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Abstract
Since the introduction of solid phase peptide synthesis in 1963, peptides and posttranslationally modified peptides can be conveniently synthesized in the chemistry laboratory.
In the past decade, there has been a remarkable increase in bioactive peptide research and the
therapeutic peptide market value is expected to hit $25 billion this year. Peptides can also
provide structural and biological functions and have emerged as promising novel biomaterials
in tissue engineering. Here we will describe three different projects, which deal with different
aspects of peptide chemistry, i.e. synthetic method development, exploration of new peptide
biomaterials, and the use of cell penetrating peptides in medicinal chemistry research.
Specifically, the aims of this dissertation were 1) to optimize the synthesis of a photoreactive
linker and photoreactive amino acids for solid phase peptide synthesis; 2) to synthesize
photoreactive collagen-like peptides (CLPs) and to study their photochemical properties; and 3)
the syntheses of potential anti-leishmanial compounds and their conjugation to a cellpenetrating peptide in an attempt to improve their bioavailability.

In this dissertation we demonstrate the optimized synthesis of a dual functional linker
previously developed in our laboratory and its use in the synthesis of photoreactive amino acid
building blocks and in the synthesis of photoreactive peptides. We also show the incorporation
of photoreactive amino acids into the backbone of a collagen peptide, its capability to undergo
one-photon

as

well

as

two-photon

photolysis,

and

its

potential

usefulness

in

biophotolithography. Furthermore, the synthesis of a second generation photoreactive CLP
with cross-linking capabilities for the production of rigid hydrogels is presented. This
vii

photoreactive collagen-like peptide is a new biomaterial with potential future applications in
tissue engineering. Lastly, anti-leishmanial compounds were synthesized, as well as the cellpenetrating peptide “TAT”, with several copies of the anti-leishmanial compound covalently
linked to it. Unexpectedly, dose response curves against Leishmania major promastigotes show
that the anti-leishmanial compounds alone have a significantly greater anti-parasitic activity
compared to their TAT conjugated counterparts. While conjugation to the TAT peptide resulted
in a decreased toxicity toward mammalian cells, our results show that improving a bioactive
compound’s water solubility and membrane permeability may not necessarily result in greater
bioactivity, but can even be detrimental.

viii
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Chapter I
Dissertation Overview
Peptides are partial structures of proteins. In nature, they are produced by ribosomal or
non-ribosomal peptide synthesis,1 or by enzymatic proteolysis of proteins.2 Since the
introduction of solid phase peptide synthesis (SPPS) by Merrifield in 1963 3 along with many
technological advances in this area, peptides and post-translationally modified peptides can
also be conveniently synthesized in the chemistry laboratory. The purpose of these syntheses
may be related to synthetic method development, or to the study of the peptides’ structure
and function, or to discover bioactive peptides.4 In the last ten years, there has been a
remarkable increase in bioactive peptide research and the therapeutic peptide market value is
expected to hit $25 billion by 2018.5
Bioactive peptides represent an excellent starting point for the design of novel
therapeutics.6 Some of the advantages of peptide-based therapeutics include high activity, low
toxicity, and remarkable specificity.7 Peptides of natural origin have been used as
chemotherapeutics in many applications, such as: Anti-cancer peptides with inhibiting
properties against proteasomes and the anti-apoptotic factor GADD45/MKK7;8,9 a galanin-like
peptide with anti-obesity effects in mice;10 antioxidant peptides derived from the rich source of
protein Pearl Millet,11 to cite some examples. Furthermore, peptide sequences can also provide
structural or biological functions in tissue engineering. Supramolecular assembly of peptides is
now emerging as a promising route for novel biomaterials in tissue engineering. 12

1

This dissertation describes three projects: a) synthesis of photoreactive amino acids and
their application in SPPS; b) the synthesis of photoreactive collagen-like peptides for the
potential use as a new biomaterial for tissue engineering applications; and c) novel antiLeishmania compounds and peptide conjugates thereof as potential anti-parasitic compounds.
The first project entails the synthesis and upscaling of a photoreactive linker for solid
phase peptide synthesis. The photoreactive linker was utilized to produce photoreactive amino
acids in the presence of common protecting groups utilized in SPPS (acid and base labile).
Furthermore, the properties of the photoreactive linker were explored through the synthesis of
two photoreactive peptide sequences. The photorelease of a protected peptide acid under
completely neutral conditions was explored.
Furthermore, a photoreactive amino acid was used as a building block to synthesize a
novel photoreactive collagen-like peptide. The one and two-photon absorption capabilities of
such a collagen-like peptide were demonstrated, the latter in collaboration with Dr. Chunqiang
Li (Dept. of Physics, UTEP). The novel peptide was fully characterized and its stability and
secondary structure was studied through circular dichroism. Herein, we present
cytocompatibility studies with human mesenchymal stem cells and mouse embryonic
fibroblasts in collaboration with Dr. Binata Joddar (Dept. of Metallurgical, Materials, and
Biomedical Engineering, UTEP). We demonstrate that this type of macroscopic biomimetic
material can be used to generate micropatterns through a photodegradation method using a
femtosecond laser. Potentially, this technique could also be used for the guided tissue growth
in a 2D and possibly 3D fashion. A second photoreactive collagen-like peptide with incorporated

2

cysteines to allow for cross-linking was also synthesized. This novel peptide was designed with
the idea of creating higher ordered structures through the natural oxidation of cysteine into
disulfides, or through chemical cross-linking with a thiol reactive homobifunctional cross-linker.
The generation of a photoreactive, cross-linked hydrogel made from this peptide is presented.
Lastly, several anti-parasitic Mannich base derived moieties were synthesized based on
published reports.13–15 In an attempt to improve the bioavailability and potency of these
derivatives, a cell penetrating peptide was utilized as a vehicle. The synthesis of these
antiparasitic compounds with and without attachment to the peptide vehicle will be presented.
Furthermore, in collaboration with Dr. Rosa Maldonado (Dept. of Biological Sciences, UTEP)
these compounds were tested in parasiticidal assays against Leishmania major promastigotes,
and their cytotoxicity was studied in intraperitoneal mouse macrophages.

3

Chapter II
Synthesis of Amino Acids with a Photoreactive 7-Nitroindoline Linker, and their
Application in Peptide Synthesis
2.1 Introduction
Solid phase peptide synthesis (SPPS) greatly depends on the choice of a suitable linker
between the solid support and the peptide sequence. The linker will dictate how the peptide is
cleaved from the solid support and will dictate the functionalization of the C-terminal of the
peptide. Standard release of peptides from the solid support is achieved in relatively harsh
conditions, these include: hydrofluoric acid (HF) to cleave peptides from Merrifield resin,3 and
90-95% trifluoroacetic acid (TFA) to retrieve peptides from Rink amide, Sieber, and Wang
resins. Thus, the use of these harsh reagents compromises the integrity of fragile peptides; for
this reason a completely orthogonal linker for SPPS is an attractive option. We hypothesized
that by synthesizing photoreactive amino acids equipped with an N-acyl-7-nitroindoline-5carboxylic acid as a linker for solid phase peptide synthesis, we can develop a completely
orthogonal linker which releases protected peptide acids and can also undergo peptide
fragment condensation under completely neutral conditions upon ultraviolet light illumination.
This hypothesis was partially tested by the synthesis of two photoreactive peptides on-resin
and the photorelease of peptide fragments from the resin under completely neutral conditions.
The target peptide was similar to the sequence 766-780 in the alpha (1) chain of type I collagen
known as P15 peptide (GTPGPQGIAGQRGVV).16

4

2.2 Specific Aims
2.2.1

To optimize and up-scale the synthesis of allyl 7-nitroindoline-5-carboxylate.

2.2.2

To expand the scope of photoreactive amino acids with varying protecting
groups for solid phase peptide synthesis.

2.2.3

To demonstrate the usefulness of the nitroindoline-based linker for a) the
photorelease of a protected peptide acid from the solid support; and b) its
usefulness in peptide synthesis by photochemical fragment condensation in
solution.

2.3 Background and Significance
2.3.1 Photochemical cleavage of N-acyl-nitroindolines and their ability to undergo acylation
reactions
N-acetyl-7-nitroindoline 1 undergoes photosolvolysis upon illumination, which results in
the acetylation of a nucleophilic solvent17. Scheme 1 shows that the photochemistry of
nitroindolines involves the reaction of a critical photogenerated intermediate 2 (nitronic
anhydride), obtained via photochemical transfer of the acyl group from the amide nitrogen to
one of the oxygen atoms of the nitro group. Two competing pathways of reaction can occur
after the nitronic anhydride intermediate is formed, which differ in how the acyl group is
cleaved as proposed by Corrie.18 By UV light irradiation of a 1-acetyl-nitroindoline derivative in
solutions of acetonitrile with low water content the major pathway is hydrolysis of 2 via a
nucleophilic acyl substitution to yield 3. On the other hand, in solutions of 100% water, the

5

predominant reaction pathway is an intramolecular redox reaction to give the released
carboxylic acid and 7-nitrosoindole 4. In both pathways the end product is the cleavage of the
acyl group to yield acetic acid (5), while the fate of the nitroindoline differs depending on the
pathway (products 3 and 4).
Bochet reported that a potent photochemically generated electrophile intermediate
(nitronic anhydride 2) is responsible for the acylation of amines and alcohols.19 Also, that in an
aqueous environment, in the absence of nucleophiles, an elimination pathway takes place to
produce nitrosoindole 4, but he claimed no definite mechanistical explanation was currently
available.19,20 Mechanistic studies21 were performed on N-acetyl-7-nitroindoline 1 by employing
semi-empirical calculations (AMPAC 9.2) to study the potential energy surface of an acyl shift to
form the nitronic anhydride 2 and its fate in the presence of protic solvents. It was found that
on the S1 excited state compound 1 overcomes a small energy barrier to become nitronic
anhydride 2. This acyl shift occurs through a 1,5 sigmatropic rearrangement of the carbonyl
from the nitrogen to one of the oxygens in the nitro group. Furthermore, the theoretical
calculations suggest that the nitronic anhydride 2 is sensitive to protonation of the acetyl group
followed by elimination, thus following pathway B to produce compounds 4 and 5 (Scheme 1).
However, based on preliminary results obtained in our laboratory, irradiation of a 1-acetylnitroindoline derivative with UV light in methanol as a solvent, unexpectedly gives 3 as the sole
product. Based on Mendez et. al. report,21 this unexpected result led us to believe that the
mechanism of these pathways may not be as straightforward and that the protonation of
intermediate 2 may be dependent on the acidity of the aqueous solvents to follow path B.

6

Scheme 1. Proposed pathways of photolysis (adapted).18

Besides being used as protecting groups,22 nitroindolines are powerful acylating agents
to various nucleophiles such as alcohols, thiols, and amines by activating the amide carbonyl
group upon irradiation with UV-light.19,20,23–28 As shown in Scheme 2, after irradiation of 1 at
350 nm and the formation of the aforementioned nitronic anhydride 2, nucleophiles become
acylated to form 6 (Scheme 2). It is believed that the use of inert, aprotic solvents is key for this
photoacylation to take place.

Scheme 2. Photoacylation of nucleophiles in inert solvents (adapted).25

2.3.2 Introduction to Solid Phase Peptide Synthesis
The first peptide synthesized by means of coupling two amino acids through an acyl chloride
was achieved by Emil Fischer in 1903.29 However, at this point longer peptides could not be
obtained because there were no advances on amino acid protecting chemistry. Later on, the
benzyloxycarbonyl-protecting group (Cbz) was introduced,30 followed by coupling reagents,31
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and the benzyl protection of cysteine’s side chain.32 All of these achievements paved the way
for the synthesis of the nonapeptide oxytocin33, for which du Vigneaud earned the Nobel prize
in 1955. However, synthesizing peptides by one amino acid coupling after the other in solution
is a very laborious task involving extraction and chromatography at every step.
A method introduced by Merrifield in 19633 to build peptides anchored to a solid
support opened the doors to a much more practical way of synthesizing larger peptides. This
new method called solid phase peptide synthesis allowed coupling reactions to be carried out
on a solid support by using an excess of an activated amino acid which, upon completion of
coupling, can be removed by washing procedures.34 A general scheme of SPPS is depicted in
Figure 1. An insoluble resin is chosen, usually composed of polystyrene beads modified with
appropriate handles (functional groups) for coupling to amino acids, resulting in esters or
amides.34 Furthermore, there are two widely accepted protecting group strategies for SPPS
commonly known as Boc/Bn and Fmoc/tBu strategies. The former commonly, but not
exclusively, employs benzyl derived side chain protecting groups, whereas acid sensitive Boc is
used for temporary protection of the N-terminal amino group. The latter method employs acid
sensitive

t-Butyl

based

side

chain

protecting

groups

and

base

sensitive

Fluorenylmethyloxycarbonyl (Fmoc) as a temporary protecting group of the N-terminal amino
group.35 The key factor in these strategies is the orthogonality shown in both and the possibility
to reveal an N-terminal amino group while keeping the side chains intact.
There are now many methods of amino acid activation for coupling and peptide bond
formation available. Methods such as diimide activation,36 anhydride mediated activation37 and
pre-activated amino esters using phosphonium or uranium/guanidinium based coupling
8

reagents are now the most employed.34 Thus, after activation of the first amino acid it is then
suspended in the resin for coupling. This coupling reaction can be monitored by several
colorimetric tests, such as: Kaiser,38 bromophenol blue,39 and the acetaldehyde/chloranil test40
(preferred test for secondary amines like proline). After the tests give a negative result,
indicating that all amino groups of the growing peptide chain have become acylated,
completion of coupling is presumed and any remaining unreacted amines are capped with
acetic anhydride (Ac2O) to keep failed sequences short, which facilitates purification by size
exclusion chromatography. Furthermore, the N-terminal amine of the coupled amino acid is
deprotected to continue elongation of the peptide. This process is repeated until the desired
sequence is obtained. Lastly, the peptide is cleaved from the resin and, if desired, globally deprotected, usually with harsh reagents such as trifluoroacetic acid (TFA), acetic acid or liquid HF,
which is a particularly dangerous reagent (Figure 1).

Figure 1. General scheme of SPPS
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Linkers in resins for SPPS provide a reversible attachment between the peptide and the
solid support.41 The linker of choice determines how the peptide can be synthesized and how it
will be cleaved from the resin. It is extremely important that once the peptide is synthesized it
can be cleaved under relatively mild conditions to maintain its integrity. A suitable linker for
SPPS has to meet certain requirements, such as high yielding attachment of the first amino acid,
stability to all chemical transformations during synthesis and high yielding cleavage of the
desired peptide.42
Most linkers used for SPPS are acid sensitive43 and can differ in a number of C-terminal
functionalities upon cleavage, with the possibility of yielding protected or unprotected
peptides.41 However, there are limitations when using these linkers if acid labile moieties are
present in the peptide sequence44 (e.g. some glycopeptides). Photolysis is an attractive way of
cleaving peptides from the resin because of its orthogonality with respect to common side
chain protecting groups, and the ability to photorelease protected peptides for further
derivatization. Photolabile linkers are an interesting alternative because their cleavage requires
no harsh reagents, only light.
We have focused our interest on the photochemical properties of N-acyl-7nitroindolines first published by Amit, et. al.17 and later used to couple two protected peptide
segments.24 Years later, Papageorgiou used a similar nitroindoline derivative to
photochemically release L-glutamate in aqueous media.45 Nicolaou designed the synthesis of a
7-nitroindoline based linker for solid phase synthesis that was used for photo-induced release
of various molecules as well as intramolecular photocyclization of small organic heterocycles. 23
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Based on this solid phase linker, we present the synthesis of 7-nitroindoline-5-carboxylic acidequipped photoreactive amino acids for solid phase peptide synthesis by the Fmoc/tBu
strategy.

2.4 Results and Discussion
2.4.1 Optimization of linker synthesis and expansion of scope (Specific Aim 1)
The synthesis of this linker was designed based on Nicolaou’s solid phase linker 23 with
several modifications in mind to make it suitable for amino acid attachment and solid phase
peptide synthesis by the Fmoc/tBu strategy. This linker was previously developed in our
laboratory and applied for the production of peptide thioesters and a peptide hydrazide.25,26 In
collaboration with two undergraduate students (Kaitlyn N. Williams and Karen L. Castaneda)
this synthesis was optimized to excellent yields and up-scaled. Moreover, previously
inaccessible photoreactive amino acids with acid-labile side chain protection were synthesized
(based on previous preliminary data from Dr. Andrew Pardo).
The synthesis of the photoactive linker began by allylation of the carboxylic acid at
position 5 of the commercially available 5-carboxylic acid indole 7 (Scheme 3). Compound 7 was
protected as an allyl ester 8 (97%) because its orthogonality will be needed in a later step. After
protection of the acid, the indole 8 was reduced to indoline with NaCNBH3 in acetic acid. A good
separation between indole and indoline could not be achieved on thin layer chromatography.
However, indole 8 is not nucleophilic enough to react with acetic anhydride, and thus the
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indoline was selectively acetylated to obtain 9 in a very good yield of 95% (2 steps). The most
critical step in the synthesis of the linker is the nitration of indoline 10 at position 7. One
equivalent of NaNO3 was dissolved in TFA and stirred at cold temperature to produce +NO2 in
situ followed by the addition of 9. After 6 hours of stirring at room temperature, allyl N-acetyl7-nitroindoline-5-carboxylate 10 was obtained (85%); at this point a photoreactive nitroindoline
derivative was obtained. Compound 10 was de-acetylated photochemically by dissolving it in
0.1% of water in THF (v/v) and irradiated with 350 nm of light to yield 11 (93%). This
nitroindoline derivative 11 was then conjugated to amino acids to produce building blocks for
SPPS. The synthesis of the photoreactive linker was optimized at several critical steps: the
reduction of indole 8 to indoline, followed by the exclusive acetylation of the crude indoline to
produce 9 (95%) avoiding product loss through a difficult chromatography execution as
compared to previous reports of this synthesis (53%)46. Furthermore, during the electrophilic
aromatic substitution for the production of 10, an undesired byproduct was observed by NMR
where the allyl group was lost or altered to an unknown structure. The aforementioned
conditions of one equivalent of cold NaNO3 in TFA yielded the best results and the undesired
byproduct was no longer observed increasing the yield from 71%46 to 85%.
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Scheme 3. Synthesis of the allylated precursor of the photolabile linker ready for amino acid attachment.
a) AllBr, CsCO3, DMF; b) NaCNBH3, AcOH; c) Ac2O; d) NaNO3, TFA; e) h (350 nm), 0.1% H2O in THF.

2.4.2 Synthesis of Photoreactive Amino Acids for SPPS (Specific Aim 2)
The synthesis of Fmoc protected photoreactive amino acids equipped with 5-bromo-7nitroindoline was originally reported by Patchornik through acid chloride formation in the
presence of thionyl chloride.24 Our research group has reported the synthesis of several other
photoreactive amino acids equipped with nitroindoline 11 using Patchornik’s method.25,26,47
Fmoc protected amino acids were condensed with nitroindoline 11 in the presence of thionyl
chloride at 70-80 oC in anhydrous toluene. This synthesis is illustrated in Scheme 4 for the
production of allyl-1-(N-Fmoc-Glycyl)-7-nitroindoline-5-carboxylate 12 as an example.48 This
method was very useful to achieve the synthesis of several photoreactive amino acids with nonacid labile protecting groups (see Table 1). However, using thionyl chloride to produce acid
chlorides generates large quantities of hydrochloric acid, thus rendering this method unsuitable
for any acid-labile protected amino acids. Patchornik reported that the synthesis of acid-labile
Boc protected amino acids by this method was not possible. By our own experience, after many
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failed reactions under varying conditions, e.g. the presence of an acid scavenger (pyridine), it
was determined that an alternative method was needed.

Scheme 4. Synthesis of photoreactive amino acids with SOCl2.48
Table 1. Isolated yields of non-acid labile protected photoreactive amino acids (12-22).
*Note: Compounds 13-20 were synthesized previously by Dr. Hogenauer
12

Allyl-1-(N-Fmoc-Glycyl)-7-nitroindoline-5-carboxylate

93%

13

Allyl-1-(N-Fmoc-Prolinyl)-7-nitroindoline-5-carboxylate

86%

14

Allyl-1-(N-Fmoc-Alanyl)-7-nitroindoline-5-carboxylate

89%

15

Allyl-1-(N-Fmoc-Isoleucinyl)-7-nitroindoline-5-carboxylate

88%

16

Allyl-1-(N-Fmoc-Phenylalanyl)-7-nitroindoline-5-carboxylate

83%

17

Allyl-1-[N-Fmoc-Lysinyl(Tfa)]-7-nitroindoline-5-carboxylate

86%

18

Allyl-1-[N-Fmoc-Glutamic acid(OBzl)]-7-nitroindoline-5-

86%

carboxylate
19

Allyl-1-[N-Fmoc-Threonine(OBzl)]-7-nitroindoline-5-carboxylate

84%

20

Allyl-1-(N-Fmoc-Cysteine(StBuThio))-7-nitroindoline-5-

68%

carboxylate
21

Allyl-1-(N-Fmoc-Leucinyl)-7-nitroindoline-5-carboxylate

75%

22

Allyl-1-(N-Fmoc-Valinyl)-7-nitroindoline-5-carboxylate

80%

14

Kim reported a mild and efficient procedure to convert various carboxylic acids into acid
chlorides based on a reaction reported by Rolf Appel, “the Appel reaction”. 49,50
Triphenylphosphine readily reacts with trichloroacetonitrile at room temperature to produce
triphenylphosphonium chloride, which can then react with carboxylic acids to produce acid
chlorides.49 A general mechanistic scheme for the production of acid chlorides via different
chlorinating agents and triphenylphosphine was reported by Chavasiri. 51 The advantage of this
method is that the production of HCl is kept to a minimum, becoming an attractive alternative
for production of acid chlorides on acid sensitive compounds. This method was applied in hope
of achieving the synthesis of the remaining branch of photoreactive amino acids needed (acidlabile protected amino acids). These reactions were performed by suspending the amino acids
in anhydrous dichloromethane (DCM) and activating them with trichloroacetonitrile and freshly
recrystallized triphenylphospine at room temperature (Scheme 5). The suspension immediately
goes into solution, presumably due to the good solubility of acid chlorides in DCM. After 15
minutes of stirring, nitroindoline 11 is added to the solution and refluxed for 24 hours. To our
surprise, only two photoreactive acid labile protected amino acids were obtained (23 and 24,
Table 2) in low yields; once again, an alternative method was required.

Scheme 5. Synthesis photoreactive amino acids with acid-labile side chain protection using an Appel
reaction.
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The synthesis of a gluconic acid chloride under “strictly neutral conditions” was reported
by Fürstner.52 Strictly neutral conditions were achieved by using a chloroenamine reagent also
known as Ghosez’s reagent.53,54 The advantage of this method is that the liquid Ghosez’s
reagent can be easily removed under reduced pressure after the formation of an acid chloride
to prevent any decomposition and formation of acid. Also, 4-dimethylamino pyridine (DMAP) is
used as an acylation catalyst with the added advantage of quickly trapping any released
hydrochloric acid after acylation occurs. Thus, this method was implemented to synthesize
three acid labile photoreactive amino acids (Table 2, 23-25) in good yields.
Table 2. Isolated yields of photoreactive amino acids with acid-labile side chain protection.

23

Allyl-1-[N-Fmoc-Glutamic acid (OtBu)]-7-nitroindoline-5-carboxylate

80%

24

Allyl-1-[N-Fmoc-Tyrosine(tBu)]-7-nitroindoline-5-carboxylate

75%

25

Allyl-1-[N-Fmoc-Serine(tBu)]-7-nitroindoline-5-carboxylate

78%

The desired amino acid was dissolved in anhydrous DCM, Ghosez’s reagent 26 was
added and stirred at room temperature for 2.5 hours. Excess Ghosez’s reagent and DCM were
completely removed to dryness under reduced pressure by vacuum distillation. The faint yellow
crude acid chloride solid 27 was cooled down to 0 oC and re-dissolved in anhydrous DCM.
DMAP and nitroindoline 11 were slowly added and the solution was refluxed for 24-36 hours.
This reaction is depicted in Scheme 6, showing the synthesis of the photoreactive glutamic acid
derivative 23 from commercially available Fmoc-L-Glu(OtBu)-OH 28 as an example.
Furthermore, the mechanism of the acid chloride formation with the Ghosez’s reagent is shown
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in Figure 2. A carboxylic acid is allowed to react with tetramethyl--chloroenamine in a suitable
solvent (e.g. DCM) to produce intermediate A by an addition reaction (Fig. 2). Then, the lone
pair of electrons of the nitrogen atom flow to the -carbon displacing Cl- as the leaving group to
produce intermediate B. Lastly, a chloride ion attacks the electron deficient carbonyl producing
an acid chloride and dimethylisopropylamide as a by-product (Fig. 2).55

Scheme 6. Synthesis of a photoreactive amino acid with an acid-labile side chain protection using
Ghosez’s reagent.

Figure 2. Mechanism of Ghosez’s reaction to produce an acid chloride (adapted from Ref. 55)55

Unfortunately, the synthesis of several other acid-labile photoreactive amino acids
failed in our hands up to this point. Fmoc-Asp(OtBu)-OH, Fmoc-Cys(Trt)-OH, Fmoc-Lys(Boc)-OH
could not be coupled with 11. The previously described reaction conditions were used but there
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was no consumption of 11 and no possible product was observed. Although the starting
protected amino acids were not completely consumed, new compounds observed at the
baseline during TLC analysis in polar solvents (10% MeOH in DCM), suggested the possible loss
of the acid labile side chains of these amino acids. The crude reaction was analyzed by mass
spectrometry and no desired product was observed, no further analysis was performed. One
possible explanation for the failure of these reactions is that for certain amino acids, the
corresponding acid chlorides undergo unwanted side reactions, including cyclization. 56 Another
explanation might be the loss of the side chain protecting groups, even though this mild
method is being used.
To meet Specific Aim 3, the photoreactive amino acids 12 and 22 were deallylated to
furnish the building blocks 29 and 30 (Table 3), respectively, suitable for SPPS. After a Pd(0)
catalyzed deallylation with N-methylaniline57, a carboxylic acid is furnished which serves as an
anchor to conjugate the photoreactive amino acids to a solid support.
Table 3. Isolated yields of photoreactive amino acids with a carboxy group.

29

1-(N-Fmoc-Glycyl)-7-nitroindoline-5-carboxylic acid

Quant.

30

1-(N-Fmoc-Valinyl)-7-nitroindoline-5-carboxylic acid

Quant.

12 and 22 were respectively dissolved in anhydrous tetrahydrofuran (THF) followed by
the addition of tetrakis(triphenylphosphine)palladium, N-methylaniline and stirred at room
temperature for 2 h. to yield the carboxylic acids of 1-(N-Fmoc-Glycyl)-7-nitroindoline-5-
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carboxylic acid 29 and 1-(N-Fmoc-Valinyl)-7-nitroindoline-5-carboxylic acid 31 in quantitative
yields (Scheme 7).

