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ABSTRACT
Over a century, peptides have been used as drugs for treating various diseases. In
recent decades, along with the development of structural biology, peptides have even
been regarded as promising modulators for protein-protein interactions (PPIs) that
play vital roles in all biological processes. Fluorescent peptides are powerful tools
in chemical biology, which are widely applied for diagnoses and fundamental studies.
As the most established protocol for synthesizing peptide derivatives in both
laboratory and industry, solid-phase peptide synthesis (SPPS) shows significant
advantage that the desired products can be obtained with no more than single time
chromatographic purification, while all excess reagents/reactants and the side
products in the solution phase can be removed by simple wash.
Dipyrrins and their boron complexes BODIPYs have attracted lots of research
attentions and efforts for their potential applications. As a series of bright and tunable
fluorescent molecules, BODIPYs have been used as fluorescent dye for decades.
Although dipyrrins are not fluorescent molecule, they serve as ligands for various
fluorescent metal complexes, and the turn-on process upon complexation give their
potential for metal sensing. A functionalized dipyrrin/BODIPY, which requires
multi-step reaction and purification, is thought to be necessary for obtaining its
corresponding peptide conjugate.
In this thesis, the syntheses of dipyrrin/BODIPY moieties were strategically and
innovatively combined with the procedure of SPPS rather than conducted
independently;

dipyrrin/BODIPY-peptide

conjugates

were

obtained

with

significantly lower workload. By using simple aldehydes/orthoesters/acyl chlorides
and pyrroles as building blocks, the fluorescent BODIPY-peptide conjugates and
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multifunctional dipyrrin/BODIPY-based cyclopeptides were able to be obtained by
performing only single time chromatographic purification.
In Chapter One, the research background and significance about peptides, solidphase peptide synthesis, fluorescent peptides, as well as dipyrrins and BODIPYs are
introduced.
In Chapter Two, my first research project is described that provides a novel synthetic
methodology to in situ construct dipyrrin on solid support directly. By using simple
aldehydes and pyrroles, various dipyrrins can be constructed on diverse peptides,
which include all commonly used amino acids, during SPPS. The post-cleavage
dipyrrin-peptide conjugates, which also include all commonly used amino acids, can
be converted into fluorescent BODIPY-peptide conjugates which are potential biotargeting fluorescent probes. Specially, one of BODIPY-peptide conjugates,
BODIPY1-Pep4, showing similar bioactivity as other EBNA1-targetting fluorescent
probes reported in our previous research, are promising fluorescent probe and
photodynamic therapy agent for EBV infection.
In Chapter Three, my second project is described where a novel peptide
macrocyclization methodology can be achieved by constructing dipyrrin on resin
intramolecularly. The meso position of formed dipyrrin cyclopeptides can be
diversified by using different commercially available orthoesters, acyl chlorides and
aldehydes. The SPPS can be even continued on the meso position via specific
functional group. The products showed higher protease resistance than their linear
counterparts, and showed various potential applications. The dipyrrin cRGD peptide
cDP1-Pep14 showed good binding affinity with integrin α vβ3, and its corresponding
BODIPY cBODIPY1-Pep14 performed as a promising fluorescent for bladder cancer
cell lines. Moreover, the dipyrrin cGHK peptide cDP1-Pep11 showed sensitive and
selective response toward zinc ion in vitro.
iii

In Chapter Four, all detail of experiments, including the chemical syntheses,
biological experiments and computational experiments are described. Moreover, the
NMR spectra, HPLC chromatographs and HRMS spectra of synthesized compounds
are also presented on Appendix.
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Chapter One. Introduction

1

1.1 Peptides and their application
1.1.1 Amino acids

Figure 1.1 The structure, name, abbreviation (3-letter and 1-letter) of 20 standard proteinogenic
amino acids. The backbones of amine acids are in blue, while their side chains are in black.

Amino acids are building blocks for peptides and proteins. In organisms, 22
proteinogenic amino acids (or call genetically encoded amino acids) are found to be
encompassed

into peptides

which ribosomes synthesize

and proteins

by translation,

peptides/proteins

after

a
the

process

in

process

of transcription of DNA to RNA. 20 of 22 proteinogenic amino acids are in the
standard genetic code, while the other two (Selenocysteine and Pyrrolysine) have to
be incorporated by unusual translation mechanisms. 1 Therefore, the proteinogenic
amino acids discussed here usually refer to only 20 standard one (Figure 1.1). All
proteinogenic amino acids are α-amino acid that have an α-NH2 and an α-COOH on
2

a same carbon atom (α-C). Other than non-chiral glycine that have no side chain on
α-C, other proteinogenic amino acids are L-configuration in most cases.

Figure 1.2 Examples of non-proteinogenic amino acids.

Besides the 20 standard proteinogenic amino acids that take part in translation,
various non-proteinogenic amino acids are also used both by organisms and for
artificial synthesis. The examples of non-proteinogenic amino acids are listed in
Figure 1.2. For instance, although citrulline (Cit) and ornithine (Orn) are not
involved in translation, they serve as crucial intermediates of urea cycle which
converts highly toxic ammonia to urea for excretion in organisms. D-amino acid
were also found for constructing protein in some organisms although they are rare
in nature.2–4 In recent decade, given the increasing demand of peptide derivatives,
artificial amino acids were also designed for different purposes. For example, the
alkyne-containing amino acid propargylglycine (Pra), or azide-containing amino
acid (Dab(N3)) can be introduced into peptides to give an anchor for site-specific
conjugations5 with an azide/alkyne-containing functional fragment by coppercatalyzed azide–alkyne cycloadditions (CuAAC);6–9 As the shorter analogues of
lysine (Lys) and ornithine (Orn), 2,4-diaminobutyric acid (Dab) and 2,3diaminopropionic acid (Dap) are also used for constructing some peptide based
3

drugs.10–16 Incorporating unnatural amino acids, which were designed as bioisosteres
of natural counterpart, can improve the metabiotic stability of peptide-based drug.
For example, Cetrorelix, a FDA approved GnRH antagonist for treating prostate
cancer, endometriosis and uterine fibroids, show highly stability in vivo as the
natural amino acid in the peptide structure of its lead compound were replaced by
unnatural amino acids, such as 3-(2-Naphthyl)-L-alanine (2-Nal), 3-(3-Pyridyl)-Lalanine (3-Pal) and Fenclonine (4-Cpa).17 Beside α-amino acids, there are also β-, γ-,
δ- amino acid when their backboned -NH2 and -COOH are not linked on same carbon
atom. Some artificial amino acid like like 6-Aminohexanoic acid (Ahx), H2N(PEG)n-COOH, were commercially available and be used as linkers (or spacers) for
adjusting the distance of different moieties of peptide conjugates.

1.1.2 Peptide

Figure 1.3 The example for the writing of peptide sequence.

Peptides is a class of biomolecules that usually consist of 2-50 amino acid monomers
which are linked together by peptide bonds. When the number of amino acid
monomers (or called residues) approaches 50, such biopolymers can be regarded as
4

proteins. As mentioned in Section 1.1.1, only 22 proteinogenic amino acids were
found to construct peptides and proteins in organisms while 2 of them are nonstandard proteinogenic ones that are rare involved. Therefore, natural peptides (and
protein) are α-peptide as all proteinogenic amino acids are α-amino acids.
The primary structure of peptides is the linear sequence of amino acids which are
written from N-terminal to C-terminal by either 1-letter or 3-letter abbreviation of
them. Although IUPAC give the suggested rule for peptide nomenclature 18, different
ways of writing still used in literatures as complicated modifications for peptides
were involved. The Figure 1.3 presented the different way of writing for tripeptide
Arg-Gly-Asp (RGD) and its derivative. For the peptides with unprotected -NH2 and
-COOH on their terminals, their terminals can be ignored in sequence writing. For
the peptides with modified terminals, such an amidated C-terminal, the terminal
should be written for specifying by either abbreviated (e.g., -NH2 for amidated Cterminal) or full (e.g., -CONH2 for amidated C-terminal) way. In this thesis, the
terminals were written in full way.

Figure 1.4 The different secondary structure of peptide. a) α-helix; b, c) parallel/antiparallel βsheet.
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Similar with proteins, peptides can be folded into complicated secondary structures
which is crucial for their stability and bioactivity. The most common secondary
structure is α-helix and β-sheet (Figure 1.4). Here, we only discussed the peptides
with only L-α-amino acid into for their secondary structure. The α-helix is a right
hand-helix conformation that is stabilized by hydrogen bond between backbone NH group of i-th residues and backbone C=O (i+4)th residues (i+4 → i hydrogen
bonding). The α-helix is also called 3.613-helix as there are 3.6 residues per turn, and
13 atoms with 13 atoms being involved in the ring formed by the hydrogen bond.
Similarly, the 310-helix and π-helix are also found which stabilized by i+3 → i and
i+5 → i hydrogen bonding, respectively. Different amino acids have different
propensities to form α-helical structure. Ala, Met, Leu, Gln, and Lys have the best
helix-forming propensities, while Pro and Gly have the poorest helix-forming
propensities. The β-sheet consist of more than one lateral β-strands that is a peptide
chain usually with 3 to 10 amino acids long with backbone in an extended
conformation. The β-sheet can be parallel or antiparallel when the orientation of two
adjective β-strands is same or opposite. The β-sheet is stabilized by the at least three
hydrogen bonds between adjective β-strands backbone. Aromatic amino acids, like
Tyr, Phe, Trp, and β-branched amino acids, like Thr, Val, Ile, are frequently found
in β-sheet.

Figure 1.5 The dihedral angle ϕ, ψ and ω in peptide backbone.

The secondary structure of peptides or proteins can be described by a series of
dihedral angles throughout their backbone. There are three dihedral angles in the
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backbone of peptides, ϕ, ψ and ω (Figure 1.5). ω is the dihedral angle of peptide
bond between two amino acids, Cα(i)-CO(i)-NH(i+1)-Cα(i+1). Because the peptide
bond is relatively rigid, the ω is usually close to 180º when it is a trans configuration
(~ 99.9 %) or close to 0 when it is a cis configuration (~ 0.1 %). ϕ and ψ, representing
the dihedral angles CO(i)-NH(i+1)-Cα(i+1)-CO(i+1) and NH(i)-Cα(i)-CO(i)NH(i+1) respectively, are commonly used for analyzing the secondary structure of
peptides or proteins, which can be visualized by Ramachandran plot (Figure 1.6).
For example, ϕ and ψ of α-helix are around -60° and -45°, while they are around 120°, 115° for β-strands.

Figure 1.6 The Ramachandran plot for describing the secondary structure of peptides and proteins.

1.1.3 Biological application of peptide
Peptides were use as drugs for over a century since the discovery of insulin. So far,
more than 80 peptide-based drugs/diagnostic agents have been approved for various
diseases, including diabetes, osteoporosis, cancer, multiple sclerosis, infection and
chronic pain. Moreover, there are over 150 peptides in clinical development and
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another 400-600 peptides undergoing preclinical studies. 19 Early peptide-based
drugs mainly focused on human hormones, such as insulin and oxytocin, which are
extracted from their natural source. As the development of recombinant technology
and peptide synthesis, peptides became more available and were applied for various
therapeutic/diagnostic purpose.
Nowadays, researchers pay more and more attention to target the protein–protein
interactions (PPIs). PPIs, with highly specific physical interactions (including
electrostatic forces, hydrogen bonding and the hydrophobic interaction) between two
or more protein molecules, play pivotal roles in almost all intracellular and
extracellular biological processes. PPIs can also be defined as the interactome
between proteins, where interactome includes all physical interactions between
biomolecules in organism. Unlike the traditional drug targets, which are usually
based on protein-ligand interactions and have deep and narrow binding pocket for
drug design, the interaction surface of PPIs is usually large and swallow. As a result,
PPIs was thought “undruggable” for a long time since it is difficult to find a small
molecule that can satisfy such a large and swallow interaction surface. Although
antibodies have been used for targeting PPIs for a long time, they are only available
for targeting the membrane protein as their cell permeability was limited by their
huge molecular weight. The molecular weight of peptide is far less than antibodies,
thus peptide have higher cell permeability and lower cost. Therefore, peptides are
promising drug candidates to disrupt PPIs, or serve as the lead compounds for the
discovering of other PPIs modulators.
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Figure 1.7 The critical peptide sequence near interface of PPIs may be identified as modulators.

There are various approaches for discovering peptides as PPIs modulators. The highthroughput screening (HTS) based on phage display20 are commonly used.21 For
example, the interaction between p300 and HIF-1A was characterized by a randomsequence peptide display library, and several identified peptides showed inhibitory
effect toward the interaction between them with an IC50 < 5 µM. 22 Although HTS
is a powerful tool for identifying peptides as PPIs modulators, it is costly and timeconsuming. Along with the development of structural biology, researchers gained
better understanding with PPIs through X-ray crystal structures. Under the aid of
computational methods, rational design of peptide-based PPIs modulator without
conducting large screens is now possible. The most straightforward rational design
approach is to identify the short linear peptide sequences from the interface of PPIs
(Figure 1.7).23 The “hotspots” of PPIs can be identified by some computational
technique, like MD simulation.24 Two examples for discovery of short peptide-based
PPIs modulators from PPIs interface, include EBNA1 (Epstein-Barr nuclear antigen
1) and integrin alpha-V beta-3 (αvβ3), will be discussed in Chapter Two and Chapter
Three, respectively.
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1.2 Solid-phase peptide synthesis
The production of peptides and peptide derivatives became crucial tasks as the large
demand of peptide derivatives in different fields of researches and applications. The
limitation of peptide expression in organisms 25, which is difficult to incorporate the
D-amino acids, unnatural amino acids or non-amino acid components, can be
overcome by chemical synthesis. Although solution-phase synthesis is still useful
for large-scale production of peptides in industry, solid-phase peptide synthesis
(SPPS) became most established protocol for synthesizing peptides in the laboratory
in recent decades. In SPPS, orthogonal protected amino acid building blocks was
coupled onto insoluble solid support (such as resin) sequentially and successively,
and the protecting group on the elongating direction (N-terminal in most cases) can
be removed selectively, and another amino acid building blocks can be further
attached. The peptide chain can be assembled quickly by repeating the above
procedure. No complicated purification is required until the global cleavage (or
global deprotection) that releases the peptide chain from solid support, and usually
remove all side chain protecting group at same time.

Figure 1.8 Workflow of Fmoc SPPS.

10

According to the protecting group on the elongating direction, two SPPS strategy
have been developed: Boc SPPS (or Boc/Cbz SPPS) and c SPPS (Fmoc/tBu SPPS).26
As older method, Boc/Cbz SPPS usually conducted by the amino acid building
blocks that with tert-butyloxycarbonyl (Boc) protected elongation direction (Nterminal in most cases) and benzyl (or benzyl-based protection group) protected
branching reactive functional groups (side chain functional groups in most cases).
The Boc protecting group usually removed by high percentage of TFA during SPPS,
while the global cleavage required even stronger acidic condition, like hydrogen
fluoride (HF), to remove the benzyl-based protecting groups at the same time as
cleaving the peptide from its solid support. Most common used method, Fmoc/tBu
SPPS (Figure 1.8) conducted by the amino acid building blocks that with
fluorenylmethyloxycarbonyl (Fmoc) protected elongation direction (N-terminal in
most cases) and tert-butyl (tBu) (or other “acid-removable” protecting groups)
protected branching function groups (side chain functional groups in most cases).
The Fmoc protecting group usually removed by organic base (such as 20%
piperidine in DMF), while the global cleavage is usually conducted under high
percentage of TFA. Although Fmoc SPPS became dominated protocol in laboratory,
Boc SPPS is still useful today due to its lower aggregation during synthesis27, higher
compatibility for base-sensitive moieties and higher atom economy. We will discuss
only Fmoc SPPS in following paragraph. Before a Fmoc SPPS is started, the choose
of amino acid building blocks, solid supports and the condition of global cleavage
should be considered together according the structure of desired product.
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Figure 1.9 Structure and abbreviation of amino acid building blocks used in Fmoc SPPS, the
protecting group on N-terminal and side chain are highlighted in blue and red, respectively.

The diverse building blocks for Fmoc SPPS are commercially available and
affordable (Figure 1.9). The building blocks are usually abbreviated as “A-X(B)-Y”
in literatures or in website of chemical suppliers, where A is the protecting group on
N-terminal of amino acid (thus, A is Fmoc in most cases as N-terminal is elongating
direction in most case), X is the abbreviation (usually use 3-letter abbreviation) of
amino acid itself, B is the protecting group on side chain, and Y is the form of Cterminal that is “OH” in most case as α-COOH is unmodified in most commercially
available building blocks. There may be various building blocks for the same amino
acid for satisfying the application of orthogonal protecting group strategy, especially
for the amino acids with reactive side chains, such as lysine, aspartic/glutamic acid
and cysteine. For example, for lysine, Fmoc-Lys(Boc)-OH was used to construct
peptide if no modification is require for its side chain. Fmoc-Lys(Mtt)-OH and
Fmoc-Lys(Alloc)-OH were also used when side chain modification is required as
Mtt and Alloc can be removed selectively by 1 % (v/v) TFA and palladium catalysis,
respectively. Similarly, for aspartic/glutamic acid, although tert-butyl is used as
protecting group on the side chain -COOH in most cases, allyl (can be removed
selectively by palladium catalysis) was used when an unprotected -COOH on resin
12

is required for further modification. These orthogonal protection strategies are
crucial for peptide diversification, as well as macrocyclization.

Figure 1.10 Examples of solid support for SPPS.

There are also various solid supports can be chosen for Fmoc SPPS (Figure 10).
Three factors should be considered for choosing a suitable solid support: 1. The form
of C-terminal (carbolic acid, amide, alcohol, etc.); 2. The reacting condition for
global cleavage; 3. The orthogonal protection strategies involved during SPPS. For
the form of C-terminal, the two of most commonly used solid support, Rink amide
resin and Wang resin, lead to amide and carbolic acid on C-terminal, respectively.
Both Rink amide resin and Wang resin usually required a high percentage of TFA
(~ 90 %, v/v) during global cleavage. Therefore, when the acid-sensitive moiety is
involved during SPPS, the solid supports that can release the peptide under milder
condition should be used, for example, the peptide chain can be released from CTC
(2-Chlorotrityl chloride) resin by treating with only 0.5-1 % (v/v) of TFA. However,
the amino acid building blocks have to change as well if the condition of global
cleavage is changed. For example, the side chain protecting group of FmocLys(Boc)-OH cannot be removed under 0.5-1 % (v/v) of TFA, thus Fmoc-Lys(Mtt)OH is more suitable if side chain protecting group have to be removed at the same
time during global cleavage.
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The peptide derivatives are eventually obtained after global cleavage (or call global
deprotection), which releases the peptide from the solid support, and usually
removes all protecting groups on the side chain of amino acids. As mentioned above,
for two of most commonly used solid supports, Rink amide resin and Wang resin,
global cleavage usually carried out in cleavage cocktail with a high percentage of
trifluoracetic acid and necessary scavenger/reductant. The detailed formula of
cocktail and reaction time depend on the solid support, the composition of amino
acids and their side chain protection groups.28 In most typical scenario, the solid
support is Rink amide resin or Wang resin, and the side chain protecting groups can
be removed under highly acidic conditions. For example, the side chain amime group
is (Lys, Orn, etc.) usually protected by Boc, and side chain hydroxy group is
(serine/tyrosine) usually protected by tBu. The solid supports and amino acid
building blocks under this system are the cheapest. Moreover, such a relatively stable
protection strategy is compatible with many other reactions other than Fmoc
deprotection and peptide bond formation (coupling), which is also crucial for
combining other type of reaction into the SPPS.
Although SPPS is usually conducted by repeating the amidation and Fmoc
deprotection, other type of reaction may also be combined during the procedure of
SPPS. Compare with solution phase organic reaction, solid phase synthesis needs
far less workload for purification as the most excess reagents/reactants and
uncoupled side products can be removed by simple washing. For example, as Figure
1.11 shown, the traditional synthetic route for DOTA-peptide conjugates, which are
commonly used as the ligands for targeting PET/MRI/radiotherapy, usually require
the one -COOH containing building block DOTA-tris(tert-butyl ester) that can be
synthesized from tert-butyl-DO3A by two-steps reaction and purification. To ease
the workload, some previous studies attached bromoacetic bromide on the amine on
14

resin-bound peptide directly, follow by conducting SN2 reaction with tert-butylDO3A directly. The improved synthetic method has one step less compared with the
traditional synthetic route; more importantly, no chromatographic purification is
involved. Some previous even developed a “total-solid” approach that use simplest
building blocks to construct the DOTA moiety directly. So far, different types of
organic reactions have been tried during SPPS, for example, CuAAC,7 nucleophilic
substitution,29,30 transition metal catalysis,31 etc.

Figure 1.11 The synthetic routes for DOTA-peptide conjugates.
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As SPPS is conducted in highly repeated way, automation is more likely to realize
compare with routine organic reaction. 32 The automated peptide synthesizers were
developed by different company in recent decades. Combining with microwaveassisted technique, peptide synthesis can be conducted more quickly. The coupling
of each amino acid takes only few minutes under microwave-assisted condition,
while it take hours by manually SPPS. Moreover, the synthesis of long peptide
(number of amino acid is over 50) can be realize by microwave-assisted automatic
synthesizer, while it is extremely difficult by manual SPPS. 33 Some automatic
synthesizers even combine with continuous-flow technique, which make the
procedure of SPPS become monitorable and more economical. 34
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1.3 Fluorescent peptides as bioprobes
Over decades, as non-invasive methods to allow the real-time monitoring and
visualization of biological processes, medical imaging technologies have attracted
growing attention and are crucial for some clinic application, like early disease
diagnosis or directing surgery.35 Different imaging techniques, such as computed
tomography (CT), magnetic resonance imaging (MRI), positron emission
tomography (PET) and optical imaging (OI), are commonly used in both biological
research and clinical practice.

Figure 1.12 Jablonski diagram for the fluorescence.

Fluorescent imaging is one of the most useful optical imaging techniques that is
based on fluorescence. As the Jablonski diagram (Figure 1.12) shown, when a
ground state (S0) molecule absorbs energy from light, the energy of this molecule is
raised to a higher excited state (S1). Then, the emission of fluorescence can be
generated when this excited state (S1) molecule returns to ground state (S0). In most
17

cases, the emitted light has lower energy, which mean longer wavelength, than the
absorbed light. Figure 1.13 showed some examples of organic fluorescent molecules
(fluorophores) with different color of fluorescence, such as Pacific blue, Fluorescein,
Rhodamine B, BODIPY (will be discussed in detail in Section 1.4) and Indocyanine
green.

Figure 1.13 Examples of organic fluorescent molecules.

The fluorescent probes, which usually combine recognition moieties (can be
selectively targets a disease biomarker) with fluorophores (providing a signal for the
location of molecules in organism), are powerful and necessary tools for fluorescent
imaging. As the essential roles of peptides as mentioned in Section 1.1.3, they are
regarded as a class of useful recognition moieties. Therefore, fluorescent dye-peptide
conjugates (or fluorescent-labelled peptides, or just abbreviated as fluorescent
peptides) are able to bind selectively at the pathological site to reveal its location.
As an increasing number of novel peptide-based targeting molecule for cancer,
bacterial infections and the other pathological targets, fluorescent peptides have
begun to be widely employed for disease imaging in clinic. On one hand, compared
with fluorescent-labelled antibody, fluorescent peptides have many advantages, like
rapid distribution, cell permeable, less immunogenicity, affordable/accurate
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labelling. On the other hand, compared with small molecule based fluorescent probe,
fluorescent peptide can be designed without/less the risk of off-target effect.
Different methodologies are used for synthesizing fluorescent dye-peptide
conjugates. The fluorescent dyes that contain -COOH can be used as building blocks
directly on the procedure of SPPS, which can be introduced fluorescent dyes on the
N-terminal in the last step of SPPS, as well as some the side chain of an amine
containing by orthogonal protecting group strategies. However, as high percentage
of TFA is required during global cleavage for the typical SPPS procedure discussed
in Section 1.2, some fluorescent dye may not be stable under such a highly acidic
condition. Therefore, site-specific solution-phase conjugations, like maleimide–thiol
reaction or CuAAC or Strain-promoted alkyne-azide cycloadditions (SPAAC), are
also frequently used for conjugating fluorescent dye with peptide. For maleimide–
thiol reaction, the maleimide-containing fluorescent dyes are usually reacted with a
peptide with a Cys in its sequence. For CuAAC, artificial amino acids that contain
alkyne/azide have to be coupled into the sequence, then reacts with an azide/alkynecontaining fluorescent dyes. For SPAAC, azide-containing amino acids usually
deployed into the peptide, then reacts with fluorescent dyes with strained alkyne
moiety, such as dibenzylcyclooctyne (DIBO) and biarylazacyclooctynone
(BARAC), in solution phase or even in live organism without the catalysis of copper.
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1.4 Dipyrrin and BODIPY

Figure 1.14 The structure, numbering system and relationship of dipyrromethane, dipyrrin and
BODIPY.

Dipyrrin (2,2’-dipyrrolemethene) derivatives are formally composed of a pyrrole
ring and an azafulvene attached to each other through their 2-positions, it can also
be regarded as a dipyrromethane with one more degree of unsaturation. This added
degree of unsaturation allows for delocalization of the electron density across the
dipyrrin. As a result, the structural data shows that the two pyrrolyl units are
equivalent when they are identically substituted. 36 The BODIPY (4,4-difluoro-4bora-3a,4a-diaza-s-indacene or boron dipyrrin) derivatives are the boron complexes
of corresponding dipyrrin ligand which usually have strongly UV absorbance and
relatively sharp fluorescence with small Stokes shift and high quantum yields, while
corresponding dipyrrin ligand is non-fluorescent. The dramatic difference of
fluorescence between dipyrrins and BODIPYs can be explained by computational
study.37 Although dipyrrins have no evident fluorescence, they can serve as ligands
for some luminescent metal complexes (dipyrrin-metal complexes or dipyrrinato
metal complexes).
The IUPAC numbering system (Figure 1.14) for dipyrrin/dipyrromethanes and
BODIPYs are different as BODIPYs are regards as indacene derivatives.38 However,
the terms α-, β- and meso- position are used in the same way for both two systems.
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Figure 1.15 The synthetic methods of dipyrrin.

