
NCL reaction. No self-assembly was observed for compounds 3 to 8 at
same reaction condition. Similarly, compounds 1 to 8 were subjected
to NCL reaction with cysteine at same reaction conditions and ligated
products were characterized by HPLC and ESI-MS (Figure 4.24-4.42).

None of them self-assembled in phosphate buffer except (NmFC)..
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Figure 4.24. A) Overlaid HPLC chromatograms for compound 1 showing peak la
after native chemical ligation in air as well as in inert atmosphere B) compound 2
showing peaks 2a in inert condition after native chemical ligation and sulfur selenide
bond of ligated product 2c in air.
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Figure 4.25. A) Overlaid HPLC chromatograms for compound 3 showing peaks 3a
in inert condition after native chemical Ligation and 3b disulfide of ligated product
in air B) compound 4 showing peak 4a in inert condition after native chemical

ligation and 4b disulfide of ligated product in air.
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Figure 4.26. A) Overlaid HPLC chromatograms for compound 1 showing peaks 5a
in inert condition after native chemical ligation and peak 5b for its corresponding
disulfide in air B) compound 2 showing peak 6a in inert condition after native

chemical ligation and peak 6b for its corresponding disulfide in air.
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Figure 4.27. A) Overlaid HPLC chromatograms for compound 3 showing peak 7a in
inert condition after native chemical ligation and peak 7b for its corresponding
disulfide in air B) compound 4 showing peak 8a in inert condition after native
chemical ligation and peak 8b for its corresponding disulfide in air.
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Figure 4.28. ESI-MS spectrum of ligated product NmYCG.
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Figure 4.29. ESI-MS spectrum of ligated product NmFCG.
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Figure 4.30. ESI-MS spectrum of ligated product NmF(SePh)CG.
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Figure 4.31. ESI-MS spectrum of ligated product NmLCG.
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Figure 4.33. ESI-MS spectrum of ligated product NmVCG.
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Figure 4.34. ESI-MS spectrum of ligated product (NmVCG),.
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Figure 4.26. ESI-MS spectrum of ligated product (NmYC),.
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Figure 4.37. ESI-MS spectrum of ligated product NmFC.
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Figure 4.38. ESI-MS spectrum of ligated product (NmFC),.
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Figure 4.39. ESI-MS spectrum of ligated product NmLC.
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Figure 4.40. ESI-MS spectrum of ligated product (NmLC),.
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Figure 4. 41. ESI-MS spectrum of ligated product NmVC.
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Figure 4.42. ESI-MS spectrum of ligated product (NmVC),.

4.4.2 Self-Assembly Study

Compounds 1-4 (20 mmol/L) were dissolved in 100 pL of ethanol and
Cys or Cys-Gly (20 mmol/L) was dissolved in 900 pL of phosphate
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buffer (pH = 7-8, 100 mmol/L). 900 pL of Cys or Cys-Gly was added
to the reaction vial containing compounds 1 to 4 (entries 1-8, Table
4.1). The reaction vial was allowed to leave undisturbed and self-
supporting gels were observed after 1 h of reaction for entries 1, 2 and
6. The ligation reactions of Nmoc capped amino acid based
selenoesters with Cys or Cys-Gly was monitored with reverse phase
high performance liquid chromatography (HPLC) and the
corresponding products were analyzed by ESI-MS (Figure 4.43C and
4.23-4.41). We also monitored the visual changes of solution 1 upon
mixing with dipeptide Cys-Gly in phosphate buffer. Initially milky
white solution was observed in 5 min which turned turbid to colorless
after 15 min. The colorless viscous solution was observed after 30 min
which turned into self-supporting gel after 60 min (Figure 4.44B). The
compound 1 gives >99 % ligated peptide with Cys-Gly and similarly
gives >99 % with cysteine (Table 4.1). Thus, NCL reaction with
selenoester is the easiest and simplest way to synthesis peptides.
However, the thioesters with similar amino acid sequences
(compounds 5-8) yielded poor conversion of peptides (Table Anx. 1)

and were unable to form gel under similar conditions.

R
? (" b
PS Se Phosphate o N Se
o N TS — Ho oo
o) o buffer, pH 7-8 4
Compound 4
E{ No ligation product was observed
R=

Figure 4.43. Control experiment with Nmoc-V-SePh and alanine

The control experiment with Nmoc capped Valine selenoester 3 with
alanine confirms the requirement of C-terminal cysteine group in
ligation reaction with selenoester (Figure 4.43). The free sulfhydryl
group plays an important role in biology such as in glutathione, which
regulates the oxidative stress in cell™ and also acts as an antioxidant.
Generally, it is oxidized to glutathione disulfide by donating its
electron to the reactive oxygen species. The enzyme glutathione

reductase converts glutathione glutathione disulfide to glutathione,
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which performs normal functions in cell. Typically, NCL reactions are
carried out in presence of reductant such as tris (2-carboxyethyl)
phosphine (TCEP) and dithiothreitol (DTT). TCEP or DTT helps to
avoid the formation of disulfides. Surprisingly, we have not used any
reductant for the reaction of compound 1 with Cys-Gly (entry 1). The
reduced form of Nmoc-Tyr-Cys-Gly was observed after 16 h in aerobic
condition.*® However, entries 3-8 showed exactly reverse behavior to
entry 1. Oxidized form of NCL products were observed for entries 3-8
in similar conditions to NCL reaction of entry 1 (Table 4.1).
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Figure 4.44. A) Dynamic self-assembly of 6b formed upon NCL reaction of
compound 2 with cysteine. NCL reation of compound 2 with cysteine gives NmFC 6a
under inert atmosphere and subsequently formed dynamic gel (NmFC), 6b upon
exposure to air. B) Visual indication of reaction progress initially mixing of
compound 1 (20 mmolL™) with Cys-Gly (20 mmol/L) in phosphate buffer at pH 7-8.
a) Milky white solution at 5 min, (b) turbid at 10 min, (c) colorless solution at 15
min, (d) colorless viscous solution at 30 min and (e) self-supporting gel formed after
60 min. C) HPLC trace analysis of a representative ligation of compound 2 with
Cys-Gly and Cysteine after 1 h with corresponding ESI-MS of ligated products. D)
HPLC traces of representative NCL reaction of compound 1 with Cys-Gly with

corresponding ESI-MS of ligated product.

A self-supporting gel for entry 1 was observed with 99% synthesized
peptide Nmoc-YCG. Another self-supporting gel for entry 6 was also
observed for the newly synthesized 84.9 % oxidized peptide (Nmoc-
Phe-Cys-OH),. However, in case of entry 2, a dipeptide Cys-Gly
reacted with compound 2 and formed the corresponding tripeptide
Nmoc-FCG. Nmoc-FCG further reacted with cleaved selenophenol and

formed sulfer-selenium bond (Figure 4.22). The resulting product
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NmF(SePh)CG turned to a self-supporting gel. Our data indicates that
reduced and oxidized form of ligated peptides can self-assemble and
lead to self-supporting gels.”™™ The self-assembly of ligated products
drives self-selection and self-organization into reduced and oxidized
form of peptides. The dis-assembly phenomenon of 6 was observed
using a reductant TCEP (40 mmol/L) after 2 h which further explores

gelators as versatile candidates for drug delivery (Figure 4.44A).
4.4.3 Rheological Study

The relative rigidity of soft materials formed upon NCL reactions was
analyzed using oscillatory rheology. The viscoelastic nature of self-
assembled gel was confirmed when storage modulus (G') found higher
by an order of magnitude than loss modulus (G") which indicates
elastic nature of a gel. The self-assembly of (Nmoc-FC), exhibits
higher value of G than the gel formed by NmYCG and NmF(SePh)CG
2c (Figure 4.45B, 4.46A and B). The time sweep experiment was
performed for (NmFC), gel which undergoes gelation upon disulfide
formation. The gelation process started at 12 min after NCL reaction
which was indicated by time sweep experiment (Figure 4.47A). The
disulfide reduction leads to gel-sol transition of (Nmoc-FC), which
was monitored with oscillatory time sweep experiment after addition
of TCEP (Figure 4.47B).
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Figure 4.45. A) Rheological measurement of LVE at constant frequency 10 rad s for

gel la. B) Dynamic frequency sweep of self-assembled peptide NmYCG la at

constant strain 0.05%.
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Figure 4.46. A) Dynamic frequency sweep of self-assembled peptide NmF(SePh)CG
2c¢ and B) (NmFC), 6b at constant strain 0.05%.

o (A) L ey .........III (B) G

o G" o L
10° 10 _* m 0O
DDDDDDDDDDD ﬁ;ﬂﬂﬂﬁ
O
%@%ﬁﬂf‘jﬂﬂ A Dg?‘:q}[p

< =
[ 1004 ™ [ u] 50 L
H .ﬁ = 3 0 O o &
tn 10°4 = = mH g
Q o jin} Og
C - oo o »
[©) o o oo
10" 4 ° o D% EDD LS|
10° 4 0
]
u]
10° T T T T T T T T
20 40 60 80 100 0.1 1 10 100

Time (min) Time (min)

Figure 4.47. Oscillatory rheology of a solution containing 20 mmol/L of (NmFC), at
25 °C shows that (NmFC), started gaining gelation property at 12 min B) a gel
containing 20 mmol/L of (NmFC), and solution of TCEP 40 mmol/L at 25 °C

indicates that the gel started breaking at 60 min.

4.4.4 Circular Dichroism and FTIR study

Circular dichroism is used to elucidate the secondary structure of
proteins and peptides. It also provides useful information about the
self-assembled architectures. We used CD to observe peptide
conformations in gel phase medium (Figure 4.48A). The selenoester 1
in NCL reaction with Cys-Gly peptide self-assembled in ethanolic
phosphate buffer solution. The CD spectrum of Nmoc-YCG (entry 1,
Table 4.1) shows a positive peak at 208 nm and a negative peak at 221
nm corresponding to the co-existence of random-coil and [-sheet
conformation.””! However, CD spectra of 2 and 6 in gel state show
characteristic twisted conformation. The two negative peaks at 222 nm
and 205 nm indicate twisted conformation of self-assembled

peptides.’”” The CD spectrum of gel (NmFC), upon treatment with
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TCEP indicates the change in conformation of the reduced dis-
assembled peptide (Figure 4.48B). Fourier transform infrared
spectroscopy (FTIR) was also used to support the secondary structures
of self-assembled peptides (Table 4.2). The ligated peptide Nmoc-YCG
shows peaks at 1640 cm™ and 1688 cm™ which correspond to turn type

structures.
30 25
(A) a) Nmoc-YCG la 20 4 (B) Nmoc-FC-CF-Nmoc with TCEP
204 b) Nmoc-FCG 2¢ Blank
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Figure 4.48. CD spectra of self-assembled peptides (a) Nmoc-YCG 1a, (b) Nmoc-
FCG 2c and (c) (NmFC), (concentration of 1a, 2¢, 6b = 2 mmol/L) formed upon NCL
reaction at pH~8 B) (NmFC), 6b gel upon treatment with TCEP which results into

gel-sol transition.

Table 4.2. FTIR analysis of peptide gels obtained via NCL

Sr. No. Peptide gel Amide-I Amide-11I (C-N stretching, N-
(C=0 stretching) H bending)

1 la 1640/1688 cm™ 1580/1534 cm™

2 2c 1610/1680 cm™ 1551/1504 cm™

3 6b 1685 cm™ 1589/1526 cm™

4.45 Time Correlated Single Photon Counting Study

A time resolved fluorescence study was acquired to investigate the
higher order aggregation of the fluorophore groups (Nmoc) of the
NmYCG, NmF(SePh)CG and (NmFC), gels. We measured
fluorescence decay traces of the gels at an excitation of 376 nm and the
emission was monitored at 470 nm. The average lifetime 1.14 ns of
Nmoc-YCG 1a, 3.39 ns of Nmoc-F(SePh)CG 2c and 1.06 ns of
(Nmoc-FC), 6b were observed (Table 4.3, Figure 4.49). The average
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fluorescence lifetime of the gel samples indicates a more dense

aggregated nanofibrous network in the gel state.
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Figure 4.49. Emission decay curves for self-supproting gels of Nmoc-YCG, Nmoc-
F(SePh)CG 2c¢ and Nmoc-FC-CF-Nmoc monitored at 470 nm (IRF: instrument

response function).

Table 4.3. Decay parameters for NmYCG, NmF(SePh)CG and (NmFC), gels.

Entry o a, 7,(ns) T,(NSs) T %(ns) 1
Nmoc-YCG (gel) 0.91 0.09 0.70 5.59 1.14 1.67
Nmoc-F(SePh)CG  0.71 0.29 1.31 7.04 3.39 1.10
(gel)

(Nmoc-FC), (gel)  0.94  0.06 0.84 478 1.06 1.26

4.4.6 Microscopic Study

The presence of secondary structures with viscoelastic properties make
it more curious about the structural morphology of the self-assembled
materials. We used transmission electron microscopy (TEM) to
characterize the morphology of the self-assembled architectures in gel
phase. The nanotubular®®! structures were observed for a gel formed
by Nmoc-YCG (entry 1) with average diameter of 150 nm. However,
gels formed by Nmoc-FCG (entry 2) and (Nmoc-FC-OH), (entry 6)
showed entangled nanofibrillar networks with the diameter ranging

from 10 to 60 nm (Figure 4.50).
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Figure 4.50. TEM images indicating nanotubular to nanofibrillar structures of self-
assembled gels A) Nmoc-YCG 1a B) Nmoc-F(SePh)CG 2c C) (NmFC), 6b.
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Figure 4.51. AFM images indicating nanofibrillar structures of self-assembled gels
A) NmYCG 1a, B) NmF(SePh)CG 2¢, C) (NmFC), 6b, D) AFM image of dis-
assembled peptide gel (NmFC), 6b (20 mmolL™) upon addition of TCEP (40 mmolL"

1y which converts to NmFC 6a indicating disruption of nanofibrillar structures.