Scheme 7. Pd-catalyzed deallylation of photoreactive amino acids. Glycine derivatives 12 and 29 have
been described.48

2.4.3 Synthesis of a modified P15 peptide through peptide acid photorelease and
photochemical peptide fragment condensation.
To test the capabilities of the photoreactive linker, the synthesis of an analog of an
interesting collagen derived peptide “P15” (31) was proposed as a model compound. P15
peptide is a synthetic analog from the cell-binding domain of the -1 chain of human collagen
type I.58,59 P15 peptide derived from collagen is a synthetic peptide with the sequence
GTPGPQGIAGQRGVV.58 P15 has been widely used in the Biomedical Engineering field to
enhance cell attachment and osteogenesis as it promotes bone formation and serves as a bone
matrix.58–61
Although P15 is relatively easily accessible through SPPS, a synthesis of a peptide similar
to P15 was designed to demonstrate the usefulness of the photoreactive linker. The targeted
peptide sequence 31 (GTPGPKGIAGKRGVV) closely resembles that of P15 peptide with the
exclusive substitution of two glutamine amino acids for lysine. The reason of this substitution is
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that others in our research group, in the future, may use this peptide derivative for crosslinking
studies at its lysine side chains.
The P15 derived peptide 31 (GTPGPKGIAGKRGVV) was retrosynthetically split into two
peptide fragments (Scheme 8). A photoreactive peptide was synthesized by coupling the
photoreactive glycine 29 to the hyper-acid sensitive Sieber amide resin,62 followed by standard
Fmoc-SPPS, cleavage from the resin by dilute acid concentration and immediate neutralization
by dilute pyridine to obtain the fully protected photoreactive peptide 32 (N-terminal half of
peptide 31).
In a separate synthesis, photoreactive valine 30 was coupled to Sieber amide resin,
followed by standard Fmoc-SPPS to elongate the C-terminal half peptide to completion. Then,
Fmoc was removed with 20% piperidine in NMP to obtain a free N-terminus amine. The Nterminal amine will serve as the nucleophile in the photochemical conjugation of peptides 32
and 33. The peptide was photochemically released from the resin under completely neutral
conditions. The solid supported peptide was irradiated with 350 nm of light in THF : H 2O (9 : 1)
and the reaction was monitored through a kinetic study employing UV-Vis spectrophotometry.
Several aliquots of the reaction were taken at different time intervals. The absorption of the Pbf
protecting group present in peptide 33 (aromatic ring, abs. max approx.: 250 nm) was exploited
to monitor the photorelease of the peptide. It was observed that the absorption increased over
time and between 175 and 235 seconds (3 to 4 mins) the photochemical release of the
photoreactive peptide was complete (Figure 3). The photochemical release was monitored for 6
more minutes with no observed change in absorbance (not shown in Figure 3 for clarity). This
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kinetic study only indicates that a photorelease took place, but the identity of the
photoreleased species needed to be confirmed by mass spectrometry. Furthermore, the
photorelease from the solid support was complete in 3 to 4 minutes. To put this in perspective,
cleavage of peptide amides from Rink amide resin with 95% TFA takes 1-3 h.

0.45
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10 seconds
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0.35

15 seconds
25 seconds

0.25
115 seconds
145 seconds

0.15

175 seconds
235 seconds

0.05

-0.05
240

260

280

300

320

340

Wavelength (nm)
Figure 3. Kinetic study of the photorelease under neutral conditions. Aliquots of the reaction were taken
at several time intervals after irradiation with 350 nm of light. Absorption of aliquouts measured by UVVis spectrophotometry (Experiment performed by Hector P. Del Castillo).

So far, mass spectrometric analysis only shows that an undesired cyclic by-product 33a
(Figure 4) is contained in the reaction mixture. The desired linear peptide 33 is still elusive at
this point, but it might be contained in the reaction mixture. It is possible that peptide 33 was
not properly ionized and may require different mass spectrometric conditions. It is of interest
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to note that the photoacylation of a primary amine is possible in an aqueous mixture to
produce 33a (THF : H20 9 : 1).

Figure 4. Structure of peptide 33 (left, formation not confirmed yet) and structure of the undesired cyclic
peptide byproduct 33a (right).

The photochemical conjugation of peptides 32 and 33 (Scheme 8) and the global
deprotection of peptide 34 to obtain the P15 derived peptide (31) were not achieved at the
point of publication of this dissertation and may be performed by another member of this
laboratory in the near future.
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Scheme 8. Convergent synthesis of a P15 derived peptide through a photochemical peptide acid release
and photochemical peptide fragment condensation.
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2.5 Conclusions
The production of a photoreactive linker for solid phase peptide synthesis was achieved
following previous results in this laboratory; however, reactions were up-scaled to 5 g and
optimized, achieving excellent yields (73% overall yield for the linear synthesis of linker 11.) This
is a substantial improvement when compared to the overall yield of 24% which was previously
achieved in our group using a similar synthetic route. Furthermore, after coupling nitroindoline
11 to synthesize photoreactive amino acids and deallylation to obtain 29 and 30, the overall
yield after seven steps is 68% and 58%, respectively. Several photoreactive amino acids for solid
phase peptide synthesis were synthesized, with previously inaccessible acid-labile
photoreactive amino acids (23-25) successfully obtained in good yields. These amino acids were
synthesized through the generation of an acid chloride under neutral conditions using Ghosez’s
reagent. Lastly, two photoreactive peptides derived from the collagen-like peptide P15 were
synthesized on-resin. While the N-terminal peptide 32 was obtained and characterized, the
photoreleased C-terminal peptide 33 is still elusive, but the formation of the undesired cyclic
peptide 33a was confirmed by mass spectrometry.

2.6 Experimental
Reagents and solvents
Fmoc and Boc amino acid derivatives were purchased from Anaspec Inc., BACHEM or
Chem-Impex Intl. Inc. Sieber amide resin was purchased from Novabiochem. The coupling
reagent HBTU was purchased from Anaspec Inc. HOBt, piperidine, Ghosez’s reagent, reserpine
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and indole-5-carboxylic acid were obtained from Sigma Aldrich. Allyl bromide, cesium
carbonate,

triphenylphosphine,

trichloroacetonitrile,

4-dimethylaminopyridine,

N-

methylaniline, TIS, tetrakis(triphenylphosphine)palladium(0), and tetrachloro-p-benzoquinone
were obtained from Acros. Thionyl chloride, sodium cyanoborohydride and Ultramark were
acquired from Alfa Aesar. Solvents, acetic acid, acetic anhydride, sodium nitrate, pyridine,
DIPEA, TFA, and bromophenol blue were obtained from Fisher Scientific. CDCl 3 and DMSO-d6
were purchased from Acros and Cambridge Isotope Laboratories, respectively. Thin layer
chromatography was performed on silica gel 60 F254 on aluminum (Merck). Column
chromatography was performed on silica gel 60, 230–400 mesh from Natland International
Corp.

Instrumentation
Reversed phase chromatography was performed on a Fast Protein Liquid
Chromatography (FPLC) system in an AKTA Purifier from GE Healthcare Life Sciences. UV-VIS
absorption spectra were measured on a Shimadzu UV-3101PC UV-VIS-NIR scanning
spectrophotometer using quartz cuvettes of 1 cm path length. 1H NMR and
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C NMR spectra

were recorded on a JEOL ECA-600 (600 MHz) or a Bruker Avance III HD (400 MHz).
Tetramethylsilane was used as an internal standard. Mass spectrometry was performed on a
high resolution JEOL AccuTOF mass spectrometer using an Electrospray Ionization (ESI) source
or a DART source. Optical rotation measurements were obtained on an ATAGO AP300
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automatic polarimeter. Photoreactions were performed in a Rayonet RPR200 photochemical
reactor equipped with 16 UV lamps (350 nm).

2.6.1 Synthesis of linker, optimization and upscaling
Allyl indole-5-carboxylate (8)
Commercially available Indole-5-carboxylic acid (7) (31.00 mmol, 5 g., 1 equiv.) and
cesium carbonate (15.50 mmol) were dissolved in anhydrous DMF (25 mL) and stirred at room
temperature under argon. With the aid of a dropping funnel, allyl bromide (310.00 mmol) was
added over a period of one hour. The solution was stirred for three hours until the starting
material was consumed. DMF was mixed with heptane and removed under reduced pressure.
The solid crude was dissolved in ethyl acetate and washed with a saturated sodium bicarbonate
solution, water and brine then dried over magnesium sulfate. After filtration and removal of
ethyl acetate under reduced pressure, a pale yellow solid was obtained and used without
further purification (6.05 g, 97%). Rf = 0.45 (EtOAc:hexanes 1:1). 1H NMR (600 MHz, CDCl3,
295K)  ppm 8.91 (br. s., 1 H, NH), 8.47 (s, 1 H, H4), 7.93 (d, 1 H, 3J = 10.2 Hz, H6), 7.36 (d, 1 H,
H6), 7.21 (d, 1 H, H2), 6.61 (d, J = 3.7 Hz, 1 H, H3), 6.10-6.01 (m, 1 H, allyl CH2=CH-), 5.42 (dd, 1
H, 3J trans = 17.2 Hz, 2J = 1.4 Hz, allyl CH2=CH), 5.29-5.24 (dd, 1 H, 3J cis = 10.3 Hz, 2J = 1.2 Hz,
allyl CH2’=CH), 4.88-4.82 (d, 2 H, 3J = 5.5 Hz, allyl CH2).

13

C NMR (150 MHz, 295 K, CDCl3) C

167.8, 138.6, 132.5, 127.5, 125.9, 123.9, 123.3, 121.5, 117.9, 111.0, 103.7, 65.3.
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Allyl N-acetyl-indoline-5-carboxylate (9)
Allyl indole-5 carboxylate (8) (30.00 mmol, 6.03 g., 1 equiv.) was dissolved in glacial
acetic acid (100 mL) and placed in an ice bath while stirring until it reached a temperature of 10
o

C. NaCNBH3 (30.00 mmol) was then slowly added to the solution and after 5 minutes the ice

bath was removed to warm up the reaction to room temperature. After two hours of stirring,
the reaction was cooled down to 10 oC and another equivalent (30.00 mmol) of NaCNBH3 was
slowly added. After 5 minutes of addition of NaCNBH3 the reaction was warmed up to room
temperature and stirred until completion (6 h). The solution was diluted with ethyl acetate and
washed several times with water, sodium bicarbonate, brine and dried over magnesium sulfate.
Ethyl acetate was removed under reduced pressure and a solid pale yellow product was
obtained. The crude product was dissolved in acetic anhydride (5 mL) and stirred under argon
until the starting material was consumed (4 h). The reaction was quenched by addition of cold
water and the aqueous solution was extracted with ethyl acetate, then washed with a
saturated solution of sodium bicarbonate, water, brine and dried over magnesium sulfate. After
concentration under reduced pressure, a pale yellow solid (9) was obtained and used without
further purification (6.99 g, 95% two steps). Rf = 0.15 (Acetone:Hexanes 1:3). 1H NMR (600
MHz, CDCl3, 295K) H 8.22 (d, 1 H, 3J=8.3 Hz, H6), 7.93 (d, 1 H, 3J=10.3 Hz, H7), 7.84 (s, 1 H, H4),
6.07-6.00 (m, 1 H, allyl CH2=CH-), 5.42-5.39 (dd, 1 H, 3J trans = 17.4 Hz, 2J = 1.8 Hz, allyl CH2=CH),
5.29-5.28 (dd, 1 H, 3J cis = 10.3 Hz, 2J = 1.2 Hz, CH2’=CH), 4.79 (d, 2 H, J=5.5 Hz, allyl CH2), 4.104.07 (t, 2 H, J=8.6 Hz, H2), 3.22-3.19 (t, 2 H, J=8.6 Hz, H3), 2.23 (s, 3 H, acetyl CH3).
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C NMR

(150 MHz, 295 K, CDCl3) δC 169.1, 165.8, 146.7, 132.2, 131.2, 130.0, 125.8, 124.9, 118.0, 115.9,
65.2, 49.0, 27.3, 24.1. HR-ESI-TOF-MS m/z [M + H]+ calcd. 246.1130, obs. 246.1152.
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Allyl N-acetyl-7-nitroindoline-5-carboxylate (10)
In a round bottom flask under argon pressure, NaNO3 (13.4 mmol) was dissolved in TFA
(50 mL) and cooled down to -5oC. The solution was stirred for 20 minutes and allyl N-acetylindoline-5-carboxylate (9) (12.2 mmol, 3.00 g, 1 equiv.) was then added as a solid. The ice bath
was removed and the reaction slowly warmed up to room temperature while stirring. The
reaction was monitored by TLC and the starting material was consumed after 6 hours. The
solution was diluted in ethyl acetate and washed with cold water, a saturated sodium
bicarbonate solution, brine and dried over magnesium sulfate. After concentration under
reduced pressure, the crude product was purified by flash column chromatography to obtain an
orange solid (3.01 g, 85%). Rf = 0.18 (acetone:hexanes 1:2). 1H NMR (600 MHz, CDCl3, 295K)
H8.31 (s, 1 H, H6), 8.05 (s, 1 H, H4), 6.06-6.00 (m, 1 H, allyl CH2=CH-), 5.43-5.40 (dd, 1 H, 3J
trans = 17.3 Hz, 2J = 1.5 Hz, allyl CH2=CH), 5.33-5.30 (dd, 1 H, 3J cis = 10.2 Hz, 2J = 1.1 Hz, allyl
CH2’=CH ), 4.84-4.82 (d, 2 H, 3J = 5.8 Hz, allyl CH2), 4.30 (t, 2 H, 3J = 8.2 Hz, H2), 3.29 (t, 2 H, 3J =
8.2 Hz, H3), 2.28 (s, 3 H, acetyl CH3). 13C NMR (150 MHz, 295 K, CDCl3) δC 168.6, 164.0, 140.0,
137.9, 136.9, 131.6, 129.1, 126.3, 124.8, 118.9, 66.1, 50.3, 28.4, 23.3.

Allyl 7-nitroindoline-5-carboxylate (11)
In an oven dried round bottom flask, allyl N-acetyl-7-nitroindoline-5-carboxylate (10)
(10.37 mmol, 3.01 g., 1 equiv.) was dissolved in anhydrous THF (0.1 M, 104 mL) and
deoxygenated by repeated evacuation and introduction of argon (5x) to reduce the
concentration of oxygen. Reverse osmosis water (0.2% v/v) was added to the solution and the
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round bottom flask was placed in a photoreactor equipped with a water circulator to maintain
temperature at 30 oC. The solution was illuminated with near ultraviolet light (350 nm) for 8
hours. After the starting material was consumed, THF was removed under reduced pressure
and the crude was purified by flash column chromatography to obtain a yellow solid product
(2.39 g, 93%). Rf = 0.40 (EtOAc:hexanes 1:1). 1H NMR (600 MHz, CDCl3, 295K) H 8.58 (s, 1 H,
H6), 7.82 (s, 1 H, H4), 7.12 (br. s, 1 H, NH), 6.06-6.00 (m, 1 H, allyl CH2=CH-), 5.42-5.39 (dd, 1 H,
3

J trans = 17.2 Hz, 2J = 1.4 Hz, allyl CH2=CH), 5.30-5.29 (dd, 1 H, 3J cis = 10.1 Hz, 2J = 1.1 Hz, allyl

CH2’=CH), 4.80 (d, 2 H, 3J = 5.5 Hz, allyl CH2), 4.00-3.95 (t, 2 H, J=8.6 Hz, H2), 3.24-3.21 (t, 2 H,
H3). 13C NMR (150 MHz, 295 K, CDCl3) δC 164.9, 151.4, 133.8, 132.2, 129.2, 128.0, 126.4, 118.4,
118.3, 65.5, 47.0, 27.6.

2.6.2 General Synthesis of non-acid labile protected photoreactive amino acids by SOCl2 (1222)
allyl-1-(N-Fmoc-Glycyl)-7-nitroindoline-5-carboxylate (12)
The

synthesis

of

allyl-1-(N-Fmoc-glycyl)-7-nitroindoline-5-carboxylate

has

been

published by us48 and will be reported as well in Chapter III.
Photoreactive amino acids (13-20)
The synthesis of photoreactive amino acids 13-20 have been previously been
described in the dissertation of Tyrone Hogenauer, but with the exception of derivative 12,
their detailed syntheses have never been published to date.
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Allyl-1-(N-Fmoc-Leucinyl)-7-nitroindoline-5-carboxylate (21)
In a dry round bottom flask under argon pressure, Fmoc-Leu-OH (1.61 mmol, 0.57 g) and
allyl-7-nitroindoline-5-carboxylate 11 (0.81, 0.20 g, 1 equiv.) were suspended in anhydrous
toluene and stirred at 70 oC for 15 mins. SOCl2 (4.05 mmol, 0.29 mL) was slowly added to the
suspension and after 20 mins of stirring the reaction went into solution. The solution was
stirred for 24 hours until the starting material 11 was almost consumed. The crude was then
diluted with ethyl acetate and washed with sodium bicarbonate, water and brine. The organic
layer was dried with magnesium sulfate and filtered. The solution was concentrated under
reduced vacuum to obtain a solid orange crude of 21. The product was isolated by flash column
chromatography (0.36 g). 75%. Rf = 0.3 (acetone:hexanes 1:2). [α]24= -145.43° (c = 1.0, CHCl3) 1H
NMR (400 MHz, 296 K, CDCl3) δ 8.38 (s, 1 H, H6); 8.10 (s, 1H, H4); 7.74 (d, 2 H, 3J = 7.4 Hz, Fmoc,
arom.); 7.56 (t, 2 H, 3J = 7.5 Hz, Fmoc, arom.); 7.38 (t, 2 H, Fmoc, arom.); 7.29 (d, 2 H, Fmoc,
arom.); 6.08–5.98 (m, 1 H, CH2=CH–); 5.43-5.39 (m, 3 H, NH, allyl, olef. trans); 5.34-5.31 (dd, 1
H, 3J cis = 10.4 Hz, 2J = 1.2, allyl, olef. cis); 4.83 (d, 2 H, 3J aliph./olef. = 5.8 Hz, allyl, aliph.); 4.734-70 (m, 2 H, -Leu CH, H2); 4.35 (d, 2 H, 3J CH/CH2 = 7.2 Hz, Fmoc-CH2); 4.27-4.17 (m, 2 H,
Fmoc-CH, H2’); 3.47-3.17 (m, 2H, H3, H3’); 1.87-1.79 (m, 1 H, -Leu CH); 1.66 (t, 2 H, -Leu CH2);
1.02 (t, 6 H, 3J = 6.9 Hz, -Leu (CH3)2). 13C NMR (101 MHz, 295 K, CDCl3) δC 172.4, 164.1, 156.5,
143.7, 143.6, 141.2, 140.1, 138.2, 137.4, 131.7, 129.4, 127.7, 127.0, 125.1, 124.9, 120.0, 119.0,
67.2, 66.2, 51.9, 50.0, 47.0, 41.6, 28.8, 24.6, 23.2, 21.9.
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Allyl-1-(N-Fmoc-Valinyl)-7-nitroindoline-5-carboxylate (22)
 Rf = 0.25 (EtOAc:hexanes 1:1). [α]24= -130.75° (c = 1.0, CHCl3) 1H NMR (400 MHz,
296 K, CDCl3) δ 8.36 (s, 1 H, H6); 8.09 (s, 1H, H4); 7.74 (d, 2 H, 3J = 7.6 Hz, Fmoc, arom.); 7.56 (t,
2 H, 3J = 6.8 Hz, Fmoc, arom.); 7.39 (t, 2 H, Fmoc, arom.); 7.29 (d, 2 H, Fmoc, arom.); 6.07–5.98
(m, 1 H, CH2=CH–); 5.56 (d, 1 H, NH); 5.43-5.39 (dd, 1 H, 3J trans = 17.2 Hz, 2J = 1.4, allyl, olef.
trans); 5.34-5.31 (dd, 1 H, 3J cis = 10.4 Hz, 2J = 1.2, allyl, olef. cis) 4.83 (d, 2 H, 3J aliph./olef. = 5.8
Hz, allyl, aliph.); 4.72-4-67 (td, 1 H, H2); 4.54 (dd, 1 H,-Val CH); 4.36-4.26 (m, 3 H, Fmoc-CH2,
H2’); 4.18 (t, 1 H, 3J = 7.2 Hz, Fmoc-CH), 3.43-3.15 (m, 2 H, H3), 2.20-2.15 (m, 1 H, -Val CH),
1.11 (d, 3 H, 3J = 6.7 Hz, -Val CH3), 1.06 (d, 3 H, -Val CH3’). 13C NMR (101 MHz, 295 K, CDCl3) δC
171.6, 164.1, 156.7, 143.8, 143.7, 141.3, 137.3, 131.7, 129.4, 127.8, 127.8, 127.3, 127.2, 125.2,
125.0, 120.1, 119.2, 67.4, 66.4, 58.6, 50.4, 47.2, 31.9, 28.9, 19.5, 17.8. HR-ESI-TOF-MS m/z [M +
Na]+ calcd. 592.2059, obs. 592.2056; [M + K]+ calcd. 608.1799, obs. 608.1794.

2.6.3 General Synthesis of acid-labile protected amino acids by Ghosez’s reagent coupling
Allyl-1-[N-Fmoc-glutamic acid (OtBu)]-7-nitroindoline-5-carboxylate (23)
In an oven dried 25 mL round bottom flask under argon pressure, commercially
available Fmoc-Glu(OtBu)-OH (0.47 mmol, 0.20 g) was dissolved in anhydrous DCM. Ghosez’s
reagent (0.94 mmol, 0.12 mL) was slowly added (fuming observed). The solution was stirred for
2 hours; at this point it was observed that the starting material was consumed. DCM and excess
Ghosez’s reagent were removed through vacuum distillation and a pale yellow solid was
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observed. The solid was re-dissolved in anhyd. DCM and cooled down to 0 oC. Allyl-7nitroindoline-5-carboxylate 11 (0.31 mmol, 0.08 g., 1 equiv.) and DMAP (0.50 mmol, 0.06 g.)
were added to the solution and refluxed for 24 h. The solution was diluted with ethyl acetate
and washed with sodium bicarbonate, water and brine. The organic layer was then dried with
magnesium sulfate and filtered, then dried under vacuum. A solid yellow crude was obtained
and the product was isolated by column chromatography (0.17 g, 80%). Rf = 0.63
(EtOAc:hexanes 1:1). [α]24= -150.90° (c = 1.0, CHCl3) 1H NMR (400 MHz, 296 K, CDCl3) δ 8.37 (s,
1 H, H6); 8.10 (s, 1H, H4); 7.74 (d, 2 H, 3J = 7.4 Hz, Fmoc, arom.); 7.56 (t, 2 H, 3J = 6.8 Hz, Fmoc,
arom.); 7.36 (t, 2 H, Fmoc, arom.); 7.29 (d, 2 H, Fmoc, arom.); 6.06–5.98 (m, 1 H, CH2=CH–); 5.73
(d, 1 H, 3J = 8.5 Hz NH); 5.41 (dd, 1 H, 3J trans = 17.1 Hz, 2J = 1.4, allyl, olef. trans); 5.32 (dd, 1 H,
3

J cis = 10.4 Hz, 2J = 1.2, allyl, olef. cis) 4.83 (m, 3 H, -Glu CH, allyl, aliph. CH2); 4.68-4.62 (td, 1

H, H2); 4.42-4.32 (m, 3 H, H2, Fmoc-CH2); 4.18 (t, 1 H, 3J = 7.2 Hz, Fmoc-CH); 3.44-3.17 (m, 2 H,
H3); 2.51-2.37 (m, 2 H, -Glu CH2); 2.26-2.15 (m, 1 H, -Glu CH2); 1.97-1.87 (m, 1 H, -Glu CH2’);
1.45 (s, 9 H, tBu CH3)3); trace amounts of benzene are present (7.36 ppm)

13

C NMR (101 MHz,

295 K, CDCl3) δC 172.2, 171.4, 164.1, 156.5, 143.6, 141.3, 140.3, 138.1, 137.5, 131.7, 129.5,
128.4, 127.8, 127.1, 125.2, 125.0, 120.0, 119.1, 81.0, 67.3, 66.3, 52.7, 50.3, 47.1, 30.5, 29.0,
28.2, 27.7. HR-ESI-TOF-MS m/z [M + Na]+ calcd. 678.2428, obs. 678.2425. HR-ESI-TOF-MS m/z
[M + Na]+ calcd. 678.2427, obs. 678.2425.
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Allyl-1-[N-Fmoc-tyrosine(tBu)]-7-nitroindoline-5-carboxylate (24)
75%. Rf = 0.23 (EtOAc:hexanes 1:2). [α]24= -131.20° (c = 1.0, CHCl3). 1H NMR (400 MHz,
296 K, CDCl3) δ 8.37 (s, 1 H, H6); 8.03 (s, 1H, H4); 7.75 (d, 2 H, 3J = 7.5 Hz, Fmoc, arom.); 7.56 (t,
2 H, 3J = 6.8 Hz, Fmoc, arom.); 7.40 (t, 2 H, Fmoc, arom.); 7.32-7.25 (m, 4 H, Fmoc, arom., -Tyr
arom. CH, CH'); 6.93 (d, 2 H, 3J = 8.4 Hz, -Tyr arom. CH, CH'); 6.07–5.97 (m, 1 H, CH2=CH–); 5.70
(d, 1 H, 3J = 8.5 Hz NH); 5.41 (dd, 1 H, 3J trans = 17.2 Hz, 2J = 1.4, allyl, olef. trans); 5.32 (dd, 1 H,
3

J cis = 10.4 Hz, 2J = 1.2, allyl, olef. cis) 4.89-4.82 (m, 3 H, -Tyr CH, allyl, aliph. CH2); 4.34 (d, 2 H,

Fmoc-CH2); 4.30-4.23 (m, 1 H, H2); 4.18 (t, 1 H, 3J = 7.2 Hz, Fmoc-CH); 3.38 (m, 1 H, H2’), 3.203.14 (m, 1 H, H3), 3.10 (d, 2 H, 3J = 7.3 Hz, -Tyr CH2); 2.91-2.83 (m, 1 H, H3’); 1.30 (s, 9 H, tBu).
13

C NMR (101 MHz, 295 K, CDCl3) δC 170.7, 164.1, 155.9, 154.6, 143.8, 141.3, 140.5, 137.4,

131.7, 130.9, 130.2, 129.4, 127.8, 127.2, 125.2, 125.0, 124.5, 120.1, 119.1, 78.7, 67.4, 66.3,
55.3, 50.1, 47.1, 39.2, 31.7, 28.9, 22.7, 14.2.

Allyl-1-[N-Fmoc-serine(tBu)]-7-nitroindoline-5-carboxylate (25)
78%. Rf = 0.24 (EtOAc:hexanes 1:2). [α]24= -120.10° (c = 1.0, CHCl3). 1H NMR (400 MHz,
296 K, CDCl3) δ 8.38 (s, 1 H, H6); 8.10 (s, 1H, H4); 7.75 (d, 2 H, 3J = 6.6 Hz, Fmoc, arom.); 7.58 (t,
2 H, 3J = 6.9 Hz, Fmoc, arom.); 7.40 (t, 2 H, Fmoc, arom.); 7.30 (d, 2 H, Fmoc, arom.); 6.07–5.98
(m, 1 H, CH2=CH–); 5.67 (d, 1 H, 3J = 8.2 Hz NH); 5.41 (dd, 1 H, 3J trans = 17.2 Hz, 2J = 1.5, allyl,
olef. trans); 5.32 (dd, 1 H, 3J cis = 10.4 Hz, 2J = 1.3, allyl, olef. cis) 4.88-4.83 (m, 3 H, -Ser CH,
allyl, aliph. CH2); 4.63-4.52 (m, 1 H, H2); 4.49-4.31 (m, 3 H, H2’, Fmoc-CH2); 4.21 (t, 1 H, 3J = 7.2
Hz, Fmoc-CH); 3.70-3.64 (m, 1 H, H3); 3.60-3.56 (m, 1 H, H3’); 3.33-3.18 (m, 2 H, -Ser CH2); 1.19
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(s, 9 H, tBu); trace amounts of EtOAc are present (4.12, 2.05, 1.26 ppm).

13

C NMR (101 MHz,

295 K, CDCl3) δC 170.2, 164.1, 156.0, 143.9, 143.7, 141.3, 140.5, 138.0, 137.7, 131.7, 129.5,
127.8, 127.2, 125.3, 125.0, 120.0, 119.1, 74.0, 67.4, 66.3, 63.0, 53.7, 50.4, 47.1, 28.9, 27.4.

2.6.4 Palladium catalyzed deallylation of photoreactive amino acids.
1-(N-Fmoc-glycyl)-7-nitroindoline-5-carboxylic acid (29)
The procedure for palladium catalyzed deallylation has been published and the
characterization of 29 has been reported.48 Its synthesis and characterization will be described
in Chapter III.

