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1. Introduction and Outline

DNA (deoxyribonucleic acid) is the major target for many metal based antitumor
drugs. The interactions between metal complexes and DNA are determined by the
structural and kinetic properties of the metal complex, but also by its affinity towards
the biopolymer caused by the structural and electrostatic characteristics of both,
ligand and DNA.") Regarding kinetics, some metal coordinating compounds with
relatively slow metal-ligand exchange rates, comparable to rates of cell division
processes, are very active in killing cancer cells. The classical example is that of
cisplatin, but also of other platinum based drugs. Improving the understanding of the
antitumor action mechanism, as well as the development of new platinum based
drugs with higher target specificity has always been considered a challenge for

research.

Cisplatin (cis-diamminedichloroplatinum(Il), cDDP, Platinol, Platinol-AQ) is one of
the most successful metal-based anticancer drugs discovered almost 50 years ago.[**!
Its main intracellular target is nuclear DNA. The antitumour activity derives from its
capacity to form especially intrastrand crosslinks between two adjacent guanine or
adenine-guanine bases.”"*! The resulting DNA-GG/AG adducts induce disruption of
the base pairing within the double helical structure with the bending of the helix with
consequences on replication and transcription machinery (Figure 1.1).'*'® Bent
structures are recognized by proteins, such belonging to the high mobility group
(HMG proteins), which shield the DNA from repair processes, and thus, leading to

induction of apoptosis.!'*'*2!
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Figure 1.1 Cisplatin-GG-intrastrand DNA adduct.!""

Modification and optimization of the anticancer drug cisplatin is still of interest with
respect to enhanced selective cell targeting and DNA binding efficiency. Although
novel platinum based anticancer drugs have been developed, their structural variation
is rather limited.”” Typically, a cationic metal complex or metabolite is used to
enable electrostatic interaction with the polyanionic DNA backbone.!*™]
Association of such complexes to the DNA backbone facilitates covalent binding,**"
3% and thus, can be expected to improve the therapeutic efficacy. The lower pH- and
the lower chloride concentration inside the cells (especially the cancer cells),
compared to the blood stream, allow hydrolysis of cisplatin complexes in the cellular
environment. This leads to formation of positively charged species with an increased

31,32

affinity towards its cellular target.”'*! Hence, the mechanistically importance of the

charged metal complex is indicated.

Attractive approaches include modification of the platinum coordination sphere, as
well as the design of hybrid molecules of the cisplatin binding moiety. In such
approaches, peptide motifs seem to be promising candidates. Peptides with cell

penetrating, directing or recognizing properties can be implemented.**>”
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In this study, positively charged peptides were investigated with the potential of
inducing DNA structural distortions, such as bending, caused by charge

neutralization of the dsDNA helix.[**3

Placement of fixed charges near the
negatively charged DNA surface should induce bending through asymmetric
reduction or enhancement of the inter-phosphate repulsive forces (responsible for the
DNA stiffness). The resulting bent DNA is more likely to facilitate binding of
cisplatin derivatives. The approach presented in this work for the design of cisplatin

analogs with potentially improved reactivity and selectivity is based on

platinum/peptide chimera.

Two different approaches were followed to combine DNA kinking with facilitated

and specific covalent platinum binding: 1) the use of nonspecific DNA binding

%91 §i) the use of specific DNA binding peptides derived from proteins or

[41]

peptides;
natural products.
The first approach makes use of platinum-peptide conjugates in which the cisplatin
analogue is covalently linked to peptides that vary with respect to the number of
positively charged amino acids. We anticipate that the presence of charged peptides
should facilitate in particular DNA pre-association by adhesion at the DNA
phosphodiester backbone, followed by bending of the DNA target (Figure 1.2).
Bending of DNA is thought to be essential in the nucleobase platination mechanism

since DNA is bent in the resulting covalently platinated product.'*"”
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Figure 1.2 Representative example of cisplatin analog based on nonspecific DNA binding
platinum/peptide conjugate.

In the second approach, the Integration Host Factor (IHF) cocrystal structure with
double stranded DNA**¥ (Figure 1.3, left) serves as a lead concept for designing

(1) This approach uses

peptides that not only bind to DNA, but also induce bending.
the DNA bending mimic of IHF in combination with a covalently bound platinum
binding site as cisplatin analogue. It is assumed for this construct to provide a double

effect by influence on both, DNA binding ability and specificity.

IHF is a small heterodimeric protein that functions as an architectural factor in many
cellular processes of prokaryotes. It consists of an a-and f-subunit, that specifically
bind to the minor groove of DNA and bend the double strand by about 180°.[*44!
The stacking interactions between the DNA bases are interrupted by intercalation of
proline residues situated at the tip of the two flexible f-ribbon arms. The bend is
stabilized by interactions with the positively charged a-helical body of the protein

. . . . .. . 45
due to its contents of basic amino acids, such as arginine or lysine.!*”!

The chosen IHF mimicking peptide (Figure 1.3, right) includes a small lysine
dendrimer which is linked to a cyclopeptide core, responsible for specific DNA
recognition in the minor groove, followed by bending of the double strand.*'

Because of the high nett positive charges, the lysine dendrimer imitates the body of
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the protein and stabilizes bending by electrostatic interactions. More precisely, the
second strategy involves incorporation of newly synthesized artificial amino acids
with a suitable donor atom pattern for platinum coordination, in the linker region of

the IHF mimicking peptide, followed by platination.

Pro-Lys
Asn \Thr
/ \
ArT C|5Iy
Gly Glu
\ /
D-Pro _Asp
Dap—lle
I
Gly
o N
/Pt— X
Cl |
Gl
P R
(Mez)Lys\ _ Lys\ _Lys(Me,)
Lys Lys

||-YS(M e,) II-yS(Mez)
NH, NH,

Figure 1.3 DNA-IHF cocrystal structure (left).**) Schematic representation of platinated
IHF mimicking peptide (right) with DNA interacting residues (red) and unnatural amino
acids containing the platinum coordinating site (blue).

In the current study are discussed the following tasks:

e DNA-metal complex interaction, in particularly the case of cisplatin.

e The design, synthesis and DNA binding studies of cisplatin analogs modified
with nonspecifically DNA binding peptides.

e The design, synthesis and DNA binding studies of cisplatin analogs modified
with specifically DNA binding peptides derived from IHF.






2. DNA - Model System for Drug Interaction

2.1 DNA Properties

Considering the role of DNA as functional key and hereditary unit for all living
organisms, the discovery of the secondary structure of DNA in 1953 is a landmark in
molecular biology.!*®! Knowledge of the chemical structure has allowed a better

understanding of DNA interactions at molecular level in biological processes.[m

DNA is a biopolymer of monomeric units called nucleotides, a combination of base,
sugar and phosphate groups. The genetic key of DNA is given by the sequence of the
four bases (adenine — A, thymine — T, guanine — G, cytosine — C).[**] Base stacking

and base pairing contributes to the thermal stability of the DNA double helix. [49:50]

The DNA molecule can adopt different conformations depending on the base
sequence and chemical environment (Figure 2.1).°" A-, B- (right-handed) and Z-
DNA (left-handed) are the most common forms. The glycosidic bond between the
deoxy-ribose ring can undergo different ring "pucker" and ring/base conformations
(B to A DNA transition corresponds to modification of the purine bases induced by
cisplatin'). The classical model of Watson and Crick corresponds to B-DNA,
thermodynamically the most stable form and, therefore, the most common one.[****

The base pair asymmetry induces in the DNA helical conformation a major (wide)

and minor (narrow) groove pattern.
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Figure 2.1 DNA conformations: side view of A-DNA (left), B-DNA (middle), Z-DNA
(right).P!!

2.2 Major and Minor Groove Site Binding

The DNA bases are accessible through the minor and major grooves, each with a
different hydrogen bonding pattern (Figure 2.2.A). These patterns are important as
they allow specific DNA sequence recognition by different molecules like proteins
e.g. without having to open and thereby disrupt the double helix.™®! The major
groove is easier accessible compared to the minor groove due to its larger width and
distinguishable hydrogen bonding properties between G:C and C:G, respectively A:T
and T:A (Figure 2.2.B).

These features can be considered as a code of hydrogen bond donors (D)/acceptors
(A), nonpolar sites (H), and methyl groups (M), AADH stands for G:C base pair,
HDAA for C:G, respectively ADAM for A:T and MADA for T:A. In the minor
groove such differences cannot be easily distinguished, the pattern differs only when

comparing G:C/C:G to A:T/T:A, respectively ADA to AHA.



Major and Minor Groove Site Binding

A. Major groove Major groove
(\D %\
N7 H y N7 \A H A M

H
A \HA/
\D/
Minor groove Minor groove
B. Major Groove: AADH HDAA ADAM MADA
G C ¢C G A T T A
Minor Groove: ADA ADA AHA AHA

Figure 2.2 A. Hydrogen bonds between the edges of the base pairs in the major and minor
groove (A — hydrogen bond acceptor, D — hydrogen bond donor, H — nonpolar hydrogen, M
— methyl group for the van der Waals interaction). The platination site is shown in green at
the N7 position of the purine bases. B. Hydrogen bond coding between the base pairs along
the faces of the major and minor groove.

The function of DNA is influenced by its dynamic mobility.>* It has the ability to
twist, unwind and supercoil, stretch, bend, induce tertiary (three dimensional) or
quaternary structures. Thus DNA can bind, specifically or nonspecifically, covalently
or non-covalently, to small inorganic or organic molecules, to peptides and proteins,
causing interference in different steps of biological processes such as transcription or

replication. 747558

In general, small molecules bind B-DNA in the minor groove of the double helix,
while the DNA binding proteins or gene targeted nucleotides interact with the major
groove.”” Minor groove DNA binding drugs usually need to be small, flat and
cationic molecules in order to represent suitable candidates in terms of size,
flexibility, Van der Waals interaction and electrostatic potential.®” They may
contain several aromatic heterocycles linked by amide or vinyl groups with cationic
groups at their ends and have a preference for AT rich sequences (electronegative

potential at the floor of the groove, less steric hindrance, more hydrophobic)
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compared to the GC ones (electropositive potential).””*") Determining the sequence

recognition profile of DNA binding molecules is a major challenge.*”

Although it is accepted the preference of the groove binding molecules for the minor
groove, there are classes of small molecules which are fitted better by the major
groove.™ For example, antitumor platinum complexes such as cisplatin bind in the
major groove specifically to the purine bases. By unstacking the bases at the
platinum binding site it causes bending of the helix inducing a duplex kink of ca.

50° [7,11]

2.3 DNA-Metal Interaction

The physical nature of DNA is an important parameter for any ligand interaction,
especially when metal ions are involved. Due to the low pKa of the phosphate
backbone DNA is highly charged, and therefore, addressable by electrostatic
interactions with cations.[ It is known that a minimum of ions is needed to stabilize
the biopolymer through ion complex formation. Therefore, some metal ions such as
Na', K, Mg*", Ca®" etc. are fundamental elements in the human body. Other cationic

species except metal salts include histone proteins or polyamines.

In the helical duplex the metal binding sites are within the phosphate backbone,
sugar moiety, but mostly atoms of the heterocyclic bases are addressed by the

metallo-complexes such as cisplatin and analogs.[so’5 8

There are three major ways to describe the DNA-metal ion interaction:

1) The diffuse binding mode describes strong electrostatic interactions between the
anionic polymer and cations resulting in a delocalized positive charge sphere around
the polyanionic DNA backbone. This pattern considers the DNA Polyelectrolyte
Model based on the Counterion Condensation Theory, in which DNA is assumed to
be a linear polyanionic chain of infinite length.!®*®) The cations can move freely
along the backbone, but remain always in close proximity (few angstroms distance).

Thereby, concentration of condensed counter ions depends on the charge density of

-10 -
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the polyelectrolyte and is almost independent to changes of the bulk salt
concentration. The condensed counter ion population neutralizes a certain fraction of
the polyanionic charge (up to 76% in case of DNA), especially in the center of the
oligomer. As an effect the charge density of the oligomer diminishes to the ends of
the oligomer (“end effect”). The remaining counter ions reside in the bulk phase and
its distribution can be modeled using Poisson-Boltzmann (PB) and Grand Canonical

Monte Carlo (GCMC) calculations.!**]

i1) Binding to DNA can also be described in a site-bound outer sphere association
when water mediates the interactions between the metal ions and its ligand through
hydrogen bonding. Metal ions, especially transition metals, have at least a solvation
sphere and may have explicitly coordinated solvent molecules making them larger

molecules.

ii1) A third pattern includes site-bound inner sphere association, when the metal ion
interacts directly with DNA via irreversible covalent binding by exchanging one or

more aqua ligands, e.g. cisplatin.

The study of metal complex-DNA interactions is a wide research area./®*®”

Considering the specific properties of the metal ions, their pattern of tissue uptake
and distribution, and their preferred coordination properties in complexes, a variety

of complexes have been developed to address different biological targets.

Platinum chemistry is a very wide research field because of its role in the antitumor
therapy.’") Features of platinum(II)/peptide conjugates based on the anticancer active
cisplatin are discussed in the present work. Our approach includes covalent metal-
DNA interaction combined with the electrostatic interaction mediated by
polycationic peptides derived from proteins, containing positively charged residues

(lysine, arginine, hystidine).[***!!

-11 -
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2.4 DNA Intercalation

DNA can not only be targeted by covalent or electrostatic binding, but also by
intercalation. Intercalators induce significant structural changes of the DNA duplex
when compared to the helix groove binding agents. Intercalation is considered as an
important criterion in studying or/and designing new platinum based drug

candidates.[’"

The intercalation mode involves ligands with specific size and chemical pattern as
cationic, planar, aromatic, polycyclic molecules corresponding to provide a geometry
fitting between the DNA base pairs, specifically or nonspecifically. Many
intercalators are known to preferentially bind to CG rich sequences."” Mainwaring
et al. defined DNA intercalation like “sandwiching of a molecule between two

adjacent base pairs in the double helix”.!"”*!

Intercalators like ethidium bromide (EtBr), propidium iodide (PI), (Figure 2.3) bind
to the purine or pyrimidine bases of DNA just like nucleobases binding or stacking
with each other in the double helix. The intercalation into DNA induces unwinding
of the duplex to a degree dependent on the type of intercalator. The unwinding
causes DNA structural changes, mostly reversible, such as lengthening of the strands,
or twisting of the bases.”"! Nevertheless, based on the Neighboring Exclusion

Principle one ligand may intercalate approximately every second base pair.[®>"*!

. O
A

/o -

—N*Br —N* I
vl O OO
Ethidium bromide Propidium iodide

Figure 2.3 The chemical structures of DNA intercalators used in this work.

The mechanism of intercalation proposed by Lerman involves attraction of the
cationic intercalator to the polyanionic DNA and the formation of a weakly

electrostatic complex on the duplex surface.”” The differences in the DNA

-12 -
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environment (hydrophilic outer surface, hydrophobic inside the cavity between the
base pairs) and the collisions between solvent molecules and the base pairs
thermodynamically favor the insertion of the ligand between the base pairs. The
binding is stabilized by the resulting z-7 stacking interactions between the ligand and

the planar, aromatic DNA bases.!”®

DNA binding by intercalators is mostly reversible if the DNA structure is not
affected while removing the ligand. Intercalators can be used as stains in
biochemistry and medicine, e.g. fluorescent tagging of nucleic acids in gel
electrophoresis (EtBr was used in this work to stain DNA). The fluorescence
measurements of propidium iodide intercalating into the double stranded DNA in the

presence of different platinum analogs is also discussed in the present work.

Nevertheless, the structural modifications during binding of the ligand through the
duplex can induce functional changes, which make intercalators potential mutagens.
They can be used as chemotherapeutic drugs due to their ability to inhibit replication,
transcription and DNA repair processes. For example, quinoxaline antibiotics are

potent bisintercalators.[’”)

Metal complexes can function as intercalators if they are planar or have an extended
planar component which can insert between the base pairs.”® Based on the high

binding affinity of intercalators towards DNA, the combination of intercalation and

]

Pt-binding was approached.’® Such complexes derived from cisplatin showed

impressive cytotoxic abilities.”””*”! Some platinum intercalators show fluorescence

properties, making them suitable for cellular tracking of the complexes. ™"

- 13-






3. DNA Binding Pt(ll) Molecules and Analogs

3.1 Cisplatin

3.1.1 What is Cisplatin?

Cisplatin is the first clinically introduced metal based anticancer drug.”’” Since the
discovery of its pharmaceutical potential by B. Rosenberg in the 1960’s, although
first described 160 years ago, the compound has proven to be particularly efficient
for the treatment of testicular and ovarian tumors.'®” Today, three different platinum
compounds, cisplatin, carboplatin, oxaliplatin are widely used in cancer treatment.*!
However, the toxic side effects, combined with poor solubility, low selectivity
towards tumor cells, and resistence development highlight the need for new and

- - - 12,13,70,82
improved metal based anticancer drug candidates.!'%!?705%8

Therefore, most of the research activity was focused on understanding molecular
events involved in the action mechanism of this drug, from cellular uptake, nucleic
acid binding mechanism to platination effects, platinum-DNA damage repair and
protein interaction.®™ Basic characteristic of all platinum drugs with antitumor
activity is covalent binding of DNA in a way of an “alkylating-like agent” leading to

consequences on DNA replication and transcription.

3.1.2 Mode of Action

Upon administration to the bloodstream as an intravenous injection, cisplatin
circulates primarily as a chloride due to high concentration of chloride ions (~100
mM), then the neutral compound enters the cell by passive or even active cellular
uptake via specific receptors. There is evidence that the copper(Il) transporter by

constitutive triple response 1 (CTR1) receptor mechanism assists the platinum drug

-15 -
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to enter the cell. The excretion process involves an adenosine triphosphate (ATP)

dependent pathway.*'?

Inside the cell, the uncharged drug undergoes hydrolysis, the so-called aquation
process, due to the low concentration of chloride ions (~4—12 mM) and higher
concentration of water. It leads to formation of positively charged mono- or
diaquated species, [Pt"(NH;),CI(H,0)]", respectively [Pt"(NH;),(H,0),]*, followed
by transfer to the nucleic acids (Figure 3.1). It seems that mostly the monoaquated
complexes are responsible for the platinum-DNA adduct formation, and therefore,
for the antitumor activity. Platinum(II)-OH, adducts are more reactive towards DNA
than either Pt-Cl or Pt-OH species.***! Considering that the physiological pH is 7.4,
secondary products of the aquation process are formed: the less reactive
monohydroxy form [Pt"(NH3),OH(H,0)]" and the unreactive fully hydroxylated
form [Pt"(NH;),(OH),]*". To avoid formation of hydroxy forms, pH has to be
considered, thus, most of the mechanistic studies are done in slightly acidic

conditions as indicated by the pK, values calculated for the cisplatin hydrolysis

. 85
SpCClCS.[ 1
HN cl
Pt
HJN/ \m [CI]=~100 mM
[CIl=~4mM
H3N cl
\h/
VAN Cytosolic components
HsN ]
| Nucleus
H,0
RNA I %
+ [
HaN OH,
N 1 ..
/P:\ mrmrmrmm e > ¢
Further modification: HsN cl ::
carbonato or hydroxo +——
complex formation - H.0 Protein I
dampens reactivity -
HN, OH; [
N i
/P< L
HaN OHz S-donor I
ligands I

Figure 3.1 Schematic representation of the cellular uptake and the aquation process of
cisplatin inside the cell, including the main active hydrolyzed species responsible for
targeting the nuclear DNA.M"

- 16 -
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Nevertheless, competitivity between the nitrogen donors (e.g. N7 position of the
purine bases) and sulfur donors (thiol containing peptides and proteins, e.g. the
glutathione (GSH), metallothionein), but also the formation of the hydroxy species,
induce only a DNA-Pt binding rate of ca. 10%. Coordination by sulfur containing
biomolecules is mostly associated with the resistance and toxicity effect of the drug,
but also, to a certain extent, as an intermediate mechanism step for DNA-drug
binding in cases where a transfer from a thioester S ligand to guanine N7 does

occur.#75

3.1.3 DNA — Final Target for Active Cisplatin Binding

Different cellular components, such as RNA, proteins, DNA, membrane
phospholipids or microfilaments can be targeted by cisplatin.™” Among these, DNA
binding has proven to be the main biological event related to the anticancer
properties of the platinum drugs.”*” Studies, like platinum distribution in the cancer

cells, have indicated nuclear DNA as major target for cisplatin.””’

Platinum binds especially at the N7 position of the purine bases, guanine or adenine,
in a variety of 1,2- and 1,3-intra- or interstrand crosslinks between the double
stranded DNA, depending on the kinetics of the chloride ligand displacement
reactions (Figure 3.2.A).”'*%%1 There is a preference (~65%) for 1,2-intrastand
crosslink binding at two neighbouring guanine bases with the formation of platinated
d(GpG) adducts. This selectivity effect can be explained by increased basicity of the
G-N7 site and by the kinetically favored hydrogen bonding of the Pt amine group
with the 06 of guanosine (Figure 3.2.B).”) Furthermore, it has to be considered that
most of the other functional groups of the bases are involved in structural DNA base
pairing (see Figure 2.2). Platinum-AG intrastrand crosslinking has a rate of ca. 25%
and has proven to be kinetically preferential over the formation of the GA adducts as

an initial complex stabilization effect.”' ™
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Figure 3.2 A. DNA<cisplatin aduct formation pathways.™*! B. Platinum binding at N7 site of
adenosine (Ado) and guanosine (Guo) favored by the hydrogen bonding with the 06."”!

3.1.4 Structural Changes Induced by Pt-DNA Adduct Formation

The DNA platination causes destacking of the purine bases, followed by kinking of
the dsDNA with bending of the helical structure as elucidated by X-ray
crystallography!' "' and NMR studies (Figure 3.3).l'%!79*%] gor 1,2-d(GpG) the X-
ray crystallographic analysis showed a DNA bend by 35-40° and a duplex
unwinding of ~25°. Thereby, the major groove is mostly compacted and the minor
groove is widened and flattened, the platinum ion lies out of the guanine planes with
a roll angle of ca. 25°. As an overall effect, the DNA changes conformation at the 5’
side from B-DNA to A-DNA. However, the NMR structures revealed bending by
angles of 60—70° and an exaggerated roll of 49°, whereas only the B-DNA form was
detected.
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Figure 3.3 Molecular structures of cisplatin-dsDNA derived by X-ray and NMR studies: A.
Cisplatinl,2-d(GpG) intrastrand crosslink; B. Cisplatinl,3-d(GpTpG) intrastrand crosslink;
C. Cisplatin interstrand crosslink.

3.1.5 Consequences of Distorted DNA: Protein Binding of the Pt-DNA
Adducts

Platinum chelation of the 1,2-d(GpQG) site distorts the helix and significantly bends
DNA towards the major groove, leaving the minor groove surface available for
different proteins, that seem to bind to Pt-DNA adducts with greater affinity than to
unmodified DNA, such as high-mobility group (HMG) domain proteins, DNA repair

proteins, transcriprion factors (e.g. p53 protein) and others.!'*'!6¢]

The HMG proteins, particularly HMG box protein 1 — HMGBI, have the property to
bend DNA upon binding, but also to recognize both unwound and localy bent DNA,
like in the cases of the cisplatin adducts.!"*"*7"'%! Thys bent DNA is recognized by
the HMG proteins, the so-called damage recognition proteins, in the widened minor
groove to the 3’ end of the platinated strand (Figure 3.4). A phenylalanine residue
intercalates into a hydrophobic notch created at the cisplatin crosslink (between the

G bases) and binding of the domain is dramatically reduced when this residue is
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[20,21]

substituted by alanine. As a result the bending of the helix increases

significantly and the binding of DNA repair proteins is prevented or retarded.™"

Figure 3.4 Molecular structure derived by the X-ray crystal structure of HMGB1 domain A
bound to cisplatin 1,2-d(GpG) intrastrand crosslinked DNA (PDB accession code — 1CTK).
The intercalating Phe residue plays an important role in substrate recognition.

It seems that HMG proteins have greater affinity towards Pt-damaged DNA than
unmodified DNA suggesting that GG or AG sites resemble with naturally occurring

DNA (recognized by HMG sequences) and escapes repair reactions.”™

Direct cellular responses to the formation of platinated DNA include replication or
transcription inhibition (associated with transcription-coupled repair TCR), cell cycle
arrest, DNA repair and apoptosis (Figure 3.5),["*! for example p53 pathway.['""! P53
1S an important tumor-suppressor with crucial role in many cellular processes; in
particular, it inhibits cell-proliferation by inducing either cell-cycle arrest or

apoptosis.!'%?!
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Figure 3.5 Overview of direct cellular responses to the formation of platinum-DNA adducts.
3.1.6 Cisplatin Resistance

However cisplatin activity is also associated with toxic side effects (e.g. nausea,
ototoxicity, nephrotoxicity, neurotoxicity), but also with increased or spontaneous
drug resistance effects.’™ Resistance to platinum drugs can be intrinsic or acquired
and can be mediated by factors outside or inside the cancer cell or at its cell
membrane (Figure 3.6). The molecular mechanisms of resistance against cisplatin
can be divided in two groups: mechanisms that prevent cDDP reaching DNA, its
main therapeutic target (low solubility, reduced accumulation, and increased
deactivation due to S donor biomolecules) and mechanisms that block the induction
[84,103,104

I'Several transcription factors (p53/p73, c-

Myc, YB-1, CTF2, ATF4, ZNF143, mTFA) are involved in resistance to
[105]

of cell death, apoptosis or necrosis.

cisplatin.
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Figure 3.6 Schematic drawing of the major biochemical mechanisms of resistance to
cisplatin. Resistance mechanisms may operate prior to or after binding of cis-DDP to DNA.
MMR — mismatch repair; NER — nucleotide excision repair; GSH — glutathione.