Dipyrrins can be synthesized by (Figure 1.15): Method A: oxidation of
dipyrromethane, the intermediate generated by condensation between two pyrroles
with a aldehyde under the catalysis of Lewis acid; Method B: condensation with
pyrrole and acyl halide or orthoester under the catalysis of POCl3; Method C:
condensation between a pyrrole and a α-formyl/ α-keto pyrrole under the catalysis
of POCl3, which lead to asymmetric dipyrrin.39 The newly-formed dipyrrins can be
converted into corresponding BODIPYs in one-pot by treating with excess base and
BF3·OEt2. In fact, most of literatures about synthesis of BODIPYs were obtained
BODIPYs directly without the purification of their dipyrrin intermediates.
Interestingly, although dipyrrins are intermediates for corresponding BODIPYs
during synthesis, some literature obtained the dipyrrins by treating BODIPYs with
acid. That may be because the lower polarity of BODIPYs make them be easier to
purify by column chromatography, also result from stability concern in some cases.
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The stability and optical property of dipyrrins and BODIPYs are affected by its
substituents. The totally unsubstituted dipyrrin was reported to be unstable in
solution even at - 40 ℃ as the unsubstituted ring positions are vulnerable by
electrophilic and nucleophilic attack. 40 As a result, unsubstituted BODIPY was not
obtained from its dipyrrin counterpart under the usual reacting condition, until PeñaCabrera et al. synthesized it by the deprotection of a meso-methylthio substituted
BODIPY.41 Lately, Thompson also converted totally unsubstituted dipyrrin into its
BODIPY counterpart at – 40 ℃.42

Figure 1.16 The post-functionalization of the BODIPY core.

The substituents of dipyrrins and BODIPYs can be diversified by either using
substituted building blocks or further modification from simple dipyrrins and
BODIPYs (Figure 1.16).43,44 As BODIPYs attracted far more attention than their
corresponding dipyrrins, the reactions for introducing substituents in this paragraph
will focus on BODIPY only, some reaction may also work for dipyrrins or
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dipyrrinato metal complexes. The substituents on meso position are usually
determined by its building blocks, while some of meso substituents can be
introduced by further reaction. For example, meso-alkylthio can be: 1. arylated or
alkenylated by transition metal catalysis under mild condition; 2. nucleophilic
substitution by amine or alcohol to give N/O-substituted BODIPY. Similarly, mesohalogenated BODIPYs also showed great potential to diversify. Different functional
groups such as halogens, formyl, cyano, nitro or sulfonyl, can be introduced on 2,6position by electrophilic substitution reactions. 3,5-position can be modified by
electrophilic substitution as well. Notably, for the 3,5-dimethyl substituted BODIPY,
Knoevenagel reaction can be used to give vinylated BODIPYs.45

Figure 1.17 The structure-property relationship of BODIPYs.

The property of BODIPYs is influenced by their substituent, which was summarized
on Figure 1.17. The alkylation or arylation on meso position showed less influence
to the absorption and emission wavelength of the BODIPYs, while the
absorption/emission showed blue-shift when the nitrogen or oxygen atom link with
meso position directly.46 Although arylation showed less influence to the absorption
and emission wavelength of the BODIPYs, the dye become more sensitive in
intensity to the polarity, especially when a large aromatic ring, like pyrene, is
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introduced. Some large aromatic ring also enhances the intersystem crossing (ISC),
which make BODIPYs become photosensitizers (Section 2.1.3). The functional
groups such as halogens, formyl, cyano, nitro or sulfonyl on 2,6-position usually
have no significant influence to the absorption/emission wavelength, but lead to
changes of solubility, quantum yield and singlet oxygen quantum yield. The
conjugated system on α- and β- position, have great influence to the
absorption/emission wavelength of BODIOYs. For example, the 3,5-vinyl
BODIPYs mentioned in last paragraph showed red-shift in the absorption/emission
wavelength. Large conjugated system on α- and β- position even can turn the
absorption/emission wavelength into the near-infrared (NIR) region.47,48
Interestingly, BODIPYs can be radiolabeled by
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F or

125

I and showed potential

application for radiodiagnosis and radiotherapy. Fluorine-18 (t1/2 = 109.8 min, β+) is
regarded as an ideal radioactive isotope for positron emission tomography (PET) 49
imaging due to its suitable half-life to deliver

18

F-labelled products to the desired

locations and to it can be labelled by diverse chemical reaction. 50 Two fluorine atoms
connected to boron can be used for

18

F-labelling by exchanging with

18

F salts.51

Radioiodine can be applied to biological assay (125I, t1/2 = 59.4 d, auger e-), diagnostic
imaging including PET (124I, t1/2 = 4.18 d, β+) and single-photon emission computed
tomography (SPECT) (123I, t1/2 = 13.2 h, γ), and clinical radiotherapy (131I, t1/2 = 8.02
d, β-) and is thus a useful radionuclide for radiolabeling of BODIPY by halogenation
mentioned above.52
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Figure 1.18 The examples of dipyrrin metal (zinc/cobalt) complexes.

Although dipyrrins and dipyrrinato metal complexes (Figure 1.18) were
overshadowed by BODIPYs, they still attracted lots of research efforts for different
applications. Lots of luminescent metal complexes were reported 53.

Although

dipyrrins have no fluorescence, some dipyrrinato metal complexes are highly
luminescent, which also make dipyrrin became sensor for metal ions54–59. Especially
for zinc (II) ion that can be bind with dipyrrin quickly at room temperature. 56,60
Moreover, dipyrrin also have been used for catalysis 61 and building block for metalorganic framework (MOE)62,63.
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1.5 Objectives of this thesis
As mentioned in Section 1.2, SPPS is an effective way to synthesize peptides and
their derivatives which are important bioactive molecules (Section 1.1). Although
SPPS are usually conducted by repeating Fmoc deprotection and peptide bond
formation, other type of reaction may also be combined for synthesizing
functionalized peptide directly.
Moreover, the structure, function, and the synthetic approach (Figure 1.15) of
dipyrrins and BODIPYs were described in Section 1.4. The reactions for
synthesizing dipyrrins and BODIPYs can be performed under mild condition, thus,
its promising to combine these reactions with SPPS for yielding corresponding
dipyrrin/BODIPYs-peptide

conjugates

without

intendent

preparation

of

dipyrrins/BODIPYs building blocks.
Therefore, first objective of this thesis is to prove the combability between dipyrrin
formation and SPPS, which is crucial for the practicability of presented
methodologies (Section 2.2.2 and Section 2.2.3); Second objective is to prove the
combability of boron complexation of dipyrrin-peptide conjugates, which is
necessary step for yielding fluorescent BODIPY-peptide conjugates by presented
methodologies (Section 2.2.4); Third objective is to prove the presented
methodologies can be conducted intramolecular to give the dipyrrins/BODIPYs
bearing cyclopeptide, which can be regard as an effective way of peptide
macrocyclization and multi-functionalization (Section 3.2.2). Last but not least, the
application of products from presented methodologies need to be shown, such as the
EBNA1-targetting fluorescent probe BODIPY1-Pep4 (Section 2.2.5), αvβ3targetting fluorescent probe cBODIPY1-Pep14 (Section 3.2.3), and selective zinc
sensor cDP1-Pep11 (Section 3.2.4).
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Chapter Two.

Solid-phase fluorescent BODIPY–

peptide synthesis via in situ dipyrrin construction
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2.1 Introduction
2.1.1 Current synthetic methodology for BODIPY-peptide conjugates
BODIPYs are acid-sensitive as they tend to be converted into corresponding
dipyrrins by losing their boron adduct under highly acidic conditions. Therefore, in
most cases, site-specific solution phase conjugations, such as CuAAC, SPAAC,
thiol-maleimide reaction and thiol alkylation, were used for synthesizing BODIPYpeptide conjugates (Figure 2.1 A). For example, Vicente et al. conjugated an alkynebearing BODIPY onto an azide-bearing EGFR-targeting linear/cyclic peptides.1
More interestingly, Weber et al. conducted 18F-radiolabeling on an azide-containing
BODIPY, and then conjugated it onto alkyne-containing peptides as bimodal
fluorescent/PET probes.2 Hashida et al. conjugated a maleimide-containing
BODIPY onto a SWCNTs-peptide which showed potential applications as drug and
gene delivery carriers.3 Specially, Ackermann et al. developed a palladium-catalyzed
a bioorthogonal late-stage Csp3–H activation approach to append BODIPY dyes to
the alanine and phenylalanine residues within a peptide. 4
For the peptides with only one amine group in their structure, simple amine-based
coupling reactions were also used. For example, Vicente et al. also synthesized an
EGFR-targeting BODIPY-peptide conjugate by coupling an isothiocyanate-bearing
BODIPY with a EGFR-targeting peptide that had only one amine group on its Nterminal.5 Similarly, Satyanarayanajois et al. conjugated a BODIPY NHS ester onto
the N-terminus of a HER2 targeting peptide which also have only one amine group
on its N-terminal.6 Conti et al coupled a -COOH-bearing BODIPY onto the
unprotected side chain amine group of the Lys (K) of α vβ3-targeting c(RGDyK)
peptide, which was also used as a positron emission tomography and fluorescence
dual modality agents for tumor imaging.7
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Figure 2.1 Various approaches for synthesizing fluorescent BODIPY-peptide conjugates. A)
Solution phase conjugation of fluorescent BODIPY dyes on post-SPPS peptides requiring
multistep transformations and purifications. B) Pre-functionalized BODIPY-bearing unnatural
amino acids were used as building blocks during SPPS.

Although several studies were reported to assemble BODIPY on to solid supports
during SPPS, they all required special solid supports and/or amino acid building
blocks with special side chain protecting groups that can be cleaved or deprotected
without using high percentage of TFA. Chang et al. coupled a prepared -COOHcontaining BODIPY onto CTC-PS resin, then the on-resin vinylation of BODIPY
was conducted to yield a red-shift emitted BODIPY after cleaved the product from
CTS-PS resin by a cleavage cocktail with only 0.5 % (v/v) TFA. 8 Also, BODIPYbearing amino acids were also prepared for introducing BODIPY during SPPS
(Figure 2.1 B). Vendrell et al. reported a series of “fluorescent building block
approach” by incorporating BODIPY-containing amino acids, which were
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synthesized by C-H activation between α-position of indole moiety of Trp and
halogenated BODIPY, for both linear peptide and cyclopeptide. 9–12 Similarly, the
SPPS for all these studies was conducted on CTC-PS resin that can be cleaved under
only 0.5-1 % (v/v) TFA, and the protecting groups on the side chains of amino acids
building blocks have to be removed under the same condition or by catalytic
hydrogenation.

2.1.2 Epstein–Barr virus (EBV) and Epstein-Barr nuclear antigen 1 (EBNA1)

Figure 2.2 The structure of Epstein-Barr virus.

Epstein–Barr virus (EBV), formally called human gamma herpesvirus IV, was the
first human tumor virus to be discovered in 1964. 13 More than 200,000 cases of
EBV-related cancer were reported each year, and total 1.8% of all cancer deaths are
ascribe to EBV-related malignancies.14,15 As a most persistent and common viral
infection in humans, over 90 % of the world’s population sustaining a life-long EBV
infection without symptom.16 This persistence is due to unique interaction between
B cells and EBV, which resides in the memory B cell pool in healthy individuals.
The role of EBV in the pathogenesis of epithelial tumors, such as nasopharyngeal
carcinoma (NPC) and EBV-associated gastric carcinoma (EBV‑GC), is usually
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regarded as the result from the aberrant establishment of latent viral infection in
epithelial cells with existing premalignant genetic changes. 17
The diameter of EBV virus is range from 122 nm to 180 nm (as Figure 2.2). The
viral genome, containing a double helix of DNA which processes about 172,000
base pairs and 85 genes, is surrounded by a protein nucleocapsid. 18 The shell of virus
is consist of a protein tegument, which is further surrounded by an envelope
containing both lipids and surface projections of glycoproteins that are crucial to
invade the host cell.19
Several EBV-specific viral proteins, which include six Epstein-Barr nucleus
antigens (EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C, EBNALP) and three
latent membrane proteins (LMP1, LMP2A, LMP2B), are involved in EBV infection.
As a member of herpesviruses family, two types of EBV infection, latent and lysis,
are displayed.20–22 The viral gene reproduce as the reproduction of infected cell in
latent infection, while the virus replicate themselves follow by killing the host cell
to release more virus to infect surrounding cells in lysis infection. Four different
latency programs (0, I, II, III) are adopt for different cell type. The expression of
viral proteins in different latency programs are outline in Table 2.1. And the latency
program 0 does not express any viral protein.

Table 2.1 Expression of EBV viral proteins in different latency programs.
GENE
EXPRESSED

EBNA1

EBNA2

EBNA3A

EBNA3B

EBNA3C

EBNALP

LMP1

LMP2A

LMP2B

LATENCY I

+

–

–

–

–

–

–

–

–

LATENCY II

+

–

–

–

–

+

+

+

+

LATENCY III

+

+

+

+

+

+

+

+

+
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Epstein-Barr nuclear antigen 1 (EBNA1) is the most crucial viral protein for EBV
infection in both latency and lysis stage. As the first discovered EBV viral protein,
EBNA1 is the only viral protein express in all phases except latency 0. Especially,
in latency 1 program, EBNA1 is only viral protein to be express, thus latency 1 also
called EBNA1 only program. EBNA1 dimers, but not EBNA1 monomers, are able
to bind to origin of replication (oriP) of DNA to promote the DNA replication of
infected cells.

Figure 2.3 Location and function of EBNA1 domains.

EBNA1 consists of several functional domains, as showed in Figure 2.3. Two of the
most important and most-studied domains are dimerization domain (DD) / DNA
binding domain (DBD) domain, which are located at the C-terminus within a.a. 452607. Among them, a.a. 504-607 are responded for dimerization. DNA binding
mainly depends on a.a. 452-503, which mainly consists of two α-helix and a loop
that can embed into minor groove of OriP (Figure 2.4). The structures of DD/DBD
domain are well defined by x-ray crystallography (PDB code: 5T7X23, 6PW224,
1B3T25, etc.). Other domain, for example, Gly-Arg domain (a.a. 325-367) is crucial
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for segregation, replication and transcription by binding with RNA and AT-rich
DNA.

Figure 2.4 EBNA1 DD/DBD domains bind with OriP of DNA. The green and orange represent
the DD domain of two identical monomers, while pink represents the DBD domain for each.

Various domains are regarded as potential targets for EBV therapy and diagnose.
For example, BRACO-19, were designed to inhibit the transcription of EBV genes
by inhibit the Gly-Arg domains.26 The essential role of DD/DBD domains and the
availability of the crystal structures make DD/DBD domains become the most
attractive target for EBNA1. Paul et al. proved the “druggability” of DD/DBD
domain by computation,27 and also discovered a series DBD inhibitors from virtual
screening28–30. More recently, they obtained the highly potent molecule with first cocrystal structure between EBNA1 protein and a DBD-targeting small molecule
inhibitor.31
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Figure 2.5 The vital short peptide Y561FMVG565 was identified from the PPIs between two
EBNA1 monomers.

Unlike DBD, the discovery of small molecule drug for DD domain may be more
difficult as DD domain can be regarded as a PPI between two EBNA1 monomers.
In 2012, to discover the vital short peptide from the interface between two EBNA1
monomer, a screening was carried out for the short peptide sequence from EBNA1
DD/DBD itself.32 Finally, the peptide sequence YFMVF, a.a. 561-565 from EBNA1
protein, was identified as an efficient sequence to inhibit the dimerization of EBNA1
(Figure 2.5). Based on that, previous work in our group designed first fluorescent
probe for EBNA1 by conjugating a fluorescent dye onto N-terminus of YFMVF
(JLP2, Figure 2.6) by SPPS and realized the selective in vitro imaging for EBV
positive cell.33 Furthermore, under the aid of computational design, a short nucleus
permeable peptide (RrRK) in C-terminus and a spacer in N-terminus were
introduced, and L2P4 (Figure 2.6) was designed as an more potent and selective
EBNA1 dimerization domain inhibitor/probe in 2017. 34
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Figure 2.6 Reported peptide-based EBNA1 dimerization domain inhibitors/probes.

2.1.3 Photodynamic therapy (PDT)

Figure 2.7 The Jablonski diagram for ROS generation.

Photodynamic therapy (PDT) is an emerging clinical modality for treatment of
neoplastic and non-malignant lesions. Applications of PDT require a photosensitizer,
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light, and oxygen.35,36 A series of photochemical reactions generate singlet oxygen
from the ground state 3O2 that cause cytotoxicity in the regions where these three
key components come together. PDT is a highly localized because the half-life of
singlet oxygen is low (6 × 10 -7 s).37 In cancer treatment, PDT can destroy the
vasculature surrounding tumor cells, and activates immunological responses against
them.38 The main attribute of PDT is its potential for its dual selectivity, the
photosensitizers with targeting moieties are able to accumulate in pathogenic region
rather than normal tissues, and the light to trigger the photocytotoxicity can be
applied on targeted region only.39 PDT is relatively non-invasive, and treatments can
be repeated without induction of resistance. 36
As the Jablonski diagram (Figure 2.7) shown, a ground state (S0) molecule absorbs
energy from light, the energy of this molecule is raised to a higher excited state (S 1).
If this excited state (S1) molecule returns to ground state (S0), the fluorescent can be
emitted. However, excited state (S1) molecule can be further converted into triplet
excited state (T1) by intersystem crossing (ISC). On one hand, the emission of
phosphorescence can be generated when this triplet excited state (T 1) molecule
returns to ground state (S0). On the other hand, singlet oxygen can be generated by
photochemical reactions during this triplet excited state (T1) molecule returns to
ground state (S0). There are two pathways for photochemical reactions: Type-I
reaction and Type-II reaction. Type-I reaction generate radical or radical ion by
electron/hydrogen transfer between triplet excited state (T1) photosensitizer and a
biomolecule, such as lipids, proteins, and nucleic acids. The generated radical or
radical ion can be further reacted with oxygen molecule to give reactive oxygen
species (ROS). Type-II reaction is based on triplet–triplet annihilation that is a direct
energy transfer between triplet excited state (T1) photosensitizer and oxygen
molecules, which convert ground state oxygen molecule (3O2) into singlet oxygen
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(1O2). the ratio of the contribution between these two pathways depends on lots of
factors, such as the structure of photosensitizer, the concentrations of oxygen and
biomolecules, and affinity between photosensitizer and oxygen or biomolecules. In
most cases, Type-II dominate unless the tissue is under hypoxic condition.

Figure 2.8 The examples of photosensitizers.

A couple of examples for photosensitizers were listed on Figure 2.8. Porphyrins and
their derivatives are most typical photosensitizers. Besides, other tetrapyrrole
photosensitizers, like chlorins, bacteriochlorins and phthalocyanines, are also
practical photosensitizers that have longer absorption wavelength than porphyrins.
There are also other types of photosensitizers, like phenothiazinium salt (e.g.,
methylene blue) and halogenated xanthene (e.g., rose Bengal).
Simple BODIPYs are usually efficiently excited into higher level singlet states (S1),
then emit fluorescence rather than crossing to triplet state (T1) via ISC. As crossing
to triplet state is thought to be necessary for PDT, the simple BODIPYs are not good
PDT agents. Spin-coupling to heavy atoms is the most common strategy to enhance
the ISC (the “heavy atom effect”), and one of the most frequently approach is
halogenation. Bromination or iodination on suitable site on the BODIPY core
promotes spin–orbit coupling, enhance the ISC, but not energy loss from excited
states. Therefore, halogenated BODIPYs (right top of Figure 2.9) is a promising
way to enhance the PDT effect of BODIPYs.
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Figure 2.9 The strategies for enhancing the singlet oxygen quantum yield of BODIPYs.

Although ISC is promoted by introducing heavy atoms, the intrinsic dark toxicity of
the photosensitizers is usually increased at the same time, which may hinder the
application for clinical PDT.40,41 Therefore, the discovery of heavy-atom-free
BODIPYs as photosensitizers is also important. The BODIPY with orthogonal
donor–acceptor geometry, which have a large aromatic group on the meso position
of BODIPY core (right bottom of Figure 2.9), would exhibit the spin–orbit charge
transfer intersystem crossing (SOCT-ISC) which is the key process to generate
singlet oxygen.42–45 Moreover, orthogonal BODIPY dimers (left side of Figure 2.9)
were also found to show good singlet quantum yield.46–53
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2.2 Result and discussion
2.2.1 General Design

Figure 2.10 On-resin dipyrrin construction follow by post-cleavage boron complexation to give
the BODIPY-peptide conjugates with a single chromatographic purification step.

As mention in Section 1.4, BODIPYs are bright fluorescent dyes that have been used
as fluorescent probe in lots of previous researches. Although various synthetic
approaches are available for synthesizing BODIPY-peptide conjugates as mention
in Section 2.1.1, the preparation of BODIPY building blocks is a necessary step in
all previous research. (Figure 2.1). The preparation of functionalized BODIPYs,
which bearing some reactive functional group for site-specific solution phase
conjugation, requires multi-step reactions and purifications and is usually costly and
time-consuming. As the α-position of pyrroles are highly reactive, lots of side
products, such as inter-pyrroles coupled products, were generated during synthesis
of dipyrrins and BODIPYs. Also, when the aldehydes used to synthesize BODIPYs,
the oxidants, like 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), which is
poorly soluble during work-up and column chromatography, have to be used. When
the pyrroles with two unsubstituted α-position were used, the large excess pyrroles
have to be used to avoid the formation of porphyrin. In summary, lots of side
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products, excess reagents and reactants are involved during the synthesis of dipyrrin
or BODIPY, which all hinder the purification of products (Figure 2.10).
Taking the advantages of SPPS (Section 2.1) that can remove all excess reactants
and reagents and unbound side products by wash simply, we assumed that dipyrrin
can be constructed on-resin via the method for synthesizing dipyrrin mentioned in
Section 1.4 in two steps reaction without damaging the assembled peptide chain onresin: step one, the condensation of pyrrole building blocks and the resin-bounded
aldehyde moiety; step two, on-resin oxidations. The post-reaction resin can be
washed thoroughly before global cleavage; thus, all impurities in solution phase,
such as excess pyrroles, inter-pyrrole coupled side products, porphyrin-like side
products and the oxidant can be removed completely. Moreover, the dipyrrin-peptide
conjugates can be converted into fluorescent BODIPY-peptide conjugates by a postcleavage solution-phase reaction. As BF 3·OEt2 is used for treating peptide in
previous study, we assumed that the reacting condition for boron complexation is
also compatible for peptide.

Figure 2.11 The trial of dipyrrin formation on peptide YFMVF (Pep1).
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Figure 2.12 Directly construction of dipyrrin on resin-bound Pep1. A. The samples of resin-bound
peptide were taken, cleaved, precipitated and then monitored by HPLC and ESI-MS; From top to
bottom: unmodified peptide (black), aldehyde-peptide conjugate (blue), dipyrrin-peptide
conjugate DP1-Pep1 (red); From left to right: HPLC of crude samples, UV-Vis spectrum at peak
on HPLC, ESI mass of crude samples; B. Comparison of 1H NMR of Pep1 and DP1-Pep1.

As shown in Figure 2.11. The 4-formylbenzoic acid was coupled on N-terminal of
resin-bound peptide YFMVF (Pep1) at first step. Then, the 2,4-dimethyl-1H-pyrrole
in solution phase was condensed with the aldehyde group on solid phase under the
catalysis of Lewis acid BF3·OEt2, the resin was further treated by oxidant DDQ. The
resin was red after fully washing, which indicate the successful formation of dipyrrin
moiety on peptide chain. The resin sample of unmodified peptide, aldehyde
conjugate and dipyrrin conjugate was taken, cleaved, and analyzed by highperformance liquid chromatography (HPLC) and electrospray ionization mass
spectrometry (ESI-MS), shown on Figure 2.12 A. HPLC indicated the completely
conversion of each step, and the increase of retention time for each step of reaction
according with the introduction the hydrophobic moiety into peptide chain. The UV
spectrum from HPLC also revealed the formation of dipyrrin moiety as an absorption
peak in around 500 nm was found from desired product. The structure of dipyrrinpeptide conjugate (DP1-Pep1) was verified by ESI-MS, as well as nuclear magnetic
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resonance (NMR) spectrum after purification. Compare the NMR spectrum between
Pep1 and DP1-Pep1, the formation of dipyrrin, 3 group of newly formed aromatic
protons (6H, a, b, c on Figure 2.12 B) and two group of methyl protons (12H, d, e
on Figure 2.12 B) were detected, and the shift of α-H (residue Y nearby N-terminal)
was observed.

2.2.2 In-situ construction of different dipyrrins on YFMVF peptide

Figure 2.13 In situ construction of dipyrrin derivatives on Pep1. Condition: a) aldehyde-containing
carboxylic acid, PyBOP, DIPEA, DMF, 3 h. b) pyrrole derivatives, BF3·OEt2, r.t., DMF, overnight;
c) DDQ, 1 h, DCM; d) TFA/TIPS/H2O, v/v/v, 95/2.5/2.5, r.t., 2 h. a Absolutely isolated yields
compare with substitution values of resin-bound peptide. b Relative yield compare with isolated
yields of unmodified peptide. c No reaction. d Desired products were detected by LC-MS, but too
less to separate.
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Figure 2.14 The trial of dipyrrin formation on peptide YFMVF (Pep1) that used 5-formyl-2,4dimethyl-3-pyrrolecarboxylic acid (FDMPA) as building block. The FDMPA can be regard as an
aldehyde building block to form DP14 (a tripyrrin example) or an α-formylpyrrole building block
to form DP15 (an asymmetry example).