1-(N-Fmoc-valinyl)-7-nitroindoline-5-carboxylic acid (30)
Compound 30 was synthesized from allyl-1-(N-Fmoc-valinyl-7-nitroindoline-5-carboxylic acid
(22), by a procedure analogous to the one described for compound 29. The crude was purified
by flash chromatography using 10% MeOH in DCM as an eluent. After drying, 0.25 g of a pale
yellow solid was obtained; yield quantitative. Rf = 0.22 (10% MeOH in DCM). 1H NMR (400 MHz,
296 K, (CD3)2CO) δ 8.25 (s, 1 H, H6); 8.12 (s, 1H, H4); 7.82 (d, 2 H, 3J = 7.6 Hz, Fmoc, arom.); 7.727.67 (t, 2 H, Fmoc, arom.); 7.40-7.22 (m, 4 H, Fmoc, arom.); 6.86 (d, 1H, 3JNH/H = 8.7 Hz, NH);
4.86-4.80 (td, 1H, -CH); 4.55-4.51 (t, 1H, 3JH2/ = 15.7 Hz, H2); 4.37-4.27 (m, 3H, Fmoc CH,
Fmoc CH2); 4.21-4.18 (t, 1H, H2’); 3.45-3.25 (m, 2H, H3); 2.23-2.18 (m, 1H, -CH); 1.11-1.06 (dd,
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6H, (-CH3)2). Residual EtOAc is observed (4.05, 1.97, 1.20). HR-ESI-TOF-MS m/z [M-H]- calcd.
528.1770; obs. 528.1796.

2.6.5 Synthesis of peptide 32 (N-terminal peptide fragment of 31).
Sieber amide resin (loading capacity 0.69 mmol/g, 0.404 mmol, 0.586 g) was swollen in 10 mL
DCM in a peptide synthesis vessel for 30 min. The photoreactive building block 29 (0.404 mmol,
0.197 g), (HBTU, 0.400 mmol, 0.152 g), and (HOBt  H2O, 0.404 mmol, 0.055 g) were dissolved
in NMP (0.40 M, 1 mL). Diisopropylethylamine (DIPEA, 0.808 mmol, 0.139 mL) was then added
to the solution followed by immediate transfer to the resin and shaken for 3 h. The reason for
using only 1 equiv. of the first amino acid was to achieve an incomplete loading to reduce
peptide aggregation during SPPS. After coupling of photoreactive amino acid 29, the resin was
washed with NMP (5 × 10 mL), capped with 5 mL (10% Ac2O : 5% DIPEA in NMP) for 15 min.,
and washed with NMP (5 × 10 mL). Fmoc removal was accomplished with 3 mL of 20%
piperidine in NMP for 15 min (2x) followed by washing with NMP (5 × 10 mL). The loading of the
first amino acid onto the resin was 52% as determined by the quantification of dibenzofulvene
by UV-VIS spectrophotometry (290 nm, ε5253, 1 cm. path length). Fmoc-Lys(Boc)-OH (1.05
mmol, 0.491 g), HBTU (1.03 mmol, 0.390 g) and HOBT (1.05 mmol, 0.142 g) were dissolved in
NMP (0.5 M, 2 mL) and DIPEA (2.10 mmol, 0.361 mL) was added just before the solution was
poured into the reaction vessel with the resin. The peptide reaction vessel was shaken for 2.5 h,
followed by NMP washings (5 × 10 mL). Capping was performed with 10% Ac2O and 5% DIPEA in
DMF (5 mL, 15 min). Fmoc removal was performed with 20% piperidine in NMP (3 mL, 15 min,
2×) followed by washing of the resin with NMP (5 × 10 mL). Using the same protocol, the
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peptide was elongated with the remaining amino acids in the order: Fmoc-Pro-OH, Fmoc-GlyOH, Fmoc-Pro-OH, Fmoc-Thr(tBu)-OH, Boc-Gly-OH. Each coupling was monitored by the Kaiser
test,38 bromophenol blue test,39 and chloranil test40 (preferred for N-terminal proline). Peptide
32 was cleaved off the resin by 1% TFA in DCM (0.650 mmol, 5 mL) for 3 min, and then filtered
into 5% pyridine in MeOH (0.683 mmol, 1 mL). This treatment was repeated a total of 13 times,
until the peptide was no longer visible on TLC. The treated resin was then washed with fresh
DCM (2 × 10 mL) and MeOH (2 × 10 mL). All peptide containing fractions were combined,
concentrated under reduced pressure to approximately 3 mL and precipitated with cold water
to obtain the crude photoreactive peptide 32. The suspension was centrifuged and the yellow
pellet was washed several times with cold water. The mother liquor was extracted several
times with EtOAc, dried with magnesium sulfate and concentrated under vacuum to ensure
maximum retrieval of the desired peptide 32. The crude peptide was purified by silica column
chromatography using a 15% MeOH in DCM solvent system to isolate peptide 32 in 80% yield
with respect to the loading of the first amino acid on the resin. Rf = 0.27 (15% MeOH in DCM.)
HR-ESI-TOF-MS m/z [M+Na]+ calcd. 1080.5342; obs. 1080.5351.

2.6.6 Attempted synthesis of peptide 33 (C-terminal peptide fragment of 31) by photorelease
from the resin.
Sieber amide resin (loading capacity 0.69 mmol/g, 0.148 mmol, 0.215 g) was swollen in
10 mL DCM in a peptide synthesis vessel for 30 min. The photoreactive valine building block 30
(0.148 mmol, 0.079 g), (HBTU, 0.147 mmol, 0.056 g), and (HOBt  H2O, 0.148 mmol, 0.020 g)
were dissolved in NMP (0.15 M, 1 mL). Diisopropylethylamine (DIPEA, 0.296 mmol, 0.052 mL)
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was then added to the solution followed by immediate transfer to the resin and shaken for 4 h.
The reason for using only 1 equiv. of the first amino acid was to achieve an incomplete loading
to reduce peptide aggregation during SPPS. After coupling of photoreactive amino acid 30, the
resin was washed with NMP (5 × 10 mL), capped with 5 mL (10% Ac 2O : 5% DIPEA in NMP) for
15 min., and washed with NMP (5 × 10 mL). Fmoc removal was accomplished with 3 mL of 20%
piperidine in NMP for 15 min followed by washing with NMP (5 × 10 mL). The loading of the
first amino acid onto the resin was 48% as determined by the quantification of dibenzofulvene
by UV-VIS spectrophotometry (290 nm, ε5253, 1 cm. path length). Fmoc-Val-OH (0.356 mmol,
0.121 g), HBTU (0.349 mmol, 0.132 g) and HOBT  H2O (0.356 mmol, 0.048 g) were dissolved in
NMP (0.18 M, 2 mL) and DIPEA (0.712 mmol, 0.124 mL) was added just before the solution was
poured into the reaction vessel with the resin. The peptide reaction vessel was shaken for 1.5 h,
followed by NMP washings (5 × 10 mL). Capping was performed with 10% Ac2O and 5% DIPEA in
DMF (5 mL, 15 min). Fmoc removal was performed with 20% piperidine in NMP (3 mL, 15 min,
2×) followed by washing of the resin with NMP (5 × 10 mL). Using the same protocol, the
peptide was elongated with the remaining amino acids in the order: Fmoc-Gly-OH, FmocArg(Pbf)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Gly-OH, Fmoc-Ala-OH, Fmoc-Ile-OH. Each coupling was
monitored by the Kaiser38 and bromophenol blue tests.39 Lastly, before peptide cleavage, the Nterminus was deprotected with 20% piperidine in NMP (3 mL  15 min) and monitored by UVVis spectrophotometry to obtain an overall peptide yield of 43% (by dibenzofulvene
monitoring), followed by washing of the resin with NMP (5 × 10 mL). An isolated yield of
peptide 33 could not be obtained yet and its formation is still unconfirmed.
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The solid supported peptide was suspended in a solution of THF : H 2O (9 : 1, 500 mL)
and irradiated with 350 nm of light for a total period of 10 mins under stirring. The
photorelease was monitored by UV-Vis spectrophotometry, the first measurement was
performed at 0 mins (before irradiation) and no absorbance was observed (Figure 3). After 10
seconds of irradiation with 350 nm of light, an aliquot (10 L) was taken from the reaction and
the concentration was adjusted to obtain an absorbance spectrum between 0 and 1
absorbance arbitary units (10, 000 dilution). Several more aliquots were taken at different
time intervals and the absorbance was measured by UV-Vis spectrophotometry. The
absorbance increased over time up to 175 seconds, where the photorelease of the
photoreactive peptide was complete (Figure 3). The solution was then concentrated under
reduced pressure and lyophilized to obtain an off-white crude solid. The crude peptide was
analyzed by mass spectrometry. The undesired cyclic peptide by-product 33a (see Figure 4)
was the most abundant mass observed by mass spectrometry. ESI-TOF-MS m/z [M+H]+ calcd.
1133.6393; obs. 1133.5000. However, there is no isolated yield of cylic peptide 33a and it may
not be the major product.
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Chapter III
Photoreactive Collagen-like Peptides as New Biomaterials
3.1 Introduction
Tissue engineering aims at encouraging cells to form tissue either in vitro for implantation or in
vivo.63 In culture, cells tend to grow on surfaces, e.g. endothelial cells are known to form a
monolayer.64 When a suitable matrix is provided (e.g. a hydrogel matrix made from collagen,
gelatin, or alginate) other cell types can grow in layers up to 300 m thick.65 However, if cells or
several cell types are to be grown in distinct patterns, biophotolithographic methods could
provide the required spatio-temporal resolution. This area of research is still rather unexplored
and only a few publications have appeared describing micropatterning on photoreactive,
crosslinked polyethylene glycol66 and gelatin.67

The Anseth group has demonstrated 3D

micropatterning in a photodegradable hydrogel68 and also demonstrated the photolysis of a
photodegradable hydrogel by a two-photon absorption mechanism using a laser.69 Tamura et al
have encapsulated murine breast cancer cells in a photodegradable gelatin polymer, and used
optical techniques for cell sorting.70
All of the photodegradable hydrogels described in the literature cited above are based
on crosslinkers that contain ortho-nitrobenzyl moieties. Based on our group’s experience with
N-acyl-7-nitroindolines, we had the idea to develop a new biomimetic material composed of
collagen peptides with photoreactive N-acyl-7-nitroindolines built into the peptide’s backbone.
We hypothesized that collagen-like peptides (CLPs) equipped with N-acylated-nitroindolines
are capable of photolysis via a two-photon absorption process and that micropatterning with
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high spacio-temporal resolution can be achieved on these materials through photolysis by
femtosecond laser irradiation.

This could potentially lead to a new material for

biophotolithography applications with live cells. In this chapter, the two-photon absorption
capabilities of different N-acylated-nitroindolines will be demonstrated. Furthermore, the
synthesis and complete characterization of a photoreactive CLP will be discussed. An unnatural
photoreactive dipeptide and the photoreactive CLP were used separately for micropatterning
under a mask through femtosecond laser irradiation. Also, promising cell viability was
demonstrated on the novel photoreactive CLP. Lastly, the conversion of one of our
photoreactive CLPs into a hydrogel composed of the CLP, gelatin, a homobifunctional
crosslinker, and phosphate buffer will be discussed. These photoreactive biomaterials can
potentially be used precisely generate patterns at the microscale by femtosecond laser
irradiation.

3.2 Specific Aims
3.2.1 To synthesize a 34 amino acid long photoreactive collagen-like peptide (CLP) with
built-in photocleavable nitroindoline moieties and its complete characterization.
3.2.2 To study and establish the photolysis of an acetylated nitroindoline, an unnatural
dipeptide nitroindoline derivative and the novel photoreactive CLP, by two-photon
absorption.
3.2.3 To generate micropatterns on a film of an unnatural dipeptide nitroindoline and the
novel photoreactive CLP using femtosecond laser irradiation through a mask.
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3.2.4 To establish cell viability on the novel CLP and on the products generated after
photolysis.
3.2.5 To synthesize a 32 amino acid long CLP with incorporated cysteine residues to
provide crosslinking sites via disulfide bond formation or with a homobifunctional
maleimide crosslinker.

3.3 Background and Significance
In vitro-grown tissue could be utilized to end the shortage of organs needed for
implantation.63,71 In addition, the technology of “functional organs in a test tube” would reduce
the necessity of drug testing in animals. Thin tissues and organs can already be grown in culture
up to 300 m thick,65 where cell growth relies on the diffusion of nutrients and oxygen from the
culture medium into the tissue. The problem with thick tissue culture, however, relies on the
lack of sufficient transport of these nutrients and oxygen to every cell, resulting in their quick
death. This lack of transport is directly attributed to a lack of vasculature within the tissue.
Capillaries are made of approximately a monolayer of endothelial cells forming the
endothelium. Small molecules transported within these blood vessels leak through the
intercellular clefts of these endothelial cells and supply all tissues with nutrients. Endothelial
cells in culture do not form tubular structures. Since they tend to grow in monolayers on a
surface,64 a tubular structure must be provided to obtain the correct formation of capillaries. To
the best of our knowledge, no scaffold has supported the growth of thick vascularized tissue
yet.
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3.3.1 Importance of collagen and CLPs
Collagen is the most abundant protein in the animal kingdom and represents
approximately 25% of all vertebrate proteins.72 Collagen proteins are mostly located in
connective tissues, such as ligament, bone, cartilage and skin.73 Type I collagen is the most
investigated protein because of its higher content in tissue, especially in the extracellular
matrix.74
Collagen has a very specific structural characteristic which is that it folds into a right
handed triple helix.75 Apart from its hallmark structural feature of the triple helical domain,
collagen is typically composed of a (Xaa-Yaa-Gly) repeat sequence in the primary structure76
and it is rich in proline (Pro) and 4R-hydroxyproline (Hyp). Proline and hydroxyproline confer
rigidity to the backbone conformation of the structure. On the other hand, repeats of glycine
allow three collagen strands to pack closely and form the stable triple helix through interchain
hydrogen bonds.75 Because Hyp is not encoded in the genome, the hydroxy group needs to be
installed as a post-translational modification; transformation standard expression systems like
E. coli cannot perform this modification. For this reason, collagen-like models also known as
collagen like peptides (CLPs) are commonly produced by chemical synthesis. 77 With the
development of solid phase peptide synthesis (SPPS)3 the methodology of synthesizing CLPs is
readily available to synthetic laboratories.75,77,78 CLPs have been thoroughly employed in the
study of tissue regeneration and pathological conditions related to collagen. 74,79–81 Due to the
importance of collagen in tissue formation and regulation, CLPs synthetic mimics of
extracellular matrix are a promising approach in the advancement of tissue engineering.
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3.3.2 Role of the extracellular matrix
The extracellular matrix (ECM) plays a vital role in the development, correct function
and equilibrium of all eukaryotic cells.82,83 It provides physical support to the cells and
participates in the sorting and maintenance of different tissues and organs through regulation
of growth factors and receptors, hydration and pH.84 ECM is primarily composed of water,
proteins and polysaccharides, but it shows excellent tissue specificity depending on their
composition and topographies which occur through a biochemical and biophysical interaction
between the cells and the microenviroment.85 ECM is composed of two main classes of
macromolecules:

fibrous

proteins

(mostly

collagen)

and

glycoproteins (fibronectin,

proteoglycans and laminin).83

3.3.3 Synthetic mimics of ECM for tissue engineering
Decellularized ECMs have played a very important role as scaffolds for tissue
engineering.86 Decellularized ECMs are normally prepared by extracting cells and antigens from
tissue with detergents. Decellularized scaffolds are then repopulated with host cells allowing
for in vivo transplantation while reducing immune response.87 While this technique allows for
capturing the complex structure and composition of ECM in tissue, repopulation of these dense
matrices with multiple cell types with control of their properties on relevant length and time
has proven to be difficult to achieve.88
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Many efforts have been made to try to capture the structure and functionality of ECM.
Hydrogels represent an interesting approach to be used as synthetic scaffolds for tissue
engineering. Hydrogels are crosslinked biomacromolecules that have the ability to absorb large
quantities of water without dissolving.88 Collagen and gelatin can self-assemble in water
resulting in soft hydrogels made from protein fibrils to form a porous microstructure, which can
mimic the ECM. The size of the fibrils, density and mechanical properties of the hydrogel can be
controlled by pH switch, temperature, and ionic strength variations. 89 However, introducing
three dimensional structural elements of defined size and shape is still a challenge.

3.3.4 One and two-photon absorption properties of N-acylated nitroindolines
As previously mentioned, N-acylated nitroindolines are photoreactive moieties that are
stable to ambient light but become activated by irradiation with near UV-light (one-photon
absorption, 1PA).17,24 Photoreactive amino acids and peptides built with this moiety can be
photoreleased in water and organic solvents under UV irradiation. 45,47 Moreover, a similar
nitroindoline derivative released glutamate by irradiation with a multi-photon laser at 720 nm90
via a two-photon absorption process. The absorption of two photons by the same molecule was
first predicted in the 1930s by Maria Göppert-Mayer91 and established experimentally in 196192
after the discovery of the laser. This technique has evolved with the invention of two-photon
fluorescence microscopy93 and the assembly of confocal microscopes, making this technique
very attractive for many types of multiphoton processes.94
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We had the idea that micropatterns could be introduced in a hydrogel if the material
was composed of a photolabile peptide that could be decomposed into short and soluble
fragments at precise locations. It is vital that the photolysis occurs through a two-photon
absorption process because the use of red or infrared laser light will not harm any cells that
may have been incorporated into the photodegradable biomaterial.

3.4 Overall Results and Discussion of Chapter III
3.4.1 Photolysis of a peptide with N-peptidyl-7-nitroindoline units using two-photon
absorption95
3.4.1.1 Introduction
Photoremovable protecting groups (PPGs) are required in “caged compounds” in which
the function of the original compound is inhibited. Upon photon excitation PPGs are removed
and the function of the compound is restored. Such PPGs include arylcarbonylmethyl,
nitrobenzyl, nitroindolinyl, and their derivatives, amongst others.27 Currently the most common
application of this photolysis process is the spatially and temporally controlled release
(“uncaging”) of bioactive molecules such as neurotransmitters, carboxylic acids, ATP, Ca 2+ ions,
fragrances, etc.96,97 Uncaging can also be used for the photochemical conversion of weakly or
non-fluorescent molecules into strongly fluorescent ones.98 In each of the above applications,
the purpose of inducing photolysis is to release compounds with the desired bioactivity or
physical property. Here, we explore a new use of cleaving covalent bonds by photolysis for the
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potential fabrication of new materials that may serve as scaffolds or matrices for tissue
engineering. Within a macroscopic gel-like material, bonds may be cleaved only at the light
illuminated locations. The molecular fragments generated by the local photolysis (Figure 5a) are
no longer of interest; upon their removal from the macroscopic material, three-dimensional
structures may be left behind. This approach can potentially achieve similar results as twophoton polymerization based microfabrication,99 albeit by a different mechanism. In order to
test such an approach in the future, a three-dimensional network of a material that can be
manipulated by two-photon photolysis is essential. For example, a gel-forming peptide with
certain strategically placed, photoreactive groups (Fig. 5 (a)) could potentially serve as a source
for such a material.
We have synthesized a peptide that resembles collagen in terms of amino acid
composition with four photocleavable 7-nitroindoline moieties built into the peptide backbone,
35 (Figure 5b).48 Collagen mimicking peptides (CMPs) are commonly used materials in tissue
engineering to mimic either structural or functional characteristics of natural collagens which
aims at engineering higher order structures similar to natural tissue scaffolds75. When
compared to natural collagen, the benefits of using CMPs include the ability for customization
as well as reversible melting behavior with complete efficiency once the CMP is cooled due to
its small size75.
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Figure 5. (a) A polypeptide with built-in photoreactive moieties (red) may undergo photolysis at all
photoreactive sites when irradiated with a femtosecond laser at 710 nm. This photolysis generates a
number of small peptide fragments. (b) Molecular structure of 35, a 34-mer peptide with four
photoreactive N-peptidyl-7-nitroindoline units (red), which themselves can be regarded as amino acids.

N-acyl-nitroindoline based PPGs typically have broad absorption spectra in the
wavelength range shorter than 500 nm.18,45,100 Based on the success of two-photon uncaging of
a methoxy derivative of nitroindoline glutamate,90 we explored the feasibility of using an inhouse developed two-photon microscope to cleave the amide bonds of the N-peptidyl-7nitroindoline units within the newly synthesized peptide 35.101 Two-photon absorption has the
advantage of confined spatial excitation at the focal volume due to its nonlinearity
characteristic. It is also convenient to incorporate two-photon absorption based photolysis into
commonly used two-photon fluorescence microscopes to achieve high spatiotemporal
resolution for microfabrication. In addition, the fluorescence decay of N-acyl-7-nitroindolines
can be measured with these imaging microscopes.
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3.4.1.2 Synthesis
The detailed synthesis of the photoreactive peptide 35 has been published elsewhere.48
Briefly, the peptide was assembled by on-resin fragment condensation using Fmoc/t-Bu
strategy solid phase peptide synthesis (SPPS). The C-terminal hexapeptide was synthesized on
Rink amide resin and elongated four times with the photoreactive hexapeptide, which had been
synthesized by SPPS using diphenyldiazomethane resin and a photoreactive glycine building
block26,102 under standard coupling and deprotection conditions (Figure 6).

The crude

polypeptide was purified by reversed phase Fast Protein Liquid Chromatography and
lyophilized.

Figure 6. Schematic of the assembly of a photoreactive polypeptide by on-resin fragment condensation.
Red moieties = photoreactive N-peptidyl-7-nitroindoline; tBu = tert-butyl (permanent protecting group);
Fmoc = flourenylmethyloxycarbonyl (temporary protecting group).

3.4.1.3 Two-photon microscope
The details of our in-housed developed two-photon microscope was described in
Reference 90.101 In summary, the light source is a mode-locked Ti:Sapphire laser (Maitai HP,
690-1040 nm, 100 fs, 80 MHz, Newport, Santa Clara, CA). We have used 710 nm light to achieve
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two-photon excitation of N-acyl-nitroindoline. The home-built x-y scanner (polygon,
galvanometer) can achieve 30 frames/s scanning rate. The laser power at the sample site is
varied by rotating a half-wave plate in front of a polarizer. The fluorescence signal from the
sample is detected in three spectral channels with photomultiplier tubes (PMTs): red (570-616
nm), green (500-550 nm), and blue (417-477 nm). The outputs of these three PMTs are fed into
red/green/blue channels of a frame grabber (Solios eA/XA, Matrox, Quebec, Canada). Twodimensional images in the x-y plane are acquired through a home-built software program. Each
frame has 500×500 pixels. Each final static image is an average of 30 frames.

3.4.1.4 Results
The lyophilized peptide 35 (~ 1 mg) was dissolved in 2 L of water on a microscope slide
to give a yellow (~125 mM) solution. At this concentration, peptide 35 quickly forms a gel. The
film/gel was covered with a cover slip (Figure 7a). Several spots within the sample were
irradiated under the two-photon microscope using 710 nm light with varying excitation laser
output powers ranging from 100 to 200 mW with increments of 25 mW. The delivered laser
power at the sample location is 10% of such values. Upon excitation, the photoreactive peptide
35 emits fluorescent light which is collected using both red and green PMTs. This excitation also
induces photolysis of the amide bond between glycine and 7-nitroindoline, producing nonfluorescent nitroindoline and/or 7-nitrosoindole derivatives (brown spots in Figure 7b), which
are darker in color than the N-acylated nitroindoline precursor 35. Therefore, as the photolysis
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reaction progresses, the fluorescent peptide 35 is consumed, and consequentially a decrease in
average fluorescence intensity at the irradiation site is observed.

Figure 7. Images of a sample of peptide 35 before (a) and after (b) irradiation at different laser powers,
exhibiting formation of dark spots corresponding to photolysis products consisting of peptide fragments
with 7-nitroindoline and/or 7-nitrosoindole covalently attached to them.

For each irradiated spot, a time series of fluorescence images was recorded at every
minute to track the fluorescence intensity decay throughout the photoinduced reaction process
(Figure 8 a-d). Once the fluorescence decay appeared to reach a plateau, the laser irradiation at
this spot was stopped and a new location was chosen to repeat the process with a different
laser power. To quantify fluorescence decay a defined region of interest was chosen within the
image, and the average fluorescence intensity in each of the green and red channels was
measured. This measurement was repeated for the same region of interest for every image in
each time series. These fluorescence decay curves from a single sample of peptide 35 are
shown in Figure 8e.
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50 µm

Figure 8. Fluorescence images and quantified decay of peptide 35. (a) Fluorescence image taken at 1
minute with laser power of 200 mW; (b) 2 minutes image; (c) 4 minutes image; (d) 8 minutes image. (e)
Normalized fluorescence decay data and fitting curves for varied laser power. (f) Double-log plot of
reaction rate vs. laser intensity for the synthetic photoreactive peptide 35.

These fluorescence decay data were fitted using an exponential decay regression line of
the form 𝐹(𝑡) = 𝐹0 𝑒 −𝛽𝑡 , where 𝛽 is the fluorescence decay rate. This was done using the curve
fitting module in MATLAB. As mentioned before, the decrease in fluorescence intensity
correlates with the photolytic reaction of the compound under the incident light. Therefore, the
fluorescence decay rate 𝛽 is also the photolysis reaction rate within the focus of the sample.
Since the photolysis is occurring as a result of two-photon absorption, the photolysis reaction
rate is proportional to the probability of two-photon absorption as shown in Equation 1 where I
is the excitation laser power
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𝛽 ∝ 𝐼2
Equation 1

Plotting log(𝐼) versus log(𝛽) for each of the laser intensities and their corresponding
fluorescence decay rates produces a linear graph whose slope should be 2 for a two-photon
process. Therefore, the photochemical reaction rate’s quadratic dependence on laser intensity
may easily be evaluated using a double-log plot. The slope of the regression line in the doublelog plot in Figure 8f is 2.007, which clearly exhibits the two-photon absorption induced nature
of the photolysis within the synthetic 34-mer peptide 35.

Figure 9. High Resolution Electrospray Ionization-Time of Flight mass spectrum of the crude mixture
obtained after irradiation of peptide 35 (sample in Figure 7b). Reported are the monoisotopic masses for
each peptide. 35 (C156H197N39O47): m/Z for [M+4H]4+ calc. 843.1134, found 843.1198; m/Z for [M+3H]3+
calc. 1123.8153, found 1123.8219; m/Z for [M+2H+Na]3+ calc. 1131.1426, found 1131.1436; m/Z for
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[M+H+2Na]3+ calc. 1138.4699, found 1138.4693; m/Z for [M+2H]2+ calc. 1685.2190, found 1685.2159;
m/Z for [M+H+Na]2+ calc. 1696.2100, found 1696.2161. 36 (C33H42N8O11): m/Z for [M+H]+ calc. 727.3051,
found 727.2799. 37 (C33H43N9O10): m/Z for [M+H]+ calc. 726.3211, found 726.2782. 38 (C66H82N16O21): m/Z
for [M+H]+ calc. 1435.5919, found 1435.5928; m/Z for [M+Na]+ calc. 1457.5738, found 1457.5810. 39
(C66H83N17O20): m/Z for [M+H]+ calc. 1434.6079, found 1434.6105; m/Z for [M+Na]+ calc. 1456.5898,
found 1456.5912. 40 (C57H76N14O18): m/Z for [M+H]+ calc. 1245.5540, found 1245.5488. 41
(C99H122N24O31): m/Z for [M+2H]2+ calc. 1072.4432, found 1072.4436. 42 (C99H123N25O30): m/Z for
[M+2H]2+ calc. 1071.9512, found 1071.9612. 43 (C90H116N22O28): m/Z for [M+2H]2+ calc. 977.4243, found
977.4326. 44 (C132H163N33O40): m/Z for [M+2H]2+ calc. 1426.0946, found 1426.0964. 45 (C123H156N30O38):
m/Z for [M+2H]2+ calc. 1331.5677, found 1331.5742.

Analysis of the mass spectrum (Figure 9) of the crude sample post-irradiation (Figure 7b)
revealed the presence of all eleven expected linear nitroindoline-containing peptide fragments
of various lengths (36-45 Figure 10). Since each molecule contains four photocleavable sites,
some molecules may undergo fewer than four photolytic reactions during the short irradiation
period. Therefore, it is not surprising to have identified many incompletely photolyzed peptides
(39-45) in the crude mixture. Since only a small fraction of the peptide sample was irradiated,
the full length peptide 35 is the major component found in the mass spectrum (Figure 9).
Although the mass spectrum of the crude mixture also contains several unidentified signals,
there is no evidence of any cross-linking between peptides.
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Figure 10. Photolysis products identified by mass spectrometry.

