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Abstract 

Smac mimetic compounds (SMCs) are a class of tetrapeptide-derived drugs, modelled after the 
homodimeric, pro-apoptotic protein Smac. They bind and antagonize Inhibitor of Apoptosis Pro-
teins (IAPs), a class of anti-apoptotic proteins overexpressed by many drug-resistant cancer cells. 
In this work, strategies to enhance and control the activity of SMCs by conjugating them to oligo-
nucleotides (ON) were investigated. ONs like deoxyribonucleic acid (DNA) or the peptide-based 
analog peptide nucleic acid (PNA) offer unique recognition properties that can be used to detect 
and/or modulate the expression of cancer-specific gene products. The latter can be achieved with 
antisense oligonucleotides (ASOs), short single-stranded DNA or RNA molecules that block the 
translation of a complementary sequence of interest. 

In the first part of this work, conjugates between SMCs and ASOs were tested for synergy. Many 
human cancer cell lines are resistant to SMCs because other anti-apoptotic proteins like the cellu-
lar FLICE-like protein (c-FLIP) act as a failsafe. It could be demonstrated that by joining an SMC 
with an anti-c-FLIP ASO this resistance can be overcome. For the ASO unit, PNA and oligophos-
phorothioate (PSO) architectures were compared. The former was attractive due to is easy syn-
thesis, but the combination with cell-penetrating peptides for cell delivery resulted in non-specific 
toxicity. In contrast, PSO conjugates could be delivered by well-tolerated cationic lipids and pro-
duced a potent and specific induction of cell death in SMC-resistant A549 cells. An investigation of 
the mechanism of action of these conjugates confirmed downregulation of c-FLIP with a concom-
itant activation of caspases.  

In the second part, short ON probes were used to create a templated reaction system to condition-
ally activate an SMC in the presence of x-linked inhibitor of apoptosis (XIAP) mRNA. Two different 
approaches were explored: A templated acyl transfer that yields high affinity bivalent SMCs from 
low affinity, monovalent precursors and unmasking of the N-terminal amino group, which is cru-
cial for the binding affinity of SMCs, by templated reduction of an azide. For the second strategy, 
two different chemistries were compared, Staudinger reduction with phosphines and a catalytic 
photoreduction using a ruthenium complex. The latter demonstrated the best reaction kinetics, 
yielding almost 90 % product in 10 minutes in the presence of stoichiometric amounts of XIAP 
RNA. The reaction worked on as little as 10 nM (0.01 eq.) template and reached a turnover of 13. 
Yet, a transfer of the reaction system in cellulo proved difficult. Although an XIAP mRNA-overex-
pressing cell line that reaches intracellular template concentrations of 17 nM was generated and 
transfected with the best-performing probes, signs of an intracellular product formation could not 
be detected. This was likely due to higher concentration requirements of the templated reaction 
system in the complex environment of living cells and/or a poor accessibility of the expressed 
target sequence. 

Keywords:  Smac-mimetics, antisense, peptide-oligonucleotide synergy, templated chemistry 
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Zusammenfassung 

Smac-Mimetika (SMCs) sind eine Klasse von Tetrapeptid-abgeleiteten Medikamenten, die dem 
homodimeren, pro-apoptotischen Protein Smac nachempfunden sind. Sie binden und hemmen die 
Apoptose-Inhibitoren (IAPs), eine Klasse von anti-apoptotischen Proteinen, die von vielen medi-
kamentenresistenten Krebszellen überexprimiert werden. In dieser Arbeit wurden Strategien zur 
Steigerung und Kontrolle der Aktivität von SMCs durch Konjugation an Oligonukleotide (ON) un-
tersucht. ONs wie Desoxyribonukleinsäure (DNA) oder das peptidbasierte Analogon Peptidnuk-
leinsäure (PNA) bieten einzigartige Erkennungseigenschaften, die zur Detektion und/oder zur 
Modulation der Expression krebsspezifischer Genprodukte genutzt werden können. Letzteres 
kann z. B. mit Antisense-Oligonukleotiden (ASOs) erreicht werden, kurzen einzelsträngigen DNA- 
oder RNA-Molekülen, die die Translation einer komplementären Zielsequenz blockieren. 

Im ersten Teil der Arbeit wurden Konjugate aus SMCs und ASOs auf Synergie-Effekte getestet. 
Viele menschliche Krebszelllinien sind gegen SMCs resistent, weil andere anti-apoptotische Pro-
teine wie das zelluläre FLICE-ähnliche Protein (c-FLIP) als Ausfallsicherung wirken. Es konnte ge-
zeigt werden, dass diese Resistenz durch Kupplung eines SMC an ein anti-c-FLIP ASO überwunden 
werden kann. Für den ASO-Teil des Konjugats wurden PNA- und Oligophosphorthioat (PSO)-Ar-
chitekturen verglichen. Erstere war aufgrund ihrer einfachen Synthese attraktiv, aber die Kombi-
nation mit zellpenetrierenden Peptiden für die Einbringung in Zellen führte zu einer unspezifi-
schen Toxizität. Im Gegensatz dazu konnten die PSO-Konjugate durch gut verträgliche kationische 
Lipide transfiziert werden und bewirkten eine potente und spezifische Auslösung des Zelltodes in 
SMC-resistenten A549-Zellen. Eine Untersuchung des Wirkmechanismus dieser Konjugate bestä-
tigte eine Herunterregulierung von c-FLIP bei gleichzeitiger Aktivierung von Caspasen. 

Im zweiten Teil wurden kurze ON-Sonden verwendet, um ein templiertes Reaktionssystem zur 
gezielten Aktivierung eines SMCs in Gegenwart von X-linked Apoptose-Inhibitor (XIAP) mRNA zu 
erzeugen. Es wurden zwei verschiedene Ansätze untersucht: Ein templierter Acyl-Transfer, bei 
dem hochaffine bivalente SMCs aus niedrig affinen, monovalenten Vorläufern erzeugt werden, 
und eine Demaskierung der für die Bindungsaffinität des SMCs entscheidenden, N-terminalen 
Aminogruppe durch templierte Reduktion eines Azids. Für die zweite Strategie wurden zwei ver-
schiedene Reaktionen verglichen, die Staudinger-Reduktion mit Phosphinen und eine katalytische 
Photoreduktion mit einem Ruthenium-Komplex. Letztere zeigte die beste Reaktionskinetik und 
lieferte in Gegenwart stöchiometrischer Mengen an XIAP-RNA fast 90 % Produkt in 10 Minuten. 
Die Reaktion funktionierte in Gegenwart von nur 10 nM (0.01 eq) Templat und erreichte einen 
Umsatz von 13. Ein Transfer des Reaktionssystems in cellulo erwies sich als schwierig. Obwohl 
eine XIAP mRNA-überexprimierende Zelllinie, die intrazelluläre Templat-Konzentrationen von 
17 nM erreicht, erzeugt und mit dem leistungsfähigsten Sonden-Paar transfiziert wurde, konnten 
Anzeichen einer intrazellulären Produktbildung nicht festgestellt werden. Dies ist wahrscheinlich 
auf die höheren Konzentrationsanforderungen des templierten Reaktionssystems in der komple-
xen Umgebung lebender Zellen und/oder eine schlechte Zugänglichkeit der exprimierten Zielse-
quenz zurückzuführen. 

Stichwörter: Smac-Mimetika, Antisense, Peptid-Oligonukleotid Synergie, templierte Chemie 



- V - 

Table of Contents 

1. INTRODUCTION .......................................................................................................... 1

2. THEORETICAL BACKGROUND ...................................................................................... 1

2.1 Cancer and Chemoresistance ................................................................................................ 1 

2.2 Cell Death and Apoptosis ...................................................................................................... 1 

2.2.1 Intrinsic Pathway of Apoptosis ................................................................................................... 3 

2.2.2 Extrinsic Pathway of Apoptosis .................................................................................................. 5 

2.3 Regulation of Apoptosis ........................................................................................................ 7 

2.3.1 Cellular FLICE-like Protein ........................................................................................................... 7 

2.3.2 Inhibitor of Apoptosis Proteins and Smac .................................................................................. 9 

2.4 Smac Mimetics ................................................................................................................... 12 

2.4.1 Structure-Activity Relationship ................................................................................................. 12 

2.4.2 Examples for Smac Mimetics .................................................................................................... 14 

2.4.3 Mechanism of Action ................................................................................................................ 19 

2.5 Antisense Strategies ........................................................................................................... 21 

2.6 Nucleic Acid-Controlled Generation of Bioactive Molecules .................................................. 25 

2.6.1 Templated Native Chemical Ligation and Acyl Transfer Reactions .......................................... 28 

2.6.2 Templated Azide Reduction ..................................................................................................... 29 

3. RESEARCH OBJECTIVES .............................................................................................. 33

4. RESULTS AND DISCUSSION ........................................................................................ 35

4.1 Part I: Synergistic Enhancement of SMCs with c-FLIP ASOs ................................................... 35 

4.1.1 SMC-PNA-CPP Conjugates Targeting the Coding Region of c-FLIP mRNA ................................ 36 

4.1.2 SMC-PNA-CPP Conjugates Targeting the Start Codon of c-FLIP mRNA .................................... 41 

4.1.3 SMC-PSO Conjugates Targeting the Coding Region of c-FLIP mRNA ........................................ 47 

4.2 Part II: mRNA-Templated Synthesis of SMCs ........................................................................ 54 

4.2.1 Strategy A: SMC Dimerization by Acyl Transfer ........................................................................ 54 

4.2.2 Strategy B: Restoration of SMC Binding Affinity by Azide Reduction ....................................... 65 

4.2.3 Experiments in Living Cells ....................................................................................................... 79 

5. SUMMARY AND OUTLOOK ........................................................................................ 89

6. EXPERIMENTAL SECTION ........................................................................................... 93

6.1 Materials and Reagents ...................................................................................................... 93 

6.1.1 Solvents, Resins and Chemicals ................................................................................................ 93 

6.1.2 Kits, Cell Culture Supplies and Molecular Biology .................................................................... 94 

6.2 Analytical Methods and Instrumentation ............................................................................. 96 

6.2.1 Thin Layer and Column Chromatography ................................................................................. 96 

6.2.2 NMR Spectroscopy ................................................................................................................... 96 

6.2.3 Mass Spectrometry .................................................................................................................. 96 

6.2.4 High/Ultra High-Performance Liquid Chromatography (HPLC/UPLC) ...................................... 97 

6.2.5 UV/Vis Spectroscopy ................................................................................................................ 98 

6.2.6 Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) ............................................... 98 

6.2.7 Flow Cytometry ........................................................................................................................ 98 



- VI - 

6.3 Protocols and Assays .......................................................................................................... 99 

6.3.1 Templated Reactions ................................................................................................................ 99 

6.3.2 XIAP L-BIR2-BIR3-Protein Expression ..................................................................................... 101 

6.3.3 Polyacrylamide Gel Electrophoresis (PAGE) ........................................................................... 103 

6.3.4 Western Blot ........................................................................................................................... 104 

6.3.5 Fluorescence Polarization Binding Assay ............................................................................... 104 

6.3.6 Cell Culture ............................................................................................................................. 106 

6.3.7 Stable Cell Line Generation .................................................................................................... 106 

6.3.8 Treatment with SMC-PNA-CPP Conjugates ............................................................................ 108 

6.3.9 Treatment with SMC-PSO Conjugates .................................................................................... 108 

6.3.10 Caspase 3/7 Activity Assay ..................................................................................................... 109 

6.3.11 Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) ............................................. 109 

6.3.12 Cell Delivery by Electroporation ............................................................................................. 110 

6.3.13 AlamarBlue™ Cell Viability Assay ............................................................................................ 112 

6.3.14 Flow Cytometric Apoptosis Assays ......................................................................................... 112 

6.4 Syntheses ......................................................................................................................... 113 

6.4.1 Organic Synthesis ................................................................................................................... 113 

6.4.2 Solid-Phase Peptide Synthesis (SPPS) ..................................................................................... 136 

6.4.3 Thiol-Maleimide Ligations ...................................................................................................... 154 

6.4.4 Azide-Alkyne Cycloaddition Reactions ................................................................................... 157 

6.4.5 In-Solution Coupling of Peptides and Oligonucleotides ......................................................... 159 

6.4.6 NHS-Ester Conjugations .......................................................................................................... 160 

7. REFERENCES ............................................................................................................ 161

8. APPENDIX ............................................................................................................... 171

8.1 Chromatograms and Mass Spectra .................................................................................... 171 

8.2 NMR Spectra .................................................................................................................... 197 

8.3 Melting Curves ................................................................................................................. 235 

8.4 Additional Plots ................................................................................................................ 238 

8.5 Flow Cytometry ................................................................................................................ 240 

8.6 RT-qPCR Curves ................................................................................................................ 241 

8.7 Protein and Nucleotide Sequences .................................................................................... 242 

8.7.1 XIAP-L-BIR2-BIR3 (120-356) Protein Sequence ...................................................................... 242 

8.7.2 XIAP-L-BIR2-BIR3 (120-356) DNA Sequence ........................................................................... 242 

8.7.3 c-FLIP mRNA Sequence ........................................................................................................... 243 

8.7.4 mCherry(NLS)-P2A-XIAP (43-109) DNA Sequence .................................................................. 244 

8.7.5 XIAP Amplicon for RT-qPCR .................................................................................................... 245 

8.7.6 Primers ................................................................................................................................... 245 

8.7.7 RNA Template Sequences ...................................................................................................... 246 

8.7.8 Other PSO Sequences ............................................................................................................. 246 

8.8 Plasmid Maps ................................................................................................................... 247 

8.9 Abbreviations ................................................................................................................... 248 

9. ACKNOWLEDGEMENTS ........................................................................................... 250

SELBSTSTÄNDIGKEITSERKLÄRUNG ................................................................................. 251 



Introduction 

- 1 - 

1. Introduction

Cancer is the second most common cause of human death. In 2018, an estimated 17 million cases 
were diagnosed, while 9.6 million people lost their life due to the disease. Around 30 % of these 
deaths can be considered premature (i.e. they occured in the age group 30-69). Demographic tran-
sition and changes in life expectancy will most likely cause these numbers to grow further in the 
coming decades.[1] Despite the pressing nature of cancer as a global human health problem, many 
of our current first-line treatment options date back to the mid to late 1900s and come with seri-
ous side effects. Gold standard chemotherapeutic agents, like doxorubicin, cisplatin or docetaxel, 
affect all rapidly proliferating cells in the human body, resulting in serious, dose-limiting toxicity. 
As a result, significant research has been invested towards more targeted approaches. The ideal 
anti-cancer drug, often described as a “magic bullet”, should exploit molecular differences be-
tween healthy and cancerous cells to specifically act on the latter and reprieve the former. To 
achieve this, a number of protein targets have been proposed as disease-specific markers, ranging 
from overexpressed surface receptors to deregulated signalling molecules.[2] However, a more 
fundamental hallmark of cancer cells is their genetic code. Sequence alterations in their DNA, in-
duced by mutagenic agents or errors in replication, repair and recombination, are what ultimately 
brings about all other changes in cell physiology. They are also what defines each case of cancer 
as a unique, highly individual disease. Against this backdrop, the genetic information of a cell rep-
resents a highly specific, if not the most specific target. 

In the last decades, new technologies have been developed that have greatly enhanced our ability 
to interact with the nucleic acid world. Today, next generation sequencing can provide us with 
precise patient- and disease-specific sequence data, while antisense oligonucleotides, RNA inter-
ference and enzymes like CRISPR/Cas9, allow us to interact with genetic information on an un-
precedented level. While this has undoubtedly sparked interesting new research in the life sci-
ences, it has also expanded our options to treat cancer.[3] New therapies based on mRNA and DNA 
vaccines, small interfering RNA (siRNA)-mediated gene silencing or genetic modification of T-lym-
phocytes and oncolytic viruses are currently undergoing clinical trials or have already been ap-
proved. In a perhaps more visionary approach, oligonucleotides could be used to overcome the 
limited specificity of traditional “untargeted”, yet still highly effective anti-cancer drugs. 