The atomic force microscopy (AFM) studies of gels also showed
nanofibrillar morphology (Figure 4.51). The gel 1 exhibited highly
aligned nanostructures in gel phase medium with the height of 3 to 6
nm (Figure 4.51A). However, the gel formed by 2 showed elongated
thin nanofibrous morphology with average width of 2 nm. The AFM
analysis of 6 indicated that nanofibers originated from thick fibers. The
AFM result for gel-sol transition indicates the breaking of nanofibers

which leads to dis-assembly of self-assembled gel 6 (Figure 4.51D).
4.5 Conclusion

In summary, we showed a novel method based on selenoester mediated

native chemical ligation for the exploitation of peptide self-assembly.
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Cysteine and Cys-Gly peptide have provided mechanistic insight into
the NCL driven self-assembly process. We have also shown the redox
active dynamic peptide gels which are formed via oxidation and
reduction of the Nmoc-protected peptide synthesized via NCL
reactions. Here, gel-sol transition is highly dependent on the oxidation
and reduction of cysteine and cystine based peptides. Peptides are self-
assembled via hydrogen bonding and n-m stacking interactions and
peptides are redox active in nature. Here, selenoester mediated NCL
reaction are responsible for nanofibrillar structure. There are several
reports about the anchoring of peptides and polypeptides over
maleimide-functionalized lipids via thiol reactions. Our method can be
used to design desired peptides to anchor over such a biological
membrane. Such novel system will be useful to develop functional

biomaterials.
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Chapter 5
Emerging nt-Stacked Dynamic Nanostructured

Peptide Library

5.1 Introduction

Self-assembly™ plays a vital role in constructing complex functional
materials for applications in biosensing,”” 3D matrices for cell culture,!
drug delivery®™ and wound healing® treatment. Various small molecules,
including amino acids © carbohydratest” and antibiotics'® have been used
in the development of supramolecular hydrogels. Peptide self-assembly
leading to supramolecular hydrogels has been reported in response to
external stimuli including pH, ionic strength, temperature, light and
enzyme catalyzed reactions.!®! Enzyme catalyzed peptide hydrogels have
shown promise in biomedical applications.™ It has been reported that
enzymatic conversion promotes the formation of more ordered
nanostructures in supramolecular hydrogels.™ Xu and co-workers (2007)
reported that intracellular enzymatic formation of nanofibers results in
hydrogelation.™ Dynamic covalent chemistry exploits the reversibility of
chemicalreactions for the generation of library molecules under
thermodynamic control. In recent years, dynamic combinatorial libraries
(DCLs)™! are envisaged to build precise molecular architectures. Sanders
et al. reported one of the most successful hydrazone exchange reactions
for the generation of a dynamic combinatorial library.™! In addition to
host—guest relationships, covalent and noncovalent interactions alter the
distribution of library members. Lehn and co-worker (2005) developed
constitutional dynamic libraries based on supramolecular and reversible

connections which involve selforganization and component selection to
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generate dynamic hydrogels."®) Das et al. (2009) have shown the
construction of a dynamic library of building blocks of self-assembled
hydrogelators.™*®! Few principles need to be designed for the successful
generation of dynamic libraries where self-assembly facilitates towards the
most preferred component. Enzyme catalyzed peptide hydrolysis reactions
are close to equilibrium in aqueous medium and are thermodynamically
favoured.™™ Our objective is to exploit reversible breaking/making of
peptide bonds and non-covalent interactions that lead to theformation of a
single predominating product among the library members. The self-
assembly of molecules is based on the formation of hydrogen bonding as
well as m—m stacking interactions of highly conjugated aromatic
moieties.™ Here, we report the generation of a dynamic library of small
peptides with an N-terminal aromatic protecting group i.e. naphthalene-2-
methoxycarbonyl (Nmoc) that self-assemble to form self-supporting
hydrogels and ultimately lead to a nanostructured predominating product

via hydrogen bonding and m-stacking interactions (Figure 5.1).
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Figure 5.1. Synthesis of Nmoc-protected tripeptides.
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5.2 Experimental

2.2.(1) Synthesis of compounds 1 and 2

The Nmoc-protected amino acids were synthesized by reaction of Nmoc-
Cl with amino acid. The subsequent coupling of amino acids in tri-
peptides was achieved by conventional solution phase methodology.

5.2.1 Synthesis of Compound 1:
a) Synthesis of Nmoc-Cl 3: To a stirred solution of naphthalene

methanol (5 g, 31.6 mmol) in dry THF (140 mL), phosgene (39.2 ml, 75.5
mmol) was added at 0° C. The stirring was continued at ambient

temperature for 24 h. The reaction was monitored by thin layer
chromatography (TLC). After completion of reaction, excess phosgene
was removed under low vacuum and trapped with aqueous NaOH.
Reaction mixture was concentrated and oily product was obtained. Then, it

was dissolved in hot hexane to get crystalline product 3.

Yield = 6.8 g (30 mmol, 94.93 %). mp: 62 °C; FT-IR (KBr): ® 3066 (m),
1777 (s), 1601 (ms), 1168 (s) cm™ ; 'H NMR (400 MHz, CDCls): & 7.90
(d, 4H), 7.56 (m, 2H), 7.29 (s, 1H), 5.48 (s, 2H) ppm; **C NMR (100
MHz, CDCls): & 71.82, 125.7, 126.6, 127.8, 128.1, 128.6, 130.6, 133.5,
140.9, 147.9, 150.7 ppm.

Nmoc- Hs

Nmoc- Hs

Nmoc- Hs
CH, Hs

\_ )

N L o o B L o o L 00 i e o e
10 9 8 7 6 5 4 3 2 1 0

Chemical Shift (ppm)

Figure 5.2. 400 MHz *H NMR spectrum of Nmoc-Cl 3 in CDCls.
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b) Synthesis of Nmoc-Val-OH 4: A solution of valine (0.585 g, 5
mmol) in a mixture of 1, 4 dioxane (10 mL) and 1M sodium hydroxide (15
mL) was stirred and cooled in an ice-water bath. Naphthalene-2-
methyloxychloroformate (1.102 g, 5 mmol) was added and stirring was
continued at room temperature for 12 h. Reaction mixture was diluted with
200 mL of water and dioxane was evaporated under vaccum. Aqueous
layer was washed with diethyl ether and the pH of aqueous layer was
adjusted to 2 with 2N hydrochloric acid. The aqueous phase was extracted
with ethyl acetate (3 x 50 mL) and dried over Na,SO,4 and concentrated in

vacuo to give 4 as colorless oil.

Yield= 1.05 g, (3.5 mmol, 70 %); 'H NMR (400 MHz, CDCls): 7.93 (m,
4H, Nph), 7.54 (m, 3H, Nph), 7.35 (d, 1H, NH), 5.22 (s, 2H, CH, of
Nph), 4.12 (m, 1H, C°H of Val), 2.18 (m, 1H, C’H of Val), 0.92 (d, 6H,
C'H of Val) ppm; MS (ESI) m/z for Ci;HisNO, (M+Na)® calcd.:
324.1212, found: 324.1238
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Figure 5.1. 400 MHz *H NMR spectrum of Nmoc-Val 4 in DMSO-d.
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Figure 5.4. ESI-MS spectrum of Nmoc-Val 4.

c) Synthesis of Nmoc-Val(1)-Val(2)-OBn 5: A solution of Nmoc-Val-
OH 4 (3.2 mmol, 0.980 g) and HOBLt (3.2 mmol, 0.432 g) was stirred in 2
mL of DMF. A neutralized solution of valine benzyl ester (6.4 mmol,
2.425 g ) was extracted from its corresponding p-toluene sulfonate salt
and concentrated to add to the reaction mixture followed by di-
isopropylcarbodiimde (3.2 mmol, 0.403g) at 0°C and allowed to stirr at
room temperature for 12 hours. The mixture was diluted with ethyl
acetate and organic layer was washed with 1M HCI (2 x 30 mL), brine
solution, 1M Na,COs3 (3 x 30 mL) and brine solution. Ethyl acetate layer
was dried over Na,SO, and evaporated under vacuum to yield 5 as white

powder.

Yield= 1.56 g, ( 3.1 mmol, 96.87 %); *H NMR (400 MHz, CDCl5): & 7.86
(d, 4H, Nph), 7.46 (m, 3H, Nph), 7.33 (m, 5H, Ph), 7.28, (m, 1H, NH),
5.32 (s, 2H, CH; of Nph), 5.24 (s, 2H, CH, of Ph), 4.62 (m, 1H, C°H of
Val(2)), 4.06 (m, 1H, C*H of Val(1)), 2.13 (m, 2H, CPH of Val(1) and (2)),
0.99 (d, 6H, C'H of Val(2)), 0.88 (d, 6H, C'H of Val(1)) ppm. HRMS
(ESI) m/z for Ca9H34sN20s (M+Na)* calcd.: 513.2366, found: 513.2360.
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Figure 5.52. 400 MHz *H NMR spectrum of Nmoc-Val-Val-OBn 5 in CDCls.
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Figure 5.3. ESI-MS spectrum of Nmoc-Val-Val-OBn 5.

d) Synthesis of Nmoc-Val (1)-Val (2)-OH 6: A solution of Nmoc-Val
(1)-Vval (2)-OBn 5 (1.46 g, 2.9 mmol) in 20 mL of dry MeOH was allowed
to react with a solution of 17 mL 2M NaOH solution. The progress of the
reaction was monitored by thin layer chromatography (TLC). The reaction
mixture was stirred upto 10 h. Then, methanol was removed under
vacuum, residue was taken in 100 mL of water and washed with diethyl
ether (2 x 20 mL). Then, the pH of aqueous layer was adusted to 2 using 2
M HCI and it was extracted with ethyl acetate (3 x 30 mL) and dried over
anhydrous sodium sulfate and evaporated in vacuo to yield 6 as white

powder and used further without purification.
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Yield = 1.10 g, (2.7 mmol, 93.1 %). *H NMR (400 MHz, DMSO-d¢): &
12.6 (s, 1H, COOH), 7.92 (m, 4H, Nph), 7.53 (m, 3H, Nph), 7.36 ( d, 1H,
J= 8 Hz, NH), 7.31 (d, 1H, NH), 5.20 (s, 2H, CH, of Nph), 4.14 (m, 1H,
CH of Val(2)), 4.00 (m, 1H, C°H of Val(1)), 1.99 (m, 2H, CPH of Val(1)
and (2)), 0.90 (d, 12H, C'H of Val (1) and (2)) ppm. MS (ESI) m/z for
C22H2N205 (M+Na) ™ calcd.: 423.1998, found: 423.1911

s a
g ~
o =
S’ <
: = -
aromatic Hs and o o
NH of Val(1), (2) @ r =
(—’\—\ = &S = B
S =3 - B
« - ‘
kRS
OO
@) A
o ' I | I
O I ‘ y (l l
£ L ‘l r‘_ B llw_ L /
13 12 1" 10 9 V g 7 ----- 6 5 rrrrrrrr 4 vvvvvvvvv 3 2 1 “““““““ 0
Figure 5.4. 400 MHz *H NMR spectrum of Nmoc-Val-Val-OH 6 in DMSO-ds.
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Figure 5.8. ESI-MS spectrum of Nmoc-Val-Val-OH 6.

e) Synthesis of Nmoc-Val(1)-Val(2)-Val(3)-OBn 7: A solution of
Nmoc-Val(1)-Val(2)-OH 6 (1.00 g, 2.5 mmol) and HOBt (2.5 mmol,
0.337 g) was stirred in 2 mL of DMF. A neutralized solution of valine
benzyl ester was extracted from its corresponding p-toluene sulfonate salt
and concentrated to add to the reaction mixture followed by DIC (2.5

mmol, 0.315 g) at 0'C. The mixture was allowed to stir at room
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temperature for 12 h. The mixture was diluted with ethyl acetate and
organic layer was washed with 1M HCI (2 x 30 mL), brine solution, 1M
Na,COs3 (3 x 30 mL) and brine solution. The ethyl acetate layer was dried
over Na;SO, and evaporated under vacuum to yield 7 as white solid.
Purification was done by silica gel column (100-200 mesh) using ethyl

acetate-toluene as eluent.

Yield= 1.12 g, (1.9 mmol, 76%). ‘H NMR (400 MHz, CDCls): & 7.84 (d,
4H, J= 8 Hz, Nph), 7.49 (m, 3H, Nph), 7.45 (d, 1H, NH), 7.41 (d, 1H,
NH), 7.35 (m, 5H, Ph), 7.21 (d, 1H, NH), 5.28 (s, 2H, CH, of Nph), 5.14
(s, 2H, CH; of Ph), 4.63 (m, 1H, C°H of Val(3)), 4.36 (m, 1H, C"H of
Val(2)), 4.07 (m, 1H, C°H of Val(1)), 2.19 (m, 3H, C"Hs of Val(1), (2),
and (3)), 0.93 (d, 18H, C'Hs of Val Val(1), (2), and (3)) ppm; MS (ESI)
m/z for Ca4H43N306 (M+Na)" calcd.: 612.3152, found: 612.3127
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Figure 5.9. 400 MHz "H NMR spectrum of Nmoc-Val-Val-Val-OBn 7 in CDCls.
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Figure 5.10. ESI-MS spectrum of Nmoc-Val-Val-Val-OBn 7.

f) Synthesis of Nmoc-Val(1)-Val(2)-Val(3)-OH 1: A solution of
Nmoc-Val(1)-Val(2)-Val(3)-OBn 7 (1.02g, 1.7 mmol) in 50 mL of dry
MeOH allowed to react with a solution of 25 mL (2M) NaOH solution.
The progress of the reaction was monitored by thin layer chromatography
(TLC). The reaction mixture was stirred upto 12 h. Then, methanol was
removed under vacuum, residue was taken in 100 mL of water and washed
with diethyl ether (2 x 20 mL). Then, the pH of aqueous layer was adusted
to 2 using 2M HCI and it was extracted with ethyl acetate (3 x 30 mL) and
the ethyl acetate layer was dried over anhydrous sodium sulfate and
evaporated in vacuo to yield 1 as white solid and used further without

purification.