A further indication for the occurrence of photolysis within irradiation sites is the color
change of the sample. The original peptide 35 is bright yellow in color and its color remains the
same after being dissolved in water at high concentration. In contrast, the peptide fragments
have a dark brown color due to nitroindoline derivatives that are no longer acylated. The color
is noticeably different from the original peptide 35 upon visual inspection by comparing Figure
7a vs 7b. The positions of dark brown spots formed within the sample match the pre-recorded
irradiation locations (Figure 7b) which, together with the double-log plot of reaction rate vs.
laser intensity (Figure 8f), indicate a two-photon absorption induced photochemical cleavage.

3.4.1.5 Conclusions
We have studied the ability of a new collagen resembling peptide 35, composed of five
Pro-Pro-Gly-Hyp-Pro-Gly hexamers covalently linked together by four 7-nitroindoline groups to
undergo two-photon photolysis. Peptide 35 contains four N-peptidyl-7-nitroindoline moieties
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that are fluorescent and photoreactive. Femtosecond laser induced fluorescence decay
experiments show that these N-peptidyl-7-nitroindoline moieties can be cleaved photolytically.
The double-log plot of reaction rate vs. laser intensity has a slope of 2, which proves that the
photolysis occurred through a two-photon absorption process. This new type of photoreactive
material lays the foundation for future research on fabricating three-dimensional
microstructures.

3.4.2 Synthesis and characterization of a photocleavable collagen-like peptide.48
3.4.2.1 Introduction
Collagen and collagen-derived materials have been used in tissue engineering
applications, as these biomaterials form soft hydrogels that mimic the extracellular matrix
providing structural support in which cells can grow, differentiate, and proliferate.

The

extracellular matrix is geometrically and topologically inhomogeneous,103,104 which are factors
that modulate cell polarity and function.105 In the laboratory, collagen and gelatin can selfassemble in aqueous buffers resulting in hydrogels consisting of protein fibrils that form a
porous mesh microstructure.

The size of the fibrils, the density of the mesh, and the

mechanical properties can be controlled by varying the pH, temperature, and ionic strength at
which the hydrogel is prepared.89 For all of these reasons, collagens are attractive materials for
biofabrication.

In tissue engineering, biofabrication strategies typically include the

development of scaffolds or composite constructs which exhibit tissue mimetic hierarchical
features. Often the constructs include living cells or cell aggregates, bioactive molecules, or
biomaterials that are printed and used for tissue fabrication.106 A list of the various techniques
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to print these cell-laden constructs has been published recently.107

While a plethora of

technologies exist, the most common ones are extrusion pens,108 inkjet,109 electrospray,110
laser-induced forward transfer,111 and photopolymerization, for example the polymerization of
poly(ethylene oxide) and poly(ethylene glycol)dimethacrylate to generate a hydrogel. 112 All
have been adapted from the additive manufacturing field. For 2D cell patterning, a common
technique is the patterning of scaffolds or cell adhesive domains via micro contact printing, in
which a pattern is being etched into a silicon master which is then used as a master for the
printing process.113 Another common technique for 2D cell patterning is inkjet printing. For
example, a single-layer cellular micropattern was fabricated by printing an ink of primary
embryonic hippocampal neurons in the pattern of a ring, with a 0.5 mm wide rim, 2.5 mm
across, on a bio-paper substrate made from rat tail Type I collagen.114 While the 2D and 3D
patterning processes described above rely on depositing cells on or into natural or unnatural
polymers whose structures cannot be manipulated, we envisioned a new approach, i.e. a
collagen-like peptide with unique properties, allowing for its site-specific decomposition at the
microscale, creating short peptide fragments with potentially different properties than the bulk
material. We hypothesized that the macroscopic material made from a collagen-like peptide
with incorporated photoreactive moieties could be photolytically decomposed when
illuminated at precise microscopic areas, thus creating micropatterns.
Here we report a novel collagen-like peptide, with built-in photoreactive N-acyl-7nitroindoline moieties and its characterization.

We proposed that micropatterns could

potentially be introduced into a biomimetic macroscopic bulk material by a photodegradation
method, which could potentially guide tissue growth in specific 2D or even 3D patterns in the
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future. Recently, we showed the ability of such a photoreactive peptide 35 to undergo
photolysis by a two-photon absorption process.95 Its two-photon photolysis products obtained
by irradiation of a concentrated film had been verified by mass spectrometry, 95 but the
synthesis of peptide 35 had not been detailed out, and no further chemical or biological
characterization had been conducted. Here we present the synthesis of this photoreactive 34
amino acid long collagen-like peptide 35 consisting of five hexapeptide repeats that are
separated by the unnatural amino acid 5-carboxylic acid-7-nitroindoline (Figure 11), and the
synthesis of the photoreactive amino acid building block. We also present studies on its
possible secondary structure, its photolytic properties under UV light in an aqueous solution, its
suitability for the generation of micropatterns using femtosecond laser photolysis, and its
cytocompatibility with mesenchymal stem cells as well as mouse embryonic fibroblasts. In
addition, we show that a 5-bromo-7-nitroindoline based amino acid, which can be easily
synthesized from commercially available starting materials, also undergoes photolysis by a twophoton absorption process, and that it can serve as a model compound for more complex
photoreactive 7-nitroindoline-based compounds with respect to patterning.

Figure 11. Photoreactive target peptide 1 with collagen-like repeating units and nitroindoline moieties
(red) built into the peptide backbone. Photolytic cleavage occurs at the N-peptidyl-7-nitroindoline amide
bonds indicated with arrows.
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In designing a collagen-like peptide whose bulk material can potentially be modified by
photolysis at precise locations, the following factors were considered: a) the amino acid
components and length of the peptide; b) the photochemistry; and c) the synthetic strategy to
access such a material. Collagens are major components in many extracellular matrices, and
they play central roles in all phases of wound healing, including cell proliferation, remodeling,
hemostasis, and inflammation.115 To mimic the properties of collagen and other collagenmimicking peptides, which are typically about 30 amino acids long,75,116,117 we chose five
hexapeptide repeats rich in glycine, proline, and hydroxyproline, with a glycine residue at every
third position within the hexapeptide repeat. Since the ability to undergo photolytic cleavage
into small peptide fragments was a required property, the design of the target peptide included
four 7-nitroindoline moieties, which can be introduced via the photoreactive building block N(Fmoc-Gly)-5-carboxylic acid-7-nitroindoline25,26 in solid phase peptide synthesis (SPPS) using
the Fmoc/tBu strategy.35 In previous work we have shown that this building block is suitable for
the installation of a photoreactive moiety at the C-terminus of peptides by SPPS, which can be
photochemically converted into aliphatic or aromatic peptide thioesters and peptide
hydrazides.25,26 The photochemical properties of N-acyl-7-nitroindoline in an inert organic
solvent in the presence of water, alcohols, or ammonia were first discovered more than 40
years ago and resulted in the acylation of these nucleophiles, producing carboxylic acids, esters,
and amides.17 Mechanistic studies of the underlying photochemistry suggest that upon light
activation of the N-acyl-7-nitroindoline 1, a nitronic anhydride intermediate 2 is formed,18,19
possibly by a sigmatropic rearrangement.21 In an inert organic solvent the nitronic anhydride 2
(see Scheme 1) can either acylate a nucleophile, e.g. water, and produce a carboxylic acid and
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7-nitroindoline 3 (Scheme 1, path A),18,100 or form a carboxylic acid and nitrosoindole 4 in a
photoredox reaction (path B, 100% water). The latter has been exploited for the photorelease
of caged amino acids.45 Which of the two paths predominates is solvent-dependent,18 and is
also influenced by the presence or absence of acid. For example, under acidic conditions, path
B seems to be preferred, presumably due to protonation of the acyl oxygen of the nitronic
anhydride intermediate 3.21 Other N-acyl-7-nitroindoline derivatives, with a bromo,17,24,62,118–120
nitro,20,121 or a carboxamido substituent23,25,26 at position 5 of the indoline ring, also undergo
photoacylation (path A) with a number of different nucleophiles, including water, in inert
organic solvents such as dichloromethane (DCM), acetonitrile, tetrahydrofuran, pyridine, N,Ndimethylformamide, N,N,N’,N’-tetramethylurea, dimethylsulfoxide, and N-methylpyrrolidone.
With respect to photoreactive peptide 35, photolysis into small heptapeptide fragments with Cterminal glycine residues may occur by either pathway depending on the reaction conditions.
We have recently shown that the photolysis of peptide 35 can also be accomplished by a twophoton absorption process.95 In that experiment, a highly concentrated thin film of peptide 35
in water was irradiated with femtosecond laser light at 710 nm. The mass-spectrometric
analysis of the photolysis products showed that all expected peptide fragments formed, and
that the photolysis had occurred via path A (Scheme 1) producing peptide fragments with Nterminal 7-nitroindoline moieties.95
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3.4.2.2 Results and Discussion
3.4.2.2.1 Synthesis of photoreactive CLP 35
Due to the five repeating hexapeptide sequences separated by four photoreactive
moieties in peptide 35, it lends itself to being synthesized by solid phase peptide synthesis
(SPPS) using on-resin peptide fragment condensation. The photoreactive glycine building block
29 can be synthesized in seven steps from commercially available starting materials. 25,26 It was
a key component in the synthesis of the protected photoreactive peptide segment 46 (Scheme
9), which was pre-prepared by SPPS on diphenyldiazomethane resin 122 for the fragment
condensation. Since the attachment of the first amino acid to diphenyldiazomethane resin
does not rely on activation with a coupling reagent, this resin is highly suitable for the recovery
of unreacted amino acid excess, particularly when it is a precious building block such as the
photoreactive glycine derivative 29. The coupling of the remaining Fmoc-protected amino acids
and the removal of Fmoc groups were accomplished under standard conditions using a uronium
coupling

reagent

and

N-hydroxybenzotriazole

(HOBt)

in

the

presence

of

N,N-

diisopropylethylamine (DIPEA) and piperidine.35 The protected peptide acid 46 was cleaved
from the resin with a dilute solution of trifluoroacetic acid in DCM.
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Scheme 9 (adapted). SPPS of the protected photoreactive peptide 46 on diphenyldiazomethane resin. a)
29, DCM; b) AcOH/DCM; c) 20% piperidine/DMF; d) Fmoc-aa-OH, HBTU, HOBt, DIPEA, DMF (2×); e) Ac2O,
DIPEA, DMF; f) 3% TFA/DCM.

Scheme 10 shows the assembly of the photoreactive target peptide 35. First, peptide
47 was synthesized by SPPS on Rink Amide resin followed by four on-resin fragment
condensations using the pre-prepared photoreactive peptide 46. Global deprotection and
cleavage from the resin was accomplished with 95% trifluoroacetic acid (TFA), and purification
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Scheme 10. Synthetic strategy for the preparation of photoreactive peptide 35 by on resin fragment
condensation. a) 20% piperidine/DMF; b) Fmoc-aa-OH, HBTU, HOBt, DIPEA, DMF (2×); c) Ac2O, DIPEA,
DMF; d) 46, TBTU, HOBt, NMM, DMF; e) TFA/H2O/TIS 95:2.5:2.5.
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of the peptide by reversed phase chromatography. Through a combination of semi-automatic
Fmoc-SPPS and peptide fragment condensation, a 41% overall yield of peptide 35 was obtained.
The peptide was characterized by mass spectrometry, UV-VIS spectrophotometry, fluorescence
spectroscopy, and circular dichroism (CD). The peptide’s ability to undergo photolytic cleavage
with UV light in an aqueous solution was also investigated. Furthermore, in order to obtain
preliminary cell toxicity information, the peptide’s ability to support the lateral growth of
human mesenchymal stem cells, and its effect on the viability of mouse embryonic fibroblasts
were studied.

3.4.2.2.2 Circular dichroism and thermal stability of peptide 35
The far-UV CD spectra of peptide 35 show the possible formation of a triple helix (Figure
12a). In the literature, the hallmark of a collagen triple-helix is a slightly positive maximum at
222 nm, however, there are reports of diluted collagen (0.01 mg/mL) that have a negative
molar ellipticity at 222 nm and do not show a clear maximum. Furthermore, reported CD of
triple helices of collagen show a strongly negative molar ellipticity slightly under 200 nm. 123 The
negative  value of approx. -85 degcm2dmol-110-3 at 202 nm of our CD spectrum (Figure
12a) strongly resembles this particular feature. The overall structure observed resembles to
some extent, the CD spectra of collagen and collagen peptides that consist of naturally
occurring amino acids.38-40 Increasing the temperature from 20 ˚C to 70 ˚C in 2 ˚C increments
and then followed by 30 ˚C to 70 ˚C in 10 ˚C steps show practically no loss of structure (Figure
12a). Figures 12b and 12c show the mean molar ellipticity at [θ]200 and [θ]222, respectively, with
the rise in temperature. There is minimal change in intensity both at 200 nm and 222 nm
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indicating that the possible secondary structure of the peptide is stable in the temperature
range studied. Studies above 70 oC were inconclusive due to the formation of bubbles which
produced significant noise in the measurements. Unlike other collagen-like peptides of similar
length,38, 41, 42 peptide 35 contains four units of the unnatural amino acid 5-carboxylic acid-7nitroindoline, which could be responsible for its unusual stability. Unlike proteins that consist
predominantly of -helices or -sheets, the CD spectra of collagen and gelatin have a strong
minimum at approximately 200 nm which can be attributed to random coil structures, and a
positive peak at 222 nm which is often not a pronounced maximum. Both are typical features
of the CD spectra of collagen.43 Importantly, the collagen-like structure formed by peptide 35 is
very stable at 37 ˚C, which is highly significant as it enhances its utility for biological applications
and its potential usefulness for cell adherence and growth.
a)

c)

b)

Figure 12. Secondary structure studies of the photoreactive peptide using far-UV CD. a) The change in
color from blue to red denotes the rise in temperature from 20 ˚C-70 ˚C; b) Mean molar ellipticity at 200
nm at each temperature from 20 ˚C-70 ˚C; c) Mean molar ellipticity at 222 nm at each temperature from
20 ˚C- 70 ˚C.
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3.4.2.2.3 Photolysis of an aqueous solution of peptide 35 using UV light, and LC-MS analysis
In order to study whether or not peptide 35 is capable of undergoing photolysis at 350
nm light irradiation, an aqueous solution of 35 was illuminated for 5 min.

The mass

spectrometric analysis showed that starting material 35 was completely consumed. The three
major peaks observed in the mass spectrum (Figure 13) correspond to the N-terminal (48),
middle (49), and C-terminal (50) peptide fragments. Peptide fragments 49 and 50 contain a 7nitrosoindole moiety, which is in accordance with Corrie’s solvent-dependence study (see
Scheme 1, path B).18 However, a small peak that corresponds to a hexapeptide fragment with a
nitroindoline (37) was also observed in this mass spectrum, suggesting that under the reaction

Figure 13. HR ESI MS after irradiation of peptide 35 with 350 nm light in water. Peptide 48: m/z [M+H]+
calcd. 537.2672, obs. 537.2671; 49: m/z [M+H]+ calcd. 709.2946, obs. 709.2919; 50: m/z [M+Na]+ calcd.
730.2925, obs. 730.2918; 37: m/z [M+H]+ calcd. 726.3211, obs. 726.3202.
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conditions photolysis occurred by two pathways, albeit the expected reaction path (Scheme 1,
path B) predominated. The peptide mixture was also subjected to liquid chromatography-mass
spectrometry (LC-MS) analysis. The data show that the photolysis of peptide 35 was complete;
i.e., no large peptide fragments with intact photoreactive moieties were found. Also, peptides
37 and 48-50 are major photolysis products, with peptides 48-50 being most prominent.
3.4.2.2.4 Generation of a micropattern by two-photon absorption chemistry
In order to demonstrate the suitability of peptide 35 as a material for the generation of
precise micropatterns using 710 nm femtosecond laser light, a nearly dry film of compound 1
was illuminated in a tree pattern with about 10 m wide features. The illumination occurred
through a mask of a tree in the optical path. This mask was made from a cover glass slip with a
dark colored tape; only the tree, approximately 1 cm wide, was transparent. Only laser light
that passed through the mask reached the film of the photoreactive peptide 35 in form of the
tree pattern.

Initially, the illuminated areas fluoresce (Figure 14A-C), which triggers the

photolysis resulting in non-fluorescent decomposition products such as peptides 48, 37, and
other previously described photolysis products.95

Upon removal of the mask only the

background consisting of intact peptide 35 fluoresces, and the tree appears dark (Figure 14D).
When viewed under a regular white light microscope, the light background color of compound
35, and the orange color of the photolysis products is clearly visible (Figure 14E). The fact that
the photolysis of peptide 35 only occurs at sites of illumination, and does not propagate
through light-protected areas of the material, suggests that peptide 35 could potentially be
suitable for photolithography and tissue engineering applications, such as matrix guided cell
growth in distinct micropatterns.124
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Figure 14. (A) Initial fluorescent tree pattern generated by two-photon excitation of the collagen-like
peptide 35 with femtosecond laser at 710 nm light through a tree mask at time 0 min; (B) Fluorescent
tree pattern after 10 min of irradiation, fluorescence decay is observed; (C) Tree pattern after 30 min of
irradiation, fluorescence is barely visible due to progressive photolysis to non-fluorescent products; (D)
After removal of mask and immediate recording of the fluorescence only the background fluoresces while
the tree appears dark; (E) Tree under white light.

3.4.2.2.5 Photolysis of N-(Fmoc-glycyl)-5-bromo-7-nitroindoline (51) by a two-photon
absorption mechanism
An important question was whether N-acyl-7-nitroindolines other than those with a
carboxamido group at position 5 of the aromatic ring (as present in peptide 35), or with a
methoxy group at position 4,90,125 also have the ability to undergo photolysis by a two-photon
absorption mechanism.

Using the photoreactive amino acid 51 (Figure 15) as a model

compound, we investigated whether its photolysis could be achieved by a two-photon
absorption mechanism using a femtosecond laser at 710 nm, and whether N-acyl-5-bromo-7nitroindolines can undergo localized photolysis within a macroscopic film creating a specific
micropattern. The one-photon absorption properties and release of carboxylic acids caged as
N-acylated 7-nitroindolines have been reported in the literature.45,104–106 However, the
photolysis of N-acyl-7-nitroindolines has never been investigated in the context of biopolymers,
macroscopic materials, and thin films. After irradiation of a concentrated film of 51 with the
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femtosecond laser at varying laser powers ranging from 100 mW to 200 mW, the formation of
orange/brown spots indicates the formation of 5-bromo-7-nitroindoline (52) at the different
irradiated sites. The observed color change was the first indication of a successful photolysis
(Figure 15).

Figure 15. Images of a yellow film of N-[fluorenylmethyloxycarbonyl-glycyl]-5-bromo-7-nitroindoline (51)
before (a) and after (b) irradiation with a femtosecond laser at 710 nm at several locations with varying
laser power. The photolysis produces orange/brown colored 5-bromo-7-nitroindoline (52) and colorless
fluorenylmethyloxycarbonyl-glycine.

Compound 51 exhibits a weak but measurable fluorescence, which is associated with its
photochemical conversion into the non-fluorescent compound 52. This unique property was
exploited to investigate whether the photolysis occurs by a two-photon absorption mechanism
using a fluorescence microscope. All the images produced were collected and analyzed using
ImageJ126 to measure the fluorescence intensity of individual channels. For each irradiated
spot, a stack of images was created. An area was chosen within the image, and the average
fluorescence intensity in each of the green and red channels was recorded. This measurement
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was performed in the same region of interest for every image in the stack, each taken one
minute apart. A minimum fluorescence threshold was approximated for each image stack, and
the fluorescence intensity normalized accordingly. A plot of these normalized intensities over
time at varying laser powers from a single sample of 51 is shown in Figure 16. As it can be
observed, the kinetics of the photoreaction are proportional to the intensity of the laser as the
fluorescence decay is the fastest with the highest laser power (200 mW) and the slowest with
the weakest laser power (100 mW).

Figure 16. Fluorescence decay plots of
compound 51 with exponential fitting at
varying laser power.

These fluorescence decay plots may be modeled using an exponential decay regression
line of the form F(t) = Fe−βt , where β is the fluorescence decay rate. This was done using the
curve fitting capabilities in Matlab. As mentioned before the fluorescence decay measured is
directly proportional to the kinetics of the reaction. Therefore the fluorescence decay is equal
to the rate of the reaction at every specific point and varying laser power.

Since this

photoreaction is occurring as a result of two-photon absorption, the rate of the reaction is
directly proportional to the probability of two-photon absorption as shown in Eq. (1) where I is
the excitation laser power.
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𝛽 ∝ 𝐼2
Eq. 1 Probability of two-photon absorption,
rate of reaction is proportional to the intensity of the laser squared.

Plotting a graph (Figure 17) where the x axis is the ln(I) and the y-axis corresponds to the
ln() for each of the laser intensities employed and their corresponding decay rates produces a
linear graph where the slope of the reaction has to be 2 to prove that a two-photon absorption
process occurred. After plotting the graph, the slope observed was 1.996 (Figure 17), which
clearly shows that compound 51 was photo-cleaved via a two-photon absorption process.

Figure 17. Double log plot of reaction rate vs. laser intensity for photoreactive compound 51.

After irradiation, the sample shown in Figure 15b was dissolved and analyzed by HR-ESITOF-MS, which showed the formation of 5-bromo-7-nitroindoline 52 (m/z [M+H]+ calcd.
242.9769 and 244.9749, obs. 242.9784 and 244.9765), but not 5-bromo-7-nitrosoindole. The
result is in accordance with Corrie’s photolysis data, which show that the photolysis pathway
depends on the water content of the sample (Scheme 1). He demonstrated that a similar Nacyl-7-nitroindoline in an inert organic solvent with only 1% water photolyzed to the
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nitroindoline.18

Unlike our photolysis experiment of peptide 35 in water resulting

predominantly in nitrosoindoles (Figure 13), compound 51 was irradiated as a highly
concentrated, viscous film using non-anhydrous DMF as a solvent. This film contained small
quantities of water, similar to Corrie’s reaction conditions in Scheme 1, path A, allowing for the
expected photo-hydrolysis to take place.
To test whether compound 51 could serve as an N-acyl-nitroindoline-containing model
compound for the generation of micropatterns, an image of the logo of the University of Texas
at El Paso (“UTEP”) was projected on a thin film of compound 51 through a mask in the optical
path of 710 nm femtosecond laser light. The experiment was conducted in a similar manner as
described for the tree patterns shown in Figure 14. Initially, the illuminated areas fluoresce
(Figure 18, left), which is associated with the photolysis to produce the non-fluorescent
nitroindoline 52.

Upon removal of the mask only the background consisting of intact

compound 51 fluoresces, and the logo appears dark (Figure 18, middle). When viewed under a
regular white light microscope (Figure 18, right), the yellow background is due to the presence
of compound 51, and the orange-brown micropattern consists of compound 52.

Figure 18. Left: Fluorescent logo of the University of Texas at El Paso generated by excitation of the
photoreactive amino acid 13 with a femtosecond laser at 710 nm through a “UTEP” mask; middle: The
letters of the logo underwent photolysis to the non-fluorescent nitroindoline 14. After removal of the
mask the background fluoresces; right: UTEP logo under white light.
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3.4.2.2.6 Cytocompatibility
The cytocompatibility of peptide 35 was studied using human mesenchymal stem cells
in a qualitative cell proliferation assay, and mouse embryonic fibroblasts in a Live/Dead assay.
The latter assay also included the photolysis products of peptide 35, and collagen as a control.
Figure 19 illustrates that peptide 35 is not cytotoxic to cultured human mesenchymal stem cells
as the cells showed viability and confluence within 24 hours of culture. Furthermore, peptide
35 promotes cell adhesion and migration. The blue line in the right image of Figure 19 denotes
the edge of the immobilized peptide material from where undried/uncoated remnant liquid
was aspirated prior to cell seeding. As the rim does not have any of peptide 35 immobilized,
cells did not migrate, adhere or proliferate in that area, showing their preference to growing on
the peptide-coated surface over the plastic of the well.

50 mm

Figure 19. Human mesenchymal stem cells, pre-stained with PKH26, a cell membrane stain, and seeded
atop collagen-like peptide 35 pre-immobilized onto tissue culture grade wells. Left: Images taken from
center of the well. Right: cells grew only where the peptide sheet was present.

The cytocompatibility of peptide 35 and its photolysis products was also assessed using
mouse embryonic fibroblasts by a Live:Dead cytotoxicity assay.127 Figure 20 A–C depicts
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confocal microscopy images of these cells cultured in wells coated with (A) peptide 35; (B)
peptide 35 irradiated with UV light; and (C) collagen as a control. The green fluorescence
indicates live cells, and the red fluorescence indicates dead cells. The fibroblasts retained their
viability and expressed their normal spindle shaped morphology128 on the peptide coated (A)
and collagen coated (C) surfaces. However, on the surface coated with the irradiated peptide
(B), the fibroblasts do not show spindle shaped morphology, and most of the cells are dead.

(A)

(B)

(C)

Figure 20. In the wells of a 96 well plate, mouse embryonic fibroblasts were seeded atop a surface
coated with (A) non-irradiated peptide 35; (B) irradiated peptide 35 resulting in its photo-decomposition;
and (C) collagen. Shown are representative merged images captured using bright field and fluorescence,
where the green fluorescence depicts live cells and the red fluorescence indicates dead cells. The cells
appear healthy and express their characteristic spindle shaped morphology atop the surface coated with
peptide 35 (A). On the collagen coated surface (C), cells also express their ideal morphology, however,
numerous dead cells are also noted. On the surface coated with peptide 35 that was irradiated with UV
light prior to cell seeding (B), the cells are not found to express their ideal morphology and appear
rounded. Also, very few live cells are observed.

To interpret the results of the Live/Dead cytotoxicity assay, 127 it is well known that live
cells are distinguished by the presence of endogenous intracellular esterase activity,
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determined by the enzymatic conversion of the nonfluorescent cell-permeant calcein AM to the
intensely fluorescent calcein (green). Although the polyanionic dye calcein is well retained
within live cells producing an intense uniform green fluorescence, it is also important to note
the healthy morphology of the cells. In Figure 20, fibroblasts with the healthy spindle-shaped
morphology are observed only in (A) and (C), but not in (B) where the live-stained cells appear
rounded and shrunk in their morphology. Moreover, in (B) we observe cells co-stained with
both fluorescent dyes, green and red. The red fluorescence is conferred by the ethidium
homodimer-1 (EthD-1), which enters cells with damaged membranes and undergoes a
significant enhancement of fluorescence upon binding to nucleic acids, thereby producing a
bright red fluorescence in dead cells. EthD-1 cannot cross the intact plasma membrane of live
cells. Therefore the presence of both stains, green and red, and the absence of normal spindle
shaped morphology in cells imaged in (B) imply that these cells are in the process of dying due
to the presence of a cytotoxic surface caused by the photolysis products of peptide 35.
Although a similar number and morphologies of live cells are noted in (A) and (C), more dead
cells are noted in the collagen coated controls (C) compared with the surface coated with
peptide 35 (A). Since a solution of peptide 35 was deposited onto the wells in several layers
followed by drying it may have created a bulge width, which may have caused an overall
smaller number of cells adhering onto this surface. However, the cells that did attach retained
their viability and morphology implying that peptide 35 created a non-cytotoxic surface (A). In
the future, we would need to improve the method for creating smooth and leveled peptide
surfaces for tissue engineering applications. In conclusion, the photolysis products of peptide
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35 show certain cytotoxicity when compared to the intact peptide 35 and collagen, making
peptide 35 a potential candidate for patterned 2D cell growth.
In principle, a number of different compounds could be responsible for the cytotoxic
effect observed in Figure 20B. Previously, it was shown that the photolysis of a concentrated
film of peptide 35 results in a mixture of peptidyl-7-nitroindolines.95 Therefore, the irradiation
of a dry but not anhydrous film of peptide 35 with UV light is expected to produce
predominantly peptides 36, 37, and 48. With the limited cytotoxicity data at hand, the
cytotoxic effect observed cannot be ascribed to a particular compound. In general, depending
on the water content of the peptide sample at the time of irradiation, several peptidyl-7nitroindolines and peptidyl-7-nitrosoindoles are possible photolysis products with potential
effects on cell viability. The cytotoxicity of the individual compounds is not known.