Based on the success trial of first example, various simple aldehydes and pyrroles
(include some indoles) were used as building blocks for constructing the diverse
dipyrrins on N-terminal of Pep1, shown on Figure 2.13. Two concepts were
introduced for evaluating the yield of desired dipyrrin-peptide conjugate in this study,
absolutely Isolated yields (AY) were calculated based on the substitution values of
resin-bound peptide, while relative yields (RY) were the ratio of isolated yields of
dipyrrin-peptide conjugate and isolated yields of unmodified peptide. In most cases,
the dipyrrin-peptide conjugate can be obtained in high yield. The failure of DP7 and
DP11 indicate the reaction is sensitive toward steric effect, while the trace amount of
DP8 and DP17 showed the vinyl-conjugated pyrrole is not suitable for given reaction.
To form asymmetry dipyrrins during SPPS, -COOH containing α-ketopyrroles/αformylpyrroles are required (for the Method C on Figure 1.15). Therefore, 5-formyl2,4-dimethyl-3-pyrrolecarboxylic acid (FDMPA) attracted our attention for its
commercial availability and low cost (< 10 USD/gram). On one hand, FDMPA was
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able to use as an aldehyde to prepare tripyrrin example DP14 via former condition.
On the other hand, resin-bound FDMPA-peptide conjugate was treated by POCl3
with another pyrrole derivatives, unsymmetrical cases DP15 and DP16 were also
obtained in good yields (Figure 2.14).

2.2.3 In-situ construction of dipyrrin on different peptides

Figure 2.15 On-resin construction of DP1 on different peptides. a Absolute isolated yield compared
with substitution value of the resin-bound peptide.

b

Relative yield compared with the isolated

yield of the unmodified peptide.

The scope of given methodology for peptides with different amino acid
compositions (Figure 2.15) was then verified. The 1,3,7,9-tetramethyldipyrrin (DP1)
was constructed on a series of peptides that cover all 20 natural amino acids as well
as several commonly used unnatural amino acids. All dipyrrin-peptide conjugates
were obtained with comparable yields compared with the corresponding unmodified
peptides. The synthesized peptide conjugates are potential for a variety of biological
studies, such as EBNA1-specific peptides (Pep1–Pep6), STAT3-specific peptides
(Pep7 and Pep8), as well as some FDA approved peptide-based drugs including
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cetrorelix (Pep9, a GnRH antagonists for treating endometriosis, prostate cancer,
uterine fibroids, etc.), angiotensin II (Pep10, used in treatment of septic shock, sepsis,
diabetes mellitus, acute renal failure, etc.) and prezatide (Pep11, a copper chelator
with many potential applications, such as wound healing). Besides N-terminal
conjugation, the dipyrrin moiety can also be constructed on the side chain of the
lysine of Pep11 by using orthogonal protecting group strategy (the side chain of
lysine was protected with a removable protecting group Alloc), which shows that
our procedure is not limited within N-terminal modification.

2.2.4 Conversion of dipyrrin-peptide conjugates into BODIPY counterparts

Figure 2.16 Boron complexation for post-cleavage dipyrrin-peptide conjugates. a Purified dipyrrin
conjugate was used, isolated yields compare with corresponding dipyrrin conjugate.

b

Crude

dipyrrin conjugates were used, isolated yields compare with substitution values of resin-bound
peptide. c EDT was used as reductant.

Next, we investigated boron complexation of synthesized dipyrrin-peptide
conjugates, which is a necessary step for convert non-fluorescent dipyrrin–peptide
conjugates to fluorecent BODIPY–peptide conjugates (Figure 2.16). Traditionally,
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this complexation step is conducted in solvents with relatively low polarity, such as
dichloromethane or toluene. However, in most cases, it is difficult for peptides to
dissolve in these solvents, while polar solvents, like MeOH, DMF, THF, resulted in
no complexation. Upon systematic solvent screening, acetonitrile (ACN) was found
as a suitable solvent which displays moderate solubility for peptide conjugates. Both
the purified dipyrrin–peptide conjugates and the crude product from SPPS were
converted into the corresponding BODIPY conjugates in ACN within few minutes
with acceptable yields. Notably, bulky base DIPEA have to be used and the products
should be separated from the reacting mixture rapidly, in order to avoid racemization.
The comparison between the 1H-NMR spectra of DP1-Pep1 and BODIPY1-Pep1 are
shown in Figure 2.18. Interestingly, the BODIPY-peptide conjugates with different
colour of fluorescence were prepared (Figure 2.17 and Table 2.2), further
demonstrating the practicability to achieve fast fluorescent labelling of de novo
peptides with tunable BODIPY dyes for bioimaging and biosensing. As description
in Section 1.4, the photophysical properties of BODIPY dyes are largely influenced
by the extent of electron delocalization around the boron centre (e.g. simple
BODIPY dyes emitting around 510 nm as green light, like BODIPY1-Pep1) by
peripherical substitutions on the dipyrrin to (i) extend the p-conjugation system with
aromatic/vinyl/ynyl groups (e.g. highly red-shifted BODIPY9-Pep1 to emit
orange/red light) and (ii) subtly fine-tune it with either electron-donating (e.g.
aliphatic groups in BODIPY3-Pep1 for slightly shifting to emit yellow light) or
electron-withdrawing groups (e.g. halogens).
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Figure 2.17 The fluorescence of 10 μM BODIPY-peptide conjugates in DMSO under 365 nm UV
light, with their normalized emission spectrum.

Table 2.2 Photophysical property of BODIPYn-Pep1 in DMSO.
λ absorption
(nm)
503
BODIPY1-Pep1
526
BODIPY3-Pep1
560
BODIPY9-Pep1
a.
the quantum yields are measured
95%).

ε
λ excitation
λ emission
τ (ns)
(× 104 M-1 cm-1)
(nm)
(nm)
5.81
501
515
3.18
5.10
526
542
5.23
4.07
557
599
0.991
by comparative method with reference rhodamine 6G in

Figure 2.18 The comparison of 1H-NMR between DP1-Pep1 and BODIPY1-Pep1.
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Φ (%) a
50.1
34.0
5.58
water (Φ =

2.2.5 BODIPY1-Pep4 as EBNA1-targeting fluorescent probe and PDT agent

Figure 2.19 Fluorescent titration of BSA and EBNA1 protein toward BODIPY1-Pep4. EBNA1
showed around 6 times enhancement over titration, while BSA showed only 3 times. Which
indicated BODIPY1-Pep4 is selective response to EBNA1 protein.

To prove the practical application of the BODIPY–peptide conjugates synthesized
above, the confocal imaging for BODIPY1-Pep4 (where Pep4 had been designed as
a nucleus-penetrating EBNA1-specific peptide that was described in Section 2.1.2)
with both an EBNA1 negative cell line (HeLa) and the EBNA1 positive cell line
(C666) (Figure 2.20 and Figure 2.21). As our expectation, more signal of BODIPY
(green) accumulated in the C666 cells’ nucleus where the EBNA1 proteins are
mainly located, while the uptake of BODIPY into the nucleus of HeLa cells was far
less. The confocal imaging experiments confirmed selective EBNA1-targeting
performance of BODIPY1-Pep4 in vitro despite different chromophore were used.
Besides, BODIPY1-Pep4 showed almost 5-fold binding-responsive fluorescence
enhancement (Figure 2.19) with EBNA1 protein, while only 2-fold enhancement
was observed with BSA protein. These results were all accorded with the previous
work in our group for other fluorescent dyes conjugates of Pep4.33,34,54
As meso-arylated BODIPY can be regards as photosensitiser that may generate
singlet

oxygen

under

excitation.
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ABDA

(9,10-Anthracenediyl-

bis(methylene)dimalonic acid) was used in the measurement of singlet oxygen
generation.55 The singlet oxygen quantum yield of BODIPY1-Pep4 was calculated
as 0.34 by using rose Bengal as reference (Figure 2.22 A and B), which indicated
the BODIPY1-Pep4 is able to generate moderate amount of ROS under excitation.
And the singlet oxygen can be observed by emission spectrum in NIR region (~ 1260
nm) (Figure 2.22 C). Therefore, the MTT assay was conduct in dark/light condition.
The light toxicity is higher than dark toxicity in C666 cell line, which indicated the
PDT effect of BODIPY1-Pep4 (Figure 2.22 D).

Figure 2.20 The confocal imaging of BODIPY1-Pep4 toward HeLa and C666. The green
fluorescent signal (from BODIPY) uptake in nucleus (blue) of C666 (EBNA positive cell line)
while not in nucleus of HeLa (EBNA negative cell line).
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Figure 2.21 Profiles of the emission intensity of the BODIPY1-Pep4 and nuclear blue were plotted
along the red arrow A. C666, B. HeLa. The signal of BODIPY1-Pep4 and nuclear blue overlapped
well in C666 cell line (EBNA positive) but not in HeLa cell line (EBNA negative).
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Figure 2.22 The singlet oxygen quantum yield measurement. The solution of ABDA (50 µM)
with rose Bengal (A, 10 µM) or BODIPY1-Pep4 (B, 10 µM) were irradiated, and the absorption
spectrum was recorded at 0, 1, 3, 5, 7, 9, 11 min. The decreasing rates of absorption intensity of
ABDA were used for calculation, where the singlet oxygen quantum yield of rose Bengal is 0.75;
C) Singlet oxygen signal was found on emission spectrum of BODIPY1-Pep4; D) Comparison of
dark/light cytotoxicity of BODIPY1-Pep4 toward C666 cell line. Light toxicity was significantly
higher than dark toxicity, which showed the PDT effect.
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2.3 Conclusion
An efficient and convenient methodology was developed to give the dipyrrinpeptides conjugates that can be further derived into highly emissive bioactive
BODIPY–peptide conjugates for multicolour imaging. Both symmetrical and
unsymmetrical dipyrrin moieties can be constructed on either the N-terminus or the
side chain of peptides that comprises all 20 natural and five unnatural amino acids
with good yield. The workload and cost for yielding dipyrrin/BODIPY-peptide
conjugates are greatly reduced by using this protocol, which therefore provide a
promising strategy for the development of high-throughput (HTS) screening
platforms of peptide-based fluorescent probes. The BODIPY-labelled EBNA1targetting peptide (BODIPY1-Pep4) obtained from this methodology exhibited
excellent in vitro performance as a specific fluorescent probe and PDT agent for
EBV infection. This work provides a new pragmatic alternative SPPS methodology
for fluorescent peptide production that can leverage and impact multifaceted
biomedical applications.
Although the application of dipyrrin-peptide conjugates was not investigated in this
chapter, they may be used as promising building block for the creation of novel
metal-peptide nano-frameworks. Also, as the given reaction was conducted
successfully in the surface of resin during the procedure of SPPS, it may also be
applied for surface modification of other solid material, like nanoparticle and
polymer. Moreover, based on this methodology, the cyclopeptides with
dipyrrin/BODIPY-bearing cyclic linkers can be obtained by intramolecular
construction of dipyrrins, which will be discussed in Chapter Three.
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Chapter Three. Direct formation of multifunctional
dipyrrin-based cyclopeptide
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3.1 Introduction
3.1.1 The disadvantages of linear peptides
As mentioned in Section 1.1, peptides can be used as drugs for various diseases and
are important lead compounds for discovery of PPIs modulators. The molecular
weights of peptides range between small molecule drugs and biomacromolecules.
Compared with small molecule drugs, peptide is more likely to satisfy the large and
swallow interface of PPIs. Compare with biomacromolecules, like antibodies,
peptides are relatively low cost and have higher cell permeability that make them be
available for intracellular PPIs.
Currently, although around 30 % of PPIs modulators are linear peptides. However,
their further development was severely limited by two of most critical disadvantages
(Figure 3.1): low stability and low potency. On one hand, as the protease are
ubiquitous in organisms, the linear peptide may be eliminated even in just minutes.
On the other hand, without the global restriction, short linear peptides cannot keep
their active conformation over time, which lead to low potency.

Figure 3.1 The disadvantages of linear peptide.
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To solve these problems, lots of strategies can be applied. To improve the stability,
lots of simple modifications are helpful. N-terminal capping (acylation or
conjugating with other moiety at last step of SPPS) and C-terminal modification (by
using different solid support during SPPS) are useful to prevent the digestion of
exopeptidases that only remove one amino acid on terminals each time. For
endopeptidase that can cleave peptide from middle, replacing residues with
unnatural counterparts (D-amino acids, α-disubstituted amino acids, N-substituted
amnio acids, etc.) are also useful. For example, the drug Cetrorelix, mentioned in
Section 1.1.3, contains 4 non-proteinogenic amino acids in its structure, have long
life time in vivo.1 Moreover, the resistance of peptides to endopeptidases also related
to their rigidity. It is more difficult for endopeptidases to cleave peptides from the
middle if peptides keep on specific conformations.
Design of peptidomimetics is another promising approach to overcome the
disadvantages of linear peptides.2–4 The peptidomimetics can be designed either
based on bioactive linear peptide or de novo.5–7 There are different types of
peptidomimetics, such as peptoids8–12, foldamers13,14 and cyclopeptides7,15.

3.1.2 Design and synthesis of cyclopeptides

Figure 3.2 Different types of cyclopeptide according to the location of cyclic linker.
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Cyclopeptide (also called cyclic peptides) is a subclass of peptidomimetic, which
append cyclic linkers on peptides.16–18 According the location of the cyclic linker,
cyclopeptides can be divided into four classes (Figure 3.2): head-to-tail, head-toside chain, side chain-to-side chain and side chain-to-tail, where head and tail here
refer to N-terminal and C-terminal, respectively. Because of the large chemical
diversity of the side chain of amino acids, side chain-to-side chain cyclization are
the most important in the development of new methodology for peptide
macrocyclization. All cyclization reactions for other three classes are also available
for side chain-to-side chain cyclization. Therefore, the reaction in following
paragraphs will focus on side chain-to-side chain cyclization.
In particular, the term “stapled peptide” is used when a single-turn (i, i+4) or a
double-turn (i, i+7) stapled linker is introduced for stabilizing the α-helix
conformation by side chain-to-side chain cyclization.19–24 On one hand, the
development of synthetic approaches for stapled peptide attracts lots of research
interest, as α-helix is most commonly secondary structure for PPIs modulators. On
the other hand, the developed synthetic approaches for stapled peptides, provide a
large number of chemical tools for macrocyclization, which are also available for
synthesizing other type of cyclopeptides.

Figure 3.3 On-resin peptide macrocyclization and in-solution peptide macrocyclization.
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The cyclization can be either conducted during SPPS (or-resin) or in-solution
(Figure 3.3). Cyclization during SPPS can be realized by using orthogonal
protecting group strategy. The protecting groups on two of residues have to be
removed without influence toward other functional groups. Then the cyclization was
conducted between two exposed reactive side chain functional groups. In-solution
cyclization is carried out between two reactive side chain functional groups via sitespecific reactions. On-resin cyclizations usually have better combability as all others
reactive side chain functional group was protected. The site-specific reactions are
necessary for in-solution cyclization as all side chains functional groups are usually
exposed under this situation. In-solution cyclization usually faster than on-resin
cyclization, and the intermolecular coupling can be avoided by conducting the
cyclization in a diluted solution.

Figure 3.4 One-component stapling and two-component stapling.

The synthetic approaches for stapled peptides can be classified into two types: onecomponent stapling and two-component stapling (Figure 3.4). For one-component
stapling, the cyclization was carried out between two reactive functional groups on
the side chain of amino acids directly. For two-component stapling, an additional
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linker is required for reacting with both two reactive functional groups on the side
chain of amino acids.

Figure 3.5 One-component stapling that conducted between natural amino acids. Disulfide bond
formation and lactonization.

The two of simplest one-component stapling (Figure 3.5), which can be applied on
the peptide without unnatural amino acids, are disulfide bond formation and
lactonization. Disulfide bond can be formed between the two side chain thiol groups
of Cys on-resin or in solution by oxidation.25 Lactonization can be carried out
between a side chain -NH2 (Lys, Orn, or artificial amino acids Dab, Dap) and a side
chain -COOH (Asp, Glu). Lactonization usually conducted on-resin by using the
orthogonal protecting group strategy since the undesired side reaction is usually
unavoidable unless there are only one -NH2 and one -COOH on the entire structure
of peptide.

Figure 3.6 One-component stapling via C-H bond activation between tryptophan and halogenated
tyrosine or phenylalanine.
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Other than the Cys, Lys, Asp and Glu that have a -SH/-NH2/-COOH on their side
chain, other natural amino acids were not commonly used for synthesizing stapled
peptide. Lavilla et al. reported a peptide cyclization method through C–H activation
stapling between the α-position of indole on side chain of tryptophan and an aryl
halide (Figure 3.6).26

Figure 3.7 One-component stapling via transitional metal catalysis. CuAAC and RCM reaction.

Two of most common methodologies for synthesizing stapled peptide are CuAAC
and ring-closing metathesis (RCM) (Figure 3.7). Both of these two methodologies
have to conducted under the catalysis of transition metals. As CuAAC and RCM
have been successfully used in drug discovery, diverse azide/alkyne/alkenecontaining amino acid building blocks became commercially available for satisfying
the requirement of screening of stapled peptides.

Figure 3.8 One-component stapling via Diels-Alder reaction.
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Although very few natural amino acids can be used for one-component stapling as
mentioned above, by using orthogonal protecting group strategy, other type of
functional groups can be further attached on to reactive chain (-NH2/-COOH/-SH)
during SPPS, then further cyclization can be conducted between two newly-coupled
parts. For example, Moellering et al. reported a peptide macrocyclization via
Diels−Alder cycloaddition (Figure 3.8).27 During SPPS, the -StBu protecting group
on side chain of Cys was removed selectively, followed by hexadiene alkylation.
The -Mmt protecting group on side chain of Lys was also removed, and the
maleimide fragment was attached. The Diels−Alder reaction was then carried out
either on-resin or in post-cleavage solution between these two newly-coupled
functional groups.

Figure 3.9 Potential side reaction of two-component stapling, di-substituted side reaction.

Compared with the one-component stapling, two-component stapling becomes a set
of more fixable methodologies that have some advantages: 1. The size of
macrocyclic structure may be adjusted by replacing the additional linker, rather than
amino acids themselves, which enable the late-stage diversification; 2. The
functional moieties, like fluorescent dye, targeting molecule or the anchor for further
conjugation, may be introduced at the same time or stepwise as the additional linkers;
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3. As the diversity of products can be increased by replacing linker only, twocomponents stapling is not much rely on the artificial amino acids. Two-component
stapling also have some disadvantages, the most important one should be the
relatively lower yield which result from more possibility of side reaction. For
example, the additional linker may be reacted with both two reactive functional
groups on side-chain to give a di-substituted product, rather than a cyclic product
(Figure 3.9). With more side reactions for competing, the reacting condition of twocomponent stapling should be investigated more carefully.

Figure 3.10 Two-component stapling via formation of thioester.

Two-component stapling were also conduct on side chain of Cys to form thioether
with alkyl dihalide (Figure 3.10). With a large variety of commercial sources of
alkyl dihalide, the size of cyclopeptide can be tuned easily. Although these
cyclization approaches were disclosed for decades, only recently years, Ng et al. had
reported to use azide-containing or diene-containing alkyl dihalide to form thioester,
then the SPAAC or Diels−Alder reaction. 28,29 Interestingly, the hexafluorobenzene
can be reacted with two -SH on the side chain of Cys to give a pare-disubstituted
stapled linker.30
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Figure 3.11 Examples of two-component stapling with the introduction of functional moieties.

The other methods for introducing additional part with -NH2/-COOH/-SH side chain
(Figure 3.11). Rivera et al. reported a peptide stapling methodology by
multicomponent reactions (MCRs). The resin-bound peptide with an unprotected
amine and an unprotected carbolic acid was treated with paraformaldehyde and
pyrrolidine, follow by isocyanides, the -NH2 and -COOH can be linked together to
form an amide with additional N-substituent that is come from isocyanide. By using
different isocyanides, they introduced various functional moieties, such as sugar,
lipid, PEG chain, even fluorescent dye, on the stapled linker. Perrin et al. used orthophthalaldehyde to incorporate two -SH on the side chain of Cys into an isoindole
that have fluorescence.31

Figure 3.12 Two-component stapling between lysine, tyrosine/arginine and formaldehyde.
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Recently, Chen et al. reported a cooperative stapling method between lysine and
tyrosine or lysine and arginine with formaldehyde (Figure 3.12).32 This work
significantly expanded the usage of natural amino acids for macrocyclization and
modification.

Figure 3.13 Two-component stapling via lactonization.

Two-component stapling can be also carried out by lactonization when there are two
unprotected -NH2 or two unprotected -COOH on the side chain of peptide (Figure
3.13). The two -NH2/-COOH can be reacted with a two -COOH/-NH2 containing
linker. Similarly, there are lot of commercially available diamines and dicarboxylic
acids, which give huge diversity for the products without replacing amino acids in
peptides.
Similarly, CuAAC was also reported for two-component stapling that two
azides/alkynes on the side chain of peptide can be reacted with a two alkynes/azidescontaining linker (Figure 3.14).
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Figure 3.14 Two-component stapling via CuAAC.

Although lots of chemistry have been developed for synthesizing stapled peptide,
design of stapled peptide is still challenge. The size and location of stapled linkers
is essential for the bioactivity of designed molecules. On one hand, the conformation
of stapled peptides has to be restricted within a proper α-helix conformation by
stapled linkers. On the other hand, the staple linkers should not interfere the binding
between stapled peptide and targeting protein. Therefore, the computation
techniques, such as MD situation, is necessary for designing stapled peptide. 24,33 For
example, RCM-based stapled p53 peptides were discovered by a series of
computational studies, which predict the conformation of stapled peptide by MD
simulation, for the PPI between p53-hDM2 interaction.34
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Figure 3.15 The design of β-hairpin for mimicking the β-sheet conformation. The examples of
turn templates were highlight in green.

As some PPIs was induced by β-sheet conformation, design of β-mimetic is also a
useful strategy. β-mimetics are usually realized by β-hairpins, which contain a turn
templates to form an antiparallel β-sheet sequence.35–39 Turn templates can consist
of two amino acid sequence L-Pro-L-Gly or L-Pro-D-Pro, as well as other nonpeptide templates (Figure 3.15). Recently, Daniel et al. also developed a SPPS
approach for parallel β-sheet.40 Additional cyclization was usually carried for further
stabilizing the β-sheet conformation.

3.1.3 Integrin αvβ3.
Integrins are a series of transmembrane receptors that are vital for cell-cell and cellextracellular matrix (ECM) adhesion. 41 The growth and division of cells depend on
the ECM that consist of collagens which serve as skeleton and various glycoproteins,
such as proteoglycans, laminins, vitronectins and fibronectin. The glycoproteins are
tightly attached with ECM and serve as ligands for integrins. For example,
fibronectin, a high-molecular weight (~ 500 kDa) glycoprotein, which binds to play
important role in cell adhesion, growth, migration, differentiation and carcinoma
development. When ligands binding to integrin, the change of conformation lead to
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signal transduction pathways that result in intracellular event, such as regulation of
the cell cycle, reorganization of the cytoskeleton, and deployment of receptors on
the cell membrane (Figure 3.16).42 Integrins are found in all animals while integrinlike receptors are also found in plant cells. 41 There are several types of integrins, and
a single cell generally has multiple different types on its surface at same times.

Figure 3.16 The role of integrin in cell-ECM adhesion. The ECM-embed glycoproteins activate
the integrin by binding, and active integrins are then able to bind with downstream protein in cell.

Figure 3.17 The integrins with different α and β subunits and their functions.

84

Integrins are heterodimers that consist of α and β subunits. There are 18 α subunits
and 8 β subunits to form integrins in human (Figure 3.17). There are 24 human
integrins are in total by different combinations of the α and β subunits. 9 of 24
integrins contain a I-domain that can bind to either ECM or same domain of another
cell. Another 8 of 24 integrins can bind to short amino acid sequence Arg-Gly-Asp
(RGD motil) of some ECM glycoprotein. Remining 7 integrins are all β 1, which may
serve as receptors for non-protein ligands.

Figure 3.18 The RGD motif plays vital role on the PPI between fibronectin and α vβ3.

Integrin αvβ3, consisting of two components, integrin alpha-V and integrin beta-3, is
a specific receptor for glycoprotein vitronectin that binds via it RGD motif.43 αvβ3 is
expressed by platelets and is also a receptor for phagocytosis on macrophages or
dendritic cells.44 Integrin αvβ3 is potential drug target because abnormal expression
of αvβ3 is linked to the development and progression of various diseases. The roles
of αvβ3 in angiogenesis, cancer and other diseases, are linked to the blood supply for
problematic overgrowths. The monoclonal antibody etaracizumab that targeting α vβ3
specifically has been used for patients who treated by dabigatran (Pradaxa) for
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reversal of the anticoagulant effects.45 The PPI between αvβ3 and ECM glycoproteins
was revealed by a series of co-crystal structure between αvβ3 and ECM glycoproteins,
such as fibronectin (PDB code: 4MMX)46. (Figure 3.18). Therefore, RGD peptide
was thought as promising ligand for αvβ3, as well as other RGD-binding integrins.
Although linear RGD peptides are able to bind to α vβ3, they showed poor selectivity
between different RGD-binding integrins as its flexible conformation.

Figure 3.19 The examples of αVβ3-targeting cRGD peptides.