Yield= 0.618 g (1.2 mmol, 70.58 %). FT-IR (KBr): 3388 (s), 3065(m),
1711 (ms), 1640 (s), 1542 (s), 1462 (m) cm™ ; 1H NMR (400 MHz,
DMSO-ds): & 7.89 (m, 4H, Nph), 7.54 (m, 3H, Nph), 7.50 (d, 1H, NH),
7.42 (d, 1H, NH), 5.75 (m, 2H, CH, of Nph), 4.32 (m,1H, C*H of Val(3)),
4.12 (m, 1H, C*H of Val(2)), 3.95 (m, 1H, C*H of Val(1)), 2,09 (m,
3H,CPHs of Val(1), (2), and (3)), 0.86 (d, 18H, C'Hs of Val(1), (2), and
(3)); *C NMR (100 MHz, DMSO-dg) & 17.4, 17.9, 18.1, 18.9, 19.0, 19.1,
29.6, 30.1, 30.7, 60.3, 62.8, 65.3, 125.5, 125.9, 126.3, 126.5, 127.5, 127.9,
132.4, 132.7, 134.7, 142.4, 156.0, 171.0, 172.0, 172.6, 174.0 ppm. MS
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ESI) m/z for C,7H37N30s (M+Na)* calcd.: 522.2580, found: 522.2559.
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Figure 5.11. 400 MHz *H NMR spectrum of Nmoc-Val-Val-Val-OH 1 in DMSO-d.
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Figure 5.125. 100 MHz **C spectrum of Nmoc-Val-Val-Val-OH 1 in DMSO-d.
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Figure 5.136. ESI-MS spectrum of Nmoc-Val-Val-Val-OH 1.

5.2.2 Synthesis of Compound 2:
a) Synthesis of Boc-Phe-OH 8: A solution of phenylalanine (3.3 g, 20
mmol) in a mixture of 1, 4 dioxane (40 mL), 1N sodium hydroxide (20
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mL) and water (20 mL) was stirred and cooled in an ice-water bath. Boc-
anhydride (4.8 mL, 21 mmol) was added and stirring was continued at
room temperature for 12 h. Reaction mixture was diluted with 200 mL of
water and dioxane was evaporated under vaccum. Aqueous layer was
washed with diethyl ether and the pH of aqueous layer was adjusted to 2
with 2N hydrochloric acid. The aqueous phase was extracted with ethyl
acetate (3 x 50 mL) and dried with Na,; SO, and concentrated in vacuo to
obtain product 8 as colorless oil.

Yield= 5.105 g (19.2 mmol, 96 %) 'H NMR (400 MHz, DMSO-ds): &
12.59 (s, 1H, COOH), 7.25 (m, 5H, Phe), 7.10 (d, 1H, J= 8.52, NH), 4.09
(9, 1H, C*H of Phe), 3.04 (dd, 1H, J= 4.52 Hz and 4.52 Hz, C* H of Phe),
2.81 (dd, 1H, C* H of Phe), 1.32 (s, 9H, Boc), ppm; MS (ESI) m/z for
C14H190NO4 (M+Na)* caled.: 288.1212, found: 288.1223

Boc- Hs
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Figure 5.14. 400 MHz *H NMR spectrum of Boc-Phe-OH 8 in DMSO-ds.
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b) Synthesis of Boc-Phe(1)-Phe(2)-OCHs3; 9: A solution of Boc-Phe-
OH (1.32 g, 5 mmol ) and HOBt ( 5 mmol, 0.677 g) was stirred in 2 mL of
DMF. A neutralized solution of phenyalanine methyl ester was extracted
from its corresponding hydrochloride salt and concentrated to add to the
reaction mixture followed by DCC (5.1 mmol, 1.052 g) at 0°C. The
mixture was allowed to stir at room temperature for 12 h. The mixture was
diluted with ethyl acetate and organic layer was washed with 1M HCI (2 x
30 mL), brine solution, 1M Na,COj3 (3 x 30 mL) and brine solution. The
ethyl acetate layer was dried over Na,SO, and evaporated under vacuum
to yield white solid product 9. Purification was done by silica gel column

(100-200 mesh) using ethyl acetate- toluene as eluent.

Yield= 1.85g, (4.6mmol, 92 %). *H NMR (400 MHz, CDCls):  7.24 (m,
10H, Phe (1) and (2)), 7.00 (d, 1H, NH), 6.28 (d, 1H, J= 7.76 Hz, NH),
4.81(qg, 1H C“H of Phe(2)), 4.34 (g, 1H of C" H of Phe (1)), 3.69 (s, 3H,
OCH?®), 3.06 (d, 4H, J= 6.04 Hz, C" H of Phe (1) and (2)), 1.47 (s, 9H,
Boc Hs)) ppm. HRMS (ESI) m/z for Cy4H3N20s (M+Na)* calcd.:
449.2052, found: 449.2086
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Figure 5.16. 400 MHz 'H NMR spectrum of Boc-Phe-Phe-OCHj; 9 in CDCls.
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Figure 5.17. ESI-MS spectrum of Boc-Phe-Phe-OCHj; 9.

c) Synthesis of NH,-Phe-Phe-OCH3; 10: A solution of Boc-Phe-Phe-
OMe 9 (1.6 g, 3.7 mmol) in TFA stirred for 12 h under argon at room

temperature. The excess TFA was removed under vaccum. Oily residue

was taken in 100 mL of water and washed with diethyl ether (2 x 20 mL).

White product 10 was obtained after lypholization and used further for the

reactions.
Yield= 1.18 g (3.6 mmol, 97.29 %) 'H NMR (400 MHz, DMSO-dg): &
9.02 (d, 1H, J= 9.64 Hz, NH), 8.13 (s, 3H, NH,), 7.29 (m, 10H, Phe (1)
and (2)), 4.60 (m, 1H, C°H of Phe (2)),4.03 (m, 1H, C*H of Phe (1)), 3.61
(s, 3H, OCHa), 3.08 (d, 2H, CP Hs of Phe (2)), 2.94 (d, 2H, C" Hs of
Phe(1)) ppm; MS (ESI) m/z for Ci9H23N,05 (M+H)" calcd.: 327.1709,
found: 327.1717
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Figure 5.18. 400 MHz 'H NMR spectrum of NH,-Phe-Phe-OCH; 10 in DMSO-de.
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Figure 5.19. ESI-MS spectrum of NH,-Phe-Phe-OCH; 10.

d) Synthesis of Nmoc-Phe-OH 11: A solution of phenylalanine (0.825
g, 5 mmol) in a mixture of 1,4 dioxane (10 mL) and 1M sodium hydroxide
(15 mL) was stirred and cooled in an ice-water bath. Naphthalene-2-
methoxychloroformate (1.102 g, 5 mmol) was added and stirring was
continued at room temperature for 12 h. Reaction mixture was diluted with
200 mL of water and dioxane was evaporated under vaccum. Aqueous
layer was washed with diethyl ether and the pH of aqueous layer was
adjusted to 2 with 2N hydrochloric acid. The aqueous phase was extracted
with ethyl acetate (3 x 50 mL) and dried over Na,SO,4 and concentrated in

vacuo to give product 11 as colorless oil.

Yield= 1.568 (4.4 mmol, 88 %) ‘H NMR (400 MHz, DMSO-de): & 12.8 (s,
1H, COOH), 7.90 (d, 4H, J=7.6 Hz, Nph), 7.53 (t, 3H, Nph), 7.40 (d, 1H,
J=8.52 Hz, NH), 7.23 (m, 5H, Ph), 5.15 (s, 2H, CH, of Nph), 4.19 (t, 1H,
C* H of Phe), 3.07 (d, 2H, C* H of Phe) ppm. MS (ESI) m/z for
C21H19NO4 (M+Na)* caled.: 372.1212, found: 372.1206
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Figure 5.20. 400 MHz *H NMR spectrum of Nmoc-Phe-OH 11 in DMSO-d.
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Figure 5.21. ESI-MS spectrum of Nmoc-Phe-OH 11.

e) Synthesis of Nmoc-Phe-Phe-Phe-OCH3 12: A solution of Nmoc-
Phe-OH (1.42 g, 4.1 mmol ) and HOBt ( 0.555 g, 4.1mmol) was stirred in
2 mL of DMF. A neutralized solution of NH,-Phe(1)-Phe(2)-OMe 11
(1.34 gm, 1 mmol) was added to the reaction mixture followed by DCC
(0.866 g, 4.2 mmol) at 0°C. The mixture was allowed to stir at room
temperature for 12 h. The reaction mixture was diluted with ethyl acetate
and organic layer was washed with 1M HCI (2 x 30 ml), brine solution,
1M Na,COs3 (3 x 30 mL) and brine solution, dried over Na,SO, and
evaporated under vacuum to yield white solid product 12. Purification was
done by silica gel column (100-200 mesh) using ethyl acetate- toluene as

eluent.

Yield= 1.54 g (2.3 mmol, 56.09 %) ‘*H NMR (400 MHz, CDCls): 5 7.85
(d, 4H, J= 8.04 Hz, Nph) 7.51 (dd 3H, Nph), 7.23 (m, 15H, Phe 1,2,3)
7.15 (d, 1H, J= 6.5 Hz, NH), 7.07 (d, 1H, J= 7.04 Hz, NH), 7.01 (d, 1H,
NH), 5.22 (s, 2H, CH, of Nph), 4.75 (m, 1H, C®H of Phe(3)), 4.57 (m,
1H, C"H of Phe(2)), 4.39 (m, 1H, C“H of Phe (2)), 3.74 (s, 3H, OCH),
3.15 (d, 2H, CP H of Phe (3)), 3.09 (d, 2H, CP H of Phe (2)), 3.06 (d, 2H,
C? H of Phe (1)) ppm; HRMS (ESI) m/z for C4oH3sN30g (M+Na)+ calcd.:
680.2737, found: 680.2733
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Figure 5.22. 400 MHz *H NMR spectrum of Nmoc-Phe-Phe-Phe-OCH; 12 in CDCls.
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Figure 5.23. ESI-MS spectrum of Nmoc-Phe-Phe-Phe-OCH; 12.

f) Synthesis of Nmoc-Phe(1)-Phe(2)-Phe(3)-OH 2: A solution Nmoc-
Phe(1)-Phe(2)-Phe(3)-OCH3; 12 ( 0.201 g, 0.3 mmol) in 100 mL of dry
MeOH was allowed to react with a solution of 2M NaOH. The progress of
the reaction was monitored by thin layer chromatography (TLC). The
reaction mixture was stirred upto 12 h. Then, methanol was removed
under vacuum, residue was taken in 100 mL of water and washed with
diethyl ether (2 x 20 mL). Then, the pH of aqueous layer was adjusted to 2
using 2M HCI and it was extracted with ethyl acetate (3 x 30 mL) and
ethyl acetate layer was dried over anhydrous sodium sulfate and
evaporated in vacuo to yield 2 as white solid and used further without

purification.

Yield= 0.18 g (0.27 mmol, 90 %) FT-IR (KBr): 3292 (s), 3061(m), 1707
(ms), 1647 (s), 1541 (s), 1444 (m) cm™ ; *H NMR (400 MHz, DMSO-ds):
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8 12.8 (s, 1H, COOH), 8.07 (d, 1H, J= 8.24 Hz, NH), 7.89 (m, 4H, Nph),
7.77 (s, 1H, Nph), 7.52 (d, 2H, Nph), 7.48 (d, 1H, J=8.8 Hz, NH), 7.36 (d
1H, J= 8 Hz, NH), 7.24 (m, 15H, Phe (1), (2) and (3)), 5.09 (s, 2H, CH, of
Nph), 4.59 (g,1H, C°H of Phe (3)), 4.46 (g, 1H, C*H of Phe (2)), 4.23 (q,
1H, C*H of Phe (1)), 3.03 (d, 2H, C” Hs of Phe (3) ), 2.94 (d, 2H, C" Hs of
Phe (2)), 2.84 (d, 2H, C* Hs of Phe (1) ) ppm; *C NMR (100 MHz,
DMSO-dg) & 173.6, 172.6, 171.5, 171.1, 170.0, 163.3, 156.7, 155.6, 138.0,
137.5, 137.4, 137.3, 134.5, 132.6, 132.5, 132.3, 129.6, 129.4, 129.2, 129.0,
128.6, 127.9, 127.8, 127.6, 127.5, 126.3, 126.2, 126.1, 126.0, 125.9, 125.4,
65.2, 56.0, 53.4, 37.6, 37.4, 36.6, 289 ppm. MS (ESI) m/z for
C3gH37N306 (M+Na)" calcd.: 666.2580, found: 666.2580

aromatic Hs and NH
of Phe(1), Phe (2) and Phe (3)

Phe(1) and Phe(2) and Phe (3)

CH, Hs
gc & Hs of
Hs of
Phe(1) and Phe(2) and Phe (3)

I
o]
]
(@]
.
A A A L e aAaay
13 12 11 10 9 8 7 6 5 4 3 2 1 0

Chemical Shift (ppm)

Figure 5.24. 400 MHz *H NMR spectrum of Nmoc-Phe-Phe-Phe-OH 2 in DMSO-ds.
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Figure 5.25. 100 MHz **C NMR spectrum of Nmoc-Phe-Phe-Phe-OH 2 in DMSO-ds.
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Figure 5.26. ESI-MS spectrum of Nmoc-Phe-Phe-Phe-OH 2.

5.3 Gel Preparation and Characterization

Techniques

5.3.1 Gel Preparation

Nmoc-VVV (20 mg, 20 mmol L™) was dispersed in 2 mL water. The pH
of the peptide-water mixture was first increased to pH 10 by addition of
0.5 M NaOH, thereby solubilizing the peptide, and then gradually taken
back to pH 6.5-7 by slow addition of 0.1 M HCI. Nmoc-VVV could not
forma gel. 1 mg (~ 40 U mg™) thermolysin was added to the reaction vial.
It turned to strong gel within 1 h of reaction time and was stable for two
months. Nmoc-FFF solution was formed in a similar manner. 20 mmol
Nmoc-amino acids (valine, V; phenylalanine, F) with a fourfold excess of
nucleophile (VV, FF dipeptides) were solubilised in 2 mL water by the
dropwise addition of 0.5 M NaOH and the pH was adjusted to 8 by
addition of 0.1M HCI. Thermolysin (1 mg) was added to the reaction

mixture and product formation was detected using HPLC.