3.4.2.3 Conclusions
A photoreactive 30mer collagen-like peptide (35) with four photoreactive N-peptidyl-7nitroindoline moieties was synthesized, and its photochemical and photophysical properties
were studied. The temperature dependent circular dichroism spectra of this peptide provide
evidence of a possible secondary structure similar to other collagen-mimicking peptides
reported in the literature, and show an unusual structural stability, possibly due to the four
units of the unnatural amino acid 5-carboxylic acid-7-nitroindoline in the peptide sequence.
When an aqueous solution of peptide 35 is irradiated at 350 nm, photolysis occurs at all
photoreactive amide bonds producing mainly the expected N-peptidyl-7-nitrosoindoles. When
a thin film of peptide 35 is irradiated with a femtosecond laser at 710 nm through a patterned
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mask, micropatterns consisting of the photolysis products of peptide 35 are generated. The
ability of N-glycyl-5-bromo-7-nitroindoline (51) to also undergo photolysis by a two-photon
absorption mechanism using a femtosecond laser at 710 nm and its suitability for generating
well-resolved micropatterns was established. Since N-glycyl-5-bromo-7-nitroindoline is easily
accessible from commercially available starting materials, in some aspects it can be used as a
model compound for more complex N-acyl-7-nitroindolines such as peptide 35. Qualitative
cytocompatibility studies suggest that peptide 35 is not toxic to cells, as human mesenchymal
stem cells were able to grow on a surface coated with that peptide, and mouse embryonic
fibroblasts remained viable. In contrast, a surface coated with the photolysis products of
peptide 35 exhibited certain cytotoxicity to the fibroblasts. These data suggest that the
photoreactive collagen-like peptide 35 has potential as a new biomimetic material that could be
used for 2D patterned cell growth based on patterns generated by laser photolysis because of
different cytotoxicity properties of peptide 35 when compared to its photolysis products.

3.4.3 Synthesis of a photoreactive collagen-like peptide with incorporated cysteine residues
for cross-linking
3.4.3.1 Introduction
Hydrogels are three-dimensional, hydrophilic polymers that can absorb large quantities
of water.129 Hydrogels can swell tremendously, but they do not dissolve due to the presence of
chemical or physical cross-links between its components making a polymeric network.129,130
There is a wide variety of materials that can be used to form hydrogels, both synthetic and
natural. Natural hydrogels include gelatin,131 collagen,132 and alginate,133 to cite some
76

examples. They are suitable for bioengineering because of their biocompatibility and nonimmunogenicity. Synthetic hydrogels, such as peptide-based hydrogels can offer advantages
over proteins, because many different functionalities can be easily introduced by SPPS. 134
Moreover, bioactive motifs, e.g. the RGD cell adhesion sequence, can be easily incorporated
into the synthetic peptides.135 Typical peptide sequences studied for hydrogel production
usually exhibit secondary structures, amphiphilicity and self-assembly is usually exploited for
gel formation through chemical or physical forces.134,136
There are a number of ways to classify hydrogels. They can be categorized based on
their components, either natural, ionic, synthetic or a combination of these. Hydrogels can also
be differentiated based on their mechanical and structural properties, such as the degree of
crosslinking.129 Lastly, a very important classification of hydrogels is how the crosslinking occurs,
either chemical or physical.137 Chemical crosslinks can be prepared in many different ways, e.g.
disulfide formation, photopolymerization, or the crosslinking of thiols with acrylates or
sulfones. Physical crosslinking, on the other hand, can be prepared via the self-assembly of
polymers (e.g. peptides) in response to external stimuli, like pH change, solvent and
temperature. It is known that physical cross-linking usually leads to weaker gels compared to
chemical cross-linking.129
As previously stated, collagen and collagen derived materials can form hydrogels and
have been widely applied to cell scaffolding applications.138–140 However, examples of collagenlike peptides that mimic the higher ordered assembly of collagen are not very abundant. 141
Unfortunately, this was the case in our first attempt, and a rigid gel could not be obtained from
the previously reported photoreactive CLP 35.48,95 After dissolution of the peptide in water at a
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relatively high concentration (125 mM), a “weak gel” could be immediately observed. This weak
gel could be attributed to its potential secondary structure. However, after dilution or exposure
to higher temperature, the weak gel would immediately dissolve. For the success of the overall
goal of this project, to produce three-dimensional matrices for cell growth, peptide 35 was
unfortunately not suitable.
We envisioned that we could access a rigid gel by exploiting two key aspects of the
novel photoreactive CLP: 1) The previously established and unusual stability of the triple helical
structure of this type of photoreactive peptides,48 and 2) the incorporation of cysteines
throughout the sequence (Figure 21) for the natural crosslinking of the novel photoreactive CLP
through disulfide formation. Furthermore, we decided to incorporate a bioactive motif to the
peptide sequence by incorporating an RGD sequence to exploit its well-known cell-adhesion
capabilities.142 Bearing the aforementioned properties of the peptide sequence in mind,
peptide 53 was designed (Figure 21).

Figure 21. Photoreactive CLP with three incorporated cysteines for natural crosslinking and an RGD
sequence cell adhesion site.
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3.4.3.2 Results and Discussion
3.4.3.2.1 Synthesis of Peptide 53
The synthesis of peptide 53 was designed similar to that of peptide 35.48 Due to the
three repeating heptapeptide sequences separated by a photoreactive moiety, peptide 53 was
synthesized by on-resin peptide fragment condensation. Again, the photoreactive glycine
building block 29 was a key component in the synthesis of the repeating peptide sequence 54
(Scheme 11) and can be synthetically accessed as previously reported.25,26,48

Scheme 11. Synthesis of photoreactive repeating peptide 54. a) 29, DCM; b) AcOH/DCM; c) 20%
piperidine/NMP; d) Fmoc-aa-OH, HBTU, HOBt, DIPEA, NMP; e) Ac2O, DIPEA, NMP; f) 3% TFA/DCM.
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Peptide 54 was pre-prepared by SPPS on diphenyldiazomethane resin122 to be later
utilized in fragment condensation. As it has already been stated, this resin was utilized because
it does not require activation of the amino acid and thus the excess photoreactive glycine 29
can be retrieved after coupling.48 The coupling of the remaining amino acids and removal of the
Fmoc-protecting group was achieved by a uranium-based coupling reagent and HOBt in the
presence of DIPEA, followed by piperidine. Fmoc protecting group was not removed from the
last amino acid and peptide 54 was cleaved from the resin with dilute TFA in DCM.
Scheme 12 shows the synthesis of peptide 53 by on-resin peptide fragment
condensation. Peptide 55 was synthesized on Rink amide PEGA resin by SPPS. This crosslinked
PEG resin contains no polystyrene. This PEGA contains a poly(ethylene glycol)-poly-(N,Ndimethylacrylamide copolymer developed by Meldal.143 A resin PEGA derived ChemMatrix resin
was reported by Albericio,144 and now PEGA resins with linkers such as the Rink amide are
commercially available. The advantage of this resin is that it swells very well, much like a
hydrogel, and the SPPS is performed similar to a homogeneous reaction. We envisioned that by
utilizing this resin, peptide folding and aggregation could be minimized and an overall excellent
yield could be achieved.
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Scheme 12. Synthetic strategy for the preparation of photoreactive peptide 53 by on resin fragment
condensation. a) Fmoc-aa-OH, HBTU, HOBt, DIPEA, NMP; b) Ac2O, DIPEA, NMP; c) 20% piperidine/NMP
d) 54, TBTU, HOBt, NMM, NMP; e) TFA/H2O/TIS/EDT 92.5:2.5:2.5:2.5.
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Another interesting and necessary inclusion in the peptide sequence was the inclusion
of the Asp-Pro sequence in the synthesis of peptide 55. Aspartic acid is known to convert into
aspartimide (Figure 22) during SPPS when present within the sequence 145 or anchored to an
amide solid support (e.g. PEGA Rink amide resin). This sequence-dependent cyclization is
catalyzed by acids and bases;146 protecting groups such as OtBu do not prevent this side
reaction completely.145

Figure 22. Aspartimide formation when aspartic acid is present in the sequence (e.g. Asp-Gly). Base or
acid catalyzed aspartimide formation. Hydrolysis produces epimerization to the  and  peptides. Fmoc
removal by piperidine produces the piperidides of the  and  peptides. Adapted from Ref. 143.145
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After aspartimide formation, epimerization occurs through two possible mechanisms:
hydrolysis of the aspartimide epimerizes into the -peptides and -peptides. On the other
hand, through piperidine induced Fmoc removal, aspartimide converts into the piperidide peptides and -peptides. This unwanted side reaction would render a combination of undesired
final peptides (Figure 22). One way to address this epimerization problem is the inclusion of an
Asp-Pro sequence. Due to the steric nature of proline, the aspartimide formation is
minimized147 and some studies have shown that it can be completely avoided even after long
exposure times to piperidine (16 h).146
Peptide 55 was synthesized by activation of Fmoc-Pro-OH with a uronium coupling
reagent and HOBt in the presence of DIPEA and NMP as the solvent (Scheme 12). After
coupling, the unreacted amines from the resin were capped with acetic anhydride and DIPEA in
NMP. Then, Fmoc was removed with 20% piperidine in NMP and the dibenzofulvene produced
was monitored by UV-Vis. According to the concentration of dibenzofulvene produced, it was
determined that the resin was occupied to 67%. The couplings of the following amino acids
were adjusted to the loading of the resin (67%). Peptide 55 was elongated to completion
repeating the same process in the order of amino acids Fmoc-Asp(OtBu)-OH, Fmoc-Gly-OH,
Fmoc-Arg(Pbf)-OH, Fmoc-Gly-OH, Fmoc-Hyp(tBu)-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, without
removal of the Fmoc protecting group in the last amino acid. After Fmoc removal of the last
amino acid, peptide 54 was coupled to peptide 55 by activation through a uronium coupling
reagent (TBTU) and HOBt in the presence of N-Methylmorpholine and NMP. The resin was
shaken for 8 h. until the colorimetric tests were negative. The resin was then capped and Fmocremoved to continue peptide fragment condensation. This process was repeated two times and
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after removal of the last Fmoc protecting group, the peptide was acetylated with acetic
anhydride and DIPEA in NMP. Lastly, global deprotection and cleavage was achieved with 92.5%
TFA in the presence of radical scavengers (Triisopropylsilane, 1,2-Ethanedithiol, H2O 2.5,2.5,2.5)
for seven hours and the resin was washed with fresh TFA twice. After concentration of the
peptide solution, peptide 53 was precipitated with cold ethyl ether and washed several times.
Through a combination of semi-automatic SPPS and peptide fragment condensation, a 51%
yield of peptide 53 was obtained (by UV-VIS monitoring).

3.4.3.2.2 Hydrogel preparation from peptide 53
Peptide 53 was designed with the intention of exploiting the two different modes of
cross-linking to obtain a more rigid hydrogel (physical and chemical cross-linking). As it has
been previously established with peptide 35, a “weak gel” was obtained relatively easily and its
unusual stability was established by CD.48 These results led us to believe that this type of
photoreactive CLPs can undergo physical cross-linking and self-assembly (Figure 23). However,
as stated before, this physical cross-linking was not enough to obtain a rigid hydrogel suitable
for the future purposes of this project. Therefore, the idea was to introduce a mode of chemical
cross-linking that would also be natural, thus creating a safer biomaterial. Chemical crosslinking of peptide 53 would be achieved through natural disulfide formation after oxidation of
cysteine thiols between adjacent peptides (Figure 23).
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Figure 23. Peptide 53 self-assembly through chemical and physical crosslinking.

Keeping in mind that peptide 53 had the ability to undergo cross-linking by physical or
chemical means; the formation of a hydrogel through different methods was attempted.
However, peptide 53 could potentially oxidize to a certain extent, creating higher ordered
structures followed by physical crosslinking. On the other hand, it could first self-assemble into
a potential secondary structure, followed by oxidation of cysteine thiols to potentially
transform into a gel. In an attempt to control which cross-linking takes place first, several
experiments were attempted (see table 4).
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Table 4. Experiments for preparation of peptide 53 hydrogel.
Peptide

Solvent/

%

Oxidizing

Reducing

Temp.

Entry

time

Additional

(h)

Crosslinker

pH

Hydrogel

(mg)

Buffer

(m/v)

Agent

Agent

(°C)

1

1

H2O

5

O2

N/A

r.t.

3.5

24

N/A

No

2

1

PBS

5

O2

N/A

r.t.

3.5

24

N/A

Weak

3

1

PBS

5

O2

TCEP

3.5

18

N/A

Weak

3.5

18

N/A

Weak

0.5

N/A

No

3.5

24

N/A

No

r.t. 40
4

1

PBS

5

O2

TCEP

85 - 4

5

1

H2O

10

N/A

N/A

r.t.

3.5 9
-50 6

1

PBS

10

N/A

N/A
r.t.

DMSO/
7

0.5

5

N/A

N/A

r.t.

7.5

1

N/A

No

PBS
8

1

PBS

3.3

N/A

TCEP gel

r.t.

3.5

18

BM(PEG)3

Weak

9

0.7

PBS

3

N/A

N/A

r.t.

7.5

24

BM(PEG)3

Weak

10

1

PBS

2.5

I2

N/A

r.t.

7.5

24

N/A

Weak

I2

N/A

85 - 4

7.5

18

N/A

Yes

N/A

N/A

r.t. - 4

7.5

18

BM(PEG)3

Yes

0.6
2.4
11

(0.1 mg

PBS
0.4

gelatin)
1
3.3
12

(0.1 mg

PBS
0.33

gelatin)
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For the purpose of testing the abilities of this novel photoreactive CLP 53 to create a
rigid hydrogel, crude CLP 53 was used. In theory, most of the material (51% by UV-Vis) was
composed of peptide 53 in addition to a mixture of smaller collagen-like peptide sequences,
which could potentially contribute to hydrogel formation. The first attempts were to create a
gel of peptide 53 in water or phosphate based buffer in an oxygen atmosphere to speed up the
oxidation process (Entries 1 and 2, Table 4). Later, an experiment was performed (Entry 3)
where complete reduction of 53 with tris(2-carboxyethyl)phosphine (TCEP) in PBS buffer was
performed, followed by the introduction of oxygen and heating in an oven at 40 oC overnight.
Entry 4 experiment was performed with the idea that peptide 53 should be annealed at high
temperature (85 oC) for 30 min., followed by cooling down overnight (4 oC) to induce its natural
ability to form a triple helix, in the presence of oxygen to promote disulfide formation. Entries
2-4 yielded weak hydrogels that could hold their structure under inversion of the container;
however, upon tapping or shaking the container they would easily break apart.
Common techniques to trigger self-assembly and hydrogelation of polymers were
applied by introducing a switch in the peptide’s solubility. Such a switch in solubility can be
achieved by gradually modifying the pH of the solution, temperature and solvent switch. 148–150
Entry 5 represents the pH switch of peptide 53, which when dissolved in water had a relatively
acidic pH (3.5); this pH was slowly increased with NaOH to a final pH of 9. Entry 6, was an
experiment applying the “freeze-thaw technique”, where a solution of 53 in PBS was frozen and
thawed five times. Lastly, the solvent switch (Entry 7) where the peptide was dissolved in
DMSO and PBS was slowly added. Unfortunately, Entries 5-7 yielded no gel.

87

At this point, we decided a cross-linker could benefit the formation of a hydrogel, and
thus, Entries 8 and 9 describe the addition of a PEG based cross-linker (1,11-bismaleimidotriethyleneglycol or BM(PEG)3) reactive to thiols (Figure 24); however, once again a weak gel
was obtained. There was also the suspicion that the peptide might not be oxidizing fast enough
by merely introducing oxygen to the solution, therefore in the experiment described in entry
10, iodine was added to induce a much faster oxidation of the peptides in hopes of obtaining
higher ordered structures. It was not until the introduction of small amounts of gelatin type B
(10 and 20% relative to the peptide) that a rigid and homogeneous hydrogel was finally
obtained (Entries 11 and 12). These hydrogels were analyzed under a white light microscope
and it was observed that they hold their structure even after removing them from the container
or puncturing with a needle. A piece of this peptide hydrogel (Entry 12) was irradiated with 365
nm of light for 2. And a color change was observed, from the pale yellow gel of peptide 53 to an
orange colored gel (Figure 25), indicating the successful photolysis of the peptide. These
hydrogels will require further analysis in the future and could potentially serve as materials for
laser-induced formation of channels.

Figure 24. Homobifunctional crosslinker BM(PEG)3 reactive to thiols
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Figure 25. Hydrogel from peptide 53. (Left) before irradiation with 365 nm of light. (Right) after
irradiation with 365 nm of light for 2 h. Color change observed in samples before and after irradiation,
indicating successful photolysis of peptide 53.Experiments were performed by Asiel Mena.

3.5 Overall Conclusions of Chapter III
A photoreactive 30mer collagen-like peptide (35) with four photoreactive N-peptidyl-7nitroindoline moieties was synthesized, and its photochemical and photophysical properties
were studied. The temperature-dependent circular dichroism spectra of this peptide provide
evidence of the presence of a potential secondary structure similar to other collagen-mimicking
peptides reported in the literature, and show an unusual structural stability.
When an aqueous solution of peptide 35 is irradiated at 350 nm, photolysis occurs at all
photoreactive amide bonds, producing mainly the expected N-peptidyl-7-nitrosoindoles.
Furthermore, the two-photon absorption capabilities of N-acyl-nitroindolines were studied
through a model compound (N-glycyl-5-bromo-7-nitroindoline, 51) and peptide 35.
Femtosecond laser induced fluorescence decay experiments show that these N-acylated-7nitroindoline moieties (51 and 35) can be cleaved photolytically. The double-log plot of reaction
rate vs. laser intensity has an approximate slope of 2, which proves that the photolysis occurred
through a two-photon absorption process. Furthermore, when a thin film of peptide 35 or
model compound 51 is irradiated with a femtosecond laser at 710 nm through a patterned
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mask, well-resolved micropatterns consisting of the photolysis products of peptide 35 or 51 are
generated.
Qualitative cytocompatibility studies suggest that peptide 35 is not toxic to cells, as
human mesenchymal stem cells were able to grow on a surface coated with that peptide, and
mouse embryonic fibroblasts remained viable. In contrast, a surface coated with the photolysis
products of peptide 35 exhibited certain cytotoxicity to the fibroblasts. These data suggest that
the photoreactive collagen-like peptide 35 has potential as a new biomimetic material that
could be used for 2D patterned cell growth. This is based on different cytotoxic properties of
peptide 35 when compared to the byproducts found after laser photolysis. Unfortunately, this
photoreactive CLP 35 was not suitable for 3D cell growth because we were not able to obtain a
rigid hydrogel.
Lastly, a second generation photoreactive collagen-mimicking peptide 53 was
synthesized. This novel CLP was designed with the idea of exploiting its natural physical crosslinking capabilities. Furthermore, the inclusion of three cysteines in the peptide sequence for
the potential formation of higher-ordered structures through natural disulfide bridges or crosslinking via a maleimide homobifunctional crosslinker. However, the peptide on its own did not
exhibit characteristics of a rigid hydrogel, only a weak gel was obtained. This can potentially be
attributed to an interference or competition between physical cross-linking and disulfide
bridging occurring at the same time and thus preventing higher-ordered structures. Finally,
homogeneous rigid hydrogels were obtained after oxidation of the peptide with iodine and
inclusion of small amounts of gelatin type B. This rigid hydrogel will be used in the future for
cell growth experiments in micropatterns.
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3.6 Experimental Section
3.6.1 Reagents and Solvents
Fmoc amino acid derivatives were purchased from Anaspec Inc., BACHEM or ChemImpex Intl. Inc. Diphenyldiazomethane was purchased from BACHEM, PEGA Rink amide and
Rink amide resins were obtained from Novabiochem. The coupling reagents HBTU and TBTU
were purchased from Anaspec Inc. and Novabiochem, respectively. HOBt, piperidine, and
reserpine were obtained from Sigma Aldrich. Tetrakis(triphenylphosphine)palladium(0), Nmethylaniline, N-methylmorpholine, TIS, and tetrachloro-p-benzoquinone were obtained from
Acros. 5-Bromo-7-nitroindoline, thionyl chloride, and Ultramark were acquired from Alfa Aesar.
Solvents, DIPEA, TFA, and bromophenol blue were obtained from Fisher Scientific. 1,11bismaleimido-triethylene glycol (BM(PEG)3) was purchased from Thermo Scientific. Gelatin type
B was obtained from Sigma Aldrich. Phosphate-buffered saline was obtained from Thermo
Fisher Scientific. CDCl3 and DMSO-d6 were purchased from Acros and Cambridge Isotope
Laboratories, respectively. Thin layer chromatography was performed on silica gel 60 F254 on
aluminum (Merck). Column chromatography was performed on silica gel 60, 230-400 mesh
from Natland International Corp.

3.6.2 Instrumentation
Peptides were synthesized semi-automatically using a Tribute peptide synthesizer from
Protein Technologies, Inc. (USA). Reversed phase chromatography was performed on a Fast
Protein Liquid Chromatography (FPLC) system in an AKTA Purifier from GE Healthcare Life
Sciences. Superfrost microscope slides were obtained from Fisher Scientific (USA). UV-VIS
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absorption spectra were measured on a Shimadzu UV-3101PC UV-VIS-NIR scanning
spectrophotometer using quartz cuvettes of 1 cm path length. Fluorescence spectra were
measured on a Shimadzu RF-6000 spectrofluorophotometer using standard quartz cuvettes of 1
cm path length at rt. The fluorescence quantum yield was not determined. The excitation and
emission bandwidths were 5 nm, and the Raman scattering of the solvent was subtracted. 1H
NMR and 13C NMR were recorded on a JEOL ECA-600 (600 MHz) or a Bruker Avance III HD (400
MHz). Tetramethylsilane was used as an internal standard. Mass spectrometry was performed
on a high resolution JEOL Accu TOF mass spectrometer using an Electrospray Ionization (ESI)
source or a High Resolution QExactive Plus-mass spectrometer from Thermo Fisher Scientific.
The photolysis of peptide 35 in aqueous solution was performed in a Rayonet RPR200
photochemical reactor (USA) equipped with 16 UV lamps (350 nm). Far-UV Circular Dichroism
(CD) studies were conducted using a Jasco-1500 spectropolarimeter connected to a Peltier
temperature controller.

3.6.3 Synthesis of peptide 35
The photoreactive peptide 35 was synthesized from hexapaptide 47, which was elongated by
repeated coupling of pre-prepared peptide 46 by on-resin fragment condensation.
Hexapeptide 47 was synthesized on Rink Amide resin (loading capacity 0.62 mmol/g). The resin
(0.059 mmol, 96 mg) was swollen in DCM (3 mL) for 30 min and washed 5 × with DMF. The
resin’s Fmoc group was removed with 20% piperidine in DMF (3 mL) under shaking for 15 min
followed by washing with DMF (5 × 10 mL). Fmoc-Gly-OH (0.059 mmol, 18 mg, 1 equiv.), HBTU
(0.059 mmol, 23 mg), HOBt (0.059 mmol, 8 mg) and DIPEA (0.118 mmol, 21 L) were dissolved
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in DMF (0.12 M, 0.5 mL), immediately added to the resin and mixed for 45 min, then washed
with DMF (5  5 mL) followed by capping with 10% Ac2O, 5% DIPEA in DMF (3 mL, 15 min). The
reason for using only ~ 1 equiv. of the first amino acid was to achieve an incomplete loading to
reduce peptide aggregation during SPPS. Fmoc removal was accomplished as described before.
The loading of the first amino acid onto the resin was 75% as determined by the quantification
of dibenzofulvene by UV-VIS spectrophotometry (290 nm, 5253, 1 cm. path length). The next
five amino acids [Fmoc-Pro-OH, Fmoc-Hyp(tBu)-OH, Fmoc-Gly-OH, Fmoc-Pro-OH, and FmocPro-OH] were coupled by dissolving 5 equiv. of the amino acid derivative (0.30 M), 5 equiv.
HBTU, 5 equiv. HOBt and 10 equiv. of DIPEA in DMF, which was immediately added to the resin,
stirred for 15 min, double-coupled with half the quantities of the previous coupling step to
furnish the resin-bound hexapaptide 47. After capping and removal of the N-terminal Fmoc
group as previously described, the peptide was further elongated by peptide fragment
condensation (4 ×) with the photoreactive hexamer 46 (Scheme 10).

For the fragment

condensation, a solution of 46 (0.062 mmol, 62 mg, 2.5 equiv.), TBTU, 0.062 mmol, 20 mg),
HOBt (0.062 mmol, 8 mg), and NMM 0.125 mmol, 14 L) in NMP (0.10 M, 0.60 mL) was added
to the resin and stirred for 9-11 hours.

Coupling reactions were monitored with the

bromophenol blue and chloranil tests,39,151 and capping and removal of the N-terminal Fmoc
group was performed as described before. The full length peptide 35 was cleaved off the resin
with simultaneous side-chain deprotection using 95% TFA, 2.5% TIS, 2.5% water, 5 mL, 3 h, and
the resin was washed twice with TFA. The crude peptide was concentrated under vacuum to a
glassy film and precipitated with cold diethyl ether. The solution was centrifuged and the
peptide pellet was washed several times with cold diethyl ether. The crude peptide 35 was
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dissolved in water and pre-purified by size exclusion chromatography on Superdex by isocratic
elution with water. Final purification (49%) was achieved by reversed phase FPLC (Source) using
a gradient of 10-35% (solvent A: 2% CH3CN, and 0.1% TFA in H2O; solvent B: 85% CH3CN, and
0.1% TFA in H2O. After lyophilization, 75 mg of peptide 35 (49% with respect to the loading of
the C-terminal amino acid) was obtained as a pale yellow solid. ESI TOF-MS m/z [M+2H]2+ calcd.
1685.7205 (most abundant species), obs. 1685.7175; [M+3H]3+ calcd. 1123.8061 (monoisotopic
species), obs. 1123.8211. max (H2O, 29.7 M) = 251 and 332 nm, 251 = 14297 M-1 cm-1, 332 =
2384 M-1 cm-1. em (H2O, 29.7 M, excited at 332 nm) = 397 nm.

3.6.4 N-(Fmoc-glycyl)-5-carboxylic acid-7-nitroindoline (29)
The photoreactive glycine building block 29 suitable for SPPS was synthesized from
nitroindoline derivative 1525 via glycine derivative 12 by Pd(0) catalyzed deallylation23 (see
Scheme 7).

In a round bottom flask, compound 12 (1.15 mmol, 0.61 g) and

tetrakis(triphenylphosphine)palladium (0.12 mmol, 0.13 g) were dissolved in anhydrous
tetrahydrofuran (THF, 10 mL) under argon. N-methylaniline (11.50 mmol, 1.25 mL) was added
to the solution, which immediately turned dark red. The reaction was monitored by TLC until
the starting material was consumed (1h). THF was removed under reduced pressure and the
remainder was dissolved in ethyl acetate and washed extensively with a 1M HCl solution (10 ×
50 mL), followed by water (5 × 50 mL), brine (2 × 50 mL) and dried over magnesium sulfate.
Ethyl acetate was removed under reduced pressure to obtain an orange solid (0.56 g,
quantitative) and no further purification was required (Quant.). Rf = 0.18 (MeOH/DCM 5:95). 1H
NMR (400 MHz, 295 K, DMSO-d6)  13.44 (s, 1 H, COOH); 8.10 (s, 1 H, H6); 8.08 (s, 1 H, H4); 7.90
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(d, 2 H, 3J = 7.4 Hz, Fmoc-ArH); 7.78 (t, 1 H, NH); 7.75 (d, 2 H, 3J = 7.4 Hz, Fmoc-ArH); 7.42 (t, 2 H,
Fmoc-ArH); 7.34 (t, 2 H, Fmoc-ArH); 4.33-4.30 (m, 4 H, Fmoc-CH2, H2, H2’); 4.25 [t, 1 H, 3JFmoc
(CH/CH2)

= 7.0 Hz, Fmoc (benzylic)]; 4.10 (d, 2 H, 3JH/NH = 6.0 Hz, H, H’); 3.29 (t, 2 H, 3JH2/H3 = 8.1

Hz, H3) ppm;
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C NMR (100 MHz, 295 K, DMSO-d6) δ 168.2, 156.4, 143.8, 140.7, 139.3, 137.6,

136.5, 129.3, 127.6, 127.0, 125.2, 123.4, 120.0, 65.7, 48.8, 46.6, 43.6, 28.3 ppm. ESI-TOF-MS
m/z [M-H]- calcd. 486.1301; obs. 486.1327. max (DCM, 41.1 M) = 268, 301 and 324 nm, 268 =
18701 M-1 cm-1, 301 = 5092 M-1 cm-1, 324 = 1935 M-1 cm-1. em (DCM, 82.1 M, excited at 324
nm) = 392 nm.