The RGD cyclopeptides (cRGD) were designed as specific ligand for α vβ3 by
constrain the RGD motif within a suitable conformation (Figure 3.19). Most
successful example of cRGD is Cilengitide 47 which is a drug candidate undergoing
phase III clinical trials. The cyclo(-RGDfK-) and cyclo(-RGDyK-), are lysingcontaining cRGD peptide, showed similar bioactivity as Cilengitide, are frequently
used in lots of research as it can be used further conjugated via its lysing’s side
chain.48 The synthesis of cyclo(-RGDfK-) or cyclo(-RGDyK-) and their conjugates
can be regarded as exemplars for both on-resin head-to-tail cyclization and
orthogonal protecting group strategy (Figure 3.20).49 Commerce with attaching
Fmoc-Asp-OAll onto acid resin via the -COOH on side chain rather than C-terminal,
the SPPS was continued by coupled Fmoc-Gly-OH, Fmoc-Arg(Pbf)-OH, Fmoc-DPhe-OH and Fmoc-Lys(Mtt)-OH. The -Fmoc on the N-terminal and the -OAll on C86

terminal were removed selectivity, then intramolecular cyclization was carried out
to form the cyclopeptide on resin. The -Mtt protecting group on lysine can be
removed, and another -COOH-containing functional part, such as fluorescent dyes,
targeting moieties, can be further attached before global cleavage to give the α vβ3
ligand with specific function. Also, the cyclo(-RGDfK-) and cyclo(-RGDyK-)
became commercially available as they were used frequently in lots of previous
studies. Therefore, solution phase conjugation on side chain of lysine were also
reported although they risk the side reactions. For example, as mentioned in Section
2.1, Conti et al conjugated a BODIPY onto αvβ3-targeting c(RGDyK) peptide by
solution phase amidation directly, which was used as PET and fluorescence dual
modality agents for tumor imaging.50

Figure 3.20 Synthetic route of cyclo(-RGDfK-) conjugates by SPPS.
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3.2 Result and discussion
3.2.1 General design
As mentioned in section 3.1.2, lots of synthetic methodologies have been developed
for the production of cyclopeptides. The “one-component stapling” can be used for
constructing cyclopeptides with milder reaction conditions and higher yield, but
cannot provide additional function on the stapled linker. Although the “twocomponent stapling” showed the potential to provide the additional functions as the
stapled linker can be further diversified, the introduction of additional parts still
required additional reactions. Although some works also provided additional
function by the stapled linker itself, their application still very limited.
Based on the methodology describe in Chapter Two that constructed dipyrrin during
SPPS, we assumed that these reactions can be conducted intramolecularly to give
the cyclopeptide with a dipyrrin-based stapled linker which can be used as metal
sensors and fluorescent dyes after boron complexation.
The commercial source of a suitable pyrrole building block for intramolecular trial
is hard to find. At the beginning, we tried the reaction between two 5-formyl-2,4dimethyl-3-pyrrolecarboxylic acid or 2,4-dimethyl-3-pyrrolecarboxylic acid on
resin. But all reactions were failed, which may be ascribed to the reactivity of pyrrole
which was undermined by the -COOH on the -position of pyrrole. Finally, the
commercial available 3-(2,4-dimethyl-1H-pyrrol-3-yl)propanoic acid was used, and
the desired reactions was tried successfully.

3.2.2 Synthesis of dipyrrin cyclopeptide
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Figure 3.21 Formation of dipyrrin-based cyclopeptide. Percent conversion was determined by
HPLC. The meso-position (red part in structure) was introduced by different condition:

a

Orthoester, POCl3, DCM, 12 h; b Acyl chloride, DCM, 12 h; c 1) aldehyde, BF3·OEt2, DMF, 12 h;
2) DDQ, DCM, 1 h; * Further reactions were carried out after formation of dipyrrin to yield
corresponding products.

Figure 3.22 The synthetic route of dipyrrin cyclopeptide synthesis on GHK peptide.
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All products obtained by on-resin dipyrrin construction were list on Figure 3.21 with
their precent conversion. At first beginning, The GHK peptide were used for trial.
As mention in Chapter Two, GHK peptide based on FDA approved drug prezatide
(Pep11) that server as a copper chelator was used for treating different diseases. As
shown in Figure 3.22, with a removable protection group (-Mtt was used here) on
side chain of lysine, resin-bound GHK peptide with two amine groups can be
obtained during SPPS after Fmoc deprotection and Mtt deprotection. The -COOH
containing pyrrole building block, 3-(2,4-dimethyl-1H-pyrrol-3-yl)propanoic acid,
was coupled onto amine groups on both N-terminal and side chain of lysine. Then,
different reactions were tried for constructing the dipyrrin moieties between two
newly coupled pyrrole building block. The commercially available orthoesters were
used for constructing dipyrrin with hydrogen, methyl or ethyl on meso-position
(cDP1-Pep11, cDP2-Pep11 and cDP3-Pep11) under the aid of POCl3 in DCM. The
acetyl chloride was also tried to form cDP2-Pep11 in DCM, but the precent
conversion and yield decreased dramatically. Interestingly, the pyrrole on-resin can
be condensed with the aldehyde in solution under the catalysis of BF3·OEt2 in DMF
as previous project describe in Chapter Two, and dipyrrin cyclopeptide can be
obtained with high precent conversion after DDQ oxidation and global cleavage.
When 4-formylbenzoic acid, which is also called 4-carboxybenzaldehyde when it is
regarded as an aldehyde building block, was used, a -COOH containing dipyrrinbased cyclopeptide can be obtained (cDP8-Pep11), the SPPS even can be continue
via the -COOH on resin to give cDP9-Pep11 with addition peptide chain on the meso
position of dipyrrin.
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Figure 3.23 The synthetic route of synthesis of dipyrrin-based bicyclic peptide cDP1-Pep12 and
cDP1-Pep13-16.

Figure 3.24 The synthetic route of synthesis of dipyrrin-based bicyclic peptide bcDP-Pep17.

Similarly, with the orthogonal protecting group strategy, cDP1-Pep12 (dipyrrinbased GAK cyclopeptide) and cDP1-Pep13-16, (the dipyrrin-based cRGD peptide
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with different ring size) were also synthesized from their two amines containing
peptide on resin (Figure 3.23). The same reaction for synthesizing cDP1-Pep11 were
applied to the side chain amine deprotected XRGDX, where X here are amino acid
residue with amine group on side chain. For investigating the influence of size of
cyclopeptide to the binding affinity with α vβ3, amino acid X here can be Lys, Orn,
Dab and Dap, which have 4 to 1 -(CH2)- between α-C and side chain -NH2.

Figure 3.25 The synthetic route of synthesis of dipyrrin-bis-peptide conjugate DP18-bis(Pep18).

The orthogonal protecting group strategy were used to synthesize bicyclic peptide
example bcDP-Pep17. As shown on Figure 3.24, the peptide chain with five amino
acid residues and three different amine protection group was assembly. Then, the
protecting group on the side chain of the 1st and the 5th residues, the Fmoc and Mtt,
were removed selectively, and the 3-(2,4-dimethyl-1H-pyrrol-3-yl)propanoic acid
was coupled. Different route was tried to get desired bicyclic peptide. Route A, the
protecting group on side chain of the 3rd residues was removed, and a benzaldehyde
moiety was coupled, the condensation between on-resin pyrrole and on-resin
aldehyde was tried, but no product was obtained as the “total-solid” condensation
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failed. Therefore, route B was conducted that construct a -COOH containing dipyrrin
as previous method at first, then the protecting group on the 3rd residue was removed
and the intramolecular amidation was carried to give the desired product.
Interestingly, the reaction was also tried on peptide chain with only one unprotected
amine group, the “inter-branch” condensation happened between two peptide chain
which give the dipyrrin-bis-peptide conjugate DP18-bis(Pep18) (Figure 3.25).

Figure 3.26 The synthetic route of synthesis of liner dipyrrin-GHK peptide conjugate DP19Pep11.

The linear dipyrrin-GHK peptide conjugate DP18-Pep11 was also synthesized with
routine SPPS as a control for investigating the fluorescent responsivity of DP18Pep11 toward zinc ion. (Figure 3.26)

3.2.3 Dipyrrin/BODIPY-based cRGD peptide as αvβ3 probe
To prove the protease resistance of dipyrrin-based cyclopeptides are improved
compare with its corresponding linear peptide, the protease stability assay was
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conducted for both Pep13 (linear KRGDK peptide) and cDP1-Pep13 (dipyrrinappended KRGDK cyclopeptide). The result showed that linear peptide Pep13 was
decomposed completely within 30 min, while around 60 % of cDP1-Pep13 still
remained after 4 h. This result proved that the protease stability of cyclopeptide
cDP1-Pep13 is far higher than corresponding liner peptide Pep13 (Figure 3.27).

Figure 3.27 In vitro trypsin resistance assays for cyclic cDP1-Pep13 versus linear Pep13 at 37 ℃.

The Circular dichroism (CD) measurement was performed, at 25 °C, to analyze if
there are any conformational differences between linear XRGDX peptides (Pep13-16)
and dipyrrin-base cyclopeptides (cDP1-Pep13-16) (Figure 3.28). As results, all
peptides showed no typical secondary structure, neither α-helix nor β-sheet. But the
shape of peak signals of the cyclic samples were more obvious, which indicated the
restriction of cyclopeptide for their conformation.

94

Figure 3.28 The CD spectrum of 50 µM linear peptides Pep13-16 and dipyrrin cyclopeptides cDP1Pep13-16 in PBS 7.4.

The αvβ3 competitive displacement assay48,51 was carried to evaluate the binding
affinity of cDP1-Pep13-16 toward αvβ3 protein. As Figure 3.29, the y-axis represents
the precent replacement of vitronectin that is the endogenous ligand for α vβ3 protein.
Among cDP1-Pep13-16, cDP1-Pep14 showed evident dose-dependent increase in
precent replacement as the positive control Cilengitide, which indicated the
relatively high binding affinity between cDP1-Pep14 and αvβ3. Moreover, the binding
affinity of cDP1-Pep14 higher than its linear counterpart Pep14, which prove the
significance of dipyrrin-based staple linker for the bioactivity of cDP1-Pep14. The
result of competitive displacement assay also accorded well with molecular docking
with the estimated binding energies in the order of cDP1-Pep14 > cDP1-Pep13/15 >
cDP1-Pep16 > Pep13-16 (Table 3.1 and Figure 3.30).
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Figure 3.29 αvβ3 binding assay of dipyrrin cyclopeptides cDP1-Pep13-16, linear peptide Pep14, and
the positive control cilengtide.

Table 3.1 The estimated docking energies of Pep13-16 and cDP1-Pep13-16 with αvβ3 protein (PDB:
4MMY) with the residues that exist H-bond interactions with the docked position of respective
compound.
Compound
Pep13
Pep14
Pep15
Pep16
cDP1-Pep13
cDP1-Pep14
cDP1-Pep15
cDP1-Pep16

ΔG (kcal/mol)
−6.1
−5.5
−5.2
−5.2
−8.0
−8.8
−8.0
−7.2
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H-bond interaction residues
−
Asp 148, Tyr 1090
Glu 1144
Ala 1142
Tyr 178, Ser 1047
Asp 218, Tyr 1090
Ala 215
Ala 215

Figure 3.30 The docked structure of cDP1-Pep14 with αvβ3 (PDB: 4MMY) with ΔG = −8.8
kcal/mol. The dipyrrin connector are shown in magenta while the peptide is shown in green.
Fibronectin were overlayed in yellowish white with transparency as a comparison.

Next, we tried boron complexation on dipyrrin cRGD peptides. cDP1-Pep13 and
cDP1-Pep14 were converted into corresponding fluorescent BODIPY counterparts
cBODIPY1-Pep13 and cBODIPY1-Pep14 in acceptable yield (Figure 3.31). These
two BODIPY cRGD peptide are highly water-soluble as they can be completely
dissolved in HEPES buffer to form a 1 mM solution. The fluorescent property of
cBODIPY1-Pep13 and cBODIPY1-Pep14 were measured, the maxima excitation and
emission wavelength are 522 nm and 533 nm, respectively. And the quantum yield
(Φ) is over 0.9 and the lifetime (τ) is over 7 ns (Table 3.2 and Figure 3.32).
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Figure 3.31 Boron complexation of cDP1-Pep13 and cDP1-Pep14.

Table 3.2 The photophysical property of cBODIPY1-Pep13 and cBODIPY1-Pep14 in HEPES
buffer.
Φa
λabs (nm)
ε (× 104 M-1 cm-1) λexc (nm) λem (nm)
τ (ns)
525
2.80
522
533
7.2
0.92
cBODIPY1-Pep13
525
2.76
522
533
7.1
0.93
cBODIPY1-Pep14
a.
the quantum yields are measured by comparative method with reference rhodamine 6G in water (Φ =
95%).

Figure 3.32 The normalized excitation and emission spectrum of cBODIPY1-Pep14.

The in vitro confocal imaging for cBODIPY1-Pep14 was conducted (Figure 3.33).
Different cell lines, include αvβ3-overexpressed bladder cancer T24 cell lines, as well
as the negative control normal MRC5 and cervical cancer HeLa cell lines were used.
Both cBODIPY1-Pep14 (green) and the fluorescent αvβ3-targeting antibody (red)
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showed good preferential cellular uptake and excellent signal overlapping in T24
cell lines, but not in the others cell lines. This result indicated the great potential of
cBODIPY1-Pep14 as a fluorescent cyclopeptide-based targeted αvβ3 probe whose
fluorescence come from the BODIPY staple linker.

Figure 3.33 Confocal imaging of cBODIPY1-Pep14 (green) and fluorescent αvβ3-specific antibody
(red) in T24, MRC5, and HeLa cell lines.

3.2.4 Dipyrrin-based cGHK peptide as selective zinc sensor
The fluorescent titration was carried out for cDP1-Pep11 with zinc ion (Figure 3.34).
Surprisingly, the fluorescent intensity increased over 130 folds during titration. The
detection limit of 1 µM cDP1-Pep11 toward zinc ion was calculated as 4.37 nM. The
quantum yield of cDP1-Pep11 with statured zinc ion is around 0.31. And the binding
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constant of 1a with zinc ion in aqueous medium is around 1.418 × 10 6 M-1, which is
not a strong binding. Therefore, the fluorescent titration can be reserved by addition
of DTPA, a strong metal chelator. The stoichiometry between cDP1-Pep11 and zinc
ion was determined as 1:1 by Job’s plot52 (Figure 3.35).

Figure 3.34 The fluorescent titration of cDP1-Pep11 with zinc(II) ion.

Figure 3.35 Determination of stoichiometry between cDP1-Pep11 and zinc ion via Jobs’ plot. The
total concentration of cDP1-Pep11 and ZnCl2 is 1 μM.
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To prove the selectivity of cDP1-Pep11 toward zinc ion, fluorescent titrations were
conducted with various metal ions (Figure 3.36). The result showed that only zinc
led to significantly enhancement on fluorescence (blue bars on Figure 3.36), which
may due to the dipyrrin can be complexed with zinc in room temperature quickly.
Also, the existence of other metals showed less effect on the responsibility of 1a
toward zinc ion (red bars on Figure 3.36).

Figure 3.36 The fluorescent responses of cDP1-Pep11 toward various metal ions.

The fluorescent titrations were also conducted for cDP2-Pep11, cDP4-Pep11, cDP1Pep12 and DP18-Pep11 (Figure 3.37 and Table 3.3). But none of them showed as
good result as cDP1-Pep11. For cDP2-Pep11 and cDP4-Pep11 whose meso position
are substituted by methyl and phenyl, although similar binding constant were
calculated, only very slight enhancement in fluorescence were observed, the
fluorescence was still too faint to use as a zinc sensor. The failure of cDP2-Pep11 and
cDP4-Pep11 may be ascribe as the property of corresponding dipyrrins themselves.
For cDP1-Pep12, a GAK peptide-based product which removed the imidazole of
GHK peptide of cDP1-Pep11, also showed over 100 folds enhancement as the
addition of excess zinc ion. However, its sensitivity is far lower the cDP1-Pep11, the
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binding constant of cDP1-Pep12 is around 1/50 of binding constant of cDP1-Pep11,
and the quantum yield of cDP1-Pep12 with statured zinc ion is around 0.22. The
lower binding constant of cDP1-Pep12 showed the importance of imidazole in cDP1Pep11 for stabilizing the zinc complex. The linear dipyrrin-GHK peptide conjugate
DP18-Pep12 show less binding constant and less brightness compare with
cyclopeptide cDP1-Pep11. The quantum yield of 8 with saturated zinc ion is only
0.13. The comparison between cDP1-Pep12 and DP18-Pep11 showed the importance
of cyclopeptide backbone that may decrease the vibration of complex. The lifetime
of cDP1-Pep11, cDP1-Pep12 and DP18-Pep12 (with statured zinc ion) are 2.90 ns, 2.04
ns and 1.72 ns, respectively, which also reveal the relatively higher stability of zinc
complex of cDP1-Pep11.

Table 3.3 The photophysical property of cDP1-Pep11, cDP1-Pep12 and DP18-Pep18 in HEPES
buffer with saturated zinc ion.
Φa
λabs (nm)
ε (× 104 M-1 cm-1)
λexc (nm)
λem (nm)
τ (ns)
496
2.66
498
503
2.9
0.31
cDP1-Pep11
497
2.79
498
503
2.0
0.22
cDP1-Pep12
496
2.33
498
503
1.7
0.13
DP18-Pep18
a.
the quantum yields are measured by comparative method with reference rhodamine 6G in water (Φ =
95%).

Figure 3.37 The zinc fluorescent titration for cDP2-Pep11, cDP4-Pep11, cDP1-Pep12, DP18-Pep18.
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The binding between cDP1-Pep11 and zinc ion was also investigated by NMR
titration (Figure 3.39). As the addition of zinc salt, the signal of imidazole-NH and
dipyrrin-NH were decreasing simultaneously, which indicated the zinc atom may
binding with imidazole-NH and dipyrrin-NH at the same time. The two imidazoleCH were also keep shifting during titration, while other signals remain unchanged.

Figure 3.38 MTT assay of cDP1-Pep11 toward (A) HeLa and (B) MRC5 cell lines.

We further investigated the application of cDP1-Pep11 for cell lines as a selective
zinc sensor. The MTT assay showed no cytotoxicity of cDP1-Pep11 and cDP1-Pep12
toward HeLa and MRC5 cell lines (Figure 3.38). The concentration of HeLa cell
line in our experiment is around 500 nM, which can be detected by cDP1-Pep11
successfully. And the fluorescent signal can be quenched completion by addition of
zinc chelator TPEN. Interestingly, the cDP1-Pep11 showed selective uptake in HeLa
and MRC5 (Figure 3.40).
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Figure 3.39 The changes in NMR spectrum of cDP1-Pep11 upon the addition of Zn(OAc)2.

Figure 3.40 Confocal imaging of cDP1-Pep11 in HeLa and MRC5 cell line, as well as in HeLa cell
line with zinc chelator TPEN.
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3.3 Conclusion
In summary, we developed a new and highly efficient synthetic protocol towards
multifunctional fluorescent cyclopeptides via solid-phase dipyrrin coupling-driven
peptide macrocyclization, where the embedded dipyrrin serves as a new
multifunctional staple linker. In two of our models, with the cyclic RGD and GHK
peptide backbones, the embedded dipyrrin can be, respectively, either transformed
to fluorescent BODIPY (cBODIPY1-Pep14) and then utilized as a bladder cancer
cell (T24)-selective targeted αvβ3 integrin probe in vitro, or directly employed as a
selective zinc sensor (cDP1-Pep11) in aqueous media and live cells with preferential
accumulation in the cervical cancer (HeLa) over the normal (MRC5) cell lines. From
these first-generation multifunctional fluorescent cyclopeptides (cBODIPY1-Pep14
and cDP1-Pep11), insights have been gained for the importance of the linker length
of the cyclic peptide scaffold and the presence of donor sidechain as multidentate
ligand. This work blueprints the development of multifunctional staple linkers in
fluorescent cyclopeptides for a wide range of future potential biological applications.
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Experimental

4.1 Chemistry
Reagents. Most amino acid building blocks for Fmoc-strategy SPPS were purchased
from Bidepharm. Fmoc-Orn(Mtt)-OH and Fmoc-Dap(Mtt)-OH were purchased
from ChemPep. The structure of building blocks for unnatural amino acids Fmoc-6Ahx-OH, Fmoc-2-Nal-OH, Fmoc-4-Cpa-OH, Fmoc-3-Pal-OH and Fmoc-Cit-OH
were listed on Figure 4.1. The Rink Amide resin (100-200 mesh) and Wang resin
(100-200 mesh) were purchased from Sigma-Aldrich for synthesizing peptides with
amide and acid C-terminal respectively. All aldehyde and pyrrole building blocks
are commercially available except the pyrrole for synthesizing DP8 and DP11 are
synthesized according literature.1 The pyrrole building block in chapter three, 3-(2,4dimethyl-1H-pyrrol-3-yl)propanoic acid, was purchased from Bidepharm. Solvents
and other reagent were purchased and used without further purification.

Figure 4.1 The building blocks for unnatural amino acids used in projects.

Analytical HPLC. Analytical HPLC was performed on an Agilent 1100 series
HPLC system (Agilent Technologies, Stockport, UK) equipped with a diode-array
detection (DAD) detector and Agilent C18 column (250 mm x 4.6 mm) at the
following gradients:
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Table 4.1 Gradient A for analytical HPLC
Time
(min)
0
40
41
55

A%
(H2O + 0.1 % TFA)
95
50
0
0

B%
(MeCN + 0.1 % TFA)
5
50
100
100

Flow
(mL/min)
0.5
0.5
0.5
0.5

B%
(MeCN + 0.1 % TFA)
20
80
100
100

Flow
(mL/min)
0.5
0.5
0.5
0.5

B%
(MeCN + 0.1 % TFA)
20
100
100

Flow
(mL/min)
0.5
0.5
0.5

Table 4.2 Gradient B for analytical HPLC
Time
(min)
0
40
41
55

A%
(H2O + 0.1 % TFA)
80
20
0
0

Table 4.3 Gradient C for analytical HPLC
Time
(min)
0
60
70

A%
(H2O + 0.1 % TFA)
80
0
0

Preparative HPLC. The purifications of products were carried out on Waters semipreparative system with Waters 2707 Autosampler, Water 1525 Binary HPLC Pump,
Waters 2998 Photodiode Array Detector and Waters Fraction Collector III and
Atlantis® T3 Prep OBDTM column (C18, 5 μm, 19×250 mm). The Gradient usually
refer to the analytical HPLC but flow rate is 5 mL/min. The fractions were collected
and verified by ESI-MS.
Mass spectrometry. High-resolution mass spectra, reported as m/z, were obtained
from Bruker Autoflex MALDI-TOF mass spectrometer. Low-resolution mass
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spectra were conducted by SCIEX 3200Q ESI mass spectrometer was also used for
monitoring reaction and determining correct fraction during purification of product.
Nuclear magnetic resonance. NMR spectra were recorded on a Bruker Ultrashield
400 Plus NMR spectrometer (1H NMR on 400 MHz, 13C NMR on 101 MHz. The 1H
NMR chemical shifts were referenced to corresponding solvent peak (2.50 for
DMSO-d6 and 3.31 for methanol-d4). The following abbreviations were used to
explain the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet
of doublets, m = multiplet, br = broad.
General procedure of solid phase peptide synthesis. Standard Fmoc-based SPPS
procedure was carried out manually. The SPE filtration tube with frits were used for
most procedures except Alloc deprotection. To load first amino acid onto Rink
Amide resin, Fmoc-deprotected resin was shaken with amino acid building block (4
eq.), PyBOP (4 eq.) and DIPEA (8 eq.) in DMF (4 mL/ 0.1 mmol) overnight. After
loading first amino acid, the resin was washed with DMF (4 mL ×3) and DCM (4
mL ×3). Then, the shaken with Ac2O/Pyridine, v/v, 3/2 (4 mL/ 0.1 mmol) for 30 min
to cap all remining reacting site on resin. However, capping was NOT conducted if
the side chain protecting group of the first coupled amino acid is Mtt as the Mttprotected amine may undergo acetylation. During peptide elongation, the resin was
shaken with amino acid building block (4 eq.), PyBOP (4 eq.) and DIPEA (8 eq.) in
DMF (4 mL/ 0.1 mmol) for 2-12 h. To remove Fmoc protecting group during SPPS,
the resin was shaken with either commonly used formular (20 % piperidine in DMF)
or Fmoc alternative deprotection cocktail2 (5% w/v pyrazine, 1 % v/v DBU, 1 % v/v
formic acid in DMF, 4 mL/ 0.1 mmol) for 25 min. For removing Mtt protecting
group, the resin was mixed with 1 % v/v TFA in DCM (4 mL/ 0.1 mmol) and shaken
for around 2 min before removing solution phase, repeat this procedure for around
15 times, the change of color of solution phase (colorless to yellow to colorless)
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indicated the completion of Mtt deprotection. To remove Alloc protecting group, the
resin was transferred into a flash chromatography column with frits on its bottom, a
solution of Pd(PPh3)4 (0.1 eq.) and PhSiH3 (20 eq.) in DCM (8 mL/ 0.1 mmol) was
mixed with resin, and the N2 was bubbled from the bottom of chromatography
column to agitate the resin and keep reaction under inert atmosphere. The reaction
time of Alloc deprotection is around 4 h, to ensure fully deprotection, part of resin
could be taken, wash, cleaved and then verified by ESI-MS. The resin was fully
washed with DMF and DCM after each single step, and washed two more times with
DMF or DCM according the solvent for coming step. Before removing last Fmoc
protecting group, the substitute value of resin bound peptide was calculated by the
method from literature3. Global cleavage was carried out with different cocktail (4
mL/ 0.1 mmol) and reaction time according different amino acid composition of
each peptide. Cocktail A: TFA/TIPS/H2O, v/v/v, 95/2.5/2.5; Cocktail B:
TFA/EDT/p-Cresol/H2O, v/v/v/v, 90/5/2.5/2.5. Upon completion, the post-cleavage
solution phase was collected, and the resin was more times wash with fresh prepared
cleavage cocktail. The combined post-cleavage solution phase was concentrated by
nitrogen-blow, then diethyl ester (over 5/1, v/v) was added, and formed precipitate
was collected by centrifugation (10000rpm, 8min). The precipitate was re-dissolved
by methanol, then repeat precipitation and centrifugation again. The crude product
was re-dissolved in water/MeCN, and purified by preparative HPLC.
H2N-YFMVF-CONH2 (Pep1). The Fmoc-Phe-OH, Fmoc-Val-OH and Fmoc-MetOH, Fmoc-Phe-OH and Fmoc-Tyr(tBu)-OH were coupled on Rink amide resin
during SPPS. Global cleavage condition: cocktail A, 2 h. Yield: 60 %. White powder.
Analytical HPLC: Gradient C, retention time: 23.9 min, purity: 96.6 %.
HRMS(MALDI-TOF): calc. for C37H49N6O6S+ [M+H]+ 705.3429, found 705.3489;
calc.