5.3.2 *H NMR Spectroscopy

All NMR spectra were recorded at 400 MHz Bruker AV 400 NMR

spectrometer. TMS was used an internal reference in the NMR spectra.
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Peptide concentrations were in the range of 1-10 mmol in (CD3),SO and
CDCls.

5.3.3 Mass Spectrometry

Mass spectra of peptides were recorded on Bruker micrOTOF-Q Il by
positive and negative mode electrospray ionizations.

5.3.4 High Performance Liquid Chromatograpy (HPLC)
Analysis

A Dionex HPLC-Ultimate 3000 (High Performance Liquid
Chromatography) pump was used to analyze library components. A 20 uL
of sample was injected onto a Dionex Acclaim ® 120 C 18 column of 250
mm length with an internal diameter 4.6 mm and 5 pum fused silica
particles at a flow rate of 1 mL min™ (linear gradient of 40 % v/v)
acetonitrile in water for 35 min, gradually rising to 100 % (v/v)
acetonitrile in water at 35 min). This concentration was kept constant until
40 min when the gradient was decreased to 40 % (v/v) acetonitrile in
water at 42 min. The sample preparation involved mixing of 100 pL of
gel/solution with acetonitrile-water (900 pL, 50: 50 mixture) containing
0.1 % trifluoacetic acid. The samples were then filtered through a 0.45 um
syringe filter (Whatman, 150 units, 13 mm diameter, 2.7 mm pore size)
prior to injection. The library components were identified by using
Ultimate 3000 RS Variable Wavelength Detector at 280 nm.

5.3.5 Rheology

Rheological measurement was carried out using an Anton Paar Physica
MCR 301 rheometer with cone plate of geometry (25 mm in diameter, 50
um gap and 1° cone). Nmoc-V hydrogel 200 pL poured onto the plate of

the instrument, which was kept at 25°C by using an integrated temperature
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controller. Then dynamic frequency sweep of the hydrogel Nmoc-V were
measured as function of frequency in the range of 0.1-100 rad s* with
constant strain value. The stiffness of gel was determined when the value
storage modulus G’ exceed over the loss modulus G”’. The value of G’ for
hydrogel is almost 20 times more than value G’ indicating very strong

hydrogel.

5.3.6 Fluorescence Spectroscopy

Fluorescence spectra were recorded for a solution of Nmoc-VVV (20 mg
mL™) prior to enzyme addition and hydrogel formed by Nmoc-V after
addition of enzyme. Excitation wavelength was A¢=265. A small peak
was observed at 463 nm which indicates excimer formation in higher
order state. To get more significant about peak at 463 nm, we excited gel
sample at 380 nm showed prominent peak at 463 nm.

5.3.7 Time Correlated Single Photon Counting

Spectroscopy

A 2 mL of gel sample was prepared in a 1 cm? quartz cuvette and time
resolved studies were done by a time correlated single photon counting
(TCSPC) system from Horiba Yovin (Model: Fluorocube-01-NL).
Samples were excited at 376 nm using a picosecond diode laser (Model:
Pico Brite-375L). The signals were collected at magic angle (54.70)
polarization using a photomultiplier tube (TBX-07C) as detector, which
has a dark counts less than 20 cps. The instrument response function was
typically 140 ps. The data analysis was performed using IBH DAS
(version 6, HORIBA Scientific, Edison, NJ) decay analysis software.

The amplitude weighted lifetime was estimated by

(v) = leai Ti
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where 7; is the fluorescence lifetime of various fluorescent species and are
the normalized pre-exponential factors. To gain the best fitting in all cases,
the y* was kept near to unity.

5.3.8 Microscopy

The morphologies of the peptide nanofibers were characterized using a
field-gun scanning electron microscope (Jeol JSM-7600F). The gel

samples were dried on a glass cover slip and coated with platinum.

5.4 Results and Discussion

5.4.1 Self-assembly

DCLs are established when library components continuously exchange
themselves via reversible reactions under thermodynamic control. A
viscous solution of Nmoc-VVV 1 was observed in a pH dependent manner
at pH 6.5-7 at a concentration of 0.9 wt% but it could not form gel rather
than a viscous solution. Non-specific endoprotease enzyme thermolysin
was added to the solution of Nmoc-VVV and was left at room temperature
for about 3 h, resulting in the formation of a self-supporting rigid
hydrogel. The hydrogel remained stable for two months. Thermolysin was
chosen as the endoprotease to bring about peptide hydrolysis and reverse
hydrolysis (Figure 5.27) of peptide 1 leading to the formation of a
predominating product Nmoc-V at pH 7 driven by =n-stacking interactions

of aromatic Nmoc groups.

The HPLC results indicated that 87% of 1 was converted to Nmoc-V after
48 h (Figure 5.28A) and that self-assembly of this newly generated species
leads to a self-supporting supramolecular hydrogel. Based on the above
DCL concept, the synthesized compound Nmoc-FFF 2 was also tested for

hydrogelation.
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Figure 5.27. Schematic representation showing enzymatic hydrolysis/reverse hydrolysis,
self-assembly of a single predominating product and formation of a self-supporting

hydrogel.

Nmoc-FFF 2 was dispersed and solubilised in water at a concentration of
1.2 wt% by the dropwise addition of 0.5 M NaOH, then gradually
decreased to pH 7 by the slow addition of 0.1 M HCI. This system turned
into a self-supporting hydrogel.

100 1005
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= Nmoc-FFF

®  Nmoc-F
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v Nmoc-FFFFF
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60

% of Conversion
% of conversion
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Figure 5.28. A) Percentage of Nmoc-V conversion as a function of time followed by
HPLC B) percentage of conversion for Nmoc-F, Nmoc-FF and Nmoc-FFFFF as function
of time followed by HPLC. It was achieved from Nmoc-FFF after treatment with enzyme

thermolysin.

Compound 1 itself self-assembles in water and forms a hydrogel upon
treatment with enzyme and generates a library of components with the
single predominating product Nmoc-V. However, compound 2 showed

exactly reverse behaviour to 1 on treatment with thermolysin.
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Figure 5.29. HPLC chromatograms show conversion for Nmoc-V when a solution of

Nmoc-VVV treated with thermolysin at different time

r Nmoc-FFF (standard)

A NmOC—F2

— library components
of Nmoc-FFF 15 h
Nmoc-F, Nmoc-F,

Height (mAU)

A

Nmoc-FF (standard)

—— Nmoc-F (standard)

2I?Qet. Time (min)

30

Figure 5.30. HPLC chromatograms showing the library of components generated when
Nmoc-FFF treated with thermolysin ( Nmoc-F, Nmoc-FF, Nmoc-FFF, Nmoc-FFFF and

Nmoc-FFFFF).

It forms a library of four components with an uneven distribution and

turns to liquid under similar conditions (Figure 5.30). All the newly

synthesized products were characterized by reverse phase HPLC and ESI-
MS (Figure 5.32-5.33). The hydrogel 1 starts breaking slowly when the
pH is lowered below 5. It is entirely precipitated out at pH 4. At higher pH

(>8) the gel also starts breaking slowly and at pH 11 the gel to sol

transition occurs completely.
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Figure 5.7. HPLC chromatogram showing reverse hydrolysis for Nmoc-F and FF to
obtain Nmoc-FFF.
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Figure 5.8. ESI-MS spectrum confirms the formation of library members Nmoc-V and
Nmoc-VVV
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Figure 5.33. ESI-MS spectrum confirms the generation library of components Nmoc-F,
Nmoc-FF, Nmoc-FFF and Nmoc-FFFFF.

192



Intens, [
6442854 [M+H]™
8000 Biges
FF Nmoc-FFF
sooo| [MFH] [M+Na]”
313.1683 5 600.2916 6662656
a0 [M+Na] 479.2033
335.1453 ‘
Nmoc-F
2400 3721278 [M+Na]~
357.1263 ~
oLt U (s (oS ||, sowem sy
300 350 400 450 T 500 550 60 60 700

m/z

Figure 5.34. ESI-MS spectrum confirms the formation Nmoc-FFF from Nmoc-F and FF

upon enzymatic reverse hydrolysis.

Nmoc-amino acids (valine, V; phenylalanine, F) with a fourfold excess of
nucleophiles (VV, FF dipeptides) were solubilised in water and
thermolysin was added to the reaction mixture at pH 8.16. Newly
generated product was not obtained from the Nmoc-V/VV system. 72%
Nmoc-FFF (Figure 5.31and 5.34) was formed from the Nmoc-F/FF
system at 24 h and it turned into a hydrogel within 1 h of enzyme addition.
Four fold excess of nucleophile is required for reverse hydrolysis reactions
under similar conditions to peptide hydrolysis reactions. Nmoc-V is the
predominating product obtained from parent Nmoc-VVV using enzyme
catalyzed peptide hydrolysis reaction. These results clearly demonstrate
that enzyme-catalyzed self-assembly (hydrogelation) facilitates the

formation of the most stable predominating component.

5.4.2 Rheological Study

The viscoelastic properties of the hydrogel Nmoc-VVV/Nmoc-V system
were characterized using oscillatory rheology. A rigid strong hydrogel has
a storage modulus (G’) value that exceeds the loss modulus (G*”) value by
an order of magnitude.™ Dynamic frequency sweep testing was carried
out to study the hydrogel formation on different time scales (figure 5.35-
5.36).
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Figure 5.35. A) Comparison between the storage modulus (G’) and loss modulus (G”’) at
a particular point of angular frequency (10.7 s™) with the course of reaction time at a
constant strain of 0.1%. B) Dynamic frequency sweep showing viscoelastic nature of
Nmoc-V hydrogel a) a solution of Nmoc-VVV prior enzyme addition and b) hydrogel of
Nmoc-V 5 min after addition of enzyme.

G’ overlaps with G’ (Figure 5.35 A) suggesting that the viscous solution
of Nmoc-VVV is not fairly strong prior to enzyme addition. Thermolysin
was added to the solution of 0.9 wt% of peptide Nmoc-VVV at pH 7 for
rheological studies. However G’ and G’ increased with time, the value of
G’ dominating over G’ about 5 min after addition of thermolysin (Figure
5.35A). As shown in Figure 5.35A, G’ was much higher than G’ after
about 1 h of reaction. After about 2 days of enzyme reaction the G’ value
for the hydrogel is almost 20 times that of G”’, indicating the extensive 3D

network in the hydrogel.
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Figure 5.36. A) Dynamic frequency sweep showing viscoelastic nature of Nmoc-V
hydrogel @) Nmoc-V hydrogel after 1 h of enzyme reaction and b) Nmoc-V hydrogel after
6 h of enzyme reaction.B) Nmoc-V hydrogel 1 day after enzyme reaction and b) Nmoc-V

2 days after enzyme reaction.
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5.4.3 Fluorescence Study

Fluorescence emission spectra were recorded to gain more insight into the

molecular arrangement of the gelator molecules in the gel phase.
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Figure 5.37. Normalized fluorescence spectra taken during the self-assembly process: (i)
solution of Nmoc-VVV prior to enzyme addition and (ii) gel of Nmoc-V after enzyme
addition (Aex = 265 nm).

As peptide 1 formed a gel only upon enzyme addition, the emission peak
originating from the naphthalene double ring centered at 334 nm (in
solution) was red shifted to 340 nm (gel phase) (Figure 5.37). The
hydrogel formed by self-assembly of a predominating library member
Nmoc-V derived from peptide Nmoc-VVV which forms efficient n-n
stacking interactions in the gel phase medium. An emission peak centered

at 463 nm suggests excimer formation at a higher order aggregate state.

5.4.4 Time Correlated Single Photon Counting Study

A time resolved fluorescence study was acquired to investigate the higher
order aggregated states of the fluorophore groups (Nmoc) of the Nmoc-V
hydrogel. Time resolved fluorometry allows very keen discrimination
between fluorophore species in different environments by contributing
individual emissions at the same wavelength. The fluorescence decay time

of the Nmoc-V hydrogel was measured at an excitation wavelength of 376
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nm and the emission was monitored at 463 nm. Tri-exponential decay was
fitted to measure the lifetime of Nmoc-V hydrogel at 1 day after enzyme
addition (Figure 5.38). The average lifetime was 0.7755 ns of Nmoc-VVV
prior to enzyme addition. The average lifetime of 1.108 ns of the Nmoc-V
hydrogel was observed a day after enzyme addition at room temperature
(Table 5.1).
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Figure 5.38. A) Emission decay curves for a solution of Nmoc-VVV prior to enzyme
addition monitored at 463 nm (IRF: instrument response function). B) gel Nmoc-VVV/

Nmoc-V system monitored at 463 nm after a day (IRF: instrument response function).

Table 5.1. Decay parameters for hydrogel of Nmoc-V after enzyme reaction at different

time.
Nmoc- o o o3 71 (NS)  Tx(NS) 3(ns) 7%(ns) x°
\VAYAY
Prior to 021 0.05 0.74 1.2374 7.0116 0.24230 0.7755 1.3455
enzyme
addition
6h 0.27 0.06 0.67 14205 6.7926 0.4091 1.0436 1.1981
24 h 024 005 0.70 1.6119 7.1659 0.4615 1.1080 1.1488
36 h 0.26 006 0.68 15301 6.8341 0.4375 1.1140 1.2106
48 h 023 071 0.06 1.7070 0.4857 7.2150 1.1402 1.2374

° The amplitude weighted average lifetime, Normalized amplitude of each

component is given by a
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This value, showing the fluorescence lifetime of the naphthalene groups of
hydrogel samples with time scale, indicates a more dense aggregated
nanofibrous network in the hydrogel. %

5.4.5 Microscopic Study

Field-emission scanning electron microscopy (SEM) was used to reveal
the self-assembled nanostructures of the hydrogel in a time dependent
manner that relate to the self-assembly kinetics of the system. As shown in
Figure 5.39, the hydrogelator Nmoc-V self-assembled into nanofibers that
cross-linked to form a fibrous network. The image (Figure 5.39) shows the
dense mass of Nmoc-VVV prior to enzyme addition when the conversion
of gelator was zero. However, there was an extreme change in
morphology of the hydrogelator Nmoc-V after enzyme addition. Figure
5.39B shows a highly dense mass of gelator because of the inefficient self-
assembly of the hydrogelator Nmoc-V when the conversion of Nmoc-V
was only 10% up to 5 min after enzyme addition. As mentioned earlier,
library member Nmoc-V forms a hydrogel but not its parent molecule
Nmoc-VVV. The removal of two hydrophobic units from peptide Nmoc-
VVV in response to enzyme hydrolysis forms a delicate balance of
molecular interaction in the self-assembled nanofiber networks, which

results in viscous sol-gel transition.