3.6.5 Synthesis of peptide 46
Diphenyldiazomethane resin (loading capacity 0.7 mmol/g, 0.99 mmol, 1.421 g) was
swollen in 10 mL DCM in a peptide synthesis vessel for 20 min. The photoreactive building
block 29 (0.995 mmol, 0.485 g) was dissolved in a DCM/DMF mixture (2:1) (0.20 M, 5 mL),
added to the resin and in a peptide synthesizer and shaken for 5 h. Upon completion of the
coupling, the excess of compound 29 was recovered. The reason for using only ~ 1 equiv. of the
first amino acid was to achieve an incomplete loading to reduce peptide aggregation during
SPPS. After coupling of compound 29, the resin was washed with DMF (5  10 mL), capped with
5 mL DCM/HOAc (1:1) for 1h, and washed with DMF (5  10 mL). Fmoc removal was
accomplished with 5 mL of 20% piperidine in DMF for 15 min followed by washing with DMF (5
 10 mL). The loading of the first amino acid onto the resin was 47% as determined by the
quantification of dibenzofulvene by UV-VIS spectrophotometry (290 nm, 5253, 1 cm. path
length). Fmoc-Pro-OH (4.97 mmol, 1.677 g), HBTU (4.97 mmol, 1.885 g) and HOBT (4.97 mmol,
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0.671 g) were dissolved in DMF (1 M, 5 mL) and DIPEA (9.9 mmol, 1.73 mL) was added just
before the solution was poured into the reaction vessel with the resin. The peptide reaction
vessel was shaken for 15 min, followed by DMF washings (5  10 mL) and double coupling of
the amino acid, with half the equivalents used in the previous coupling for 15 min. Capping was
performed with 10% Ac2O and 5% DIPEA in DMF (10 mL, 10 min). Using the same protocol, the
peptide was elongated with the remaining amino acids in the order Fmoc-Hyp(tBu)-OH, FmocGly-OH, Fmoc-Pro-OH, Fmoc-Pro-OH, except the N-terminal Fmoc group was not removed.
Each coupling was monitored by the bromophenol blue test39 and chloranil test (preferred for
N-terminal proline).151 Peptide 46 was cleaved off the resin by repeated treatment with 3% TFA
in DCM (10 mL) for 3 min until it was no longer visible in TLC (15 repetitions), then washed with
fresh DCM (2  10 mL) and MeOH (2  10 mL). All peptide-containing fractions were combined,
concentrated under reduced pressure to approximately 5 mL and precipitated with cold diethyl
ether to obtain the crude photoreactive hexamer 46. The suspension was centrifuged and the
yellow pellet was washed several times with cold diethyl ether. The crude peptide was purified
by silica column chromatography using a gradient of 5% MeOH to 10% MeOH in DCM to isolate
peptide 46 (0.380 g) in 81% yield with respect to the loading of the first amino acid on the resin.
Rf = 0.10 (5% MeOH in DCM). HR-ESI-TOF-MS m/z [M+H]+ calcd.: 1005.4358; obs. 1005.4334;
[M+Na]+ calcd. 1027.4178; obs. 1027.4150. max (DCM, 99.5 M) = 267 and 327 nm, 267 =
10303 M-1 cm-1, 327 = 1103 M-1 cm-1. em (DCM, 99.5 M, excited at 327 nm) = 391 nm.
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3.6.6 N-Fmoc-glycyl-5-bromo-7-nitroindoline (51)
This photoreactive amino acid was synthesized by acylation of commercially available 5bromo-7-nitroindoline with Fmoc protected glycine chloride generated in situ using a procedure
similar to a published method.24 5-Bromo-7-nitroindoline (2.00 mmol, 0.49 g, 1 equiv.) and
Fmoc-Gly-OH (3.00 mmol, 0.89 g) were suspended in anhydrous toluene (10 mL) under argon.
The mixture was stirred at 70 oC for 15 minutes. Then thionyl chloride (8.00 mmol, 0.58 mL)
was added dropwise which resulted in a clear solution after 30 min. The reaction was
monitored by TLC until near completion (24 h). The solution was then diluted with ethyl
acetate (250 mL) and washed with a saturated solution of NaHCO3 (3 × 150 mL), water (3 x 150
mL) and brine (2 x 100 mL). The organic layer was dried over anhydrous MgSO 4, filtered and
concentrated under reduced pressure.

Compound 51 was purified by silica column

chromatography (EtOAc:Hex 1:1); 0.940 g, 90% of an orange solid. Rf 0.18 (EtOAc:Hex 1:2); 1H
NMR (600 MHz, 295 K, CDCl3) δ 7.76 (s, 1H, H6); 7.75 (d, 2H, 3J = 7.5 Hz, Fmoc, arom.); 7.59 (d,
2H, 3J = 7.5 Hz, Fmoc, arom.); 7.53 (s, 1H, H4); 7.38 (t, 2H, Fmoc, arom.); 7.29 (t, 2H, Fmoc,
arom.); 5.82 (t, 1H, NH); 4.36 (d, 2H, 3JCH/CH2 = 7.2 Hz, Fmoc-CH2); 4.22-4.17 [m, 5H, Hα, Hα’, H2,
H2’, Fmoc (benzylic)]; 3.22 (t, 2H, 3JH2/H3 = 8.0 Hz, H3, H3’). 13C NMR (150 MHz, 295 K, CDCl3) δ
167.3, 156.7, 144.0, 141.6, 141.1, 138.7, 133.5, 132.2, 128.0, 127.4, 125.8, 125.5, 120.3, 117.4,
67.6, 49.1, 47.3, 44.5, 29.2. HR-ESI-TOF-MS m/z [M+NH4]+ calcd. 539.0930 and 541.0913, obs.
539.0904 and 541.0937; [M+Na]+ calcd. 544.0484 and 546.0467, obs. 544.0489 and 546.0463.
max (CHCl3, 76.6 M) = 257 and 342 nm, 257 = 8968 M-1 cm-1, 342 = 651 M-1 cm-1. em (CHCl3,
23.7 M, excited at 342 nm) = 383 nm, and 633 nm (weak), broadly emitted across the visible.
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3.6.7 Allyl N-(Fmoc-glycyl)-5-carboxylate-7-nitroindoline (12)
5-Allyl carboxylate-7-nitroindoline (11)25 was reacted with Fmoc-Gly-OH in the presence
of SOCl2 similar to a reported procedure.24 Fmoc-Gly-OH (4.00 mmol, 1.189 g) and derivative 11
(2.00 mmol, 0.496 g, 1 equiv.) were suspended in anhydrous toluene (15 mL) under argon and
warmed up to 70 oC. SOCl2 (10.00 mmol, 0.73 mL) was added dropwise, and after 60 min a clear
solution was obtained. The reaction was monitored by TLC until near completion (40 h). The
solution was diluted with ethyl acetate (200 mL) and washed with a saturated solution of
NaHCO3 (3 × 100 mL), water (3 × 100 mL) and brine (2 × 100 mL). The organic layer was dried
over anhydrous MgSO4, filtered and concentrated under reduced pressure. Product 12 was
purified by silica column chromatography (EtOAc:Hex 2:1). An orange solid was obtained, 0.981
g, 93% .Rf = 0.13 (EtOAc:hexanes 1:1). 1H NMR (600 MHz, 296 K, CDCl3)  8.34 (s, 1 H, H6); 8.08
(s, 1 H, H4); 7.75 (d, 2 H, 3J = 7.5 Hz, Fmoc, arom.); 7.59 (d, 2 H, 3J = 7.5 Hz, Fmoc, arom.); 7.38
(t, 2 H, Fmoc, arom.); 7.30 (t, 2 H, Fmoc, arom.); 6.06-5.99 (m, 1 H, CH2=CH-); 5.81 (t, 1 H, NH);
5.42 (dd, 1 H, 3Jtrans = 17.2 Hz, 2J = 1.3 Hz, Allyl, olef. trans); 5.32 (dd, 1 H, 3Jcis = 10.4 Hz, Allyl,
olef. cis); 4.84 (d, 2 H, 3Jaliph./olef. = 5.2 Hz, Allyl, aliph.); 4.37 (d, 2 H, 3JCH/CH2 = 6.9 Hz, Fmoc-CH2);
4.28 (t, 2 H, 3JH2/H3 = 8.1 Hz, H2); 4.22-4.19 (m, 3 H, Fmoc (benzylic), H, H'); 3.29 (t, 2 H, H3).
13

C NMR (150 MHz, 296 K, CDCl3) δ 167.3, 163.9, 156.3, 143.7, 141.2, 140.1, 137.5, 136.7, 131.6,

129.4, 127.7, 127.2, 127.1, 125.1, 125.0, 120.0, 119.1, 67.3, 66.3, 49.0, 47.0, 44.3, 28.7. HR-ESITOF-MS m/z [M+Na]+ calcd. 550.1590, obs. 550.1597; [M+K]+ calcd. 566.1330, obs. 566.1333.
max (DCM, 37.9 M) = 258, 267 and 324 nm, 258 = 19461 M-1 cm-1, 267 = 17445 M-1 cm-1, 324 =
2192 M-1 cm-1. em (DCM, 75.9 M, excited at 324 nm) = 390 nm, tailing weakly through the
visible.
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3.6.8 Circular Dichroism (CD) of peptide 35 and thermal stability measurements
Far-UV CD experiments were conducted to study the secondary structure of peptide 35.
The measurements were carried out using a 20 µM solution of the lyophilized peptide 35 in 15
mM NaCl and 10 mM Na/K buffer (pH 6.8). The sample was placed into a quartz cuvette of 1
mm path length (Jasco) and heated from 20 °C – 70 °C to characterize its thermal stability. At
each temperature, the sample was equilibrated for 4 min prior to measurement of the
spectrum. CD scans were performed at a range of 196-240 nm with three accumulations of data
at each temperature to improve the S/N ratio. Each spectrum underwent 11 point SavitzkyGolay smoothing to minimize high frequency noise. The experimentally estimated ellipticities
(θobs) were converted to mean molar ellipticity [θ] using the formula: [θ] = (θ obs)/ncl, where l is
the path length of the cuvette, c is the concentration of the peptide, and n is the number of
stereogenic centers in the peptide.

3.6.9 Photolysis of an aqueous solution of peptide 35 at 350 nm and LC-MS/MS analysis
The photoreactive peptide 35 (2 mg) was dissolved in 2 mL of HPLC grade water (pH 7.3,
0.29 mM), placed into a plastic microcentrifuge tube and irradiated with ultraviolet light at 350
nm in a Rayonet photoreactor for 5 min at room temperature, followed by ESI-TOF mass
spectrometric analysis of the crude reaction mixture. The photolysis products of peptide 35
were separated on an Aqua C18 column (5µm, 125Å, porous silica, Phenomenex) self-packed to
a length of 25 cm, into a New Objective PicoTip Emitter (PF360-100-15-N-5. Tip 15 ± 1µm). The
Liquid Chromatography (LC) was performed on an UltiMate 3000 Dionex RSLCnano UHPLC
(Thermo Fisher Scientific). The column was equilibrated in 95% Solvent A (100% H2O, 0.1%
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formic acid), 5% Solvent B (90% acetonitrile, 10% H2O, 0.1% formic acid), and maintained at a
constant flow rate of 0.3 µL/min throughout the run.

A 5 µL volume of the irradiated

photolyzed peptide 35 sample at a concentration of 1 µg/µL was loaded onto the column
attached to a Nanospray Flex Ion Source (Thermo Fisher Scientific) for 5 min before beginning
the gradient. Elucidation gradient of the photolyzed products consisted of an increase to 99%
Solvent B over 31 min. A plateau of 99% Solvent B was maintained for 5 min, then brought
down to 5% Solvent B for a 20-min re-equilibration for a total run time of 62 min. MS/MS data
acquisition of the separated peptides was achieved using a Q Exactive Plus Hybrid QuadrupoleOrbitrap Mass Spectrometer (Thermo Fisher Scientific).

The Q Exactive Plus was set to

fragment the top 10 ions at full scan range of 300-1600 m/z (resolution of 70,000, AGC target
1e6) and dd-MS2 (resolution at 17,500, AGC target at 1e5). The total ion chromatogram (TIC),
mass spectra of individual eluting peptides, and MS/MS data can be viewed in the
Supplementary Information.

3.6.10 Generation of a tree micropattern in a film of peptide 35
The photoreactive collagen-like peptide 35 (1 mg) was dissolved in 3 L of water and
placed on a microscope slide. The solution was left to dry at room temperature in the dark for
12 h, affording a thin film of 35. The sample was covered with a coverslip and immediately
used for the photolysis experiment. The tree mask was placed between the objective lens and
the polygonal galvanometer to ensure the tree image was projected on the sample at the focal
plane. The sample was irradiated under the two-photon microscope using 710 nm light with
excitation laser output power of 200 mW. The delivered laser power at the sample location is
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10% of this value, i.e., 20 mW. Upon excitation, the photoreactive peptide 35 emits a weak
fluorescence, which decreases over time. Fluorescence images were recorded at 0, 10 and 30
min using a combination of red and green photomultiplier tubes. After removal of the mask,
another fluorescence image, as well as an image using a white light microscope were recorded.
Laser set-up
The details of our in-housed developed video-rate two-photon microscope was
described in Reference 90.101 The light source is a mode-locked Ti:Sapphire laser (Maitai HP,
690-1040 nm, 100 fs, 80 MHz, Newport, Santa Clara, CA). We have used 710 nm light to
achieve two-photon excitation of N-acyl-nitroindoline moieties. The home-built x-y scanner
(polygon, galvanometer) has a 30 frames/s scanning rate. The laser power at the sample site is
varied by rotating a half-wave plate in front of a polarizer. The fluorescence signal from the
sample are detected in three spectral channels with photomultiplier tubes (PMTs, R3896,
Hamamatsu, USA): red (570-616 nm, FF01-593/46, Semrock, USA), green (500-550 nm, FF03525/50, Semrock, USA), and blue (417-477 nm, FF02-447/60, Semrock, USA). The outputs of
these three PMTs are fed into red/green/blue channels of a frame grabber (Solios eA/XA,
Matrox, Quebec, Canada). Two-dimensional images in the x-y plane are acquired through a
home-built software program. Each frame has 500×500 pixels. Each final static image is an
average of 30 frames. In the UTEP logo written experiment a photomask was placed at the
intermediate image plane in the optical path, and the logo pattern was projected onto the
objective lens focal plan to partially block the illumination light for pattern formation.
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3.6.11 Two-photon excitation and photolysis of N-Fmoc-glycyl-5-bromo-7-nitroindoline (51)
The photoreactive amino acid 51 (2 mg) was dissolved in 2 L DMF to give a 1.92 M
solution which was placed on a microscope slide. The solution was left to dry at room
temperature in the dark for 30 min affording an approximately 70 m thick film of compound
51.

The sample was covered with a coverslip and immediately used for the photolysis

experiment. Several spots within the sample were chosen for irradiation with the femtosecond
laser at 710 nm, and each spot was irradiated with a specific excitation laser power (100 mW,
125 mW, 150 mW, 175 mW, or 200 mW). Upon excitation, the photoreactive amino acid 51
emits a weak fluorescence, which was collected using a combination of red and green
photomultiplier tubes. The excitation triggers the photolysis of the glycine’s amide bond,
producing non-fluorescent Fmoc-glycine and 5-bromo-7-nitroindoline (52). As the photolysis
progresses, the number of fluorescent molecules decreases, and consequentially a decrease in
average fluorescence intensity at the irradiation site is measured. An image was taken every
minute at each location and the fluorescence profile was tracked throughout the reaction. The
location of each irradiated spot was recorded before a new spot was irradiated with a new laser
excitation power.

3.6.12 Culture and passaging of human Mesenchymal Stem Cells (HMSC)
Human adipose derived mesenchymal stem cells were obtained from Lonza at passage 3
(Lonza, Allendale, NJ, USA) and cultured according to the manufacturer’s recommendations.
Certification was obtained and kept on file to ensure that the purchased HMSC were verified to
be of the correct lineage and uncontaminated by other cell types or organisms. For the HMSC
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culture, a complete growth medium, specifically MSCGM HMSC growth BulletKit™ medium
(Lonza), was used for maintaining the HMSC in an undifferentiated state. Prior to cell seeding,
T-75 culture flasks were coated with 0.1% gelatin (Sigma Aldrich, St. Louis, MO, USA) and
incubated (37°C, 1 h). After this, the cell suspension in medium was transferred to a gelatin
coated T-75 flask and incubated for 1 h (37°C, 5% CO2 and 95% RH). Prior to cell culture, the
gelatin solution used for coating of the flasks was aspirated. After 70% confluency in culture
was attained, cells were trypsinized and passaged for further experiments.

The normal

morphology and phenotype of the cultured cells were confirmed by comparison with published
images of HMSC Cells pre-stained with PKH26,152 a red fluorescent membrane staining dye
(Sigma) following the manufacturer’s protocols.

3.6.13 Human Mesenchymal Stem Cell (HMSC) growth on peptide 35
For testing the cytocompatibility of peptide 35, ~1mg was dissolved in 100 µL of distilled
water and coated atop 24 wells of a tissue culture treated polystyrene dish and dried under a
sterile laminar flow hood for 10-15 min prior to culture. HMSC were seeded atop this layer and
cultured for 24 hours after which they were imaged using fluorescence microscopy (Zeiss
Axiovision).

3.6.14 Mouse embryonic fibroblasts
Mouse embryonic fibroblasts, Sandos inbred mouse (SIM)-derived 6-thioguanine- and
ouabain-resistant (STO) and growth inactivated by treatment with mitomycin-C (MITC-STO,
Passage 6), were obtained from ATCC (https://www.atcc.org/; ATCC 56-X) and were employed
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to assess the cytocompatibility of peptide 35, the photolysis products of peptide 35, and
collagen. These cells are feeder cells to support the growth of other cells such a stem
cells.153,154 They have been treated with mitomycin-C and will not replicate, and thus serve as
an ideal resource for cytotoxicity testing.128

3.6.15 Live/Dead cytotoxicity assay of mouse embryonic fibroblasts on peptide 35,
photolyzed peptide 35 and collagen
The peptide surfaces were prepared by dissolving 750 g of peptide 35 in 5 L of
water/dimethylfomamide (1:1) and pipetting 5×1 L of this solution, 1 L at a time on top of
each other, letting the solvent evaporate each time, in a well of a 96 well plate. For the
irradiated peptide surface, a second well was prepared in the same manner, and the dried
peptide film was then exposed to 365 nm of a 4W UV lamp for 3 h. A color change from pale
yellow to orange was clearly visible indicating the photodecomposition of peptide 35 into its
photolysis products. Collagen coated wells were prepared using a Rat Tail Collagen I solution
(in 0.02 N acetic acid, concentration range 3 to 4 mg/mL, Sigma-Aldrich). The collagen solution
(1 mL) was diluted to a working concentration of 0.01% using sterile, tissue culture grade d.d.
water. Next, the wells were coated with 100 µL of this diluted solution and the protein was
allowed to bind overnight at 2–8 °C. Next, the excess fluid was removed from the coated
surface and allowed to dry overnight. Prior to adding cells, the collagen-coated wells were
rinsed with 1X PBS (3 times). About 15,000 cells were seeded per well (96 well plate, NalgeneNunc, Thermo-Fisher Scientific) along with 100 µL of the complete growth medium on various
substrates, including a) peptide 35, b) the irradiated peptide 35, and c) collagen. For cell
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culture, the cells were cultured in a humidified incubator (37 °C, 5% CO 2) using Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) and 1%
penicillin/streptomycin, all from Sigma-Aldrich. The 96-well plate was then placed back into the
incubator to allow the cells to acclimate with the sample and kept undisturbed for 36 h. After
this, the spent media was changed and the wells supplemented with fresh DMEM. At this point
the wells were imaged to confirm cell adhesion onto the wells. Once cell adhesion was
confirmed, the DMEM media was removed and the wells incubated with 100 µL of the prewarmed cytotoxicity reagent (Marker Gene Technologies Inc. Live:Dead Cytotoxicity Assay Kit
Green/Red Staining).127 The cells were then placed back into the incubator for 45 min. After
incubation, the cells in wells were washed using 1X PBS and imaged using light and confocal
microscopy (ZEISS LSM 700 Confocal, Germany).

3.6.16 Synthesis of peptide 53
The photoreactive CLP 53 was synthesized from octapeptide 55, which was elongated by
repeated coupling (3) of the previously prepared photoreactive peptide 54 by on-resin peptide
fragment condensation. Octapeptide 55 was synthesized on Rink Amide PEGA resin (loading
cap. = 0.35 mmol g-1). Rink amide PEGA resin is supplied swollen in ethanol, with 1 g of dry resin
corresponding to approximately 15 mL of swollen resin according to the manufacturer. As PEGA
resin could be easily damaged when dried, it is recommended to be handled in its swollen
state. The resin (0.0469 mmol, 2.01 mL, approx. 0.134 g) was swollen in DCM (3 mL) for 30 min
and washed with NMP (5). The commercially available Rink amide PEGA resin was purchased
unprotected. Fmoc-Pro-OH (0.234 mmol, 0.079 g, 5 equiv.), HBTU (0.229 mmol, 0.086 g) and
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HOBt (0.234 mmol, 0.031 g) were dissolved in NMP (1 mL) followed by the addition of DIPEA
(0.469 mmol, 0.080 mL) and the solution was immediately transferred to the resin. The reaction
was carried on for 2.5 h, then double coupled (2 h) in order to ensure complete loading of the
resin. Negative colorimetric tests (bromophenol blue39 and Kaiser38) supported the complete
loading of the resin. The remaining possibly unreacted amines were capped with acetic
anhydride and DIPEA in NMP (15 min, 3 mL), and washed thoroughly with NMP (5, 3 mL). The
Fmoc protecting group was then removed with 20% piperidine in NMP (15 min, 3 mL) and the
dibenzofulvene concentration was measured by UV-VIS (290 nm,  5253, 1 cm path length).
Based on the assumption of complete loading of the resin and the calculation of the
concentration of released dibenzofulvene, it was determined that 0.0314 mmol (0.089 g dry
resin) was used. The equivalents for coupling of the following amino acids were adjusted to the
actual resin (67%). The next seven amino acids [Fmoc-Asp(tBu)-OH, Fmoc-Gly-OH, FmocArg(Pbf)-OH, Fmoc-Gly-OH, Fmoc-Hyp(tBu)-OH, Fmoc-Pro-OH, Fmoc-Gly-OH] were coupled by
dissolving 5 equiv. of the amino acid derivative (0.16 M), 4.9 equiv. HBTU, 5 equiv. HOBt and 10
equiv. of DIPEA in NMP and immediately added to the resin, then stirred for 2 to 4 hours until
the colorimetric tests were negative. After furnishing octapeptide 55 and removing of the Nterminal Fmoc group as previously described, the peptide was further elongated by on-resin
peptide fragment condensation (3) with the photoreactive heptamer 54 (Scheme 12). For the
on-resin peptide condensation, a solution of heptapeptide 54 (0.0628 mmol, 0.087 g. 2 eq.),
TBTU (0.0612 mmol, 0.020 g), and HOBt (0.0628 mmol, 0.008 g) in NMP was prepared and
NMM (0.125 mmol, 0.014 mL) was added. The solution was immediately added to the resin and
stirred for 8 to 10 h. This peptide fragment condensation was performed a total of three times.
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The fragment couplings were monitored by bromophenol blue 39, Kaiser38 and chloranil tests;40
capping and removal of Fmoc protecting group was performed as described before. After
removal of the N-terminal protecting group of peptide 53, the peptide was acetylated with
acetic anhydride and DIPEA in NMP (10 and 5% respectively) for 5 h. The full length peptide 53
was cleaved from the PEGA Rink amide resin with a cleavage cocktail (10 mL) of
TFA:TIS:EDT:H2O 92.5:2.5:2.5:2.5 for a total of 7 h. The solution was collected and the resin was
washed with fresh cleavage cocktail (2) then combined with the previous solution. The
resulting solution was then concentrated under reduced vacuum to about 1 mL and then slowly
transferred to cold diethyl ether (25 mL). The crude peptide 53 precipitated immediately in cold
diethyl ether and the solution was decanted, then washed with cold diethyl ether (5). The
peptide pellet was dissolved in HPLC grade water and lyophilized to obtain a yellow solid of
crude peptide 53 (51% by UV-vis monitoring). ESI-TOF-MS m/z [M+H+NH4]2+ calcd. 1588.0953,
obs. 1588.0848.

3.6.17 Synthesis of photoreactive peptide 54
Diphenyldiazomethane resin (loading cap. = 0.7 mmol g-1, 0.463 mmol, 0.662 g) was
swollen in DCM (6 mL) in a peptide synthesis vessel (30 min). The photoreactive glycine building
block 29 (0.927 mmol, 0.452 g, 2 equiv.) was dissolved in a mixture of DCM:NMP 2:1 (0.15 M, 6
mL) and added to the resin, then shaken for 7 h. Upon completion of the coupling the excess
photoreactive amino acid 29 was recovered. The resin was then washed with NMP (5  10 mL),
capped with 5 mL of DCM:AcOH 1:1 for 1 h, and washed with NMP (5  10 mL). Fmoc removal
was achieved with 5 mL of 20% piperidine in NMP for 15 min followed by washing with NMP (5
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 10 mL). The loading of the first amino acid onto the resin was determined to be 80% by
quantification of dibenzofulvene in the solution through UV-Vis spectrophotometry (290 nm, 
5253, 1 cm path length). Fmoc-Hyp(tBu)-OH (2.31 mmol, 0.945 g), HBTU (2.26 mmol, 0.856 g),
and HOBt (2.31 mmol, 0.311 g) were dissolved in NMP and DIPEA (4.62 mmol, 0.80 mL) was
added to the solution, then immediately mixed with the resin and stirred for 2 h. After coupling
completion, the resin was capped and the Fmoc group was removed as previously described.
Using the same protocol, peptide 54 was elongated to completion in the order of Fmoc-Pro-OH,
Fmoc-Gly-OH, Fmoc-Hyp(tBu)-OH, Fmoc-Cys(Trt)-OH and Fmoc-Gly-OH. Each coupling was
monitored by the bromophenol blue39 and chloranil tests.40 Peptide 54 was cleaved from the
resin with repeated treatment (20 times) of 3% TFA in DCM (10 mL) and each fraction was
poured into 2 mL of 30% pyridine in MeOH for immediate neutralization. The resin was then
washed with DCM (10 mL) and MeOH (10 mL). The resulting combined fractions were then
concentrated under vacuum to approximately 5 mL, and then precipitated in cold water. The
crude peptide 54 was washed 5 times with cold water followed by lyophilization. 54 was
isolated by column chromatography (10% MeOH in DCM) to yield a yellow solid (85%). Rf = 0.28
(MeOH:DCM 10:90). HR-ESI-TOF-MS m/z [M+H]+ calcd. 1382.5808; obs. 1382.5807, [M+NH4]+
calcd. 1399.6073; obs. 1399.6082, [M+Na]+ calcd. 1404.5627; obs. 1404.5568, [M+K]+ calcd.
1420.5366; obs. 1420.5355.
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3.6.18 Successful rigid hydrogel formation from peptide 53
Hydrogel (Entry 11, Table 4)
Crude peptide 53 (1.8310-4 mmol, 0.6 mg) and gelatin type B (0.1 mg) were dissolved in
PBS buffer pH 7.5 (10 L, 0.018 M). The peptide was diluted with 10 L of HPLC grade water
and then annealed at 85 oC for 15 min. The solution was then cooled to r.t. and 5 L of
saturated I2 in DMSO were added to the solution to promote oxidation of the annealed peptide
and stored overnight at 4 oC. The resulting concentrations of peptide and gelatin were 2.4% and
0.4% m/v, or 6 times peptide relative to gelatin by mass. The excess iodine was removed by
sublimation and a rigid brown hydrogel was obtained.