for

C37H48N6NaO6S+ [M+Na]+ 727.3248,
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found

727.3251;

calc.

for

C37H48KN6O6S+ [M+K]+ 743.2988, found 743.3027. 1H NMR (400 MHz, Methanold4) δ 7.26 – 7.14 (m, 10H), 7.11 – 7.04 (m, 2H), 6.81 – 6.72 (m, 2H), 4.89 (s, 1H),
4.70 (tt, J = 8.3, 5.9 Hz, 2H), 4.40 – 4.31 (m, 1H), 4.07 (dd, J = 8.6, 4.8 Hz, 1H),
3.20 – 3.05 (m, 3H), 2.98 – 2.79 (m, 3H), 2.56 – 2.38 (m, 2H), 2.01 (s, 6H), 0.90 (dd,
J = 6.8, 5.1 Hz, 6H); 13C NMR (101 MHz, Methanol-d4) δ 129.58, 128.28, 128.22,
127.43, 127.34, 125.74, 114.80, 53.39, 47.52, 47.31, 47.10, 46.89, 46.67, 46.46,
46.25, 37.23, 37.05, 35.71, 31.38, 30.27, 28.97, 17.65, 16.99, 13.27; 1H NMR (400
MHz, DMSO-d6) δ 9.38 (s, 1H), 8.77 (d, J = 8.1 Hz, 1H), 8.44 (d, J = 7.9 Hz, 1H),
8.02 (d, J = 8.2 Hz, 1H), 7.99 – 7.92 (m, 2H), 7.83 (d, J = 8.8 Hz, 1H), 7.38 (d, J =
2.2 Hz, 1H), 7.30 – 7.15 (m, 10H), 7.06 (s, 1H), 7.04 (d, J = 8.5 Hz, 2H), 6.72 – 6.67
(m, 2H), 4.65 (td, J = 8.7, 4.2 Hz, 1H), 4.50 – 4.42 (m, 2H), 4.18 – 4.13 (m, 1H),
3.89 (s, 1H), 3.08 – 2.93 (m, 3H), 2.82 (ddd, J = 14.0, 9.3, 6.6 Hz, 3H), 2.42 (ddp, J
= 13.1, 9.3, 6.9, 6.2 Hz, 2H), 2.03 (s, 3H), 1.97 – 1.87 (m, 2H), 1.79 (dtd, J = 14.2,
9.4, 6.1 Hz, 1H), 0.79 (dd, J = 6.8, 2.2 Hz, 6H); 13C NMR (101 MHz, Methanol-d4)
δ 129.58, 128.28, 128.22, 127.43, 127.34, 125.74, 114.80, 53.39, 47.52, 47.31, 47.10,
46.89, 46.67, 46.46, 46.25, 37.23, 37.05, 35.71, 31.38, 30.27, 28.97, 17.65, 16.99,
13.27; 13C NMR (101 MHz, DMSO-d6) δ 172.61, 170.66, 170.58, 170.40, 156.52,
137.70, 137.37, 130.53, 129.19, 129.00, 128.06, 127.91, 126.32, 126.14, 124.42,
115.25, 57.57, 53.96, 53.45, 53.23, 51.93, 37.57, 37.39, 36.08, 31.92, 30.59, 29.47,
19.08, 17.90, 14.58.
H2N-YFIVFGGKRPR-COOH (Pep2). The Fmoc-Arg(Pbf)-OH, Fmoc-Pro-OH,
Fmoc-D-Arg(Pbf)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Gly-OH, Fmoc-Gly-OH, FmocPhe-OH, Fmoc-Val-OH, Fmoc-Ile-OH, Fmoc-Phe-OH and Fmoc-Tyr(tBu)-OH
were coupled on wang resin during SPPS. Global cleavage condition: cocktail B, 4
h. Yield: 54 %. White powder. Analytical HPLC: Gradient B, retention time: 16.8
min,

purity:

98.4

%.

HRMS(MALDI-TOF):
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calc.

for

C71H110N19O14+ [M+H]+ 1452.8474,

found

1452.8474;

calc.

for

C71H109N19NaO14+ [M+Na]+ 1474.8294, found 1474.8294.
H2N-C-Ahx-RrRKGGYFMVF-COOH (Pep3). The Fmoc-Phe-OH, Fmoc-ValOH and Fmoc-Met-OH, Fmoc-Phe-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Gly-OH, FmocGly-OH, Fmoc-Lys(Boc)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-D-Arg(Pbf)-OH, FmocArg(Pbf)-OH, Fmoc-6-Ahx-OH and Fmoc-Cys(Trt)-OH were coupled on wang
resin during SPPS. Global cleavage condition: cocktail B, 4 h. Yield: 60 %. White
powder. Analytical HPLC: Gradient B, retention time: 18.9 min, purity: 97.1 %.
HRMS(MALDI-TOF): calc. for C74H118N23O15S2+ [M+H]+ 1632.8614, found
1632.8623; calc. for C74H117N23NaO15S2+ [M+Na]+ 1654.8433, found 1654.8431.
H2N-C-Ahx-YFMVFGGRrRK-COOH

(Pep4). The

Fmoc-Lys(Boc)-OH,

Fmoc-Arg(Pbf)-OH, Fmoc-D-Arg(Pbf)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Gly-OH,
Fmoc-Gly-OH, Fmoc-Phe-OH, Fmoc-Val-OH and Fmoc-Met-OH, Fmoc-Phe-OH,
Fmoc-Tyr(tBu)-OH, Fmoc-6-Ahx-OH and Fmoc-Cys(Trt)-OH were coupled on
wang resin during SPPS. Global cleavage condition: cocktail B, 4 h. Yield: 53 %.
White powder. Analytical HPLC: Gradient B, retention time: 17.6 min, purity:
95.9 %. HRMS(MALDI-TOF): calc. for C74H118N23O15S2+ [M+H]+ 1632.8614,
found 1632.8604; calc. for C74H117N23NaO15S2+ [M+Na]+ 1654.8433, found
1654.8440.
H2N-NWYFIVF-COOH (Pep5). The Fmoc-Phe-OH, Fmoc-Val-OH, Fmoc-IleOH, Fmoc-Phe-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Trp(Boc)-OH and Fmoc-Asn(Trt)OH were coupled on wang resin during SPPS. Global cleavage condition: cocktail
A, 2 h. Yield: 57 %. White powder. Analytical HPLC: Gradient C, retention time:
28.7

min,

purity:

94.9

%.

HRMS(MALDI-TOF):

C58H73N11NaO12+ [M+Na]+ 1138.5332, found 1138.5323.
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calc.

for

H2N-DEHYFIVF-COOH (Pep6). The Fmoc-Phe-OH, Fmoc-Val-OH, Fmoc-IleOH, Fmoc-Phe-OH, Fmoc-Tyr(tBu)-OH, Fmoc-His(Trt)-OH, Fmoc-Glu(tBu)-OH
and Fmoc-Asp(tBu)-OH were coupled on wang resin during SPPS. Global cleavage
condition: cocktail A, 2 h. Yield: 60 %. White powder. Analytical HPLC: Gradient
C, retention time: 22.8 min, purity: 96.8 %. HRMS(MALDI-TOF): calc. for
C53H69N10O14+ [M+H]+ 1069.4989,

found

1069.4988;

calc.

for

C53H68KN10O14+ [M+K]+ 1107.4548, found 1107.4424.
H2N-Ahx-P-(pTyr)-LKTK-COOH (Pep7). The Fmoc-Lys(Boc)-OH, FmocThr(tBu)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Leu-OH and Fmoc-Tyr(PO(NMe₂)₂)-OH,
Fmoc-Pro-OH and Fmoc-6-Ahx-OH were coupled on wang resin during SPPS.
Global cleavage condition: cocktail B, 3 h. Yield: 59 %. White powder. Analytical
HPLC: Gradient B, retention time: 8.4 min, purity: 93.7 %. HRMS(MALDI-TOF):
calc.

for

C42H73N9O13P+ [M+H]+ 942.5060,

C42H72N9NaO13P+ [M+Na]+ 964.4879,

found

found

942.5063;

964.4882;

calc.

for

calc.

for

C42H72KN9O13P+ [M+K]+ 980.4619, found 980.4627.
H2N-Ahx-P-(pTyr)-LKTKRrRK-COOH

(Pep8). The

Fmoc-Lys(Boc)-OH,

Fmoc-Arg(Pbf)-OH, Fmoc-D-Arg(Pbf)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Lys(Boc)OH,

Fmoc-Thr(tBu)-OH,

Fmoc-Lys(Boc)-OH,

Fmoc-Leu-OH

and

Fmoc-

Tyr(PO(NMe₂)₂)-OH, Fmoc-Pro-OH and Fmoc-6-Ahx-OH were coupled on wang
resin during SPPS. Global cleavage condition: cocktail B, 3 h. Yield: 62 %. White
powder. Analytical HPLC: Gradient B, retention time: 33.5 min, purity: 98.4 %.
HRMS(MALDI-TOF): calc.

for C66H121N23O17P+ [M+H]+ 1538.9043,

found

1538.9043; calc. for C66H120N23NaO17P+ [M+Na]+ 1560.8862, found 1560.8860.
H2N-Nal-Cpa-Pal-SY-Cit-LRPA-CONH2 (Pep9). The Fmoc-Ala-OH, FmocPro-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Leu-OH, Fmoc-Cit-OH, Fmoc-Tyr(tBu)-OH,
Fmoc-Ser(tBu)-OH, Fmoc-3-Pal-OH, Fmoc-4-Cap-OH and Fmoc-2-Nal-OH were
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coupled on Rink amide resin during SPPS. Global cleavage condition: cocktail A, 3
h. Yield: 64 %. White powder. Analytical HPLC: Gradient B, retention time: 16.3
min,

purity:

99.0

%.

HRMS(MALDI-TOF):

C68ClH91N17O13+ [M+H]+ 1388.6665,

found

1388.6555;

calc.

for

calc.

for

C68ClH90N17NaO13+ [M+Na]+ 1410.6485, found 1410.6362.
H2N-DRVYIHPF-CONH2 (Pep10). The Fmoc-Phe-OH, Fmoc-Pro-OH, FmocHis(Trt)-OH, Fmoc-Ile-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Val-OH, Fmoc-Arg(Pbf)OH and Fmoc-Asp(tBu)-OH were coupled on Rink amide resin during SPPS. Global
cleavage condition: cocktail A, 2 h. Yield: 58 %. White powder. Analytical HPLC:
Gradient B, retention time: 13.3 min, purity: 96.2 %. HRMS(MALDI-TOF): calc.
for

C50H73N14O11+ [M+H]+ 1045.5578,

found

1045.5859;

calc.

for

C50H72N14NaO11+ [M+Na]+ 1067.5397, found 1067.5725.
H2N-GHK-CONH2 (Pep11). The Fmoc-Lys(PG)-OH (PG is Alloc or Mtt in
chapter two and chapter three respectively), Fmoc-His(Trt)-OH and Fmoc-Gly-OH
were coupled on Rink amide resin during SPPS. The product was obtained after
Alloc deprotection (in chapter two), Fmoc deprotection and global cleavage. Global
cleavage condition: cocktail A, 2 h. Yield: 70 %. White powder. Analytical HPLC:
Gradient B, retention time: 6.0 min, purity: 92.8 %; Gradient A, retention time: 7.1
min,

purity:

96.8

C14H26N7O3+ [M+H]+ 340.2092,

%.

HRMS(MALDI-TOF):
found

340.2039;

calc.
calc.

for
for

C14H25N7NaO3+ [M+Na]+ 362.1911, found 362.1856. 1H NMR (400 MHz, DMSOd6) δ 14.51 (s, 2H), 8.97 (t, J = 1.1 Hz, 1H), 8.68 (d, J = 8.0 Hz, 1H), 8.27 (d, J = 7.5
Hz, 1H), 8.07 (t, J = 6.0 Hz, 3H), 7.82 (s, 3H), 7.55 (s, 1H), 7.37 (s, 1H), 7.19 (s,
1H), 4.71 (q, J = 6.8 Hz, 1H), 4.14 (td, J = 8.3, 5.0 Hz, 1H), 3.59 (d, J = 5.6 Hz, 2H),
3.04 (qd, J = 15.3, 6.2 Hz, 2H), 2.75 (q, J = 6.5 Hz, 2H), 1.74 – 1.41 (m, 4H), 1.30
(q, J = 9.5, 8.1 Hz, 2H); 13C NMR (101 MHz, DMSO-d6) δ 173.65, 169.17, 165.91,
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133.76, 128.64, 117.10, 52.47, 51.48, 39.97 (read from HSQC), 38.53, 31.09, 27.44,
26.57, 22.30.
Synthetic procedure of symmetric dipyrrin peptide conjugates: Resin-bound
peptide (0.1 mmol) from SPPS was placed in SPE tube, then the aldehyde building
block was coupled as routine coupling procedure of SPPS. Upon completion, the
liquid phase was removed, and the resin was washed with DMF (4 mL ×3) and DCM
(4 mL ×3), little part of resin could be taken and be cleaved as a reference. The resin
was soared in 4 mL DMF, then pyrrole building block (1.0 mmol) and BF3·OEt2 (0.1
mmol) was added into SPE tube directly by pipette. The SPE tube was shaken for 312 h (usually overnight) in dark. After that, the liquid phase was removed by
filtration and resin was washed with DMF (4 mL ×3) and DCM (4 mL ×3). Resin
was soared in DCM, and DDQ (0.5 mmol) solid was added directly and shaking for
1 h. The resin was washed thoroughly with DMF and DCM until liquid phase was
colorless. Finally, 4 mL cleaving cocktail was use for global cleavage. The crude
product was purified by preparative HPLC, dry crude product may used for boron
complexation directly.
DP1-HN-YFMVF-CONH2 (DP1-Pep1). Global cleavage condition: cocktail A, 2
h. Yield: 51 %. Red powder. Analytical HPLC: Gradient C, retention time: 33.3 min,
purity: 96.3 %. HRMS(MALDI-TOF): calc. for C57H67N8O7S+ [M+H]+ 1007.4848,
found 1007.4843.
DP2-HN-YFMVF-CONH2 (DP2-Pep1). Global cleavage condition: cocktail A, 2
h. Yield: 41 %. Orange powder. Analytical HPLC: Gradient C, retention time: 31.3
min,

purity:

94.0

%.

C55H63N8O7S+ [M+H]+ 979.4535,

HRMS(MALDI-TOF):
found

979.4522;

C55H62N8NaO7S+ [M+Na]+ 1001.4354, found 1001.4316.
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calc.
calc.

for
for

DP3-HN-YFMVF-CONH2 (DP3-Pep1). Global cleavage condition: cocktail A, 2
h. Yield: 53 %. Red powder. Analytical HPLC: Gradient C, retention time: 39.3 min,
purity: 96.6 %. HRMS(MALDI-TOF): calc. for C61H75N8O7S+ [M+H]+ 1063.5474,
found 1063.5477; calc. for C61H74N8NaO7S+ [M+Na]+ 1085.5293, found 1085.5297.
DP4-HN-YFMVF-CONH2 (DP4-Pep1). Global cleavage condition: cocktail A, 2
h. Yield: 10 %. Yellow powder. Analytical HPLC: Gradient C, retention time: 28.9
min,

purity:

96.0

%.

C53H59N8O7S+ [M+H]+ 951.4222,

HRMS(MALDI-TOF):
found

951.4234;

calc.
calc.

for
for

C53H58N8NaO7S+ [M+Na]+ 973.4041, found 973.4025.
DP5-HN-YFMVF-CONH2 (DP5-Pep1). Global cleavage condition: cocktail A, 2
h. Yield: 51 %. Red powder. Analytical HPLC: Gradient C, retention time: 32.6 min,
purity: 97.6 %. HRMS(MALDI-TOF): calc. for C61H63N8O7S+ [M+H]+ 1051.4535,
found 1051.4539; calc. for C61H62N8NaO7S+ [M+Na]+ 1073.4354, found 1073.4337.
DP6-HN-YFMVF-CONH2 (DP6-Pep1). Global cleavage condition: cocktail A, 2
h. Yield: 50 %. Red powder. Analytical HPLC: Gradient C, retention time: 33.2 min,
purity: 94.8 %. HRMS(MALDI-TOF): calc. for C63H67N8O9S+ [M+H]+ 1111.4746,
found 1111.4750.
DP9-HN-YFMVF-CONH2 (DP9-Pep1). Global cleavage condition: cocktail A, 2
h. Yield: 35 %. Purple powder. Analytical HPLC: Gradient C, retention time: 40.2
min,

purity:

95.2

%.

HRMS(MALDI-TOF):

calc.

for

C65H67N8O7S+ [M+H]+ 1103.4848, found 1103.5282.
DP10-HN-YFMVF-CONH2 (DP10-Pep1). Global cleavage condition: cocktail A,
2 h. Yield: 47 %. Red powder. Analytical HPLC: Gradient C, retention time: 32.4
min,

purity:

95.2

%.

HRMS(MALDI-TOF):
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calc.

for

C57H67N8O7S+ [M+H]+ 1007.4848,

found

1007.4864;

calc.

for

C57H66N8NaO7S+ [M+Na]+ 1029.4667, found 1029.4450.
DP12-HN-YFMVF-CONH2 (DP12-Pep1). Global cleavage condition: cocktail A,
2 h. Yield: 40 %. Red powder. Analytical HPLC: Gradient C, retention time: 33.5
min,

purity:

96.0

%.

HRMS(MALDI-TOF):

calc.

for

C58H69N8O8S+ [M+H]+ 1037.4954, found 1037.4929.
DP13-HN-YFMVF-CONH2 (DP13-Pep1). Global cleavage condition: cocktail A,
2 h. Yield: 40 %. Red powder. Analytical HPLC: Gradient C, retention time: 32.8
min,

purity:

97.6

%.

C58H69N8O8S+ [M+H]+ 1037.4954,

HRMS(MALDI-TOF):

calc.

for

found

calc.

for

1037.4922;

C58H68N8NaO8S+ [M+Na]+ 1059.4773, found 1059.4777.
DP14-HN-YFMVF-CONH2 (DP14-Pep1). Global cleavage condition: cocktail A,
2 h. Yield: 34 %. Orange powder. Analytical HPLC: Gradient C, retention time: 33.1
min,

purity:

96.4

%.

HRMS(MALDI-TOF):

calc.

for

C57H70N9O7S+ [M+H]+ 1024.5113, found 1024.5127.
DP1-HN-C-Ahx-RrRKGGYFMVF-COOH

(DP1-Pep2). Global

cleavage

condition: cocktail B, 4 h. Yield: 44 %. Red powder. Analytical HPLC: Gradient B,
retention time: 23.1 min, purity: 95.8 %. HRMS(MALDI-TOF): calc. for
C91H128N21O15+ [M+H]+ 1755.9927, found 1755.9933.
DP1-HN-C-Ahx-YFMVFGGRrRK-COOH

(DP1-Pep3). Global

cleavage

condition: cocktail B, 4 h. Yield: 49 %. Red powder. Analytical HPLC: Gradient B,
retention time: 21.8 min, purity: 97.0 %. HRMS(MALDI-TOF): calc. for
C94H136N25O16S2+ [M+H]+ 1936.0066, found 1936.0118.
DP1-HN-C-Ahx-YFMVFGGRrRK-COOH

(DP1-Pep4). Global

cleavage

condition: cocktail B, 4 h. Yield: 42 %. Red powder. Analytical HPLC: Gradient B,
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retention time: 22.2 min, purity: 96.6 %. HRMS(MALDI-TOF): calc. for
C94H136N25O16S2+ [M+H]+ 1936.0066, found 1936.0017.
DP1-HN-NWYFIVF-COOH (DP1-Pep5). Global cleavage condition: cocktail A, 2
h. Yield: 47 %. Red powder. Analytical HPLC: Gradient C, retention time: 34.2 min,
purity: 99.0 %. HRMS(MALDI-TOF): calc. for C78H92N13O13+ [M+H]+ 1418.6932,
found 1418.6955.
DP1-HN-DEHYFIVF-COOH (DP1-Pep6). Global cleavage condition: cocktail A,
2 h. Yield: 50 %. Red powder. Analytical HPLC: Gradient C, retention time: 27.3
min,

purity:

96.7

%.

C73H87N12O15+ [M+H]+ 1371.6408,

HRMS(MALDI-TOF):

calc.

for

found

calc.

for

1371.6353;

C73H86N12NaO15+ [M+Na]+ 1393.6228, found 1393.6185.
DP1-HN-Ahx-P-(pTyr)-LKTK-COOH (DP1-Pep7). Global cleavage condition:
cocktail B, 3 h. Yield: 47 %. Red powder. Analytical HPLC: Gradient B, retention
time:

17.6

min,

purity:

98.2

%.

HRMS(MALDI-TOF):

calc.

for

C62H91N11O14P+ [M+H]+ 1244.6479, found 1244.6422.
DP1-HN-Ahx-P-(pTyr)-LKTKRrRK-COOH

(DP1-Pep8). Global

cleavage

condition: cocktail B, 3 h. Yield: 48 %. Red powder. Analytical HPLC: Gradient B,
retention time: 25.0 min, purity: 96.8 %. HRMS(MALDI-TOF): calc. for
C86H139N25O18P+ [M+H]+ 1842.0496, found 1842.0535.
DP1-HN-DRVYIHPF-CONH2 (DP1-Pep10). Global

cleavage

condition:

cocktail A, 2 h. Yield: 53 %. Red powder. Analytical HPLC: Gradient B, retention
time:

15.8

min,

purity:

98.9

%.

HRMS(MALDI-TOF):

calc.

for

C70H91N16O12+ [M+H]+ 1347.6997, found 1347.7072.
DP1-HN-GHK-CONH2 (DP1-Pep11). Before

global

cleavage,

Alloc

deprotection was required (the procedure described on Pep11). Global cleavage
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condition: cocktail A, 2 h. Yield: 59 %. Red powder. Analytical HPLC: Gradient B,
retention time: 12.1 min, purity: 95.9 %. HRMS(MALDI-TOF): calc. for
C34H44N9O4+ [M+H]+ 642.3511,

found

642.3905;

calc.

for

C34H43N9NaO4+ [M+Na]+ 664.3330, found 664.3734. 1H NMR (400 MHz, DMSOd6) δ 14.44 (s, 2H), 12.20 (s, 2H), 9.10 (t, J = 5.8 Hz, 1H), 9.00 (d, J = 1.5 Hz, 1H),
8.38 (d, J = 8.0 Hz, 1H), 8.13 (d, J = 7.5 Hz, 1H), 8.11 – 8.02 (m, 2H), 7.81 (s, 3H),
7.53 (d, J = 8.1 Hz, 2H), 7.50 (d, J = 2.0 Hz, 1H), 7.41 (d, J = 1.3 Hz, 1H), 7.22 –
7.15 (m, 1H), 6.53 (s, 2H), 4.65 (td, J = 7.8, 5.4 Hz, 1H), 4.16 (td, J = 8.5, 4.9 Hz,
1H), 3.94 (d, J = 5.7 Hz, 2H), 3.20 – 2.98 (m, 2H), 2.78 (h, J = 6.0 Hz, 2H), 2.43 (s,
6H), 1.83 – 1.38 (m, 10H), 1.33 (q, J = 9.2, 8.3 Hz, 2H);

13

C NMR (101 MHz,

DMSO-d6) δ 173.67, 169.67, 168.94, 165.75, 152.41, 145.34, 142.32, 138.40,
136.91, 133.69, 129.09, 127.93, 120.48, 116.98, 52.48, 51.49, 42.70, 38.59, 31.07,
27.07, 26.60, 22.31, 13.79, 13.73.
H2N-GHK(DP1)-CONH2 (DP1-Pep11)*. Fmoc and Alloc dual-protected peptide on
resin was used. Alloc deprotection was conducted as procedure described on Pep 11.
Then, the dipyrrin was constructed as general procedure above. Fmoc was
deprotected before global cleavage. Global cleavage condition: cocktail A, 2 h. Yield:
51 %. Red powder. Analytical HPLC: Gradient B, retention time: 13.1 min, purity:
98.9 %. HRMS(MALDI-TOF): calc. for C34H44N9O4+ [M+H]+ 642.3511, found
642.3593; calc. for C34H43N9NaO4+ [M+Na]+ 664.3330, found 664.3391. 1H NMR
(400 MHz, DMSO-d6) δ 14.38 (s, 2H), 12.16 (s, 2H), 8.99 (s, 1H), 8.78 (t, J = 5.7
Hz, 1H), 8.68 (d, J = 8.0 Hz, 1H), 8.29 (d, J = 7.2 Hz, 1H), 8.04 (s, 3H), 8.02 (s, 2H),
7.58 (s, 1H), 7.50 (d, J = 8.0 Hz, 2H), 7.40 (s, 1H), 7.21 (s, 1H), 6.53 (s, 2H), 4.74
(q, J = 6.7 Hz, 1H), 4.19 – 4.15 (m, 1H), 3.63 (s, 2H), 3.27 (t, J = 6.8 Hz, 2H), 3.09
– 3.01 (m, 2H), 2.43 (s, 6H), 1.60 (ddp, J = 37.7, 15.0, 7.7, 6.9 Hz, 10H), 1.39 – 1.30
(m, 2H).
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Synthetic procedure of asymmetric dipyrrin peptide conjugates: Resin-bound
peptide was loaded in SPE tube, then the 5-formyl-2,4-dimethyl-3-pyrrolecarboxylic
acid was coupled as general coupling procedure of SPPS. Upon completion, the
liquid phase was removed by filtration, and the resin was washed with DMF (4 mL
×3) and DCM (4 mL ×3). The resin was soaked in DCM, and the pyrrole building
block (0.5 mmol) and POCl3 (0.5 mmol) was added by pipette into SPE tube directly.
The mixture was shaken overnight in dark. Then, the resin was washed thoroughly
with DMF and DCM until liquid phase was colorless, suitable cleavage cocktail was
use for global cleavage. The crude product was purified by preparative HPLC.
DP15-HN-YFMVF-CONH2 (DP15-Pep1). Global cleavage condition: cocktail A, 2
h. Yield: 45 %. Yellow powder. Analytical HPLC: Gradient C, retention time: 30.3
min,

purity:

95.2

%.