In general, damaged DNA can be repaired by nucleotide excision repair (NER),
mismatch repair (MMR), double-strand break repair, base excision repair and direct
repair. It seems that tumor cells mostly have intrinsic differences in DNA repair

mechanisms if compared to the healthy cells.!'*

Nevertheless, mechanistic studies have directed research to a better understanding of

cisplatin activity, but also to the discovery of improved new platinum drugs.
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3.2 New Improved Platinum Drugs

3.2.1 General Classical Considerations

The strategy for developing potential platinum-anticancer drugs involves that the
candidate should carry into the tumor cell both the DNA binding warhead and a
molecular fragment that can interfere with a specific cellular pathway.!"*! Structure-
activity relationship studies of the platinum compounds have determined a set of
rules specific for these compounds; mainly such compounds should be a neutral
platinum(II) species with two ammine ligands or one bidentate chelating diamine,
and two ligands that can be replaced by aquation reactions (Figure 3.7). Cis geometry
of the two amines (since frans-platinum is inactive) and the presence of at least one
NH group on the amine function (responsible for important hydrogen-bond donor
22,107,108]

properties) is preferred.|

R H
\ /

~

- X
Pt
—N
/N
R H

Figure 3.7. Lead structure for the design of platinum based drug candidates. X — leaving
group (e.g. two chloro groups or bidentate malonate), R — H or an alkyl substituient.

3.2.2 Classical Platinum Compounds

(13

Cisplatin is considered to be the “parent” of the platinum based drugs. First

variations were derived by substituting different ammine and anionic ligands.®!
Thus, the second generation platinum drug, carboplatin was introduced, by
exchanging the chlorides in the cisplatin structure, exhibiting lower toxicity than
cisplatin. Its lower reactivity allows the administration of a higher dose. The
spontaneous, intrinsic drug resistance developed in certain tumors has led to new

structural investigation and a new generation of platinum drugs. The third generation

included compounds with different amine ligands, such as oxaliplatin (Figure 3.8).
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Figure 3.8 Structures of platinum compounds currently in clinical use.

Despite the huge number of platinum drug candidates, only cisplatin, carboplatin
and oxaliplatin are used worldwide in the treatment of different types of cancer.

Nedaplatin and lobaplatin are approved only in Japan, respectively China.!*]

3.2.3 Non-Classical Platinum Compounds: New Approaches for
Platinum Drug Design

The knowledge about the chemistry of the classical platinum drugs and correlation of
their structures with anticancer activities has been the starting point for designing
novel anticancer drug candidates based on the earlier mentioned mode of action
(section 3.1.2).1"!"% Modification of the leaving groups can influence tissue and
intracellular distribution, whereas the carrier ligand usually determines the structure
of adducts formed with DNA. The Pt-DNA adducts formed by cisplatin and the
classical analogs are very much alike, and this can explain the similar patterns of

tumor targeting and low resistance mechanism.

New approaches include active frans compounds, complexes with non-amine neutral
ligands, such as aromatic systems, positively charged compounds, homo or hetero
multinuclear compounds and even platinum(IV) compounds (Figure
3.9). 1222383 LI The Jatter appears to be reduced to Pt(II) species inside the cell, but
have improved cellular uptake and can address multiple intracellular targets (e.g.

mitaplatin).!'"?!
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Figure 3.9 New non-traditional platinum compounds in clinical trials.

The major drawback of the platinum drugs is the poor capability to distinguish tumor
cells from healthy ones. Identifying a special pathway for targeting only the tumor
cells is unlikely, but it seems possible to increase the selectivity addressing e.g.
solubility, cellular uptake. Compounds with bioactive carrier groups, such as
aromatic intercalators, photoactivatable carriers, e.g. a benzophenone ligand, or
antibodies that address special intracellular targets (increased rate of DNA cross-
linking, mitochondria, proteins or combinations), are of major research interest.l?:'14
Nanotechnology is commonly used to build up target specific nanocarriers to deliver
platinum into tumor cells with strong therapeutic effects.!!'>116 A variety of carriers
including water soluble polymers, dendrimers, micelles and microparticles were
introduced as eventually drug vehicles for a more efficient delivery of the drugs into
the cells.>!!"! Improving the delivery of platinum-based drugs may lead to reduced
side effects at lower doses of drugs, and a possible way for a more specific tumor
targeting.

The phosphodiester backbone seems also to play an important role in facilitating
DNA platination.""™ Polynuclear platinum complexes were designed as phosphate
clamps and can be considered as another mode of DNA binding or as a
preassociation step that facilitates covalent binding. TrisplatinNC, e.g. does not
intercalate or bind in either groove, instead it binds to phosphate oxygen atoms, and
thus, associates with the backbone.!'' Electrostatic forces appear to even induce
DNA bending. The charge of the internal platinum atom(s) is important to anticancer
activity of the complex, being associated with increased cellular accumulations as

[120]

proposed for the involvement of polyamine transporters. Therefore, metal centers
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in molecules that are positively charged are favored to bind to the negatively charged

biomolecules.

Another way of reducing side effects of platinum drugs is to increase their targeting
property towards the nuclear DNA, still considered the “key” site to anticancer
activity. Metallo-drugs, such as platinum based ones, have been conjugated to
molecules with high affinity for DNA. Platinum(II) or (IV) compounds have been
combined with oligonucleotides or PNA (peptide nucleic acid) sequences and have
shown some ability to overcome cisplatin resistance and sequence specific inhibition
of certain oncogens.''" Sequence specificity was also achieved using minor groove
binders, like pyrrols and imidazole sequences that can direct the platinum complex

towards particular DNA sequences.!'?""'*

To facilitate the comparison between platinum complexes, the following possible
research parameters can be summarized: nature of non-labile ligand or carrier ligand,
nature of the labile ligand or leaving group; type of atoms that link ligands to the
platinum atom; oxidation state of platinum atom; nature of axial groups in Pt(IV)
ligands; nuclearity or number of platinum atoms in the platinum complexes; formal
charges present in the molecule; intrinsic bioactivity of some ligands or bioactivity

induced by molecules attached to ligands by linkers.!''"!

As a general remark regarding the platinum drug design strategy it can be stated that,
compared to the classical cisplatin, all ligand types coordinated to the metal center
can be modified."'""'*) Furthermore, combination with specific DNA targeting
molecules is considered to be essential in order to obtain increased biological
activity, concretized in possible new Pt-based anticancer agents. Nevertheless,

cisplatin represents the most successful model as lead structure.

3.2.4 The Approach of This Study

DNA bending is a significant biological process. Structural studies of DNA bending

[20,124]

proteins, such as the HMG proteins, a key factor in cisplatin efficiency, or the

[38,44]

IHF proteins, a highly sequence specific DNA binder, have suggested an
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important role for electrostatics in protein-mediated DNA bending. Charged peptides
are known to induce bending.***"'**! Targeting of polyanionic DNA by cisplatin and
related compounds is known to be facilitated by the presence of positive charges on
the metal center or closely related groups.'**”) Generally, the charged metabolites

create an influx also for the non-charged drug, further contributing to the activity.

The approach of this study to achieve platinum drug analogs with enhanced
selectivity and solubility makes use of the interaction of DNA with a positively
charged peptide that is modified with a platinum chelating moiety. More precisely,
the synthetic scheme involves building molecules that contain both a DNA bending
peptide with positive charges to wrap around DNA and an artificial (amino acid)
side chain with Pt-chelating properties (Figure 3.10).

R R

\N/\ /CI
i +
[peptide] /Pt\
N Cl
/\
R R

Figure 3.10. General research scheme for designing new platinum analogs. Dashed bond
represents variability of the chain (aliphatic or aromatic) in the ligand structure, R — H or
alkyl; in blue — the leaving groups, in red — the reactive centers of the molecule.

The two research directions, nonspecific and specific DNA targeting using peptides,
make use of peptide constructs with the property of inducing structural distortions,
such as bending and/or unwinding. A prebent DNA is supposed to facilitate covalent

binding of platinum compounds to dsDNA.

We have synthesized platinum drug candidates derived from the cisplatin structure;
more precisely, modifications were performed to the ammine ligands region, by
chelating the platinum unity to bidentate (amino) acid functionalized building blocks,
incorporated into peptides that can interact nonspecifically or specifically with the
DNA, such as DNA bending peptides imitating the IHF. Binding to the dsDNA was

investigated with encouraging positive results.
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4. Synthesis and DNA Binding Studies of Cisplatin
Analogs Modified with Nonspecifically DNA
Targeting Peptides

4.1 Synthesis of Platinum Complex/Nonspecific Peptide

Chimera

Our research scheme for synthesis of new DNA-Pt binders involves on the one hand
synthesis of platinum chelating building blocks, on the other hand the synthesis of
peptides responsible for nonspecific electrostatic interaction, making use of classic
organic synthesis and solid phase peptide synthesis (SPPS) employing the Fmoc (9-
fluorenylmethyloxycarbonyl) protocol.

4.1.1 Synthesis of Platinum Chelating Building Blocks

Organic synthesis involved the design of aliphatic or aromatic building blocks that
have a platinum coordination site, but also an additional amino or acid group for later
peptide coupling.

Initially, a bisimidazole derivative was thought to be a suitable candidate since it was
known that such aromatic systems do exhibit anticancer activities.!'**'*”) Scheme 4.1
shows the approached synthetic pathway. Compounds 1, 2 and 3 were the first
considered targets that were matching our purposes. Compound 1 had an amino side
chain, whereas 2 and 3 had carboxylic acid function. Synthesis was done according

[128.129] Synthesis of compound 1 implied Boc protection of

to literature procedures.
the corresponding nitrobisimidazole derivative 7, followed by reduction to the amino
function. Since Boc protection was unsuccessfully (possible steric hindrance),

building block 1 could not be synthesized, although standard protocols (Boc,O,
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NaOH/KHCOjs in dioxan-water)!*” or other procedures (B-cyclodextrine, DMAP,
NaH) were applied.["*!

The building blocks 2 and 3, bearing a carboxylic acid function, were designed so
that after peptide coupling would result a target molecule having a free C-terminus
(an amide dead end, with an increased stability) instead of an N-terminus.

[|3°C NH, Boc Boc,O

NWN

/ \

| &N N /
o 1

(o}

o] \[
N NH W No,

N AN 02 _ N X NOZ N N
DS HzNACO NEt,, EtOH P _ HCleons Q \j
N~ el reflux, 40 min, 92% N° “NH 30 min, 84% N—

0 HC
O
COOH MeOOC._ _COOMe
H H 1 NaOH Na, MeOH,
N N 2 HCI EtOOC-CH,-COOEt
RN Arsrrre Q °
&N IEJ / 80 °C. 30 min reflux, 2 h, 90%
50%
2
_COOH
NaOH,
Q?A\( HN" >COOH
J 80 °C, 30 min

53%
Scheme 4.1 Synthesis route for the bisimidazole ligands 1, 2, 3.

Compounds 2 and 3 were successfully synthesized (Scheme 4.1). Compound 2
experienced solubility problems since it was only soluble in hot water. Therefore,
coupling with a peptide failed even at higher temperatures (50 °C). Boc

[132]

protection or generating the active ester (with PFPOH—pentapfluorophenol)!'**

136 of compound 2 was not successful. Since Boc protection of the bisimidazole
ligand has proved to be difficult, compound 3 was considered to have too many

competitory platinum coordination sites.
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Another approach (Scheme 4.2) was to synthesize the methylated bisimidazole
building block in analogy to literature procedures by formation and then conversion
of keto-bridged bisimidazole and subsequent reduction to the methylene-bridged
compound.!*"*¥ Cleavage of the ester 12 under alkaline conditions gave the desired
ligand 13 in 75% yield and was used further for SPPS. As reference for DNA
binding studies, the platinated analogue 14 (40% yield) was synthesized by heating
for 3 h at 40 °C using K,PtCl, as platination agent.

KOH,

| Bulli, | | |
N N HN-NH,*H,O N N
&R—H (Et0),CO &W/lk( J -~ 0/3 - &m J
1

THF, -78°C to RT

9 o.n., 50%
Buli,
BrCH,COOCH,CH,CH,
THF, -78°C to RT
COOH 0.n. 90%

\ / COOH COOnPr
N N

| \\) K,PtCl,, H,0

W Q j 1 j
Pt 40 °C-RT, 30 '}T 3h = eflux, 3h
cl” “cl 40% 75%

14

Scheme 4.2 Synthesis route for the bisimidazole building block 13 used for SPPS, and the
respective cisplatin analog 14.

The second type of building block with platinum chelating ability was an aliphatic
system. Aminopropyl glycine was chosen as a flexible and sterically not demanding
platinum binding site. The synthesis of building block 19 was obtained in analogy to

the preparation of the respective e-bisamine!'”

starting with the nucleophilic
substitution of zert-butyl bromoacetate 16 by 1,3-diaminopropane 15 yielding amino
acid 17 in 90% yield (Scheme 4.3). Fmoc protection of both amino groups gave 18 in
65% yield. Ester cleavage provided building block 19 (85% yield) that was directly
introduced in the final SPPS coupling step. Synthesis of its cisplatin analog 21

implied standard Boc deprotection of 17 in quantitative yield, followed by platination

using K,PtCly (30% yield).
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Scheme 4.3 Synthesis route for the aliphatic aminopropyl glycine building block 19 used for
SPPS, and the respective cisplatin analog 21.

In summary, the two bisdentate amine ligands 13 and 19 were prepared and attached
to peptide oligomers. Also, their cisplatin analogs 14 and 21 were synthesized as
references for DNA binding studies. A limited stability of the platinated compounds
with respect to hydrolysis was indicated by mass spectrometry and NMR. This ligand

exchange is in agreement with the cisplatin aquation process."’

4.1.2 Synthesis of Peptide Oligomers and of the Platinum Complex/
Peptide Chimera

Peptide synthesis is based on the solid phase principle developed by
Merrifield 1 **'*" The method involves the use of a polymeric insoluble solid support
(resin) on which the peptide is build up by consecutive cycles of amino acid
coupling/N-a-deprotection. Peptide synthesis is usually performed from C to N-
terminus and the amino acids are side chain protected with a set of orthogonal
protecting groups. Cleavage and final deprotection releases the free peptide. The
Fmoc-SPPS strategy is normally used for generating a-peptides and has the

advantage of using mild base deprotection conditions.

The required peptides and chimera of peptides and platinum complexes were
obtained by automated Fmoc-SPPS on a NovaSyn® TGR resin preloaded with the
first amino acid. Amino acid activation was performed by HBTU/HOBt. Three
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peptide sequences with a various number of positively charged side chains were
prepared: H-(GGGKKKKKK)-NH, (C6), H-(GGGGGGKKK)-NH, (C7), and H-
(GGGAAAAAA)-NH; (C8) (Scheme 4.4). Therefore, a gradual charge interaction
with DNA was investigated. Furthermore, building blocks 13 and 19 were coupled to
the N-terminus of the respective oligomers by manual SPPS also using HBTU/HOBt
activation. The final assembly of platinum complexes was performed with the resin
bound oligomers, with subsequent cleavage of the constructs from solid support by
treatment with TFA. After purification by HPLC, the desired platinum
complex/peptide chimera (C1—C5) were obtained and characterized by HR-MS.

To be mentioned also the complex between 21 and C8 was synthesized (HR-MS
evidence), that is the platinated propylenediamine-alanyl based complex, but it could
not be purified due to limited solubility. Therefore, it was not used in the DNA

binding studies.

O O

(0]
- TFA 95%
1. 20% piperidine, NMP
H O - O
Fmoc—N—(AA))I\H H2N—(AA)9)L” HzN-(AA)g)J\NH

—  » 2
2. Fmoc-AA-OH
HBTU/HOBt, DIPEA, NMP C6-C8

8 repeats, automated SPPS
1. BB-OH, HBTU/HOBt, DiPEA, DMF
3. 20% piperidine, NMP

final Fmoc deprotection 2. 20% piperidine, DMF (only for BB 19)
manual BB coupling

Q 1'gf\/|P|§|L4091(/) o
20 9:1(v/v
H - H
Cl,PtBB N—(AA)g)J\NHZ BB N—(AA)g)L N/O
hd 2. TFA 95% g H
© c1-cs ©
O solid support (NovaSyn® TGR resin) Building block (BB):
(AA)g: GGGKKKKKK COOH
GGGAAAAAA \ /
GGGGGGKKK N : \ N HN/\/\N/\COOH
<\/N N\/> Fmoc Fmoc
13 19

Scheme 4.4 Preparation of peptides and platinum complex/peptide chimera by Fmoc-SPPS.

In conclusion, it was achieved the synthesis of five platinum complex/peptide
chimera C1—CS5 that contain cisplatin analogs covalently linked to peptides varying

with respect to the amount of positive charges in the amino acid side chains (Figure
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4.1). The presumption was that the presence of charged peptides would facilitate in
particular electrostatic DNA pre-association and bending of the DNA target. The
newly synthesized platinum(II) complexes were based on bisimidazole ligands or
propylenediamine and combined with nonapeptides containing six (C1 and C2) or

three lysinyl units (C3 and C4) or non-charged alanyl units (C5).

CONH-GGGKKKKKK—-NH,

\ / HzmHVCONH-GGGKKKKKK~NH2
N N o]
&/ \ \/) c1 c el 2

N. _N
_Pt,
cl” el

CONH-GGGGGGKKK-NH,

\ / HZI\Z(\NH\/CONH-GGGGGGKKK—NHQ
N N c- el

I
N. _N

Pl
cI” cl
CONH-GGGAAAAAA-NH, H-GGGKKKKKK-NH,  C6
}\lji('\i H-GGGGGGKKK-NH, C7
&‘\1 ,\} j c5 H-GGGAAAAAA-NH, C8
_Pt’
cI” el

Figure 4.1 Platinum complex/peptide chimera C1-C5 and the respective reference
peptides C6—C8.

4.2 DNA Binding Studies of the Cisplatin Analogs

The DNA binding properties were investigated by agarose and polyacrylamide gel
electrophoresis, propidium iodide intercalation and thermal denaturation studies.
Typically, enhanced adduct formation was found to take place for platinum
complex/peptide chimera and DNA in the presence of positively charged peptides.
The observation sustains the suggested idea of using platinum complex/peptide

chimera as novel DNA-modifying agents.
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4.2.1 Plasmid Binding Studies

The DNA conformational changes induced by platination were visualized by agarose
gel electrophoresis in a gel mobility shift assay of platinum exposed circular
plasmid."* After platinum binding, DNA unwinding takes place, and both
supercoiled and relaxed forms can be visualized by agarose gel electrophoresis. The
increase in the amount of platinum complex bound to DNA induces the decrease in

the migration rate of the supercoiled plasmid band.

Considering the property of cisplatin and analogs as DNA unwinding agent,!"”! we
investigated the DNA binding affinity of platinum complex/peptide chimera C1—CS5,
peptides C6—C8 and the platinated building blocks 14 and 21 with the negatively
supercoiled pUC18 plasmid. The ratio of nucleotide concentration (Cpna) and
concentration of platinum compounds (Cpt) (r= Cpy/Cpna) Was varied in the range of
0-0.3 (Figure 4.2).

As expected a pronounced effect was detected for the positively charged lysine-
glycine containing complexes. Thus, the bisimidazole platinum complex/peptide
chimera C1, which at pH 5.8 contains six positively charged lysinyl residues, led to
unwinding of the plasmid already at low concentrations. However, smearing of the
bands was observed, as well as complete retardation of the DNA migration at r¢ =
0.15-0.2, simply based on charge neutralization (Figure 4.2). A similar gel migration
pattern was observed for the reference peptide C6 which is in accordance with the
charge neutralization effect. In general, for the lysinyl containing oligomers DNA
precipitation was observed already at ¢ = 0.5. Therefore, gel mobility shift assay was
performed until 7 = 0.3. The propylenediamine platinum complex C2 with the same
peptide sequence as C1 provided a similar result with respect to retardation, but more
defined unwinding of the plasmid up to rr = 0.15 was observed. A critical value was

pointed around 7¢= 0.076 for the lysinyl peptides C1 and C2.

Decreasing the amount of charged lysinyl side chains within the peptide to three
provided an interesting observation. In contrast, both platinum complexes in

combination with the peptide sequence G¢Ks3 (C3 and C4) led to distinct plasmid
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unwinding. For the propylenediamine platinum complex C4 the coalescence point
was almost reached at a platinum complex/DNA concentration of 7y = 0.3, whereas
the peptide C7 was not sufficient for plasmid binding. Without the platinum moiety
attached to the peptides, no effect of binding was observed. Thus, the combination of
platinum complex and positively charged peptide is indicated to provide improved

DNA binding.

C1

C7_cs-

g 0 0.01 0.050.076 0.15 0.2 03 O rg 0 0.01 0.05 0.076 0.15 0.2 03 O

rz 0 0.01 0.050.0760.15 0.2 03 0

Figure 4.2 Gel mobility shift assay of platinum complex/peptide chimera C1-C5 and
peptides C6—C8 with supercoiled and relaxed forms of the pUC18 plasmid (incubation for 2
h, 32 °C with r¢ varying from 0 to 0.3, 10 mM Na,HPO,/NaH,PO,, pH 5.8, [pUC18] = 0.15
mM nucleobases).

Comparison of the two types of complexes with respect to binding efficacy clearly
indicates the superiority of the propylenediamine ligand over the bisimidazolyl
ligand. Platinum binding might be obstructed by the sterical hindrance and lower
conformational flexibility of the aromatic ligand system compared to the more site

accessible and smaller aliphatic diamine.

As a final proof of the charge requirement for improved platinum-DNA interactions,
was the study of the platinum complex chimera containing the non-charged glycine-

alanine peptide sequence C5, as well as the peptide C8 binding to the plasmid. Thus,
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no mobility shift in the gel up to »+ = 1.0 was induced when using non-charged
peptides. Similarly, the platinated building blocks 14 and 21 lacking the peptide
chain showed no gel mobility shift up to an = 0.8 (Figure 4.3).

1 2 3 4 5 6

Figure 4.3 Gel mobility shift assay of platinated building blocks 14 and 21 with supercoiled
and relaxed forms of the pUC18 plasmid (incubation for 2 h, 32 °C with 7, varying from 0 to
0.8, 10 mM Na,HPO,/NaH,PO,, pH 5.8, [pUC18] = 0.15 mM nucleobases).

4.2.2 Oligonucleotide Binding Studies

Another method to investigate DNA recognition and covalent binding of the cisplatin
analogs was polyacrylamide gel electrophoresis. The single-stranded 22-mer DNA
S'=TCTCCTTCTTGGTTCTCTTCTC-3" was used as target. With only one d(GpG)
site a defined binding stoichiometry was expected. The DNA was radio-labeled at the
5°-end using polynucleotide kinase and [y->*P]-ATP.

The respective platinum complex/peptide chimera and control peptides were added
to the DNA (650 cps/reaction) in 10 mM phosphate buffer, incubated at room
temperature for 18 hours, and analyzed under denaturing conditions. Titration studies
were initially performed to allow formation of a single adduct. At 1 pM
concentration for all complexes a shift in the gel was detected only for C1-C4,
whereas 10 uM was needed for the rest of the complexes in order to give similar
effect. Therefore, a concentration of 1 pM was used for the lysinyl containing
complexes C1-C4 and 10 uM for all other complexes and the peptides as shown in
Figure 4.4.
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It is known that both covalent binding and electrostatic association of larger
molecules to DNA induce changes in gel migration patterns of the resulting
structurally distorted DNA. Larger molecules and bent oligomers are expected to
migrate slower in a polyacrylamide gel.l*'”"*'**) The shifted bands can be correlated
to the amount of charge neutralization, but the influence of the complex size or DNA

bending might also contribute to the observed gel shifts.

The platinum complex/peptide chimera C1—-C4 were all found to give rise to a major
reaction product with retarded gel mobility indicative of efficient platinum binding.
Stronger migration retardation was observed for the platinum complex/peptide
chimera with six lysinyl residues (C1 and C2) as an effect of the influence of the
positive charge of the lysinyl side chain. Nevertheless, the results show that the
platinum moiety is indeed required for DNA binding, since the charged peptides C6
and C7, lacking the platinum complex, did not cause any significant gel shifts under
these conditions (Figure 4.4). The requirement of charged peptides for efficient
binding is further indicated by the study of complex C5 and C8 which also do not

interact with the DNA at any of the reaction conditions.

C1c2 (C3cC G5 C6C7C8 1421 cDDP control

"

- e & oo -

Figure 4.4 Autoradiogram of platinum complexes C1-CS5, peptides C6—C8, platinum
complexes 14 and 21 as well as cisplatin with radio-labeled DNA
5'=TCTCCTTCTTGGTTCTCTTCTC-3". A 1.0 uM complex concentration was used for
C1, C2, C3 and C4; all other derivatives were added in 10 uM concentration. The samples
were separated on a 0.2 mm, 20% denaturing polyacrylamide gel (PAA/8 M urea).
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However, only at ten times higher concentration (100 uM) of CS5, a slower migrating
platinated product can be visualized (Figure 4.5). Even at this high concentration, no
band retardation is seen in the gel upon addition of the unconjugated peptides,

C6—C8 (Figure 4.5).

C1C2 C5 C3C4 (C6C7C8 14 21 cDDP control

-l

Figure 4.5 Autoradiogram of platinum complexes C1-CS5, peptides C6—C8, platinum
complexes 14 and 21 as well as cisplatin with radiolabeled DNA 5’
TCTCCTTCTTGGTTCTCTTCTC-3". All the complexes are in large excess at an end
concentration of 100 uM. The samples have been separated on a 0.2 mm, 20% denaturing
polyacrylamide gel (PAA/8 M urea).