Hydrogel (Entry 12, Table 4)
Crude peptide 53 (3.0510-4 mmol, 1 mg) and gelatin type B (0.1 mg) were dissolved in
PBS buffer pH 7.5 (10 L, 0.030 M). The peptide was diluted with 10 L of HPLC grade water.
BM(PEG)3 cross-linker in DMF (2.8 mM, 10 L) was added to the solution. The resulting
concentrations of peptide and gelatin were 3.33% and 0.33% m/v, or 10 times peptide relative
to gelatin by mass. The solution was stored overnight at 4 oC and a homogeneous pale yellow
rigid hydrogel was obtained. This gel was irradiated with 365 nm of light for 2 h. and a clear
change in color was observed, from the pale yellow gel of peptide 53 to an orange gel,
indicating the photolysis products from peptide 53 (Figure 25).
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Chapter IV
Synthesis of Novel Anti-Leishmania Compounds and Peptide Conjugates thereof as
Potential Anti-parasitic Compounds
4.1 Introduction
Leishmaniasis is a parasitic disease commonly found in parts of the tropics and
subtropics. It affects millions of people, with thousands of deaths linked to this disease
annually.155 The main goal of this project is to develop novel anti-parasitic compounds against
Leishmania major parasites with improved bioavailability. Based on previous studies conducted
in Dr. Maldonado’s group (Dept. of Biological Sciences, UTEP) testing a synthetic library of ,
unsaturated ketones where NC2459 was the best candidate against L. major promastigotes,13
novel derivatives were synthesized with the intention of introducing a synthetic handle for
derivatization while simultaneously maintaining the suspected pharmacophore. These potential
candidates were then conjugated to a cell penetrating TAT peptide in hopes of increasing their
bioavailability via more effective delivery across cell membranes. We hypothesized that
covalently linking several moieties of a known anti-leishmanial , unsaturated ketone
derivative to a TAT peptide will result in an increase in its bioavailability. Furthermore, we
hypothesized that the parasitic activity will be directly proportional to the number of antileishmanial compounds attached per TAT molecule.
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4.2 Specific Aims
4.2.1 To synthesize novel anti-leishmanial compounds with different functional
groups/moieties for further derivatization (amine, amide, glutamic acid)
4.2.2 To synthesize conjugates of anti-leishmanial compounds and a cell penetrating
peptide.
4.2.3 To conduct dose response studies against L. major promastigotes and cytotoxicity
studies.

4.3 Background and Significance
There are over 20 infectious species of Leishmania that cause three different types of
diseases: visceral (the most serious form of disease), cutaneous (Figure 26, left) and
mucocutaneous leishmaniasis.156 An estimated 1.3 million new cases and 20,000 to 30,000
deaths occur annually.155 The vector is a tiny sand-fly (Figure 26, right) belonging to the
Phlebotomus spp found throughout the inter-tropical and temperate regions of the world.155
Currently there are chemotherapeutics available, such as Amphotericin B, AmBisome and
Paromomycin. However, these drugs show high toxicity and marginal efficacy. 157 So far, no
human vaccine is available to prevent the disease.157 Therefore, there is a great need to
develop effective but less toxic chemotherapeutics against leishmania.
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Figure 26. Cutaneous leishmanial lesion (left), L. major vector sandfly (right).

A large number of related piperidone Mannich bases14,15 show parasiticidal activity
against L. major. However, all of these compounds are very hydrophobic and therefore not
soluble in aqueous media, thus reducing their bioavailability. A possible mechanism of action of
these Mannich bases against Leishmania is the scavenge of cellular thiols by the ,
unsaturated keto groups via Michael-type additions.15 A previous report using a library of
Mannich bases dissolved in DMSO established several potential candidates against L. major;
compound NC2459 (Figure 27) was the best among them.13

Figure 27. NC2459, a parasiticidal compound active against L. major13

Cell penetrating peptides (CPP’s) can deliver various molecular cargo to cells and tissues,
e.g. nucleic acids, chemotherapeutic drugs, fluorophores, etc.158 More importantly, CPP’s
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exhibit low cytotoxicity.159 A peptide sequence of the Trans-activator of transcription protein
from HIV-1 called TAT peptide (48-60) exhibits cell penetrating properties and by being able to
translocate through the plasma cell membrane.160
The bioavailability of NC2459 could be improved by synthesizing derivatives of this
compound covalently linked to the CPP TAT (48-60), thus increasing solubility in water and
adding cell-penetrating features. Furthermore, we believed that by attaching several identical
, unsaturated ketone derivatives to this cell penetrating peptide, efficacy against L. major
would be proportionally increased.

4.4 Results and Discussion
Note: The work described in this section was achieved in collaboration with Dr. Rosa
Maldonado, Eva Iniguez (Biological Sciences), Dr. Thomas Boland and Julio Rincon
(Metallurgical, Materials and Biomedical Engineering) at the University of Texas at El Paso.

4.4.1 Synthesis of anti-leishmanial compounds and linkage to a TAT peptide.
The synthesis of an NC2459 derivative covalently linked to a TAT peptide was performed
to potentially increase its bioavailability and efficacy. The original idea was to covalently link
one of the  unsaturated ketones of NC2459 to a TAT peptide containing a thiol linker at the
C-terminal through a pseudo-Michael addition. However, blocking one of these sites could
possibly impact the efficacy of NC2459 if the previously mentioned proposed mechanism is
correct.15 Moreover, after several reactions for linking NC2459 to a cysteine thiol failed, it was
determined that a different route should be followed. It was decided that a “monomer-like”
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derivative of NC2459 (Figure 28) could be synthesized, and that one could utilize an amine as a
“handle” for covalently linking it to a TAT peptide. This compound is called AO1 (56).

Figure 28. A “monomeric” derivative of NC2459 (left) was synthesized, AO1 56 (right).

Thus, the synthesis of AO1 56 (Scheme 13) was achieved through a double aldol
condensation by dissolving 4-piperidone monohydrate HCl and benzaldehyde in a mixture of
5M NaOH in water, ethanol and stirred at room temperature. After recrystallization in hot
ethanol, 56 was obtained in 60% yield. The first preliminary results (not discussed in this
document) were very promising, showing good efficacy of 56 against L. major promastigotes.
These results led us to the synthesis of the acetylated derivative of AO1 57 to test whether a
free amine in the  position played a role in the efficacy of this derivative. 57 was obtained via a
simple acetylation reaction by dissolving 56, Ac2O and DIPEA in DCM. The synthesis of 58 and
59 were based on the idea of synthesizing an amino acid building block equipped with an AO1
moiety for covalent linkage to a TAT peptide through SPPS. 59 was used as a control to ensure
that the attachment of 56 to a glutamic acid would not impact its bioactivity against L. major.
58 was obtained by standard coupling conditions, Boc-Glu(OtBu)-OH, N,N,N′,N′-Tetramethyl-O(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU), DIPEA and 56 were dissolved in
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DCM and stirred at room temperature to obtain 58 quantitatively. 58 was completely
deprotected with 95% TFA in water to obtain 59 quantitatively.

Scheme 13. Synthesis of anti-leishmanial compounds 56-59.

Lastly, the attachment of an AO1 derivative to a TAT peptide was performed in hopes of
increasing this compound’s bioavailability and delivery. The first step in the synthesis was to
produce an Fmoc protected AO1-amino acid derivative (Scheme 14, 61) suitable for solid phase
peptide synthesis. Fmoc-Glu(OtBu)-OH, 56, HBTU and DIPEA were dissolved in DCM and stirred
at room temperature to obtain 60. This derivative was then deprotected selectively by
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removing the acid labile t-Butyl group with 50% TFA and 5% water in DCM to yield an Fmoc
protected AO1--glutamic acid 61.

Scheme 14. Synthesis of AO1-amino acid derivative for coupling to a TAT peptide (61)

The TAT peptide was synthesized separately (Scheme 15) on Rink amide resin by FmocSPPS. Fmoc-Gln(Trt)-OH was activated with a uronium coupling reagent (HBTU) in the presence
of HOBT and DIPEA in NMP. After coupling, the remaining unreacted sites were capped as
previously described, followed by removal of Fmoc protecting group. The TAT peptide was
elongated to completion repeating this protocol (Scheme 15, 62). After the peptide was
completely synthesized, the N-terminal Fmoc protecting group was selectively removed under
basic conditions. 61 was then added to the peptide resin and coupled with standard coupling
conditions followed by removal of the Fmoc protecting group. The peptide was then released
from the solid support and globally deprotected with 95% TFA in water to yield 63 (75%). The
use of common scavengers for peptide deprotection such as triisopropylsilane (TIS) was
avoided due to previous failed reactions where the integrity of 61 was compromised. This
unwanted side-reaction is suspected to be the reduction of the  unsaturated ketone in 61 by
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TIS, as observed in the increase of 2 mass units on the product characterized by mass
spectrometry.

Scheme 15. Synthesis of AO1-TAT peptide 63 through SPPS. (a) 20% pip. in NMP; (b) Fmoc-aa-OH, HBTU,
HOBt, DIPEA, NMP; (c) 10% Ac2O, 5% DIPEA, NMP; (d) 61, HBTU, HOBt, DIPEA, NMP; (e) TFA:H2O 95:5.

4.4.2 Anti-parasitic Activity and Cytotoxicity Studies of AO1 derivatives
Parasiticidal assays against L. major promastigotes as well as a cytotoxicity assay in
intraperitoneal mouse macrophages were performed. 56, 57, 59 and 63 were used in the
parasiticidal assay, along with TAT peptide 64 alone as a control and two common anti-
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leishmanial FDA approved drugs (Amphotericin-B and Paromomycin). L. major promastigotes
were treated for 96 hours with the aforementioned compounds. 56 and 57 were both dissolved
in DMSO (control 1% DMSO in M199), while the rest of the compounds were dissolved in PBS
buffer (control 1% PBS in M199).
AO1’s 56 solubility in water was greatly enhanced by covalently linking to a hydrophilic
TAT peptide 63. Moreover, it was observed that all of the synthesized AO1 derivatives exhibited
higher parasiticidal properties than the FDA approved drug Paromomycin (LD 50=18.70 m) and
two AO1 derivatives (56 and 57) were more effective than Amphotericin B (LD50=0.58 m),
exhibiting an LD50 of 0.140 m and 0.070 m respectively (Figure 29).
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Figure 29. Parasiticidal assay against L. major promastigotes, control=1% DMSO in M199 and 1% PBS in
M199, AO1 (56), AO1-Acetylated (57), AO2 (59), TAT-AO1 (63). Different concentrations tested against %
survival of L. major parasites.
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However, 56 and 57 exhibited better anti-leishmanial properties than TAT conjugate 63
(LD50=9.30 m) which has a single moiety of compound 56 linked to it. These results indicate
that the bioavailability and efficacy could not be improved by attaching compound 56 to a cell
penetrating peptide.
In a separate study (Figure 30), the cytotoxicity of the aforementioned compounds was
tested in intraperitoneal mouse macrophages. These cells were treated with 56, 57, 59, 63 and
TAT peptide 64 for 48 h respectively. 56 and 57 were dissolved in DMSO and 1% DMSO in
Dulbecco’s Modified Eagle Medium (DMEM) was used as a control. 59, 63 and the TAT peptide
64 were dissolved in PBS buffer and 1% PBS in DMEM was used as a control.
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Figure 30. Cytotoxicity assay in intraperitoneal mouse macrophages (IP), control=1% DMSO in
DMEM and 1% PBS in DMEM, AO1 (56), AO1-Acetylated (57), AO2 (59), TAT-AO1 (63), H-TAT-NH2 (64).
Different concentrations tested against % of viable cells.
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It was observed that 56, 57 and 59 were all toxic at higher concentrations (6.25-100
M). However, as an encouraging result, it was observed that 63 is only slightly toxic even at
very high concentrations (up to 100 M), whereas TAT peptide control 64 was not toxic at these
concentrations.

4.4.3 Synthesis of TAT peptides with several AO1 moieties and biological studies
Based on the previously obtained biological data, where a TAT peptide containing a 56
derivative (63) exhibited no relevant cytotoxicity against intraperitoneal mouse macrophages
but low efficacy against L. major parasites, several more derivatives were synthesized in hopes
of improving their efficacy. The goal was to have several 56 derivatives attached to the same
delivery vehicle, proportionally increasing the efficacy against L. major. Four different peptides
(63 and 65-67, Scheme 16) were prepared to prove this theory. Fmoc-Gln(Trt)-OH was attached
to Rink amide resin through a uronium coupling reagent (HBTU) in the presence of HOBt and
DIPEA in NMP. The peptide was elongated to completion by the previously described SPPS
protocol. The peptide resin was then treated with 20% piperidine in NMP and 61 was coupled
by standard coupling conditions, followed by deprotection of the N-terminal. 25% of the
peptide was released and globally deprotected with 95% TFA in water to obtain 63. The
remainder (75%) of the “mother peptide resin” was treated again with 20% piperidine in DMF
and another moiety of 61 was coupled, followed by N-terminal deprotection. 33% of the resin
was treated with TFA in water (95%) to release and globally deprotect the peptide to obtain 65
(60%). This treatment was repeated two more times to obtain two more peptides with a
different ammount of 61 derivatives (66 (55%) and 67 (45%)). The peptides were purified by
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reversed-phase fast protein liquid chromatography (FPLC) and characterized by mass
spectrometry.

Scheme 16. Synthesis of TAT peptides with several 59 moieties (63 and 65-67). (a) 20% pip. in NMP; (b)
Fmoc-aa-OH, HBTU, HOBt, DIPEA, NMP; (c) 10% Ac2O, 5% DIPEA, NMP; (d) 61, HBTU, HOBt, DIPEA, NMP;
(e) TFA:H2O 95:5.

A parasiticidal assay against L. major promastigotes was performed on the newly
synthesized compounds (63 and 65-67), along with 56 and 57 (the best previously tested
candidates). The results were unfortunately not as we expected. It is clearly observed (Figure
31) that the efficacy of the Mannich base derivatives is not improved when attached to a drug
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delivery vehicle (TAT peptide) and it is also not improved as the number of derivatives increase
in the same cell penetrating peptide. Again, 56 and 57 (no TAT peptide attached) were the
strongest candidates with an LD50 of 0.140 m and 0.070 m, respectively. Also, the TAT
peptide with two 59 derivatives (65) was the best amongst the new peptides (approx. LD 50=3.5
m), while 67 (four 59 fragments) was the weakest of all (approx. LD50=70 m). A possible
explanation of why this phenomenon occurs may be the partition coefficient of the highly
hydrophilic compounds (63 and 65-67), where their high solubility in media may impede their
internalization into the promastigotes, thus reducing their efficacy.

100

Survival (%)

80
60
40

56
57

Vehicle Control
AO1
AO1-Acetylated

63

TAT-AO1 (1)

65

TAT-AO1 (2)

66

TAT-AO1 (3)

67

TAT-AO1 (4)
TAT

20

0.

01
0. 8
03
0. 6
07
0. 3
14
0. 6
29
0. 2
58
5
1.
17
2.
34
4.
68
9.
3
18 7
.7
5
37
.5
75
15
0
30
0

0

Drug Concentration (mM)
Figure 31. Parasiticidal assay against L. major promastigotes, control=1% DMSO in M199 and 1% PBS in
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(67). Different concentrations tested against % survival of L. major parasites.

122

4.5 Conclusions
Several NC2459 derived Mannich bases were synthesized (56-57, 59) along with a
Mannich base containing an amino acid building block for SPPS 61. Several TAT cell penetrating
peptides were synthesized with different numbers of NC2459 derived moieties (63, 65-67). All
of the compounds were tested against L. major and their toxicity monitored by cytotoxic
studies in intraperitoneal mouse macrophages. It was observed that 56 and 57 were the best
candidates against L. major, exhibiting stronger parasiticidal properties than FDA approved
drugs, thus making them good candidates as potential anti-parasitic agents. However, our
hypothesis of attaching AO1 derivatives to a drug delivery vehicle was disproven as this lowered
the efficacy of 56. This phenomenon was observed even after attaching several 56 derived
compounds to the same TAT peptide. While conjugation to the TAT peptide resulted in a
decreased toxicity toward mammalian cells, our results show that improving a bioactive
compound’s water solubility and membrane permeability may not necessarily result in greater
bioactivity, but can even be detrimental. The hydrophilicity of the TAT derived AO1 compounds
may impede their internalization to the parasites and these compounds may remain
preferentially in the aqueous extracellular medium. Furthemore, the still unknown mechanism
of action of AO1 derivatives against L. major may require their binding to a specific receptor
and the substantial increase in size of the TAT-AO1 derivatives may prevent this binding effect
from occuring.

123

4.6 Experimental Section
4.6.1 Reagents and Solvents
Fmoc amino acid derivatives were purchased from Anaspec Inc., BACHEM or ChemImpex Intl. Inc. Rink amide resin was obtained from Novabiochem. The coupling reagent HBTU
was purchased from Anaspec Inc. HOBt, piperidine, benzaldehyde and reserpine were obtained
from Sigma Aldrich. 4-piperidone and ninhydrin were obtained from Acros Organics. Ultramark
was acquired from Alfa Aesar. Solvents, DIPEA, TFA, sodium hydroxide and bromophenol blue
were obtained from Fisher Scientific. CDCl3 and DMSO-d6 were purchased from Acros and
Cambridge Isotope Laboratories, respectively. Thin layer chromatography was performed on
silica gel 60 F254 on aluminum (Merck). Column chromatography was performed on silica gel
60, 230-400 mesh from Natland International Corp. M199 medium was obtained from Thermo
Scientific. Dulbecco's Modified Eagle's Medium (DMEM) was purchased from Gibco. ONE-Glo
Luciferase Assay System from Promega. Alamar Blue was purchased from Invitrogen.

4.6.2 Instrumentation
Peptides were synthesized semi-automatically using a Tribute peptide synthesizer from
Protein Technologies, Inc. (USA). Reversed phase chromatography was performed on a Fast
Protein Liquid Chromatography (FPLC) system in an AKTA Purifier from GE Healthcare Life
Sciences. A reversed phase column (resource) was used. Superfrost microscope slides were
obtained from Fisher Scientific (USA).

UV-VIS absorption spectra were measured on a

Shimadzu UV-3101PC UV-VIS-NIR scanning spectrophotometer using quartz cuvettes of 1 cm
path length. 1H NMR and

13

C NMR were recorded on a JEOL ECA-600 (600 MHz) or a Bruker
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Avance III HD (400 MHz).

Tetramethylsilane was used as an internal standard.

Mass

spectrometry was performed on a high resolution JEOL Accu TOF mass spectrometer using an
Electrospray Ionization (ESI) source or on an Advion Expression CMS benchtop mass
spectrometer (ESI). 96-well Nunc white plates were purchased from Thermo Scientific. Parasitic
activity was monitored using a Luminoskan luminometer from Thermo.

4.6.3 3,5-bis(benzylidene)-4-piperidone (AO1) (56)
Several analogues of this compound had been reported by Dimmock through a different
synthetic route.14,15 The synthesis of 56 is as follows: 4-Piperidone monohydrate hydrochloride
(0.65 mmol, 0.10 g, 1 equiv.) was suspended in ethanol (10 mL) and stirred at room
temperature. Benzaldehyde (1.30 mmol, 0.13 mL) was then added, followed by a 5M sodium
hydroxide solution (5 mL). The clear solution was stirred, and after 20 min a yellow precipitate
was observed. The progress of the reaction was monitored by thin layer chromatography
(ninhydrin stain) and stirring was continued for four hours until the piperidone starting material
was consumed. The reaction mixture was cooled in an ice bath and the product was completely
precipitated with the addition of cold water (50 mL). The precipitate was filtered, washed with
cold water, and recrystallized from ethanol to yield 56 (yellow crystals, 0.116 g, 65%). RF=0.12,
EtOAc:hexanes 1:1, stained with ninhydrin). 1H NMR (600 MHz, CDCl3, 295K) 7.81 (s, 2H, 2 
arylidene CH), 7.43-7.35 (m, 10H, arom. CH), 4.15 (s, 4H, 2 × piperidone CH2), 1.59 (br s, 1H,
NH). 13C NMR (151 MHz, 295 K, CDCl3) δC 188.1, 136.0, 135.3, 135.1, 130.6, 129.2, 128.6, 48.2.
HR ESI-TOF-MS [M+H]+ m/z observed 276.1398, calcd. 276.1388.
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4.6.4 N-acetyl-3,5-bis(benzylidene)-4-piperidone (Acetyl-AO1) (57)
3,5-dibenzylidene-4-piperidone (56) (0.36 mmol, 0.10 g, 1 equiv.) was dissolved in a
mixture of 10% acetic anhydride and 5% DIPEA in DCM (0.072 M, 5 mL) and stirred for 1 hour at
room temperature. The reaction was monitored by TLC until the starting material was
consumed. After reaction completion, the solution was concentrated under reduced pressure
to obtain a yellow solid crude product. The crude solid was recrystallized in hot ethanol. The
product was washed with a mixture of cold water and ethanol (1:1) to obtain 0.103 g (90%) of
yellow crystals. Rf = 0.23 (EtOAc:hexanes 1:1). 1H NMR (600 MHz, CDCl3, 295 K)  7.89 (s, 1H,
arylidene CH), 7.82 (s, 1H, arylidene CH’), 7.49-7.37 (m, 10H, arom. CH), 4.93 (s, 2H, piperidone
CH2), 4.70 (s, 2H, piperidone CH2’), 1.92 (s, 3H, acetyl CH3). 13C NMR (151 MHz, 295 K, CDCl3) δC
186.9, 169.3, 138.7, 137.3, 134.7, 134.5, 131.8, 131.8, 130.8, 130.2, 129.7, 129.0, 128.9, 47.0,
43.5, 21.2. HR ESI-TOF-MS [M+H]+ m/z observed 318.1486, calcd. 318.1494.

4.6.5 N-(Boc-N-glu(OtBu))-3,5-bis(benzylidene)-4-piperidone (58)
Commercially available Boc-Glu(OtBu)-OH (1.31 mmol, 0.400 g, 1 equiv.), 56 (1.45 mmol,
0.399 g) and HBTU (1.45 mmol, 0.550 g) were suspended in DCM (0.131 M, 10 mL) followed by
the addition of DIPEA (2.75 mmol, 0.483 mL). After 30 min of stirring, a pale yellow solution was
observed. The reaction was monitored by TLC (ninhydrin stain) until the amino acid starting
material was completely consumed (5 h). The solution was then diluted with EtOAc and
extracted with sodium bicarbonate, water and brine, and dried with magnesium sulfate. The
solution was filtered through vacuum filtration and then concentrated under reduced vacuum
to obtain a pale yellow solid. The crude product was purified by flash column chromatography
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to obtain a pale yellow solid product of 58 (Quant.). Rf = 0.63 (EtOAc:hexanes 1:1). 1H NMR (600
MHz, CDCl3, 295 K) 7.87 (s, 1H, arylidene CH), 7.85 (s, 1H, arylidene CH’), 7.47-7.38 (m, 10H,
arom. CH), 5.32 (d, 1H, 3JNH/H = 8.6 Hz, Glu NH), 5.17 (d, 1H, 3J = 16.2 Hz, piperidone CH2), 5.09
(d, 1H, J = 16.5 Hz, piperidone CH2’), 4.75 (d, 1H, J = 16.5 Hz, piperidone CH2’’), 4.62 (d, 1H, J =
16.3 Hz, piperidone CH2’’’), 4.57 (td, 1H, 3JH/NH = 9.3, Glu  CH), 2.13-2.08 (m, 1H, Glu  CH2),
2.02-1.97 (m, 1H, Glu  CH2’), 1.75-1.70 (m, 1H, Glu  CH2), 1.54-1.48 (m, 1H, Glu  CH2), 1.39 (s
(2), 18H, Boc (CH3)3, OtBu (CH3)3).

13

C NMR (151 MHz, 295 K, CDCl3) δC 186.5, 171.8, 170.8,

155.6, 138.5, 138.2, 134.5, 134.2, 131.2, 131.1, 130.6, 129.8, 129.6, 129.0, 128.8, 80.4, 79.7,
49.6, 46.3, 43.4, 30.5, 28.3, 28.1.

4.6.6 N-(H-glu(OH))-3,5-bis(benzylidene)-4-piperidone (59)
58 (0.178 mmol, 0.100 g) was dissolved in a deprotection cocktail of 50% TFA and 5%
water in DCM (0.035 M, 5 mL). TIS, a common scavenger for t-Butyl cations, was not used due
to previous failed reactions; it is suspected that TIS is reducing the arylidenes. The reaction was
monitored by TLC until completion (2 h). The solution was then concentrated under reduced
pressure, and precipitated with cold water. The precipitate was filtered and washed with cold
water, followed by lyophilization. No further purification was required (87%). Rf = 0.4 (10 %
MeOH in DCM). 1H NMR (600 MHz, DMSO-d6, 295 K) 12.33 (br. s, 1 H, Glu COOH), 8.16 (s, 2H,
arylidene CH (2 )), 7.75 (d, 2H, Glu NH2), 7.68-7.49 (m, 10H, arom. CH), 5.02-4.92 (m, 3H, Glu
-CH, piperidone CH2), 4.76 (d, 1H, piperidone CH2’), 4.43 (d, 1H, piperidone CH2’’), 2.29-2.13
(m, 1H, Glu -CH2), 1.81-1.73 (m, 1H, Glu -CH2). 13C NMR (151 MHz, DMSO-d6,295 K) δC 185.9,
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173.2, 167.5, 136.9, 136.4, 134.2, 133.9, 131.9, 131.8, 130.9, 130.4, 129.8, 129.7, 128.9, 48.9,
46.2, 42.5, 28.4, 27.7, 25.4. HR-ESI-TOF-MS [M+H]+ m/z observed 405.2366, calcd. 405.1814.