C51H62N8NaO7S+ [M+Na]+ 953.4354,

HRMS(MALDI-TOF):
found

953.4309;

calc.

for

calc.

for

C51H62KN8O7S+ [M+K]+ 969.4094, found 969.4078.
DP16-HN-YFMVF-CONH2 (DP16-Pep1). Global cleavage condition: cocktail A, 2
h. Yield: 42 %. Red powder. Analytical HPLC: Gradient C, retention time: 31.4 min,
purity: 95.1 %. HRMS(MALDI-TOF): calc. for C54H63N8O8S+ [M+H]+ 983.4484,
found 983.5748; calc. for C54H62N8NaO8S+ [M+Na]+ 1005.4304, found 1005.5553.
H NMR (400 MHz, DMSO-d6) δ 13.78 (s, 1H), 12.55 (s, 1H), 9.03 (s, 1H), 8.48

1

(s, 1H), 8.28 (d, J = 7.8 Hz, 2H), 8.21 (dd, J = 8.3, 3.3 Hz, 1H), 8.00 (d, J = 8.3 Hz,
1H), 7.87 (d, J = 2.4 Hz, 1H), 7.82 (d, J = 8.7 Hz, 1H), 7.54 (d, J = 8.8 Hz, 1H), 7.36
(d, J = 2.3 Hz, 1H), 7.25 – 7.18 (m, 10H), 7.08 (d, J = 8.4 Hz, 2H), 7.05 (s, 1H), 7.01
(dd, J = 8.8, 2.4 Hz, 1H), 6.66 (d, J = 8.4 Hz, 2H), 4.67 – 4.61 (m, 2H), 4.48 (m, 1H),
4.41 (m, 1H), 4.17 – 4.14 (m, 1H), 3.88 (s, 3H), 3.00 (td, J = 8.5, 7.9, 3.7 Hz, 3H),
2.81 (d, J = 9.1 Hz, 3H), 2.41 (td, J = 7.3, 6.7, 3.1 Hz, 2H), 2.35 (s, 3H), 2.30 (s, 3H),
2.02 (s, 3H), 1.94 – 1.88 (m, 2H), 1.80 – 1.76 (m, 1H), 0.79 (dd, J = 6.8, 4.0 Hz, 6H).
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General procedure of boron complexation of dipyrrin conjugates: To a
suspension of dipyrrin peptide conjugate (0.02 mmol) in acetonitrile (1.0 mL),
DIPEA (170 uL) was added by pipette. The mixture was shaken or sonicated for 5
min. BF3·OEt2 (280 uL) was added by pipette in one portion. The mixture was
further shaken for 10 min. The crude product was concentrated under vacuum and
was purified by preparative HPLC.
BODIPY1-HN-YFMVF-CONH2 (BODIPY1-Pep1). Yield: 73 %. Red powder.
Analytical HPLC: Gradient C, retention time: 47.5 min, purity: 97.0 %.
HRMS(MALDI-TOF): calc. for BC57H68N8O9S+ [M-2F+2OH+H]+ 1051.4987,
found

1051.4934;

calc.

for

BC57F2H65KN8O7S+ [M+K]+ 1093.4460,

found

1093.4703. 1H NMR (400 MHz, DMSO-d6) δ 9.20 (s, 1H), 8.74 (d, J = 8.2 Hz, 1H),
8.27 (dd, J = 28.2, 7.9 Hz, 2H), 8.05 (s, 1H), 8.02 (d, J = 8.4 Hz, 2H), 7.85 (d, J =
8.7 Hz, 1H), 7.55 (d, J = 8.1 Hz, 2H), 7.47 – 7.37 (m, 1H), 7.35 – 7.19 (m, 10H),
7.18 – 7.15 (m, 2H), 7.14 – 7.05 (m, 1H), 6.71 – 6.64 (m, 2H), 6.25 (s, 2H), 4.64
(dtd, J = 24.6, 8.6, 4.1 Hz, 2H), 4.54 (td, J = 8.6, 5.2 Hz, 1H), 4.47 (td, J = 8.3, 4.9
Hz, 1H), 4.20 (dd, J = 8.7, 6.7 Hz, 1H), 3.18 – 2.97 (m, 3H), 2.95 – 2.85 (m, 3H),
2.52 (s, 6H), 2.46 (tt, J = 6.6, 2.9 Hz, 2H), 2.07 (s, 3H), 2.01 – 1.92 (m, 2H), 1.84
(dt, J = 13.3, 4.7 Hz, 1H), 1.39 (s, 6H), 0.84 (dd, J = 6.8, 2.6 Hz, 6H); 13C NMR (101
MHz, DMSO-d6) δ 172.65, 171.48, 170.88, 170.75, 170.45, 165.61, 155.68, 155.13,
142.63, 141.07, 137.76, 136.91, 134.52, 130.39, 130.06, 129.26, 129.06, 128.37,
127.98, 127.91, 126.20, 121.51, 114.83, 57.66, 55.29, 53.90, 53.49, 51.91, 37.61,
37.23, 35.98, 32.01, 30.60, 29.49, 29.01, 19.13, 17.99, 14.65, 14.22, 14.15; 19F NMR
(376 MHz, DMSO-d6) δ -145.48 (dd, J = 65.6, 30.6 Hz).
BODIPY1-HN-YFMVF-CONH2 (BODIPY1-Pep1). Yield: 73 % (from purified
DP1-Pep1) or 45 % (from dry crude product of DP1-Pep1 from SPPS) Red powder.
Analytical HPLC: Gradient C, retention time: 47.5 min, purity: 97.0 %.
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HRMS(MALDI-TOF): calc. for C57H68BN8O9S+ [M-2F+2OH+H]+ 1051.4987,
found

1051.4934;

calc.

for

C57H65BF2KN8O7S+ [M+K]+ 1093.4460,

found

1093.4703.
BODIPY2-HN-YFMVF-CONH2 (BODIPY2-Pep1). Yield:

76

%.

Orange

powder. Analytical HPLC: Gradient A, retention time: 46.2 min, purity: 95.0 %.
HRMS(MALDI-TOF):

calc.

for

BC55FH61N8O7S+ [M-F]+ 1007.4525,

found

1007.4451; calc. for C55H61BF2N8NaO7S+ [M+Na]+ 1049.4407, found 1049.3821;
calc. for C55H61BF2KN8O7S+ [M+K]+ 1065.4147, found 1065.4182.
BODIPY3-HN-YFMVF-CONH2 (BODIPY3-Pep1). Yield: 70 %. Red powder.
Analytical HPLC: Gradient C, retention time: 54.7 min, purity: 96.0 %.
HRMS(MALDI-TOF): calc. for C61H75N8O7S+ [M-BF2+2H]+ 1063.5474, found
1063.5389; calc. for C61H73BF2N8NaO7S+ [M+Na]+ 1133.5346, found 1133.5359;
calc. for C61H73BF2KN8O7S+ [M+K]+ 1149.5086, found 1149.5101.
BODIPY9-HN-YFMVF-CONH2 (BODIPY9-Pep1). Yield:

55

%.

Purple

powder. Analytical HPLC: Gradient C, retention time: 53.0 min, purity: 94.6 %.
HRMS(MALDI-TOF): calc. for BC65H68N8O9S+ [M-2F+2OH+H]+ 1147.4987,
found 1147.5021; calc. for C65H65BF2N8NaO7S+ [M+Na]+ 1173.4720, found
1173.4887; calc. for C65H65BF2KN8O7S+ [M+K]+ 1189.4460, found 1189.4789.
BODIPY15-HN-YFMVF-CONH2 (BODIPY15-Pep1). Yield: 71 %. Orange
powder. Analytical HPLC: Gradient C, retention time: 42.8 min, purity: 94.1 %.
HRMS(MALDI-TOF):

calc.

for

BC51FH61N8O7S+ [M-F]+ 959.4525,

found

959.5180; calc. for C51H61BF2N8NaO7S+ [M+Na]+ 1001.4407, found 1001.5133;
calc. for BC51F2H61KN8O7S+ [M+K]+ 1017.4147, found 1017.5093.
BODIPY1-HN-C-Ahx-YFMVFGGRrRK-COOH

(BODIPY1-Pep4). Yield:

49 %. EDT was used as reductant during reaction to prevent the oxidation of Cys.
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Red powder. Analytical HPLC: Gradient B, retention time: 29.5 min, purity: 98.7 %.
HRMS(MALDI-TOF): calc. for C94H135BF2N25O16S2+ [M+H]+ 1984.0119, found
1983.9865.
BODIPY1-HN-NWYFIVF-COOH (BODIPY1-Pep5). Yield: 63 %. Red powder.
Analytical HPLC: Gradient C, retention time: 46.4 min, purity: 97.7 %.
HRMS(MALDI-TOF): calc. for C78H90BF2N13NaO13+ [M+Na]+ 1488.6804, found
1488.6771; calc. for C78H90BF2KN13O13+ [M+K]+ 1504.6544, found 1504.6543.
BODIPY1-HN-DEHYFIVF-COOH (BODIPY1-Pep6). Yield: 31 %. Red
powder. Analytical HPLC: Gradient C, retention time: 35.8 min, purity: 95.2 %.
HRMS(MALDI-TOF): calc. for C73H85BF2N12NaO15+ [M+Na]+ 1441.6281, found
1441.5949; calc. for C73H85BF2KN12O15+ [M+K]+ 1457.6020, found 1457.5786.
DP1-HN-Ahx-P-(pTyr)-LKTK-COOH (BODIPY1-Pep7). Yield: 50 %. Red
powder. Analytical HPLC: Gradient B, retention time: 19.3 min, purity: 95.9 %.
HRMS(MALDI-TOF): calc. for C62H89BFN11O14P+ [M-F]+ 1272.6470, found
1272.7580.
BODIPY1-HN-DRVYIHPF-CONH2 (BODIPY1-Pep10). Yield: 37 %. Red
powder. Analytical HPLC: Gradient B, retention time: 19.3 min, purity: 95.9 %.
HRMS(MALDI-TOF): calc. for C70H91BF2N16O12+ [M+H]+ 1396.7128, found
1396.6222.
Synthesis of GHK dipyrrin-cyclopeptide. The Fmoc-Lys(Mtt)-OH, FmocHis(Trt)-OH and Fmoc-Gly-OH were coupled during SPPS. Then, Fmoc
deprotection and Mtt deprotection was carried out to give a two-amine-containing
resin-bound GHK peptide. The resulting resin was shaken with a solution of 3-(2,4dimethyl-1H-pyrrol-3-yl)propanoic acid (5 eq.), PyBOP (5 eq.) and DIPEA (10 eq.)
in DMF (4 mL/ 0.1 mmol) in dark overnight. Then the solution phase was fully
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washed, and the dipyrrin-cyclopeptide can be formation under following three
condition. Condition A: shaken with a solution of orthoester (10 eq.) and POCl3 (5
eq.) in DCM (4 mL/ 0.1 mmol) overnight; Condition B: shaken with a solution of
acyl chloride (10 eq.) in DCM (4 mL/ 0.1 mmol) overnight; Condition C: shaken
with a solution of aldehyde (5 eq.) and BF3·OEt2 (1 eq.) in DCM (4 mL/ 0.1 mmol)
overnight, then fully washed, and shaken with a suspension of DDQ (5 eq.) in DCM
(4 mL/ 0.1 mmol) for 1 h. After above treatment, the desired products were obtained
after global cleavage (cocktail A, 2 h), precipitation and purification. For 1i, more
steps were need after formation of dipyrrin which was describe on following
paragraph).
cDP1(HN-GHK-CO NH2) (cDP1-Pep11). Dipyrrin was formed by condition A with
triethyl orthoformate. Yield: 31 %. Yellow powder. Analytical HPLC: Gradient A,
retention time: 29.5 min, purity: 97.1 %. HRMS(MALDI-TOF): calc. for
C33H46N9O5+ [M+H]+ 648.3616,

found

648.3406;

calc.

for

C33H45N9NaO5+ [M+Na]+ 670.3436, found 670.3203. 1H NMR (400 MHz, DMSOd6) δ 8.66 (d, J = 7.5 Hz, 1H), 8.35 (t, J = 5.7 Hz, 1H), 8.28 (d, J = 7.6 Hz, 1H), 8.22
(d, J = 5.3 Hz, 3H), 7.95 – 7.83 (m, 8H), 7.45 – 7.03 (m, 6H), 4.56 (td, J = 7.5, 5.7
Hz, 1H), 4.33 (q, J = 7.2 Hz, 1H), 4.11 (td, J = 8.6, 4.8 Hz, 1H), 3.83 (q, J = 5.8 Hz,
1H), 3.76 (d, J = 5.5 Hz, 2H), 3.11 (q, J = 6.5 Hz, 2H), 2.76 (q, J = 6.1, 5.6 Hz, 4H),
2.72 – 2.53 (m, 2H), 1.74 – 1.66 (m, 4H), 1.59 – 1.48 (m, 8H), 1.39 – 1.27 (m, 4H);
C NMR (101 MHz, DMSO-d6) δ 173.56, 172.03, 170.80, 169.52, 169.20, 153.90,
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153.23, 143.76, 143.51, 133.74, 129.15, 127.40, 126.86, 126.38, 126.20, 119.89,
116.87, 52.21, 51.72, 42.33, 37.92, 34.66, 33.85, 31.05, 28.21, 26.72, 22.35, 19.56,
19.31, 12.62, 12.50, 9.91, 9.83.
cDP2(HN-GHK-CONH2) (cDP2-Pep11). Dipyrrin was formed by either
condition A with triethyl orthoacetate (Yield: 24 %) or condition B with acetyl
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chloride (Yield: 10 %). Orange powder. Analytical HPLC: Gradient A, retention
time:

25.9

min,

purity:

C34H48N9O5+ [M+H]+ 662.3773,

97.0

%.

HRMS(MALDI-TOF):

found

662.4363;

calc.

calc.

for
for

C34H47N9NaO5+ [M+Na]+ 684.3592, found 684.4176.
cDP3(HN-GHK-CONH2) (cDP3-Pep11). Dipyrrin was formed by condition A
with triethyl orthopropionate. Yield: 21 %. Orange powder. Analytical HPLC:
Gradient A, retention time: 27.2 min, purity: 97.8 %. HRMS(MALDI-TOF): calc.
for

C35H50N9O5+ [M+H]+ 676.3929,

found

676.3767;

calc.

for

C35H49N9NaO5+ [M+Na]+ 698.3749, found 698.3571.
cDP4(HN-GHK-CONH2) (cDP4-Pep11). Dipyrrin was formed by condition C
with triethyl benzaldehyde. Yield: 34 %. Red powder. Analytical HPLC: Gradient
A, retention time: 36.9 min, purity: 96.3 %. HRMS(MALDI-TOF): calc. for
C39H50N9O5+ [M+H]+ 724.3929, found 724.3917.
cDP5(HN-GHK-CONH2) (cDP5-Pep11). Dipyrrin was formed by condition C
with 1H-imidazole-2-carbaldehyde. Yield: 45 %. Red powder. Analytical HPLC:
Gradient A, retention time: 19.4 min, purity: 96.1 %. HRMS(MALDI-TOF): calc.
for

C36H48N11O5+ [M+H]+ 714.3834,

found

714.4103;

calc.

for

C36H47N11NaO5+ [M+Na]+ 736.3654, found 736.3939.
cDP6(HN-GHK-CONH2) (cDP6-Pep11). Dipyrrin was formed by condition C with
pyrene-1-carbaldehyde. Yield: 42 %. Red powder. Analytical HPLC: Gradient B,
retention time: 26.2 min, purity: 97.2 %. HRMS(MALDI-TOF): calc. for
C49H54N9O5+ [M+H]+ 848.4242,

found

848.4385;

calc.

for

C49H53N9NaO5+ [M+Na]+ 870.4062, found 870.4309. 1H NMR (400 MHz, DMSOd6) δ 14.26 (s, 2H), 11.58 (s, 2H), 8.99 (m, 1H), 8.53 – 8.29 (m, 7H), 8.26 – 8.02 (m,
3H), 7.87 (m, 3H), 7.38 (s, 1H), 7.15 (s, 2H), 4.57 (m, 1H), 4.11 (m, 1H), 3.71 (m,
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2H), 3.19 (m, 2H), 2.99 (m, 2H), 2.72 (m, 4H), 2.43 – 2.20 (m, 10H), 2.04 – 1.93
(m, 2H), 1.74 – 1.24 (m, 10H).
cDP7(HN-GHK-CONH2) (cDP7-Pep11). Dipyrrin was formed by condition C
with 4-(1,2,2-triphenylvinyl)benzaldehyde. Yield: 39 %. Red powder. Analytical
HPLC: Gradient B, retention time: 31.4 min, purity: 97.7 %. HRMS(MALDI-TOF):
calc. for C59H64N9O5+ [M+H]+ 978.5025, found 978.6518.
cDP8(HN-GHK-CONH2) (cDP8-Pep11). Dipyrrin was formed by condition C with
4-formylbenzoic acid. Yield: 36 %. Red powder. Analytical HPLC: Gradient A,
retention time: 32.0 min, purity: 97.5 %. HRMS(MALDI-TOF): calc. for
C40H50N9O7+ [M+H]+ 768.3828, found 768.4274. 1H NMR (400 MHz, DMSO-d6) δ
14.24 (d, J = 21.2 Hz, 2H), 11.92 (s, 2H), 8.98 (s, 1H), 8.40 (m, 2H), 8.12 (d, J = 8.5
Hz, 2H), 7.82 (m, 2H), 7.44 (s, 2H), 7.38 – 7.34 (m, 1H), 7.17 (m, 2H), 4.52 (dd, J
= 9.3, 3.4 Hz, 1H), 4.08 (td, J = 9.0, 5.2 Hz, 1H), 3.63 (s, 2H), 3.21 – 2.98 (m, 2H),
2.95 (m, 2H), 2.69 (dt, J = 12.9, 7.6 Hz, 4H), 2.37 (d, J = 4.8 Hz, 6H), 2.35 – 2.15
(m, 4H), 1.99 (m, 2H), 1.68 (m, 6H), 1.59 – 1.31 (m, 4H).
cDP9(HN-GHK-CONH2) (cDP9-Pep11). The formation of dipyrrin was same as
cDP8-Pep11. After formation of dipyrrin (sample was taken, cleaved, precipitated
and analyzed by the HPLC and ESI-MS, sample 1 in Figure 4.2), the resin was
mixed with PyBOP (4 eq.), DIPEA (8 eq.) in DMF (4 mL/0.1mmol) for 5 min,
then (9H-fluoren-9-yl)methyl (2-aminoethyl)carbamate (FmocHNCH2CH2NH2, 4
eq.) was added. The reaction was shaken for 3 h (sample 2 in Figure 4.2), then
Fmoc deprotection was carried out after fully washing. The amino building block
Fmoc-Ala-OH and Fmoc-Pra-OH were used to continue SPPS. The desired
product was obtained after Fmoc deprotection, global cleavage (cocktail A, 12 h),
precipitated (Sample 3 in Figure 4.2) and purification. Yield: 21 %. Red powder.
Analytical HPLC: Gradient A, retention time: 24.8 min, purity: 98.9 %.
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HRMS(MALDI-TOF): calc. for C50H66N13O8+ [M+H]+ 976.5152, found 976.5419;
calc. for C50H65N13NaO8+ [M+Na]+ 998.4971, found 998.5286.

Figure 4.2 The crude products of intermediate steps for synthesizing cDP9-Pep11 were cleaved,
precipitated and analyzed by HPLC (gradient A) and ESI-MS.

Synthesis of GAK dipyrrin-cyclopeptide cDP1(HN-GAK-CONH2) (cDP1Pep12). The Fmoc-Lys(Mtt)-OH, Fmoc-Ala-OH and Fmoc-Gly-OH were coupled
during SPPS. The desired product was obtained after Mtt deprotection, dipyrrin
formation (condition A with triethyl orthoformate), global cleavage (cocktail A, 2
h), precipitation and purification. Yield: 23 %. Yellow powder. Analytical HPLC:
Gradient A, retention time: 30.0 min, purity: 95.7 %. HRMS(MALDI-TOF): calc.
for

C30H44N7O5+ [M+H]+ 582.3398,

found

582.3429;

calc.

for

C30H43N7NaO5+ [M+Na]+ 604.3218, found 604.3245. 1H NMR (400 MHz, DMSOd6) δ 11.97 (S, 2H), 8.30 – 8.19 (m, 2H), 7.81 (t, J = 5.8 Hz, 1H), 7.76 (d, J = 8.5
Hz, 1H), 7.20 (s, 1H), 7.10 (m, 1H), 4.26 – 4.19 (m, 1H), 4.11 – 4.05 (m, 1H), 3.74
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– 3.62 (m, 2H), 3.01 – 2.94 (m, 2H), 2.54 (t, J = 5.6 Hz, 4H), 2.40 (s, 6H), 2.32 –
2.13 (m, 10H), 1.99 (d, J = 7.5 Hz, 2H), 1.58 – 1.40 (m, 4H), 1.20 (d, J = 7.1 Hz,
3H).
Synthesis of XRGDX and their dipyrrin-cyclopeptide with Fmoc-X(Mtt)-OH
(X = Lys, Orn, Dap). The Fmoc-X(Mtt)-OH, Fmoc-Asp(tBu)-OH, Fmoc-Gly-OH,
Fmoc-Arg(Pbf)-OH and Fmoc-X(Mtt)-OH were coupled during SPPS. The linear
peptides (Pep13, Pep14 and Pep16) were obtained after Fmoc deprotection and global
cleavage (cocktail A, 2 h), precipitation and purification. And the corresponding
dipyrrin-cyclopeptide (cDP1-Pep13, cDP1-Pep14 and cDP1-Pep16) were obtained
after Mtt deprotection, dipyrrin formation (condition A with triethyl orthoformate),
Fmoc deprotection, global cleavage (cocktail A, 2 h), precipitated and purification.