The SEM image Figure 5.39C reveals short entangled nanofibers with an
average width of 30 nm at 1 h after enzyme addition. Figure 5.39D and
5.39E show a dense, aggregated nanofibrous network which appears quite
random and exhibits ordered microstructure. However, the sample (Figure
5.39F) with one month long enzyme reaction interestingly exhibits quite
elongated and thick nanofibers. HPLC analysis showed that the conversion
of Nmoc-V after 6 h and 24 h was 67% and 76% respectively. These
network structures of nanofibers®’ of a preferred library member are

responsible for stable hydrogel formation.
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Figure 5.39. FE-SEM images of the Nmoc-VVV/Nmoc-V system. SEM images of (A)
Nmoc-VVV before addition of enzyme and after enzyme addition at (B) 5 min, (C) 1 h,
(D) 6 h, (E) 1 day and (F) 1 month. (B) to (F) show the change of nanostructural

morphology with subsequent formation of Nmoc-V leading to formation of a self-

supporting hydrogel.

5.5 Conclusion

In summary, we have demonstrated a new Kkind of dynamic
supramolecular hydrogel by introducing an N-terminus protecting
aromatic moiety i.e. the naphthalene-2-methoxycarbonyl (Nmoc) group.
Enzyme catalyzed hydrogelation leads to the formation of a dynamic
library. The dynamic peptide library generates a very simple
nanostructured predominating product that self-assembles through n-n
stacking interactions. A real-time morphological change was also

described, which will be a powerful methodology for making biomaterials.
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Chapter 6

Lipase Catalyzed Inclusion of Gastrodigenin
for the Evolution of Blue Light Emitting
Peptide Nanofibers

6.1 Introduction

Self-assembly™ is a spontaneous process in which a number of
components form an organized structure. Inspired from natural systems,
several synthetic systems such as low molecular weight organic molecules
have been adapted to develop nanoscale architectures./? In general, these
self-assembling systems remain in a local thermodynamic minimal state
due to minimization of energy or continuous influx of chemical energy. To
date, various self-assembled architectures have been reported which are
under thermodynamic equilibrium.®®! Recently, there has been growing
interest to develop dissipative self-assembly (DSA) systems, which have
potential to adapt themselves. These DSA systems consist of non-
assembling entities, which can form different nanostructures depending on
external stimuli through activation of an energy source. Despite a constant
source of energy, the non-equilibrium counterpart of the DSA system
leads to dis-assembly due to deactivation of the building blocks caused by
energy dissipation. So far, few examples of dissipative selfassembly!*!
have been reported. van Esch et al. reported an excellent example of
dissipative self-assembly of a molecular gelator by using a chemical
fuel.®) Herein, we have used the enzyme lipase as an energy source to
meet the requirement of dissipative self-assembly.

Ajayaghosh et al. exploited controlled donor self-assembly and energy
transfer to form a white light emitting organogel.[®! However, biocatalytic

evolution of blue light emitting biomaterials”! in aqueous media is not yet
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reported in the literature. Xu and Ulijn are the pioneers of enzyme
catalysed peptide self-assembly.®] The enzyme lipase is known to
hydrolyze carboxylic acid ester™™ in aqueous medium but also undergoes
esterification™ or trans-esterification™ reactions in organic solvents.
The simple visual colorimetric assay that responds to enzymatic reactions
is the area of biosensing applications.'*” Enzymatic conjugation of
fluorophores with enhanced emission properties in aqueous medium is

more promising for bioassay and imaging applications.t*!

In this chapter, we report lipase from candida rugosa (CRL) catalyzed
incorporation of gastrodigenin p-hydroxybenzyl alcohol (HBA) in Nmoc-
protected peptides (Nmoc = naphthalene-2-methoxy carbonyl) followed
by evolution of blue light emitting hydrogel. Very recent study shows the
use of HBA as a promising candidate for the establishment of anti-

angiogenic treatment strategies in cancer therapy.™*

Amino acid, O R
COCIZ 14d|0xane O)LN OH
H
THFE. 2h .O 1NNa2C03 OO .0
amino acid
methyl ester,
HOBt, DCC, DMF 12h

-
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Figure 6.11. Synthesis of Nmoc-protected dipeptides.
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6.2 Experimental

6.2.(1) Synthesis of compounds 1, 2 and 3

The Nmoc-protected amino acids were synthesized by reaction of Nmoc-
Cl with amino acid. The subsequent coupling of amino acids was achieved
by conventional solution phase methododology.

6.2.1 Synthesis of Compound 1:

a) Synthesis of Nmoc-Cl 4: To a stirred solution of naphthalene
methanol (5 g, 31.6 mmol) in dry THF (140 mL), phosgene (39.2 mL,
75.5 mmol) was added at 0 °C. The stirring was continued at ambient
temperature for 24 h. The reaction was monitored by thin layer
chromatography (TLC). After completion of reaction, excess phosgene
was removed under low vacuum and trapped with aqueous NaOH.
Reaction mixture was concentrated and oily product was obtained. Then, it

was dissolved in hot hexane to get 4 as crystalline product.

Yield = 6.8 g (30 mmol, 94.93 %). mp: 62 °C; FT-IR (KBr): cm™ 3066
(m), 1777 (s), 1601(ms), 1168 (s) cm™; 'H NMR (400 MHz, CDCls): &
7.90 (d, 4H), 7.56 (m, 2H), 7.29 (s, 1H), 5.48 (s, 2H) ppm; **C NMR (100
MHz, CDCls): 6 71.82, 125.7, 126.6, 127.8, 128.1, 128.6, 130.6, 133.5,
140.9, 147.9, 150.7 ppm.

aromatic Hs

C—

CHZ Hs

Chemical Shift (ppm)

Figure 6.2. 400 MHz *H NMR spectrum of Nmoc-Cl 4 in CDCls.

205



b) Synthesis of Nmoc-Leu-OH 5: A solution of leucine (1.048 g, 8

mmol) in a mixture of 1, 4 dioxane (20 mL) and 1M sodium hydroxide (20
mL) was stirred and cooled in an ice-water bath. Naphthalene-2-
methoxychloroformate 4 (1.764 g, 8 mmol) was added and stirring was
continued at room temperature for 12 h. Reaction mixture was diluted with
200 mL of water and dioxane was evaporated under vaccum. Aqueous
layer was washed with diethyl ether and the pH of aqueous layer was
adjusted to 2 with 2M hydrochloric acid. The aqueous phase was extracted
with ethyl acetate (3 x 50 mL) and dried over Na,SO,4. The organic layer
was concentrated under vacuum to give 5 as white solid.
Yield =1.962 g (6.2 mmol, 77.5 %). mp: 79 °C; [o]o™ = -12 (c = 1,
MeOH); FT-IR (KBr): cm™ 3418 (br), 3380 (br), 3053 (ms), 2960 (s),
2874 (ms), 1700 (s), 1604 (ms), 1517 (s), 1462 (ms), 1363 (ms), 1321
(ms), 1239 (s) cm™; *H NMR (400 MHz, DMSO-ds): 5 7.91 (d, 4H), 7.64
(d, 1H), 7.53 (d, 2H), 7.48 (d, 1H, NH), 5.20 (s, 2H, CH,), 4.03 (m, 1H,
C°H of Leu), 1.47 (m, 2H, C"Hs of Leu), 1.17 (m, 1H, C'H of Leu), 0.88
(d, 6H, C°Hs of Leu) ppm; MS (ESI) m/z for C1gH21NO4 (M+Na)* calcd.:
338.1368, found: 338.1378; Elemental Analysis calculated for C1gH21NO4:
C, 68.55; H, 6.71; N, 4.44; Found: C, 67.06; H, 6.84, N, 4.04,

aromatic Hs and NH
of Leu

Leu C*H

i
L CH,Hs

N B e B T o T L e o L LA o
9 8 7 6

]
w
~
=
o

5
Chemical Shift (ppm)

Figure 6.3. 400 MHz *H NMR spectrum of 5 in DMSO-d.
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Figure 6.4. ESI-MS spectrum of 5.

c) Synthesis of Nmoc-Leu-Trp-OCHs; 6: A solution of Nmoc-L (0.9 g,
2.8 mmol) and HOBt (0. 378 g, 2.8 mmol) was stirred in 2 mL of DMF. A
neutralized solution of tryptophan methyl ester (1.42 g, 5.6 mmol) was
extracted from its corresponding hydrochloride salt and concentrated to
add to the reaction mixture followed by DCC (0.598 g, 2.9 mmol) at 0 °C.
The mixture was allowed to stir at room temperature for 12 h. The mixture
was diluted with ethyl acetate and organic layer was washed with 1 M HCI
(2 x 30 mL), brine solution, 1 M Na,CO3 (3 x 30 mL) and brine solution.
The ethyl acetate layer was dried over Na,SO, and evaporated under
vacuum to yield white solid product 6. Purification was done by silica gel

column (100-200 mesh) using chloroform-methanol as eluent.

Yield =1.23 g (2.38 mmol, 82.14 %); [a]o”> = -16 (c = 1, MeOH); FT-IR
(KBr): cm™ 3315 (br), 3055(ms), 2954 (s), 2869 (ms), 1738 (ms), 1709
(ms), 1659 (s), 1528 (s), 1439 (ms), 1358 (ms), 1219 (s) cm™; 'H NMR
(400 MHz, CDCls): & 7.77 (m, 4H, Nph), 7.42 (m, 3H, Nph), 7.37 (d, 1H,
NH), 7.17 (d, 1H, J = 8.28 Hz, NH), 7.06 (t, 1H, Trp), 7.00 (t, 1H, Trp),
6.84 (d, 2H, Trp), 6.39 (d, 1H, J = 6.28 Hz, Trp), 5.16 (s, 2H, CH, of
Nph), 4.81 (m, 1H, C* H of Trp), 4.10 (m, 1H, C* H of Leu), 3.59 (s, 3H,
OCHs), 3.22 (d, 2H, J = 4.76 Hz, C? Hs of Trp), 1.87 (d, 1H, C* H of Leu),
1.70 (d, 1H, CPH of Leu), 1.28 (m, 1H, C"H of Leu), 0.82 (d, 6H, J = 5.24
Hz, C°Hs of Leu); MS (ESI) m/z for CsHssN3Os (M+H)" caled.:
516.2498, found: 516.2458; Elemental Analysis calculated for
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Ca0H33N30s5: C, 69.88; H, 6.45; N, 8.15; Found: C, 69.38; H, 6.66, N,
8.12.

aromatic Hs and NH
of Leu (1) and Trp (2)

—_—
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9 8 7 6 5 4
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Figure 6.5. 400 MHz "H NMR spectrum of 6 in CDCls.
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Figure 6.6. ESI-MS spectrum of 6.

d) Synthesis of Nmoc-Leu-Trp-OH 1: A solution of Nmoc-LW-OCHj;
6 (0.980 g, 1.9 mmol) in 100 mL of dry MeOH was allowed to react with
a solution of 2 M NaOH. The progress of the reaction was monitored by
thin layer chromatography (TLC). The reaction mixture was stirred for 12
h. Then, methanol was removed under vacuum. The residue was taken in
100 mL of water and washed with diethyl ether (2 x 20 mL). The pH of
aqueous layer was adjusted to 2 using 2 M HCI and it was extracted with
ethyl acetate (3 x 30 mL). The ethyl acetate layer was dried over
anhydrous sodium sulfate and evaporated in vacuum to yield 1 as white
solid.
Yield =0.711 g (1.4 mmol, 73.68 %); [a]o™> = -7 (c = 1, MeOH); FT-IR
(KBr): 3321(br), 3056(ms), 2957 (s), 2870 (ms), 1712 (ms), 1660 (s),
1526 (s), 1457 (ms), 1337 (ms), 1255 (s) cm™ 'H NMR (400 MHz,
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DMSO-dg): 6 10.7 (s, 1H, NH of Trp ring), 8.01 (d, 1H, J = 7.52 Hz, NH),
7.82 (t, 4H, Nph), 7.44 (m, 3H, Nph), 7.39 (d, 2H, J = 10.04 Hz, Trp),
7.26 (d, 1H, J = 8.04 Hz, NH), 7.08 (s, 1H, Trp), 6.98 (t, 1H, Trp), 6.90 (t,
1H, Trp), 5.12 (s, 2H, CH; of Nph), 4.41 (m, 1H, C"H of Trp), 4.03 (m,
1H, C"H of Leu), 3.09 (d, 1H, J = 5.28 Hz, C* H of Trp), 3.02 (d, 1H, J =
7.80 Hz, CP H of Trp), 1.54 (d, 1H, C'Hs of Leu), 1.36 (d, 2H, C* H of
Leu), 0.78 (d, 6H, J = 3.28 Hz, C°Hs of Leu); *C NMR (100 MHz,
DMSO-ds): 6 173.1, 172.2, 170.3, 155.8, 1359, 134.6, 132.6, 132.4,
127.9, 127.6, 127.2, 126.2, 126.03, 125.6, 123.5, 120.8, 118.3, 111.2,
109.5, 65.44, 59.71, 53.01, 33.30, 26.90, 24.12, 23.02, 21.35, 20.72,
14.04; MS (ESI) m/z for CygH31N3Os (M+H)" calcd.: 502.2342, found:
502.2376; Elemental Analysis calculated for Cy9H31N3Os: C, 69.44; H,
6.23; N, 8. 38; Found: C, 68.23; H, 6.50; N, 8.05.

aromatic Hs and NH
of Leu (1) and Trp (2)

"

& NH of Trp ring
CH, Hs
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o (2) cY[y
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Leu (1) C3 Hs

Chemical Shift (ppm)

Figure 6.7. 400 MHz *H NMR spectrum of 1 in DMSO-d.
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Figure 6.8. 100 MHz **C NMR spectrum of 1 in DMSO-ds.
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Figure 6.9. ESI-MS spectrum of 1.