Nucleic acids are biomolecules with a unique capability for sequence-dependent self-recognition 
and -assembly. Through a small set of non-covalent interactions, the Watson-Crick base pairs ad-
enine-thymine/uracil and cytosin-guanine instructs the interaction of two complementary 
strands of DNA or RNA, providing the molecular basis for replication, transcription and transla-
tion.[4] The shared principle of these three fundamental biological processes is that a nucleic acid 
sequence acts as template that directs the enzyme-catalysed formation of chemical bonds and 
thus, eventually, new biological macromolecules. By pre-arranging reactive moieties in space, the 
template acts as catalyst that increases their effective molarities and facilitates a reaction. Chem-
ists have quickly realized that this concept is not just restricted to nature, but can also be adapted 
for the controlled synthesis of artificial, organic molecules.[5] Several research groups have studied 
how various chemical bonds can be formed or broken through DNA- or RNA-programmed syn-
thesis and even demonstrated the application of such reaction systems in living cells.[6] While this 
has mostly been done in the context of diagnostics and nucleic acid sensing, templated reactions 
may also be used for a sequence-dependant synthesis of drug-like molecules.[7] By linking oligo-
nucleotide probes with drug precursors, disease-specific nucleic acid patterns could be exploited 
to act as template for a conditional in-situ activation of the bioactive compounds. The result would 
be nucleic acid-encoded “smart drugs” that recognize target cells based on sequence identity and 
act only where needed. In the context of emerging nucleic acid therapeutics, it is also conceivable 
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that the oligonucleotide part of such conjugates contributes its own activity, rather than just being 
a targeting agent. By merging templated chemistry and antisense strategies, highly effective, dual-
activity drug-targeting systems could become possible. For this, however, a detailed understand-
ing of suitable drug candidate/reaction system combinations is required. Ideally, the actions of 
the synthesized drug and the oligonucleotide portion should be complemenatry, allowing syner-
gistic effects to enhance their respective efficacies. Moreover, the target sequence should be highly 
overexpressed to allow efficient catalysis of the templated reaction. A potential target in this con-
text could be the pathways of the programmed cell death, or apoptosis. Severely deregulated in 
many types of cancers, several mutually reinforcing mechanisms exist. They can be targeted by a 
novel class of pro-apoptotic anti-cancer therapeutics, so-called Smac mimetics. The present thesis 
aimed to explore the use of these compounds in combination with different oligonucleotide 
probes to create conditionally activated reaction systems or antisense-enhanced dual-activity in-
ducers of apoptosis.  
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2. Theoretical Background 

2.1 Cancer and Chemoresistance 

Cancer is a complex disease characterized by an abnormal proliferation of certain cell populations. 
These aberrant cells grow beyond their normal boundaries and may invade neighbouring tissues 
or spread to other body parts (metastasis). The pathogenesis of this condition is not uniform. 
Some hereditary conditions exist (e.g. inherited mutations in the BRCA1 and BRCA2 genes[8] or the 
Lynch syndrome[9]), but the vast majority of cases (90-95 %) occurs sporadically and has been 
linked to genetic alterations as a result of environmental factors or life-style choices. These in-
clude smoking, diet and obesity, infections, and exposure to radiation or mutagenic agents.[10] It is 
generally agreed that carcinogenesis is not the result of a single mutation, but instead involves a 
“multiple hit” process, in which a cell gradually loses several key regulatory mechanisms of 
growth. In 2010, Hanahan and Weinberg identified six so-called “hallmark capabilities” acquired 
by cancer cells: self-sufficiency in growth signals, insensitivity to anti-growth signals, limitless 
replicative potential, resistance to cell death, sustained angiogenesis and the ability of tissue in-
vasion and metastasis.[11] In a follow-up publication, they added abnormal metabolic pathways 
and the ability to evade the immune system.[12] 

Resistance against apoptosis is a key trait of cancer cells that not only bestows them with effective 
immortality, but often also conveys resistance to the most common treatment modality: chemo-
therapy. Many chemotherapeutic agents target cellular processes that, when disturbed, trigger an 
apoptotic response. Examples include cell division (anti-microtubule agents)[13], DNA replication 
and transcription (alkylating agents, intercalators, topoisomerase-inhibitors and anti-metabo-
lites)[14,15], DNA repair (PARP inhibitors)[16], protein synthesis (antibiotics) and signalling (kinase 
inhibitors).[17–19] Chemoresistant tumours evade this fate through different means, such as upreg-
ulation of anti-apoptotic signals and/or downregulation of pro-apoptotic signals, impaired apop-
totic signalling or a disrupted apoptosis initiation. Well-studied examples include the loss of tu-
mour suppressor p53, a trait that an estimated 50 % of all human cancers share[20], or the presence 
of point mutations in the G-protein Ras (rat sarcoma), which occurs in one-third of all tumours[21] 
and results in an upregulated expression of inhibitor of apoptosis proteins (IAPs)[22] and inactiva-
tion of pro-apoptotic proteins like the BCL2 associated agonist of cell death (BAD).[23] 

 

2.2 Cell Death and Apoptosis 

In multicellular organisms, the death of individual cells is an important prerequisite for tissue 
homeostasis, infection management, as well as the formation of complex three-dimensional struc-
tures (e.g. limbs) in embryonic development. In order to dispose of superfluous or damaged cells, 
regulated cell death (RCD) exists as an evolutionarily conserved mechanism for their controlled 
self-destruction. In contrast to accidental cell death (ACD), or necrosis, it is a highly regulated, 
active process that follows complex biochemical pathways. 

Morphologically, three types of cell death can be distinguished: Apoptosis (also referred to as 
type-I cell death) is characterized by cell shrinkage, membrane blebbing and the condensation of 
chromatin (pyknosis), followed by a fragmentation of the nucleus (karyorrhexis). Ultimately, ves-
icles that contain the remains of the cellular components (apoptotic bodies) bud off the plasma 
membrane and are rapidly taken up by macrophages or adjacent cells. The second type, au-
tophagic death (type-II cell death), is a catabolic, lysosome-dependent auto-digestion of the cell 
under conditions of nutrient deprivation. Autophagic cells sequester parts of their cytosol and 
cytoplasmic organelles into large vesicles, so-called autophagic vacuoles. There is some debate as 
to whether autophagy is a true effector mechanism of cell death or merely constitutes an 
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accompanying effect.[24,25] Although self-destructive, it does not necessarily lead to cell death, and 
may even inhibit it sometimes.[26] Both pathways have in common that they are active, energy-
dependent processes that occur in a coordinated manner and do not trigger inflammation. In con-
trast, necrosis (type-III cell death) is a traumatic, non-programmed form of cell death and the re-
sult of sudden, non-physiological events such as injury or infection. Necrotic cell death is defined
by a loss of membrane integrity, swelling and the release of cellular constituents into the extracel-
lular space. Many of these substances act as so-called damage-associated molecular patterns 
(DAMPs), alerting the immune system to trigger an inflammatory response. As a result, neighbor-
ing cells are often damaged as well, leading to more widespread effects than RCD.[27–30]

Figure 1 Overview of the three morphologically distinct types of cell death. (A) Late-stage apoptotic cells 
undergo chromatin condensation and separate into apoptotic bodies. (B) Autophagic cells demonstrate ex-
tensive vacuolization due to formation of autophagosomes. (C) Necrotic cells exhibit nuclear and organellar 
swelling and release of cellular components through a ruptured plasma membrane, leading to inflammation.

Cells determine when to execute RCD by integrating signals from various sources. A plethora of 
stimuli and conditions exist that can act as triggers: heat[31], DNA damage[32], hypoxia[33], metabolic 
stress[34], reactive oxygen species[35], telomere shortening[36], chemotherapeutic agents[18], gluco-
corticoids[37], cytokines[38] or withdrawal of survival factors (e.g. growth factors, cell-cell or cell-
extracellular matrix contact)[39–41] are only some examples. Different cell types have different sen-
sitivities to these stimuli and depending on intensity and duration, some may also result in necro-
sis. Based on the origin of the stimulus, two major activation pathways of apoptosis are distin-
guished: The extrinsic pathway responds to extracellular signals and is initiated by extracellular 
ligands that bind so-called death receptors on the cell surface. The intrinsic pathway is activated 
by the release of cytochrome C from the intermembrane space of mitochondria in response to
intracellular stress or damage. Several other ways of initiating apoptosis have been described, 
such as the perforin-granzyme pathway, which is mediated by cytotoxic agents released by T-lym-
phocytes or the ER-stress pathway, triggered by an accumulation of misfolded proteins.[42,43] Im-
portantly, there is often crosstalk between these mechanisms and multiple pathways may be ex-
ecuted at the same time.[27,44]

Both the intrinsic and extrinsic pathway (as well as most other routes) converge on the activation 
of a group of cysteine endoproteases, the so-called caspases (cystein-aspartatases). They ulti-
mately represent the drivers of cellular disintegration.[29] Caspases are pro-enzymes (zymogens)
that can be further categorized into initiator (caspase-2/8/9/10), executioner (caspase-3/6/7)
and inflammatory caspases (caspase-1/4/5/12 in humans and 1/11/12 in mice), the latter of 
which are a special group involved in pyroptosis and inflammation.[45,46] Upon activation of an 
apoptotic pathway, the initiator procaspases form homodimers that undergo an auto-catalytic
self-cleavage reaction, leading to a gain of proteolytic function. They then process the executioner
caspases downstream, which in turn start to degrade hundreds of different cellular proteins in a 
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self-amplifying chain-reaction, called the apoptotic cascade. Amongst their substrates is the inhib-
itor of caspase-activated DNase (ICAD), whose degradation triggers the characteristic DNA frag-
mentation and chromatin condensation. Other important targets include proteins of the cytoskel-
etal architecture and the nuclear lamina, and their degradation brings about many of the other 
morphological changes observed in apoptotic cells.[47–49] 

 
2.2.1 Intrinsic Pathway of Apoptosis 

The intrinsic pathway of apoptosis, or mitochondrial pathway, is a response to intracellular stress 
signals, such as DNA damage, oxidative stress, or growth factor withdrawal.[50] Its defining feature 
is the permeabilization of the mitochondrial outer membrane (MOMP) and subsequent release of 
cytochrome C, which is controlled by the pro- and anti-apoptotic members of the very large BCL-
2 (B-cell lymphoma 2) protein family (Figure 2).[51] These proteins share one to four BCL-2 ho-
mology (BH) domains (BH1, BH2, BH3 or BH4) and can be categorized into three classes: a) Pro-
apoptotic members that contain only BH3-domains (BH3-only proteins) and sense cellular stress, 
b) the multidomain effector proteins BCL-2 homologous antagonist/killer (BAK) and BCL-2-asso-
ciated X protein (BAX), which can oligomerize to form pores across the mitochondrial outer mem-
brane and c) anti-apoptotic members (guardians), like BCL-2 itself, that antagonize both BH3-only 
and executioner proteins (Figure 3).[52,53] 

 

Figure 2 The structure of BCL-2 family proteins. They are divided into three groups, according to the 
number of BCL-2 homology (BH) domains they share and their functional role in apoptosis regulation. The 
BH3-only proteins are further subdivided into activators (directly activate the pore-forming effectors) and 
sensitizers (inhibit the anti-apoptotic BCL-2 proteins). Most BCL-2 family proteins also bear a C-terminal 
transmembrane domain (TM), used to anchor themselves to the mitochondrial membrane. *BID is function-
ally a BH3-only protein, but also contains a BH4 domain.[52] 

Under physiological conditions, BAX continuously cycles between mitochondria and cytosol, 
while BAK is constitutively embedded in the mitochondrial outer membrane.[54] Both proteins re-
main in an inactive state, enforced by the binding of antiapoptotic proteins of the BCL-2 family, 
such as BCL-2, B-cell lymphoma-extra large (BCL-xL) or Bcl-2-like protein 2 (BCL-w).[55] Upon per-
turbation of cellular homeostasis by an apoptotic trigger signal, the BH3-only proteins are tran-
scriptionally and post-transcriptionally upregulated (e.g. via p53).[56] They then activate BAK and 
BAX by one of two mechanisms (Figure 3): In the first, activator BH3 proteins, such as BH3-inter-
acting domain death agonist (BID), directly associate with BAK/BAX to induce a conformational 
change in the amino terminal region (direct activation). In the second, other BH3-only proteins, 
called sensitizers or de-repressors, competitively bind to anti-apoptotic BCL2 family members, 
limiting their ability to sequester activator BH3 proteins and/or BAK/BAX (indirect activation).[52] 
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Together, activators, sensitizers and anti-apoptotic BCL-2 family members form a finely balanced 
system, in which the relative affinities and concentrations at the mitochondrial membrane deter-
mine the outcome of apoptotic stimuli.[57] 

Following BH3 protein-mediated activation, BAK and BAX oligomerize and form pores within the 
mitochondrial outer membrane. This promotes the release of cytochrome C and other proapop-
totic factors like Smac (second mitochondria-derived activator of caspases; also known as direct 
IAP binding protein with low pI, DIABLO) into the cytosol.[58] Smac binds and inhibits members of 
the anti-apoptotic inhibitor of apoptosis protein (IAP) family, while cytochrome C associates with 
apoptotic peptidase activating factor 1 (Apaf-1) and procaspase 9 in a deoxyadenosine triphos-
phate (dATP)-dependent fashion, forming the apoptosome.[59] This heptameric multi-protein com-
plex promotes procaspase-9 dimerization and activation via its caspase recruitment domains 
(CARDs).[60] Active caspase-9 then catalyses the cleavage of the downstream executioner pro-
caspases 3 and 7, initiating the caspase cascade and cellular degradation. 

 
Figure 3 Overview of the intrinsic pathway of apoptosis. Intracellular stress results in the transcriptional 
upregulation of BH3-only proteins. They inhibit anti-apoptotic members of the BCL-2 family (sensitizers) 
or directly activate the effectors BAK and BAX (activators), which permeabilize the mitochondrial outer 
membrane (MOMP) by forming pores. This results in the release of cytochrome C (CytC) and Smac from the 
mitochondrial intermembrane space. In the cytosol, CytC associates with APAF-1 and procaspase-9, forming 
the apoptosome. In this multiprotein complex, procaspase-9 homodimerization and self-cleavage is facili-
tated, leading to the release of active caspase-9, processing of the executioner caspases-3 and -7 and initia-
tion of the caspase-cascade. Smac interacts with the anti-apoptotic regulator XIAP, blocking its inhibitory 
effect on caspase-3, -7 and -9.  
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2.2.2 Extrinsic Pathway of Apoptosis 

The extrinsic pathway of apoptosis reacts to signals from the extracellular environment, detected 
by a group of dedicated plasma-membrane receptors. These so-called death receptors (DR)[61] are 
transmembrane proteins of the tumour necrosis factor (TNF) receptor superfamily[62] and are 
characterized by a cysteine-rich extracellular domain and a conserved intracellular region with a 
distinctive fold, the death domain (DD). This six alpha-helix protein motif serves as an assembly 
platform for different multiprotein complexes involved in the activation of procaspase-8.[63] The 
best-studied examples for DRs include TNF receptor (TNFR1), Fas receptor (FASR), as well as 
TNF-related apoptosis-inducing ligand receptor 1 (TRAILR1) and 2 (TRAILR2). Their cognate lig-
ands are the homotrimeric cytokines TNF-α and TRAIL or the membrane bound FAS ligand (FASL, 
also known as CD95L), expressed by cytotoxic T-cells for the contact-mediated killing of foreign 
antigen-presenting cells.[64] 

Depending on the death receptor involved, activation of apoptosis occurs via two slightly different 
pathways (Figure 4): For FASR and TRAILRs, the binding of their respective ligand stabilizes re-
ceptor oligomerization and induces a conformational change in the cytoplasmatic tail. This ena-
bles the DD-dependent association of the bipartite adaptor molecule Fas-associated protein with 
death domain (FADD). Via a related motif, the death effector domain (DED), FADD drives the re-
cruitment of procaspase-8 and c-FLIP to the receptor, assembling the so-called death-inducing 
signalling complex (DISC) at the membrane.[65,66] In the DISC, maturation of procaspase-8 is pro-
moted through facilitated homo-dimerization and the resulting auto-proteolytic removal of its 
pro-domains. Activated caspase-8 propagates downstream apoptotic activity through the cleav-
age of procaspase-3/7. Additionally, it may link the extrinsic and intrinsic pathways of apoptosis 
by processing BH3 protein BID into its active, truncated form tBID, which stimulates mitochon-
drial outer membrane permeabilization and the release of cytochrome C.[67,68] 

TNFR1 signalling is significantly more complex and involves numerous accessory proteins and the 
sequential formation of two different multi-protein complexes, complex I and II.[69] Depending on 
cellular context and the expression of certain regulatory factors it can have multiple outcomes and 
may not exclusively result in apoptosis, but can also promote survival and cellular growth. For the 
sake of comprehensibility, a simplified model of TNFR1 activation can be summarized as follows: 
Upon TNF-α stimulation, the adaptor protein TNFR1-associated death domain (TRADD) is re-
cruited to the DDs of TNFR1. This elicits the assembly of complex I, consisting of TNF receptor 
associated factor 2 (TRAF2), cellular inhibitor of apoptosis protein-1 (cIAP1) and 2 (cIAP2) and 
receptor-interacting serine/threonine-protein kinase 1 (RIPK1) at the plasma membrane. 
Through multiple non-degradative ubiquitylation events involving cIAP1/2, complex I recruits in-
hibitor of nuclear factor kappa B (IκB) kinases (IKKs), leading to an activation of the mitogen-
activated protein kinase (MAPK) and canonical nuclear factor-κB (NF-κB) signalling pathways and 
the expression of various pro-survival gene products, particularly caspase-8 inhibitor cellular 
FLICE-like protein (c-FLIP) and BCL-xL.[70–73] In a second step, complex I dissociates from the re-
ceptor and migrates to the cytosol, where complex II is formed through recruitment of FADD and 
procaspase-8 to TRADD and receptor-interacting serine/threonine-protein kinase 1 (RIPK1) 
through DD and DED interactions.[69] Complex II acts analogous to the DISC in promoting self-
cleavage of procaspase-8, resulting in the activation of the caspase cascade and propagation of 
apoptotic cell death. The balance between complex I and II serves as a checkpoint that determines 
if the ultimate outcome of TNFR1 signalling is pro- or anti-apoptotic. 
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Figure 4 Overview of the extrinsic pathway of apoptosis. Transmembrane death receptors of the TNF 
receptor superfamily oligomerize in response to binding of their trimeric ligands TNF-α, FAS ligand (FASL) 
and TNF-related apoptosis-inducing ligand (TRAIL), which results in the induction of apoptosis via one of 
two mechanisms: FASR and TRAILR1/2 recruit the adaptor FADD to their DDs, which enables DED-depend-
ant association of procaspase-8 and the formation of the DISC. In this complex, procaspase-8 homodimer-
izes and self-activates, leading to activation of the executioner caspases-3 and -7 and induction of the 
caspase cascade. Caspase-8 also processes BH3-only protein BID into its active form tBID, linking the ex-
trinsic and intrinsic pathways. For TNFR1, binding of TNF-α triggers the formation of signalling complex I, 
consisting of TRADD, TRAF2, cIAP1/2 and RIPK1. Together with the linear ubiquitin chain assembly com-
plex (LUBAC), cIAP1 and -2 add non-degradative polyubiquitin chains to RIPK1, allowing it to act as assem-
bly platform for TAB2, TAB3 and TAK1. This activates the IκB kinase (IKK) complex and NF-κB signalling, 
as well as the MAPK pathway, leading to the transcription of anti-apoptotic proteins, such as c-FLIP and 
BCL-xL. If RIPK1 remains deubiquitylated (e.g. due to depletion of c-IAP-1/2) or is deubiquitylated by CYLD 
lysine 63 deubiquitinase (CYLD), it dissociates from complex I and moves to the cytosol, where it associates 
with RIP1K, TRADD and FADD to form complex II. Like the DISC, complex II stimulates homodimerization 
and activation of procaspase-8. If c-FLIPL levels are sufficiently high, inactive c-FLIPL-procaspase-8 hetero-
dimers form instead and the cell survives. JNK = JUN N-terminal kinase; TAK1 = TGF-β-activated kinase 1; 
TAB2/3 = TAK1 and MAP3K7-binding protein 2/3; Ub = Ubiquitin. 
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2.3 Regulation of Apoptosis 

As programmed cell death, by its very nature, leads to cellular demise, it is a tightly controlled 
process. Several regulatory mechanisms exist in both the intrinsic and extrinsic pathway of apop-
tosis to prevent an accidental activation. Anti-apoptotic proteins, such as c-FLIP or IAPs block the 
activation mechanisms described above and are in turn counteracted by pro-apoptotic factors like 
Smac, leading to an equilibrium that keeps the cell alive but able to respond to critical perturba-
tions of homeostasis, should it be necessary. 