4.6.7 N-(Fmoc-glu(OtBu))-3,5-bis(benzylidene)-4-piperidone (60)
A suspension of Fmoc-Glu(OtBu)-OH (2.35 mmol, 1.0 g, 1 equiv.), 56 (2.58 mmol, 0.71 g)
and HBTU (2.58 mmol, 0.98 g) was prepared in DCM (0.117 M, 20 mL), followed by immediate
addition of DIPEA (4.93 mmol, 0.86 mL). After 30 min of stirring at r.t., all of the reagents went
into solution. The reaction was monitored by TLC until the starting material was completely
consumed (2 h). DCM was completely removed under reduced pressure and 60 was isolated by
flash column chromatography (95%). Rf = 0.8 (10% MeOH in DCM). 1H NMR (600 MHz, CDCl3,
295 K) 7.88 (s (2 ), 2H, arylidene CH (2 )), 7.75 (d, 2H, J = 7.4 Hz, Fmoc arom. CH, CH’), 7.56
(t, 2H, J = 7.3 Hz, Fmoc arom. CH, CH’), 7.48-7.36 (m, 12 H, benzylidene CH (10 ), Fmoc arom.
CH, CH’), 7.29 (t, 2H, J = 7.46 Hz, Fmoc arom. CH, CH’), 5.67 (d, 1H, 3JNH/H = 8.3 Hz, Glu NH),
5.14-5.07 (m, 2H, piperidone CH2), 4.78 (d, 1H, 3J = 16.5 Hz, piperidone CH2’), 4.69 (d, 1H, 3J =
16.5 Hz, piperidone CH2’’), 4.63 (td, 1H, Glu -CH), 4.29 (d, 2 H, Fmoc-CH2), 4.16 (t, 1H, 3JCH/CH2 =
7.21 Hz, Fmoc-CH), 2.15-2.10 (m, 1H, Glu -CH2), 2.06-2.00 (m, 1H, Glu -CH2’), 1.81-1.78 (m, 1H,
Glu -CH2), 1.61-1.56 (m, 1H, Glu -CH2), 1.38 (s, 9H, OtBu (CH3)3), residual EtOAc is observed
(4.12, 2.05, 1.26). 13C NMR (151 MHz, 295 K, CDCl3) δC 186.5, 171.9, 170.5, 156.2, 144.0, 143.8,
141.3, 138.6, 138.4, 134.6, 134.2, 131.1, 131.0, 130.6, 129.9, 129.7, 129.0, 128.9, 127.8, 127.1,
125.2, 125.2, 120.0, 80.6, 67.1, 50.3, 47.1, 46.4, 43.6, 30.4, 28.1. HR-ESI-TOF-MS [M+H]+ m/z
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observed 683.3501, calcd. 683.3121; [M+Na]+ m/z observed 705.2919, calcd. 705.2941; [M+K]+
m/z observed 721.2673, calcd. 721.2680.
4.6.8 N-(Fmoc-Glu(OH))-3,5-bis(benzylidene)-4-piperidone (61)
60 (2.19 mmol, 1.5 g) was dissolved in a deprotection cocktail of 50% TFA and 5% water
in DCM (20 mL, 0.11 M). The reaction was monitored by TLC until the starting material was
completely consumed (1.5 h). The solution was concentrated under reduced vacuum and the
remaining aqueous solution was frozen for lyophilization (2). No further purification was
required (Quant.). Rf = 0.43 (EtOAc:hexanes 2:1). 1H NMR (600 MHz, DMSO-d6, 295 K)
12.09br. s, 0.5H hydrogen-deuterium exchange, COOH), 7.89 (s (2 ), 2H, arylidene CH (2 )),
7.74 (1H, Glu-NH), 7.68-7.29 (m, 18H, Fmoc arom. (CH) (8 ), benzylidene (10 ), 4.96-4.81 (m,
4H, piperidone CH2’), 4.38 (td, 1H, Glu -CH), 4.13 (d, 2 H, Fmoc-CH2), 3.95 (t, 1H, Fmoc-CH),
2.17-2.12 (m, 1H, Glu -CH2), 1.98-1.92 (m, 1H, Glu -CH2’), 1.76-1.67 (m, 1H, Glu -CH2), 1.621.57 (m, 1H, Glu -CH2). 13C NMR (151 MHz, 295 K, CDCl3) δC 186.6, 177.4, 170.7, 156.6, 143.7,
143.7, 141.3, 139.3, 139.0, 134.4, 133.9, 130.7, 130.4, 130.1, 129.9, 129.1, 128.9, 127.8, 127.1,
125.2, 125.1, 120.0, 67.4, 50.2, 47.0, 46.2, 44.0, 29.3, 27.4. HR ESI-TOF-MS [M+H]+ m/z
observed 627.2463, calcd. 627.2495; [M+Na]+ m/z observed 649.2317, calcd. 649.2315; [M+K]+
m/z observed 665.1977, calcd. 665.2054.
4.6.9 Synthesis of TAT peptide equipped with one AO1 moiety (63)
The synthesis of the TAT peptide (HIV-1 48-60) has been reported161 and it is also
commercially available. Rink amide resin (loading capacity 0.62 mmol/g) was utilized for the
synthesis of this peptide. Rink amide resin (0.327 mmol, 0.528 g) was swollen in DCM (5 mL) for
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30 min then washed with NMP (5  5 mL). Fmoc protecting group was removed with 20%
piperidine in NMP (3 mL) for 20 min, followed by NMP washings (5  5 mL). Fmoc-Gln(Trt)-OH
(0.491 mmol, 0.300 g, 1.5 equiv.), HBTU (0.458 mmol, 0.174 g) and HOBt (0.491 mmol, 0.066 g)
were dissolved in NMP (0.25 M, 2 mL), followed by the addition of DIPEA (0.982 mmol, 0.171
mL) and the solution was immediately transferred to the resin. The suspension was shaken for
2 h, at which point the solution was removed under vacuum and the resin washed with NMP (5
 5 mL). The reason for using only 1.5 eq of the amino acid was to reduce the loading of the
resin and thus potentially avoid aggregation of peptides. All the remaining unreacted amine
sites were blocked with 10% Ac2O, 5% DIPEA in NMP (5 mL) for 30 min, followed by NMP
washings (5  5 mL). Fmoc removal of the first amino acid was achieved as previously
described, and the loading of the resin was determined to be 60% by dibenzofulvene
monitoring through UV-Vis spectrophotometry (290 nm,  5253, 1cm path length). Fmoc-ProOH (0.981 mmol, 0.331 g), HBTU (0.961 mmol, 0.365 g) and HOBt (0.981 mmol, 0.133 g) were
dissolved in NMP (0.40 M, 2.5 mL) followed by the addition of DIPEA (1.962 mmol, 0.342 mL)
and immediately transferred to the resin. The suspension was shaken for 1.5 h until coupling
completion. Capping and Fmoc removal were performed as previously described. The TAT
peptide 62 was elongated to completion following the previously described procedure in the
following order: Fmoc-Pro-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Arg(Pbf)-OH,
Fmoc-Gln(Trt)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Lys(Boc)OH, Fmoc-Arg(Pbf)-OH, Fmoc-Gly-OH. Fmoc protecting group was removed as previously
described. The resin was thoroughly washed with DCM (5  5 mL) and dried overnight under
vacuum. The dry peptidyl-resin was weighed and 10% of the resin was taken for cleavage. This
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portion of the resin (10%) was suspended in a cleavage cocktail of TFA:TIS:H 2O (95:2.5:2.5, 5
mL) for 4 h, then washed with fresh TFA two times. The solution was then concentrated under
reduced vacuum to ~2 mL, then precipitated with cold diethyl ether. The precipitate was
washed with cold diethyl ether (5) to yield a crude white solid of peptide 64. Although this
peptide is commercially available, it was isolated through this synthesis for the purpose of
being used as a control in biological studies. The remaining 90% of the resin was swollen in
DCM (5 mL, 60 min) and washed with NMP (5  5 mL). The pre-prepared Fmoc-amino acid-AO1
building block 61 (0.883 mmol, 0.553 g) was activated with HBTU (0.865 mmol, 0.328 g) in the
presence of HOBt (0.883 mmol, 0.119 g) in NMP (0.35 M, 2.5 mL), followed by the addition of
DIPEA (1.766 mmol, 0.307 mL). The solution was immediately added to the peptide-resin and
shaken for 2 h. until completion, then washed with NMP (5  5 mL). Fmoc was then removed as
previously described and the resin was thoroughly washed with NMP (5  5 mL) and DCM (5  5
mL), then dried completely under vacuum (18 h). The resin was suspended in a cleavage
cocktail of 95% TFA and 5% H2O for 4 h (10 mL) and washed with fresh TFA twice. The solution
was concentrated to about 3 mL and the peptide was precipitated in cold diethyl ether. The
precipitate was washed 5 times with cold diethyl ether and then lyophilized to obtain a pale
yellow solid of 63. 2 mg of crude peptide 63 was purified by reversed phase FPLC (resource)
using a gradient of 0 to 90% solvent A: 2% CH3CN, and 0.1% TFA in H2O; solvent B: 85% CH3CN,
and 0.1% TFA in H2O. After lyophilization, 1.5 mg of a pale yellow solid of peptide 63 was
obtained (75% with respect to the loading of the C-terminal amino acid). HR-ESI-TOF-MS
[M+2H]2+ m/z observed 1053.4288, calcd. 1053.1243; HR ESI-TOF-MS [M+3H]3+ m/z observed
702.4123, calcd. 702.4188.
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4.6.10 Synthesis of TAT peptides equipped with two, three, four AO1 moieties respectively
(65-67)
The synthesis of TAT peptide in Rink amide resin was performed following the previously
described procedure (4.6.9). After Fmoc deprotection of on-resin peptide 62, amino acid
building block 61 was coupled as previously described, followed by removal of Fmoc protecting
group. The resin was washed thoroughly with NMP (5  5 mL) and DCM (5  5 mL) and dried
overnight under vacuum. 25% of the resin was isolated to cleave and globally deprotect the
peptide and yield 63 as previously described. The remaining 75% of the resin was swollen in
DCM (5 mL) for 1 h and then washed with NMP (5  5 mL). A second moiety of Fmoc-Glu(OH)AO1 61 was coupled to the resin following the previously described protocol and the Fmoc
protecting group was removed. The resin was once again washed with NMP and DCM then
dried overnight under vacuum. 33% of the resin was isolated and submitted to the previously
described cleavage cocktail (95% TFA, 5% H2O, 10 mL), then isolated as described before to
yield peptide 65 (60%). ESI-TOF-MS [M+3H]3+ m/z observed 831.12, calcd. 831.13. The
remaining resin was swollen again and another moiety of 61 was coupled followed by
deprotection. After drying overnight, 50% of the remaining resin was treated with cleavage
cocktail and peptide 66 was isolated (55%). ESI-TOF-MS [M+3H]3+ m/z observed 959.58, calcd.
959.53. Lastly, the whole process was repeated on the remaining resin to yield peptide 67
(45%).
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4.6.11 L. major culture
Promastigote forms of L. major strain Friedlin clone V1 expressing luciferase (Lm-luc)
(Lmj-FV1-LUC-TK [L. major strain Friedlin {MHOM/JL/80/Friedlin}]), were grown at 28C in
M199 medium supplemented with hemin, 10% inactivated fetal bovine serum (iFBS), 1% of
10,000 units/ml penicillin and 10 mg/ml streptomycin, and 50 ng/mL of streptothricin
neosulfate for maintenance of luciferase gene expression.162

4.6.12 Culture of intraperitoneal murine macrophages (IPM)
Murine macrophages were stimulated by injecting 1 mL of 2% starch intraperitoneally to
BALB/c mice, and after 2-3 days IPM were harvested as previously described.163 IPM were
cultured at 37 oC, 5% CO2 with Dulbecco's Modified Eagle's Medium (DMEM), supplemented with
10% inactivated FBS, 1% of 10,000 units/ml penicillin and 10 mg/ml streptomycin. The procedure
was performed minimizing the distress and pain for animals following the NIH guidance and
animal protocol (A-201107-1) approved by UTEP’s Institutional Animal Care and Use Committee
(IACUC).

4.6.13 Luciferase assay - Leishmania major
The anti-parasitic activity of 56, 57, 59, 63 and 65-67 was determined using L. major
promastigotes expressing luciferase in a concentration range of 0.18 to 300 μM. First, 10 6/well
L. major promastigotes were plated in a 96-well Nunc white plate together with the
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aforementioned compounds. Parasite survival was measured by luciferase activity with the
substrate 5´-fluoroluciferin (ONE-Glo Luciferase Assay System) after 96 h incubation at 28 oC,
using a luminometer (Luminoskan, Thermo). The assay was performed in triplicate, from which
the effective concentrations (EC50) were determined.

4.6.14 Cytotoxicity of intraperitoneal murine macrophages
BALB/c IPM (106/well) were seeded in a 96-well Nunc white plate, followed by the
addition of 56, 57, 59, and 63 at the following concentrations of 0.18 to 300 μM. After 48 h of
incubation at 37 oC, 5% CO2, the toxicity to murine macrophages was determined by the
addition of Alamar Blue, as previously described.164 The assay was performed in triplicates from
which the inhibitory concentrations (IC50) were determined.
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amino acid

Ala

alanine

All

allyl

Aq

aqueous

Arom.

Aromatic

ATP

Adenosine Triphosphate

BM(PEG)3

1,11-bismaleimido-triethyleneglycol

Boc

tert-butyloxycarbonyl

Bni

5-bromo-7-nitroindoline

Bzl

benzoyl

br. s.

broad singlet

Ca

calcium

Cat

catalytic

CD

circular dichroism

CD3Cl

deuterated chloroform

CLP

collagen like peptide

CMP

collage mimicking peptide

CPP

cell penetrating peptide

Cys

cysteine

DART

direct analysis real time

DCM

dichloromethane
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DMF

N,N-Dimethylformamide

d.d.

double distilled

dd

double doublet

DIPEA

diisopropylethylamine

DMAP

4-dimethylaminopyridine

DMEM

Dulbecco’s modified eagle’s medium

DMF

dimethylformamide

DMSO-d6

deuterated dimethylsulfoxide

ECM

extracellular matrix

EDT

ethylenedithiol

Eq

equivalents

EtOAc

ethyl acetate

ESI

electron spray ionization

FBS

fetal bovine serum

FDA

US Food and Drug Administration

Fmoc

fluorenylmethyloxycarbonyl

FPLC

fast protein liquid chromatography

Glu

glutamic acid

Gly

glycine

LC

liquid chromatography

Leu

leucine

Lys

lysine
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h

hour(s)

HATU

O-azabenzotriazole-N-N-N’-N’-tetramethyl-uronium-hexafluoro-phosphate

HBTU

O-benzotriazole-N-N-N’-N’-tetramethyl-uronium-hexafluoro-phosphate

HIV

Human immunodeficiency virus

HOAt

1-hydroxy-7-azabenzotriazole

HOBt

1-hydroxy-7-benzotriazole

Hex

hexanes

HF

hydrofluoric acid

HMSC

Human meshenchymal stem cells

IPM

intraperitoneal murine macrophages

m.

multiplet

M

molar

MeOH

methanol

mmol

millimole

mol

micromole

mg

milligram

MS

mass spectrometry

MS/MS

tandem mass spectrometry

NIH

National Institutes of Health

NMM

N-methyl morpholine

NMP

N-methylpyrollidinone

NMR

nuclear magnetic resonance
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Nu

nucleophile

Olef.

olefinic

Otbu

t-butyl ester

PBS

phosphate-buffered saline

PEG

polyethylene glycol

PEGA

polyethylene glycol amine

Ph

phenyl

Phe

phenylalanine

Ser

serine

s.

singlet

SPPS

solid phase peptide synthesis

TAT

Trans-activator of transciption

TCEP

tris(2-carboxyethyl)phosphine

tBu

tert-butyl

t.d.

triple doublet

TBTU

2-(1H-benzotriazole-1-yl)-1-1-3-3-tetramethylaminium tetrafluoroborate

TFA

trifluoroacetic acid

THF

tetrahydrofuran

TIS

triisoproylsilane

TLC

thin layer chromatography

TMS

trimethylsilyl

TOF

time of flight
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UHPLC

Ultra-high performance liquid chromatography

UV

ultraviolet

UV-Vis

ultraviolet-visible

UV-Vis-NIR

ultraviolet-visible-near infrared

Trt

trityl

Val

valine
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H NMR of Allyl indole-5-carboxylate (8) (600 MHz, CDCl3).
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13C NMR of Allyl indole-5-carboxylate (8) (150 MHz, CDCl3).
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H NMR of Allyl N-acetyl-indoline-5-carboxylate (9) (600 MHz, CDCl3).
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13

C NMR of Allyl N-acetyl-indoline-5-carboxylate (9) (150 MHz, CDCl3).
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HR-ESI-TOF-MS of Allyl N-acetyl-indoline-5-carboxylate 9:
m/z [M + H]+ calcd. 246.1130, obs. 246.1152.
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H NMR of Allyl N-acetyl-7-nitroindoline-5-carboxylate (10) (600 MHz, CDCl3).
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C NMR of Allyl-1-(N-Fmoc-Glycyl)-7-nitroindoline-5-carboxylate (12) (150 MHz, CDCl3).
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HR-ESI-TOF-MS of Allyl-1-(N-Fmoc-Glycyl)-7-nitroindoline-5-carboxylate (12):
m/z [M + Na]+ calcd. 550.1590, obs. 550.1597; [M + K]+ calcd. 566.1330, obs. 566.1333.
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1

H NMR of Allyl-1-(N-Fmoc-Leucinyl)-7-nitroindoline-5-carboxylate (21) (400 MHz, CDCl3).
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13

C NMR of Allyl-1-(N-Fmoc-Leucinyl)-7-nitroindoline-5-carboxylate (21) (101 MHz, CDCl3).
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1

H NMR of Allyl-1-(N-Fmoc-Valinyl)-7-nitroindoline-5-carboxylate (22) (400 MHz, CDCl3).

180

13C NMR of Allyl-1-(N-Fmoc-Valinyl)-7-nitroindoline-5-carboxylate (22) (101 MHz, CDCl3).

181

HR-ESI-TOF-MS of Allyl-1-(N-Fmoc-Valinyl)-7-nitroindoline-5-carboxylate 22:
m/z [M + Na]+ calcd. 592.2059, obs. 592.2056; [M + K]+ calcd. 608.1799, obs. 608.1794.
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1

H NMR of Allyl-1-[N-Fmoc-Glutamic acid (OtBu)]-7-nitroindoline-5-carboxylate (23) (400 MHz, CDCl3).

183

13

C NMR of Allyl-1-[N-Fmoc-Glutamic acid (OtBu)]-7-nitroindoline-5-carboxylate (23) (101 MHz, CDCl3).

184

HR-ESI-TOF-MS of Allyl-1-[N-Fmoc-Glutamic acid (OtBu)]-7-nitroindoline-5-carboxylate 23:
m/z [M + Na]+ calcd. 678.2428, obs. 678.2425.
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1

H NMR of Allyl-1-[N-Fmoc-Tyrosine(tBu)]-7-nitroindoline-5-carboxylate (24) (400 MHz, CDCl3).
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13

C NMR of Allyl-1-[N-Fmoc-Tyrosine(tBu)]-7-nitroindoline-5-carboxylate (24) (101 MHz, CDCl3).
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1

H NMR of Allyl-1-[N-Fmoc-Serine(tBu)]-7-nitroindoline-5-carboxylate (25) (400 MHz, CDCl3).
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13

C NMR of Allyl-1-[N-Fmoc-Serine(tBu)]-7-nitroindoline-5-carboxylate (25) (101 MHz, CDCl3).

189

1

H NMR of 1-(N-Fmoc-Glycyl)-7-nitroindoline-5-carboxylic acid (29) (400 MHz, DMSO-d6).

190

13

C NMR of 1-(N-Fmoc-Glycyl)-7-nitroindoline-5-carboxylic acid (29) (400 MHz, DMSO-d6).

191

HR-ESI-TOF-MS of 1-(N-Fmoc-Glycyl)-7-nitroindoline-5-carboxylic acid (29):
m/z [M-H]- calcd. 486.1301; obs. 486.1327.
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1

H NMR of 1-(N-Fmoc-Valinyl)-7-nitroindoline-5-carboxylic acid (30) (400 MHz, (CD3)2CO ).

193

HR-ESI-TOF-MS of 1-(N-Fmoc-Valinyl)-7-nitroindoline-5-carboxylic acid (30).
m/z [M-H]- calcd. 528.1770; obs. 528.1796.

194

HR-ESI-TOF-MS of Peptide 32 (N-terminal fragment of peptide 31).
m/z [M+Na]+ calcd. 1080.5342; obs. 1080.5351.

195

ESI-TOF-MS of undesired cylic peptide 33a m/z [M+H]+ calcd. 1133.6393; obs. 1133.5000; m/z
[M+Na]+ calcd. 1155.6667; obs. 1155.6212

196

ESI TOF-MS of peptide 35.
m/z [M+2H]2+ calcd. 1685.7205 (most abundant species), obs. 1685.7175; [M+3H]3+ calcd. 1123.8061
(monoisotopic species), obs. 1123.8211.

197

Reversed phase FPLC profile of peptide 35.
Stationary phase: 15 m diameter polystyrene/divinyl benzene beads; Solvent A: 2% CH3CN and 0.1%
TFA in water, solvent B: 85% CH3CN and 0.1% TFA in water; Gradient (green) 0-90% B. Detection at 250
nm (blue), 350 nm (red) and 430 nm (pink).
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Peptide 35 UV-Vis spectrum
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UV-Vis absorption and emission spectra of Peptide 35
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HR-ESI-TOF-MS of peptide 46.

m/z [M+H]+ calcd.: 1005.4358; obs. 1005.4334; [M+Na]+ calcd. 1027.4178; obs. 1027.4150.
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Reversed phase FPLC profile of peptide 46.
Stationary phase: 15 m diameter polystyrene/divinyl benzene beads; Solvent A: 2% CH3CN and 0.1%
TFA in water, solvent B: 85% CH3CN and 0.1% TFA in water; Gradient (green) 0-90% B. Detection at 250
nm (blue), 350 nm (red) and 430 nm (pink).
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Peptide 46 UV-Vis spectrum
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UV-Vis absorption and emission spectra of Peptide 46
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1

H NMR of N-Fmoc-glycyl-5-bromo-7-nitroindoline (51) (600 MHz, CDCl3).
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13

C NMR of N-Fmoc-glycyl-5-bromo-7-nitroindoline (51) (150 MHz, CDCl3).

204

HR-ESI-TOF-MS of N-Fmoc-glycyl-5-bromo-7-nitroindoline 51.
m/z [M+NH4]+ calcd. 539.0930 and 541.0913, obs. 539.0904 and 541.0937; [M+Na]+ calcd. 544.0484 and
546.0467, obs. 544.0489 and 546.0463.

205

Total Ion Count (TIC)-based Nano-UHPLC chromatogram of the peptide fragments obtained after
irradiation of the full length peptide 35 with 350 nm of light in water.

206

Top.
(TIC)-based Nano-UHPLC chromatogram of the peptide fragments obtained after irradiation of the full
length peptide 35 with 350 nm of light in water.
Bottom.
HR-ESI-MS of peptide 48.
m/z [M+H]+ calcd. 537.2672, obs. 537.2678.
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Top.
(TIC)-based Nano-UHPLC chromatogram of the peptide fragments obtained after irradiation of the full
length peptide 35 with 350 nm of light in water.
Bottom.
HR-ESI-MS of peptide 50.
m/z [M+H]+ calcd. 708.3105, obs. 708.3095.
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Top.
(TIC)-based Nano-UHPLC chromatogram of the peptide fragments obtained after irradiation of the full
length peptide 35 with 350 nm of light in water.
Bottom.
HR-ESI-MS of peptide 37.
m/z [M+H]+ calcd. 726.3211, obs. 726.3209; Peptide 49: m/z [M+H]+ calcd. 709.2946, obs. 709.2946.

209

HR-ESI TOF-MS of peptide 53 (crude).
m/z [M+H+NH4]2+ calcd. 1588.0953, obs. 1588.0848.

210

HR-ESI-TOF-MS of peptide 54.
m/z [M+H]+ calcd. 1382.5808; obs. 1382.5807, [M+NH4]+ calcd. 1399.6073; obs. 1399.6082, [M+Na]+
calcd. 1404.5627; obs. 1404.5568, [M+K]+ calcd. 1420.5366; obs. 1420.5355.
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Reversed phase FPLC profile of peptide 54.
Stationary phase: 15 m diameter polystyrene/divinyl benzene beads; Solvent A: 2% CH3CN and 0.1%
TFA in water, solvent B: 85% CH3CN and 0.1% TFA in water; Gradient (green) 0-90% B. Detection at 250
nm (blue), 350 nm (red) and 430 nm (pink).

212

1

H NMR of 3,5-bis(benzylidene)-4-piperidone (AO1) (56) (600 MHz, CDCl3).

213

13

C NMR of 3,5-bis(benzylidene)-4-piperidone (AO1) (56) (150 MHz, CDCl3).

214

HR ESI-TOF-MS of 3,5-bis(benzylidene)-4-piperidone (AO1) 56.
m/z [M+H]+ calcd. 276.1388, observed 276.1398.

215

1

H NMR of N-acetyl-3,5-bis(benzylidene)-4-piperidone (Acetyl-AO1) (57) (600 MHz, CDCl3).

216

13

C NMR of N-acetyl-3,5-bis(benzylidene)-4-piperidone (Acetyl-AO1) (57) (150 MHz, CDCl3).

217

HR ESI-TOF-MS of N-acetyl-3,5-bis(benzylidene)-4-piperidone (Acetyl-AO1) 57.
m/z [M+H]+ calcd. 318.1494, observed 318.1486

218

1

H NMR of N-(Boc-N-Glu(OtBu))-3,5-bis(benzylidene)-4-piperidone (58) (600 MHz, CDCl3).

219

13

C NMR of N-(Boc-N-Glu(OtBu))-3,5-bis(benzylidene)-4-piperidone (58) (150 MHz, CDCl3).

220

1

H NMR of N-(H-Glu(OH))-3,5-bis(benzylidene)-4-piperidone (59) (600 MHz, DMSO-d6).

221

13

C NMR of N-(H-Glu(OH))-3,5-bis(benzylidene)-4-piperidone (59) (150 MHz, DMSO-d6).

222

1

H NMR of N-(Fmoc-Glu(OtBu))-3,5-bis(benzylidene)-4-piperidone (60) (600 MHz, CDCl3).

223

13

C NMR of N-(Fmoc-Glu(OtBu))-3,5-bis(benzylidene)-4-piperidone (60) (150 MHz, CDCl3).

224

HR-ESI-TOF-MS of N-(Fmoc-Glu(OtBu))-3,5-bis(benzylidene)-4-piperidone (60).
m/z [M+H]+ calcd. 683.3121, observed 683.3501; m/z [M+Na]+ calcd. 705.2941, observed 705.2919; m/z
[M+K]+ calcd. 721.2680, observed 721.2673.

225

1

H NMR of N-(Fmoc-Glu(OH))-3,5-bis(benzylidene)-4-piperidone (61) (600 MHz, DMSO-d6).

226

13

C NMR of N-(Fmoc-Glu(OH))-3,5-bis(benzylidene)-4-piperidone (61) (150 MHz, DMSO-d6).

227

HR ESI-TOF-MS of N-(Fmoc-Glu(OH))-3,5-bis(benzylidene)-4-piperidone 61.
m/z [M+H]+ calcd. 627.2495, observed 627.2463; m/z [M+Na]+ calcd. 649.2315, observed 649.2317; m/z
[M+K]+ calcd. 665.2054 observed 665.1977.

228

HR-ESI-TOF-MS of peptide 63.
m/z [M+2H]2+ calcd. 1053.1243, observed 1053.4288; m/z [M+3H]3+ calcd. 702.4188, observed 702.4123.

229

Reversed phase FPLC profile of peptide 63.
Stationary phase: 15 m diameter polystyrene/divinyl benzene beads; Solvent A: 2% CH3CN and 0.1%
TFA in water, solvent B: 85% CH3CN and 0.1% TFA in water; Gradient (green) 0-90% B. Detection at 215
nm (blue), 220 nm (red) and 250 nm (pink).

230

ESI-MS of peptide 65.
m/z [M+3H]3+ calcd. 831.14, observed 831.12.

231

Peptide 65
Confirmed by mass spectrometry

Reversed phase FPLC profile of peptide 65 (crude).
Stationary phase: 15 m diameter polystyrene/divinyl benzene beads; Solvent A: 2% CH3CN and 0.1%
TFA in water, solvent B: 85% CH3CN and 0.1% TFA in water; Gradient (green) 0-90% B. Detection at 215
nm (blue), 220 nm (red) and 250 nm (pink).

232

ESI-MS of peptide 66.
m/z [M+3H]3+ calcd. 959.53, observed 959.96.

233

Peptide 66
Confirmed by mass spectrometry

Peptide 66
Isolated for biological studies
(Confirmed by mass spectrometry)

Reversed phase FPLC profile of peptide 66 (crude).
Stationary phase: 15 m diameter polystyrene/divinyl benzene beads; Solvent A: 2% CH3CN and 0.1%
TFA in water, solvent B: 85% CH3CN and 0.1% TFA in water; Gradient (green) 0-90% B. Detection at 215
nm (blue), 220 nm (red) and 250 nm (pink).

234

ESI-MS of peptide 67.
m/z [M+4H]4+ calcd. 816.69, observed 816.78.

235

Peptide 67
Confirmed by mass spectrometry

Peptide 67
Isolated for biological studies
(Confirmed by mass spectrometry)

Reversed phase FPLC profile of peptide 67 (crude).
Stationary phase: 15 m diameter polystyrene/divinyl benzene beads; Solvent A: 2% CH3CN and 0.1%
TFA in water, solvent B: 85% CH3CN and 0.1% TFA in water; Gradient (green) 0-90% B. Detection at 215
nm (blue), 220 nm (red) and 250 nm (pink).
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