At this high concentration the lysine complexes give rise to stable large aggregates.
When the two different types of platinum coordination spheres are compared, it is
obvious that the platinum complexes bound to the propylenediamine ligand (C2 and
C4) showed a significantly higher DNA binding compared to the corresponding
bisimidazolyl ligand oligomers (C1 and C3). The cisplatin analogs 14 and 21 lacking
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the peptide moiety and cisplatin alone were also shown to interact with DNA, but ten

times higher concentrations were needed to obtain distinct gel retardation.

In summary, the pronounced band shifts were obtained for the platinum
complex/peptide chimera. It sustains the idea that attachment of charged peptides to
the platinum moiety can be used to facilitate covalent nucleic acid binding.
Regarding the platinum complexes 14 and 21, it required ten times higher
concentration compared to the platinum complex/peptide chimera for efficient DNA-
binding, whereas no DNA interaction was indicated for the charged peptides lacking

the metal binding site.

Therefore, it can be concluded that the ability of this platinum complex/peptide
chimeras to preassociate and bend the DNA contributes with an influential reaction
step in the mechanism of covalent DNA modification by these presently investigated

compounds and related analogs.!'**

4.2.3 Fluorescence Intercalation Studies

DNA structural changes induced by the platinum complex/peptide chimera were
investigated by using propidium iodide (PI) fluorescence studies. Thus, the PI
intercalation was monitored in the absence or presence of the different platinum
complex/peptide chimera. As previously shown, the PI fluorescence increases during
intercalation with double-stranded DNA due to n-w stacking interactions between the

cationic dye and DNA nucleobases.!'**'*’]

After pre-incubation of the platinum complexes C1-C5 and peptides C6—C8 (10
mM Na,HPO4/NaH,POy4, pH 5.8; 1t = Ceomplex/ Caucleotiae = 0.083; samples were pre-
incubated for two hours at 32 °C), with herring DNA, PI was titrated into the
resulting solution. The r¢ value was determined after titration studies (higher
concentration induced precipitation). The fluorescence was measured as a function of

rt, and the corresponding experimental data are shown in Figure 4.6.
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Figure 4.6 PI fluorescence as a function of 7 in the presence of C1-C6 and cisplatin with
herring DNA as target.

It can be observed that all reaction mixtures exhibit similar features with an initial
increase of fluorescence as a result of increasing rf but reaching a saturation
fluorescence at rp-values in the range 0.1-0.2. However some interesting differences
can be observed. For example, it is strongly noticeable that the saturation
fluorescence is influenced by the nature of the added compounds. The effect is
particularly pronounced for compounds C1, C2 and C6, i.e. in the presence of the
hexavalent nonapeptide, both unconjugated (C6) and conjugated to the platinum
complexes (C1 and C2). Compound C2 gives rise to the largest reduction of PI

fluorescence, ca. 30%.

Thus, these data suggest that the presence of these compounds on the DNA surface is
enough to efficiently block the access of PI to intercalation sites on the DNA.
Therefore, the flexibility of the double helix is decreased upon platination with these
complexes. The observation is in line with the previously suggested structural effect
observed e.g. during the plasmid binding studies (Figure 4.2). Additional support for
a reduction of accessible PI intercalation sites on the DNA surface is also given by

the fact that the plateau-value is reached earlier for the platinum compounds, with 7~
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saturation values at ca 0.14 and 0.16 for C2 and C1, respectively, as determined by
first-derivative analysis. It can be concluded that whereas the non- and trivalently
charged platinum complex/peptide chimera still allow for PI intercalation in good

agreement with the Neighboring Exclusion Principle, ™

the presence of the
hexavalent platinum complex/peptide chimera leads to an electrostatic contribution
to the surface binding that is not readily displaced by PI. Furthermore, the platinum
complex/peptide chimera C3 and C4 (three lysinyl units) caused only a minor effect,
and the non-charged platinum complex/peptide chimera C5 had no influence on PI

intercalation.

Finally, very minor effect was seen for the peptides C7 and C8 or for the platinated
building blocks 14 or 21 (Figure 4.7). These data are in agreement with the
previously discussed evidence obtained from the pUC18 plasmid gel shift assays of
the hexavalent lysinyl unit as the moiety with the largest binding affinity and ability
to induce DNA structural changes.

12000000

10000000

8000000 -
——DNA

6000000 —=a—-DNA+C7
—a—DNA+C8

4000000 ——DNA+14
——DNA+21

Fluorescence at 615 nm (a.u.)

2000000 —o—DNA+cisplain

0 0,05 0,1 0,15 0,2 0,25
[PI//[DNA]

Figure 4.7 PI fluorescence as a function of 7 in the presence of C7, C8, 14, 21 and cisplatin
with herring DNA as target.
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4.2.4 Thermal Melting Studies

Temperature dependent UV spectroscopy provided further insight into the interaction
between the platinum complex/peptide chimera and DNA. Whereas covalent
platinum binding can be expected to decrease the thermal stability of the duplex, its
interaction with the charged peptides likely gives rise to the opposite effect.!' 14" At
the present reaction conditions (1.0 uM dsDNA 1, 10.0 mM Na,HPO4/NaH,PO4, pH
5.8) the double strand formed by DNA oligomers 5'-
TCTCCTTCTTGTGTCTCTTCTC-3"and 3'-AGAGAGGAAGAACACAGAGAAG-
5" provided a melting temperature of, 7, = 37.0 °C. The platinum complex/peptide
chimera and peptides were added in a 4 uM concentration. The thermal melting

values are given in Table 4.1.

System I'n (°C)

Control, DNA only 37.0 (£0.4)
C1, G3K¢-Pt complex 44.5 (£1.3)
C2, G3K¢-Pt complex 50.5 (£1.0)
C3, GgK;-Pt complex 36.7 (£0.6)
C4, GgK;-Pt complex 37.9 (£0.9)
C5, G3A4-Pt complex 36.1 (£1.6)
C6, G3K¢ peptide 49.1 (£1.0)
C7, G¢K; peptide 46.1(£1.5)
C8, G3Ag peptide 37.2 (£1.5)

Table 4.1 Thermal melting studies of dsSDNA (1.0 uM) in 10.0 mM phosphate buffer (pH
5.8). Platinum complex/peptide chimera and peptides were added in 4 uM concentration, 7,
in °C with standard deviation.

It can be observed a comparable increase of the thermal melting temperature for the
polylysinyl complexes C1 (71, = 44.5 °C), C2 (T}, = 50.5 °C) and the respective
peptide C6 (T, = 49.1 °C), thus indicating that the stabilization caused by positively
charged peptides is dominating (Figure 4.8).
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Figure 4.8 A representative thermal melting study of dsDNA, both before and after
preincubation with platinum complexes C1, C2 and the polypeptide C6 (Cyspna = 1.0 uM,
CCl,CZ,C6 =40 MM, Cbuffer =10.0 mM, pH 58)

In accordance with gel electrophoresis and fluorescence results the propylenediamine
platinum complex C2 provided a stronger DNA stabilizating effect compared to the
bisimidazolyl ligand system Cl1, i.e. indicating also an influence from the platinum
binding moiety. Nevertheless, as indicated by the 7}, obtained for DNA stabilization
in the presence of peptide C6, the charge neutralization can be considered as the

main contribution.
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4.2.5 Conclusions

The nonspecific DNA-peptide approach, evaluated the potential of a novel type of
extended, charged platinum complex/peptide chimera with respect to efficient DNA
targeting. Covalent binding of cisplatin analogs to DNA was found to be directed by
platinum coordination, as well as positive charges located at the platinum complex or
in the ligation sphere. Evidence was given by electrophoresis, fluorescence

intercalation studies and temperature-dependent UV spectroscopy.

Two different metal-chelating moieties, both linked to nonamer polypeptides, were
successfully synthesized by coupling of the chelated metal complex to the
polypeptide using solid phase peptide synthesis. The choice of the chelating moieties,
the bisimidazolyl- and the propylenediamine-ligands, respectively, proved to
influence the reactivity of these complexes. Thus, the propylenediamine complexes
were found as the more reactive ones, most likely due to steric effect, where the more
flexible polypropylene ligand allows for more suitable location of the platinum

center in close vicinity of the reactive groups on DNA.

It was shown that an increased charge on the nonapeptide moiety (0, +3, and +6)
indeed facilitates the interaction. It seems reasonable to assume that the improved
binding observed, in particular for the hexavalent compounds C1 and C2, is caused
by a combination of 1) maximized electrostatic attraction to the DNA surface and ii)
increased flexibility of the DNA structure around the association site, both
facilitating formation of the structurally distorted, platinated DNA structure. The
most promising candidate was found compound C2, for which interactions with
DNA were observed at a ca. 10-fold lower concentration compared to cisplatin.
Further, for this compound the adduct formation was accompanied by a ca. 13 °C
increase of the melting temperature, consequently suggesting formation of a DNA-
adduct with high energetic demands during formation of the single-stranded DNA

needed for e.g. efficient repair.!"”!

This study indicates the potential of cisplatin analogs as hybrids with charged

peptides, especially since cationic amino acids might be combined with specific
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recognition or DNA bending sequences. It can be stated that this synthetic strategy
deserves to be explored further towards the goal of providing highly efficient drug

alternatives to cisplatin.
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5. Synthesis and DNA Binding Studies of Cisplatin
Analogs Modified with Specifically DNA Targeting
Peptides Derived from IHF

5.1 IHF — Integration Host Factor

5.1.1 General Structure

IHF of Escherichia Coli is a DNA-bending protein and belongs to the group of

18] Bending is important in DNA packing and in regulating

histone-like proteins.
diverse cellular processes. Although first discovered as a host protein required for
lysogeny by bacteriophage 4, IHF is involved in many processes that lead to high
ordered protein-DNA complexes: e.g. in DNA replication by binding to ori C, in
transcriptional regulation by binding upstream of many o-dependent promoters, and

(38,149

in different site specific recombination systems. I Like HMG domain proteins,

IHF has architectural elements in the assembly of nucleoprotein structures.

The general structure shows IHF as a small heterodimeric protein made up of o and S
subunits, ~10 kDa each, that are ~30% identical in sequence. Each IHF subunit
contains 5 f-sheets (S) and 3 a-helices (H).The order of S and H is HI-H2-S1-S2-
S'2-S'3-S3-H3 (Figure 5.1).
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Figure 5.1. Molecular Structure of the IHF subunits « (A) and f (B) units and the overall
structure (C).

The structure of IHF is closely related to the histone-like protein (HU), a nonspecific
DNA binding protein that also bends the double strand and belongs to the same
protein family.>**!>% Despite the structural similarity (each subunit of IHF is nearly
40% identical in sequence to HU), IHF binds to DNA in a sequence specific manner,

thus, facilitating both, biochemical and structural characterization of the complex.

5.1.2 Interaction with DNA — Binding and Bending

IHF was cocrystalized with a 35 base pairs (bp) DNA fragment containing the H’ site

A4 1t revealed the two subunits to form a largely a-helical body, with

of phage
certain content of basic amino acids (e.g. lysine, arginine), followed by f-sheets that
are extending into two flexible f-ribbon arms (Figure 5.2). These arms recognize
dsDNA in the minor groove and wrap around it, whereas the positively charged
protein core interacts nonspecifically mainly with the polyanionic DNA phosphate
backbone. A proline residue (P65-a/P64-p) is positioned at the tip of each arm, and
intercalates into the DNA double strands, disrupting the stacking interactions
between the base pairs and inducing a U-turn in the DNA structure by an overall

bend of ~180°. The majority of the bending occurs at two kinks nine bp apart. The
bend is stabilized by electrostatic interaction with the positively charged body of the
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protein (26 positively charged side chains, as well as the N-termini of the helices in

the heterodimer body).!*

Figure 5.2 Molecular structure of IHF-DNA complex. The intercalating proline residues of
each arm are highlighted in red.[*"**

Sequence specificity of IHF recognition is derived from indirect readout by shape
recognition of the minor groove next to a negligible amount of hydrogen bonding.*!
Specificity is assumed to result from the sum of many small interactions, such as two
rigid arginines of the a-subunit (Arg®, Arg®) reaching into the minor groove and
forming hydrogen bonds with conserved nucleobases or with the intercalating proline
residues. The contribution to sequence specificity is much higher for the IHF a-arm

extending more deeply into the minor groove than the f-arm.

Studies on binding and bending DNA by proteins such as I[HF or HU (both DNABII
family members), have led to the development of a general scheme for DNA binding
and bending effects (Scheme 5. 1).) Proteins (C) can bind pre-bent substrates
(E<C) or they can bind B-form DNA and then bent (A<C). Concerted binding and
bending is showed in A<D transformation, whereas B*, C* are nonspecific
complexes induced by the straight or lightly bent complexes with 9 base pairs

between the active intercalating prolines.
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Scheme 5.1 General scheme for DNA binding by the DNABII family members./*”

The intrinsic flexibility of both, DNA substrate and IHF protein (or HU), is source of
the protein’s ability to facilitate many different cellular processes, and thus, a model
for designing small peptide mimics that are used to elucidate the native mechanism

of action.

5.1.3 IHF Mimicking Molecules

The design and synthesis of a small peptide with specific DNA binding and bending
characteristics derived from the IHF-DNA complex was firstly reported by E. Liebler
et al. (Figure 5.3.B).1*""*! The structure of the mimicking peptide involves three
parts: 1) a cyclopetide — which imitates the minor groove binding loop of the IHF a-
subunit, the lead structure for designing the mimicking peptide; 2) a three generation
lysine dendrimer — imitates the positively charged body of the protein; it provides the
water solubility characteristics for the IHF mimic considering that lysine residues are
known to get protonated under physiological conditions;!"** 3) a glycine oligomer —

for linking the recognition unit with the dendrimer.
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For specific recognition and bending the amino acid sequence of the IHF a-subunit
was maintained around the intercalating Pro®, but limited to 10 amino acids in order

to cover only the contact area in the minor groove (‘mimic’ in Figure 5.1.3).

A. B.

1) ys— Thr—Gly —Glu—Asp—lle
B-Arm: RAPRTGRN%KTGDKVELEGK
0-Arm: KNQRPGRNPKTGEDIPITAR /NH
Mimic:  XPGRNPKTGEDI o=<

1ny B Gil\h

NH
5" GGCCRRARRRAGCATTGCTTATCAATTTGTTGCACC

| |
CGGTTTTTTCGTAACGAATAGTTAAACAACGTGGA Melys  Llys  _-LysMe)
Lys Lys

Pro—Asn-Arg—Gly—D-Pro—Dap,

NH,

o
Il.ys(Me:,) II-VS(Mez)

NH,  NH,

Figure 5.3 A. I) Part of amino acid sequences of the a- and f- subunits of the IHF protein.
Conserved sequences are highlighted in bold, the intercalating prolines P65-a and P64-5 in
red. X — diaminopropionic acid (Dap). P — D-Pro. II) Model DNA sequence used for
cocrystalization (Figure 5.2).*Y The consensus sequence of IHF binding is depicted in bold;
the arrows indicate the position of the intercalating prolines P65-a/P64-5. B. First IHF
mimicking peptide reported by E. Liebler,*"! containing the cyclopeptide (red), the linker
(blue) and the dendrimer (green).

For additional cyclization and attachment of the linker, two amino acids were
introduced: p-proline — induces cyclization by its f-turn effect and partially ensured
conformationl rigidity; diaminopropionic acid (Dap) — provides an additional amino

group for attachment of the dendrimer.

Other IHF mimicking approaches studied in the Diederichsen group include:
disulfide bridge within the cyclopeptide sequence for conformational
stabilization;"°!) the extension of the cyclopeptide, for inducing a larger kink; the
replacement of three amino acids from the cyclopeptide area with histidine residues
for the purpose of stabilizing conformational preorganization; the construction of
dimeric IHF mimics to resemble the heterodimeric basic structure of the IHF or even
modifications on the S-subunit of the protein.!"’! Moreover, variation of the
intercalating proline was investigated in order to evaluate the influence of size of the

side chain residue, aromaticity, conformation of the five-membered ring and the

peptide backbone conformation on binding and bending the dsDNA.!>
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5.1.4 Platinum Modified IHF Mimicking Molecules

The approach presented in this study involves the synthesis of cisplatin analogs
based on the IHF mimicking peptide developed by E. Liebler (Figure 5.3.B). The
goal was to obtain new potential cisplatinum drug derivatives with increased
solubility and potential cellular uptake. Addressing sequence specific DNA binding,
kinking and bending should be facilitated, with a stronger and more selective
covalent platinum binding. Modifications were proceeded within the linker area of
the IHF mimic to give the platinated IHF mimicking peptides 22, 23 by introduction
of different artificial amino acids, 24, 25 providing the platinum coordination sites

(Figure 5.4).

The design of the present platinum IHF mimics implied the synthesis of new
unnatural amino acids, as well as the use of both, solid and solution phase peptide
synthesis. New synthetic routes were approached in order to minimize the number of
synthetic steps required in solution phase since SPPS has the advantage of time, yield
and easier handling. Platination was carried out in solution. For latter DNA binding

experiments, the cisplatin analog reference compounds 26, 27 were synthesized.

Besides biological activity, modulating the interactions between DNA and peptide
incorporated platinum moieties applying IHF mimics was thought to be a useful tool

for further understanding of protein/DNA recognition on the molecular level.
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Figure 5.4 Platinum functionalized IHF mimicking peptides 22, 23 and their cisplatin analog
references 26, 27.
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5.2 Synthesis of Unnatural Amino Acids

An artificial amino acid was needed for SPPS. Designing and synthesis involved
building blocks with two functional sites (Figure 5.5): 1) the amino acid moiety
responsible for integration within the peptide; 2) a diamino ligand system as

platinum chelating site.

Rk
_N. _.N
PG : PG
Fmoc /'\
\” COOH

Figure 5.5 General scheme for building block synthesis providing an artificial amino acid
backbone, as well as a platinum coordination site. PG — protecting group; R — hydrogen or
methyl group.

One approach started from Boc-Ser-OBn (28) by performing an Appel Reaction to

155,156] It was

obtain the bromo derivative 29 in analogy with literature protocols.!
followed by a Sn2 reaction, obtaining the malonodinitril derivative 30 in 20% yield.
Problems were experienced in the reducing step of the nitril groups to the amine and

allyloxycarbonyl (Alloc) protection (Scheme 5.2).

CN
OH Br on
/[ PPh,, CBr, /[ NC.__CN, tBuOK
Boc —— > Boc Boc
H COOBn DCM’ -10 °C_RT’ H COOBn THF, 0 oC tO RT, 1 h H COOBn
1 h, 55%
28 ° 29 20% 30
,IO\IIoc

NH :

H 1.NaBH,, TFA :

“Mloo L THE12h

Boc 2. Alloc-ClI
N B
COOBn THF, 24 h

Scheme 5.2 Synthetic route for compound 31.
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Synthesis investigation was directed on improving the yield of 30, but also the
reduction and Alloc protection conditions. By variation of reaction time, the
formation of the cyclic product 33 was observed, thus, explaining the low yield for
compound 30 (Scheme 5.3).

COO0Bn

Br
/': NC._CN, BuOK /'\)\ Boc~y
B i
OC\H 0°Cto RT, THF, 4h  Bo°~ 00BN

COOBn
30%, mixture 9:1
29 32
COOBn
NC.__CN NaH Boc\N
RT, 6 h, 45% —
H,N CN
32
NC CN | NaH
~ 30 + 32

0°CtoRT,2h
30%), mixture 2:1

Scheme 5.3 Synthesis pathway for improving the yield of 30 with isolation of side
product 32.

Compound 30 and the side product 32 had the same chromatographic behavior, mass
spectra, only NMR revealed the differentiation. The use of a stronger base, such as
NaH induced the complete formation of 32. Nevertheless, when proceeding further
with the reduction step, the same pattern of cyclization was observed (ESI-MS
evidence). Cyclization was likely to occur by a combined effect of partial nitril
reduction and nucleophilic attack by one of the amino centers. Other reduction
methods of compound 30, like hydrogenation using different catalysts (Pd/C,
PtO,-H,0) indicated the similar cyclization pattern.

In order to avoid cyclization, a new approach involved the design of a monomer
holding an extended side chain. Synthesis started with reduction of Boc-Glu-OBn
(33) to the alcohol group resulting the compound 34, followed by the Appel reaction

in order to obtain the brominated analog 35 (Scheme 5.4).["*"]
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Scheme 5.4 Synthesis of monomer 35.

Thus, following the same synthetic pattern as previously mentioned, compound 35
was reacted with malononitrile and gave product 36, only when high temperature
was applied, in a yield of 40% (Scheme 5.5). As further products the dimmer 37 was
isolated in 10% yield.

CN CN COOBnN
Br
CN CN NH
Boc
NC.__ _CN, {BuOK ¥
Boc 7 0C~_ Boc
N™ "COOBn 114 50°C,6h N~ ~CooBn N~ ~CcooBn
RT, o.n. H H
35 36 (40%) 37 (10%)

Scheme 5.5 Synthesis of the malononitrile derivative 36.

Reduction of compound 36 with NaBHs and Alloc protection gave the desired
product 38 in only 4% yield as observed in the NMR data, which could not be
isolated from the adduct (Scheme 5.6). Longer reaction time induced the formation
of the reduced alcohol form 39 (30%) which proved to be unstable after purification
by column chromatography. By comparing NMR spectra in CDCl; and DMSO, side
products were observed in DMSO. Also full and concise NMR assignment of the
peaks was not possible. HPLC was used to determine the reaction time for NaBH4

reduction to 24 h.
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Alloc
NH
CN .
CN “Alloc
1.NaBH,, TFA, THF, RT, 12 h
2. Alloc-Cl, THF, RT, 24 h
BoC~ > cooen 4% OC\H COOBn
36 38
/|°\||OC
NH
1.NaBH,, TFA, THF, RT, 24 h §
2. Alloc-Cl, THF, RT, 36 h “Alloc
30%
Boc\N OH
H

39

Scheme 5.6 Synthetic route for compound 38 with formation of the side product 39.

Considering the strong side reactions, a new route for the building block was
developed with ethylenediamine/Alloc-ethylenediamine as the platinum chelating
site. Synthesis started with ester deprotection using 10% Pd/C to give 40 in
quantative yield (Scheme 5.7). Ligation to the diamine derivatives showed only
traces of the product 41. We assumed the zwitterionic form of the intermediate

products might inhibit Alloc protection.

/\/NH2
1. HN Alloc
B B o N Al
r r N _Alloc
HzN/\/ Alloc \/\H
Pd/C, MeOH DMF, RT, 24 h
B B "-"“"“"““% »B
OoC OoC OoC
>N~ >CcooBn RuTé r?th >N~ SCOOH 2. Alloc-Cl, DIPEA N~ >COOH
H quant. H RT, 24-48 h H
35 40 M

Scheme 5.7 Synthetic route for compound 41.

However, these results clearly indicated the need of using a differently protected
ethylenediamine derivative. Therefore, N,N’-dimethylethylenediamine 42 was

selectively protected to obtain 43 in 75% yield (Scheme 5.8) by modifying literature
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protocols."*® The key to obtain a pure compound avoiding column chromatography
was in the work up step by performing several alternative extractions at basic and
acidic pH. This was the best method found for selective amine protection since
standard protection with AllocCl or diphenyl carbonate gave a mixture of the mono

and diprotected forms of 42.

|
~ Alloc-OPh N
N/\/ . \N/\/ > Alloc
H EtOH, RT, o.n. H
42 75% 43

Scheme 5.8 Synthesis route for compound 43.

Attachment reaction of amine 43 to the monomer 35 gave compound 44 in a very
good yield (80%), followed by a three step reaction that was performed without
intermediate purification (Scheme 5.9). Benzyl deprotection with NaOH 1N, Boc
deprotection with 95% TFA and Fmoc protection of the free amine group gave the

unnatural amino acid 24 (90% yield) which was incorporated into the IHF mimicking

peptide.
B rL Al
r _Alloc
| \/\'T
N_
SN Alloe
H 43
Boc
~N~ COOBn DIPEA. DMF,RT,48h %N~ “cooBn
H 80% H
35 44

1. NaOH 1N, RT, 6 h
| 2.95% TFA , 0°C-RT, 6 h
N Alloe 3. FmocOSu, 10% Na,CO,
| dioxane, 0°C-RT, 4 h
90%

Fmoc
H COOCH

24

Scheme 5.9 Synthesis route for the target amino acid derivative 24 used in SPPS.

The synthesis of an aromatic bidentate amino acid ligand was prepared likewise.

Therefore, compound 11 was reacted with monomer 31 (Scheme 5.10). The desired
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product 45 resulted in 20% yield and a mixture of the cyclic proline derivative 46
along with the alkene 47 (40% yield) as side products. Applying longer reaction time
or bases alternation (BuLi, /BuOK), only the formation of the side products was

induced.

[\

_N__N

\ / |
Br N N _N
D jo e B

* Boc  COOBn N COOBn

Boc BulLi, -80 °C-RT, Boc
N cooBn PULh , ~
N THF. o N COOBn

35 45 (20%) 46 (40%,2:1) 47

Scheme 5.10 Synthesis route for compound 45 with formation of the side products 46
and 47.

Another target amino acid 25 was synthesized by using N,N,N’-
trimethylethylenediamine 48 as the platinum coordination site (Scheme 5.11).
Applying a similar synthetic pattern as used for obtaining compound 24, synthesis
involved preparation of compound 49 in high yield (95%), but as a mixture of
conformers caused by rotation effect of Boc or/and the tertiary amine. Benzyl
deprotection with NaOH 1N, Boc deprotection with 95% TFA and Fmoc protection
of the free amine group gave the unnatural amino acid 25 (70% yield) which was

incorporated into the IHF mimicking peptide.