Figure 4.3 The synthetic route for XRGDX and their dipyrrin-cyclopeptide with Fmoc-X(Mtt)OH (X = Lys, Orn, Dap).
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H2N-KRGDK-CONH2 (Pep13). Yield: 68 %. White powder. Analytical HPLC:
Gradient A, retention time: 12.6 min, purity: 98.5 %. HRMS(MALDI-TOF): calc.
C24H48N11O7+ [M+H]+ 602.3733,

for

found

602.3129;

calc.

for

C24H47N11NaO7+ [M+Na]+ 624.3552, found 624.2903. 1H NMR (400 MHz, DMSOd6) δ 8.66 (d, J = 7.5 Hz, 1H), 8.35 (t, J = 5.7 Hz, 1H), 8.28 (d, J = 7.6 Hz, 1H), 8.22
(d, J = 5.3 Hz, 3H), 7.95 – 7.83 (m, 8H), 7.45 – 7.03 (m, 6H), 4.56 (td, J = 7.5, 5.7
Hz, 1H), 4.33 (q, J = 7.4, 6.9 Hz, 1H), 4.11 (td, J = 8.6, 4.8 Hz, 1H), 3.83 (q, J = 5.8
Hz, 1H), 3.76 (d, J = 5.5 Hz, 2H), 3.11 (q, J = 6.5 Hz, 2H), 2.76 (q, J = 6.1, 5.6 Hz,
4H), 2.72 – 2.53 (m, 2H), 1.74 – 1.66 (m, 4H), 1.59 – 1.48 (m, 8H), 1.39 – 1.27 (m,
4H);

C NMR (101 MHz, DMSO-d6) δ 173.40, 171.84, 171.26, 170.35, 168.71,
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168.47, 156.89, 52.43, 52.31, 51.76, 49.54, 41.72, 40.26, 38.57, 38.41, 36.09, 30.89,
30.35, 29.02, 26.49, 26.33, 24.89, 22.12, 20.94.
H2N-Orn-RGD-Orn-CONH2 (Pep14). Yield: 66 %. White powder. Analytical
HPLC: Gradient A, retention time: 8.0 min, purity: 95.0 %. HRMS(MALDI-TOF):
calc.

for

C22H44N11O7+ [M+H]+ 574.3420,

found

574.3241;

calc.

for

C22H43N11NaO7+ [M+Na]+ 596.3239, found 596.3008. 1H NMR (400 MHz, DMSOd6) δ 8.68 (d, J = 7.7 Hz, 1H), 8.34 (t, J = 6.1 Hz, 2H), 8.26 (d, J = 5.5 Hz, 3H), 7.97
(d, J = 8.1 Hz, 1H), 7.83 (dt, J = 18.7, 6.4 Hz, 7H), 7.50 – 7.03 (m, 6H), 4.57 (td, J
= 7.8, 5.5 Hz, 1H), 4.36 (q, J = 7.4, 6.9 Hz, 1H), 4.15 (td, J = 8.0, 4.9 Hz, 1H), 3.88
(d, J = 5.1 Hz, 1H), 3.77 (d, J = 5.9 Hz, 2H), 3.11 (m, 2H), 2.79 (m, 4H), 2.73 – 2.51
(m, 2H), 1.77 – 1.49 (m, 12H).
H2N-Dap-RGD-Dap-CONH2 (Pep16). Yield: 66 %. White powder. Analytical
HPLC: Gradient A, retention time: 8.5 min, purity: 97.4 %. HRMS(MALDI-TOF):
calc.

for

C18H36N11O7+ [M+H]+ 518.2794,

found

518.3320;

calc.

for

C18H35N11NaO7+ [M+Na]+ 540.2613, found 540.2977. 1H NMR (400 MHz, DMSO137

d6) δ 8.86 (d, J = 7.3 Hz, 1H), 8.58 – 8.23 (m, 9H), 7.91 (s, 3H), 7.80 (s, 1H), 7.40
(m, 6H), 4.55 (d, J = 5.9 Hz, 1H), 4.46 (d, J = 6.0 Hz, 1H), 4.36 (m, 1H), 4.24 (m,
1H), 3.83 (m, 2H), 3.27 (m, 3H), 3.10 (m, 2H), 2.96 (m, 1H), 2.79 – 2.58 (m, 2H),
1.65 (m, 4H).
cDP1(H2N-KRGDK-CONH2) cDP1-Pep13. Yield: 24 %. Yellow powder.
Analytical HPLC: Gradient A, retention time: 27.2 min, purity: 95.6 %.
HRMS(MALDI-TOF): calc. for C43H68N13O9+ [M+H]+ 910.5258, found 910.4834.
H NMR (400 MHz, DMSO-d6) δ 12.21 (s, 2H), 8.57 (d, J = 8.0 Hz, 1H), 8.30 (t, J
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= 5.6 Hz, 1H), 8.25 (d, J = 7.7 Hz, 1H), 8.13 (d, J = 5.4 Hz, 3H), 7.81 – 7.65 (m,
4H), 7.36 – 7.00 (m, 7H), 4.54 (q, J = 7.0 Hz, 1H), 4.38 (q, J = 7.5, 7.0 Hz, 1H), 4.04
(td, J = 8.7, 4.5 Hz, 1H), 3.79 (s, 1H), 3.73 (m, 2H), 3.09 (q, J = 6.4 Hz, 2H), 2.90
(dh, J = 12.9, 6.6 Hz, 4H), 2.69 (dt, J = 10.1, 6.1 Hz, 4H), 2.53 (s, 2H), 2.44 (d, J =
4.5 Hz, 6H), 2.27 (m, 10H), 1.73 – 1.23 (m, 16H); 13C NMR (101 MHz, DMSO-d6)
δ 173.52, 171.87, 171.07, 170.98, 170.11, 168.58, 168.32, 156.75, 153.48, 143.49,
127.53, 127.37, 126.41, 126.38, 120.09, 52.29, 52.08, 51.85, 49.40, 41.70, 40.27,
38.24, 38.15, 36.00, 35.03, 34.93, 34.81, 31.20, 31.09, 30.67, 29.32, 28.99, 28.93,
28.88, 28.77, 28.74, 28.65, 28.60, 28.49, 26.46, 25.03, 24.84, 22.45, 22.00, 21.33,
19.53, 13.85, 12.49, 12.45, 9.77.
cDP1(H2N-Orn-RGD-Orn-CONH2) cDP1-Pep14. Yield: 27 %. Yellow powder.
Analytical HPLC: Gradient A, retention time: 29.2 min, purity: 97.4 %.
HRMS(MALDI-TOF): calc. for C41H64N13O9+ [M+H]+ 882.4945, found 882.5381.
H NMR (400 MHz, DMSO-d6) δ 12.11 (d, J = 7.7 Hz, 2H), 8.56 (d, J = 8.1 Hz, 1H),
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8.27 (dd, J = 9.5, 6.3 Hz, 2H), 8.13 (d, J = 5.3 Hz, 3H), 7.83 (d, J = 7.9 Hz, 1H),
7.77 (t, J = 5.8 Hz, 1H), 7.70 (dt, J = 12.2, 5.6 Hz, 2H), 7.34 – 6.98 (m, 7H), 4.51
(td, J = 7.7, 5.4 Hz, 1H), 4.42 – 4.36 (m, 1H), 4.04 – 3.95 (m, 1H), 3.87 – 3.65 (m,
3H), 3.07 (d, J = 6.4 Hz, 2H), 2.96 (t, J = 6.6 Hz, 2H), 2.91 – 2.83 (m, 2H), 2.71 –
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2.64 (m, 4H), 2.57 (m, 2H), 2.43 (d, J = 2.4 Hz, 6H), 2.30 – 2.22 (m, 10H), 1.62 (m,
4H), 1.52 – 1.33 (m, 8H).
cDP1(H2N-Dap-RGD-Dap-CONH2) cDP1-Pep16. Yield: 27 %. Yellow powder.
Analytical HPLC: Gradient A, retention time: 30.1 min, purity: 96.7 %.
HRMS(MALDI-TOF): calc. for C37H56N13O9+ [M+H]+ 826.4319, found 826.4820.
H NMR (400 MHz, DMSO-d6) δ 12.15 (s, 2H), 8.74 (d, J = 7.7 Hz, 1H), 8.31 (t, J
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= 5.6 Hz, 1H), 8.29 – 8.10 (m, 3H), 8.02 (d, J = 7.8 Hz, 1H), 7.93 (t, J = 6.0 Hz, 1H),
7.81 (d, J = 7.9 Hz, 1H), 7.72 (td, J = 5.9, 2.3 Hz, 2H), 7.52 – 6.87 (m, 7H), 4.36
(dq, J = 10.1, 7.1 Hz, 2H), 4.06 (q, J = 6.7 Hz, 1H), 3.89 (s, 1H), 3.69 (ddd, J = 59.7,
16.9, 5.4 Hz, 2H), 3.46 – 3.27 (m, 2H), 3.24 – 3.12 (m, 2H), 3.08 (q, J = 6.5 Hz, 2H),
2.75 – 2.51 (m, 6H), 2.43 (d, J = 3.6 Hz, 6H), 2.38 – 2.26 (m, 10H), 1.70 – 1.42 (m,
4H).
Synthesis of XRGDX dipyrrin-cyclopeptide with alternative strategy (X = Dab).
As the Fmoc-Dab(Mtt)-OH failed to couple during SPPS, alternative strategy was
applied.

Fmoc-Dab(Alloc)-OH,

Fmoc-Asp(tBu)-OH,

Fmoc-Gly-OH,

Fmoc-

Arg(Pbf)-OH and Boc-Dab(Fmoc)-OH were coupled during SPPS. The linear
peptides (Pep15) were obtained after Alloc deprotection, Fmoc deprotection and
global cleavage (cocktail A, 2 h). And the corresponding dipyrrin-cyclopeptide
(cDP1-Pep15) was obtained after Fmoc deprotection, Alloc deprotection, dipyrrin
formation (condition A with triethyl orthoformate) and global cleavage. The linear
peptide (Pep15) was obtained after Fmoc deprotection, Alloc deprotection, global
cleavage, precipitation and purification. And the corresponding dipyrrincyclopeptide (cDP1-Pep15) was obtained after Fmoc deprotection, Alloc
deprotection, dipyrrin formation (condition A with triethyl orthoformate), global
cleavage (cocktail A, 2 h), precipitated and purification.
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Figure 4.4 The synthetic route for XRGDX and their dipyrrin-cyclopeptide with Fmoc-X(Mtt)OH (X = Dab).

H2N-Dab-RGD-Dab-CONH2 (Pep15). Yield: 65 %. White powder. Analytical
HPLC: Gradient A, retention time: 8.2 min, purity: 96.0 %. HRMS(MALDI-TOF):
calc.

for

C20H40N11O7+ [M+H]+ 546.3107,

found

546.3308;

calc.

for

C20H39N11NaO7+ [M+Na]+ 568.2926, found 568.3089. 1H NMR (400 MHz, DMSOd6) δ 8.72 (d, J = 7.0 Hz, 1H), 8.35 (m, 5H), 8.17 (d, J = 7.8 Hz, 1H), 8.05 – 7.76 (m,
7H), 7.31 (m, 6H), 4.56 (q, J = 7.0 Hz, 1H), 4.34 (q, J = 7.1, 6.6 Hz, 1H), 4.23 (td, J
= 8.0, 5.3 Hz, 1H), 3.94 (s, 1H), 3.77 (qd, J = 16.8, 5.7 Hz, 2H), 3.11 (m, 2H), 2.94
(s, 2H), 2.80 (q, J = 7.3, 6.7 Hz, 2H), 2.74 – 2.53 (m, 2H), 2.05 – 1.50 (m, 8H); 13C
NMR (101 MHz, DMSO-d6) δ 172.38, 171.85, 171.19, 170.59, 168.61, 167.53,
156.83, 52.47, 50.27, 49.67, 49.50, 41.61, 40.27, 36.10, 34.84, 29.53, 29.07, 28.89,
24.87.
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cDP1(H2N-Dab-RGD-Dab-CONH2) (cDP 1-Pep15). Yield: 25 %. Yellow powder.
Analytical HPLC: Gradient A, retention time: 26.4 min, purity: 97.0 %.
HRMS(MALDI-TOF): calc. for C39H60N13O9+ [M+H]+ 854.4632, found 854.5409.
H NMR (400 MHz, DMSO-d6) δ 12.18 (d, J = 9.7 Hz, 2H), 8.68 (d, J = 7.8 Hz, 1H),

1

8.32 (t, J = 5.5 Hz, 1H), 8.19 (dd, J = 12.0, 6.5 Hz, 4H), 8.01 (d, J = 8.1 Hz, 1H),
7.91 (t, J = 5.8 Hz, 1H), 7.69 (dt, J = 10.4, 5.6 Hz, 2H), 7.48 – 6.92 (m, 7H), 4.53 (q,
J = 6.9 Hz, 1H), 4.38 (q, J = 7.8, 7.2 Hz, 1H), 4.04 (td, J = 8.5, 5.2 Hz, 1H), 3.77 (d,
J = 6.3 Hz, 1H), 3.72 (d, J = 5.3 Hz, 2H), 3.22 – 2.83 (m, 6H), 2.67 (dt, J = 16.5, 8.8
Hz, 4H), 2.57 (m, 2H), 2.45 (s, 6H), 2.28 (m, 10H), 1.77 – 1.40 (m, 8H); 13C NMR
(101 MHz, DMSO-d6) δ 172.84, 171.90, 171.60, 171.18, 171.06, 170.00, 168.51,
167.87, 156.68, 153.74, 153.20, 143.62, 143.28, 127.46, 127.40, 126.46, 126.31,
120.23, 52.01, 50.58, 50.32, 49.35, 41.78, 40.26, 36.08, 35.65, 35.62, 35.03, 34.82,
34.67, 34.59, 31.35, 31.20, 29.41, 26.47, 24.83, 19.47, 19.12, 12.57, 12.49, 9.82,
9.76.
Synthesis of XRGDX BODIPY-cyclopeptide (cDP1-Pep13 and cDP1-Pep14). To a
suspension of dipyrrin cyclopeptide (cDP1-Pep13/cDP1-Pep14, around 3 mg) in 500
µL MeCN, the DIPEA (85 µL) was added. The resulting mixture was sonicated for
5 min, and the BF3·OEt2 (140 µL) was added in one portion. The resulting mixture
was further sonicated for 5 min, then around 500 µL H2O was added for quenching
the excess BF3·OEt2 (the resulting mixture showed bright yellow-to-green
fluorescence). The crude product was purified by preparative HPLC immediately.
cDP1-Pep13. Yield: 47 %. Orange powder. Analytical HPLC: Gradient A,
retention time: 31.0 min, purity: 97.8 %. HRMS(MALDI-TOF): calc. for
C43H67BF2N13O9+ [M+H]+ 958.5240,

found

958.6489;

C43H68BFN13O9+ [M-F+2H]+ 940.5335, found 940.5219.
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cDP1-Pep14. Yield: 52 %. Orange powder. Analytical HPLC: Gradient A,
retention time: 30.5 min, purity: 95.7 %. HRMS(MALDI-TOF): calc. for
C41H63BF2N13O9+ [M+H]+ 930.4927,

found

930.6394;

calc.

for

C41H64BFN13O9+ [M-F+2H]+ 912.5022, found 912.5293.
Synthesis

of

dipyrrin-bicyclopeptide,

bcDP(H2N-KA-Dab*-HK-CONH2)

(bcDP-Pep17). Fmoc-Lys(Mtt)-OH, Fmoc-His(Trt)-OH, Fmoc-Dab(Alloc)-OH,
Fmoc-Ala-OH and Boc-Lys(Fmoc)-OH was coupled during SPPS (sample was
taken, cleaved, precipitated and analyzed by the HPLC and ESI-MS, sample 1 in
Figure 4.5). The Fmoc and Mtt protecting groups were removed (sample 2 in Figure
4.5), and 3-(2,4-dimethyl-1H-pyrrol-3-yl)propanoic acid was coupled onto two
unprotected amine groups. We tried two different way to desired product here: 1.
Removing Alloc protecting groups and coupling 4-formylbenzoic acid on the side
chain of Dab, then tried intramolecular dipyrrin formation between two pyrroles and
one aldehyde on resin; 2. To form dipyrrin with two coupled pyrroles on resin and
4-formylbenzoic acid in solution, then removing Alloc protecting groups and doing
intramolecular amidation between -COOH on dipyrrin and -NH2 on the side chain
of Dab. We fail to obtain desired product by first way, so second way was used.
Dipyrrin formation was conducted by condition C with 4-formylbenzoic acid
(sample 3 in Figure 4.5), then the Alloc protecting groups was removed (sample 4
in Figure 4.5). After fully washed, the resin was mixed with PyBOP (4 eq.) and
DIPEA (8 eq.) in DMF (4 mL/0.1 mmol) for 12 h. The desired product was obtained
after global cleavage (cocktail A, 12 h), precipitation (sample 5 in Figure 4.5) and
purification. Yield: 19 %. Red powder. Analytical HPLC: Gradient A, retention time:
22.6

min,

purity:

95.3

C51H70N13O8+ [M+H]+ 992.5465,

%.

HRMS(MALDI-TOF):

found

992.5787;

C51H69N13NaO8+ [M+Na]+ 1014.5284, found 1014.5633.
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Figure 4.5 The crude products of intermediate steps for synthesizing bcDP-Pep17 were cleaved,
precipitated and analyzed by HPLC (gradient A) and ESI-MS.

Synthesis of RGD peptide (Pep18) and Bis-RGD dipyrrin-peptide (DP18-bisPep18). Fmoc-Asp(tBu)-OH, Fmoc-Gly-OH and Fmoc-Arg(Pbf)-OH were coupled
onto resin. After removing N-terminal Fmoc, 3-(2,4-dimethyl-1H-pyrrol-3yl)propanoic acid was coupled, and dipyrrin was formed between two peptide chains
by condition A with triethyl orthoformate.
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N2H-RGD-CONH2 (RGD peptide, Pep18). Yield: 68 %. White powder.
Analytical HPLC: Gradient A, retention time: 4.9 min, purity: 95.6 %.
HRMS(MALDI-TOF): calc. for C12H24N7O5+ [M+H]+ 346.1833, found 346.1748;
calc. for C12H23N7NaO5+ [M+Na]+ 368.1653, found 368.1553. 1H NMR (400 MHz,
DMSO-d6) δ 8.73 (t, J = 5.5 Hz, 1H), 8.29 (d, J = 8.2 Hz, 1H), 8.22 (s, 3H), 7.86 (s,
1H), 7.23 (m, 6H), 4.50 (td, J = 7.8, 5.6 Hz, 1H), 3.92 – 3.77 (m, 3H), 3.11 (q, J =
6.7 Hz, 2H), 2.67 – 2.48 (m, 2H), 1.72 m, 2H), 1.55 (m, 2H); 13C NMR (101 MHz,
DMSO-d6) δ 172.42, 171.73, 168.70, 167.98, 156.86, 51.74, 49.35, 41.78, 40.08,
36.23, 28.30, 23.96.
DP18(NH-RGD-CONH2)2 (DP18-bis-Pep18). Yield: 39 %. Yellow powder.
Analytical HPLC: Gradient A, retention time: 25.6 min, purity: 97.0 %.
HRMS(MALDI-TOF): calc. for C43H67N16O12+ [M+H]+ 999.5119, found 999.4611.
H NMR (400 MHz, DMSO-d6) δ 12.32 (s, 2H), 8.30 (t, J = 5.7 Hz, 2H), 8.21 (d, J

1

= 7.2 Hz, 2H), 8.08 (d, J = 8.1 Hz, 2H), 7.74 (t, J = 5.6 Hz, 2H), 7.53 – 6.94 (m,
13H), 4.49 (td, J = 8.0, 5.3 Hz, 2H), 4.20 (q, J = 7.0 Hz, 2H), 3.82 – 3.62 (m, 4H),
3.06 (q, J = 6.5 Hz, 4H), 2.74 – 2.51 (m, 8H), 2.45 (s, 6H), 2.31 (m, 10H), 1.71 –
1.60 (m, 2H), 1.55 – 1.39 (m, 6H); 13C NMR (101 MHz, DMSO-d6) δ 172.54, 171.95,
171.76, 171.67, 168.57, 156.76, 153.30, 143.20, 127.63, 126.51, 120.41, 52.52,
49.31, 41.99, 40.28, 36.04, 34.75, 28.77, 24.82, 19.51, 12.39, 9.73.
3,3'-(1,3,7,9-tetramethyl-2,8-dipyrrin)dipropionic acid (DP18). To a solution of
3-(2,4-dimethyl-1H-pyrrol-3-yl)propanoic acid (2 mmol) in DCM (15 ml) , triethyl
orthoformate (1.1 mmol) and POCl3 (1.2 mmol) were added at 0 ℃. The reaction
was stirred at r.t. for 3 h before it quenched by water. The solvent was evaporated
and the resulting residue was purified by column chromatography (mobile phase:
DCM/MeOH, v/v, 100/0 to 90/10). Yield: 56 %. Yellow powder. Analytical HPLC:
Gradient A, retention time: 18.5 min, purity: 96.6 %. HRMS(MALDI-TOF): calc.
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for C19H25N2O4+ [M+H]+ 345.1809, found 345.1154. 1H NMR (400 MHz, DMSOd6) δ 12.78 (s, 2H), 7.34 (s, 1H), 2.65 (t, J = 7.5 Hz, 4H), 2.49 (s, 7H), 2.40 (t, J =
7.5 Hz, 4H), 2.32 (s, 6H); 13C NMR (101 MHz, DMSO-d6) δ 173.60, 153.39, 143.08,
127.23, 126.26, 120.48, 33.45, 18.83, 12.41, 9.75.
2-(2-(3-(dimethylamino)-3-oxopropyl)-1,3,7,9-tetramethyldipyrrin)dipropionic
acid (DP19). The solution of DP18 (1 mmol), HATU (1 mmol), diethylamine (1 mmol)
and DIPEA (2 mmol) in DMF (2 mL) was stirred at r.t. overnight. The reaction
mixture was monitored by analytical HPLC, both mono-amidated and di-amidated,
as well as unreacted DP18, were detected. The mono-amidated product was separated
selectively by preparative HPLC. Yield: 38 %. Yellow powder. Analytical HPLC:
Gradient A, retention time: 22.1 min, purity: 96.2 %. HRMS(MALDI-TOF): calc.
for C23H34N3O3+ [M+H]+ 400.2595, found 400.2149. 1H NMR (400 MHz, DMSOd6) δ 12.12 (d, J = 2.9 Hz, 2H), 7.40 (s, 1H), 3.25 (q, J = 7.0 Hz, 4H), 2.67 (t, J = 7.5
Hz, 4H), 2.50 (s, 6H), 2.42 (dt, J = 15.0, 7.5 Hz, 7H), 2.33 (d, J = 2.5 Hz, 6H), 1.02
(dt, J = 18.3, 7.1 Hz, 6H); 13C NMR (101 MHz, DMSO-d6) δ 173.63, 169.98, 153.78,
152.97, 143.29, 143.05, 128.19, 127.29, 126.80, 126.57, 120.76, 41.22, 33.53, 31.80,
19.27, 18.89, 14.17, 13.07, 12.79, 12.65, 9.89, 9.84.
DP19-NH-GHK-CONH2 (DP19-Pep11). DP19 was coupled on resin-bound GHK
peptide as routine SPPS procedure. The product was obtained after global cleavage
(cocktail A, 2 h) and purification. Yield: 48 %. Yellow powder. Analytical HPLC:
Gradient A, retention time: 29.7 min, purity: 98.9 %. HRMS(MALDI-TOF): calc.
for

C37H57N10O5+ [M+H]+ 721.4508,

found

C37H56N10NaO5+ [M+Na]+ 743.4327, found 743.4814.
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721.5026;

calc.

for

Table 4.4 The chemical shift of αH/NH and corresponding coupling constant of RGD motif of
Pep13-16, cDP1-Pep13-16

Pep13
Pep14
Pep15
Pep16
cDP1-Pep13
cDP1-Pep14
cDP1-Pep15
cDP1-Pep16

Arg
(R)
7.5
7.7
7
7.3
8
8.1
7.8
7.7

J3 (αH-NH)
Gly
Asp
(G)
(D)
5.7
7.6
5.3
6.9
5.5
7.4
5.6
7.2
5.6
7.7
5.1
7.6
5.5
7.6
5.6
7.8

Chemical shift (αH, ppm)
Arg
Gly
Asp
(R)
(G)
(D)
4.11
3.76
4.56
4.36
3.77
4.57
4.34
3.77
4.56
4.36
3.83
4.55
4.38
3.73
4.55
4.39
3.78
4.52
4.38
3.72
4.53
4.36
3.69
4.37
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Chemical shift (NH, ppm)
Arg
Gly
Asp
(R)
(G)
(D)
7.89
8.35
8.28
8.69
8.34
8.34
8.72
8.35
8.35
8.86
8.55
8.46
8.57
8.3
8.25
8.56
8.27
8.27
8.68
8.32
8.21
8.74
8.31
8.02