Owing to their mechanism of action, some anti-apoptotic regulators are involved in the develop-
ment of malignant neoplasms. In many types of cancer, one or more of these proteins are overex-
pressed, tipping the balance towards survival and bestowing the cell with an immunity to apop-
totic triggers. This non-responsiveness to death cues is one of the fundamental causes for the evo-
lution of chemoresistant cancer cells. As a result, the apoptotic machinery has become a focus of 
several recent approaches for targeted cancer therapy.[74–76] The rationale behind this is that an 
inhibition or down-regulation of anti-apoptotic proteins like c-FLIP and IAPs to physiological lev-
els could restore apoptotic capability and render cancer cells sensitive to cytotoxic agents again. 

 
2.3.1 Cellular FLICE-like Protein 

One of the key regulators of the extrinsic pathway of apoptosis is the cellular FLICE-like protein 
(c-FLIP), a catalytically inactive homolog of caspase 8 (also known as FLICE).[77] Numerous splice 
variants of c-FLIP exist on the messenger RNA (mRNA) level, but only three major protein 
isoforms are known to be expressed in cells: a 55 kDa, long form (c-FLIPL) and two truncated var-
iants (c-FLIPS and c-FLIPR) of 26 kDa and 24 kDa, respectively.[78–80] Structurally, c-FLIPL contains 
two death effector domains (DED1 and DED2) at its amino terminus and a C-terminal caspase-like 
domain, but it lacks the active site cysteine and several other key amino acids required for prote-
olytic caspase activity.[81] The short forms, c-FLIPS and c-FLIPS, comprise only the two DEDs. 

 
Figure 5 Gene and protein structure of human c-FLIP. (A) Location of CFLAR, the gene encoding for 
c-FLIP, on chromosome 2q33-34. (B) Linear representation of the domains of human c-FLIP variants and 
comparison to procaspase-8. The first 202 amino acids of all three isoforms c-FLIPL, c-FLIPS and c-FLIPR are 
identical and contain the two death effector domains (DED1 and DED2), required for FADD association. c-
FLIPL additionally possesses a C-terminal caspase-like domain, consisting of a large (p20) and small (p12) 
subunit, connected to the DEDs via a short ⁓65 amino acid linker region. Due to a mutation of catalytic dyad 
Cys360 to Tyr (C360Y) it lacks protease activity. All three c-FLIP variants can be cleaved by caspase-8 at 
Asp198 and 376.[78,81] 
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All three c-FLIP variants are involved in the regulation of FAS, TRAIL and TNF-α receptor down-
stream apoptotic signalling.[78] They are recruited to the adaptor protein FADD through DED:DED 
interactions. Due to their structural similarity, they form heterodimers with procaspase 8 and 10, 
competitively preventing caspase oligomerization and autoproteolytic activation. While c-FLIPS 
and c-FLIPR act exclusively as inhibitors, the role of c-FLIPL is more controversial, as it is able to 
elicit both pro- and anti-apoptotic effects.[81–83] This differential behaviour appears to depend on 
the relative expression level of c-FLIPL, with high c-FLIPL to pro-caspase 8 ratios inhibiting caspase 
activation and low levels stimulating it.[84] In contrast to the two completely inactive short forms, 
heterodimers of c-FLIPL and procaspase-8 retain some catalytic activity that allows them to cleave 
RIPK1 and promote caspase maturation at low ratios.[85–87] Caspase-8 activation is thus dictated 
by both the c-FLIPS/L: procaspase-8 heterodimer composition as well as the c-FLIPL to procaspase-
8 ratio, adding an extra layer of regulatory complexity. 

CFLAR, the gene encoding c-FLIP is located on chromosome 2q33.1, next to those for caspase 8 
and 10 (Figure 5A). Its expression is tightly controlled by a diverse group of transcription factors, 
including NF-κB, c-myc and p53.[72,88,89] c-FLIP is a short-lived protein, whose steady-state levels 
are maintained by the balance of transcriptional activation [72] and proteasomal degradation as a 
result of JNK-mediated ubiquitylation.[90] Binding of TNF-α to its receptor causes an NF-kB -de-
pendent upregulation of c-FLIP that, if strong enough, suppresses downstream apoptotic signal-
ling. This mechanism acts as a checkpoint, blocking an apoptotic response to TNFR1 signalling 
unless other cellular processes are disrupted.[73,91] 

Since its discovery, c-FLIP has gained significant attention in the context of cancer therapy.[84,92–94] 
Its central role in the regulation of extrinsic apoptosis and implication in conferring chemothera-
peutic resistance makes it a promising target for the development of new treatment modalities.[95] 
It has been demonstrated that a down-regulation of c-FLIP can re-sensitize cancer cells to pro-
apoptotic stimuli and is able to break resistance when used together with other cytotoxic 
agents.[96–99] This effect may also play a role in the mechanism of action of several standard-of-care 
drugs, such as cisplatin or 5-fluorouracil, which are known to downregulate c-FLIP passively.[100–

102] Due to its short half-life, c-FLIP is particularly susceptible to agents that interfere with tran-
scription or translation, like actinomycin D, cycloheximide or rapamycin.[103,104] A direct targeting 
of c-FLIP without affecting the structurally similar caspase-8 is challenging, but newer ap-
proaches, such as antisense oligonucleotides[105,106] or RNA interference[98,107] circumvent this 
problem and may even permit the discrimination of c-FLIP isoforms.  

  



Theoretical Background 

 

- 9 - 

2.3.2 Inhibitor of Apoptosis Proteins and Smac 

The inhibitor of apoptosis proteins (IAP) represent an important group of anti-apoptotic regula-
tors. They were first identified in baculoviruses, which express them as countermeasure against 
defensive host cell apoptosis, but have since been discovered in all higher eukaryotes.[108,109] Hu-
mans possess eight different IAPs: neuronal apoptosis inhibitory protein (BIRC1), cellular IAP 1 
(cIAP1 or BIRC2) and 2 (cIAP2 or BIRC3), X-linked IAP (XIAP or BIRC4), Survivin (BIRC5), BIR 
repeat-containing ubiquitin-conjugating enzyme (BRUCE/Apollon or BIRC6), melanoma IAP (ML-
IAP or BIRC7) and IAP-like protein 2 (ILP-2 or BIRC8). XIAP and cIAP1/2 represent the most in-
tensively-studied members of the family, due to their role as proto-oncogenes, overexpressed by 
many types of cancer.[110] 

A characteristic feature of all IAPs is the presence of up to three Baculoviral IAP Repeat domains 
(BIRs). These conserved, 70-80 amino acid motifs belong to the zinc finger domain family and 
mediate the interaction with caspases and other IAP target proteins.[111,112] The BIR folds are sta-
bilized by a central zinc atom that is coordinated by one His and three Cys residues. They can be 
classified in type I (BIR1) and type II (BIR2, BIR3) BIR domains, with the former lacking the deep, 
negatively charged peptide-binding grove found on the surface of the latter.[113] Some IAPs (such 
as cIAP1/2, XIAP and ML-IAP) possess a C-terminal Really Interesting New Gene (RING) domain, 
which confers ubiquitin E3 ligase activity and allows them to alter signalling properties or mark 
themselves or their binding partners for degradation by the proteasome (Figure 6).[114–117]  

 

Figure 6 Linear representation of human IAP protein family domain architecture. All IAPs possess between 
one and three copies of the baculoviral IAP repeat domain (BIR), required for protein-protein interactions 
with IAP target proteins and anti-apoptotic activity. As example, key interactions of XIAP domains are high-
lighted. cIAP1/2, XIAP, ILP-2 and ML-IAP possess an additional C-terminal really interesting new gene 
(RING) domain, which imparts ubiquitin E3 ligase activity. Other structures and domains that can be found 
in certain members of the IAP family are coiled-coils (CC) as well as the caspase activation and recruitment 
(CARD), leucine-rich repeat (LRR), NTPase (NACHT), ubiquitin-associated (UBA) and ubiquitin-conjugating 
(UBC) domains.[118] 
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Of all IAPs, the mechanism of action of XIAP is the best understood. Through its BIR domains, the 
57 kDa protein binds and inactivates initiator caspase-9 as well as effector caspases-3 and 7 (Fig-

ure 7). Structural studies revealed that caspase-3/7 inhibition is mediated by a two-site interac-
tion mechanism: The linker region between the BIR1 and BIR2 domain blocks the substrate bind-
ing site of an activated caspase dimer, while the negatively charged surface groove of BIR2 con-
currently interacts with an epitope at the caspase small subunits N-terminus, the so-called IAP 
binding motif (IBM).[119–122] In contrast, inhibition of caspase-9 occurs via BIR 3, whose IBM bind-
ing groove associates with the N-terminus of the caspase small subunit p12. This sequesters the 
caspase-9 monomers, preventing homodimerization and activation.[123] In addition to its inhibi-
tory binding, XIAP has been shown to promote proteasomal degradation of caspase-3, which con-
tributes to its anti-apoptotic activity.[124] 

Initially, it was thought that all IAPs inhibit apoptosis by directly binding and inactivating caspa-
ses. However, later studies revealed that only XIAP possesses a noticeable affinity for caspase-3, 
7 and 9. ML-IAP and cIAP1/2 are, in fact, poor direct caspase inhibitors.[119,125,126] Instead, these 
proteins bind and sequester Smac, limiting its ability to block XIAP and thus passively suppressing 
caspase activation.[127–129] In addition, their RING domain allows them to ubiquitylate and nega-
tively influence the stability of many cell death effectors.[117,130] Aside from controlling caspase ac-
tivation, cIAP1 and -2 have important functions in the regulation of death receptor signalling 
and the activation of the NF-κB pathway.[128,131–133] As described in chapter 2.2.2, binding of TNF 
to TNFR1 recruits TRADD, TRAF2 and RIP1K to the cytoplasmatic face of the receptor, forming 
the so-called complex I. Via their BIR1 domain, cIAP1 and -2 bind to TRAF2 and, together with 
LUBAC, polyubiquitylate RIP1K. This enables it to serve as assembly platform for the TAK1-TAB 
kinase complex, which in turn activates IKK and JNK (Figure 4).[134,135] This leads to the induction 
of NF-κB- and MAPK-dependant pro-survival genes, including c-FLIP.[136] If cellular levels of 
cIAP1 and cIAP2 are low, RIP1K remains unubiquitylated or is deubiquitylated by CYLD and 
dissociates from complex I.[137] This suppresses NF-κB activation and accelerates the formation 
of complex II, lead-ing to apoptosis.[50] 

Figure 7 Mechanism of caspase inhibition by XIAP. XIAP (light blue) possesses three globular BIR do-
mains, which are required for anti-apoptotic activity. Caspase-3 (and -7) inhibition is mediated by a two-
site interaction mechanism: the hook and sinker substructures of the linker region between XIAPs BIR1 and 
BIR2 domains bind to the catalytic site of an active caspase-3 dimer, located between caspase-3's large (dark 
blue) and small (grey) subunits. Concurrently, BIR2's IBM interacting groove lines with the N-terminus of 
the adjacent, second caspase-3 small subunit (petrol; PDB ID: 1I3O). Caspase-9 inhibition is driven by the 
binding of XIAPs BIR3 IBM binding groove to the caspase small subunit’s (grey) N-terminus, which prevents 
caspase homodimerization and activation (PDB ID: 1NW9).[122,138,139] 
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The natural antagonist of the IAPs is Smac (also known as DIABLO), which is released from the 
mitochondrial intermembrane space together with cytochrome C following BAK/BAX-mediated 
MOMP. Verhagen et. al. and Du et. al. separately reported its discovery in 2000.[140,141] Smac is an 
arc-shaped, homodimeric protein, which is expressed as a 239 amino acid (27.1 kDa) precursor 
and processed into the 184-residue (20.8 kDa) mature form upon import into the mitochondria 
(Figure 8A).[142] Crucial for Smacs pro-apoptotic activity is an N-terminal tetrapeptide sequence 
(Ala-Val-Pro-Ile) homologous to the caspase IBMs (Figure 8B).[143–145] Through two of these motifs 
(one on each Smac monomer), it simultaneously associates with both the BIR2 and BIR3 domain 
of a single XIAP molecule, inhibiting its anti-apoptotic activity. This multivalent interaction is so 
strong (Kd = 0.3 nM) that it can competitively displace already bound caspases.[146,147] Aside from 
this direct mode of interaction, Smac can also stimulate IAP autoubiquitylation and degradation 
by the proteasome, which likewise results in an attenuation of their anti-apoptotic activity.[137] 

Besides Smac, other IAP-binding proteins exist. One example is the high temperature requirement 
protein A2 (HtrA2), a serine protease, which, like Smac, is released from the mitochondria when 
the intrinsic pathway of apoptosis is initiated.[148] It binds to XIAPs BIR3 domain via an Ala-Val-
Pro-Ser IBM (Figure 8B) and degrades the protein, relieving caspase inhibition. Other IAP inhib-
itors include the apoptosis-related protein in the TGFb signalling pathway (ARTS) and the XIAP-
associated factor 1 (XAF1), which, however, have unique binding modes and do not contain 
IBMs.[149–151] 

 
 

Figure 8 Interaction between Smac and XIAP. (A) Crystal structure of dimeric Smac (yellow/orange) 
bound to two XIAP BIR3 domains (grey). The IBM binding groves (dark grey) are highlighted (PDB ID: 
1G73).[123] (B) The tetrapeptide IAP binding motif (IBM) shared by several IAP-interacting proteins, such as 
the caspases or Smac.[152] The N-terminal alanine residue and proline in position 3 are highly conserved. 

As mentioned above, IAP expression is frequently deregulated in many human cancers as a con-
sequence of their genomic instability. Chromosomal aberrations that have been linked to IAP 
overexpression include the relatively common 11q21-q23 amplification, which contains the genes 
for cIAP1 and cIAP2, or translocations like t(11;18)(q21;q21), which causes a mutation in their 
BIR domains and leads to constitutive activation of the NF-κB pathway. This changes the balance 
of the apoptotic regulatory circuits in favour of survival and imbues the cells with resistance 
against many chemotherapeutic agents. In clinical cancer studies, elevated IAP levels have been 
associated with advanced tumour staging, increased tumour dedifferentiation, more aggressive 
growth and lower survival rates. In contrast, increased Smac levels were negatively correlated 
with most of these parameters and led to a better prognosis.[110]  
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2.4 Smac Mimetics 

IAPs are commonly overexpressed by cancer cells and represent key actors in the development of 
chemoresistance. As such, they have been quickly recognized as attractive therapeutic targets. 
Their main natural antagonist, Smac, possesses a high affinity for the BIR domains of various IAPs, 
but direct use of the protein as a drug is hampered by limited proteolytic stability, low permeabil-
ity across cellular membranes, and difficult synthesis. Interestingly, data from site directed muta-
genesis experiments as well as NMR- and X-ray crystallography studies revealed that only a small 
portion of Smac is actually involved in binding and, in fact, required for activity: the N-terminal 
four amino-acid stretch Ala-Val-Pro-Ile (AVPI; Figure 8).[143,145,153] Like the full-length protein, 
short peptide sequences comprising this motif were able to selectively bind to IAPs and inhibit 
their anti-apoptotic effects.[154–156] This discovery laid the foundation for the development of a class 
of potent peptidic and non-peptidic IAP inhibitors, called Smac mimetic compounds (SMCs). 

 
2.4.1 Structure-Activity Relationship 

Following the elucidation of the primary interaction between Smac and the IAPs, in-depth struc-
ture activity relationship (SAR) studies were conducted to fully characterize the underlying mo-
lecular interactions and find better binders. Aside from demonstrating that AVPI interacts with 
the IBM binding grooves in XIAPs BIR3 domain through a total of 8 inter- and 3 intramolecular 
hydrogen bonds, they confirmed a central role of the N-terminal alanine, as could be expected 
from its high degree of conservation in the IBMs of various IAP-interacting proteins (Figure 8B). 
X-ray diffraction data of the complex between AVPI and XIAPs BIR2 domain shows that the free 
amine of Ala in position 1 (P1) is involved in hydrogen bridges with both Asp214 and Glu219 in 
(Glu314/Gln319 in BIR3), while its carbonyl group makes additional contacts with His223 
(Trp223) and Glu219 (Gln319).[145,157] At the same time, the side chain methyl residue inserts 
tightly into a small hydrophobic pocket formed by Leu207, Trp210 and Glu219 (Leu307, Trp310 
and Gln319). This key role of Ala makes modifications in the P1 position difficult (Figure 10). 
Substitution of the side chain with anything larger than an ethyl residue creates a steric hindrance 
that drastically decreases affinity.[154] Likewise, the removal of the side chain comes with an en-
tropic penalty. For example, the replacement of Ala with either Ser or Gly reduces the binding 
constant for the interaction between AVPI and XIAPs BIR2 domain by more than 20-fold. In addi-
tion, N,N-dimethylation or acylation of the N-terminus completely abolishes binding, highlighting 
the importance of the positively charged nitrogen. Of note, mono N-methylation is well tolerated 
and can enhance the stability of the binders against proteases.[143] 

Aside from the key P1 Ala, other residues contribute to binding affinity through a combination of 
hydrogen bridges and van der-Waals interactions. Notably, the backbone amide bonds of P2 and 
P4 make contacts with the nitrogen and carbonyl group of Lys208 (Thr308) and Lys206 (Gly206), 
respectively, while the side chains of P2 and P3 hydrophobically interact with His223 (Trp323) 
and Phe224 (Tyr324). Finally, P4 Ile is involved in multiple van der Waals contacts with the shal-
low hydrophobic pocket formed by Gln197 and the aliphatic side chains of Lys206 and Lys208 
(Leu292, Gly306, Lys297 and Lys299 in BIR3). Like for the free P1 amine, any modification that 
interrupts these structurally important hydrogen bridges (such as backbone methylation) has a 
detrimental effect on binding affinity, with P2 being much more sensitive than P4. Similarly, Pro 
in P3 should remain unaltered, although certain Cγ substitutions are possible if they align with 
the cleft formed by His223/Phe224 (Trp323/Tyr324). The side chains of P2 and P4, on the other 
hand, tolerate a large range of residues. In P2, most aliphatic or β-branched groups work, only 
Asp, Gly or Pro significantly reduce binding affinity. For P4, large hydrophobic amino acids like 
Leu, Val or Trp are ideal, with Phe being most preferred by XIAP BIR3. However, polar or charged 
groups in this position are not tolerated.[155,158] 
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Figure 9 Structural data of XIAP BIR domain/AVPI peptide complexes. Surface representation of the 
binding sites of the (A) BIR2 or (B) BIR3 domain interacting with the AVPI peptide. Close-up view of the 
interactions between AVPI and the surface grooves on (C) BIR2 or (D) BIR3. Oxygen atoms are coloured 
red, nitrogen atoms green and carbon atoms grey. Key hydrogen bonds are represented by dashed lines 
(PDB ID BIR2: 4J46; BIR3: 1G73).[145,157] Images were created with Mol*.[159] 

The fact that the same (or similar) residues are present in the BIR domains of other proteins, such 
as cIAP1/2, explains the ability of Smac/AVPI peptides to bind and inhibit multiple IAPs aside 
from XIAP. However, it should be noted that considerable specificity differences exist between 
BIR2 and BIR3. Various groups have reported peptide sequences or mimetics that preferentially 
bind one or the other domain (Table 1).[157,160–163] For example, AVPI interacts more strongly with 
BIR3 (Ki = 0.71 µM) than BIR2 (Ki = 5.25 µM), while AIAV favours BIR2 (Ki = 1.87) over BIR3 (Ki = 
28.20).[157] These preferences can be explained with three important structural differences be-
tween the two domains (Figure 9). Instead of His223, BIR3 possesses a Trp residue in position 
323, which is sterically more demanding and provides an additional hydrophobic interaction with 
Cδ of P3 Pro. The replacement of Phe223 with Tyr324 further limits the available space, resulting 
in BIR3 only accepting P3 residues with smaller or flexible side chains and displaying a strong 
preference for Pro. This selectivity is exemplified by activated caspase-3, which, after autoprote-
olytic processing, has an N-terminal SGVD motif and can only bind BIR2, not BIR3.[157] The third 
major difference is the P4 binding site. In BIR2, the pocket formed by Lys206/208 and Gln197 is 
about 8.5 Å wide and can nicely accommodate flat, hydrophobic residues like Ala, Val or Ile, but 
bulkier, aromatic amino acids, such as Phe, Tyr or Trp, are too big to bind efficiently. In contrast, 
the lack of a side chain in Gly306 and the larger pocket opened up by Lys297 and Lys299 in BIR3, 
allow for a higher degree of flexibility regarding side chain position and size. This is illustrated by 
the domain selectivity of Caspase-9, which has AVPF at its N-terminus and preferentially binds 
BIR3 over BIR2. 
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Figure 10 Summary of SAR data for interactions 
between the AVPI peptide/SMCs and XIAP BIR3. 