Compound 24 (minor effect), but especially compound 25 showed a certain degree of
instability (cleavage of the fluorenyl group) by longer storage. Therefore,

immediately after synthesis, they were incorporated into the peptides.
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|
Br N
H 48
BoC~ “>C0o0Bn DIPEA, DMF, RT, 240 2°°~\""“coosn
H 95% H
35 49

1.NaOH 1N, RT, 5 h
| 2.95% TFA, 0°C-RT, 6 h
N~ 3. FmocOSu, 10% Na,CO,
| dioxane, 0°C-RT, 8 h
70%

Fmoc_ COOH

Iz

25

Scheme 5.11 Synthesis route for the target amino acid derivative 25 used in SPPS.

As references for the DNA binding experiments the cisplatin analogues 26 and 27
were synthesized using a method that differed from the one reported in literature
(Scheme 5.12).1"°%1 Compound 26 was obtained as a mixture of diastereoisomers,
whereas 27 proved to have stability problems in DMSO (possible hydrolysation) by

prolonged storage. The aquation process specific to cisplatin might be considered

here.
\ K,PtCl,
~ ~N — 2% » —NH NH—
N 40°C,12h Spi’
40% o al
42 26
,L KPtCl, SN
N 40°C, 12 h AP
20% cl cl
48 27

Scheme 5.12 Synthesis route for the cisplatin analogs 26 and 27.
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5.3 Synthesis of Platinated-IHF Mimicking Peptides

Synthesis of the platinated-IHF mimicking peptide using the building block 24
involved several steps: 1) Synthesis of the cyclopeptide; 2) Synthesis of the linker-
lysine dendrimer; 3) Coupling of the cyclopetide to the linker-dendrimer unit; 4)
Alloc deprotection of the coordination site; 5) Platination and final deprotection of
the peptide.

Another approach included complete synthesis of the IHF mimicking peptide
backbone on the resin. For this purpose, building block 25 was designed (contains no

free amine group) and incorporated into the peptide as the platinum coordination site.

5.3.1 The Cyclopeptide Synthesis

The cyclopeptide sequence was described in Section 5.1.3 (Figure 5.3). The synthesis
was performed according to the protocol for the IHF mimic described by E.
Liebler,™) which is considered as a model peptide for specific DNA binding with
bending properties. The cyclopeptide was first prepared as the linear dodecamer 50
on a 2-chlorotrityl resin preloaded with isoleucine, using the Fmoc-SPPS protocol on
an automated microwave synthesizer (Scheme 5.13). HBTU/HOBt was used as
amino acid activation mixture. The Fmoc group was removed using 20% piperidine.
Dap was introduced, Alloc side chain protected in order to have an orthogonal
protection to Fmoc and the acid lable permanent side chain protecting groups. D-Pro
was chosen to induce a S-turn in the cyclopeptide and to ensure a certain degree of
conformational rigidity.!"®” Cleavage with 30% HFIP for 45 min gave compound 50,
thus, avoiding deprotection of the acid-lable Trt group.
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1. Fmoc-AA(PG)-OH Alloc
o HBTUMHOBT, DIPEA | Pof Trt Boc  {Bu Bu  tBu
HN \. 2. 20% piperidine, NMP H—Dap—D-Pro—Gly—Arg—Asn—Pro—Lys—Thr—Gly —Glu—Asp —|le—OH
O 3. 30% HFIP in DCM 50
RT, 45 min, 60%
Boc tBu tBu tBu

LT;oc tBu tBu tBu I | |

|
. \ \ Lys—Thr—Gly —Glu —Asp —lle
DIC, HOAt, NMM LVT Thr—Gly —Glu *ASP*‘”e Me,NHBH,/Pd(PPh,), I‘f’ ASH—Ard —Gly—D.P I‘D
—_————— _— ro-Asn—Arg —Gly—D-Pro-Dap
DCM/DMF 9:1 (v/v) - Asn— — Glv—D-Pro- % | |
RT 16.24 b 26% Pro Al\sn TArg Gly—D-Pro I‘Dap DMF, RT, 4 h, 44% Fit pbf lllH
Trt  Pbf Alloc 2
52
51
. solid support (2-chlorotrityl resin)

Scheme 5.13 Synthesis route for cyclopeptide 52.

Cyclization using DIC/HOAt and NMM in DMF afforded peptide 51, followed by
selective Alloc deprotection using a Pd catalyst to give the cyclopeptide 52.

5.3.2 The Linker-Lysine Dendrimer Synthesis

The water soluble linker-lysine dendrimer 56 was prepared on a glycine preloaded 2-
chlorotrityl resin by manual Fmoc-SPPS protocol (Scheme 5.14). HBTU/HOBt was
used as amino acid activation. Fmoc deprotection was carried out with piperidine.
The linker chain was kept at the same length (seven glycine units) as previously

1 based on MacroModel calculations for estimating the distance between

reported,!
the IHF a-subunit and its “body*“. The IHF-DNA crystal structure revealed the
distance between the C,-atom of leucine (Leu’*) and arginine (Arg®’) of 17.7 A.[*¥
Therefore, the linker length was set up to seven glycine residues summarizing a
length of 22.2 A. Glycine was chosen in order to minimize linker-DNA interaction
since glycine is less reactive and can form only hydrogen bonds. The platinum
coordination building block was inserted in the next to last position of the linker

region (nearby the peptide C-terminus), so that after cyclopeptide coupling would be
in the proximity of the DNA intercalating proline.
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The three-generation lysine dendrimer was build up using Fmoc-Lys(Fmoc)-OH as
monomeric unit up to the second generation and Boc-Lys(Me,)-OH as the third

layer. Mild deprotection with 30% HFIP in DCM afforded peptide 56 in 21% yield.

1. X, HBTU/HOBY, DIPEA 1. Fmoc-Lys(Fmoc)-OH
2. Fmoc-Gly-OH HBTU/HOBL, DIPEA, NMP NH,
HBTU/HOBT, DIiPEA 2. 20% piperidine, NMP HN—L.
(0] 5 repeats 2 repeats N— (s
HZNW @ H—Gly;—X—Gly—@) Lys—elys—x—@y*
© HZNfI‘_ys
53
NH, 54
NHBoc NHBoc
\
BooLys(iie) O Me,Lys /NHBOC Me,Lys NHBoc
oc-Lys(Me),- o
B%TELXHNO,&,QZ Lys—LysMe; 309 P in DoM Lys—LysMe,
iPEA, RT, 50 min, 21%
———— @—Gy—X—Cly- '-{S HOOC—Gly—X—Gly;-Lys
Lys—LysMe, Lys—LysMe,
Me,Lys NHBoc Me,Lys NHBoc
NHBoc l\‘JHBoc
” I\‘l All 56
_Alloc
\/\l\‘l
X
. solid support (2-chlorotrityl resin) '\N 24
H
(0]

Scheme 5.14 Convergent synthesis of the lysine dendrimer connected to an oligoglycine
linker modified with the building block 24 as platination site.

N-Bismethylation provides protonation at pH 7, and the terminal lysine amine is also
assumed to contribute to phosphate neutralization.!*"! Boc-Lys(Me,)-OH (58) was
prepared in analogy to ornithine based on literature reference (Scheme 5.15).1°!

Purification by column chromatography was achieved using acetone/water 4:1, v/v.

1.36% CH,0
2. H,,10% Pd/C
MeOH, RT, 24 h

Boc
N7 cooH 85%  BOC\““toon
H

57 58

Scheme 5.15 Synthesis route for compound 58.

- 63 -



DNA Specifically Binding Molecules - Platinated IHF

5.3.3 Assembly of the IHF Mimic and Platination

Coupling of the cyclopeptide 52 via Dap side chain to the C-terminal position of the
linker-dendrimer 56 proceeded using DIC/HOAt and NMM activation in DMF to
give compound 59 in 62% yield (Scheme 5.16). It was a key reaction step. Different

conditions were applied with respect to reaction time and equivalents.

r\‘lHBoc
?OC }BU ‘tBu }Bu Me,Lys /NHBoc
LyT—Thr—Gw —Glu—Asp—lle Lys—LysMe,
PrO*,‘Asn*P‘\rg *GIy—D-Profl‘Dap HOOC—Gly—X—Gly;~ L<s
Trt  Pbf NH, + Lys*L{s Me,
Me2|_ys‘ NHBoc
52 NHBoc 56
DIC, HOAt, NMM
DMF, RT, 3d
62%
NHBoc
I?oc “(Bu ‘tBu FBU Me,Lys NHBoc
LyT*Thr*Gly —Glu —Asp —Tle Lys—LysMe,
PFO*TASH*P‘\I’Q —Gly—D-Pro-Dap—Gly— X*GIy;L<s
Trt  Pbf Lys—L {5 Me,
MezLys NHBoc
59 NHBoc
|
N\/\N/Alloc
|
X
,'\N N 24
H
(6]

Scheme 5.16 Synthesis of compound 59.

Orthogonal deprotection of the Alloc moiety was carried out using the same Pd
catalyst mentioned earlier under reduction conditions giving compound 60 in 61%

yield (Scheme 5.17).
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NHBoc
\
l?oc ‘tBu ‘tBu ‘tBu MeZLys\ /NHBoc
I-YT*Thr*Glnylu —Asp—Ille Lys—LysMe,
ProAsn*Arg*Glny—Pro Dap— Glny*GIy;L<s
Trt Pbf ys—Lysie, ’L -
59 Me,Lys NHBoc X N7
2 |
NHBoc , .
Pd(PPh,), A
Me,NHBH, N 24
DMF, RT, 6 h 0
61%
NHBoc
\
BoctBu tBu  {Bu MezLyS\ NHBoc |
LyT*Thr*GnyGIU*Asp*‘IIe Lys—LysMe, N\/\NH
pd
ProAsnfﬁkrg —Gly—D-Pro Dap— Gly— X—Gly;-Lys
Trt  Pbf Lys—Lysie, ’
60 MezLys‘ NHBoc "\H
NHBoc o

Scheme 5.17 Synthesis route for compound 60.

After purification of the Alloc-deprotected peptide 60, platination was accomplished
with K,PtCly for 2 days at room temperature in the dark. ESI and HRMS mass
spectra evidenced the formation of platinated IHF mimicking peptide 61 (Scheme
5.18). Considering that the HPLC diagram showed a high purity of the compound
(one major peak) and in order to avoid possible loss of product during HPLC
purification, it was proceeded further without preparative purification. All side chain
protecting groups were cleaved with 95% TFA in H,O and the target peptide 22 was
obtained in 10% yield.
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NHBoc
\
BoctBu Bu By Melys,  NHBoc |
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Pro-Asn-Arg —Gly—D-Pro Dap— Gly—X—Gly; Lys |
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LyS*Lxs Me, .
60 NHB ~
Me,Lys oc H
NHBoc ©
1. K,Ptcl,
DMF/H,0 9:1 (v/v)
RT, 2d, dark
NHBoc
\
?oc‘tBu ‘tBu ‘tBu Me2Lys\ /NHBOC
LyT"*Thr*GlnylqusprIe L}’S*LYSMez
Pro-Asn-Arg —Gly—D-Pro Dap— Gly—X—Gly; Lys
Trt  Pbf
LyS*Lxs Me,
61 Me,Lys NHBoc
‘ \
NHBoc N, -NH
- Pl
2.95% TFA, RT ) c Cl
1h, 10%
NH, ’I\N
MeZLys\ /NH ) H o
LyT—Thr—Gly—Gm fAsprIe L}S*LVS Me,
Pro-Asn-Arg —Gly—D-Pro Dap— Gly*X*GIy;LXS
LySfos Me,
MezLys‘ NH,
22 NH

2

Scheme 5.18 Synthesis route of the target platinum-IHF mimic peptide 22.

5.3.4 Complete Synthesis of the IHF Mimic on the Resin

A new approach for synthesis of platinated-IHF mimicking peptides was considered
by using building block 25 as coordination site for platinum (Scheme 5.19). This
artificial amino acid contains no free amino group, therefore cyclization can be
performed on the resin. In order to maintain the same conformation pattern of the
IHF peptide as described in Section 5.1.3., cyclization was induced by using Alloc-
Dap(Fmoc)-OH prepared according to literature.!'®”! Peptide 62 was generated on a
preloaded isoleucine resin using an automated microwave Fmoc-SPPS protocol.
Further coupling was achieved by manual microwave SPPS. Double coupling with

longer reaction time was needed for the amino acid 25 to give peptide 63. Orthogonal
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removal of the Alloc protected Dap amino acid and cleavage from the resin provided

peptide 66.
,‘Alloc rfbf \Trt I?oc ‘tBu }Bu ‘tBu
HfGnyDapr-ProfGIy*Arg*Asn—Pro—Lyszhr*GIy—GIU*Asp—||e* ‘
N
62 N
X, manual MW 50 °C ‘
HBTU/HOB, DIPEA X
20% piperidine, NMP )
’\N
,?‘Iloc Pbf Trt Boc  fBu Bu  tBu Hoo 25
H—X—Gly—Dap—D-Pro—Gly—Arg—Asn—Pro—Lys—Thr—Gly —Glu—Asp —lle—{)
63 Fmoc-AA(PG)-OH
HOBT/HBTU, DIPEA, NMP
BocNH 20% piperidine, NMP
MW 50 °C
BocNH ‘LVSMez
Me Lys—L:
AN Alloc POf Tt Boc tBu By Bu
LystIyst*Gly*Dap*D—ProfGIy*Arg*AsanrO*Lys*Thr*GIy*GIu*AsprIe*
/
Me,Lys— Lys
B NI-II | o4
0C| LysMe
;Y Pd(PPh,),
BocNH Me,NHBH,
DMF, RT, 6 h
BocNI—{
BooNH "-VSMez
Me Lys—L
RCR A AN NH, Pbf Trt Boc tBu Bu  (Bu
Lys—Gly;—X—Gly—Dap—D-Pro—Gly—Arg—Asn—Pro—Lys—Thr—Gly — Glu—Asp *Ile*
/
MezL/ys— Lys 65
BocNH I‘_ysMez
BocNH

30% HFIP in DCM
RT, 45 min, 3%

BocNI—{
BocNH ‘LYSMez
Me Lys—L:
SRS NH, Pbf Trt Boc tBu Bu  {Bu
Lys—Gly;—X—Gly—Dap—D-Pro— Gly—Arg—Asn—Pro—Lys—Thr—Gly —Glu—Asp —lle—COOH
/
MezLysf Lys 66
I
BocNH LysMez
BocNH . solid support (2-chlorotrithyl resin)

Scheme 5.19 Synthesis route for peptide 66.

Cyclization using DIC/HOAt and NMM in DMF afforded compound 67, followed
by platination and full deprotection of the peptide to give the final target peptide 23
(Scheme 5.20).
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BocNI—{
BocNH "-VSMez
Me Lys—L
SRS NH, Pbf Trt Boc B Bu  Bu
Lys—Gly;—X—Gly—Dap—D-Pro—Gly—Arg—Asn—Pro—Lys—Thr—Gly — Glu—Asp —lle—COOH
/
MezL,ys— Lys 66 \
| DIC, HOAt, NMM
BocNH LysMe, DCM/DMF 9:1 (v/v) N\/\N/
BocNH RT, 2.5d, 70% \
X
BocNH ’I\N B
\ H 25
BocNH  [¥Me2 ©
Me, Lys—Lys Pbf  Trt
N \ \
Lys— Gly;—X—Gly——Dap—D-Pro —Gly —Arg —Asn—Pro
Y \
Me,Lys— Lys lle— A‘sprluf GIy*TTI’* Lys
\ \ \
BocNH /LysMe2 67 tBu  tBu tBu  Boc
BocNH
1. K,PtCl,
DMF/H,0 9:1 (v/v)
RT, 2 d, dark
NH, 2.95% TFA in H,0
\ RT, 1h, 10%
e
MeZLyS*Lys\
Lys— Gly;—X—Gly—Dap—D-Pro—Gly —Arg —Asn—Pro
/
Me,Lys— Lys lle— Asp— Glu— Gly—Thr— Lys
‘ \
NH, LysMe, ~ S\ S
NH, 23 Np N
c” “al
X
’\N
H

Scheme 5.20 Synthesis route of the target platinum-IHF mimic peptide 23.
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5.4 Preliminary DNA Binding Experiments

Preliminary DNA binding studies of the potential IHF mimics to the dsSDNA were
investigated by agarose gel electrophoresis, using 200 or 55 base pairs DNA, both
containing the A phage consensus sequence
(CTAAAAAAGCATTGCTTATCAATTTGTTGCAACGA® ) for the IHF protein (the H -
binding site).*) We based our investigations on the specificity of previously reported

1154 The 55 bp DNA was commercially

[HF mimic peptides for this binding site.!
available

(CCCCACGGCATTATAAAAAAGCATTGCTTATCAATTTGTTGCAACGAACAGGT
CGG’), whereas the 200 bp DNA was synthesized using the polymerase chain
reaction (PCR) technique (the 34 bp H 'binding site sequence was amplified from the

502 bp attP site with the additional base pairs).

The 200 bp DNA double strands were used containing the H’-binding site either in a
central (H’-middle) or in a terminal position (H’-edge). Specific binding and bending
of one of the mimics leads to differentially shaped DNA-peptide complexes (Figure
5.6). Binding to the H’-edge site results in a more linear shaped complex compared
to the H’-middle binding. The linear complex moves faster through an agarose gel

than bent DNA, ") but both complexes should migrate slower than dsDNA.

P

Figure 5.6 DNA-IHF mimic peptide complex. Binding can occur to the H-binding site
placed in the middle (left) or terminal position of DNA (right).

The competitive DNA binding ability of the three peptides C4, 68 and 69 was
investigated (Figure 5.7). Cisplatin was used as reference. Peptides 68 and 69 are

IHF mimics and were provided by Stefanie Scholz. Compound 69 is the first

]

mimicking peptide described by E. Liebler,*" whereas 68 contains 3,4-

dehydroproline (Dh-Pro) with a nearly planar conformation of the five-membered

ring, as the intercalating amino acid.!">*
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e
ot
Me,Lys — Lys\
Lys—Gly;— Dap—D-Pro —Gly —Arg —Asn—X
v | \
MeZL‘ysf L‘ys lle— Asp— Glu— Gly—Thr— Lys
NH, ‘LysMez
NH, 68: X = Dh-Pro

69: X = Pro

HN_ _NH__ CONH—GGGGGGKKK —NH,
c” ~al
ca

Figure 5.7 Peptides used in the DNA binding experiments.

Gel electrophoresis of the 200 bp DNA H’-middle was performed in Tris HCI buffer
(10 mM HCIL, 10 mM EDTA, 100 mM NaCl, 1 mM dithiothreitol, pH 7.5) with an
incubation time of 3 h at RT. All three bands of C4, 68 and cisplatin were shifted
(Figure 5.8, lanes 3, 4, 5), whereas a significant retardation was noticed for C4 (lane
3) and C4 + 68 (lane 6). The presence of the platinum unit in C4 or in cisplatin
combined with the peptide 68 (lanes 6 and 7) induced a higher DNA binding effect
compared to the unplatinated IHF mimic (lane 4). The difference in retardation might
be associated with the presence of multiple binding sites (H’-middle recognition unit,

but also the GG sites responsible for platinum binding).

Figure 5.8 Agarose gel electrophoresis (2%). lane 1: 50 bp DNA ladder; lane 2: 200 bp
DNA H’-middle; lane 3: C4, lane 4: 68; lane 5: cisplatin; lane 6: 68 + C4; lane 7: 68 +
cisplatin. The samples were incubated for 3 h at RT in Tris HCI buffer with r, = 200. [DNA]
=0.248 uM. For mixtures a 1:1 ratio was used.
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Furthermore, an inhibitory effect was observed when combining the peptide 68
(lanes 6 and 7 compared with lane 3) with C4 or cisplatin. The presence of the IHF
mimic diminishes extremely the binding ability of C4. This can be assumed as an

effect of both, DNA binding and bending characteristics of the IHF peptide 68.

Gel electrophoresis of the 200 bp DNA H’-edge with C4 and 68 revealed a similar
inhibitory effect of the IHF mimic (Figure 5.9). Keeping the same r; of compound 68
(lanes 3—7) an increasing concentration of the peptide C4 was added until 1:1 ratio
(lane 7). Then, the ryof compound C4 was maintained and the r; of compound 68 was
decreased (lanes 8, 9). The presence of the IHF mimicking peptide 68 blocks/reduces
the binding ability of C4 even at double concentration of the platinum peptide (lane 8
compared to lane 7). Only C4 shows a high DNA binding ability (lane 9).

2 3 456 78 910

Figure 5.9 Agarose gel electrophoresis (2%). lane 1: 50 bp DNA ladder; lane 2, 10: 200 bp
DNA H’-edge; lane 3: 68 r,= 200, [DNA] = 0.312 uM; lane 4: 68 r,= 200, C4 1= 50; lane
5: 68 r,= 200, C4 r,= 100; lane 6: 68 r,= 200, C4 r,= 150; lane 7: 68 r,= 200, C4 r,= 200;
lane 8: 68 r,= 100, C4 1= 200; lane 9: C4 r,= 200. The samples were incubated for 3 h at
RT in Tris HCI buffer.

Decreasing the incubation time of the peptide 68 compared to cisplatin (lanes 3, 4) or
C4 (lanes 5, 6) provided the same proof of inhibitory effect of the IHF mimic (Figure
5.10).
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Figure 5.10 Agarose gel electrophoresis (2%). lane 1: 50 bp DNA ladder; lane 2: 200 bp
DNA H’-edge; lane 3: cisplatin + 68 added 30 min later; lane 4: cisplatin + 68 added 1 h
later; lane 5: C4 + 68 added 30 min later; lane 6: C4 + 68 added 1 h later. [DNA] = 0.312
uM. The samples were incubated for 3 h at RT in Tris HCI buffer with r, = 200. For
mixtures a 1:1 ratio was used.

Similar experiments were performed using 55 bp dsDNA (Figure 5.11) having both
5’-terminal ends labeled with fluorescein (FAM) and tetramethylrhodamine
(TAMRA), respectively, also used for fluorescence resonance energy transfer
(FRET) analysis. The peptide 68 was added to cisplatin (lanes 4—7) or C4 (lanes
9—12) at different times ranging from 30 min to 1.5 h.

.
.-..-. LR BT
2 34 56 7 8 9 101112 13

-
-~
1

Figure 5.11 Agarose gel electrophoresis (2%). lane 1: 50 bp DNA ladder; lane 2, 13: 55 bp
dsDNA; lane 3: cisplatin; lane 4: cisplatin + 68; lane 5: cisplatin + 68 added 30 min later;
lane 6: cisplatin + 68 added 1 h later; lane 7: cisplatin + 68 added 1.5 h later; lane 8: C4; lane
9: C4 + 68; lane 10: C4 + 68 added 30 min later; lane 11: C4 + 68 added 1 h later; lane 12:
C4 + 68 added 1.5 h later. [DNA] = 0.8 uM. The samples were incubated for 3 h at RT in
Tris HCI buffer with r, = 200. For mixtures a 1:1 ratio was used.

The platinum peptide C4 induces high band retardation when IHF mimicking peptide
68 is not present (lane 8) and exhibits a better effect compared to cisplatin (lanes
8—12 compared to lanes 3—7).

DNA binding ability of 68, 69, C4 and cisplatin (aqua form)!'**1%) was investigated
using 55 bp dsDNA (Figure 5.12). The same pattern as previously described was

observed. Furthermore, the presence of Pro instead of Dh-Pro (69 compared to 68)
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Preliminary DNA Binding Experiments

seemed to induce a higher shift, both alone and in combination with platinum
compounds, especially with C4 (lanes 7, 9); therefore a higher inhibition rate can be
associated with the IHF mimic 68. A certain degree of smearing was noticed when
using 55 bp DNA compared to 200 bp DNA. This effect seems to be more
pronounced when the platinum unit is present, most likely as an effect of multiple

binding sites.

6 /7 8 9 10 11

Figure 5.12 Agarose gel electrophoresis (2%). lane 1: 50 bp DNA ladder; lane 2, 11: 55 bp
dsDNA; lane 3: 68; lane 4: 69; lane 5: C4; lane 6: cisplatin(aq); lane 7: 68 + C4; lane 8: 68 +
cisplatin(aq); lane 9: 69 + C4; lane 10: 69 + cisplatin(aq). The samples were incubated for 3
h at RT in Tris HCI buffer with r, = 200. [DNA] = 0.8 uM. For mixtures a 1:1 ratio was
used.

The intermolecular competitive effect between the IHF mimics 68, 69 and the
platinum peptide C4 is a favorable indication of the possible combined effect that
can be provided by the platinated IHF mimicking peptides 22 and 23. DNA binding

studies of these constructs were not performed yet due to time limitation, but it is

considered further outlook of this work.
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6. Summary

Cisplatin is one of the most effective metal-based anticancer drugs. Biological
activity derives from its capacity to preferentially bind DNA at the N7 position of
two neighboring guanine bases. However, its low solubility and poor selectivity
between healthy and sick cells has generated resistance, as well as toxic side effects.
Molecular design of new cisplatin analogs with increased DNA binding ability and

selectivity is a challenging task and target for developing such drugs.

In this study, we report new cisplatin constructs based on chimera of platinum
complexes and peptides. The mixture of cationic metal complexes with charged
peptides was chosen as a strategy to facilitate DNA binding induced by DNA pre-
association and bending of the DNA target. The two research approaches make use
of cationic polypeptides as drug carriers, which in general bind DNA in a nonspecific

or specific manner.