4.2 Biological experiments
Cell Culture Conditions. Nasopharyngeal carcinoma (NPC) cell line C666,
Cervical carcinoma cell line HeLa and human urinary bladder cancer cell line T24
were used in these studies. All cells were cultivated in Roswell Park Memorial
Institute Medium (RPMI 1640) and Dulbecco's Modified Eagle Medium (DMEM)
containing 10% v/v Fetal Bovine Serum (FBS) and 1% v/v Penicillin Streptomycin
respectively. All media are supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin antibiotics. All the cells are cultivated in a humidified
incubator with 5% CO2 at 37oC.
MTT cell viability assay. To prove the peptide-based zinc sensor cDP1-Pep11 is nontoxic, the MTT assay was conducted. Two cell lines (HeLa and MRC-5) (1 x 104
cells/mL) were seeded on a 96-well plate overnight and different concentrations of
cDP1-Pep11 was added into the cells on the next day. After 24 hours incubation, 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) (conc. = 0.5 mg/mL)
was added and they were incubated at 37 ℃ for 3 hours. The formazan formed were
dissolved in dimethyl sulfoxide (DMSO) and the absorbance of the solution was
measured in a microplate reader at 540 nm wavelength (reference wavelength = 690
nm). Quadruplicates were performed to obtain the data.
PDT cytotoxicity Assay. The dark cytotoxicity and light cytotoxicity were assessed
by MTT viability assay. Cells (6 x 103 per well) were seeded onto 96-well plates and
then incubated at 37 o C with 5% CO2 in dark for 24 h prior to the addition of samples.
The cells were then incubated with different concentrations of BODIPY1-Pep4 for
another 24 h. During incubation, cells were irradiated with (light toxicity) or without
(dark toxicity) optical dose of 5J/cm2 after 24 h incubation with sample and the
medium were replaced with fresh medium prior to irradiation. Medium were then
removed, and the cell monolayers were washed with 1X PBS and then incubated
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with 100 mL medium with 5% v/v MTT solution (5 mg/mL) at 37 o C for 2.5 h. 80
mL of solution were removed and 100 mL Dimethyl sulfoxide (DMSO) were added
to dissolve the formazan crystals. The absorbance of the formazan crystal was
measured at 540 nm and 650 nm by dual-wavelength Azure microplate reader after
1 h of shaking.
Expression and purification of EBNA1 (a.a. 468-607). The gene construct for Nterminally hexahistidine tagged SMT3-EBNA1 DNA binding domain (residues 468607) fusion protein was chemically synthesized and cloned into pET28a (+) vector
(Genscript). The plasmid was transformed into Escherichia coli BL21 (DE3)
competent cells and grown in 2YT media supplemented with 50 µg/ml kanamycin
at 37 ˚C. When the OD600 of the cells reached 0.8, expression was induced with 0.5
mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and the cells were grown at 25
˚C overnight. The cells were harvested by centrifugation at 5000 rpm (6,238 x g) for
10 mins at 4 ˚C. The following protein purification protocol was adapted from a
previously published report4. The cell pellet was resuspended in lysis buffer (20 mM
Tris, pH 8.0, 500 mM NaCl, 10 mM imidazole, 5% (v/v) glycerol, 5 mM βmercaptoethanol (BME), 17.4 µg/ml phenylmethylsulfonyl fluoride (PMSF) and 1
mM MgCl2). The resuspended cells were lysed by sonication and the lysate was
separated from the insoluble fractions by centrifugation at 24,000 rpm (69,673 x g)
for 30 min at 4 ˚C. The protein was purified by nickel affinity using a His-trap
column (GE Healthcare) equilibrated with lysis buffer. The lysate was first loaded
onto the His-trap column, then washed with 10 column volumes of wash buffer (20
mM Tris pH 8.0, 500 mM NaCl ,30 mM imidazole, 5% glycerol and 5 mM BME)
and the protein was eluted with 3 - 4 column volumes of elution buffer (20 mM Tris
pH 8.0, 500 mM NaCl, 300 mM imidazole, 5% glycerol and 5 mM BME). The eluted
protein was treated with ULP1 to cleave the hexahistidine-SMT3 protein tag. Any
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residual uncleaved fusion protein and the histidine-tagged ULP1 protease were
removed by nickel affinity while the tag-free EBNA1 (468-607) protein was
recovered by flowing wash buffer through the His-trap column (GE Healthcare). The
fractions were pooled, concentrated and further purified by size exclusion
chromatography using a Superdex 200 Increase 10/300 column (GE Healthcare),
equilibrated with a buffer containing 1 mM HEPES, pH 7.2, 500 mM NaCl and 10
mM dithiothreitol (DTT). The relevant protein fractions were analysed using SDSPAGE, pooled, concentrated to 6 mg/ml and stored at -80 ˚C.
Fluorescent titration. The EBNA1 protein was prepared as the procedure above,
while Bovine serum albumin (BSA) protein was purchased from Thermo Fisher
Scientific. Both BSA and EBNA1 were further prepared as solution (120 µM) in
buffer (1 mM HEPES, pH 7.2, 500 mM NaCl and 10 mM dithiothreitol). The protein
solution was gradually added into BODIPY1-Pep4 (2000 µL 1.2 µM in same buffer)
by pipette. Each time after addition of protein, the resulting solution was shaken
slowly for around 2 min, then the fluorescent spectrum was recorded. The
experiment was stopped when the influence on fluorescence was saturated. The
increased of volume is less than 4% in total.
Protease stability assays. Peptide protease degradation kinetics was determined
with Thermo PierceTM MS-Grade Trypsin Protease. The solution of trypsin (10
µg/mL) in PBS with 5 mM DTT and 2 mM CaCl2 was prepared and divided into 10
identical parts (200 µL for each part). The peptides (2000 eq. compare with trypsin
in 200 µL above buffer) were added to form 5 identical reaction mixtures for both
Pep13 and cDP1-Pep13. Samples were then incubated at 37°C, 500 rpm. At 5 min, 15
min, 30 min, 120 min, and 240 min, a sample for both Pep13 and cDP1-Pep13 were
taken out and quenched in a 600 µL of 2% TFA/H2O on ice. The samples were
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centrifuged for 3 min at 10,000 rpm to precipitate quenched trypsin. Supernatant
solutions were then analyzed and intact peptide quantified by analytical HPLC.
Integrin binding affinity assay. 0.4 μg/mL of purified recombinant human αvβ3
integrin (derived from CHO cells, R&D Systems) was adsorbed onto a 96-well
ELISA plate (Nunc, Roskilde, Denmark) at 4 ℃ overnight. After blocking the
integrin-coated wells,

Pep13, cDP1-Pep13-16 and Cilengitide of different

concentrations (from 2.5 to 80 μM) were added to compete with 0.25 μg/mL
biotinylated Vitronectin (Abcam, Cambridge, UK) to bind with the recombinant αvβ3
integrin. After three hours incubation, peroxidase reagent was added to the wells
followed by ABTS (2,2’azino-bis(3-ethyl benzothiazoline-6-sulphonic acid) reagent.
The absorbance of the solution was measured in a microplate reader at 405 nm
wavelength. The result was expressed as the percentage displacement of Vitronectin
by Pep13, cDP1-Pep13-16 and Cilengitide.
In vitro imaging and co-staining. Cell were incubated with BODIPY1-Pep4 (10mM)
for 24h and then co-stained with Hoechst 33342 nuclear dye for 15 minutes. Imaging
was performed by a Nikon Eclipse Ti2 confocal laser-scanning microscope.
Immunoluminescence assay of cBODIPY1-Pep14 in various cell lines. These
assays were prepared and conducted at room temperature, unless otherwise stated.
Cells after treatment of 10 μM cBODIPY1-Pep14 for 4 h were fixed by formalin for
15 min. The samples were then washed with PBS. 0.2% Triton-X buffer was then
added onto the samples for 15 min. 3% BSA in PBS was served as the blocking
buffer and applied onto the sample for 30 min at room temperature. The primary
antibody diluted in blocking buffer was added onto the sample at 4 oC overnight. The
samples were washed with PBS and corresponding secondary antibodies were added
over 1 h. Samples were washed with PBS and mountant was applied to each sample.
Confocal images were acquired by the Nikon Eclipse Ti2 Confocal Microscope.
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Signal from cBODIPY1-Pep14 was obtained upon the excitation at 488 nm and the
signal of secondary antibody was obtained upon the excitation at 561 nm.
Confocal imaging of cells after the treatment of cDP 1-Pep11. Cells were treated
with 10 μM cDP1-Pep11 for 24 h. Then samples were removed. The cells were
washed with PBS and replaced with fresh medium before conducting confocal
imaging. Confocal images were acquired by the Nikon Eclipse Ti2 Confocal
Microscope under the excitation of 488 nm.
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4.3 Computational experiments
The initial structures were constructed using Avogadro (version 2.0). 5 The partial
charges of unusual amino acid residues were obtained by using R.E.D. Development
Server.6 The clustered conformation of each compound was docked into the α vβ3
crystal structure (PDB: 4MMY) using AutoDock Vina,7 which the lattice box of size
30 Å × 30 Å × 30 Å . The docking parameters were set at the default values, except
the “exhaustiveness” was set to 64 for more comprehensive searching on the docking
conformations. Docked structures of peptide facing the αvβ3 side with lowest
energies were chosen for further analysis.
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NMR spectrum of synthesized compounds

1

H-NMR spectrum of Pep1 in methanol-d4.

13

C-NMR spectrum of Pep1 in methanol-d4.
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HSQC spectrum of Pep1 in methanol-d4.

HMBC spectrum of Pep1 in methanol-d4.
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1

H-NMR spectrum of Pep1 in DMSO-d6.

13

C-NMR spectrum of Pep1 in DMSO-d6.

158

HSQC spectrum of Pep1 in DMSO-d6.

HMBC spectrum of Pep1 in DMSO-d6.
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1

H-NMR spectrum of DP1-Pep1 in DMSO-d6.

13

C-NMR spectrum of DP1-Pep1 in DMSO-d6.
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HSQC spectrum of DP1-Pep1 in DMSO-d6.

HMBC spectrum of DP1-Pep1 in DMSO-d6.

161

1

H-NMR spectrum of BODIPY1-Pep1 in DMSO-d6.

13

C-NMR spectrum of BODIPY1-Pep1 in DMSO-d6.

162

HSQC spectrum of BODIPY1-Pep1 in DMSO-d6.

HMBC spectrum of BODIPY1-Pep1 in DMSO-d6.
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19

F-NMR spectrum of BODIPY1-Pep1 in DMSO-d6.
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1

H-NMR spectrum of DP16-Pep1 in DMSO-d6.

HSQC spectrum of DP16-Pep1 in DMSO-d6.
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1

H-NMR spectrum of Pep11 in DMSO-d6.

COSY spectrum of Pep11 in DMSO-d6.
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13

C-NMR spectrum of Pep11 in DMSO-d6.

HSQC spectrum of Pep11 in DMSO-d6.
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HMBC spectrum of Pep11 in DMSO-d6.
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1

H-NMR spectrum of DP1-Pep11 in DMSO-d6.

13

C-NMR spectrum of DP1-Pep11 in DMSO-d6.
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HSQC spectrum of DP1-Pep11 in DMSO-d6.

HMBC spectrum of DP1-Pep11 in DMSO-d6.
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1

H-NMR spectrum of DP1-Pep11* in DMSO-d6.

HSQC spectrum of DP1-Pep11* in DMSO-d6.
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1

H-NMR spectrum of cDP1-Pep11 in DMSO-d6.

COSY spectrum of cDP1-Pep11 in DMSO-d6.
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13

C-NMR spectrum of cDP1-Pep11 in DMSO-d6.

HSQC spectrum of cDP1-Pep11 in DMSO-d6.
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HMBC spectrum of cDP1-Pep11 in DMSO-d6.
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1

H-NMR spectrum of cDP6-Pep11 in DMSO-d6.

COSY spectrum of cDP6-Pep11 in DMSO-d6.
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1

H-NMR spectrum of cDP8-Pep11 in DMSO-d6.

COSY spectrum of cDP8-Pep11 in DMSO-d6.
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1

H-NMR spectrum of cDP1-Pep12 in DMSO-d6.

COSY spectrum of cDP1-Pep12 in DMSO-d6.

177

1

H-NMR spectrum of Pep13 in DMSO-d6.

COSY spectrum of Pep13 in DMSO-d6.
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13

C-NMR spectrum of Pep13 in DMSO-d6.

HSQC spectrum of Pep13 in DMSO-d6.
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HMBC spectrum of Pep13 in DMSO-d6.
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1

H-NMR spectrum of Pep14 in DMSO-d6.

COSY spectrum of Pep14 in DMSO-d6.
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1

H-NMR spectrum of Pep15 in DMSO-d6.

COSY spectrum of Pep15 in DMSO-d6.
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13

C-NMR spectrum of Pep15 in DMSO-d6.

HSQC spectrum of Pep15 in DMSO-d6.
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HMBC spectrum of Pep15 in DMSO-d6.
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1

H-NMR spectrum of Pep16 in DMSO-d6.

COSY spectrum of Pep16 in DMSO-d6.
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1

H-NMR spectrum of cDP1-Pep13 in DMSO-d6.

COSY spectrum of cDP1-Pep13 in DMSO-d6.
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13

C-NMR spectrum of cDP1-Pep13 in DMSO-d6.

HSQC spectrum of cDP1-Pep13 in DMSO-d6.

187

HMBC spectrum of cDP1-Pep13 in DMSO-d6.

188

1

H-NMR spectrum of cDP1-Pep14 in DMSO-d6.

COSY spectrum of cDP1-Pep14 in DMSO-d6.

189

1

H-NMR spectrum of cDP1-Pep15 in DMSO-d6.

COSY spectrum of cDP1-Pep15 in DMSO-d6.

190

13

C-NMR spectrum of cDP1-Pep15 in DMSO-d6.

HSQC spectrum of cDP1-Pep15 in DMSO-d6.

191

1

H-NMR spectrum of cDP1-Pep16 in DMSO-d6.

COSY spectrum of cDP1-Pep16 in DMSO-d6.

192

1

H-NMR spectrum of Pep18 in DMSO-d6.

COSY spectrum of Pep18 in DMSO-d6.

193

13

C-NMR spectrum of Pep18 in DMSO-d6.

HSQC spectrum of Pep18 in DMSO-d6.

194

HMBC spectrum of Pep18 in DMSO-d6.

195

1

H-NMR spectrum of DP18-Pep18 in DMSO-d6.

COSY spectrum of DP18-Pep18 in DMSO-d6.

196

13

C-NMR spectrum of DP18-Pep18 in DMSO-d6.

HSQC spectrum of DP18-Pep18 in DMSO-d6.

197

HMBC spectrum of DP18-Pep18 in DMSO-d6.

198

1

H-NMR spectrum of DP18 in DMSO-d6.

13

C-NMR spectrum of DP18 in DMSO-d6.

199

1

H-NMR spectrum of DP18 in DMSO-d6.

13

C-NMR spectrum of DP18 in DMSO-d6.

200

HPLC chromatographs and MALID-TOF HRMS spectra of
products
Pep1: H2N-YFMVF-CONH2

Analytical HPLC of Pep1

HRMS(MAIDL-TOF) of Pep1

201

Pep2: H2N-Ahx-YFIVFGGKRPR-COOH

Analytical HPLC of Pep2

HRMS(MAIDL-TOF) of Pep2

202

Pep3: H2N-C-Ahx- RrRK-GG-YFMVF-COOH

Analytical HPLC of Pep3

HRMS(MAIDL-TOF) of Pep3

203

Pep4: H2N-C-Ahx-YFMVF-GG-RrRK-COOH

Analytical HPLC of Pep4

HRMS(MAIDL-TOF) of Pep4

204

Pep5: H2N-NWQYFIVF-COOH

Analytical HPLC of Pep5

HRMS(MAIDL-TOF) of Pep5

205

Pep6: H2N-EHDYFIVF-COOH

Analytical HPLC of Pep6

HRMS(MAIDL-TOF) of Pep6

206

Pep7: H2N-Ahx-P-(pTyr)-LKTK-COOH

Analytical HPLC of Pep7

HRMS(MAIDL-TOF) of Pep7

207

Pep8: H2N-Ahx-P-(pTyr)-LKTKRrRK-COOH

Analytical HPLC of Pep8

HRMS(MAIDL-TOF) of Pep8

208

Pep9: H2N-Nal-Cpa-Pal-SY-Cit-LRPG-CONH2

Analytical HPLC of Pep9

HRMS(MAIDL-TOF) of Pep9

209

Pep10: H2N-DRVYIHPF-CONH2

Analytical HPLC of Pep10

HRMS(MAIDL-TOF) of Pep10

210

Pep11: H2N-GHK-CONH2

Analytical HPLC of Pep11

HRMS(MAIDL-TOF) of Pep11

211

DP1-Pep1: DP1-NH-YFMVF-CONH2

Analytical HPLC of DP1-Pep1

HRMS(MAIDL-TOF) of DP1-Pep1

212

DP2-Pep1: DP2-NH-YFMVF-CONH2

Analytical HPLC of DP2-Pep1

HRMS(MAIDL-TOF) of DP2-Pep1

213

DP3-Pep1: DP3-NH-YFMVF-CONH2

Analytical HPLC of DP3-Pep1

HRMS(MAIDL-TOF) of DP3-Pep1

214

DP4-Pep1: DP4-NH-YFMVF-CONH2

Analytical HPLC of DP4-Pep1

HRMS(MAIDL-TOF) of DP4-Pep1

215

DP5-Pep1: DP5-NH-YFMVF-CONH2

Analytical HPLC of DP5-Pep1

HRMS(MAIDL-TOF) of DP5-Pep1

216

DP6-Pep1: DP6-NH-YFMVF-CONH2

Analytical HPLC of DP6-Pep1

HRMS(MAIDL-TOF) of DP6-Pep1

217

DP9-Pep1: DP9-NH-YFMVF-CONH2

Analytical HPLC of DP9-Pep1

HRMS(MAIDL-TOF) of DP9-Pep1

218

DP10-Pep1: DP10-NH-YFMVF-CONH2

Analytical HPLC of DP10-Pep1

HRMS(MAIDL-TOF) of DP10-Pep1

219

DP12-Pep1: DP12-NH-YFMVF-CONH2

Analytical HPLC of DP12-Pep1

HRMS(MAIDL-TOF) of DP12-Pep1

220

DP13-Pep1: DP13-NH-YFMVF-CONH2

Analytical HPLC of DP13-Pep1

HRMS(MAIDL-TOF) of DP13-Pep1

221

DP14-Pep1: DP14-NH-YFMVF-CONH2

Analytical HPLC of DP14-Pep1

HRMS(MAIDL-TOF) of DP14-Pep1

222

DP15-Pep1: DP15-NH-YFMVF-CONH2

Analytical HPLC of DP15-Pep1

HRMS(MAIDL-TOF) of DP15-Pep1

223

DP16-Pep1: DP16-NH-YFMVF-CONH2

Analytical HPLC of DP16-Pep1

HRMS(MAIDL-TOF) of DP16-Pep1

224

DP1-Pep2: DP1-HN-Ahx-YFIVFGGKRPR-COOH

Analytical HPLC of DP1-Pep2

HRMS(MAIDL-TOF) of DP1-Pep2

225

DP1-Pep3: DP1-HN-C-Ahx- RrRK-GG-YFMVF-COOH

Analytical HPLC of DP1-Pep3

HRMS(MAIDL-TOF) of DP1-Pep3

226

DP1-Pep4: DP1-HN-C-Ahx-YFMVF-GG-RrRK-COOH

Analytical HPLC of DP1-Pep4

HRMS(MAIDL-TOF) of DP1-Pep4

227

DP1-Pep5: DP1-HN-NWQYFIVF-COOH

Analytical HPLC of DP1-Pep5

HRMS(MAIDL-TOF) of DP1-Pep5

228

DP-Pep6: DP1-HN-EHDYFIVF-COOH

Analytical HPLC of DP1-Pep6

HRMS(MAIDL-TOF) of DP1-Pep6

229

DP1-Pep7: DP1-HN-Ahx-P-(pTyr)-LKTK-COOH

Analytical HPLC of DP1-Pep7

HRMS(MAIDL-TOF) of DP1-Pep7

230

DP1-Pep8: DP1-HN-Ahx-P-(pTyr)-LKTKRrRK-COOH

Analytical HPLC of DP1-Pep8

HRMS(MAIDL-TOF) of DP1-Pep8

231

DP1-Pep9: DP1-HN-Nal-Cpa-Pal-SY-Cit-LRPG-CONH2

Analytical HPLC of DP1-Pep9

HRMS(MAIDL-TOF) of DP1-Pep9

232

DP1-Pep10: DP1-HN-DRVYIHPF-CONH2

Analytical HPLC of DP1-Pep10

HRMS(MAIDL-TOF) of DP1-Pep10

233

DP1-Pep11: DP1-HN-GHK-CONH2

Analytical HPLC of DP1-Pep11

HRMS(MAIDL-TOF) of DP1-Pep11

234

DP1-Pep11*: H2N-GHK(DP1)-CONH2

Analytical HPLC of DP1-Pep11*

HRMS(MAIDL-TOF) of DP1-Pep11*

235

BODIPY1-Pep1: BODIPY1-NH-YFMVF-CONH2

Analytical HPLC of BODIPY1-Pep1

HRMS(MAIDL-TOF) of BODIPY1-Pep1

236

BODIPY2-Pep1: BODIPY2-NH-YFMVF-CONH2

Analytical HPLC of BODIPY2-Pep1

HRMS(MAIDL-TOF) of BODIPY2-Pep1

237

BODIPY3-Pep1: BODIPY3-NH-YFMVF-CONH2

Analytical HPLC of BODIPY3-Pep1

HRMS(MAIDL-TOF) of BODIPY3-Pep1

238

BODIPY9-Pep1: BODIPY9-NH-YFMVF-CONH2

Analytical HPLC of BODIPY9-Pep1

HRMS(MAIDL-TOF) of BODIPY9-Pep1

239

BODIPY15-Pep1: BODIPY15-NH-YFMVF-CONH2

Analytical HPLC of BODIPY15-Pep1

HRMS(MAIDL-TOF) of BODIPY15-Pep1

240

BODIPY1-Pep4: BODIPY1-HN-C-Ahx-YFMVF-GG-RrRK-COOH

Analytical HPLC of BODIPY1-Pep4

HRMS(MAIDL-TOF) of BODIPY1-Pep4

241

BODIPY1-Pep5: BODIPY1-HN-NWQYFIVF-COOH

Analytical HPLC of BODIPY1-Pep5

HRMS(MAIDL-TOF) of BODIPY1-Pep5

242

BODIPY1-Pep6: BODIPY1-HN-EHDYFIVF-COOH

Analytical HPLC of BODIPY1-Pep6

HRMS(MAIDL-TOF) of BODIPY1-Pep6

243

BODIPY1-Pep7: DP1-HN-Ahx-P-(pTyr)-LKTK-COOH

Analytical HPLC of BODIPY1-Pep7

HRMS(MAIDL-TOF) of BODIPY1-Pep7

244

BODIPY1-Pep10: BODIPY1-HN-DRVYIHPF-CONH2

Analytical HPLC of BODIPY1-Pep10

HRMS(MAIDL-TOF) of BODIPY1-Pep10

245

Pep11: H2N-GHK-CONH2 (Chapter three)

Analytical HPLC of GHK peptide, Pep11 (Gradient A, 220 nm).

HRMS(MAIDL-TOF) of GHK peptide, Pep11,

246

Pep18: N2H-RGD-CONH2

Analytical HPLC of RGD peptide, S2 (Gradient A, 220 nm).

HRMS(MAIDL-TOF) of RGD peptide, S2.

247

cDP1-Pep11: cDP1(HN-GHK-CONH2)

Analytical HPLC of cDP1-Pep11 (Gradient A, 280 nm).

HRMS(MAIDL-TOF) of cDP1-Pep11.

248

cDP2-Pep11: cDP2(HN-GHK-CONH2)

Analytical HPLC of cDP2-Pep11 (Gradient A, 280 nm).

HRMS(MAIDL-TOF) of cDP2-Pep11.

249

cDP3-Pep11: cDP3(HN-GHK-CONH2)

Analytical HPLC of cDP3-Pep11 (Gradient A, 280 nm).

HRMS(MAIDL-TOF) of cDP3-Pep11.

250

cDP4-Pep11: cDP4(HN-GHK-CONH2)

Analytical HPLC of cDP4-Pep11 (Gradient A, 280 nm).

HRMS(MAIDL-TOF) of cDP4-Pep11.

251

cDP5-Pep11: cDP5(HN-GHK-CONH2)

Analytical HPLC of cDP5-Pep11 (Gradient A, 280 nm).

HRMS(MAIDL-TOF) of cDP5-Pep11.

252

cDP6-Pep11: cDP6(HN-GHK-CONH2)

Analytical HPLC of cDP6-Pep11 (Gradient B, 280 nm).

HRMS(MAIDL-TOF) of cDP6-Pep11.

253

cDP7-Pep11: cDP7(HN-GHK-CONH2)

Analytical HPLC of cDP7-Pep11 (Gradient B, 280 nm).

HRMS(MAIDL-TOF) of cDP7-Pep11.

254

cDP8-Pep11: cDP8(HN-GHK-CONH2)

Analytical HPLC of cDP8-Pep11 (Gradient A, 280 nm).

HRMS(MAIDL-TOF) of cDP8-Pep11.

255

cDP9-Pep11: cDP9(HN-GHK-CONH2)

Analytical HPLC of cDP9-Pep11 (Gradient A, 280 nm).

HRMS(MAIDL-TOF) of cDP9-Pep11.

256

cDP1-Pep12: cDP1(HN-GAK-CONH2)

Analytical HPLC of cDP1-Pep12 (Gradient A, 280 nm).

HRMS(MAIDL-TOF) of cDP1-Pep12.

257

Pep13: HN-KRGDK-CONH2

Analytical HPLC of Pep13 (Gradient A, 220 nm).

HRMS(MAIDL-TOF) of Pep13

258

Pep14: HN-Orn-RGD-Orn-CONH2

Analytical HPLC of Pep14 (Gradient A, 220 nm).

HRMS(MAIDL-TOF) of Pep14.

259

Pep15: HN-Dab-RGD-Dab-CONH2

Analytical HPLC of Pep15 (Gradient A, 220 nm).

HRMS(MAIDL-TOF) of Pep15

260

Pep16: HN-Dap-RGD-Dap-CONH2

Analytical HPLC of Pep16 (Gradient A, 220 nm).

HRMS(MAIDL-TOF) of Pep16

261

cDP1-Pep13: cDP1(HN-KRGDK-CONH2)

Analytical HPLC of cDP1-Pep13 (Gradient A, 280 nm).

HRMS(MAIDL-TOF) of cDP1-Pep13

262

cDP1-Pep14: cDP1(HN-Orn-RGD-Orn-CONH2)

Analytical HPLC of cDP1-Pep14 (Gradient A, 280 nm).

HRMS(MAIDL-TOF) of cDP1-Pep14

263

cDP1-Pep15: cDP1(HN-Dab-RGD-Dab-CONH2)

Analytical HPLC of cDP1-Pep15 (Gradient A, 280 nm).

HRMS(MAIDL-TOF) of cDP1-Pep15

264

cDP1-Pep16: cDP1(HN-Dap-RGD-Dap-CONH2)

Analytical HPLC of cDP1-Pep16 (Gradient A, 280 nm).

HRMS(MAIDL-TOF) of cDP1-Pep16

265

cBODIPY1-Pep13: cBODIPY1(HN-KRGDK-CONH2)

Analytical HPLC of cBODIPY1-Pep13 (Gradient A, 280 nm).

HRMS(MAIDL-TOF) of cBODIPY1-Pep13

266

cBODIPY1-Pep14: cBODIPY1(HN-Orn-RGD-Orn-CONH2)

Analytical HPLC of cBODIPY1-Pep14 (Gradient A, 280 nm).

HRMS(MAIDL-TOF) of cBODIPY1-Pep14

267

bcDP-Pep17: bcDP(H2N-KA-Dab*-HK-CONH2)

Analytical HPLC of bcDP-Pep17 (Gradient A, 280 nm).

HRMS(MAIDL-TOF) of bcDP-Pep17
DP18-bis-Pep18: DP18(NH-RGD-CONH2)2

268

Analytical HPLC of DP18-bis-Pep18 (Gradient A, 280 nm).

HRMS(MAIDL-TOF) of DP18-bis-Pep18

269

DP18

Analytical HPLC of DP18 (Gradient A, 280 nm).

HRMS(MAIDL-TOF) of DP18

270

DP19

Analytical HPLC of DP19 (Gradient A, 280 nm).

HRMS(MAIDL-TOF) of DP19

271

DP19-Pep11: DP19-NH-GHK-CONH2

Analytical HPLC of DP19-Pep11 (Gradient A, 280 nm).

HRMS(MAIDL-TOF) of DP19-Pep11
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