Table 1 Inhibition constants (Ki) of various tetra-
peptides for the BIR2 and BIR3 domain of XIAP.[157] 

Tetrapeptide BIR2 (µM) BIR3 (µM) 

ATAA 1.70 >47 
AVAV 1.87 26.08 
AIAV 1.87 28.20 
ATAV 2.17 32.26 
AMRV 2.41 32.90 
AIPI 3.11 0.08 
AMRI 3.52 5.20 
AVPI 5.24 0.71 
ARPI 10.17 0.12 
SVPI 12.02 4.62 
SMRV 12.25 >47 
ARPR >53  

 
The different selectivities of the BIR domains can be exploited to design domain-specific inhibitors 
that selectively block IAP interactions with certain proteins. As mentioned above, the presence of 
Phe or other aromatics in P4 greatly diminishes the affinity for BIR2, while anything else than Pro 
in P3 is detrimental for binding to BIR3. However, given the overall much smaller binding con-
stants that have been achieved for BIR3, the difficulty in creating BIR2-specific inhibitors probably 
lies in increasing affinity for BIR2, not decreasing it for BIR3.[157] These considerations are also 
important for the design of pan-selective binders, which reportedly have the highest activites.[164] 

 
2.4.2 Examples for Smac Mimetics 

Since the discovery of the AVPI motif and the first comprehensive SAR studies, there have been 
sustained efforts to develop better, more potent IAP binders.[162,163] Although nature has already 
optimized the AVPI motif to a certain degree, researchers still found room for improvement. 
Kipp et al. were among the first to systematically map the contributions of each residue to binding 
and demonstrated that simple replacements of individual amino acids could significantly enhance 
the affinity to specific domains. For example, the tetrapeptides AVPF (1) and ARPF possess bind-
ing constants of 40 nM and 20 nM to XIAPs BIR3 domain, an order of magnitude better than AVPI 
(Ki = 0.71 µM).[157] Fesik's group at Abbott laboratories extensively screened chemical modifica-
tions of amino acids and filed the first patent on several potent, short peptide IAP antagonists.[165] 
Over the years they designed numerous binders and contributed significantly to the SAR under-
standing of Smac mimetics. They were also the first to report the beneficial effect of the bulky 
unnatural amino acids tert-leucine and cyclohexylglycine (Chg) on potency, a P2 modification now 
ubiquitously found in many SMCs.[166] By combining several of the modifications they discovered, 
they were able to construct a series of potent IAP antagonists (Figure 11), some, e.g. 3, with sin-
gle-digit nanomolar affinities. 

The early examples for Smac mimetics were predominantly peptide based. Despite having prom-
ising affinity for IAPs, their poor cell permeability and low proteolytic stability was quickly identi-
fied as problematic. To address this issue, several groups experimented with conjugating cell-pen-
etrating carrier peptides to their Smac mimetic. Although not a universal solution, their studies 
proved that such moderately cell-permeable conjugates could effectively sensitize cancer cells to 
a range of chemotherapeutic agents, such as paclitaxel, etoposide, SN-38, doxorubicin and cispla-
tin, as well as the death receptor ligand TRAIL, and also inhibit tumour growth in non-small cell 
lung cancer xenografted mice.[156,167,168] In an effort to improve the pharmacokinetic properties of 
Smac mimetics, Shaomeng Wang and his group developed conformationally constrained, bicyclic 
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Figure 11 Examples of early Smac mimetics. Placement of a large, hydrophobic residue in P4 (1) notably 
enhances binding affinity to XIAP BIR3, as does introduction of a bulky, aliphatic moiety in P2 (2,3).[166] 
Sun et al. developed conformationally constrained, bicyclic SMCs with high affinity to XIAP by connecting 
the side chain of P2 with the P3 proline ring (4-6).[163] 

constrained, bicyclic SMCs, in which the side chain of P2 was fused with the five-membered Pro 
ring in P3, forming a lactam structure.[169–173] Their first [6,5]-bicyclic compound, 4, had only mod-
est affinity to XIAP BIR3 (Ki = 4.5 µM), but they quickly discovered that by expanding the ring sys-
tem to [8,5] (thus more closely mimicking the bound conformation of AVPI) and modifying the P4 
position with hydrophobic (R)-tetrahydronapthyl or diphenylmethyl residues, they could im-
prove its binding up to 300-fold (compounds not shown).  

Despite the now low two-digit nanomolar affinities for XIAPs BIR3 domain, the binders still per-
formed badly in growth inhibition assays with the SMC-sensitive breast cancer cell line 
MDA-MB-231. Wang and co-workers hypothesized that the primary amine might impair mem-
brane permeability and/or metabolic stability and thus negatively affect the efficacy of their an-
tagonists.[163] To increase lipohilicity as well as resistance against proteolysis, they modified their 
compounds with an additional N-methyl residue, referencing the notion of Oost et al. that (mono) 
N-methylation in P1 is tolerated without comprising binding affinity.[166] As suspected, this drasti-
cally improved potency, changing the IC50 value for cell growth inhibition from >10 µM for the 
unmodified binder, to 260 nM for the N-methylated analog 5 (SM-122), without significantly rais-
ing the corresponding Ki values.[171,174] Finally, Wang’s group equipped 5 with a diazabicyclic core 
and introduced an additional phenylacetyl residue, yielding the orally bioavailable compound 6, 
which has a reported Ki value of 8.4 nM for XIAP BIR3 and inhibits MDA-MB-231 cell growth with 
an IC50 value of 31 nM.[173] A close relative of this compound, Debio 1143/AT-406 (Figure 13), has 
since advanced into clinical development.[175] 

Another significant discovery on the way to more potent SMCs was the positive effect of their di-
merization (Figure 12). While investigating a new IAP antagonist, Lin et al. noticed that its C2-
symmetric dimer 7, which had accidentally formed as a side product in a copper-catalysed reac-
tion, relieved XIAP-mediated caspase-3 inhibition with superior potency (equal to Smac protein 
in vitro).[176] While binding affinity to a recombinant XIAP BIR3 protein was similar to its monova-
lent counterpart (Ki = 120 nM), the interaction was drastically stronger when a BIR2+BIR3-con-
taining segment was used. From its ability to disrupt a Smac/XIAP complex at equal concentration, 

1 2 3 

4 5 (SM-122) 6 (SM-337) 
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Figure 12 Examples for bivalent Smac mimetics. Compound 7 was discovered as the product of an acci-
dental Glaser coupling and demonstrated superior caspase-activation.[176,177] Varfolomeev et al. reported 8 
(BV6), which is more than 350-times more effective than its monovalent counterpart MV1 and Sun et al. 
described 9 (SM-164), a bivalent version of their previous compound SM-122.[172,178] 

they inferred that the binding constant of the bivalent SMC 7 must be lower than Smac’s, which 
has an estimated Ki value of 0.3 nM. Using a fluorescence polarization-based binding assay, Ni-
kolovska-Coleska et al. later confirmed a Ki value < 0.7 nM.[177] Although a single agent activity of 
7 was not confirmed, it demonstrated potent synergy with TNF-α and TRAIL, eliciting apoptosis 
in T98G human glioblastoma cells at concentrations as low as 100 pM. 

In response to this serendipitous discovery, other groups started developing bivalent Smac mi-
metics. Wang’s group dimerized their bicyclic SMCs with various linkers and found that 9 (SM-
164) bound to a XIAP construct containing both the BIR2 and BIR3 domains with an Ki of 0.53 nM, 
more than 300-fold stronger than its monovalent counterpart 5 (XIAP-BIR2-BIR3 Ki = 182 nM).[179] 
Using several complementary techniques, they demonstrated that 9 achieves this high affinity by 
concurrently interacting with both the BIR2 and BIR3 domain in XIAP, emulating the binding 
mode of the homodimeric Smac protein.[147,172] 9 also demonstrated sub-nanomolar affinity for 
cIAP-1 (cIAP-BIR2-BIR3 Ki = 0.31 nM) and induced apoptosis in MDA-MB-231 and other cancer 
cell lines at concentrations of 1 nM (IC50 = 0.31 nM), more than 100-times less than 5. 

Another prominent example is 8 (BV6), developed at Genentech.[178] Dimerized by a flexible C6 
tether, this bivalent SMC achieved high binding constants for XIAP-BIR2-BIR3 and cIAP1-BIR2-
BIR3 (Ki = 1.3 nM and 0.46 nm, respectively). Using Western blot analysis and cytotoxicity assays, 
Varfolomeev et al. demonstrated that 8 induces rapid cIAP1 degradation and possesses enhanced 
single-agent cell killing activity (IC50 = 14 nM), compared to its monovalent counterpart MV1 (IC50 
= 5 µM) in the SMC-sensitive EVSA-T breast cancer cell line.[178] In later publications, it was shown 
that BV-6 can effectively resensitize apoptosis-resistant acute myeloid leukaemia cells to the 
chemotherapeutic drug cytarabine, synergistically interact with interferon-α to trigger pro-
grammed cell death in acute myeloid leukemia cells and enhance the effects of radiotherapy in 
non-small cell lung cancer.[180–182] 

7 

 8 (BV6) 

 9 (SM-164) 
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Bivalent SMCs are generally defined by three properties: their symmetry, point of linkage and the 
type of tether used.[183] Regarding the first aspect, SMCs can be subdivided into homo and hetero-
dimers. Due to the common presence of large aromatic residues in P4, most monovalent SMCs are 
more specific towards BIR3 than BIR2. Likewise, their homodimeric counterparts often have 
lower affinity for BIR2, though they overcompensate for this by the multivalent nature of their 
interaction. On these grounds, it was anticipated that heterodimeric SMCs, designed to meet the 
individual requirements of each BIR domain more specifically, could possess enhanced potency. 
In a proof-of-concept study, Speer et. al. connected the moderately BIR2-specific tetrapeptide 
AEAV with a BIR3-specific AVPF sequence and confirmed a slightly higher affinity for XIAP than 
the homodimeric (AVPF)2-analog (XIAP-BIR2-BIR3 Ki = 7.6 nM vs. 10.6 nM).[184] Perez et al. de-
scribed tetrahydroisoquinoline-based heterodimeric SMCs that had high affinity for both cIAP1 
(IC50 = 3.4 nM) and XIAP (IC50 = 2.5 nM) BIR2 domains and could inhibit H1703 cancer cell prolif-
eration at sub-nanomolar concentrations.[185] However, despite these promising results, no heter-
odimeric SMC has yet reached a clinical stage. 

The second fundamental property is the residue through which dimerization was achieved. In 
principle, a tether could be attached to any of the positions P2, P3 or P4. Yet, due to the more 
restrictive environment of the BIR3 P3 pocket, bivalent SMCs are predominantly linked via P2 or 
P4 (Figures 12 and 13). Still, a handful of groups have described examples that effectively utilize 
a P3-tether, such as Kim et al. at Bristol-Meyers-Squibb or Sun et al. at Joyant Pharmaceuti-
cals.[186,187] 

Finally, the length and type of linker used is a defining feature of bivalent SMCs and may even 
influence potency. Sun et al. systematically screened bivalent IAP antagonists dimerized by linkers 
of different length, flexibility, and hydrophobicity.[188] They reported that the choice of linker does 
not significantly alter binding affinity, but it can still affect the SMC's ability to introduce apoptosis. 
Through a specially developed assay, they determined intracellular SMC concentrations and found 
that molecules with hydrophobic linkers were more readily taken up by cells, providing a rational 
for their enhanced potency. At AstraZeneca, Hennessy et al. explored dimerization strategies with 
1,3-bisacetylene linkers and drew similar conclusions.[189] 

Most Smac mimetics reported to date preferentially bind cIAP1 over XIAP (Figures 11-13). This 
bias is already present in the AVPI peptide, which has 18-fold higher selectivity for cIAP-BIR3 than 
XIAP-BIR3 - largely as a result of the differential binding of alanine in the P1 pocket of both do-
mains.[190,191] Consequently, it has carried over to all alanine-containing, mono- and bivalent Smac 
mimetics. However, it has been long known that pan-selective IAP antagonists, binding cIAPs and 
XIAP equally well, possess the highest potency.[164] In the search of new, non-alanine IAP antago-
nists with similar affinities for cIAP1 and XIAP, researchers at Astex Pharmaceuticals recently suc-
cessfully demonstrated the use of a fragment-based drug design (FBDD) approach. Through a 
combination of computational and NMR-based methodologies, they screened a library of 1151 
fragments and identified a piperazine lead structure that binds both targets equally well – albeit 
with exceptionally low affinity (IC50 >5 mM).[191] Yet, through an iterative, structure-guided opti-
mization process and introduction of residues that contribute additional hydrophobic interac-
tions with the cIAP/XIAP binding grooves, they gradually improved their binder by more than a 
million-fold, eventually creating a completely non-peptidic, highly potent SMC with a more bal-
anced cIAP/XIAP affinity profile: ASTX660 (Figure 13).[192,193]  

In the last 20 years, SMCs have undergone considerable development. Through systematic opti-
mization and structure-guided drug design, they evolved from simple peptides to potent drug can-
didates for future cancer therapy. Modern Smac mimetics fall into two major categories: monova-
lent and bivalent. Although bivalent SMCs have proven to be substantially more potent, often 
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Figure 13 SMCs currently investigated in clinical trials. The original binding motif is highlighted in blue. 
GDC-0152 (Genentech) and the undisclosed structures of BI 891065 (Boehringer Ingelheim) and HGS 
1029/AEG40826 (Human Genome Sciences/Aegera Therapeutics) are not shown. * degradation of cIAP1 in 
MDA-MB-231 cells. ** displacement of caspase-9 from a complex with XIAP in HEK293 cells.[194–196] 

surpassing the affinity of their corresponding monovalent counterparts by 100-1000-fold, mono-
valent SMCs are still of pharmacologic value, owing to their superior physicochemical proper-
ties.They are metabolically more stable and generally do not violate Lipinski’s rule of five,[197] al-
lowing them to be orally active, whereas bivalent SMCs often have to be administered intrave-
nously.[158] Consequently, much pharmacological effort has been devoted to monovalent SMCs. 

To date, a total of nine Smac mimetics have entered clinical trials (Figure 13): The monovalent 
compounds Debio 1143/AT-406/SM-406 (Ascenta Therapeutics/Debiopharm),[175] GDC0152 and 
CUDC-427/GDC-0917, (both Genentech; the latter licensed to Curis for development),[198,199] 
LCL161 (Novartis), BI 891065 (Boehringer Ingelheim)[200] and ASTX660 (Astex Pharmaceuti-
cals),[192] as well as the bivalent ones Birinapant/TL32711 (TetraLogic),[201] APG-1387 (Ascentage 
Pharma)[202] and HGS1029/AEG40826 (Human Genome Sciences/Aegera Therapeutics)[203] are 
under evaluation regarding their safety profile and efficacy as single agents or in combination with 
other cytotoxic drugs such as paclitaxel, gemcitabine, 5-azacitidine and cisplatin.[194–196] The most 
advanced candidates are Birinapant and LCL-161, the latter having completed multiple phase II 
trials for single agent treatment of recurrent myelofibrosis and combination therapy of breast 
cancer and plasma cell myeloma together with paclitaxel and cyclophosphamide, respectively.[196] 
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2.4.3 Mechanism of Action 

Smac mimetics exert their pro-apoptotic effect through two distinct mechanisms (Figure 14A). 
The early literature assumed that SMCs primarily act by binding XIAP, a potent caspase inhibitor. 
Through interaction with both its BIR2 and BIR3 domains, they relieve caspase-9 inhibition, 
which, when used in combination with caspase-9 activating chemo- or radiation therapy, could 
enhance the response of cancer cells to apoptotic stimuli. While it was known that SMCs also bind 
to the BIR domains of cIAP1 and -2, not much attention was paid to this interaction, as these pro-
teins are weak caspase inhibitors in vitro. This view changed in 2007, when three studies revealed 
that SMCs are in fact able to induce apoptosis on their own and cIAP1 and -2 play a pivotal role in 
the responsible mechanism.[178,204,205] As described in chapter 2.2.2, both proteins are, amongst 
other actions, involved in TNFR-mediated signalling and the induction of survival factor expres-
sion: Upon receptor activation by TNF-α, cIAP1 and -2 ubiquitylate RIP1K, which leads to canoni-
cal NF-κB and MAPK pathway activation and expression of pro-survival genes. When mono- or 
bivalent Smac mimetics bind to cIAP1/2, they trigger RING-dependant autoubiquitylation, which 
causes their rapid degradation by the proteasome.[137,178,204] As a result, RIP1K remains in a non-
ubiquitylated state, which speeds up the formation of proapoptotic complex II and results in the 
activation of caspase-8. At the same time, loss of cIAP1/2 stabilizes NF-κB-inducing kinase (NIK), 
a highly labile protein whose cellular levels are normally kept low by constitutive proteasomal 
degradation.[110] The accumulation of NIK activates non-canonical NF-κB signalling and triggers 
autocrine release of TNF-α, further reinforcing extrinsic apoptotic signalling. 