The first approach included the synthesis of five new cisplatin analogs (Figure 6.1)

based on propylene or bisimidazole platinum ligands attached to variable charged

(+ 6, +3, 0) nonspecific nonapeptides. DNA binding experiments were investigated
by agarose and polyacrylamide gel electrophoresis, fluorescence intercalation and
UV thermal melting studies. The formation of covalently bound platinum DNA
adducts was shown to be facilitated by the cationic peptides. An increased binding
was observed for the complexes C1 and C2, as a combined effect of ligand flexibility
and peptide electrostatic effect. Less sterical hindrance indicated C2 and C4 as

promising candidates, a possible drug alternative strategy to cisplatin.
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Figure 6.1 Platinum complex/nonspecific peptide chimera C1-CS.

The second approach involved the design and synthesis of specifically binding
peptides that mimic the IHF, a known DNA binding and bending protein, modified

with a covalently bound platinum binding site.

These constructs (Figure 6.2) included the synthesis of a cyclopeptide linked via a
glycine linker to a small lysine-based dendrimer. Specific DNA recognition is
provided by the cyclopeptide moiety reaching into the minor groove and inducing
bending of the helix, stabilized by the non-specific charge-charge interactions of the
dendrimer. A second DNA binding center was introduced into the linker region by
incorporation of the newly synthesized unnatural amino acids 24 or 25 providing the
coordination site for covalently binding of the cis-dichloro platinum moiety. Two

platinated IHF mimicking peptides 22 and 23 were synthesized (Figure 6.2).
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Figure 6.2 Platinum complex/specific peptide chimera 22, 23.

Preliminary DNA binding experiments were performed to study the intermolecular
effect between the IHF mimicking references 68 and 69, and the platinum
compounds cisplatin and C4. An increased gel mobility shift was observed for the
platinum complexes, whereas the IHF mimics provided a rather inhibitory effect.
This is a favorable indication of the possible synergetic effect for the constructs 22
and 23. Studies of the DNA binding ability of the platinated IHF mimics 22 and 23
was not achieved due to time limitation, but it represents the further outlook of this

work.
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7. Zusammenfassung

Cisplatin ist eines der wirksamsten Metall-basierten Zytostatika, dessen biologische
Aktivitdt auf der bevorzugten Bindung an die N7-Position zweier benachbarter
Guanin-Basen der DNA beruht. Jedoch, sind die geringe Loslichkeit und schlechte
Selektivitdt beziiglich gesunder und bosartiger Zellen Nachteile in Hinblick auf
Resistenz sowie toxische Nebenwirkungen dieses Medikaments. Fiir die Entwicklung
neuer Medikamente ist die Verbesserung der Bindungseigenschaften, der Selektivitit
und des molekularen Designs der Cisplatin-Zytostatika eine anspruchsvolle und

herausfordernde Aufgabe.

Im Rahmen dieser Arbeit wurden neue Cisplatin-Derivate entwickelt, die aus
Chiméren von Platin-Komplexen und Peptiden bestehen. Die Verbindung aus einem
kationischen Metallkomplex mit geladenen Peptiden wurde gewidhlt, um durch
Praassoziation und Knicken der DNA ein gezieltes Binden der Molekiile an die
DNA zu erreichen. Dabei wurden zwei Ansétze verfolgt, die kationische Polypetide
als drug carriers nutzen, welche die DNA spezifisch oder nicht-spezifisch binden

konnen.

Der erste Ansatz beinhaltet die Synthese von fiinf neuen Cisplatin-Analoga
(Abbildung 7.1), die auf Propylendiamin- bzw. Bisimidazol-Liganden basieren, die
mit verschiedenen geladenen (+6, +3, 0) unspezifischen Nonapeptiden
funktionalisiert wurden. Mit diesen Molekiilen wurden DNA-Bindungsstudien
mittels Agarose- und Polyacrylamid-Gelelektrophorese, Fluoreszenz-Interkalation
sowie temperaturabhingiger UV-Spektroskopie durchgefiihrt. Die Bildung kovalent
gebundener Platin-DNA Addukte vermittelt durch die kationischen Peptide konnte
gezeigt werden. Fiir die Komplexe C1 und C2 konnte eine hohere Bindungsaffinitét
als Folge der besseren Ligandenflexibilitdit und der elektrostatischen Effekte der

Peptide beobachtet werden. Die Molekiile C2 und C4 stellen durch ihre geringe

-79 -



Zusammenfassung

sterische Hinderung vielversprechende Kandidaten als mogliche Alternative flir die
Cisplatin-Strategie dar.
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Abbildung 7.1 Platin-Komplex/unspezifische Peptid-Chimére C1—CS5 und Cisplatin.

Der zweite Ansatz beinhaltet das Design und die Synthese von spezifisch an die
DNA bindenden Peptiden mit einer Platin-Bindunsgstelle. Die Peptide wurden dem
IHF  (Integration Host Factor) nachempfunden einem Protein, dessen

Bindungseigenschaften und Fahigkeit die DNA zu knicken, bekannt sind.

Diese hier entwickelten Verbindungen bestehen aus einem Zyklopeptid, das iiber
einen Glycin-Linker mit einem Lysin-Dendrimer verbunden ist. Die spezifische
Erkennung der DNA wird {iber das Zyklopeptid erreicht, das in die kleine Furche der
DNA ragt und einen Knick in der Helix induziert. Dies wird durch die
Ladungswechselwirkung des Dendrimers mit dem Phosphatriickgrat unterstiitzt. Des
Weiteren wurden mit den Molekiilen 24 und 25, neue unnatiirliche Aminosduren,
synthetisiert, die in ihrer Seitenkette cis-Dichlorplatin komplexieren kdnnen. Diese

Aminosduren wurden in die Linkerregion der zuvor beschriebenen Molekiile
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eingebracht und bilden so ein zweites DNA-Bindungszentrum. Die synthetisierten

Verbindungen 22 und 23 sind in Abbildung 7.2 dargestellt.
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Abbildung 7.2 Platin-Komplex/spezifische Peptide-Chiméire 22, 23.

Vorldufige DNA-Bindungsstudien wurden durchgefiihrt, um die intermolekularen
Auswirkungen der IHF-Referenzverbindungen 68 und 69 kombiniert mit den Platin-
Verbindungen Cisplatin sowie C4 zu untersuchen. Fiir die Platin-Komplexe wurde
eine starke Bandenverschiebung beobachtet, wéihrend die von IHF-abgeleiteten
Verbindungen einen inhibierenden Effekt aufwiesen. Dies ist ein positives
Anzeichen fiir die moglichen synergistischen Effekte, die die Verbindungen 22 und
23 auf DNA ausiiben konnen. Eine Optimierung der Synthese der IHF Mimetika 22
und 23 sowie Studien ihrer DNA-Bindungseigenschaften sind in zukiinftigen

Arbeiten weiterzuverfolgen.
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8. Experimental Part

8.1 General

8.1.1 Solvents

All technical solvents were distilled prior to use. The solvents of analytical and
HPLC grade were used as supplied from Fluka, FisherScientific GmbH or Acros
Organics. Dry solvents were stored over molecular sieves (4 A). Ultra pure water

was derived using a water purification device Simplicity (Millipore, Bedford, UK).

8.1.2 Reagents

All reagents were of analytical grade and used as supplied. All amino acid
derivatives as well as coupling reagents and the resins for solid phase synthesis were
obtained from NovaBiochem, IRIS Biotech, GL Biochem, Bachem, Merck, ABCR. All
other chemicals were purchased from Sigma-Aldrich, Fluka, Acros Organics, Merck,
Lancaster, Alfa Aesar and ABCR in analytical grade. DNA oligomers were purchased
from IBA, PURIMEX, Sigma-Aldrich. Biochemical reagents were obtained from
Fermentas, Perkin Elmer, GERBU.

8.1.3 Reactions

All air sensitive and dry reactions were carried out under argon/nitrogen as inert gas
using standard schlenk technique. For the extremely moisture sensitive reactions, the
glass apparatus was dried using a heat gun under vacuum followed by purging dry

argon (Ar) (3 x).
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8.1.4 Lyophilization

Lyophilization (freeze-drying) of peptides or building blocks from aqueous solutions
and mixtures containing minor amounts of acetonitrile or dioxane was performed
using a Christ Alpha-2-4 lyophilizer equipped with a high vacuum pump. Small
amounts stored in Eppendorf caps were lyophilized using an evacuable Christ

RVC 2-18 centrifuge connected to the lyophilization device.

8.1.5 Chromatography

a) Thin Layer Chromatography (TLC)

Merck silica gel 60 F254 (layer thickness 0.25 mm) aluminium plates were used for
the analytical thin layer chromatography (TLC). The substances were detected under
UV light at 254 nm and/or dipping 3% ninhydrin solution (3.0 g ninhydrin, 100 mL
EtOH) followed by heating with a heat-gun.

b) Flash Column Chromatography

The chromatographic separations were performed by the fritted glass column using
Merck silica gel 60 (40—63 um) at 0.4—1.0 bar pressure. The columns were packed
with wet silica gel (50—100 fold weight excess). All compounds were either adsorbed
on silica gel before loading or loaded as a concentrated solution in the same solvent,
used as an eluent.

¢) High Performance Liquid Chromatography (HPLC)

Reverse Phase (RP)-HPLC analyses were performed on a Pharmacia Akta Basic
instrument (pump type P-900, variable wavelength detector, GE Healthcare, London,
UK).

UV absorption was detected at 215 nm, 280 nm, and 254 nm with a linear gradient of

e A (0.1% TFA in H,0O) to B (0.1% TFA in MeCN/H,0 8:2, v/v)

e A (0.1% TFA in H,O) to B’ (0.1% TFA in MeOH)

e A (0.1% TFA in H,0) to B’ (0.1% TFA in MeCN/H,0 9:1, v/v).
e A’ (0.1% HCl in H,O) to C (0.1% HCI in MeCN/H,0 9:1, v/v).
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Peptides were analyzed using a YMC J’sphere column ODS-H80, RP-C18, 250 x 4.6
mm, 4 um, 80 A or a YMC J’sphere column ODS-A, RP-C18, 250 x 4.6 mm, 5 um,
120 A with a flow rate of 1 mL min™".

Purification was performed with a YMC J’sphere column ODS-H80, RP-C18, 250 x
20 mm, 4 pm, 80 A or with a YMC J’sphere column ODS-A, RP-C18, 250 x 20 mm,
5 um, 120 A with a flow rate of 10 mL min™.

The fractions containing the desired product were collected and lyophilized.

8.2 Characterization

8.2.1 Mass Spectrometry

Electrospray-ionization mass spectras (ESI-MS) were obtained with a Finnigan
instrument (type LGC or TSQ 7000) or Bruker spectrometers (Apex-Q IV 7T and
micrOTOF API). High resolution spectra were obtained with the Bruker Apex-Q IV
7T or the Bruker micrOTOF, respectively. Spectra were provided in the form of
relative intensity vs. m/z plots, where m is the total mass of the molecule and the ions

added and z is the total charge on the molecule.

8.2.2. Nuclear Magnetic Resonance Spectroscopy (NMR)

'H and "*C NMR spectra were recorded with a Varian Unity 300, a Varian Inova 500
or 600 or a Bruker 300 or 400 spectrometer. Chemical shifts are quoted in parts per
million (ppm) downfield of TMS (dtms = 0 ppm). Abbreviations for multiplicities
are: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad. Coupling
constants "Jxy are in Hertz (Hz), where n is the order of coupling. 2-D NMR
experiments, [lH,lH]-COSY, HSQC and HMBC, assisted to further characterize the
complex structures. Signals were referenced to the following residual solvent peaks:
[D]DMSO ('H: 6 =2.49 ppm; BC:§=395 ppm); CDCl;: (‘H: =726 ppm; BC:
=77.2 ppm); C,D,Cly: (‘H: 8 =5.31 ppm; °C: § = 53.73 ppm).
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8.2.3 Optical Rotations

Perkin-Elmer 241 polarimeter (path length =1 dm, Na D-line at wavelength 589 nm)
was used to measure the optical rotations. These values were calculated according to

the following equation:

[a]z() . o -100

P el
o = observed rotation in degree, | = cell path length in decimeter, ¢ = concentration

[mg/100 mL].

8.3 Solid Phase Peptide Synthesis (SPPS)

8.3.1 Loading of the Resin

Loading of NovaSyn® TGR resin (0.2-0.3 mmol/g resin loading capacity) with the
first amino acid (Fmoc-Lys(Boc)-OH, Fmoc-Ala-OH) was carried out manually in a
syringe equipped with a PE-frit; the resin was pre-swollen in DCM (1.5 h) and NMP
(3 h). DIC (5 eq.) was added to a solution of the amino acid derivative (5 eq.) and
HOBt (5 eq.) in NMP (2 mL per 100 mg resin) and allowed to react at room
temperature for 5 min. The resulting suspension was added to the resin and the
reaction mixture was shaken at room temperature for 1.5 h. After washing, the resin
with NMP, DCM, NMP, the loading procedure was repeated using a solution of
amino acid derivative (5 eq.), HOAt (5 eq.), DIPEA (5 eq.) in NMP (2 mL) at room
temperature for 2 h. Finally, the resin was thoroughly washed with NMP, DCM and
dried over KOH in a desiccator. Estimation of loading density was performed

. . . . 1
gravimetric or via UV absorption measurements.!'®!

8.3.2 Automated SPPS

Peptides were automatically synthesized via Fmoc solid phase peptide synthesis

(Fmoc-SPPS) using either the peptide synthesizer 433 A (Applied Biosystems) by
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applying the FastMoc 0.10 mmol (amount of resin) Fmoc standard protocol in an 8
mL reaction vessel or the ‘Liberty’ microwave peptide synthesizer (CEM, Kamp-
Lintfort, Germany) equipped with a ‘Discover’ microwave reaction cavity (CEM),
applying 0.1 mmol. Standard reagents, protocols and procedures were used for
deprotection (20% piperidine/NMP), coupling (3.9 eq. HBTU/4 eq. HOBt, activator
base (10 eq. DiPEA in NMP 0.5 M) and capping (2 M Ac,0/0.6 M DiPEA/60 mM
HOBt in NMP). For peptides synthesized on CI-Trt resin by automated microwave

synthesis a maximum temperature of 50 °C was applied without capping.

8.3.3 Manual SPPS

Manual SPPS was usually carried out at 0.05-0.1 mM scale using a frit equipped

syringe as reaction vessel.

e The resin was swollen for 30—60 min in DCM.

e Fmoc-deprotection: a mixture of 20% piperidine in NMP was given to the
resin and agitated for 10 min (2 mL per 100 mg resin); the procedure was
repeated two times.

e Washing: the resin was washed successively with NMP, DCM, NMP, each 3
X 2-3 min;

e Activators for coupling HBTU/HOBt (4.9 eq./5.0 eq.) were dissolved and
stirred together with the respective building block (5 eq.) in a minimum of
NMP for 5 min (preactivation). As activator base DIPEA (10 eq.) was added
prior to transfer of the reaction mixture to the solid phase. Standard coupling
time was 40 min.

e Washing: NMP, DCM, NMP, each 3 x 2-3 min.

After the last amino acid was coupled, a final washing with DCM or Et,0O was

applied, followed by drying in vacuo.
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8.3.4 Kaiser Test

The Kaiser test was used to detect free amino groups after a coupling step. Three
solutions were used: 5 g of ninhydrin in 100 mL of ethanol, 80 g of liquefied phenol
in 20 mL of ethanol and 2 mL of a 0.001 M aq. KCN to 98 mL pyridine.

A few beads of resin were washed several times with ethanol and placed in a small
glass tube. Two drops of each solution described above was added. The suspension
was heated at 120 °C for 5 min. Resulting blue color resin beads indicated positive
test (free amino groups), whereas yellow color indicated no free amino groups
(negative test). The Kaiser test is not accurate in the case of peptides containing

proline, asparagine or serine.

8.3.5 Manual MW-SPPS

General procedure as mentioned above was applied. Deprotection program: 1) 50 °C,
25 W, 30 sec; 2) 50 °C, 25 W, 3 min. Coupling program: 50 °C, 25 W, 15 min.
Double coupling was needed for building block 25 for 30 min (1 x in DMSO, 1 x in
DMF).

8.3.6 Cleavage

a) Cleavage from NovaSyn®™ TGR resin

The resin was placed in a PE-frit equipped syringe and agitated with a mixture of
TFA/TES/H,0 (95:2.5:2.5, v/v/v) for 2 h at RT. For peptides containing the platinum
unit cleavage was performed with TFA/H,O (95:5, v/v). Afterwards the cleavage

mixture was filtered.
b) Cleavage from 2-chlorotrityl resin

The resin was placed in a frit equipped syringe and agitated with a mixture of 30%

HFIP in DCM for 45 min at RT. Afterwards the cleavage mixture was filtered.
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8.3.7 Post-Cleavage Work-Up

After cleavage the resulting solution was concentrated under reduced pressure. The
crude product was precipitated with cold Et,O and centrifuged at —5 °C. The liquid
phase was removed and the procedure was repeated 3 times. Afterwards the crude

product was dried in vacuo a purified by RP-HPLC.

8.4 Binding Studies

8.4.1 Fluorescence Spectroscopy

The reactions were studied on a SPEX FluoroMax-2 (Jobin Yvon) spectrofluorimeter.
The excitation wavelength was fixed to 535 nm and the emission was monitored
between 550-650 nm. DNA (DNA sodium salt from herring testis, Sigma-Aldrich) at
a final concentration of 150 uM nucleotide was mixed with the different complexes
at a final complex concentration of 12.5 uM giving a complex/nucleotide ratio () of
0.08 in 10 mM phosphate buffer (Na,HPO4/NaH,PO,, pH 5.8). All complex samples
were incubated at 32 °C for 2 h before being transferred to a 1 cm cuvette and

titration of propidium iodide.

8.4.2 UV-Thermal Melting Analysis

A Cary 4000 UV-Vis spectrophotometer (Varian) was used equipped with a
temperature control unit and 1 cm cuvettes. Data were collected every 0.5 °C from
20 °C to 95 °C with an increasing temperature of 0.2 °C per minute. The thermal
melting temperature, 7y,, was determined by the first derivative method. All
experiments were performed in triplicates at three independent occasions.

Two complementary strands of 22-mer DNA oligomers
5'-TCTCCTTCTTGTGTCTCTTCTC-3’ and
3’ ~AGAGAGGAAGAACACAGAGAAG-5" (IBA GmbH, Géttingen, Germany)
were mixed in 10.0 mM phosphate buffer (Na,HPO4/NaH,PO4, pH 5.8) and annealed

by heating to 100 °C for 2 min and then slowly cooled to room temperature over 20
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min. After the two strands had annealed, the complexes C1-C8 were directly added
in the cuvettes. All melting studies were performed at a duplex concentration of 1.0

uM and a complex concentration of 4.0 uM.

8.4.3 5°-’P-end DNA Labeling

5’-DNA radio-labeling was performed in T4 polynucleotide kinase (PNK) buffer (50
mM Tris-HCL, pH 7.6, 10 mM MgCl,, 5 mM DTT, 0.1 mM spermidine, 0.1 mM
EDTA) (Fermentas) with 10 U PNK (Fermentas) 1.11 MBq [y—32P]—ATP (Perkin
Elmer), 200 pmol DNA (single-stranded 22-mer 5'-
TCTCCTTCTTGGTTCTCTTCTC-3" of HPLC grade quality, /BA GmbH,
Gottingen, Germany) in a total reaction volume of 20 pL at 37 °C. After incubation
for 30 min, another 10 U PNK was added and the reaction proceeded for 30 min. The
labeled DNA was purified on denaturing PAGE (20% acrylamide M-bis 24/1
(GERBU, Germany)/8 M urea). The bands were visualized by lumino-radiography
using a Bio-Image Analyzer (Fujifilm), excised and eluted at 4 °C overnight in 1.0 M
NaOAc, pH 5.5 and then recovered by ethanol precipitation.

8.4.4 Radio-labeled DNA Gelshift Studies

Radio-labeled DNA, typically 650 cps/reaction or 950 cps/reaction when using large
excess conditions, was mixed with different platinum-peptide complexes in 10 mM
phosphate buffer (Na,HPO4/NaH,PO4, pH 5.8). The platinum-peptide complexes or
peptides alone were added to give a final concentration of 1 uM or 10 uM, which
corresponds to at least equimolar concentrations of the complex and labeled DNA or
100 uM the latter corresponding to at least a 100-fold excess of the complex over
nucleotide concentration. The samples were incubated at room temperature for 18 h
and then analyzed on denaturing PAGE (20% polyacrylamide/8 M urea, TBE
buffer). The bands were visualized by lumino-radiography using a Bio-Image

Analyzer (Fujifilm).
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8.4.5 Platinum Induced Agarose Gel Mobility Shift Assays

The gel mobility shift assays were analyzed on 1% agarose-TAE gel containing 0.6
pug/mL ethidium bromide. The gels were run for 2 h at 6 V/cm. The gel image was
visualized by UV light and a photo was taken using a MP-4 Polaroid camera and
analyzed by DiMAGE Capture A2.

All experiments were performed in 10 mM phosphate buffer pH 5.8. Platination of
plasmid DNA (pUCI18 plasmid, purified by use of a midi-prep kit from Sigma-
Aldrich) was performed at different r¢ ratios (rr = Ceomplex/ Crucleotide from 0 to 0.3,
with constant concentration of DNA, 0.15 mM as determined by a Nanodrop ND-
1000 spectrophotometer. All samples were incubated at 32 °C for 2 h. Reaction
volume was 10 pL. The reactions were quenched by addition of 5 pL loading dye
with NaCl (1.1 M urea, TBE, 33% (v/v) formamide, 0.025% (w/v) bromophenol
blue, 0.025% (w/v) xylene cyanol, 500 mM NacCl).

8.4.6 Agarose Gel Mobility Shift Assays-IHF Preliminary Studies

The gel mobility shift assays were performed by electrophoresis on 2% agarose/TBE
gel run containing 0.11pg/ml ethidium bromide. The gels were run for 1.5 h at 60 V
in 1 x TBE buffer using a horizontal standard gel electrophoresis device MIDII
(Roth). The gel image was visualized by UV light.

All experiments were performed in Tris HCI buffer (10 mM HCI, 10 mM EDTA,
100 mM NaCl, 1 mM dithiothreitol, pH 7.5) with an incubation time of 3 h at RT.
Total volume of reaction was 5 pL. The reactions were quenched with 3 pL loading
dye (Roti ® Load DNA, Carl Roth GmbH&Co). A 8 pL volume of DNA Ladder 50
bp (0.1pg/pL, Gene Ruller™, Ferments) was used.

8.4.7 Polymerase Chain Reaction (PCR)

PCR was performed using a MWG Biotech thermal cycler Primus 96 Plus. A mixture
of 1 uL template DNA, 1 uL primer-up, 1 pL primer down, 1 uL dANTP’s, 5 uL Taq
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buffer and 40 uL H,O was placed in small reaction tubes (0.2—0.5 mL). The samples

were covered with a layer of 30 puL chillout-wax.

PCR program: 3 min 95 °C, 2 min 85 °C, then Taq polymerase (1 pL) was added; (1
min 95 °C, 1 min 50 °C, 1 min 72 °C), 30 repeats; 10 min 72 °C.

The PCR products were analyzed via 1% agarose gel electrophoresis. The generated
DNA fragments were combined and 1/10 part (by volume) of 7M NH4Ac and 3 parts
(by volume) of 96% EtOH were added to precipitate the DNA. The sample was
vortexed and the probe was centrifuged (2 x 3 min). The supernatant was removed.
The resulting pellet was dried in a heating block at 42 °C and re-suspended in water.
The DNA was cut out of a 1% agarose gel and isolated with a Prep Ease™ Gel
Extraction Kit (Promega). The DNA concentration was determined with a

photometer and the purity was analyzed via 1% agarose gel electrophoresis.

Sequence primers: H'-middle up: 5'-CATGC ATCTG TCGCA GTAGG ACTCA
CGACT GATCT AGTCG ACGTA G\GTTT CTCGT TCAGC TTTTT TATAC-3';
H'-middle down: 5-TCACA GTATC GTGAT GACAG AG-3'; H'-edge up: 5'-
CATTA TAAAA AAGCA TTGCT TATC-3"; H-edge down: 5'-TCTGC AAGAC
TCTAT GAGAA GC-3".

Sequence 200 bp DNA H’-middle: 5’-CATGC ATCTG TCGCA GTAGG ACTCA
CGACT GATCT AGTCG ACGTA GGTTT CTCGT TCAGC TTTTT TATAC
TAAGT TGGCA TTATA AAAAA GCATT GCTTA TCAAT TTGTT GCAAC
GAACA GGTCA CTATC AGTCA AAATA AAATC ATTAT TTGAT TTCAA
TTTTG TCCCA CTCCC TGCCT CTGTC ATCAC GATAC TGTGA-3".

Sequence 200 bp DNA H’-edge: 5’-CATTA TAAAA AAGCA TTGCT TATCA
ATTTG TTGCA ACGAA CAGGT CACTA TCAGT CAAAA TAAAA TCATT
ATTTG ATTTC AATTT TGTCC CACTC CCTGC CTCTG TCATC ACGAT
ACTGT GATGC CATGG TGTCC GACTT ATGCC CGAGA AGATG TTGAG
CAAAC TTATC GCTTA TCTGC TTCTC ATAGA GTCTT GCAGA-3°.