6.2.2 Synthesis of Compound 2:

a) Synthesis of Nmoc-Leu-Tyr-OCH; 7: A solution of Nmoc-L 5
(0.958 g, 3 mmol) and HOBt (0.405 g, 3 mmol) was stirred in 2 mL of
DMF. A neutralized solution of tyrosine methyl ester (1.17 g, 6 mmol)
was extracted from its corresponding hydrochloride salt and concentrated
to add to the reaction mixture followed by DCC (0.639 g, 3.1 mmol) at 0
°C. The mixture was allowed to stir at room temperature for 12 h. The
mixture was diluted with ethyl acetate and organic layer was washed with
1 M HCI (2 x 30 mL), brine solution, 1 M Na,CO;3 (3 x 30 mL) and brine
solution. The ethyl acetate layer was dried over Na,SO, and evaporated
under vacuum to yield 7 white solid product. Purification was done by
silica gel column (100-200 mesh) using chloroform- methanol as eluent.
Yield = 1.39 g (2.8 mmol, 93.33 %); [a]o™ = -13 (¢ = 1, MeOH); FT-IR
(KBr): 3313 (br), 3057(ms), 2955 (s), 2869 (ms), 17 39 (ms), 1706 (ms),
1658 (s), 1616 (ms), 1515 (s), 1443 (ms), 1365 (ms), 1227 (s) cm™; *H
NMR (400 MHz, CDCls): 6 7.62 (d, 4H, Nph), 7.27 (d, 3H, Nph), 7.25 (d,
1H, NH), 7.05 (s, 1H, NH), 6.69 (d, 2H, J = 7.28 Hz, Tyr), 6.44 (d, 2H, J
=8.04 Hz, Tyr), 5.04 (s, 2H, CH; of Nph), 4.60 (m, 1H, C® H of Tyr), 3.99
(m, 1H, C*H of Leu), 3.50 (s, 3H, OCHs), 2.83 (d, 1H, CPH of Tyr), 2.78
(d, 1H, CPH of Tyr), 1.39 (m, 1H, C'H of Leu), 1.11-1.04 (m, 2H, CPHs of
Leu), 0.69 (d, 6H, J= 5.04 Hz, C° Hs of Leu); MS (ESI) m/z for
C2gH32N20s (M+Na)” calcd.: 515.2158, found: 515.2090; Elemental
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Analysis calculated for CysH32N2Og: C, 68.28; H, 6.55; N, 5. 69; Found:
C, 66.98; H, 6.77; N, 5.81.
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Figure 6.10. 400 MHz *H NMR spectrum of 7 in CDCls,
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Figure 6.11. ESI-MS spectrum of 7.

b) Synthesis of Nmoc-Leu-Tyr-OH 2: A solution of Nmoc-LY-OCHj; 7
(0.950 g, 1.9 mmol) in 100 mL of dry MeOH was allowed to react with a
solution of 2M NaOH. The progress of the reaction was monitored by thin
layer chromatography (TLC). The reaction mixture was stirred for 12 h.
Then, methanol was removed under vacuum. The residue was taken in 100
mL of water and washed with diethyl ether (2 x 20 mL). The pH of
aqueous layer was adjusted to 2 using 2 M HCI and it was extracted with

ethyl acetate (3 x 30 mL). The ethyl acetate layer was dried over
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anhydrous sodium sulfate and evaporated in vacuum to yield 2 as white
solid.

Yield =0.788 g (1.6 mmol, 84.21 %); [a]o® = -3 (¢ = 1, MeOH); FT-IR
(KBr): 3318 (br), 3058(ms), 2958 (s), 1711 (s), 1658 (s), 1515 (s), 1445
(ms), 1364 (ms), 1336 (ms), 1235 (s) cm™; *H NMR (400 MHz, DMSO-
ds): 8 9.14 (s, 1H), 7.92 (d, 1H, J= 7.8 Hz, Nph), 7.83 (t, 3H, Nph), 7.46 (t,
3H, Nph), 7.42 (d, 1H, J = 8.52 Hz, NH), 7.37 (d, 1H, J = 8.52 Hz, NH),
6.94 (d, 2H, J = 8.28 Hz, Tyr), 6.58 (d, 2H, J = 8.28 Hz, Tyr), 5.12 (s, 2H,
CH; of Nph). 4.28 (m, 1H, C" H of Tyr), 4.00 (m, 1H, C* H of Leu), 2.84
(d, 1H, CPH of Tyr), 2.74 (d, 1H, CPH of Tyr), 1.52 (m, 1H, C" H of Leu),
1.33 (d, 2H, CPHs of Leu), 0.78 (d, 6H, J= 4 Hz, C°Hs of Leu); *C NMR
(100 MHz, DMSO-dg): 6 172.8, 172.1, 155.8, 134.6, 132.4, 130.6, 127.9,
127.6, 127.5, 126.2, 125.6, 114.9, 65.45, 53.57, 53.03, 48.56, 35.86, 24.10,
22.96, 21.39; MS (ESI) m/z for Cy7H30N20s (M+Na)* calcd.: 501.2002,
found: 501.1873; Elemental Analysis calculated for C,7H3N2Os: C, 67.77;
H, 6.32; N, 5. 85; Found: C, 65.39; H, 6.70; N, 5.72.
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Figure 6.12. 400 MHz *H NMR spectrum of 2 in DMSO-dg,
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Figure 6.14. ESI-MS spectrum of 2.

6.2.3 Synthesis of Compound 3:
a) Synthesis of Nmoc-Tyr-OH 8: A solution of Tyrosine (0.724 g,

4 mmol) in a mixture of 1,4 dioxane (10 mL) and 1M sodium hydroxide
(13 mL) was stirred and cooled in an ice-water bath. Naphthalene-2-
methoxychloroformate 4 (0.882 g, 4 mmol) was added and stirring was
continued at room temperature for 12 h. Reaction mixture was diluted with
200 mL of water and dioxane was evaporated under vaccum. Aqueous
layer was washed with diethyl ether and the pH of aqueous layer was
adjusted to 2 with 2N hydrochloric acid. The aqueous phase was extracted
with ethyl acetate (3 x 50 mL) and dried over Na,SO,4. The organic layer

was concentrated under vacuum to give 8 as colorless oil.

Yield= 1.124 g (3 mmol, 75 %). [a]o® = -7 (c = 1, MeOH); FT-IR (KBr):
3331 (br), 3055 (br), 2928 (ms), 1709 (s), 1612 (ms), 1513 (s), 1445 (s),
1367 (ms), 1336 (ms), 1225 (s) cm™; *H NMR (400 MHz, DMSO-dg): &
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7.73 (d, 4H), 7.38 (d, 3H, Nph), 7.32 (d, 1H, NH), 6.86 (d, 2H, J = 8.04
Hz, Tyr), 6.57 (d, 2H, J= 8.04 Hz, Tyr), 5.17 (s, 2H, CH,of Nph), 4.57
(m, 1H, C*“H of Tyr), 2.95 (d, 2H, CP Hs of Tyr) ppm; MS (ESI) m/z for
CxnH1oNOs (M+H)* caled.: 366.1341 found: 366.4134; Elemental
Analysis calculated for C;;H19NOs: C, 69.03; H, 5.24; N, 3.83; Found: C,
66.53; H, 5.46, N, 3.32.
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Figure 6.15. 400 MHz *H NMR spectrum of 8 in DMSO-d,
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Figure 6.16. ESI-MS spectrum of 8.

b) Synthesis of Nmoc-Tyr-Trp-OCH3; 9: A solution of Nmoc-Y 8
(0.642 g, 1.75 mmol) and HOBt (0. 236 g, 1.75 mmol) was stirred in 2 mL
of DMF. A neutralized solution of tryptophan methyl ester (0.889 g, 3.5
mmol) was extracted from its corresponding hydrochloride salt and
concentrated to add to the reaction mixture followed by DCC (0.371 g,
1.77 mmol) at 0 °C. The mixture was allowed to stir at room temperature
for 12 h. The mixture was diluted with ethyl acetate and organic layer was
washed with 1 M HCI (2 x 30 mL), brine solution, 1 M Na,CO3 (3 x 30
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mL) and brine solution. The ethyl acetate layer was dried over Na,SO, and
evaporated under vacuum to yield 9 as white solid product. Purification
was done by silica gel column (100-200 mesh) using chloroform-
methanol as eluent.

Yield = 0.500 g (0.88 mmol, 50.28 %). [a]p> = -18 (¢ = 1, MeOH); FT-IR
(KBr): 3345(br), 3055(ms), 2951(s), 2852 (ms), 1729 (s), 1661 (s), 1515
(s), 1440 (ms), 1358 (ms), 1223 (s) cm™; *H NMR (400 MHz, CDCls): &
8.46 (s, 1H), 8.87 (s, 1H), 7.75 (d, 4H, Nph), 7.69 (s, 1H, Nph), 7.42 (m,
2H, Nph), 7.31(d, 1H, J = 8 Hz), 7.16 (d, 2H, J= 9.04 Hz), 7.05 (t, 1H,
Trp), 6.96 (t, 1H, Trp), 6.90 (d, 2H, J= 7.28 Hz), 6.68 (s, 1H, Trp), 6.16
(d, 2H, J= 7.52 Hz), 5.12 (s, CH, of Nph), 4.75 (m, 1H, C*H of Trp), 4.27
(m, 1H, C"H of Tyr), 3.54 (s, 3H, OCHs), 3.15 (d, 2H, C"Hs of Trp), 2.85
(d, 2H, CPHs of Tyr). MS (ESI) m/z for CasHaiN3Og (M+Na)*" calcd.:
588.2111, found: 588.2080; Elemental Analysis calculated for
CasH31N3Og: C, 70.07; H, 5.52; N, 7. 43; Found: C, 65.89; H, 5.28; N,
7.75.
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Figure 6.17. 400 MHz *H NMR spectrum of 9 in CDCls,
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c) Synthesis of Nmoc-Tyr-Trp-OH 3: A solution of Nmoc-YW-OCHj;
(0.450 g, 0.79 mmol) in 100 mL of dry MeOH was allowed to react with a
solution of 2 M NaOH. The progress of the reaction was monitored by thin
layer chromatography (TLC). The reaction mixture was stirred for 12 h.
Then, methanol was removed under vacuum. The residue was taken in 100
mL of water and washed with diethyl ether (2 x 20 mL). The pH of
aqueous layer was adjusted to 2 using 2 M HCI and it was extracted with
ethyl acetate (3 x 30 mL).The ethyl acetate layer was dried over anhydrous

sodium sulfate and evaporated in vacuum to yield 3 as white solid.

Yield = 0.401 g (0.72 mmol, 91.13 %). [a]po® = - 6 (c = 1, MeOH); FT-IR
(KBr): 3390 (br), 3056(ms), 2926 (s), 2854 (m), 1710 (s), 1659 (s), 1515
(s), 1441 (ms), 1358 (ms), 1339 (ms), 1234 (s) cm™; (400 MHz, DMSO-
ds): 6 10.80 (s, 1H, NH of Trp ring), 9.10 (s, 1H, OH of Tyr), 8.17 (d, 1H,
J=7.52 Hz), 7.82 (d, 4H, Nph), 7.71 (s, 1H, Nph), 7.45 (d, 2H, Nph), 7.38
(d, 1H, J =8.56 Hz, NH), 7.28 (m, 2H, J = 8.56 Hz, Trp), 7.11 (d, 1H,
Trp), 6.99 (d, 2H, J = 8.28 Hz, Tyr), 6.91 (t, 1H, Trp), 6.75 (d, 1H, J =
8.28 Hz, Trp), 6.56 (d, 2H, J = 8.52 Hz, Tyr), 5.04 (s, 2H, CH; of Nph),
4.43 (m, 1H, C"H of Trp), 4.17 (m, 1H, C®H of Tyr), 3.12 (m, 1H, CPH of
Trp), 3.01 (m, 1H, C"H of Trp), 2.82 (m, 2H, CPHs of Tyr). (100 MHz,
DMSO-dg): 6 172.85, 172.13, 155.88, 155.82, 134.63, 132.69, 132.42,
130.04, 127.91, 127.65, 127.55, 127.31, 126.29, 126.10, 126.06, 125.63,
114.90, 65.45, 53.57, 53.03, 48.56, 40.46, 35.88, 24.10, 22.96, 21.39. MS
(ESI) m/z for CsaH29N30s (M+Na)™ caled.: 574.1854, found: 574.1865. ;
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Elemental Analysis calculated for Cs2H29N306: C, 69.68; H, 5.30; N, 7.62;
Found: C, 66.53; H, 5.57; N, 7.47.
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Figure 6.19. 400 MHz *H NMR spectrum of 3 in DMSO-ds.
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Figure 6.20. 100 MHz *C NMR spectrum of 3 in DMSO-d.
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Figure 6.21. ESI-MS spectrum of 3.
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6.3 Hydrogel Preparation and Characterizati-
on Techniques

6.3.1 Hydrogel Preparation

The Nmoc-LW (20 mmol/L, 20.04 mg) and p-hydroxybenzyl alcohol (80
mmol/L, 19.84 mg) were dissolved in 2 mL of water at higher pH by
adding 0.5 M sodium hydroxide and pH was adjusted to 7.4 by adding 0.1
M hydrochloric acid followed by 0.5 mg/mL candida rugosa lipase

(CRL). The resulting colorless solution was incubated at 37 °C for 24 h.