Figure 14 Mechanism of action of Smac mimetics. (A) IAP antagonists promote caspase activation via two 
pathways: Relief of XIAP-mediated caspase inhibition and induction of cIAP1/2 autoubiquitylation and sub-
sequent proteasomal degradation. This accelerates pro-apoptotic complex II formation and allows NIK to 
accumulate and activate the non-canonical NF-κB pathway. (B) IAP antagonists induce cIAP1/2 autoubiq-
uitylation by prompting a conformational change, which opens up the normally compact monomers, allow-
ing the RING domain to dimerize and gain ubiquitin ligase activity.[110]  
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For a long time, the exact mechanism by which SMCs are able to induce cIAP1/2 autoubiquityla-
tion remained unclear. It was speculated that Smac mimetics somehow facilitate RING domain 
dimerization, which was identified as prerequisite for its activity.[206] Later, structural studies con-
firmed that unstimulated cIAP1/2 adopts a compact conformation, in which the RING domain is 
sequestered through an inhibitory BIR3-RING interaction (Figure 14B). Binding of IAP antago-
nists triggers a conformal change that opens up the protein, allowing the RING domains to dimer-
ize and gain ubiquitin E3 ligase activity.[207,208] 

Although Smac mimetics are a promising class of cancer therapeutics, only a small percentage of 
cell lines responds to them in single agent treatment regimes. The observed resistance of many 
cancers has been linked to an inability to induce TNF-α expression following SMC treatment, but 
the precise molecular basis for this behaviour is still under investigation.[178,204] Based on their re-
sponse to Smac mimetics, cancer cells can be categorised into three different groups: A limited 
number is SMC-sensitive and can be killed by them as single agents via the mechanisms described 
above. A second, much larger group does not respond to SMCs alone, but will undergo apoptosis 
if co-stimulated with exogenous TNF-α or TRAIL. In these cells, SMCs fail to trigger autocrine TNF-
α release, but still cause sensitization to the effects of other death ligands.[205] The third group 
comprises cells that do not respond to SMCs, even when paired with TNF-α or TRAIL. Varfolomeev 
et al. confirmed that SMC treatment of these cells still leads to a rapid reduction of cIAP1/2 levels, 
indicating that another cellular switch, which suppresses apoptotic signalling, seems to be in-
volved.[209] Experiments conducted by Cheung et al. show that this failsafe is likely the anti-apop-
totic protein c-FLIP, as silencing this central regulator of the extrinsic apoptosis pathway can re-
store SMC sensitivity in resistant cell lines. Following TNF-α stimulation, c-FLIP is upregulated, 
blocking caspase activation in complex II and DISC. Normally, the RIP1K-mediated phosphoryla-
tion of JNK increases c-FLIP degradation by the proteasome, allowing caspase-8 activation to pro-
ceed. However, in SMC-resistant cells, JNK activation in response to IAP antagonists appears to be 
blunted, allowing c-FLIP to escape turnover and continue to block caspase activation.[96] In future 
therapeutic settings this might be remedied by a combined use of SMCs, TNF-α (or other chemo-
therapeutic drugs) and agents that target c-FLIP. With the onset of personalized cancer medicine, 
such dual- (or triple) agent treatment regimens could improve therapeutic efficiency in patients 
with cancers that are otherwise highly resistant. 
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2.5 Antisense Strategies
Aside from Smac mimetics, other therapeutic strategies that target anti-apoptotic proteins are be-
ing investigated for the treatment of human malignancies. One of the most promising approaches
is antisense oligonucleotides (ASOs). ASOs are 12-25 nucleotides short, single stranded patches 
of synthetic DNA, complementary to the mRNA of a selected gene. Upon hybridization, they inter-
fere with its translation, effectively reducing the cellular levels of the target protein. This down-
regulation can occur via two principal mechanisms: induction of mRNA degradation by RNAse H
or steric blocking (Figure 15). RNase H is a ubiquitous, non-specific endonuclease that recognizes 
DNA:RNA heteroduplexes and cleaves the RNA portion. Its physiological role is the removal of 
RNA primers from Okazaki fragments during replication, but it can be recruited by any DNA:RNA 
duplex of five or more consecutive nucleotides.[210] Since the ASO is not degraded by the enzyme, 
it is free to bind to another RNA molecule after cleavage and reinitiate the process. In contrast, 
steric blocking works by shielding the mRNA from the translation machinery. By strongly hybrid-
izing to the target, steric block-type oligonucleotides prevent the large and small ribosomal subu-
nits from assembling at or moving along the target mRNA strand, repressing translation initiation 
or elongation. Another mode of steric blocking is the regulation of alternative splicing. When an 
ASO targets an intron-exon junction of pre-mRNA in the nucleus, it can block access of splicing 
factors to this site. Consequently, an exon that would normally be part of the mature mRNA will 
be skipped or, conversely, a normally excised portion will be included. When the mRNA is trans-
lated into the corresponding protein, this can result in a loss or gain of function.[211]

Figure 15 Mechanisms of antisense oligonucleotides. ASOs form a DNA:RNA duplex with target mRNA that 
is recognized and degraded by RNAse H. A tight binding to specific regions in the target mRNA (often in 5’-
UTR or the start codon region) can sterically block the ribosome subunits from binding and prevent trans-
lation initiation or elongation. When targeting an intron-exon junction, ASOs may change the splicing be-
haviour of pre-mRNA in the nucleus, resulting in the expression of altered gene products.

As unmodified DNA is very susceptible to endo- and exonucleases, it has a very short half-life in 
vivo and is usually degraded within minutes of being introduced into a cell or organism. To provide 
ASOs with enough stability to exert a biological effect, they have to be chemically modified. One of 
the first alterations that proved effective and is still widely used today, was the replacement of an 
oxygen atom in the DNA phosphodiester backbone with sulfur (Figure 16).[212,213] Such phos-
phorothioate (PS) linkages can be installed by replacing the oxidizer in phosphoramidite DNA 
synthesis with a sulfur-transfer agent, like the Beaucage reagent.[214] Although sulfur and oxygen
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Figure 16 Commonly used modifications for the design of antisense oligonucleotides. Chemical alterations 
can be introduced in the nucleobase, ribose or phosphodiester backbone substructures and improve bind-
ing affinity (Tm) to a complementary mRNA or metabolic stability of the ASO. 

are chemically related, the replacement brings about an important change: It renders the phos-
phorous atom a chiral centre with two possible configurations, “Sp” and “Rp”.[212] Nuclease en-
zymes have different selectivities towards these isomers, and while they may be able to catalyse 
the hydrolysis of one at a comparable rate to phosphodiesters, they are ineffective or completely 
unable to process the other.[215] Thus a single PS modification protects about 50% of the molecules 
from digestion by a given nuclease. Full phosphorothioate oligonucleotides (PSOs), composed of 
a statistical mixture of both isomers, routinely achieve half-life times ≥10 h.[216,217] This high sta-
bility made phosphorothioation the most prevalent modification in first generation ASOs. Like 
their phosphodiester-based cousins, PSOs recruit RNAse H to effect target mRNA degradation, 
however, they also suffer from a relatively low RNA duplex stability and sequence-independent 
cellular toxicity. The latter has been linked to a propensity of PSOs to non-specifically interact with 
certain proteins and promote protein-protein interactions.[218–220] To reduce the extent of these 
effects, the number of PS-substituted residues can be limited, albeit at the expense of stability. 

To avoid the shortcomings associated with PSOs, second generation antisense oligonucleotides 
based on modifications of the ribose moiety were developed. [221] It was found that the substitution 
of the 2'-position also greatly increases stability against nuclease-mediated hydrolysis.[222–224] In 
contrast to PS linkages, 2’-modifications increase heteroduplex stability by making the DNA struc-
turally more similar to RNA.[225] Amongst the most commonly used ribose modifications are 2’-
methoxy (2’-OMe), 2’-methoxyethyl (2’-MOE), 2’-fluoro (2’-F) and locked nucleic acids (LNA). 2’-
OMe nucleotides, especially, have been widely used in clinical development, as they are effective 
at stabilizing ASOs while still being relatively cost-effective. 2’-MOE-modified building blocks are 
considered a more advanced alternative, which possess the same (if not slightly higher) RNA-
binding affinity as the 2’-OMe congeners but provide significantly better resistance against nucle-
olytic degradation. However, they are also more difficult to synthesize and consequently increases 
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oligonucleotide cost.[226] Another common ribose modification is 2’-fluoro RNA. Fluorine is less 
bulky than other modifications, which helps to maintain oligonucleotide interactions with endog-
enous enzymes. This is particularly useful in the context of RNA interference (RNAi), where 2’-
fluoro modifications are frequently used.[220] By participating in additional stacking interactions, 
2’-fluoro oligonucleotides bind complementary RNA sequences especially well, but their relative 
hydrophobicity may also promote undesired non-specific interactions with proteins.[227] Finally, 
locked nucleic acids (LNA) are DNA analogues, in which a methylene bridge connects the 2′-oxy-
gen of ribose with the 4′-carbon.[228] First described by the Wengel and Imanishi laboratories in 
1998, these conformationally 3’-endo-locked nucleotides pre-organize oligomers in an A-type 
DNA structure and thus greatly enhance the binding affinity for complementary RNA.[229,230] A sin-
gle LNA base can increase the Tm value by as much as 9.6 °C, more than any other nucleotide ana-
log.[228] LNA oligonucleotides are also highly nuclease-resistant and efficient exonuclease protec-
tion can often be achieved by placing a single LNA residue at each end of the sequence.[231] 

An important aspect of the modifications described above is that, unlike PSOs, they are unable to 
recruit RNAse H and thus do not induce nucleolytic degradation of their target mRNA. Instead, 
fully 2’-modified oligonucleotides rely on steric block mechanisms, which benefit from their com-
paratively higher affinity. State of the art second generation antisense oligonucleotides combine 
2’-modifications and RNAse H-competent nucleotides in so-called gapmer designs (Figure 

17).[232] In these chimeras, a central, unmodified 2’-deoxy core is typically flanked by 2-6 nuclease-
resistant 2’-OMe, 2’-MOE or LNA nucleotides. Additionally, some or all phosphodiester bonds of 
the molecule may be replaced by PS linkages. This design protects the ASO against degradation by 
nucleases, while still allowing recruitment of RNAse H via the central DNA bases. The combination 
of 2’-modifications and PS linkages also reduces the latter’s non-specific toxicity.[233] Gapmers of-
ten possess very high stability and can be detected in tissues for several weeks after injection.[234] 

 

Figure 17 Exemplary structure of a second generation gapmer ASO. A central DNA stretch for RNAse H 
recognition is flanked by 2-5 nuclease-resistant, 2’-modified nucleotides (mX), with some or all phos-
phodiester bonds of the oligonucleotide being replaced by PS linkages. This “best-of-both-worlds” design 
produces highly nuclease-resistant ASOs that are still able to trigger degradation of the target mRNA. 

Instead of modifying regular nucleic acids for higher stability, it is also possible to utilize com-
pletely artificial analogues as ASOs. Peptide nucleic acids (PNAs) and phosphorodiamidate “mor-
pholino” oligomers (PMOs) are two important examples for such third generation ASOs, in which 
the natural ribose-phosphate backbone has been replaced by an alternative architecture. PNAs 
were first described in 1991 by Peter Nielsen and Michael Egholm as repeats of flexible, amide 
bond-linked N-(2-aminoethyl)glycine units to which the nucleobases are attached via methylene 
carbonyl linkers.[235,236] Nielsen and Egholm demonstrated that these pseudopeptide chains se-
quence-specifically hybridize to Watson-Crick complementary oligonucleotides and are able to do 
so in either orientation (although the antiparallel complex is more stable).[237] Morpholinos were 
developed by James Summerton at ANTIVIRALS Inc. and feature a morpholine ring, which substi-
tutes the deoxyribose sugar, while the negatively charged phosphodiester bonds are replaced by 
uncharged phosphorodiamidate linkages.[238] As unnatural analogues of nucleic acids, both mole-
cules are extremely stable against enzymatic degradation. They possess high (PMOs) or very high 
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(PNAs) affinity for complementary DNA or RNA, even under conditions that would normally dis-
rupt nucleic acid secondary structure, which has been attributed to their non-ionic backbone 
structures and thus lack of electrostatic repulsion.[239,240] However, more recent results suggest 
that in PNA, a preorganization of the backbone via hydrogen bonding may in fact be primarily 
responsible for the high duplex stability.[241] In addition to their strong binding characteristics, 
both analogues are non-toxic and display excellent sequence specificity, with PNAs being particu-
larly sensitive towards even single base pair mismatches.[242] One mismatch in a 15-mer PNA:DNA 
or PNA:RNA duplex decreases its melting temperature by ca. 15 °C.[243] Another advantage of PNA 
is its comparatively easy synthesis. Instead of requiring highly moisture sensitive phospho-
ramidite chemistry, it can be prepared by robust Boc- or Fmoc-strategy solid phase peptide syn-
thesis (SPPS). This also greatly simplifies a connection to peptides, making PNA highly suitable for 
the synthesis of peptide conjugates.  

Like 2’-modified nucleotides, third generation ASOs are not recognized by RNAse H. Yet, their high 
to very high affinity for other nucleic acids makes them efficient steric blockers.[244] PNA oligomers 
directed against the start codon, 5’ untranslated region (5’-UTR) or pre-mRNA intron-exon junc-
tions demonstrated potent antisense activity in bacteria as well as eukaryotic cells. PMOs are rou-
tinely used as a tool in developmental biology to block translation of specific embryonic genes 
from translation.[245–247] 

Despite their promising characteristics, both alternative oligonucleotide architectures suffer from 
limitations that have complicated a widespread use as therapeutic agents. As charge-neutral com-
pounds they possess limited solubility in aqueous solvents and tend to self-aggregate. This is es-
pecially true for PNA, although its hydrophobicity can be somewhat reduced by the incorporation 
of charged residues, such as Lys or Glu, into the sequence. Another major issue is cell delivery. 
PNAs and PMOs are not membrane-permeable and traditional oligonucleotide delivery agents 
such lipid nanoparticles do not work effectively with them. This is aggravated by higher concen-
tration requirements of steric block-type ASOs compared to RNAse H-recruiting ones While a sin-
gle PSO or gapmer can catalyse the degradation of multiple target mRNA molecules, PNAs or PMOs 
require at least equimolar amounts to effectively prevent translation. Although functional delivery 
methods have been developed for a use in cell culture (e.g. cell-penetrating peptides or electro-
poration), these techniques often do not readily translate to in vivo scenarios. Nevertheless, a 
handful of third-generation steric block ASOs has reached the clinical stage and two PMO-based 
drugs, Eteplirsen and Golodirsen have recently been approved by the FDA for treatment of Du-
chenne muscular dystrophy.[248] 

Antisense oligonucleotides have come a long way since they were conceived about forty years 
ago.[249] Owing to the development of the various chemical modifications presented above and ad-
vances in drug delivery, six ASO-based drugs are in clinical use today and numerous candidates 
are undergoing preclinical development.[248] Amongst them are several molecules that target the 
apoptotic machinery, such as Oblimersen against BCL-2 (Genta) or Gataparsen (Lilly/Isis Phar-
maceuticals) against survivin.[250] Aegera Therapeutics developed AEG35156, a 19-nucleotide 2’-
OMe/PS gapmer, targeted against XIAP. Found in a screening of >100 non-overlapping sequences 
covering the whole length of XIAP mRNA, it demonstrated potent knockdown of its target protein 
at low nanomolar concentrations.[251,252] AEG35156 entered clinical trials in 2005 and gave prom-
ising results in a phase II study investigating the combination treatment with Sorafenib in patients 
with advanced hepatocellular carcinoma.[253] Another prominent example is ISIS 23296, a 2’-
MOE/PS gapmer reported by ISIS Pharmaceuticals. It efficiently down-regulates c-FLIP and syn-
ergizes with TRAIL and FASL to overcome apoptosis resistance in various human cancer cell 
lines.[254] A morpholino-based ASO against the same target was patented by Mourich et al.[255] In 
contrast to ISIS 23296, their 20-mer sequence targets the start codon region and sensitizes acti-
vated T-cells for apoptosis, which resulted in reduced inflammatory responses in mice.[256]  
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2.6 Nucleic Acid-Controlled Generation of Bioactive Molecules 

In nature, nucleic acids act as a molecular template to instruct the propagation of genetic infor-
mation and its translation into functional biomolecules. Their unique capacity for self-recognition 
and -assembly has inspired scientists to utilize them not only for antisense or RNAi strategies but 
also as a versatile platform for various chemical and synthetic biological applications. The predict-
ability of DNA or RNA hybridization to complementary sequences allows a precise, programmable 
spatial positioning of molecules. This can be used to construct complex two- or three-dimensional 
nanoarchitectures[257] or present ligands for Ångstrom-resolution spatial screenings of receptor 
binding pockets.[258–260] Perhaps most interestingly, it allows the catalysis of chemical reactions. By 
using nucleic acids as template, functional groups attached to short strands of DNA or RNA can be 
pre-arranged in close proximity to each other. This enhances their effective molarities and facili-
tates a reaction (Figure 18). As a result, templated reactions are able to proceed quasi-intramo-
lecularly and yield product at concentrations where non-templated reactions no longer occur. To 
design such reaction systems, both bi- and termolecular assemblies are possible. The nucleic acid 
strands carrying the reactive moieties can be complementary to each other and hybridization 
aligns them in a way that promotes the desired reaction (Figure 18A). Alternatively, the two 
strands may bind to neighbouring sequences on a third oligonucleotide that serves as the template 
(Figure 18B). In this case, a reaction only occurs if all three molecules are present and able to 
hybridize. The template thus acts as a logic gate that exerts conditional control over the reaction. 

 
Figure 18 The general concept of templated chemistry. Pre-organisation of substrates confers a proximity 
enhancement that increases effective concentrations, thereby accelerating a reaction. Different subtypes 
can be distinguished: (A) interstrand crosslinking and (B) templated ligations or transformations. 