-9D -



Experimental Part

8.5 Synthesis of Platinum Complex/Nonspecific Peptide
Chimera
8.5.1 Synthesis of Platinum Chelating Building Blocks

8.5.1.1 3,3-Bis(1-methylimidazol-2-yl)propionic Acid (13)

COOnPr COOCH

T
N N N N
Wy W
12 13
C14H2N,0, [276.34] C11H14N,0, [234.25]

To a solution of propyl-3,3-bis(1-methylimidazol-2-yl)propionate 12 (1.74 g, 6.29
mmol, 1 eq.) in THF (16 mL) a solution of KOH (1 M, 6.29 mL, 6.29 mmol, 1 eq.)
was added, the solution was refluxed for 3 h and then allowed to cool to room
temperature over a period of 1 h. The mixture was neutralized with HCI (1 M, 6.29
mL, 6.29 mmol, 1 eq.), the organic phase was evaporated, the aqueous phase was
diluted with water (10 mL) and washed with DCM (2 x 20 mL) in order to remove
traces of adduct. The water phase was collected and evaporated, then the residue was
extracted three times with cold MeOH and the precipitated white KCl was removed
by filtration. The organic phase was evaporated and the product was recrystallized
from ethanol/water (19:1, v/v) to give 13 as white crystals (1.10 g, 4.69 mmol,
74.6%).

Analytical Data:

"H NMR (300 MHz, [Dg]DMSO): = 3.12 (d, *Juu = 7.3 Hz, 2 H, CHCH,), 3.50 (s,
6 H, NCH;), 4.82 (t, *Jyy = 7.3 Hz, 1 H, CHCH,), 6.84 (d, *Juu = 1.2 Hz, 2 H,
CHimigNMe), 7.08 (d, *Jun = 1.2 Hz, 2 H, CHinigN=C).

BC NMR (125 MHz, [Dg]DMSO): § = 31.83 (CHCH,), 32.36 (NCH3), 36.71
(CHCH,), 121.99 (CHimniaN=C), 125.21 (CH;nigNMe), 145.22 (N=C-NCHj3), 171.81
(C=0).

MS (ESI) m/z: 233.1 [M—H]".
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HRMS (ESI): C1H14N4O, [M-H] caled. 233.1044, found 233.1043.

| / |

I Jju I

\ \ \ \ \
7.0 6.0 5.0 4.0 3.0

ppm

Figure 8.1 "H NMR Spectrum (300 MHz,[Ds]DMSO) of compound 13.

8.5.1.2 [3,3-Bis(1-methylimidazol-2-yl)propionic acid]dichloroplatinum(Il) (14)

COOH COOH
\Jv/ — \JY/
N N N N
| \
<\/:\l N\\/) <\/N\ /N\/)
CI/Pt\CI
13 14
C4H1,N,O, [234.26] C,,H,,CI,N,O,Pt [500.24]

To a solution of K,PtCls (0.18 g, 0.43 mmol) in water (10 mL), a solution of 3,3-
bis(1-methylimidazol-2-yl)propionic acid 13 (0.10 g, 0.43 mmol) in water (10 mL)
was added at 30 °C and the resulting mixture was heated up to 40 °C and stirred at 40
°C for 3 h in the dark, then allowed to cool to room temperature over 1 h. The
suspension was kept at 0 °C for 1 h and the formed precipitate was filtrated and

washed with water to give 14 as a yellow solid (85 mg, 0.17 mmol, 40%).
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Analytical Data:

"H NMR (300 MHz, [Ds]DMSO): d = 3.55 (d, *Juu = 7.4 Hz, 2 H, CHCH,), 3.84 (s,
6 H, NCH3), 4.85 (t, *Juu = 7.4 Hz, 1 H, CHCH,), 7.26 (d, *Jun = 1.7 Hz, 2 H,
CHimidNMe), 7.32 (d, *Jun = 1.9 Hz, 2 H, CHinigN=C), 12.00-12.36 (br s, 1 H,
COOH).

SN NMR (40.5 MHz, [D¢]DMSO): d = -215.5 (NMe), —225.3 (N=C).

Spt NMR (64.5 MHz, [Dg]DMSO): § =-2955.47.

MS (ESI) m/z: 523.0 [M+Na]", 545.0 [M—H+2Na]", 1067.0 [2M—2H+3Na]", 1236.9
[3M+2Na-3H], 465.0 [M—C1]", 499.0 [M—H], 999.0 [2M-H] .

HRMS (ESI): C;H;4CLN40,Pt [M+Na]" caled. 523.0031, found 523.0027, [M—H]
caled. 499.0066, found 499.0052.

Elemental analysis: caled. C 26.41%, H 2.82%, N 11.20%, found C 26.63%, H
3.01%, N 11.27%.

DMSO
aaaaaaaaaaaa
product,

\ [
10.0 5.0
ppm

Figure 8.2 "H NMR Spectrum (300 MHz,[Ds]DMSO) of compound 14.
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8.5.1.3 tert-Butyl N-(3-Aminopropyl)glycinate (17)

HN" > NH, HZN/\/\H/\COOtBu
15 17
CaH,o N, [74.10] CaH N0, [188.27]

To a vigorously stirred solution of 1,3-diaminopropane 15 (6 mL, 71.87 mmol, 8.78
eq.) in DCM (32 mL) fert-butyl bromoacetate 16 (1.2 mL, 8.18 mmol, 1 eq.) in DCM
(6.5 mL) was added at 0 °C over 5 h. The resulting mixture was allowed to warm up
to room temperature (approx. 3 h) and then stirred overnight at RT. The reaction was
quenched with brine, then the mixture was washed with water (3 x 20 mL) and the
combined aqueous phase was re-extracted with DCM (1 x 30 mL). The combined
organic phase was dried over Na,SQOy, filtrated, evaporated and dried in high vacuo

to yield 17 (1.390 g, 7.38 mmol, 90%) as a colorless oil.
Analytical Data:

"H NMR (300 MHz, CDCl;): 6 = 1.4 (s, 9 H, OC(CHs);), 1.54-1.63 (m, 5 H, NH,
NH,, SCH,NH,), 2.6 (t, *Jun = 6.9 Hz, 2 H, yCH,NH,), 2.72 (t, *Jun = 6.8 Hz, 2 H,
aCH,NH,), 3.23 (s, 2 H, CH,COO).

BC NMR (125 MHz, CDCL): 6 = 28.11 (C(CHs)3), 33.69 (SCH,NH,), 40.26
(aCH,NH,), 47.26 (yCH,NH,), 51.74 (CH,CO), 81.03 (C(CHs)3), 171.63 (CO).

MS (ESI) m/z: 189.2 [M+H]", 211.1 [M+Na]", 377.3 [2M+H]*".
HRMS (ESI): CoH,N,0, [M+H]" calcd. 189.1598, found 189.1608.
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Figure 8.3 '"H NMR Spectrum (300 MHz, CDCl;) of compound 17.

8.5.1.4 tert-Butyl N-Fmoc-(3-Fmoc-Aminopropyl)glycinate (18)

P
HN /\/\H/\COOtBU Hl}l/\/\l\ll COOtBu
Fmoc Fmoc
17 18
CgH,oN,0, [188.27] CgHoN,O, [632.74]

To a solution of zert-butyl N-(3-aminopropyl)glycinate 17 (1.37 g, 7.30 mmol, 1 eq.)
in DCM (37 mL), DiPEA (3.75 mL, 21.91 mmol, 3 eq.) was added and the mixture
was cooled to 0 °C. FmocCl (5.67 g, 21.91 mmol, 3 eq.) was added and the mixture
was allowed to warm up to room temperature and stirred at RT for 2 days. The
reaction was quenched with brine, the mixture was washed with water and the
organic phase was dried over MgSOs. The residue was purified by column
chromatography (pentane/Et,O 2:1, v/v = pentane/Et,O 1:1, v/v) to yield product 18
(3.00 g, 47.41 mmol, 65%) as a white solid.
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Analytical Data:

TLC (pentane/Et,O 2:1, v/v): Rg= 0.06; (pentane/Et,O 1:1, v/v): Rg=0.21.

"H NMR (300 MHz, C,D,Cly, 100 °C): § = 1.49 (s, 9 H, OC(CHs)3), 1.58-1.74 (br s,
2 H, pCH,NH), 3.08-3.21 (br s, 2 H, yCH,NH), 3.25-3.40 (br s, 2 H, aCH,NH), 3.85
(s, 2 H, CH,COO), 4.25 (m, 2 H, CH-Fmoc, CH-Fmoc’), 4.43 (d, *Juu = 6.9 Hz, 2 H,
CH,-Fmoc), 4.52 (d, 3JH,H = 6.2 Hz, 2 H, CH,-Fmoc’), 7.33 (m, 4 H, H2-Fmoc, H2-
Fmoc’), 7.41 (m, 4 H, H3-Fmoc, H3-Fmoc’), 7.61 (m, 4 H, Hl-Fmoc, H1-Fmoc’),
7.77 (d, *Jun = 7.48 Hz, 4 H, H4-Fmoc H4-Fmoc’).

BC NMR (150 MHz, C,D,Cls, 100 °C): § = 27.91 (CHs), 28.16 (B3CH,NH), 38.32
(yCH,NH), 46.02 (aCH,NH), 47.37 (CH-Fmoc), 47.39 (CH-Fmoc’), 49.89
(CH,COO1Bu), 66.48 (CH,-Fmoc), 67.90 (CHz-Fmoc’), 81.67 (CtBu), 119.70 (C4-
Fmoc, Fmoc’), 124.64 (C1-Fmoc), 124.77 (C1-Fmoc’), 126.83 (C2-Fmoc), 126.91
(C2-Fmoc’), 127.41 (C3-Fmoc), 127.49 (C3-Fmoc’), 141.11 (C6-Fmoc), 141.13
(C6-Fmoc’), 143.83 (C5-Fmoc), 143.95 (C5-Fmoc’), 156.05 (CO-Fmoc), 156.11
(CO-Fmoc’), 168.33 (COO7Bu).

MS (ESI) m/z: 655.3 [M+Na]", 1287.6 [2M+Na]*", 1920.8 [3M+Na]*".
HRMS (ESI): C30H40N,06 [M+Na]" calcd. 655.2779, found 655.2774.
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Figure 8.4 "H NMR Spectrum (300 MHz, C,D,Cls, 100 °C) of compound 18.

8.5.1.5 N-Fmoc-(3-Fmoc-Aminopropyl)glycine (19)

erll/\/\rxll/\COOtBu - - HITI/\/\I}I/\COOH

Fmoc Fmoc Fmoc Fmoc

18 19
CagHygN, O, [632.74] CeHaoN,0, [576.64]

tert-Butyl N-Fmoc-(3-Fmoc-aminopropyl)glycinate 18 (2.82 g, 4.46 mmol) was
dissolved in DCM (2.8 mL) and the solution was cooled to 0 °C, followed by
dropwise addition of TFA (16.75 mL). The mixture was stirred at room temperature
for 2 h. The solution was concentrated in vacuo and coevaporated with toluene (5 x
100 mL). The residue was solubilized in minimum amount of DCM, precipitated

with pentane and dried to give 19 as a white powder (2.20 g, 3.81 mmol, 85.5%).

Analytical Data:
"H NMR (300 MHz, C,D,Cly, 100 °C): § = 1.53-1.68 (br s, 2 H, SCH,NH), 3.02—
3.13 (br s, 2 H, yCH,NH), 3.19-3.32 (br s, 2 H, aCH,NH), 3.93 (s, 2 H, CH,COO),
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424 (t, *Jun = 6.3 Hz, CH-Fmoc, 2 H, CH-Fmoc’), 4.45 (d, *Juu = 6.7 Hz, 2 H,
CH,-Fmoc), 4.58 (d, 3JH,H = 5.9 Hz, 2 H, CH,-Fmoc’), 4.85-5.25 (br s, 1 H, NH),
7.32 (m, 4 H, H2-Fmoc, H2-Fmoc), 7.36—7.44 (m, 4 H, H3-Fmoc, H3-Fmoc’), 7.58
(t, Jun = 7.9 Hz, 4 H, Hl-Fmoc, H1-Fmoc’), 7.76 (t, *Juu = 6.8 Hz, 4 H, H4-Fmoc,
H4-Fmoc’).

BC NMR (150 MHz, C,D,Cly, 100 °C): § = 28.09 (SCH,NH), 38.28 (yCH,NH),
46.12 (aCH,NH), 47.29 (CH-Fmoc, CH-Fmoc’), 48.74 (CH,COOH), 66.61 (CH,-
Fmoc), 67.35 (CH;-Fmoc’), 119.70 (C4-Fmoc, C4-Fmoc’), 124.28 (CI1-Fmoc),
124.69 (Cl-Fmoc’), 126.83 (C2-Fmoc),126.91 (C2-Fmoc’), 127.44 (C3-Fmoc),
127.48 (C3-Fmoc’), 141.10 (C6-Fmoc), 141.14 (C6-Fmoc’), 143.63 (C5-Fmoc),
143.81 (C5-Fmoc’), 156.14 (CO-Fmoc), 156.40 (CO-Fmoc’), 171.35 (COOH).

MS (ESI) m/z: 599.2 [M+Na]", 615.2 [M+K]", 1174.9 [2M+Na]*", 575.1 [M-H]J.
HRMS (ESI): C3sH3N,0¢ [M+Na]™ caled. 599.2153, found 599.2147, [M-H]
calcd. 575.2188, found 575.2182.

) /

8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
ppm

Figure 8.5 '"H NMR Spectrum (300 MHz, C,D,Cl4, 100 °C) of compound 19.
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8.5.1.6 N-(3-Aminopropyl)glycine (20)

H2N/\/\H/\COOtBu HZN/\/\H/\COOH
17 20
C4H,N,0, [188.27] C.H,,N,0,[132.16]

tert-Butyl N-(3-aminopropyl)glycinate 17 (0.17 g, 0.87 mmol) was dissolved in
DCM (0.6 mL) and the solution was cooled to 0 °C, followed by addition of TFA
(3.2 mL). The mixture was stirred at room temperature for 2 h. The volatiles were
evaporated in vacuo and co-evaporated with toluene (6 x 100 mL). The resulting
residue was lyophilized to give the TFA salt of 20 as colorless solid in quantitative
yield.

Analytical Data:

"H NMR (300 MHz, [D¢]DMSO): 6 = 1.87-1.97 (m, 2 H, SCH,NH,), 2.88 (t, *Jyy =
7.60 Hz, 2 H, yCH,NH,), 3.01 (t, *Jyy = 7.63 Hz, 2 H, aCH,NH,), 3.84 (s, 2 H,
CH,COO0), 7.75-9.45 (br s, 4 H, COOH, NH, NH).

MS (ESI) m/z: 133.4 [M+H]", 131.1 [M-H] .

HRMS (ESI): CsH,N,0, [M+H]" caled. 133.0972, found 133.0972, [M-H] calcd.
131.0826, found 131.0826.

[ [
5.0
ppm

Figure 8.6 '"H NMR Spectrum (300 MHz, [Dg]DMSO) of compound 20.
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8.5.1.7. [N-(3-Aminopropyl)glycine]dichloroplatinum(II) (21)

HNT N7 c00H  ——————= KN, NH_COOH
ol
20 21
CyH,N,0, [132.16] C4H,,C1,N,0,Pt [398.16]

The TFA salt of 20 (0.87 mmol) was dissolved in water (20 mL), added to a solution
of K,PtCly (0.36 g, 0.87 mmol) in water (20 mL) and refluxed for 40 h in the dark.
The solution was concentrated at reduced pressure and the resulted precipitate was
filtrated and recrystallized from water to give 21 as a yellowish solid (0.10 g, 0.26
mmol, 30.1%).

Analytical Data:

"H NMR (400 MHz, DMSO): 6 = 1.83-1.98 (m, 1 H, Hx, SCH,NH>), 2.28-2.40 (m,
1 H, Hg, SCH,NH,), 2.57-2.74 (m, 2 H, yCH,NH>), 2.81-2.93 (m, 2 H, aCH,NH),),
3.01 (dd, *Jun = 2.67, *Jun = 16.3 Hz, 1 H, Hy, CH,COO), 3.40 (dd, *Juu = 7.0,
2Juu = 16.3 Hz, 1 H, Hg, CH,COO), 6.41 (s, 1 H, NH), 7.78 (s, 1 H, NH),).

%Spt NMR (64.5 MHz, DMSO): § =-2995.63.
MS (ESI) m/z: 397.0 [M-H], 817.0 [2M+Na—2H], 1236.9 [3M+2Na-3H] .
HRMS (ESI): CsH;>,CLN,0,Pt [M—H] calcd. 396.9847, found 396.9835.

Elemental analysis: calcd. C 15.08%, H 3.04%, N 7.04%, found C 14.89%, H
3.11%, N 6.59%.
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Figure 8.7 '"H-NMR Spectrum (400 MHz, [Ds]DMSO of compound 21.

8.5.2 Synthesis of Peptide Oligomers and of the Platinum Complex/
Peptide Chimera

The peptides were synthesized by automated SPPS on a manual loaded NovaSyn®
TGR resin according to standard Fmoc chemistry protocols (0.10 mmol scale)
described in Section 8.3. Double coupling was performed for Fmoc-Lys(Boc)-OH
and Fmoc-Ala-OH. After automated synthesis, the resin was placed in a syringe
equipped with a PE-frit and dried over KOH in a desiccator. All further reactions

were performed in the syringe.

For C6, C7 and C8, the peptides were cleaved from the resin with a TFA/TES/H,0
(95:2.5:2.5, v/v/v) solution (100 mg resin/1.0-2.0 mL) at room temperature. All
solvents were evaporated and the crude product was precipitated with cold diethyl
ether (5 mL) and purified by reverse phase HPLC to give the desired products as
white or colorless solids.

Further coupling for C1-C5 with the desired building block (3,3-bis-(1-
methylimidazol-2-yl)-propionic acid (13) for C1, C3, C4 or tert-butyl N-Fmoc-(3-
Fmoc-aminopropyl)-glycine (19) for C2, C5 was carried out manually. The resin was

swollen for 2 h in DMF, a mixture of the building block (5 eq.), HBTU (4.5 eq.),
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HOBt (4.5 eq.), DiPEA (10 eq.) in DMF (2.0-3.0 mL) was added to the resin and
shaken at room temperature for 40 min. The resin was thoroughly washed with DMF,
DCM and dried over KOH in desiccator. A test cleavage was accomplished before

further proceeding.

In the next step, platination was performed on the resin. A solution of K,PtCly (10
eq., 0.05 M) in DMF/H,0 (9:1, v/v) was added to the resin and shaken in the dark for
30 h. Cleavage from the resin was carried out with a TFA/H,O (95:5, v/v) solution
(100 mg resin/1.0-2.0 mL) for 2 h, followed by evaporation, precipitation of the
crude products with cold diethyl ether. Purification by reverse phase HPLC resulted

in complexes C1-C5 as white solids.

8.5.2.1 H-GGGKKKKKK-NH, (C6)

C4HgaN1609[957.21]

Yield: 38.0 mg (40%).

Analytical Data:

HPLC (0—50% B in 30 min), #g: 10.41 min.

MS (ESI) m/z: 319.9 [M+3H]*", 479.3 [M+2H]*", 955.8 [M-H] .
HRMS (ESI): [M+2H]*" calcd. 479.3376, found 479.3379.

8.5.2.2 H-GGGGGGKKK-NH; (C7)

C30Hs7N 1309 [743.85]

Yield: 7.5 mg (10%)

Analytical Data:

HPLC (0—5% B’ in 30 min), zz: 11.10 min

MS (ESI) m/z: 372.7 [M+2H]*", 744.5 [M+H]", 742.4 [M-H] .

HRMS (ESI): [M+H]" caled. 744.44750, found 744.44717, [M+Na]™ calcd.
766.4294, found 766.4294, [M—H]  calcd. 742.4329, found 742.4328.
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8.5.2.3 H-GGGAAAAAA-NH; (C8)

C24H4oN19Og [614.65]

Yield: 10 mg (20%, synthesis on 0.08 mmol resin).
Analytical Data:

HPLC (0—50% B in 15 min), #z: 10.64 min.

MS (ESI) m/z: 615.3 [M+H]", 637.3 [M+Na]", 613.4 [M-H] .
HRMS (ESI): [M+H]" caled. 615.3209, found 615.3202.

8.5.2.4[3,3-Bis(1-methylimidazol-2-yl)propionyl]-GGGKKKKKK-NH,-
dichloroplatinum(II) (C1)

CONH-GGGKKKKKK~-NH,

C1

CssHoeCloN20010Pt [1439.44]
Yield: 22 mg (15%).
Analytical Data:
HPLC (5—45% B in 30 min) #z: 17.35 min or (0—60% B’ in 30 min) tg: 18.58 min.
MS (ESI) m/z: 1438.6 [M+H], 719.8 [M+2H]*", 480.2 [M+3H]*".
HRMS (ESI): [M+2H]*" caled. 719.3384, found 719.3384.

8.5.2.5 N-(3-Aminopropyl)glycinyl-GGGKKKKKK-NH,-dichloroplatinum(II)
(C2)

HoNL /NH\/CON H-GGGKKKKKKNH,

Pt
c”
c2

Ca7HgaCloN15010Pt [1337.34]

- 105 -



Experimental Part

Yield: 10 mg (8%).

Analytical Data:

HPLC (5—30% B in 17 min) #g: 10.52 min or (5—10% B’ in 30 min) tg: 10.37 min.
MS (ESI) m/z: 1336.6 [M+H]", 668.3 [M+2H]*", 446.2 [M+3H]*".

HRMS (ESI): [M—CI]" calcd. 1299.6710, found 1299.6721.

8.5.2.6 [3,3-Bis(1-methylimidazol-2-yl)propionyl]-GGGGGGKKK-NH;-
dichloroplatinum(II) (C3)

CONH-GGGGGGKKK -NH,

ClI” “cl C3

C41HgeCloN17040Pt [1226.07
Yield: 35.6 mg (29%).

Analytical Data:

HPLC (0—50% B in 30 min) #z: 21.14 min.

MS (ESI) m/z: 1226.5 [M+H]", 613.8 [M+2H]*".

HRMS (ESI): [M+2H]*" calcd. 612.7281, found 612.7281.

8.5.2.7 N-(3-Aminopropyl)glycinyl-GGGGGGKKK-NH,-dichloroplatinum(II)
(C4)

HoN /NH\/CONH-GGGGGGKKK—NHQ

Pt
Cl Cl
C4

CasHe7CloN15040Pt [1123.98]
Yield: 16 mg (14%).
Analytical Data:
HPLC (0—40% B in 30 min) #z: 12.43 min.
MS (ESI) m/z: 1123.4 [M+H]", 562.2 [M+2H]*".
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HRMS (ESI): [M+H]" caled. 1122.4271, found 1122.4261, [M-CI]" calcd.
1086.4505, found 1086.4500.

8.5.2.8 [3,3-Bis(1-methylimidazol-2-yl)propionyl|-GGGAAAAAA-NH,-
dichloroplatinum(II) (CS)

CONH-GGGAAAAAA—-NH,

cI” el c5
CasHs4C1oN14010Pt [1096.87]
Yield: 7 mg, 13% (scale 0.05 mmol resin).
Analytical Data:
HPLC (15—75% B in 30 min) #g: 13.58 min.
MS (ESI) m/z: 1096.4 [M+H]".
HRMS (ESI): [M+H]" caled. 1095.3223, found 1095.3229.
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8.6 Synthesis of Unnatural Amino Acids

8.6.1 (5)-2-(tert-butoxycarbonyl)-4,4-dicyano-butanoic acid benzyl ester (30)

CN

Br
CN
/[ NC.__CN ) /'\)\
—_— OoC
Boc~ " >cooBn “N~ ~COOBn
H H
29 30

C,5H,BrNO, [358.23] C,gH,N,0, [343.38]

To a solution of malononitrile (147 mg, 2.23 mmol, 1.2 eq.) in dry THF (8.5 mL), a
solution of /BuOK 1M in THF (2.23 mL, 2.23 mmol, 1.2 eq.) was added dropwise at
0 °C. The mixture was stirred for 20 min at 0 °C, followed by dropwise addition of a
solution of compound 29 (665 mg, 1.85 mmol) in THF (2.5 mL) at 0 °C. The
reaction mixture was stirred for 20 min at 0 °C, then for 1 h at RT, followed by
evaporation of the solvent under reduced pressure. Water (30 mL) was added and the
crude compound was extracted with ethylacetate (4 x 60 mL). The combined organic
phase was dried (Na,SO4) and the solvent was removed under reduced pressure.
Purification by column chromatography (silica gel, n-pentane > EtOAc/n-pentane

1:9, v/v) afforded 30 as a colorless oil (130 mg, 0.38 mmol, 20.4%).
Analytical Data:
TLC (pentane/EtOAc 9:1, v/v): Rg= 0.14.

"H NMR (600 MHz, CDCls): § = 1.43 (s, 9 H, /Bu), 2.36-2.43 (m, 1 H, #,CH,),
2.61-2.71 (m, 1 H, $,CH,),3.98 (t, *Jyu = 7.30 Hz, 1 H, CNCHCN), 4.42—4.48 (m, 1
H, aCH), 5.21 (m, 2 H, CH,Ph), 5.30 (spr, 1 H, NH), 7.33-7.40 (m, 5 H, Ph).

BC NMR (125 MHz, CDCl3): 6 = 19.6 (yCH), 28.2 (3 x CHs, /Bu), 34.0 (BCH,),
51.3 (aCH), 68.4 (CH,Ph), 81.4 (C/Bu), 112.1 (CN), 128.7, 128.8, 129.0 (Ph), 134.4
(Phipso), 155.2 (COBoc), 169.5 (COBn).