6.3.2 'H NMR Spectroscopy

All NMR spectra were recorded at 400 MHz Bruker AV 400 NMR
spectrometer. TMS was used an internal reference in the NMR spectra.
Peptides concentrations were in the range of 1-10 mmol in (CD3),SO and
CDCls.

6.3.3 Mass Spectrometry

Mass spectra of peptides were recorded on Bruker micrOTOF-Q Il by

positive and negative mode electrospray ionizations.

6.3.4 High Performance Liquid Chromatograpy (HPLC)
Analysis

A Dionex HPLC-Ultimate 3000 (High Performance Liquid
Chromatography) pump was used to analyse products. A 20 uL of sample
was injected onto a Dionex Acclaim ® 120 C18 column of 250 mm length
with an internal diameter of 4.6 mm and 5 um fused silica particles at a
flow rate of 1 mL min™ (linear gradient of 40 % v/v acetonitrile in water
for 35 min, gradually rising to 100 % (v/v) acetonitrile in water at 35 min).

This concentration was kept constant until 40 min when the gradient was
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decreased to 40 % (v/v) acetonitrile in water at 42 min. The sample
preparation involved mixing of 100 pL gel in 900 pL acetonitrile-water
(50: 50 mixture) solution containing 0.1 % trifluroacetic acid. The samples
were then filtered through a 0.45 pum syringe filter (Whatman, 150 units,
13 mm diameter, 2.7 mm pore size) prior to injection. The products were
identified by using Ultimate 3000 RS Variable Wavelength Detector at
280 nm.

6.3.5 Rheology

Rheological study was performed to determine the mechanical properties
of hydrogels. These properties were assessed using an Anton Paar Physica
Rheometer (MCR 301, Austria) with cone plate geometry (20 mm in
diameter, 50 pum gap and 1° angle) and temperature was controlled at 25
°C. The dynamic moduli of the hydrogel were measured as a function of
frequency in the range of 0.1-100 rad s™ with a constant strain value 0.01
%. To determine the exact strain for frequency sweep experiments, the
linear viscoelastic (LVE) regime was performed at constant frequency of
10 rad s*  Experimental data was acquired in thrice and the average data
is shown. 200 uL of gel was prepared in glass vial and transferred it over

the plate using microspatula to proceed for rheological measurements.

6.3.6 UV-Vis Spectroscopy

UV-vis absorption spectrum of the hydrogel 1 was recorded using a
Varian Cary100 Bio UV-Vis spectrophotometer at a concentration of 20
mmol L™. Similarly, UV-vis absorption spectra of Nmoc-LW acids and p-

hydroxybenzyl alcohol were recorded at concentration of 20 mmol L™.

6.3.7 Fluorescence Spectroscopy

Fluorescence emission spectra of hydrogel (20 mmol L™) as well as

solution of Nmoc-LW and p-hydroxy benzyl alcohol were recorded at

219



different excitation wavelength 280 nm and 365 nm with medium
sensitivity on a Horiba Scientific Fluoromax-4 spectrophotometer. The slit
width for the excitation and emission was set at 2 nm and a 1 nm data

pitch. Samples were prepared in 1 cm? quartz cuvette at room temperature.

6.3.8 Circular Dichroism

Circular dichroism (CD) spectra were measured at 25 °C on a Jasco J-815
spectropolarimeter. Spectra were measured between 300 and 190 nm with
a data pitch of 0.1 nm. The bandwidth was set to 1 nm with a scanning
speed of 20 nm min™ and a response time of 1 s. The path length was 1
mm quartz cell. Samples were prepared at a concentration of 2 mmol/L.

Experimental data were acquired in thrice and the average data is shown.

6.3.9 Time Correlated Single Photon Counting

Spectroscopy

2 mL gel was prepared in a 1 cm?® quartz cuvette and time resolved studies
were done by a time correlated single photon counting (TCSPC) system
from Horiba Yovin (Model: Fluorocube-01-NL). Samples were excited at
376 nm using a picosecond diode laser (Model: Pico Brite-375L). The
signals were collected at magic angle (54.70) polarization using a
photomultiplier tube (TBX-07C) as detector, which has a dark counts less
than 20 cps. The instrument response function was typically 140 ps. The
data analysis was performed using IBH DAS (version 6, HORIBA
Scientific, Edison, NJ) decay analysis software.

The amplitude-weighted lifetime was estimated by

(v) = leai Ti

where 11 is the fluorescence lifetime of various fluorescent species and the
a; normalized pre-exponential factors. To gain the best fitting in all cases

the y* was kept near to unity.
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6.3.10 Microscopic Techniques

Transmission electron microscopic images were taken using a PHILIPS
electron microscope (model: CM 200), operated at an accelerating voltage
of 200 kV. Dilute solution of the hydrogel was dried on carbon-coated
copper grids (300 mesh) by slow evaporation in air and then allowed to

dry separately under vacuum at room temperature.

The morphology of gels was investigated using tapping mode atomic force
microscope (AFM). AFM study was done by placing very dilute solution
of gel (200 pL of gel was dissolved in 800 pL of milli-Q water) on mica
and allowed it dry in air for 2 days at room temperature. Images were
recorded by using scanning probe microscope AIST-NT instrument
(model: Smart SPM-1000).

Fluorescence Microscopy experiments were performed on a home-built
epifluorescence microscopy setup. An air-cooled argon ion laser (Melles
Griot, model 400-A03) with excitation wavelength of 457 nm was used to
excite the hydrogel sample placed on an inverted microscope (Nikon,
model Eclipse Ti-U). The images were analyzed with ImageJ (Version
1.46r) NIH. Dilute solution of the hydrogel was spin coated over glass

cover slip before analysis.

6.4 Results and Discussion

6.4.1 Self-assembly

In this chapter, we exploit CRL for the inclusion of HBA regioselectively
in the Nmoc based peptides via ester bond formation. Supramolecular
chemistry presents the ability to drive the chemical processes reversibly
through covalent and non-covalent interactions that evolve the stable
entities under the pressure of self-organization.™ Keeping this idea in

mind, we forced reverse ester hydrolysis of Nmoc-dipeptide with HBA
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using CRL in aqueous medium at physiological pH 7.4. We have
successfully synthesized three dipeptides bearing N-terminal hydrophobic
aromatic naphthalene-2-methoxy carbonyl moiety. The peptide Nmoc-LW
1 (20 mmol/L, 20.04 mg) (L: Leucine, W = Tryptophan) and p-
hydroxybenzyl alcohol (HBA, 80 mmol/L, 19.84 mg) were dissolved in 2
mL of water at higher pH by adding 0.5 M sodium hydroxide. The pH was
adjusted to 7.4 by adding 0.1 M hydrochloric acid followed by 0.5 mg/mL
CRL. The resulting colorless solution was incubated at 37 °C for 24 h. The
HPLC analysis showed 24% conversion of Nmoc-LW-HBA ester at 24 h
upon enzyme treatment. However, the colorless solution turned to light
pink, which later turned to dark pink self-supporting hydrogel when the
conversion reached to 57% after 8 days (Figure 6.23B).

o Ra o :
H
OJ‘N N\)LOH + S
oY 0 —— I\ DA
W fjom A
Energy

N !7 dissipation

Energy CRL,pH 74
dissipation Energy source

Self-assembly

0 R’H [
Ao s A Eassem
LI
g > [
Ry OH

H

N
Peptide 1: R, = [Leu] } » Ry=[Trp] f\/LG

= OH
Peptide 2: R, = [Leu] 5)_ » Ry=[Tyr] %ﬁ@r{
N

]
Peptide 3: Ry = [Tyr] HL/_QOHv R,=[Trp] a"\/LQ

Figure 6.22. Schematic representation of lipase (CRL) catalysed regioselective inclusion
of HBA to Nmoc-peptides in aqueous medium. Lipase is used as a source of energy for
the reaction cycle of the dissipative system. The corresponding ester evolves into a blue
light emitting material upon the self-assembly process at pH 7.4.

6.4.2 High Performance Ligquide Chromatograpy (HPLC)
Study

The self-assembly of small peptides bearing N-terminal hydrophobic
moieties has been reported by several groups.™™ The HPLC kinetics

showed that initial rate of esterification was faster which was relatively
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slow after 8 days of enzyme reaction. The 91% conversion was observed
after 28 days of enzyme reaction. The dipeptides Nmoc-LY 2 and Nmoc-
YW 3 were unable to form self-supporting hydrogel. Moreover, the HPLC
analysis showed poor conversion of Nmoc-LY-HBA (12.48 %) and
Nmoc-YW-HBA (20 %) (Figure 6.24 A and B). The exceptional activity
and higher yield by CRL towards regioselective incorporation of HBA to
Nmoc-LW 1 in aqueous medium is driven by supramolecular ordering of
peptides. In general, lipase favors ester hydrolysis reactions instead of
esterification reactions in aqueous medium. This may be the reason for the
poor yielding of esterification reactions of HBA with non-assembling
peptides Nmoc-LY 2 and Nmoc-YW 3.
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Figure 6.23. (A) HPLC trace analysis of enzyme catalyzed esterification of Nmoc-LW 1
to Nmoc-LW-HBA with its corresponding ESI-MS. (B) Real time HPLC analysis for the

formation of Nmoc-LW-HBA.
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The chemically incorporation of HBA to Nmoc-peptides is quite difficult
due to the presence of two hydroxyl groups on HBA which leads to the
mixture of two products. Moreover, chemical incorporation of HBA with
Nmoc-protected dipeptide having hydrophobic amino acids gives direct
esterifies products which are poor soluble in aqueous medium. Hence, the
biocatalytic method is more promising and highly selective. The CRL is
an ideal biocatalyst that allows regioselective incorporation of HBA to
Nmoc-LW 1 peptide in aqueous medium. The benzylic hydroxyl group of
HBA is linked to carboxylic acid of Nmoc-LW via esterification reaction
upon treatment with CRL. The CRL catalyzed regioselective ester product
was confirmed by *H NMR which is further supported by ESI-MS and
HPLC (Figure 6.25 and 6.23A).

Table 6.1. Lipase catalyzed formation of peptide esters in agueous medium

Entry Substrate HBA? Enzyme® Product Physical
[20 mmol L]  [80 mmol L]  [0.5mg/mL]  Yield® [%] Characteristics®
1. Nmoc-LW HBA CRL 91.29 G
Nmoc-LY HBA CRL 12.48 S
3. Nmoc-YW HBA CRL 19.66 S

*HBA = p-hydroxybenzyl alcohol, "Enzyme = Lipase from Candida
Rugosa, ‘Analysed after 30 days, ‘G = gelation and S= solution

aromatic protons and NHs
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Figure 6.25. "H NMR of Nmoc-LW 1 and its corresponding Nmoc-LW-HBA synthesized

via CRL catalyzed esterification reaction.
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6.4.3 Rheological Study

The flow behavior and rigidity of self-supporting hydrogel formed by
Nmoc-LW-HBA ester was investigated by their rheological properties
(Figure 6.26A and B). To evaluate the storage modulus (G”) and loss
modulus (G’), a typical frequency sweep experiment was carried out. The
frequency sweep data shows that G’ is higher than that of G’’, which is an
indication of viscoelastic nature of hydrogel. The viscoelastic nature of
hydrogel 1 can be ascribed from the supramolecular ordering of peptide

molecules in aqueous medium.
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Figure 6.26. A) Rheological measurement of LVE at constant frequency 10 rad s* B)
Dynamic frequency sweep of Nmoc-LW-HBA hydrogel 1 at constant strain 0.01%.

6.4.4 Circular Dichroism Study

The supramolecular ordering of peptides is driven by various non-covalent
interactions including hydrogen bonding and n-m stacking interactions. "]
Circular dichroism spectra of the solution of Nmoc-LW 1 and
corresponding gel Nmoc-LW-HBA help to evaluate the supramolecular
ordering of 1a in gel phase. The CD spectrum of Nmoc-LW-HBA ester
hydrogel shows negative band near 193 nm and a positive band near 216
nm which are attributed from n—n~ and n—xn  transition of the CONH

groups of the peptide backbone (Figure 6.27). The intense negative peak at
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193 nm indicates the existence turn-type B-sheet conformation in hydrogel

state.[*®]
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Figure 6.27. CD spectrum of solution of Nmoc-LW 1 with HBA and hydrogel of Nmoc-
LW-HBA.

6.4.5 UV-Vis and Fluorescence Spectroscopic Study

The UV-vis and fluorescence study were performed to evaluate the
supramolecular ordering of self-assembled hydrogel. The UV-vis spectra
of HBA and Nmoc-LW 1 in aqueous solutions were recorded at 20 mmol
L concentration. Both the solutions exhibit UV-vis absorption spectra in
the range of 250 to 300 nm (Figure 6.28A). However, UV-vis absorption
spectrum of Nmoc-LW-HBA exhibits a broad peak at 372 nm along with a
broad peak near 220-300 nm (Figure 6.28B).
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Figure 6.28. A) Absorption spectra of Nmoc-LW and p-hydroxybenzyl alcohol in aqueous
medium B) UV-vis absorption spectra of hydrogel 1 at 20 mmol L™ concentration.
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The higher red shift in UV-vis spectrum is due to the self-organization of
gelator molecules in hydrogel state. The self-supporting Nmoc-LW-HBA
hydrogel emits blue fluorescence upon exposure to UV light (illuminated
at 365 nm) (Figure 6.29). Self-assembly of Nmoc-LW-HBA was observed
upon gradual conversion of Nmoc-LW 1 to Nmoc-LW-HBA via CRL
catalyzed esterification reaction. The self-assembled dark pink hydrogel
under day light showed bright blue fluorescence under UV light which is
further examined by steady state fluorescence spectroscopy (Figure 6.30,
6.31).

Figure 6.29. Optical images of hydrogel Nmoc-LW-HBA 1 under day light and under UV
light (365 nm).