Initially, the field of templated chemistry was focused on the formation of phosphodiester bonds 
and nucleic acid ligations. Pioneering works by the groups of Orgel, von Kiedrowski and Sha-
barova demonstrated how templates could be used do direct gene synthesis, self-replication and 
molecular evolution of DNA or RNA.[261–266] However, it quickly became apparent that other reac-
tions beyond the scope of traditional nucleic acid chemistry are possible. Joyce and co-workers 
showed how amide bonds can be formed between oligonucleotides and peptide thioesters, Lynn 
et al. presented a templated reductive amination and the Kool and Letsinger groups reported 
chemical autoligations of oligonucleotides through nucleophilic attack of 3’-phosphorothioates or 
-selenoates at various 5’-electrophiles (e.g bromoacetyl, iodo, tosyl).[267–271] Today, a vast range of 
different nucleic-acid encoded ligations, transfer reactions and functional group interconversions 
is available, including, but not limited to reductive aminations,[272–274] disulfide[275] and hydrazone 
formations,[276] C-C cross-couplings, tetrazine-mediated transfers,[277,278] cycloadditions, olefina-
tion reactions[279–281], SN2[282–285] and SNAr[286] substitutions, as well as native chemical ligation[287–

292] and Staudinger[293–299] reactions. They have been used to form bonds, install chemical modifi-
cations,[267,300] create drug and reaction discovery libraries[301] or detect nucleic acids.[297,302] 
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Aside from relying on DNA or RNA, templated reactions systems can also be designed with nucleic 
acids analogues. To achieve a higher sequence fidelity or overcome limitations imposed by the 
chemical stability of regular oligonucleotides, several groups have employed artificial, more stable 
molecules such as LNA or PNA. The latter has proven especially suitable due its high affinity for 
DNA or RNA even at very low concentrations and for short sequences. Together with its excep-
tional sensitivity for mismatches and easy functionalization, PNA is a valuable platform for sce-
narios that require precise sequence discrimination or reactions that proceed in the presence of 
minute amounts of template.[303,304] 

So far, a major focus for a possible application of templated reactions in living cells has been nu-
cleic acid sensing.[6,305,306] RNA imaging, in particular, is of considerable significance for diagnostics 
and fluorescent readouts can be conveniently detected by spectrophotometric methods or micros-
copy. Yet, it may also be possible to utilize them for therapeutic purposes. Being able to recognize 
nucleic acid sequences or expression patterns indicative of a cell’s state, templated reactions could 
be used to directly translate that information into bioactive molecules. Ma and Taylor were 
amongst the first to present such a system for nucleic acid-controlled drug release.[307] They used 
a DNA-linked imidazole catalyst to effect the hydrolytic release of p-nitrophenol from an ester 
bond-containing pro-drug in the presence of a triggering RNA (Figure 19A). In a follow-up study 
they modified their system to also allow the release of coumarin.[308] Other groups quickly adopted 
the concept and developed their own approaches. Kraemer and Mokhir used a PNA-linked CuII-
chelating pyridylpyrazolyl-complex as catalyst for a similar hydrolytic release of picolinic and 
benzoic acid derivatives. Although they showed that their reaction proceeds with turnover in tem-
plate, it suffered from the same lability of the ester bond that Taylor and co-workers had previ-
ously reported, leading to a high background reaction.[309] 

 
Figure 19 Nucleic acid-encoded release of bioactive molecules. (A) Organo-catalyzed ester hydrolysis, (B) 
photoreactive molecular beacons and (C) photocatalytic generation of singlet oxygen with phosotensitizers 
(PS) have been reported as templated reaction systems for a conditional drug release.[307,310–313] 

Isao Saito and his group used a different approach. They devised a photoreactive molecular bea-
con for the release of biotin (Figure 19B).[310] Their system consisted of a 25-mer hairpin deoxy-
oligonucleotide modified with the phenacyl ester-linked drug on the 3’-end and naphthalene as 
triplet quencher on the 5’-end. Upon hybridization to a target DNA, the stem-loop form opens up 
and the photolabile phenacyl ester is separated from the quencher. Irradiation with UV light 
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(λ = 312 nm) could then trigger the release of the drug. Tanabe et al. used the same design but 
modified it with a different chromophore/quencher pair to release benzoic acid. Although slightly 
less effective than Saito’s system, their hairpin was able to recognize a target sequence with single 
base-pair discrimination.[314] Gothelf, Mokhir and co-workers introduced a system for the nucleic-
acid templated generation of singlet oxygen as cytotoxic drug.[311–313] They linked pyropheophor-
bide- or eosin-based photosensitizers to the 5’-end of an oligonucleotide and designed an ex-
tended, complementary probe, modified with a black hole quencher, to keep them in a quiescent 
state. Upon introduction of a (longer) template sequence, a strand exchange liberated the sensi-
tizer, which could then photocatalytically generate singlet oxygen (Figure 19C). Their system 
achieved high turnover and specificity, with the presence of a single mismatch reducing activity 
to near-background levels. In later publications they further improved it with more effective py-
ropheophorbide metal complexes and demonstrated an application in living cells.[312,313] More re-
cently, Mokhirs group reported a modified version for gene modulation based on photoreactive 
uncaging of an siRNA by the generated singlet oxygen.[315,316] Although many of these examples 
rely on some sort of dissociative chemistry to generate a drug, it is also possible to evoke activity 
through induction of a conformational change, synthesis of a structural motif or transformation 
of a functional group. The latter will be addressed in more detail in chapters 2.6.1 and 2.6.2.[6] 

Despite promising in vitro examples, several constraints have so far hindered the development of 
functional nucleic acid-controlled drug-release systems that can be successfully applied in vivo. A 
critical issue is the available template concentrations. Naturally occurring mRNAs are typically 
much less abundant than the protein drug targets they code for. In order to produce a biological 
effect, it is crucial that a templated reaction proceeds with turnover in template. Ideally, one nu-
cleic acid molecule should catalyse the synthesis of many drug molecules.[317] This precludes the 
use of ligation-type reactions. By definition, a ligation product has more nucleobases than its re-
spective precursor conjugates. As a result, it possesses a higher affinity for the template and thus 
preventing it from participating in further catalysis. Although there have been efforts to counter-
act this effect through introduction of sterically demanding residues or a subsequent cyclization 
of the product strand, ultimately only functional group interconversions and transfer reactions 
represent viable options for achieving amplification.[287,317] Another issue is the nature of the mol-
ecule that is to be formed. To produce a bioactive compound from an ideally inactive precursor, 
the templated reaction must be able to create or restore an activity-conferring structural motif. 
This is often difficult to achieve within a single step and restricts the pool of suitable drug candi-
dates. Reaction systems that rely on a conditional release through bond cleavage must be carefully 
designed to guarantee a low activity in the pro-drug state but also preclude a premature release 
by undesired hydrolysis or enzyme activity. Finally, many of the above-mentioned chemistries 
have limited compatibility with biological systems. Reactions like the copper-catalysed azide-al-
kyne cycloaddition, C-C cross-couplings or reductive amination often require toxic additives that 
are not tolerated. Furthermore, the multitude of non-target functional groups presented by other 
biomolecules necessitates a high degree of chemoselectivity and requires the reaction to proceed 
under the conditions typically found within cells. 

Against this backdrop, only a handful of templated chemistries are suitable for the development 
of effective and applicable drug generation systems. Amongst the aforementioned examples, two 
reactions have emerged as attractive candidates: native chemical ligation (NCL)-based acyl trans-
fer and the Staudinger reduction. Both reactions are highly chemoselective and have been shown 
to be able to proceed with turnover in lysate as well as living cells.[298,318–320] While NCL produces 
amide bonds, Staudinger reduction can convert biologically inert azides into amines. Both of these 
functional groups are commonly found in bioactive peptides, peptidomimetics, and a number of 
small-molecule drugs and due to their respective roles as backbone or hydrogen bond donor, both 
are tightly connected to activity. 



Theoretical Background 

- 28 - 

2.6.1 Templated Native Chemical Ligation and Acyl Transfer Reactions 

Native chemical ligation was initially developed as a method for protein synthesis. In 1953, The-
odor Wieland et al. discovered that 1,2-aminothiols, like cysteine, readily react with thioesters to 
form an amide bond.[321] This proceeds via a two-step process (Figure 20A). In a first, reversible 
transthioesterification reaction, the sulfhydryl group attacks the thioester. The resulting interme-
diate immediately rearranges via an intramolecular S,N-acyl shift to form an amide. This second 
step represents the driving force of the reaction, as it is irreversible under physiological condi-
tions and involves an energetically favoured five-membered transition state. Forty years later, 
Stephen Kent and co-workers at the Scripps Research Institute described how this unique reac-
tivity could be utilized to assemble large, unprotected peptide fragments into synthetic pro-
teins.[322] NCL has since become one of the most widely used ligation reactions in protein chemis-
try, as it is highly chemoselective, proceeds under mild conditions in water and achieves a near 
quantitative yield. 

Figure 20 Native chemical ligation (NCL) and templated acyl transfer. (A) The two-step reaction mecha-
nism of NCL involves a reversible transthioesterification reaction, followed by an irreversible S,N-acyl shift.
(B) Templated NCL-like acyl transfer reactions avoid product inhibition and proceed with turnover.[6] 

The Seitz group merged this powerful reaction with nucleic acid-templated chemistry.[287–289] By 
using short PNA probes, one fragment equipped with an N-terminal cysteine residue and another 
with a C-terminal glycine thioester, in combination with a complementary DNA template, they 
could increase the reaction rate by 103-fold at micromolar concentrations. Their system demon-
strated high sequence specificity and a single mismatch reduced the kinetics to near-background 
levels.[288] The high chemoselectivity of the reaction allowed it to be applied in a PCR set-up.[290,291] 

Like other ligation reactions, the use of templated NCL for amplification purposes is limited by 
product inhibition. To circumvent this problem, Grossmann et al. conceived a system that avoids 
ligation.[323] Instead of bridging the probes, a thioester-linked acyl unit is transferred from a donor 
conjugate onto a thiol-containing acceptor. The nucleic acid strand used for recognition acts as 
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leaving group (Figure 20B). Because both the starting material and the product possess the same 
number of paired nucleotides, a dynamic strand exchange can occur, allowing the reaction to pro-
ceed with turnover and the template to act as a catalyst. Using the acyl transfer reaction in a sys-
tem for DNA detection, Grossmann et al. demonstrated that 100-1000 turnovers were possi-
ble.[324,325] This high degree of amplification makes the reaction amenable to template-controlled 
synthesis of bioactive molecules to interfere with cellular processes. A first example for a such a 
system was presented in 2011 by Erben et al.[318,326] They devised a DNA-template triggered pep-
tidyl transfer of a thioester-linked alanyl residue from a donor PNA onto a tri- or hexapeptide 
acceptor-PNA conjugate. This formed a Smac-like Ala-Cys-Pro-Ile-motif to disrupt the interaction 
between Caspase-9 and the BIR3 domain of XIAP. They demonstrated that the reaction only pro-
ceeds in the presence of template and restores the activity of caspase-9 and downstream execu-
tioner caspase-3 in cell lysate. No increase in caspase activity could be detected when a mismatch 
target was used.[318] In contrast to the dissociative drug release-systems presented above, this re-
action presented the first example to generate a drug-like molecule by bond-formation rather than 
bond cleavage. 

Vázquez et al. confirmed that the generation of a bioactive molecules by acyl transfer depends on 
the catalytic activity of the template. They described a RNA-programmed peptidyl transfer system 
to produce a cytotoxic, cell-permeable KLAKLACKLAKLAK-peptide-PNA-octaarginine conjugate 
in cell medium.[327] For activity, the positively charged peptide depends on the cell-permeability 
conferring polyarginine. In their setup, the reaction system killed HeLa cells in the presence of 
substoichiometric amounts of template, whereas equimolar amounts of RNA resulted in a mask-
ing of the positive charged required for evoking a cytotoxic effect. Likewise, the addition of a non-
complementary target did not result in decreased cell viability. This suggested that the reaction 
was specific and proceeded with turnover, creating more product molecules than the template is 
able to scavenge. 

Recently, Di Pisa et al. presented an RNA-templated synthesis of a 16-mer, peptidic Bcl-xL inhibi-
tor.[328] They assessed the influence of various parameters for the efficiency of the peptidyl trans-
fer, including probe length, position on the template RNA, and identity of the C-terminal amino 
acid. Interestingly, they found that the length of the acceptor and donor probes was mostly irrel-
evant. Instead, the steric hinderance provided by the thioester-linked amino acid proved to be a 
decisive element. Small alanyl- or glycyl- thioesters afforded the highest reactivity enhancements 
in response to the presence of template, whereas bulky, β-branched amino acids, such as Val or 
Ile were unreactive. The authors also reported an influence of the distance between the annealing 
sites, with a gap of two unpaired nucleotides representing the optimal distance. Taking all these 
findings into account, they constructed a reaction system that yielded 100 nM product in the pres-
ence of only 10 nM template, enough to inhibit their target protein, Bcl-xL, by more than 50 %. 

2.6.2 Templated Azide Reduction 

The reduction of azides to amines is an important functional group transformation, not only in 
organic chemistry but also chemical biology. A powerful tool for this purpose is the Staudinger 
reaction (also known as Staudinger reduction). Named after its inventor, Hermann Staudinger, it 
occurs between a phosphine and an organic azide to produce a primary amine and a phosphine-
oxide (Figure 21A).[329] It is considered biorthogonal, as both reactants are essentially abiotic and 
do not react with most functional groups found in or on cells.[330] Its excellent compatibility with 
biological systems was impressively demonstrated by Bertozzi and co-workers, who developed a 
modified version for a chemoselective ligation of oligosaccharides on the surface of living cells, 
termed the “Staudinger ligation”.[331,332] 
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In 2005, the group of Liu presented a nucleic-acid templated Staudinger reduction as part of a 
system for different, sequence-programmed functional group transformations.[333] Several other 
groups adopted the concept to create reaction systems that activate a fluorescent reporter dye in 
the presence of a specific nucleic acid sequence. Cai et al. utilized the templated Staudinger chem-
istry to remove an inactivating triphenylphosphine ester residue from a fluorescein-bearing 
probe.[293] Despite promising results in test tube experiments, the applicability of the approach 
was limited by the background signal that would result from the inevitable partial oxidation of 
phosphine under biological conditions. Pianowski and Winssinger reasoned that the system could 
be improved if fluorescence activity was instead caged by the more biostable azide. To test their 
hypothesis, they synthesized 7-azidocoumarin- and triphenylphosphine-PNA conjugates that 
would reductively unmask the active coumarin dye when brought into close spatial proximity by 
an oligonucleotide template. The reaction worked well and proved capable of detecting down to 
1 nM DNA with low background signal and single-nucleotide resolution in vitro.[296] The groups of 
Ito and Kool reported similar systems, utilizing azidorhodamine[295] or azidomethyl-quenched 
coumarins[299] as pro-fluorophores.  

In subsequent publications, Winssinger and co-workers demonstrated how their reaction system 
could be used to detect the presence of micro-RNAs (miRNAs) in different human cancer cell 
lines.[297,320] For this, however, some modifications were necessary: First, an azidorhodamine pro-
fluorophore was used as reporter to avoid the high auto-fluorescence of cellular organelles near 
the excitation/emission wavelengths of the previously used coumarin dyes. Secondly, the slug-
gishly reacting triphenylphosphine was replaced by a more reactive alkylphosphine reducing 
agent. They chose tris(2-carboxyethyl)phosphine dimethyl ester (dmTCEP), which has high reac-
tivity, is membrane permeable and can be easily coupled to PNA via its carboxyl group.[336] Finally, 
the probes were modified with backbone-modified, positively charged guanidinium PNA (GPNA) 
residues, which allowed cell delivery without special permeabilization techniques.[337]  

 
Figure 21 Azide conversion by Staudinger reaction or Ru(II)-catalysed photoreduction. (A) The mecha-
nism of the Staudinger reduction starts with a nucleophilic addition of an alkyl/aryl phosphine to the ter-
minal nitrogen of an organic azide. The resulting phosphazide rearranges under expulsion of N2 to generate 
an iminophosphorane. In the presence of H2O, subsequent hydrolysis yields a primary amine and the phos-
phine oxide.[334] (B) Proposed catalytic cycle for Ru(II) photoreduction. Ground state [Ru(bpy)3]2+ absorbs 
a photon (λmax = 452 nm) and the resulting excited triplet is reductively quenched by an electron donor, like 
ascorbate (HAsc-), NADPH or DIPEA. [Ru(bpy)3]+ transfers an electron (SET) to the azide, converting it into 
a radical anion. After expulsion of N2 and protonation, the aminyl radical undergoes hydrogen atom transfer 
(HAT) to form the amine.[335] 
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In a different approach, templated azide reductions have been used to release molecules from pro-
functional conjugates (Figure 22). Franzini and Kool reported a reaction system for nucleic acid 
sensing that utilizes an α-azidoether linker linker to reductively cleave off a Dabcyl quencher from 
a fluorescein-labeled DNA probe.[294] They tested their system in an in vitro experiment, where it 
successfully distinguished between Escherichia coli and Salmonella enterica based on their rRNA 
sequence. Winssinger and co-workers developed an immolative para-azidobenzyl-based linker 
that could be used to liberate different payloads upon reduction .[338] Using their previously devel-
oped dmTCEP-PNA probes, they created a DNA-templated reaction for the sequence-dependant 
release of estradiol, rhodamine or doxorubicin. A similar system was conceived by Shibata et 

al.[295] They designed two DNA probes to anneal to the E. coli 23S rRNA and modified one with an 
azidomethyl-caged immolative linker, connected to isopropyl-β-D-thiogalactopyranoside (IPTG), 
the other with triphenylphosphine. Recognition of the target sequence triggered a Staudinger re-
duction, followed by 1,6-elimination of the linker and release of IPTG. In response, the expression 
of lac operon-controlled GFP was induced in the bacteria.  