MS (ESI) m/z: 344.3 [M+H]", 366.5 [M+Na]", 342.3 [M-H] .
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Figure 8.8 "H NMR Spectrum (600 MHz, CDCl;) of compound 30.

8.6.2 2-Benzyl-1-tert-butyl-5-amino-4-cyano-2,3-dihydropyrrole-1,2-
dicarboxylate (32)

Br COOBn
Boc—
NC CN
Boc. /[ ~ N_
N cooBh @ —————>
H HN  CN
29 32
CsH,BrNO, [358.23] CgH2N;0,[343.38]

To a solution of NaH (20 mg, 0.84 mmol, 1.5 eq.) in dry THF (0.5 mL),
malononitrile (56 mg, 0.84 mmol, 1.5 eq.) in THF (1.5 mL) was added at 0 °C. The
mixture was stirred for 10 min at 0 °C, followed by dropwise addition of a solution
of compound 29 (200 mg, 0.56 mmol) in THF (1 mL) at 0 °C. The reaction mixture
was stirred for 20 min at 0 °C, then for 6 h at RT, followed by evaporation of the
solvent under reduced pressure. Water (15 mL) was added and the crude compound

was extracted with ethylacetate (3 x 30 mL). The combined organic phase was dried
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(Na,SO4) and the solvent was removed under reduced pressure. Purification by
column chromatography (silica gel, EtOAc/n-pentane 1:9, v/v) afforded 32 as a
colorless oil (95 mg, 0.28 mmol, 50%).

Analytical Data:

TLC (pentane/EtOAc 9:1, v/v): Ry=0.14.

"H NMR (300 MHz, CDCls): § = 1.31 (s, 9 H, /Bu), 2.57 (dd, “Jyu = 13.35 Hz, *Jyun
= 4.06 Hz, 1 H, iICH,), 3.00 (dd, “Jyn = 13.34 Hz, *Jyu = 11.39 Hz, 1 H,
P2CH,),4.61 (dd, *Tyy = 4.07, *Jyu = 11.36 Hz, 1 H, aCH), 5.21 (m, 2 H, CH,Ph),
6.10 (sbr, 2 H, NH>), 7.34 (s, 5 H, Ph).

3C NMR (125 MHz, CDCls): d = 27.8 (3 x CHs, /Bu), 28.8 (SCH,), 54.5 (yC=), 59.2
(aCH), 67.4 (CH,Ph), 83.9 (CBu), 119.0 (CN), 128.6, 128.7 (Ph), 135.0 (Phips),
151.6 (6C=), 156.9 (COBoc), 170.3 (COOBn).

MS (ESI) m/z: 344.3 [M+H]", 366.5 [M+Na]*, 709.1 [2M+Na]", 342.3 [M—H] .

8.0 7.0 6.0 5.0 4.0 3.0 2.0
ppm

Figure 8.9 "H NMR Spectrum (300 MHz, CDCls) of compound 32.

-110 -



Experimental Part

8.6.3 (5)-2-(tert-butoxycarbonyl)-6, 6-dicyano-hexanoic acid benzyl ester (36)
and 8.6.4 (2 S, 10 S)-dibenzyl-2, 10-bis(zert-butoxycarbonyl)-6,6-

dicyanoundecandioate (37)

COOBn
Br
NC._
Boc ——
\H COOBn BOC\ COOBn BOC\ COOBn
35
C.H,,BINO, [386.28] C20H25N304 [371.43] 037H48N408 [676.8]

To a solution of malononitrile (273 mg, 4.13 mmol, 1.56 eq.) in dry THF (15.5 mL),
a solution of /BuOK 1M in THF (4.13 mL, 4.13 mmol, 1.56 eq.) was added dropwise
at 0 °C. The mixture was stirred for 20 min at 0 °C, followed by dropwise addition of
a solution of (R)-3-bromo-2-(tert-butoxycarbonyl) pentanoic acid benzyl ester 35
(1.02 g, 2.64 mmol) in THF (3.5 mL). The reaction mixture was stirred for 20 min at
RT, heated up to 50 °C, stirred for 6 h at 50 °C, then stirred overnight at RT. The
solvent was evaporated under reduced pressure. Water (40 mL) was added and the
crude compound was extracted with ethylacetate (4 x 70 mL). The combined organic
phase was dried (Na;SO4) and the solvent was removed under reduced pressure.
Purification by column chromatography (silica gel, EtOAc/n-pentane 1:9 -
EtOAc/n-pentane 2:8, v/v) afforded 36 as a colorless oil (390 mg, 1.05 mmol,
39.82%) and its dimer 37 as a colorless oil (180 mg, 0.27 mmol, 10%).

Analytical Data:
TLC (pentane/EtOAc 8:2, v/v): Re= 0.24.

"H NMR (600 MHz, CDCly): § = 1.41 (s, 9 H, /Bu), 1.52-1.75 (m, 4 H ,yBCH>),
1.85-1.98 (m, 2 H, 6CH,), 3.64 (t, *Jyn = 6.91 Hz, 1 H, eCH), 4.30-4.37 (m, 1 H,
aCH), 5.10-5.23 (m, 3 H, NH, CH,Ph), 7.30-7.37 (m, 5 H, Ph).

13C NMR (125 MHz, CDCl3): § = 22.4 (¢CH), 22.4 (yCH,), 28.3 (3 x CHs, /Bu), 30.0
(5CHa), 31.6 (BCHa), 52.6 (aCH), 67.3 (CH,Ph), 80.2 (C/Bu), 112.2, 112.3 (2 x CN),
128.4, 128.5, 128.6 (Ph), 135.0 (Phiso), 155.2 (COBoc), 171.7 (COOBn).

MS (ESI) m/z: 394.2 [M+Na]’, 765.4 [2M+Na]", 370.2 [M-H] .

- 111 -



Experimental Part

HRMS (ESI): CyHsN30, [M+Na]" caled. 394.1737, found 394.1736, [M-H]
calcd. 370.1772, found 370.1771.

ppm

Figure 8.10 "H NMR Spectrum (600 MHz, CDCls) of compound 36.

Dimer (37):

TLC (pentane:EtOAc 8:2, v/v): Rg= 0.14.

"H NMR (300 MHz, CDCls): 6 = 1.41 (s, 18 H, /Bu), 1.60-1.95 (m, 12 H, 7, f,
0CH,), 4.29-4.39 (m, 2 H, aCH), 5.04-5.22 (m, 6 H, NH, CH,Ph), 7.34 (s, 10 H,
Ph).

BC NMR (125 MHz, CDCl3): 6 = 21.4 (yCH), 28.3 (6 x CHs, /Bu), 32.0 (6CH,),
37.0 (fCH,), 52.7 (aCHy), 67.4 (CH,Ph), 80.2 (C/Bu), 115.1 (2 x CN), 128.4, 128.5,
128.6 (Ph), 135.0 (Phips,), 155.2 (COBoc), 171.8 (COOBn).

MS (ESI) m/z: 699.3 [M+Na]", 1375.7 [2M+Na]", 675.3 [M-H] .
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Figure 8.11 "H NMR Spectrum (300 MHz, CDCls) of compound 37.

8.6.5 N-allyloxycarbonyl-N,N’-dimethylethylenediamine (43)
|

H N
\N/\/N\ \H/\/ Alloc
H
42 43
C,H,,N, [88.15] CgH.N,0, [172.22]

Allyl phenyl carbonate (0.755 mL, 4.64 mmol, 1 eq.) was added dropwise to a

stirring solution of N, N’-dimethylethylenediamine 42 (0.5 mL, 4.64 mmol, 1 eq.) in

ethanol p.a. (20 mL). The reaction mixture was stirred overnight at RT. The solvent

was evaporated under reduced pressure. Water (30 mL) was added and the pH

adjusted to 3 with HCI 1M, followed by extraction with DCM (3 x 50 mL). The

aqueous phase was made strongly alkaline (pH 13) by addition of ag. NaOH 2M and

extracted with DCM (4 x 100 mL). The combined organic phase was concentrated

under reduced pressure, washed with NaOH 2M (3 x 50 mL), dried over Na,SO,4 and

evaporated in vacuo to afford 43 as colorless oil (0.6 g, 3.48 mmol, 75%).
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Analytical data:

"H NMR (300 MHz, CDCl3): 6 = 1.36 (sy, 1 H, NH), 2.41 (s, 3 H, NHCH3), 2.71 (t,
Jun = 6.47 Hz, 2 H, NHCH,), 2.91 (s, 3 H, NCH3), 3.36 (t, *Juu = 6.51 Hz, 2 H,
NCH,), 4.51-4.58 (m, 2 H, OCH,), 5.12-5.30 (m, 2 H, CH=CH,), 5.81-5.97 (m, 1
H, CH=CH,).

BC NMR (125 MHz, CDCls): 6 = 35.1 (NCH3), 36.4 (NHCH3), 48.4 (NCH,),
49.5(NHCH,), 65.9 (OCH,), 117.1 (=CH,), 133.0 (CH=), 156.1 (C=0).

MS (ESI) m/z: 173.1 [M+Ha]", 195.1 [M+Na]", 345.2 [2M+H]", 367.2 [2M+Na]"

HRMS (ESID): CgHgN,O, [M+H]" calcd. 173.1285, found 173.1289, [M+Na]"
caled. 195.1104, found 195.1109.

o/ / [ /

R [ LV 5

\ \ \ \ \
6.0 5.0 4.0 3.0 2.0
ppm

Figure 8.12 "H NMR Spectrum (300 MHz, CDCls) of compound 43.
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8.6.6 (5)-2-(tert-butoxycarbonylamino)-5-(2-(allyloxycarbonyl)-N,N’ dimethyl

ethylenediamino)pentanoic acid benzyl ester (44)

\ N
Br N~ N Alloc
Boc
N~ ~COOBn BOC\N COOBn
H H
35 44
C,H,,BrNO, [386.28] C,sH N O, [477.59]

To a solution of compound 43 (2.75 g, 16 mmol, 3 eq.) in dry DMF (15 mL), DiPEA
(2.39 mL, 16 mmol, 3 eq.) was added at RT under Ar, followed by dropwise addition
of compound 35 (2.06 g, 5.33 mmol, 1 eq.) in DMF (12 mL). The solution was
stirred at RT for 2 d. The solvent was evaporated under reduced pressure. The
residue was dissolved in ethyl acetate and washed with water. The organic phase was
dried (Na,SOy4). The crude compound was purified by column chromatography
(silicagel, pentane/ethyl acetate 1:1, v/v = ethyl acetate 100%) to afford 44 as a
colorless oil (2.05 g, 4.29 mmol, 80.5%).

Analytical data:
TLC (ethyl acetate): Ry=0.18.

"H NMR (300 MHz, [Ds]DMSO): d = 1.31 (s, 1 H, /Bu, rotamer), 1.39 (s, 8 H, /Bu),
1.42-1.50 (m, 2 H, yCH,), 1.55-1.76 (m, 2 H, fCH,), 2.12 (s, 3 H, NCH3), 2.28 (t,
Tun = 6.92 Hz, 2 H, 6CH, ), 2.39 (t, *Jyn = 6.73 Hz, 2 H, NCH,), 2.84 (s, 3 H,
CONCH3), 3.28 (t, *Jyn = 6.72 Hz, 2 H, CONCH>), 3.98-4.09 (m, 1 H, aCH), 4.50
(dt, *Tun = 1.51 Hz, *Jyu = 5.20 Hz, 2 H, CH,Alloc), 5.05-5.30 (m, 4 H, CH,Ph,
CH=CH,), 5.91 (ddt, *Jyu = 5.21 Hz, *Jyu = 10.45 Hz, *Juy = 17.18 Hz, 1 H,
CH=CH,), 7.27 (d, *Jyu = 7.77 Hz, 1 H, NH), 7.30-7.40 (m, 5 H, Ph).

BC NMR (125 MHz, [Dg]DMSO): § = 23.1 (yCH,), 28.1 (3 x CH3, /Bu), 28.4
(fCH,), 33.9 (CONCH3), 41.6 (NCH3), 46.1 (CONCHy), 53.5 («CH), 54.4 (NCH,),
56.5 (0CH,), 64.9 (CH,Alloc), 65.6 (CH,Ph), 78.2 (CrBu), 116.4 (=CH,Alloc),

- 115 -



Experimental Part

127.5, 127.7, 128.1 (Ph), 133.3 (CH=Alloc), 135.8 (Phips,), 154.9 (COAlloc), 155.3
(COBoc), 172.2 (COOBR).

MS (ESI) m/z: 478.3 [M+H]", 977.6 [2M+Na]", 476.3 [M-H] .

HRMS (ESI): CasHoN;Og [M+H]™ caled.478.2912, found 478.2913, [M+Na]®
caled. 500.2731, found 500.2736.

/ / f//f/////

o MJ“MJLM%

7.0 6.0 5.0 4.0 3.0 2.0

ppm

Figure 8.13 "H NMR Spectrum (300 MHz, [Ds]DMSO) of compound 44.

8.6.7 (S)-2-(((9H-fluoren-9-yl)metoxy)carbonyl)-5-(2-(allyloxycarbonyl)-N,N’-
dimethyl ethylenediamino)pentanoic acid (24)

| |
N _Alloc
\/\N N \/\N/Alloc
| |
Boc >
\N COOBn FmOC\N COOH
H
44 24

CasHagN;Og [477.59] C,sH46N,0, [509.59]
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To a solution of compound 44 (2 g, 4.19 mmol, 1 eq.) in dioxane (20 mL) and water
(13.4 mL), NaOH 1M (6.7 mL) was added and the mixture was stirred at RT for 6 h.
The solution was neutralized with HCI IN (6.7 mL), concentrated under reduced
pressure and lyophilized. The residue was solubilized in TFA/H,0 (95/5%, 40.2 mL)
at 0 °C, stirred for 15 min at 0 °C and then for 6 h at RT. TFA is evaporated under
low pressure, and the aqueous phase was co-evaporated with HCl 1N (3 x 20 mL),
then lyophilized. The residue was solubilized in 10%Na,COs (30.5 mL), followed by
dropwise addition of FmocOSu (1.85g, 5.48 mmol, 1.3 eq.) in dioxane (19.5 mL) at 0
°C. The mixture was further stirred for 15 min at 0 °C, then for 4 h at RT. The
organic phase was evaporated under reduced pressure, the aqueous phase was diluted
with water (40 mL), washed with Et,O (3 x 80 mL) (was threw away afterwards),
acidified with HCl 1IN (pH 3) and extracted with ethyl acetate (4 x 80 mL). The
combined organic phase was dried (MgSQ,), filtered and evaporated. The residue
was subjected to chromatography (silica gel, DCM/MeOH 9:1, v/v =24:1) to result
24 as a white solid (1.92 g, 3.77 mmol, 90%).

Analytical Data:
TLC step1/2/3: CHCls/MeOH/H,O/AcOH 70:30:3:0.35, v/v/v/v.
TLC (DCM/MeOH 4:1, v/v): R¢=0.38.

"H NMR (600 MHz, [Ds]DMSO): 6 = 1.41-1.52 (m, 2 H, yCH,), 1.54—1.64 (m, 1 H,
S1CH,), 1.67-1.77 (m, 1 H, f,CH,), 2.18 (s, 3 H, NCH3), 2.35 (s, 2 H, SCH, ), 2.47
(m, 2 H, NCH,), 2.84 (s, 3 H, CONCH3), 3.30 (t, *Jun = 6.58 Hz, 2 H, CONCH),),
3.89-4.95 (m, 1 H, aCH), 4.19-4.24 (m, 1 H, CH-Fmoc), 4.24—4.31 (m, 2 H, CH>-
Fmoc), 4.47—4.51 (m, 2 H, CH,-Alloc), 5.51 (m, 1 H, =CH,), 5.25 (d, *Juu = 17.26
Hz, 1 H, =CH,), 5.86-5.94 (m, 1 H, CH-Alloc), 7.29-7.34 (m, 2 H, C2-Fmoc), 7.41
(t, 2 H, *Jyn = 7.47 Hz, C3-Fmoc), 7.72 (m, 2 H, C1-Fmoc), 7.88 (d, 2 H, *Jyu =
7.53 Hz, C4-Fmoc).

3C NMR (125 MHz, [Ds]DMSO): § = 22.9 (yCH,), 28.9 (8CH,), 33.9 (CONCH3),
40.0 (NCHs), 45.8 (CONCH,), 46.6 (CH-Fmoc), 54.0 (aCH), 54.6 (NCH,), 56.5
(6CH,), 64.9 (CH,Alloc), 64.7 (CH,-Fmoc), 116.5 (=CH,-Alloc), 119.9 (C4-Fmoc),
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125.0 (C1-Fmoc), 126.8 (C2-Fmoc), 127.4 (C3-Fmoc), 133.4 (CH=Alloc), 140.5
(C5-Fmoc), 143.7 (C6-Fmoc), 154.9 (CO-Alloc), 155.7 (CO-Fmoc), 173.9 (COOH).
[a]3? = +32.08 (c = 1.2, CHCl5).

MS (ESI) m/z: 510.2 [M+H]", 532.2 [M+Na]", 508.2 [M—-H], 1017.5 [2M-H] .
HRMS (ESI): C,5H3sN304 [M+H]" caled. 510.2599, found 510.2609, [M—H]  calcd.
508.2453, found 508.2454.

[ j

8.0 7.0 6.0 5.0 4.0 3.0
ppm

Figure 8.14 "H NMR Spectrum (600 MHz, [Ds]DMSO) of compound 24.

8.6.8 (8)-2-(tert-butoxycarbonyl)-6,6-bis(1-methylimidazol-2-yl)hexanoic acid

benzyl ester (45)
_N__N
Br N
-
N\/>
- /
Boc Boc._
N® COOBn N~ ~COOBn
H H
35 45
C,,H,,BrNO, [386.28] C,eH4eN-0,[481.59]
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A solution of n-butyllithium in hexane (0.42 mL, 0.67 mmol, 1.6 M in hexane, 1.015
eq.) was added dropwise to a stirred solution of bis (1-methyl-imidazo-2-yl)methane
(117 mg, 0.66 mmol, 1.0 eq.) in THF (3 mL) at —78 °C. The solution was stirred at
=78 °C for 1 h, followed by dropwise addition of compound 35 (261 mg, 0.67 mmol,
1.015 eq.) in THF (2 mL). The temperature was allowed to rise to RT overnight. The
reaction mixture was quenched with water (5 mL) and all volatiles were evaporated
in vacuo. The water layer was extracted with EtOAc (4 x 10 mL), the combined
organic phase was dried (MgSO4) and the solvent was evaporated to dryness. The
residue was subjected to column chromatography (silicagel, EtOAc/pentane, 25% to
50% to 100% > EtOAC/MeOH 9:1, v/v) to result 45 as a colorless solid (65 mg,
0.13 mmol, 20 %).

Analytical Data:
TLC (EtOAc/MeOH 9:1, v/v): Ry= 0.06.

"H NMR (300 MHz, CDCL3): § = .1.26-1.34 (m, 2 H yCH,), 1.37 (s, 9 H, /Bu),
1.60-1.73 (m, 1 H, §iCH,), 1.75-1.87 (m, 1 H, f2.CH,), 2.17-2.33 (m, 2 H, 5CH,),
3.35(s, 5 H, 2 x Me), 3.38 (s, | H, 2 x Me), 4.18-4.29 (m, 1 H, aCH), 4.35 (t, *Jyn =
7.91 Hz, 1 H, ¢CH), 5.07 (m, 2 H, CH,Ph), 5.32 (d, *Jyyn = 8.23 Hz, 1 H, NH), 6. 69
(m, 2 H, CHimig), 6.87 (m, 2 H, CHimia), 7.25-7.31 (m, 5 H, Ph).

13C NMR (75 MHz, CDCls): 6 = 23.3 (yCH,), 28.2 (3 x CHj, Bu), 30.3 (6CHa), 31.7
(BCH,), 32.7, (2 x Me), 38.3 (¢CH), 53.2 («CH), 66.8 (CH,Ph), 79.5 (C/Bu), 121.8,
121.9 (CHinyia), 126.7, 126.8 (CHipyia), 128.1, 128.2, 128.4 (Ph), 135.4 (Phyys,), 145.8,
145.9 (Cimig) 155.4 (COBoc), 172.6 (COOB).

MS (ESI) m/z: 504.3 [M+Na]", 985.5 [2M+Na]", 480.3 [M—H] .

HRMS (ESI): CyH3sNsO; [M+Na]™ caled. 504.2581, found 504.2582, [M—H]
calcd. 480.2616, found 480.2620.
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Figure 8.15 "H NMR Spectrum (300 MHz, CDCl3) of compound 45.

8.6.9 (5)-2-(tert-butoxycarbonylamino)-5-(N,N,N’-trimethylethylenediamino)

pentanoic acid benzyl ester (49)

Br IL

\/\N/
I
_—
Boc
"N~ ~CcooBn Boc\ ' coosn
: H
35 49
C,H,,BrNO, [386.28] C,,H4N,0, [407.55]

To a solution of N,N,N’-trimethylethylenediamine ( 1.09 mL, 8.40 mmol, 3 eq.) in
dry DMF (8 mL), DiPEA (1.25 mL, 8.40 mmol, 3 eq.) was added at RT under Ar,
followed by dropwise addition of compound 35 (1.08 g, 2.80 mmol, 1 eq.) in DMF
(4 mL) at 0 °C. The solution was stirred for 30 min at 0 °C, then at RT for 1 d. The
liquids were evaporated under reduced pressure and the residue was subjected to
column chromatography (silica gel, acetone—>acetone/water 3:2, v/v) to afford

product 49 as a colorless oil, mixture of 2 conformers (1.1 g, 2.7 mmol, 96.4%)).
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Analytical Data:

TLC (CHCl3/MeOH/H,0/AcOH, 70:30:3:0.35, v/v/v/v): Ry= 0.36 (conformer 1); R¢
= 0.30 (conformer 2).

"H NMR conformerl (300 MHz, [D¢]DMSO): § = 1.28 (m, 2 H, /Bu, rotamer), 1.38
(s, 7 H, Bu), 1.46—1.57 (m, 2 H, yCHy), 1.57-1.76 (m, 2 H, fCH;), 2.31 (s, 3 H,
NCH3), 2.53 (m, 2 H, 6CH, ), 2.61 (s, 6 H, N(CH3),), 2.75 (m, 2 H, MeNCH;), 3.00
(m, 2 H, Me,NCH,), 3.97-4.09 (m, 1 H, aCH), 5.12 (m, 2 H, CH,Ph), 7.32-7.39 (m,
5 H, Ph).

MS (ESI) m/z: 408.3 [M+H], 837.5 [2M+Na]".

HRMS (ESI): C»H3:N3;06 [M+H]" calcd. 408.2857, found 408.2857, [M+Na]"
calcd. 430.2676, found 430.2676.
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Figure 8.16 "H NMR Spectrum (300 MHz, [Ds]DMSO) of compound 49
(conformer 1).
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"H NMR conformer 2 (300 MHz, [Ds]DMSO): 6 = 1.29 (m, 1 H, /Bu, rotamer), 1.38
(s, 8 H, Bu), 1.41-1.51 (m, 2 H, yCH,), 1.53-1.72 (m, 2 H, fCH,), 2.16 (s, 3 H,
NCH3), 2.28 (s, 6 H, N(CH3),), 2.34 (t, *Jyn = 7.08 Hz, 2 H, 6CH} ), 2.45-2.57 (m, 4
H, MeNCH,, Me,NCH,), 3.96-4.05 (m, 1 H, aCH), 5.12 (m, 2 H, CH,Ph),
7.29-7.37 (m, 5 H, Ph).

BC NMR (125 MHz, [Dg]DMSO): ¢ = 22.6 (yCH,), 28.2 (3 x CHs, rBu), 28.4
(fCH,), 41.5 (NCH;), 44.7 (N(CHs),), 53.4 (aCH), 53.8 (MeNCH,), 55.7
(Me;NCH,), 56.4 (0CH,), 65.7 (CH,Ph), 78.1 (C/Bu), 127.6, 127.8, 128.2 (Ph),
135.9 (Phips), 155.4 (COBoc), 172.2 (COOBn).

f / y /),

ppm

Figure 8.17 "H NMR Spectrum (300 MHz, [Ds]DMSO) of compound 49
(conformer 2).
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8.6.10 (8)-2-(((9H-fluoren-9-yl)metoxy)carbonyl)-5-(N,N,N’-trimethylethylene

diamino)pentanoic acid (25)

| |
N\/\N/ N\/\N/
| |
Boc~ 7 Fmoc
N~ ~COOBn N7 COOH
H H
49 25
CyHyN;0, [407.55] CyeHaN,O, [439.55]

To a solution of compound 49 (0.56 g, 1.37 mmol, 1 eq.) in dioxane (6.7 mL) and
water (4.5 mL), NaOH 1M (2.3 mL) was added dropwise at 0 °C. The mixture was
stirred at 0 °C for 30 min, then at RT for 5 h. The solution was neutralized with HCI
IN (2.3 mL), concentrated under reduced pressure and lyophilized. The residue was
solubilized in TFA/H,O (95/5, 14 mL) at 0 °C, stirred for 15 min at 0 °C and then for
6 h at RT. TFA was evaporated under low pressure, and the aqueous phase was
coevaporated with HCI IN (3 x 20 mL), then lyophilized. The residue was
solubilized in 10%Na,CO; (6.7 mL), followed by dropwise addition of FmocOSu
(0.60g, 1.78 mmol, 1.3 eq.) in dioxane (6.7 mL) at 0 °C. The mixture was stirred for
15 min at 0 °C, then for 8 h at RT. The organic phase was evaporated under reduced
pressure, the aqueous phase was diluted with water (20 mL), washed with Et,O (2 x
30 mL) (was threw away afterwards), acidified with HCI IN (pH 2-3) concentrated
and lyophilized. The residue was subjected to chromatography (silica gel,
acetone—~>acetone/H,O 3:2, v/v or RP-C18 silicagel, MeOH/H,0, 25% to 100 %
MeOH) to result 25 as a white solid (0.43 g, 0.98 mmol, 71.52%).