The self-assembled Nmoc-LW-HBA peptide is composed of three
fluorophore moieties. In general, the assembled naphthalene double ring
emits at 320 nm to 350 nm upon excitation at 280 nm.™*°! However, the
tryptophan moiety emits in the range of 300 nm to 350 nm, which depends
upon the micro-environments. In this case, emission spectra were recorded
upon excitation at 280 nm based on UV-vis absorption spectra. The
emission maxima exhibit at 350 nm for the solution of Nmoc-LW with
HBA, a characteristics peak of tryptophan and naphthalene chromophores.
To further confirm the individual emission of HBA and Nmoc-LW

solutions, emission spectra were recorded upon excitation at 280 nm.
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HBA gives emission at 305 nm whereas Nmoc-LW 1 exhibits emission at
354 nm (Figure 6.30A) However, upon excitation at 280 nm, the self-
assembled Nmoc-LW-HBA hydrogel shows a strong emission at 455 nm.
While excitation at 365 nm, the hydrogel gives emission at 470 nm
(Figure 6.30B).
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Figure 6.30. A) Emission spectra of Nmoc-LW and p-hydroxybenzyl alcohol in aqueous
medium B) Normalized emission spectra of solution of Nmoc-LW 1 with HBA (Aex = 280
nm) and hydrogel formed by Nmoc-LW-HBA (Zex = 365 nm).
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Figure 6.31. Normalized emission spectra of solution of Nmoc-LW 1 with HBA (Aex = 280
nm) and hydrogel formed by Nmoc-LW-HBA (Je= 280 nm).

This happens due to strong m-m stacking interactions of the aromatic
fluorophores in gel phase. The observed significant red shift of emission
maxima is attributed from the strong supramolecular ordering of peptide
molecules in gel phase. Moreover, the emission peak appeared at 455-470

nm corresponding to blue light in the visible region of electromagnetic
spectrum.
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6.4.6 Time Correlated Single Photon Counting

Spectroscopic Study

The time resolved fluorescence study was acquired using our time
correlated single photon counting (TCSPC) setup (Figure 6.32). The decay
curve of Nmoc-LW-HBA hydrogel was recorded to investigate the higher

order aggregates in gel phase medium (Table 6.2).
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Figure 6.32. Emission decay curves of solution of 1 and HBA and corresponding self-

assembled hydrogel 1 monitored at 455 nm (IRF: instrument response function).

The average lifetime of peptide hydrogel was exhibited as 1.39 ns with
lifetime components of 0.84 ns (81%) and 3.77 ns (19%). However, the
average lifetime of the solution of Nmoc-LW and HBA is 1.25 ns which
shows fast biexponential decay with lifetime components of 0.90 ns (90%)
and 4.44 ns (10%). Such difference in decay lifetime is an evidence of
non-radiative energy transfer’®® in solution. However, such processes are

hampered in self-assembled hydrogel state due to the rigid and close
molecular packing through hydrogen bonding and =-m stacking

interactions, which results in higher lifetime.
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Table 6.2. Decay parameters for Nmoc-LW and Nmoc-LW-HBA hydrogel.

Entry o a, 7,(ns) (ns)  t3(ns) r
Nmoc-LW-OH  0.90 0.10 0.90 4.44 1.25 1.62
solution

Nmoc-LW- 0.81 0.19 0.84 3.77 1.39 1.49
HBA Hydrogel

1 The amplitude weighted average lifetime, Normalized amplitude of

each component is given by o

6.4.7 Microscopic Study

Transmission electron microscopy (TEM) and atomic force microscopy
(AFM) were used to reveal nanostructural morphology of blue light
emitting self-assembled hydrogel. As shown in AFM image (Figure 6.33
B), the hydrogel gives interwoven nanofibrous network with average
height 7 nm. The transmission electron microscopic study also exhibits the
formation of nanofibrillar networks with average diameter 90 nm (Figure
6.33 A). The microscopic studies demonstrate that supramolecular
ordering governed by formation of nanofibrillar networks in hydrogel
state. Fluorescence microscopic study was carried out to directly visualize
the fluorescent properties of self-assembled nanofibers (Figure 6.33C).
Fluorescence microscopy image reveals that fluorescent hydrogel is

composed of blue light emitting entangled self-assembled nanofibers.!*!

Figure 6.33. A) TEM image of hydrogel of Nmoc-LW-HBA 1 indicating nanofibrillar
network in gel phase medium. B) AFM image of Nmoc-LW-HBA hydrogel indicating
dense nanofibrillar network in gel phase medium. C) Fluorescence microscopy image of

gel at 2 mmol L™ concentration.

230



6.5 Conclusion

In summary, blue light emitting hydrogel upon bicatalytic incorporation of

gastrodigenin (p-hydroxybenzyl alcohol, HBA) to a Nmoc-protected

dipeptide has been discovered. Besides lipase propensity towards the

hydrolysis of ester bonds in aqueous medium, its catalytic activity is

exploited in the development of fluorescent peptide nanostructures via

esterification reaction. The blue light emitting hydrogel could be an ideal

biomaterial for bioimaging and bioanalysis of various cell processes.
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Chapter 7

Conclusion and Scope for Future Work

7.1 Conclusions

Several methods were used for the development of peptide self-assembly.
A number of physical stimuli like variation in pH,™ temperature, light!!
and sonication were used to exploit peptide self-assembly. The peptide
based self-assembled materials have been used in many applications such
as drug delivery,® tissue engineering,!® templates for nanofabrication”
and catalysis.®! Thus, design and synthesis of such self-assembled
materials to further explore in various application is an important task.
Fmoc and naphthalene based short peptides have routinely been used by
several groups to bring up peptide nanostructures.”! Here, we have
exploited several chemical reactions to direct peptide self-assembly.
Several chemical reactions including oxo-ester mediated native chemical
ligation, selenoester mediated native chemical ligation, enzyme catalysed
peptide hydrolysis and enzyme catalysed esterification of Nmoc-based

peptides were used to direct peptide self-assembly.

Chapter 1 described the general introduction to peptide, peptide secondary
structures, self-assembly processes, chemical reactions and applications of

peptide self-assembly.

Chapter 2 described various spectroscopic and experimental techniques
which were used in these studies. This chapter also revealed the materials

which were used to carry out these work.

Chapter 3 revealed that naphthalene-2-methoxycarbonyl (Nmoc-) based
peptide self-assembly via chemical reaction. In this study, we have

synthesized Nmoc-protected oxo-esters to further exploit in the self-
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assembly process.’ Nmoc- group offers significant m-n stacking
interactions in the self-assembly process. Nmoc-protected oxo-esters were
exploited in the peptide self-assembly through chemoselective native
chemical ligation. N-terminal cysteines can be efficiently coupled with
Nmoc protected peptide oxo-esters through amide bond formation via
NCL reaction. Self-assembled dynamic peptide gels are formed via
oxidation of the Nmoc-protected peptides synthesized via the NCL
reaction. NCL reactions allow the formation of nanofibrillar structures.
The entangled nanofibrillar structures are responsible for the formation of

self supporting gels.

Chapter 4 reported the results on in situ genereated redox active peptide
via selenoester mediated native chemical ligation. Cysteine and Cys-Gly
peptide were provided mechanistic insight into the NCL driven self-
assembly process. We have also shown the redox active dynamic peptide
gels which were formed via oxidation and reduction of the Nmoc-
protected peptides synthesized via NCL reactions. The gel-sol transition
was highly dependent on the oxidation and reduction of cysteine and
cystine based peptides. Peptides were self-assembled via hydrogen
bonding and m-m stacking interactions and peptides were redox active in
nature. The selenoester mediated NCL reactions were responsible for

nanofibrillar structure in gel phase medium.

Chapter 5 demontrated a new kind of dynamic supramolecular hydrogel
by introducing an N-terminus protecting aromatic moiety i.e. the
naphthalene-2-methoxycarbonyl (Nmoc) group. Enzyme catalyzed
hydrogelation leads to the formation of a dynamic library. A simple
nanostructured predominating product was generated by the dynamic
peptide library that self-assembled through n-m stacking interactions. A

real-time morphological change was also described in this chapter.
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Chapter 6 described blue light emitting peptide hydrogel upon bicatalytic
incorporation of gastrodigenin (p-hydroxybenzyl alcohol, HBA) with
Nmoc-protected dipeptides. Besides the lipase propensity towards the
hydrolysis of ester bonds in aqueous medium, we have exploited catalytic
activity of lipase in the development of fluorescent peptide nanostructures
via esterification reaction. The entagled blue light emiiting nanofibrillar
networks were obsreved in hydrogel state.

7.2 Scopes for Future Work

The native chemical ligation offers free sulfhydryl group in native
peptides which aid to control development of peptide self-assembly. The
self-assembly and dis-assembly of native peptides were tuned by
oxidation-reduction of disulfide bond in the peptides. This approach can
be useful in drug delivery and others clinical research applications. We
have first reported selenoester mediated native chemical ligation reactions
to develop self-assembled nanostructures. We have used Cys-Gly
dipeptide which is active metabolite in biology. The higher concentration
of Cys-Gly dipeptide is associated with increased risk in women breast
cancer.™ Therefore, such bioorthogonal approaches can be used to trap

such metabolites.

The enzyme catalyzed chemical reactions are more promising due to their
propensity to work at physiological conditions. Protease is an active
enzyme in biology. We have used protease thermolysin to generate the
dynamic peptide library. A single predominating component self-
assembles to form self-supporting hydrogel. Ap (1-42) is formed by
sequential cleavage of amyloid precursor protein by the proteases p-
secretase and y-secretase. Aggregation of this AB (1-42) peptide fragment
leads to Alzheimer disease (AD).*? Therefore, the identification of

proteins or compounds that block secretase remains a major goal of AD
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research. Enzyme catalysed peptide self-assembly could be used to study
such processes.

Recently, there is wide interest to design molecules with high fluorescence
efficiency to monitor the biological events in the cell. Numrerous m-
conjugated aromatic molecules are reported with excellent fluorescence
efficiency.**! However, poor water solubility of these molecules hampers
their biological applications. We have exploited lipase catalyzed chemical
reaction for regioselective inclusion of gastrodigenin to Nmoc-protected
peptides. The resulting product was self-assembled in agueous medium. A
strong blue light emitting hydrogel was observed upon illuminating under
UV lamp (365 nm). The self-assembly of peptides in water with efficient
fluorescence properties makes it an ideal candidate for biomedical
applications. These self-assembled materials can be used in bio-imaging

and bioassays.
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APPENDIX-A

Characterization Data of Thioesters: Chapter
4

1. High Performance Liguid Chromatograpqy

NmYC
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NmYCG NmY-SPh 5
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12 1I5 1I8 21 24
Ret. Time (min)
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Figure Al. Overlaid HPLC chromatograms for compound 5 showing peak NmYCG after
native chemical ligation with Cys-Gly and peak NmYC for ligation reaction of 5 with
cysteine.
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Figure A2. Overlaid HPLC chromatograms for compound 6 showing NmFC ligation
product with Cys-Gly. The 16.14 % NmFC product was observed upon ligation of 6 with
Cysteine.
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Figure A3. Overlaid HPLC chromatograms for compound 7 showing ligation product
NmLC with Cys-Gly. The 80.79 % NmLC product was observed upon ligation of 7 with

Cysteine.
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Figure A4. Overlaid HPLC chromatograms for compound 8 showing ligation product

NmVC with Cys-Gly. The 27.74 % NmVC product was observed upon ligation of 8 with
Cysteine.
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Table Al. Native chemical ligation reactions with different thioesters

Entr | Substrate Cys-Gly? Product Product Gel

y and Cys” conversion in conversion in /Sol
inert atm. [%] air [%] ¢

1. NmY-SPh5 | Cys-Gly 62.33 28.53 S
NmYCG (NmYCQG),

2. NmF-SPh6 | Cys-Gly 0 0 S
NmFCG (NmFCG);

3. |NmL-SPh7 [Cys-Gly |[7.47 7.16 S
NmLCG (NmLCG),

4. NmV-SPh 8 | Cys-Gly 0 0 S
NmVCG (NmVCG),

5. NmY-SPh5 | Cysteine 92.86 90.5 S
NmYC (NmYC),

6. NmF-SPh 6 | Cysteine 16.14 8.13 S
NmFC (NmFC);

7. NmL-SPh 7 | Cysteine 80.79 78.03 S
NmLC (NMLC),

8. NmV-SPh 8 | Cysteine 27.74 26.03 S
NmVC (NmVC),

*Cys-Gly dipeptide, "Cysteine, °G = gel, S = solution
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Reaction of NmY-SPh with Cys-Gly
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Fiureg A5. HPLC analysis for NmYCG formation as function of time upon reaction of
NmY-SePh and NmY-SPh with Cys-Gly. Selenoester gives 90% NmYCG conversion at
30 min while only 25% NmYCG conversion was observed from thioester at 30 min.
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Figure A6. HPLC analysis for product NmFCG, NmLCG and NmVCG formation as
function of time upon reaction of NmF-SPh, NmL-SPh and NmV-SPh with cysteine.
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2. 'H ., ®C NMR and ESI-MS Characterization of

Thioesters
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Figure A7. 400 MHz *H NMR spectrum of 5 (NmY-SPh) in CDCl,
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Figure A8. 100 MHz **C NMR spectrum of 5 (NmY-SPh) in CDCl.
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Figure A9. ESI-MS spectrum of 5 (NmY-SPh).
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Figure A10. 400 MHz *H NMR spectrum of 6 (NmF-SPh) in CDCls,.
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Figure A11l. 100 MHz **C NMR spectrum of 6 (NmF-SPh) in CDCls.
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Figure A12. ESI-MS spectrum of 6 (NmF-SPh).
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Figure A13. 400 MHz *H NMR spectrum of 7 (NmL-SPh) in CDCls.
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Figure A14. 100 MHz **C NMR spectrum of 7 (NmL-SPh) in CDCls.
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Figure Al15. ESI-MS spectrum of 7 (NmL-SPh).
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Figure A16. 400 MHz *H NMR spectrum of 8 (NmV-SPh) in CDCls,
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Figure A17. 100 MHz **C NMR spectrum of 8 (NmV-SPh) in CDCls.
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Figure A18. ESI-MS spectrum of 8 (NmV-SPh).
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