Despite multiple successful applications in cells, the templated Staudinger reduction has a few 
drawbacks limiting its potential. Phosphine conjugates are sensitive to oxidation, particularly at 
the low concentrations used for templated chemistry, which means they must be used in excess. 
This increases the propensity for untemplated background reactions. In addition, the maximum 
achievable turnover frequency is limited by the dissociation rate of the spent reducing agent after 
a reaction, especially for longer probes. An alternative method for the conversion of azides into 
amines is catalytic photoreduction. In 2011, the group of Liu discovered a biocompatible, Ru(II)-
catalysed, reductive hydrogenation reaction of alkyl-and aryl-azides that occurs in the presence 
of stoichiometric amounts of an electron donor (e.g. DIPEA, sodium ascorbate or NADPH) upon 
irradiation with visible light (Figure 21B).[335] The ruthenium 2,2’-bipyridyl (bpy) complexes used 

 
Figure 22 Release of functional molecules by templated azide reduction. Proximity-induced reduction 
triggers the fragmentation of an immolative linker (L) and separates payload from conjugate. Probes 
equipped with a Ru(II) photocatalyst as reducing agent (RA) can remain bound to the template, allowing 
catalysis without dynamic strand exchange. RA = Reducing agent, L = immolative linker.[294,338–340] 
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for this purpose are stable and selective against a wide range of functional groups. In addition to 
their resistance against oxidation, the reaction has two other advantages over Staudinger chem-
istry. First, its catalytic activity allows the use of sub-stoichiometric amounts of reducing agent 
relative to the azide, and second, the light dependence adds an extra element of temporal control. 
Winssinger’s group adopted the reaction to improve their previous system, reasoning that the 
intracellular pool of antioxidants could act as the electron donors required to generate the reac-
tive [Ru(bpy)3]+ species.[339,341] They equipped two strands of GPNA or γ-serine-modified PNA with 
a [Ru(bpy)3]2+ analogue or a pro-fluorescent rhodamine dye connected via their immolative az-
idobenzyl linker. Irradiation with blue light (λ = 455 nm) in the presence of a matching DNA target 
triggered fast and selective release of the dye. The reaction was very effective: as little as 2 % 
catalyst were sufficient to produce significant amounts of product. In a 24 h reaction with 5 pM 
template, more than 10 % conversion, corresponding to 4000 turnovers, could be achieved. Wins-
singer and co-workers successfully used their new system for a selective detection of miRNA 
(miR-21 and miR-31) in human cancer cell lines BT474 and HeLa.[341] They also demonstrated an 
impressive application in vivo: Zebrafish embryos were injected with ruthenium complex- and 
azidorhodamine-bearing PNA probes and allowed to develop for 24-36-hours post-fertilization, 
before triggering a reaction by irradiation. The resulting fluorescence signal allowed a them to 
precisely determine the presence and tissue-specific localization of three different micro RNAs, 
associated with the regulation of embryonal development and cell differentiation.[342]  
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3. Research Objectives 

Targeted tumour therapy seeks to exploit molecular differences between healthy and malignant 
cells to increase drug specificity and limit undesired perturbations of healthy cells. A hallmark of 
cancer is the accumulation of DNA sequence alterations and changed expression patterns, for ex-
ample an upregulation of antiapoptotic proteins, like IAP family members or c-FLIP. Thus, the ge-
netic information of a cell represents a fundamental marker for the presence of disease. It may be 
targeted by different nucleic acid-based approaches: Antisense oligonucleotides can manipulate 
gene expression and downregulate protein levels in a highly specific manner. Nucleic acid-tem-
plated reactions allow the translation of DNA- or RNA- encoded information into functional mol-
ecules and may be used to design sequence or expression-dependant drug release systems. 

The aim of this thesis was to utilize both these technologies to enhance and control the activity of 
pro-apoptotic Smac mimetics. In the first part, potential synergistic effects of conjugates compris-
ing both an antisense oligonucleotide and a SMC part were to be investigated. IAP antagonists are 
promising anti-cancer agents, but many cell lines are resistant to them as single agents. It has been 
shown that knockdown of c-FLIP, a central regulator of the extrinsic pathway of apoptosis, can 
enhance sensitivity to SMC action.[96,97] Dual-activity conjugates that pair a Smac mimetic with a c-
FLIP antisense oligonucleotide may benefit from increased activity, as they are able to concur-
rently stimulate both the intrinsic and extrinsic pathway of apoptosis (Figure 23).[343] In addition, 
the combination of two different biomolecule classes, peptides and nucleic acids, may expand op-
tions for cellular delivery. 

 
Figure 23 Envisioned synergistic action of Smac mimetic compound (SMC)-c-FLIP antisense oligonucleo-
tide (ASO) conjugates on apoptosis-resistant cells. The ASO portion blocks the translation of c-FLIP mRNA, 
resulting in a sensitization to apoptotic stimuli, while the SMC relieves caspase inhibition by XIAP and in-
duces proapoptotic, autocrine TNF-α signalling. 

To that end, conjugates of a mono- or bivalent SMC and different ASO architectures (PSOs, PNAs) 
were to be synthesized and tested for their ability to induce programmed cell death in apoptosis-
resistant cancer cells. The goal was to determine the contributions of the SMC and ASO parts for 
activity by comparison of controls bearing either inactivated Smac mimetics, scrambled antisense 
sequences, or both. For a cellular delivery of the conjugates, different options were to be evalu-
ated, specifically cell-penetrating peptides, guanidinium-modified PNA (GPNA) and lipofection. 

The aim of the second part of the thesis was the development of a reaction system that takes ad-
vantage of the elevated IAP expression levels found in many cancers, to trigger drug synthesis. 
XIAP mRNA should be used as template for the formation of high affinity Smac mimetics from 
inactive or low affinity precursors (Figure 24). For this purpose, two different approaches should 



Research Objectives 

 

- 34 - 

be explored: In the first, a templated native chemical ligation of two low-affinity, monovalent SMC 
units should yield a potent, bivalent SMC (Figure 24A). To enable synthesis by thioester-mediated 
acyl transfer, a cysteine residue should be incorporated into the SMC linker. This was expected to 
be tolerated as the linker had previously been shown to be amenale to modifications.[188,343] Differ-
ent linker lengths were to be screened for optimal affinity enhancement of bivalent SMCs over 
their monovalent precursors. For the second strategy, SMCs should be inactivated by substitution 
of the essential terminal P1 amine with an azide (Figure 24B). This interrupts key hydrogen 
bridges with Asp214/Glu219 (BIR2) or Glu314/Gln319 (BIR3) and abolishes binding affinity.[344] 
Templated Staudinger reduction can be used to conditionally restore the amine moiety and thus 
SMC activity. Two previously reported reducing agents were to be tested for their performance in 
activated azide-modified SMCs: the phosphine derivative dmTCEP and the photoredox catalyst 
Ru(bpy)2(mcbpy)2+.[335] 

 
Figure 24 RNA-templated synthesis to generate high-affinity SMCs from low-affinity precursors. Activa-
tion is achieved by (A) templated peptidyl transfer of a monovalent, thioester-linked SMC unit onto another 
to create a high-affinity, bivalent inhibitors, or (B) templated reduction of a P1 azidoalanine-modified SMC 
with an alkylphosphine or a Ru(II) complex, to restore key hydrogen bridges with the IAP BIR domains. 

All three reaction systems should be first evaluated in test tube experiments to determine key 
parameters such as reaction speed, turnover number and minimum required template concentra-
tion. Suitable systems should then be transferred into a live cell setup. In order to elicit a biological 
response, the synthesis of a sufficient quantity of product molecules is paramount. To guarantee 
the required, high template concentrations, experiments should be performed in stably trans-
fected cell lines, which overexpress a target-containing fragment of the XIAP mRNA sequence. 
Building on the results of the first part of the thesis, different means of delivering the conjugates 
into cells were to be investigated. The biological activity should be assessed by viability and flow-
cytometry based apoptosis assays. Finally, product formation should be verified by extraction and 
identification of tagged molecules from cell lysate following incubation. 

If successful, both approaches investigated in this thesis could eventually be combined into one 
system. It is envisioned that dual-action antisense oligonucleotide-SMC conjugates may ultimately 
be used to trigger mRNA-dependant formation of drug-like molecules, while simultaneously 
blocking the template from being translated into functional proteins. This would enable a specific, 
multi-pronged targeting of IAP-overexpressing cancer cells based on their transcriptome and the 
synergistic attack on two key regulators of apoptosis.  
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4. Results and Discussion 

4.1 Part I: Synergistic Enhancement of SMCs with c-FLIP ASOs 

In the first part of the thesis, strategies to combine Smac mimetic peptides and antisense mole-
cules to harness synergy and expand options for cellular delivery were investigated. To that end, 
a potent bivalent SMC, BV6 (XIAP BIR2-BIR3 Ki = 1.3 nM; see Figure 12) and a verified 20-mer 
c-FLIP antisense sequence, ISIS 23296 (5'-ACTTGTCCCTGCTCCTTGAA-3'), were selected. BV6 
consists of two N-Me-Ala-Chg-Pro-Dip tetrapeptides connected by a flexible 1,6-diaminohexane 
tether. It induces cell death in SMC-sensitive EVSA-T cells with an IC50 of 14 nM and sensitizes 
other cell lines to death receptor agonists.[178,345] ISIS 23296 was found in a screening of chimeric 
phosphorothioate oligonucleotide gapmers with 2’-MOE wings, where it reduced c-FLIP expres-
sion by more than 70 % and synergized well with death receptor agonist TRAIL.[254] Our group 
has previously successfully applied ISIS 23296 in combination with a different, AEG 40730-de-
rived SMC.[343] However, a key advantage of BV6 over this and other SMCs is that it can be easily 
prepared by solid phase peptide synthesis from commercially available building blocks. Moreo-
ver, it has very high affinity, which should result in potent SMC-antisense oligomer conjugates. 

 
Figure 25 Outline of the structure of dual-activity conjugates between a bivalent SMC, an antisense PNA 
or PSO sequence and, optionally, a cell penetrating peptide (CPP). AcSer = N-acetyl-L-serine, eea = 5-amino-
3-oxopentanoic acid, Chg = L-cyclohexylglycine, Dip = L-diphenylalanine, MeAla = N-methyl-L-alanine. 

To combine the SMC with ISIS 23296-derived antisense sequences, a lysine-containing, peptidic 
linker (Gly-Gly-Lys-Dap; Dap = 2,3-diaminopropionic acid) was installed between the two mono-
valent SMC units (Figure 25). Previous experiments by Wang and co-workers as well as our own 
group demonstrated that the dimerization tether is amenable to modifications without drastically 
altering SMC activity.[188,343] When a peptide-based linker is used instead of the 1,6-diaminohexane 
originally found in BV6, not only can the resulting SMC be fully synthesized on solid phase, but it 
also allows the facile attachment of antisense molecules via the ε-amino group of the central ly-
sine. When an SPPS-compatible ASO, like PNA, is used, the whole SMC-antisense conjugate could 
be assembled on resin. For oligonucleotide conjugates or to provide greater synthetic flexibility, 
chemoselective ligation strategies can be chosen instead. The peptidic linker was also designed 
with the second part of the thesis in mind, in which a templated acyl transfer reaction was to be 
used to synthesize bivalent SMCs from monovalent precursors. For this, one of the glycine resi-
dues could easily be replaced with a cysteine to create a native chemical ligation site (see 4.2). 
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With the aim of also providing a means of cellular delivery for the conjugates, two strategies were 
pursued. In the first, all-peptide conjugates, consisting of SMC and a PNA-based antisense oligo-
mer were C-terminally modified with positively charged, cell-penetrating peptides (CPP) to effect 
transport across the membrane. For the second, the SMC was conjugated to a phosphorothioate 
antisense oligonucleotide. This combination allowed recourse to an established oligonucleotide 
delivery method: lipofection with cationic lipids. 

 
4.1.1 SMC-PNA-CPP Conjugates Targeting the Coding Region of c-FLIP mRNA 

As mentioned above, antisense molecules based on PNA are especially suitable for a combination 
with peptides, as both types of molecules are established by iterative peptide coupling reactions. 
However, in contrast to DNA-based antisense molecules, which are typically between 20 and 25 
nucleotides long, PNA oligomers used for this purpose are often much shorter. As PNA possesses 
significantly higher affinity for RNA, overly long sequences would increase the chance for inad-
vertent binding as well as aggregation. For PNA, the shortest length that can produce a substantial 
target downregulation at concentrations achievable in cells is a 10-mer.[346] PNA antisense mole-
cules are usually 10- to 18-mers, with their single mismatch discrimination ability being the high-
est at lengths of 10-11 nt.[347,346] 

In order to shorten the PSO-based ISIS 23296 sequence for use with PNA, a screening of suitable 
sub-sequences was conducted. Two lengths of antisense PNA were selected, 11 nt (Tm for the du-
plex with RNA = ca. 70 °C, see appendix 8.3) and 15 nt (Tm > 90 °C). Although 11-mers are likely 
not long enough to guarantee transcriptome-wide uniqueness, this length was deliberately chosen 
out of consideration for future templated reactions, where two such probes would be used to form 
a templated reaction system. Together, they cover more than the full 20-mer target sequence. 15-
mers on the other hand are more specific, but their melting temperature is probably too high to 
provide turnover in a templated reaction. The screening was also conducted to see if and to what 
extent an antisense effect that enhances the efficacy of a conjugated SMC could be achieved with 
those sequences. To determine the contribution of the antisense unit to conjugate activity, an SMC-
inactivated version of each conjugate was prepared, in which the P1 N-methyl-L-alanine (MeAla) 
residue essential for a high binding affinity to IAP BIR domains, was replaced by N-acetyl-L-serine 
(AcSer; see 2.4.1). For cellular delivery, the conjugates were C-terminally modified with the cell 
penetrating peptide (CPP) octaarginine (R8). This particular CPP was chosen because it is gener-
ally considered to be very effective, is of short length, easy to synthesize, and has been proven to 
work with different cargos, including PNA.[348–350] Our group, too, has previously used R8 to deliver 
peptide nucleic acids into cells.[327] 

To facilitate the preparation of multiple conjugates with different PNA sequences, synthesis was 
conducted via thiol-maleimide ligation (Scheme 1). For this, the ε-amino group of the linker con-
necting the SMC units was modified with N-maleoyl-β-alanine (MalβAla). An excess of the inhibi-
tor was prepared and conjugated to different, thiol-modified PNA sequences, without having to 
run an extended synthesis for each conjugate. The active or AcSer-inactivated inhibitor fragments 
(Xaa-Chg-Pro-Gly-Gly-Lys(MPA)-Dap(Xaa-Chg-Pro-Dip)-NH2; Xaa = Ala, AcSer) were prepared by 
manual solid phase peptide synthesis (SPPS) on ChemMatrix® Rink amide resin using Fmoc-pro-
tected building blocks and 2-(6-chlorobenzotriazole-1-yl)-N,N,N’,N’-tetramethyluronium hex-
afluorophosphate (HCTU), Oxyma and N-methylmorpholine (NMM) as coupling mixture. After 
completion of the linker sequence, the terminal Fmoc and the 4-Methyltrityl (Mtt) protecting 
group on the β-amino group of Dap1 were removed by treatment with 20 % piperidine in N,N-di-
methylformamide (DMF) and multiple washes with 2 % trifluoroacetic acid (TFA) in dichloro-
methane (DCM), respectively. Then, the two SMCs units were built up simultaneously, using twice 
the amount of coupling mixture (8 eq. amino acid and activator; 16 eq. base) for each step. 
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Scheme 1 Synthesis of bivalent SMC anti-c-FLIP-PNA-Arg8 conjugates targeting the coding region of c-FLIP 
mRNA (524-543; numbers relative to the start codon in c-FLIP mRNA transcript variant 1; see 8.7.3). (i) 
Fmoc-SPPS: aa, HCTU, Oxyma, NMM, 2x 30 min coupling, Fmoc deprotection: 20 % piperidine/DMF 3+7 
min; (ii) 2 % TFA, DCM, 5x 2 min; (iii) Fmoc SPPS; (iv) Pd(PPh3)4, PhSiH, DCM, 2x 30 min; (v) N-Maleoyl-β-
alanine, HATU, NMM, 2x 2 h; (vi) 96 % TFA, 2 % TIS/H2O, 2 h; yield: 80-84 %;(vi) 94 % TFA, 2 % 
TIS/EDT/H2O, 2 h; crude yield: 48-71 %; (viii) Buffer (100 mM Na2HPO4/NaH2PO4, pH 6.5)/MeCN, 2 h; total 
yield: 7-13 %. Dap = 2,3-diaminopropionic acid, MPA = 3-mercaptopropionic acid.  

Boc-N-Me-L-Ala-OH and Fmoc-L-Ser-OH were coupled as terminal amino acids for the active and 
inactive inhibitor, respectively. The latter was subsequently deprotected and acetylated. Finally, 
the allyloxycarbonyl (Alloc) protecting group was removed from the ε-amino group of Lys with 
Pd(PPh3)4 and phenylsilane to allow MalβAla to be coupled.1 The maleimide-modified active in-
hibitor (SMC)2-MalβAla (10) and inactive control (AcSMC)2-MalβAla (11) were cleaved off the 
resin with TFA containing 2 % triisopropylsilane (TIS)/water as scavengers and obtained in 80 % 
and 84 % yield, respectively, after HPLC purification. 

                                                             
1 An initial attempt to use Lys(ivDde) instead of Lys(Alloc) failed, as the deprotection was highly inefficient, 
possibly due to the steric hinderance provided by the RAM linker and/or resin. 
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The thiol-modified PNA sequences carrying a C-terminal octaarginine CPP 12-17 were prepared 
by automatic SPPS from Fmoc/Bhoc-protected PNA monomers, using the same resin and coupling 
chemistry as described above. As a last step, the oligomers were modified with S-trityl-3-mercap-
topropionic acid (MPA). When the SH-PNA sequences were cleaved off the resin using the stand-
ard mixture (96 % TFA, 2 % TIS, 2 % water), an attachment of diphenylmethyl cations, released 
from the benzhydryloxycarbonyl (Bhoc) PNA protecting groups, most likely to the terminal thiol 
was observed (M+166). This could be resolved by including 1,2-ethanedithiol (EDT) in the cleav-
age mixture as additional scavenger, allowing the thiol-PNA-R8 conjugates 12-17 to be obtained 
without side reaction. The crude thiol-PNAs were then used in the subsequent thiol-maleimide 
ligation with 10 and 11 without further HPLC purification, as only complete, non-truncated se-
quences carried the thiol function required for a reaction. To reduce partially oxidized thiols, the 
thiol-PNA sequences were pre-incubated with a small amount (0.2 eq.) of tris(2-carboxy-
ethyl)phosphine (TCEP) before mixing them with the maleimido SMCs. After stirring in buffer 
(100 mM Na2HPO4/NaH2PO4, pH 6.5)/MeCN (1:1) for 2 h and subsequent HPLC purification, the 
(SMC)2-PNA-R8 and (AcSMC)2-PNA-R8 conjugates 18-29 were obtained in 7-13 % total yield. 