Analytical Data:
TLC step1/2/3: CHCls/MeOH/H,O/AcOH 70:30:3:0.35, v/v/v/v.
TLC (acetone/H,0 3:2, v/v): Rg=0.26.

"H NMR (600 MHz, [Ds]DMSO): § = 1.47-1.54 (m, 2 H, yCH.), 1.61-1.67 (m, 1 H,
BiCHy), 1.69-1.75 (m, 1 H, A>,CHa), 2.25 (s, 3 H, NCH3), 2.39 (s, 6 H, N(CHs),).
2.44-2.49 (m, 2 H, 6CH, ), 2.58-2.62 (m, 2 H, Me;NCH,), 2.68-2.72 (m, 2 H,
MeNCH,), 3.90 (sp, 1 H, aCH), 4.22 (t, *Jyy = 7.01 Hz, 1 H, CH-Fmoc,), 4.28 (d,
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T = 6.91 Hz, 2 H, CHy-Fmoc), 7.30—7.34 (m, 2 H, C2-Fmoc), 7.41 (t, *Jyu = 7.44
Hz, 2 H, C3-Fmoc), 7.70-7.73 (m, 2 H, C1-Fmoc), 7.88 (d, 2 H, *Jyu = 7.52 Hz, C4-
Fmoc).

3C NMR (125 MHz, [Ds]DMSO): 6 = 22.2 (yCH,), 28.7 (8CH,), 41.3 (NCH3), 44.2
(N(CHs)), 46.2 (CH-Fmoc), 53.1 (Me;NCH»), 53.6 (aCH), 54.8 (MeCH,), 56.3
(0CH3), 64.8 (CHz-Fmoc), 119.8 (C4-Fmoc), 121.1 (C1-Fmoc), 127.1 (C2-Fmoc),
128.7 (C3-Fmoc), 137.2 (C5-Fmoc), 139.2 (C6-Fmoc), 142.4 (CO-Fmoc), 170.8
(COOH).

[a]2° = +13.94 (c = 0.66, DMSO).

MS (ESI) m/z: 440.3 [M+H]", 462.2 [M+Na]", 879.5 [2M+Na]", 438.3 [M-H],
877.5 [2M-H] .

HRMS (ESI): C,sH33N30, [M+H]" caled. 440.2544, found 440.2544, [M+Na]"
calcd. 462.2363, found 462.2370, [M—H] calcd. 438.2398, found 438.2393.

N J

DMSQ

J B |

ppm

Figure 8.18 "H NMR Spectrum (600 MHz, [Ds]DMSO) of compound 25.
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8.6.11 N,N’-dimethylethylenediamine dichloroplatinum(II) (26)

H / \
H /P'[\
Cl Cl
42 2%
C,H,,N, [88.15] C,H,,CI,N,Pt [354.13]

To a solution of K;,PtCly (0.207 g, 0.5 mmol, 1 eq.) in water (10 mL), a solution of
N,N’-dimethylethylenediamine (42) (53.81uL, 0.5 mmol, 1 eq.) in water (10 mL)
was added dropwise at 30 °C and the resulting mixture was heated up to 40 °C and
stirred overnight at 40 °C, then cooled to room temperature. The suspension was kept
at 0 °C for 1 h with slow stirring and the resulting precipitate was filtrated and
washed with water to give 26 as a green solid (105 mg, 0.296 mmol, 59.3%) (mixture
of diastereoisomers: RS/SR (symmetry plan), RR/SS (C, symmetry axis))

Analytical data:

"H NMR (400 MHz, [Ds]DMSO): d = 2.15-2.28 (m, 2 H, H,), 2.32-2.40 (m, 2 H,
Hy), 2.46 (d, *Juu = 5.81 Hz, 6 H, 2Me,), 2.50 (d, *Juu = 5.83 Hz, 6 H, 2Mey),
2.51-2.60 (m, 2 H, Hy’), 2.71-2.76 (m, 2 H, Hy), 6.14—6.24 (sy;, 4 H, NH).

3C NMR (100 MHz, [Dg]DMSO): = 40.3 (CHsp), 40.6 (CHsy), 56.1 (CHay), 56.4
(CHza).

Spt NMR (85.84 MHz, [Ds]DMSO): 6 =-2376.84, —2378.79.

MS (ESI) m/z: 377.0 [M+Na]’, 731.0 [2M+Na]", 1085.0 [3M+Na]", 1438.1
[4M+Na]", 1793.1 [SM+Nal]", 353.0 [M-H] ", 707.0 [2M-H] .

HRMS (ESI): C4H,CLN,Pt [M+Na]" calcd. 374.9896, found. 374.9895; [M—H]
caled. 350.9931, found 350.9938.

Elemental analysis: calcd. C 13.57%, H 3.42%, N 7.91%, Cl 20.02% found C
13.44%, H 3.47%, N 7.81%. C1 20.15%.
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J Ha :Ha' Hb Hb' J/ /f
» "

""" NH_ NH™ voNH _NH—
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Figure 8.19 "TH-NMR Spectrum (400 MHz, [Ds]DMSO) of compound 26.

8.6.12 N,N,N’-trimethylethylenediamine dichloroplatinum(II) (27)

- § WO
N/\/ N - \Pt/
| c” al
48 27
CeH, N, [102.18] CH,,CIN,Pt [369.17]

To a solution of K,PtCls (0.207 g, 0.5 mmol, 1 eq.) in water (10 mL), a solution of
N,N,N’-trimethylethylenediamine (48) (65.0 uL, 0.5 mmol, 1 eq.) in water (10 mL)
was added dropwise at 30 °C and the resulting mixture was heated up to 40 °C and
stirred overnight at 40 °C, then cooled to room temperature. The suspension was kept
at 0 °C for 1 h with slow stirring and the resulting precipitate was filtrated and
washed with water to give compound 27 as an olive solid (137 mg, 0.371 mmol,

74.22%).
Analytical data:

"H NMR (400 MHz, [D¢]DMSO): § = 2.35-2.42 (m, 1 H, 0;CH,), 2.45-2.48 (m, 1
H, #iCHy), 2.51 (d, Ty = 5.82 Hz, 3 H, MeNH), 2.70-2.74 (m, 1 H, /,.CH,), 2.75
(s, 3 H,NCH;), 2.79 (s, 3 H, NCH3), 2.80-2.82 (m, 1 H, @:CHa), 6.21 (spr,1 H, NH).
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BC NMR (100 MHz, [D¢]DMSO): 6 = 40.3 (NHCH;), 51.5 (N(CHs),), 54.9
(NHaCH,), 65.6 (NHBCH)).

%Spt NMR (85.84 MHz, [Dg]DMSO): d = —2315.73.

MS (ESI) m/z: 391.0 [M+Na]", 759.0 [2M+Na]’, 1127.0 [3M+Na]", 1495.1
[4M+Na]*, 1863.1 [SM+Nal]", 367.0 [M—H] ", 735.1 [2M-H] .

HRMS (ESI): CsH;;CLLN,Pt [M-H] calcd. 365.0088, found 365.0090.

Elemental analysis: calcd. C 16.27%, H 4.10%, N 7.59%, found C 16.08%, H
3.52%, N 7.49%.

J 1/

U

L O A B B A
6.00 5.50 5.00 4.50 4.00 3.50 3.00 2.50

ppm

Figure 8.20 "H NMR Spectrum (400 MHz, [Ds]DMSO) of compound 27.
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8.7 Synthesis of Platinated-IHF Mimicking Peptides

8.7.1 [Boc-Lys(Me,)|4Lys,LysGlys-(S8)-5-(2-(allyloxycarbonyl)-N,N’-
dimethylethylene diamino)pentanoic acid-Gly-OH (56)

BocNH-LysMe,

Me Lys—Lys ‘
2 Y N\/\N/Alloc
NHBoc
NHE Lys— Gly;— X— Gly—COOH \
\ OCL / x
Me, Lys— Lys ) .
2% ‘y Ay . 24
BocNH- LysMe, H o

56
CosH175N 30,5 [2039.5]

Peptide 56 was synthesized by manual Fmoc-SPPS protocol (0.10 mmol) on glycine
preloaded 2-chlortrityl resin (0.55 mmol) using the following amino acids: Fmoc-
Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-Lys(Fmoc)-OH, Boc-Lys(Me;)-OH and 24.
The synthesis protocol was modified by omitting the final deprotection step of the
Boc group. The dendrimer was cleaved from the resin with 30% HFIP in DCM (5
mL) for 45 min at RT. The crude product was precipitated with cold ether (5 mL)
and purified by RP-HPLC to give 56 as a white solid (43 mg, 0.02 mmol, 21%)).

Analytical Data:

HPLC (10—60% B in 30 min), fz: 24.35 min.

MS (ESI) m/z: 1020.16 [M+2H]*", 680.45 [M+3H]*", 510.59 [M+4H]*".
HRMS (ESI): CosH,75N»30,5 [M+3H]*" caled. 680.44493, found 680.44483.
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8.7.2 [Boc-Lys(Me,)|4Lys,LysGlys-(S)-5-(2-(allyloxycarbonyl)-N,N’-dimethyl
ethylenediamino)pentanoic acid-Gly-cyclo[DapD-ProGlyArg(Pbf)Asn(Trt)Pro
Lys(Boc)Thr(zBu) GlyGlu(rBu)Asp(zBu)lle] (59)

BocNH-LysMe,

MezL‘yS*Lys\ be "Frt
NHBoc
Lys— - Y — S —N. J— J— N N
NHBoc ys— Gly;—X—Gly—Dap—D-Pro —Gly —Arg —Asn I‘Dro
Me,Lys— Lys le— Asp— Glu— Gly—Thr— Lys
\ \ \
BocNH- LysMe, tBu tBu tBu Boc
59 ‘
C,o:H.N,.O,.S [4036.02 N _Alloc
196M321N41047S [ ] \/\I\‘l
X
) 24
SN
H

To a solution of dendrimer 56 (8 mg, 3.92 umol, 2 eq.) and cyclopeptide 52 (4 mg,
1.98 umol, 1 eq.) in dry DMF (500 puL), DIC (2.45 pL, 15.84 umol, 8 eq.), HOAt 0.5
M in DMF (31.28 uL, 15.64 umol, 7.9 eq.) and NMM (2.18 uL, 19.8 umol, 10 eq.)
were added under argon. The reaction mixture was stirred at RT for 3.5 days. The
solvent was removed in vacuo, the residue was purified by RP-HPLC to give 59 as a
white solid (5 mg, 1.24 umol, 62.56%).

Analytical Data:

HPLC (65—100% B’’ in 30 min), #g: 11.24 min.

MS (ESI) m/z: 1345.81 [M+3H]*", 1006.11 [M+4H]*", 807.89 [M+5H]"".

HRMS (ESI): Cj96H32N4 04,8 [M+4H]*" caled. 1009.35001, found 1009.35042.
[M+5H]"" calcd. 807.68146, found 807.68.142.
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8.7.3 [Boc-Lys(Me,)]4Lys,LysGlys-(8)-5-N,N’-dimethylethylenediamino)
pentanoic acid-Gly-cyclo|DapD-ProGlyArg(Pbf)Asn(Trt)ProLys(Boc)Thr(zBu)
GlyGlu(rBu)Asp(sBu)lle] (60)

BocNH-LysMe,

MezL‘ysf Lys\ I‘Dbf "I'rt
NHBoc
Lys— —_ Y — - —D- J— J— _ _
NHBoc ys— Gly;—X—Gly Dap—D-Pro —Gly —Arg —Asn F"ro
Me,Lys— Lys le— Asp— Glu— GlyfTTrf Lys
\ \ \
BocNH-LysMe, tBu tBu tBu Boc

60

C1opH31N 40, [3951.88]

192" "317

N\/\’\“H

X

/\N
H
(e}

Compound 59 (5 mg, 1.24 umol, 1 eq.) was dissolved in dry DMF (500 pL) under
inert atmosphere. Me,NHBHj3 (3 mg, 49.6 umol, 40 eq.) and Pd(PPhs)s (0.15 mg,
0.12 pmol, 0.1 eq.) were added. The reaction mixture was stirred at RT for 6 h. The
solvent was evaporated in vacuo, the residue was purified by RP-HPLC to give 60 as

a white solid (3 mg, 0.76 umol, 61.32%).

Analytical Data:

HPLC (60—100% B in 30 min), #z: 16.85 min.

MS (ESI) m/z: 1317.80 [M+3H]*", 988.60 [M+4H]*".

HRMS (ESI): Cj9,H3,7N41045S [M+4H]*" caled. 988.3447, found 988.3448.
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8.7.4 [Boc-Lys(Me,)]4Lys;LysGlys-(8)-5-N,N’-dimethylethylenediamino)
pentanoic acid-Gly-cyclo|DapD-ProGlyArg(Pbf)Asn(Trt)ProLys(Boc)Thr(zBu)
GlyGlu(rBu)Asp(sBu)lle]-dichloroplatinum(IT)(61)

BocNH-LysMe,

MeaLysLys id ™
NHBoc
l\‘lHBoc Lys— Gly;—X—Gly——Dap—D-Pro —Gly —Arg fAsnflTro
Me,Lys— L)‘/s le— A‘sp— Glu— GlyfTr‘]rf Lys
| |
BocNH-LysMe, By 1Bu Bu Boc

61

CgoH34,CIN,,O,PtS [4217.97]

NN S
\PthH
cl” “cl

X
SN
H
o}

A solution of K,PtCly (9.45 mg, 22 77 umol, 30 eq., 0.05 M) in DMF/H,0 (455 puL,
9:1, v/v) was added to compound 60 (3 mg, 0.76 umol, 1 eq.) and stirred at RT in the
dark for 2 days. The solvent was removed in vacuo. Analytical RP-HPLC showed

formation of 61 as a white solid.

Analytical Data:

HPLC (5—60% B in 30 min), #g: 36.58 min.

MS (ESI) m/z: 1406.10 [M+3H]*", 1054.82 [M+4H]*".845.08 [M+5H]"".

HRMS (ESI): C9,H3,7C1N4045PtS [M+4H]*" caled. 1054.3199, found 1054.3196,
[M+5H]>" caled. 843.6573, found 843.6568.
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8.7.5 [Lys(Me3)]sLys;LysGlys-(5)-5-N,N’-dimethylethylenediamino)pentanoic
acid-Gly-cyclo[DapD-ProGlyArgAsnProLysThrGlyGluAsplle]-dichloro
platinum(II) (22)
HN- I‘_ys Me,
Me,Lys—Lys
':lyaz o Lys— Gly;—X—Gly—Dap—D-Pro —Gly —Arg —Asn—Pro
MezLy‘/si Lys” le— Asp— Glu— Gly—Thr— I‘_ys
HN- I‘_ys Me,
22
C1osHpsCliN,O,Pt [3054.40]

N NH
Pt
c’ “cl
X
,'\N
H
o)

Compound 61 was dissolved in TFA/H,O (500 uL, 95:5) and stirred for 45 min at
RT. in the dark. The solvent was evaporated in vacuo, the residue was purified by

RP-HPLC to give 22 as a white solid (0.3 mg, 0.096 umol, 12.92%).

Analytical Data:

HPLC (5—60% B in 30 min), #g: 11.73 min.

MS (ESI) m/z: 1018.54 [M+3H]*", 763.9 [M+4H]*".

HRMS (ESI): C123H23CLN, O3,Pt [M+4H]* caled. 764.4104, found 764.4105.
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8.7.6 [Boc-Lys(Me,)]|4Lys;LysGlys-(8)-5-N,N,N’-trimethylethylenediamino)
pentanoic acid-Gly-Dapp-ProGlyArg(Pbf)Asn(Trt)ProLys(Boc)Thr(zBu)Gly
Glu(sBu)Asp(rBu)lle-OH (66)

BocNH-LysMe,

Me,Lys—L
CSTTLYS ’\“HQ I‘Dbf Trt F%oc ‘tBu FBU tBu
”‘\‘j:Bng Lys—Gly;—X— Gly—Dap—D-Pro—Gly—Arg—Asn—Pro—Lys—Thr—Gly —Glu—Asp —Ille—COOH
\
Me,Lys— Lys |
| 66 N P
BocNH- LysMe, ey
CiogHaziN41O46S [3984.02] . \
, 25
~

Peptide 66 was synthesized by automated (until X coupling ) and manual microwave
Fmoc-SPPS protocol (0.05 mmol) on isoleucine preloaded 2-chlortrityl resin using
the following amino acids: Fmoc-Asp(O7Bu)-OH, Fmoc-Glu(O7Bu)-OH, Fmoc-Gly-
OH, Fmoc-Thr(rBu)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Pro-OH, Fmoc-Asn(Trt)-OH,
Fmoc-Arg(Pbf)-OH, Fmoc-D-Pro-OH, Alloc-Dap(Fmoc)-OH, 25, Fmoc-Lys(Boc)-
OH, Fmoc-Lys(Fmoc)-OH, Boc-Lys(Me;)-OH. For 25 double coupling was
performed in DMF, respectively in DMSO, for 30 min each, at 50 °C, 25 W. After
synthesis, the resin was placed in a syringe equipped with a PE-frit and washed with
DCM and dried over KOH in a desiccator. All further reactions were performed in
the syringe. A mixture of Me,NHBHj3 (120 mg, 2.0 mmol, 40 eq.) and Pd(PPhs)4 (6
mg, 5 umol, 0.1 eq.) in 2 mL DMF was added and the reaction mixture was agitated
at RT for 6 h. The resin was washed with DCM until it became colorless. Cleavage
was carried out with 30% HFIP in DCM (2 mL) for 45 min. The solvent was
evaporated in vacuo, the residue was purified by RP-HPLC to give 66 as a white
solid (5§ mg, 1.26 umol, 2.51%).

Analytical Data:

HPLC (60—100% B’’ in 30 min), fg: 22.16 min.

MS (ESI) m/z: 1328.13 [M+3H]*", 996.60 [M+4H]*", 797.49 [M+5H]".

HRMS (ESI): Cj93H35 N4 O46S [M+4H]* caled. 797.2825, found 797.2821.
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8.7.7 [Boc-Lys(Me,)|4Lys;LysGlys-(8)-5-N,N,N’-trimethylethylenediamino)
pentanoic acid-Gly-cyclo|DapD-ProGlyArg(Pbf)Asn(Trt)ProLys(Boc)Thr(zBu)
GlyGlu(rBu)Asp(sBu)lle] (67)

BocNH*I‘_yS Me,

MezL‘ystys\ I‘:bf "I'rt
NHBoc
Lys— — X — R —D-! J— [ J— J—
NHBoc ys— Gly;—X—Gly Dap—D-Pro—Gly —Arg —Asn ITro
Me,Lys— Lys le— A‘spf Glu— GnyTr‘\rf Lys
\ \
BocNH- LysMe, tBu tBu tBu Boc

67

C1o8H51sN 4 0,sS [3966.01] \

193" 319

To a solution of peptide 66 (5 mg, 1.25 umol, 1 eq.) in dry DCM/DMF (9/1, 1 mM,
1.3 mL), DIC (1.94 pL, 12.55 pmol, 10 eq.), HOAt 0.5 M in DMF (2.51 pL, 1.26
umol, 1 eq.) and NMM (0.42 puL, 3.76 umol, 3 eq.) were added under argon. The
reaction mixture was stirred at RT for 2.5 days. The solvent was removed in vacuo,
the residue was purified by RP-HPLC to give 67 as a white solid (3.5 mg, 0.88 umol,
70%).

Analytical Data:

HPLC (40—100% B in 30 min), 7g: 22.16 min.

MS (ESI) m/z: 793.88 [M+3H]*", 992.11 [M+4H]*", 1322.47 [M+5H]".

HRMS (ESI): C193H3,90N4,045S [M+5H]" caled. 793.6804, found 793.6801.
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8.7.8 [Lys(Me3)]sLys,LysGlys-(S)-5-N,N,N’-trimethylethylenediamino)
pentanoic acid-Gly-cyclo[DapD-ProGlyArgAsnProLysThrGlyGluAsplle]-
dichloroplatinum (II)

Hszl‘.ysMe2
Me Lys—Lys
AN
NH,
NH,
Me,Lys— Lys le— Asp— Glu— Gly—Thr— Lys

Lys— Gly;—X—Gly——Dap—D-Pro —Gly —Arg —Asn—Pro

H,N- LysMe,
23

C 124H5:CIN,,04,Pt [3068.35]

A solution of K,PtCly (11 mg, 26.5 pmol, 30 eq., 0.05 M) in DMF/H,0 (530 pL, 9:1)
was added to compound 67 (3 mg, 0.76 umol, 1 eq.) and stirred at RT in the dark for
2 days. The solvent was removed in vacuo. Final cleavage was performed with
TFA/H,0 (500 pL, 95:5) and stirred for 45 min at RT in the dark. The solvent was
evaporated in vacuo, the residue was purified by RP-HPLC to give 23 as a white

solid (0.3 mg, 0.097 umol, 12.86%).

HPLC (5—30% C in 30 min), #g: 8.52 min.

MS (ESI) m/z: 614.34 [M+5H]", 512.12 [M+6H]°".

HRMS (ESI): C124H2,5C1,N4 03,Pt [M+5H]" caled. 614.5330, found 614.5328.
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Table 8.1 Structures and codes of amino acids used in this work

Trivial name Structure Three-letter | One-letter
code code
NH;
Alanine /\[(OH Ala A
@]
H NH2
Arginine HoN N N M\/\[(OH Arg R
NH (@]
O NH,
Asparagine HoN )J\/\[(OH Asn N
0]
O NH
Aspartic acid HOJ\/\H/OH Asp D
O
- : NH,
Diaminopropanoic H.N : OH D
2 ap -
acid o
NH,
Glutamic acid HO OH Glu E
o o
OH
Glycine HoN" Y Gly G
0]
NH,
Isoleucine /\K\H/OH Tle I
O
NHy
Lysine HoN /MOH Lys K
O
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Proline %OH Pro
H

NHy
Threonine WOH Thr

- 137 -







9. Abbreviations

Ado

ACN
Alloc
Ar

aq.
Boc
Boc,O

°C
CDCl;
C,D,Cly
cDDP
COSY
caled.

2-Cl-Trt

adenine

adenosine

angstrom (107 cm)
acetonitrile
allyloxycarbonyl

argon

aqueous
tert-butyloxycarbonyl
di-tert-butyldicarbonate
benzyl

base pairs

broad

cytosine

Carboxy terminus of a peptide
concentration

degree Celsius
deuterochlroform
deuterotetrachlorethane
cisplatin

correlation spectroscopy
Calculated
2-chloro-trityl resin

chemical shift
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d dublet

d days

DCM dichloromethane
Degrad. Prod. degradation product

DIC N,N'-diisopropylcarbodiimid
DiPEA (ethyl)diisopropylamine
DMAP 4-(dimethylamino)pyridine
DMF dimethyl formamide

DMSO dimethyl sulfoxide
[Ds]DMSO hexadeuterodimethyl sulfoxide
DNA deoxyribonucleic acid

ds double stranded

€ absorption coefficient

EtBr ethidium bromide

EA ethyl acetate

eq. equivalent

ESI electrosprayionisation

Et ethyl

EtOAc ethyl acetate

EtOH ethanol

Fmoc 9-fluorenylmethyloxycarbonyl
G guanine

Guo guanosine

h hours

HATU O-(7-azabenzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium

hexafluorophosphate (IUPAC: N-(dimethylamino)(1H-1,2,3-
triazolo[4,5-b]pyridin-1iumhexafluorophosphate-N-oxide)
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HBTU

HCI
HMBC
HMQC
HMG
HOAL
HOBt
HPLC
HR

IHF

MeOH
MHz
min
MS

m/z

O-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluroniumhexafluor-
phosphat (IUPAC: 1-[Bis(dimethylamino)methylen]-1H-benzo-
triazolium-hexafluorophosphat-3-oxid)
hydrochloric acid

heteronuclear multiple bond correlation
heteronuclear multiple quantum coherence
High Mobility Group
7-aza-1-hydroxybenzotriazol
1-hydroxybenzotriazol

high performance liquid chromatography
high resolution

hertz

Integration Host Factor

coupling constant

Kelvin

potassium bicarbonate

wavelength

length

molar

multiplet

molecular weight

methyl

methanol

megahertz

minutes

mass spectrometry

ratio of mass to charge
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NaOH
NaH
NMM
NMP
NMR
NOESY

o.n.

PCR
PDB
PE
PFPOH
Ph

PI

ppm

quant.

rel.

RP
RT

amino terminus of a peptide
normal

sodium hydroxide

sodium hydride
N-methylmorpholine
N-methylpyrrolidin-2-one
nuclear magnetic resonance
nuclear overhauser enhancement spectroscopy
overnight

para

polymerase chain reaction
protein data base
polyethylene
pentafluorophenol

phenyl

the negative logarithm hydrogen-ion activity (—log;o [H30'])
propidium iodide

parts per million

quartet

quantitative

relative

retention factor

reverse phase

room temperature

singlet

second

_ 142 -



Abbreviations

SPPS

Bu
tert.
Trt
TFA
THF
TLC

T™S
IR

uv

solid phase synthesis
thymine

triplet

tert.-butyl

Tertiary

trityl

trifluoroacetic acid
tetrahydrofuran
thin-layer chromatography
melting temperature
tetramethylsilane
retention time

ultraviolet spectroscopy
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