To evaluate the conjugates, their ability to induce apoptosis in two human cancer cell lines, A549 
and MCF-7 was assessed. A549 lung adenocarcinoma cells are resistant to Smac mimetics, but can 
be sensitized by c-FLIP knockdown, and MCF-7 breast cancer cells have been shown to undergo 
spontaneous apoptosis upon c-FLIP silencing.[96,351] Both cell lines were incubated with a dilution 
of 2 µM of the conjugates in OptiMEM medium. This reduced-serum medium was chosen to reduce 
the risk of a non-specific binding to serum proteins like albumin and enhance delivery. After 4 h, 
the treatment solutions were diluted 1:1 with normal growth medium and the cells were incu-
bated for another 3 days before their viability was determined by alamarBlue™ assay. This fluo-
rometric method is based on the reductive conversion of the cell-permeable, weakly fluorescent 
indicator dye resazurin into its highly fluorescent derivative resorufin (λEx = 530-560 nm, λEm = 
590 nm) by nicotinamide adenine dinucleotide (NADH) and other components of the respiratory 
chain in living cells (Figure 26). As these molecules are no longer recycled upon cell death, the 
reaction is an excellent indicator of cell proliferation and the intensity of the generated signal is 
directly proportional to the number of living, respiring cells in a sample. 

 

Figure 26 Principle of the alamarBlue™ assay: Living cells convert resazurin into its fluorescent deriva-
tive resorufin e.g. through reduction by nicotinamide adenine dinucleotide. 

As expected, neither cell line responded to the control conjugates, in which the inhibitor was in-
activated by acetylation (Figure 27A and C). However, when the SMC portion was active, a se-
quence-dependant toxicity could be observed. For both cell lines, the conjugate bearing the 
c-FLIP530-540 sequence (24) was the most active, while the one complementary to the start of 
the ISIS 23296 target, (SMC)2-c-FLIP524-534 (18), was the least effective. Surprisingly, the 
15-mer PNA conjugate (SMC)2-c-FLIP524-538 (28) was less toxic than its 11-mer congeners, de-
spite possessing higher affinity for its target. At the time of the experiment, it was suspected that 
this might be related to a poorer delivery. Of note, for all sequences tested, the induction of a cy-
totoxic effect was highly dependent on the presence of the CPP in the conjugate. A control experi-
ment with molecules lacking the octaarginine sequence did not result in any significant viability 
decrease (data not shown). Likewise, an unconjugated R8 control (Ac-Arg8-NH2), 38, was non-
toxic at the concentration tested (2 µM; Figure 27). 
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Figure 27 Screening of SMC-anti-c-FLIP-PNA-Arg8 conjugates targeting the coding region of c-FLIP mRNA. 
Viability of A549 (2.5x103 cells seeded/well) or MCF-7 (5.0x103 cells seeded/well) cells incubated with 
2 µM conjugates in OptiMEM in the absence (A, C) or presence (B, D) of 40 µM endosomolytic peptide L17E 
relative to an OptiMEM control. After 4 h, the wells were filled up with normal growth medium. Viability 
was determined after 72 h by alamarBlue™ assay. Error bars = SD (from 3 technical replicates; N = 1). 

A well-known issue with the use of CPP conjugates is that following cellular uptake, they often 
remain trapped within endosomes and are thus largely degraded or recycled rather than being 
released into the cytoplasm where they are able bind to their desired target.[352] Several strategies 
have been proposed to improve endosomal escape, with the most commonly used one being the 
co-treatment with endosomolytic agents, such as chloroquine (CQ). Recently, Lycotoxin L17E 
(H-IWLTALKFLGKHAAKHEAKQQLSKL-NH2), a modified amphiphilic spider venom peptide, was 
reported as able to react to the decreasing pH in maturing endosomes with a disruption of the 
endosomal membrane, releasing any cargo that is trapped with it.[353] In contrast to many other 
endosomolytic agents it is non-toxic, even at relatively high concentrations. To see whether endo-
somal entrapment/escape has an influence on the activity of the SMC-PNA-R8 conjugates, the pre-
vious experiment was repeated in the presence of 40 µM L17, a concentration well-tolerated by 
both cell lines. (Figure 27B and D). When the cells were co-incubated with L17E, the cytotoxicity 
of the active conjugates was slightly higher, with A549 responding somewhat more strongly than 
MCF-7. However, overall the same sequence-dependant toxicity pattern as before was observed. 
Again, conjugates carrying an AcSer-modified SMC did not noticeably affect viability. 

The results of both assays suggested that the antisense PNA part on its own does not produce a 
viability decrease, but when paired up with an active Smac mimetic is able to enhance the efficacy 
of the latter. To further elucidate the contributions of each component (SMC, PNA and CPP) to the 
overall cytotoxicity of the conjugates, a series of additional controls was synthesized for the most 
active target sequence, c-FLIP530-540 (Figure 28). As counterpart to SMC inactivation, the PNA 
unit in some of the new conjugates was replaced with a scrambled sequence of the same nucleo-
tide composition (ctgctcttccg) to create all four combinations of active or inactive SMC and PNA. 
In other controls, the respective components were omitted. 
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Figure 28 Additional conjugates based on the c-FLIP530-540 sequence, lacking the inhibitor and/or PNA 
parts or bearing a scrambled (scr) PNA sequence for determining their contributions to activity. 

All new conjugates were tested in dose-response experiments on the more sensitive A549 cell line 
(Figure 29). For most of them, IC50 values in the low micromolar range were obtained. The double 
active compound (SMC)2-c-FLIP530-540-R8 (24) killed A549 cells with a half-maximal concen-
tration of 1.1 µM. However, no significant difference to the conjugate bearing a scrambled PNA, 
(SMC)2-scr530-540-R8 (32) was found (IC50 = 1.2 µM). Surprisingly, the conjugate with an inac-
tive SMC and an active PNA, (AcSMC)2-c-FLIP530-540-R8 (25) and the double negative conge-
ner, (AcSMC)2-scr530-540-R8 (33) were only slightly less toxic (IC50 = 3.0 and 3.6 µM), although 
the inability of AcSMC to bind to XIAP had been confirmed in a separate assay (data not shown). 
This not only indicated the lack of a specific antisense effect, but also pointed at the presence of a 
general, non-specific toxicity. Toxicity at high concentrations is a known issue for many CPPs, in-
cluding octaarginine.[337] Yet, in a control experiment with plain, unconjugated Ac-Arg8-NH2 (38), 
no pronounced toxicity was detected up to the highest concentration tested (20 µM). 

  

 

  

 

Figure 29 Dose-response experiments with bivalent SMC-c-FLIP530-540-PNA-R8 conjugates. A549 cells 
(2.5x103 cells seeded/well) were treated with conjugates bearing an antisense or scrambled PNA sequence 
and an (A) active, (B) inactive or (C) missing SMC unit or with (D) additional controls in OptiMEM + 40 µM 
L14E. After 4 h the wells were filled up with normal growth medium. Viability was determined after 48 h 
by alamarBlue™ assay. Error bars = SD (N = 2). 
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Interestingly, when the PNA portion was omitted from the conjugate, the corresponding IC50 value 
increased by factor 4-5. The active inhibitor conjugate (SMC)2-R8 (34) had an IC50 of 4.6 µM, 
higher than the double negative conjugate (AcSMC)2-scr530-540-R8 (33), while the concentra-
tion for half-maximal toxicity of its inactivated form, (AcSMC)2-R8 (35), even increased to 
16.6 µM. Although all R8 conjugates displayed some degree of non-specific cytotoxicity, the pres-
ence of PNA seemed to aggravate this effect more than the SMC unit did. Also, the observed toxicity 
was independent of PNA sequence. For instance, the two PNA-R8 conjugates 36 and 37 had IC50 
values of 3.3 µM and 4.0 µM, respectively, both within statistical error of each other. 

It is conceivable that the combination of charge-neutral, relatively hydrophobic PNA with a highly-
charged molecule, like octaarginine, creates an amphiphilic, detergent-like compound with a polar 
and an apolar end. This peptidic “surfactant” may disrupt the cellular membrane, resulting in its 
permeabilization and, eventually, the death of the cell. Similar observations have been made by 
others.[337,354,355] Whether the previously observed cytotoxicity disparities between the screened 
PNA sequences (Figure 27) were the result of a different polarity distribution or off-target effects 
could not be deduced from the available data. It was, however, concluded that c-FLIP530-540 and 
likely also the other PNA-sequences complementary to the ISIS 23296 target, fail to contribute a 
specific, antisense-based effect to conjugate activity. Instead, their increased activity is probably 
the result of non-specific effects arising from the combination of PNA and octaarginine. 

 
4.1.2 SMC-PNA-CPP Conjugates Targeting the Start Codon of c-FLIP mRNA 

As described in 2.5, antisense oligomers based on PNA act via a steric block mechanism. Although 
it seems generally possible to use them to target sequences within the coding region,[356] literature 
suggests that this type of ASO is most effective when instead aimed at the 5’-UTR or start codon 
regions.[357–359] Ribosome scanning and assembly are sensitive processes and can likely be more 
easily perturbed by steric block ASOs than elongation. In a related example, Mourich et al. demon-
strated that steric block-type PMO sequences effectively repress c-FLIP expression when targeted 
against the mRNA start codon in both mouse and human cells.[255,256] It was therefore reasoned 
that the previously used ISIS 23296 sequence, which is optimized for RNAse H-recruiting PSOs, 
does likely not represent a suitable model for PNA-based steric block agents and a new screening 
of sequences targeting the c-FLIP mRNA start codon was conducted (Figure 30). To reduce the 
possibility for off-target effects, the length of these new oligomers was extended to 16 nt. This 
increased the number of possible base combinations to 416 = 4.29 ∙ 109, much greater than the 
pool of ca. 4 ∙ 108 unique sequence bases in the cellular transcriptome.2 This length also allowed 
a specificity confirmation by NCBIs BLAST algorithm (which requires a certain minimum number 
of bases to provide results).[360] Four overlapping sequences were prepared, three spanning the 
AUG start codon and one against the 5’-UTR (Figure 30A and B), and evaluated for their ability to 
decrease cellular c-FLIP levels by Western blot (Figure 30C). For comparison, the previously used 
c-FLIP530-540 sequence was included in the experiment.  

The results of this screening confirmed the previous assumption that c-FLIP530-540 (43) is una-
ble to decrease c-FLIP expression levels. Conversely, c-FLIP-30--15 (39), c-FLIP-5-11 (41) and 
c-FLIP-1-15 (42), sequences that hybridize to the 5’-UTR and AUG start codon, respectively, 
caused significant downregulation, with 42 exhibiting the strongest effect. Densitometric analysis 
indicated a reduction by almost 90 %. The experiment also confirmed that R8 conjugates are suc-
cessfully delivered into cells. Surprisingly, c-FLIP-13-3 (40) was ineffective at reducing c-FLIP lev-
els, despite overlapping with the AUG codon. It can be speculated that this is due to its lower GC 
content and thus possibly reduced binding affinity. 

                                                             
2 Assuming 20 000-30 000 different transcripts with an average length of 4000.[346] 
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Figure 30 Screening of antisense PNA sequences targeting the 5’-UTR and start codon region of c-FLIP 
mRNA (position -30 to 15 relative to AUG). (A) Synthesis of c-FLIP-PNA-Arg8 conjugates 39-43. (i) Fmoc-
SPPS: aa, HCTU, NMM, 2x 30 min coupling, Fmoc deprotection: 20 % piperidine/DMF 3+7 min; (ii) 96 % 
TFA, 2 % TIS/H2O, 2 h, yield: 4-7 %. (B) Placement on the mRNA (sequence: 8.7.3). (C) Western blot of lysate 
from A549 cells (1.5x105 cells seeded/well) treated with 2.5 µM 39-43 or OptiMEM (Ctrl) for 6 h, followed 
by incubation in growth medium for 18 h. Samples were resolved by SDS-PAGE and Western immunoblot-
ted with antibodies against short (c-FLIPS) and long (c-FLIPL) c-FLIP isoforms and a β-actin loading control. 
(D) Densitometric analysis of the Western immunoblot band intensity relative to the Ctrl sample. 

Owing to its good performance, c-FLIP-5-11 was selected as basis for a new series of conjugates. 
As non-specific PNA-R8 conjugate toxicity proved to be a major limiting factor in the previous 
experiments, it was decided to screen combinations with different CPPs, in the hope of reducing 
this effect or increasing delivery efficiency. A range of seven CPPs, reported to be able to deliver 
conjugated PNA into cells, was selected from the literature (Table 2): TP10, TAT and Penetratin 
are classic, protein-derived CPPs that have been used with a large variety of cargos, while CLIP6, 
Pip2b, and PDEP P14 are newer, synthetic examples, found through rational design or molecular 
evolution. The latter two were specifically developed for the delivery of PNA. Most CPPs reported 
to transport PNA are cationic peptides or arginine-rich sequences like R8, but there are also some 
examples for amphipathic sequences with lower overall charge (e.g. TP10). 

Table 2 Selection of cell-penetrating peptides reported to deliver PNA into cells and their origin. 

Peptide Origin Sequence Charge Source 

TP10 Galanine/Mastoparan chimera  AGYLLGKINLKALAALAKKIL +4 [361] 

PDEP P14 Synthetic, TAT/Penetratin hybrid RKKRWFRRRRPKWK +10 [362] 

Pip2b Synthetic RXRRXRRXRIHLFQNrRMKWHK +12 [363] 

R8 Synthetic, based on TAT RRRRRRRR +8 [364] 

Penetratin Antennapedia homeodomain RQIKIWFQNRRMKWKK +7 [365] 

TAT Tat protein, HI virus GRKKRRQRRRPPQ +8 [366] 

CLIP6 Synthetic KVRVRVRVpPTRVRERVK +8 [367] 

X = 6-aminohexanoic acid (Ahx)  
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Scheme 2 Synthesis of bivalent SMC anti-c-FLIP-PNA-CPP conjugates targeting the c-FLIP start codon. (i) 
Fmoc-SPPS: aa, HCTU, Oxyma, NMM, 2x 30 min coupling, Fmoc deprotection: 20 % piperidine/DMF 3+7 
min; (ii) 96 % TFA, 2 % TIS/H2O, 2 h, total yield: 3-9 %. 

For a simultaneous preparation of all conjugates on solid phase using an automated parallel pep-
tide synthesizer and without having to perform an additional in-solution ligation step, the previ-
ous synthesis strategy was modified (Scheme 2). The linker between the SMC units was replaced 
with a single Lys residue, which could be easily introduced as Fmoc-Lys(Fmoc)-OH after comple-
tion of the PNA sequence. Thus, the bivalent SMC structure could be assembled without interrupt-
ing synthesis for manual removal of orthogonal protecting groups. The SMC generated this way 
also more closely resembled the parent BV6 inhibitor structure. 

In addition to CPPs, backbone-modified PNA was tested as a means for delivery. PNA oligomers 
carrying γ-guanidinium groups (GPNA) have been reported as a cell-permeable, supposedly less 
toxic alternative to polyarginine conjugates.[337,368] In contrast to the latter, the positive charge is 
more evenly distributed over the whole sequence instead of being concentrated at its end, reduc-
ing amphipathicity. It was thought that this might help to alleviate the toxicity issues encountered 
with the SMC-PNA-CPP conjugates. Although it is also possible to install the guanidinium group in 
the α-position of the N-(2-aminoethyl)glycine backbone (in fact, α-GPNA was the first such modi-
fication to be reported[369]), γ-GPNA is considered more suitable, as it does not racemize during 
coupling and the corresponding monomers can be prepared from relatively cheap L- instead of 
expensive D-amino acids. Side chains in this position also pre-arrange the oligomer in a right-
handed helix, which increases affinity and sequence selectivity.[370] 

To prepare GPNA conjugates, the four modified monomers had to be synthesized. This was done 
analogous to a procedure for the preparation of γ-methylthio-PNA established in our group by 
Christian Dose (Figure 31A).[371] First, Fmoc-protected arginine 62 was converted into the corre-
sponding Weinreb amide. Using DMAP, NMM and EDC∙HCl as coupling agent, the reaction with 
N,O-dimethylhydroxylamine proceeded with excellent specificity and the product 63 could be ob-
tained in near quantitative yield and very high purity. A subsequent reduction was performed 
with lithium aluminium hydride at -78 °C and afforded the crude aldehyde 64 in 80 % yield. To 
avoid oxidation, it was used in the next step without further purification. To create the GPNA back-
bone, aldehyde 64 was reductively aminated with glycine methyl ester and sodium cyanoborohy-
dride. This gave GPNA backbone 65 in 89 % yield. A previous attempt using glycine methyl ester 
resulted in a partial removal of the Fmoc group during the final carboxylic acid deprotection by 
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Figure 31 Synthesis of bivalent SMC anti-c-FLIP-γ-GPNA conjugates targeting the c-FLIP mRNA start co-
don. (A) Synthesis of the γ-GPNA monomers. (i) NMeOMe∙HCl, EDC∙HCl, DMAP, NMM, DCM, rt, 16 h, 99 %; 
(ii) LiAlH4, THF, -78 °C, 1 h, 80 %; (iii) NaCNBH3, Gly-OBn∙HCl, MeOH/THF, 0 °C->rt, 16 h, 89 %; (iv) 
EDC∙HCl, Oxyma, carboxymethylnucleobase A, C, G or T, DMF, rt, 16 h, 66a 90 %, 66b 90 %, 66c 69 %, 66d, 
67 %; (v) Pd/C, H2, MeOH, rt, 15 h, 67a 70 %, 67b 69 %, 67c 81 %, 67d, 80 %; (B) SPPS of SMC-GPNA con-
jugates. (vi) Fmoc-SPPS: aa, HCTU, Oxyma, NMM, 2x 30 min coupling, Fmoc deprotection: 20 % piperi-
dine/DMF 3+7 min; (vii) 96 % TFA, 2 % TIS/H2O, 2 h, total yield: 6-10 %. The positions of γ-GPNA mono-
mers in the sequences are indicated with the prime symbol ('). 

ester hydrolysis with lithium hydroxide, so glycine benzyl ester was used instead. Although its 
deprotection by Pd-catalysed hydrogenolysis also removes the O6-benzyl group from GPNA-G 
monomer 66c, this was not considered problematic as the O6-position does not partake in the 
coupling chemistry during SPPS (provided no phosphonium reagents are used). Backbone 65 was 
acylated with all four Boc-protected, carboxymethyl-modified nucleobases, which had been pre-
pared by well-known literature procedures.[372] This coupling reaction, using Oxyma and EDC∙HCl 
as activator, proved difficult, as a large number of low-abundancy byproducts could be observed 
on TLC. This also occurred when other coupling agents (HCTU, HATU, PyBOP) were used. Alt-
hough moderate to high yields (67-90 %) of 66a-d were obtained, a complete purification by flash 
column chromatography was not possible at this stage. However, the removal of the benzyl pro-
tecting group from the carboxylic acid with H2 and Pd/C changed the Rf value enough to allow 
separation of the remaining impurities. After another round of flash column chromatography, the 
pure monomers 67a-d were obtained in 69-81 % yield. 

The SMC-GPNA conjugates where prepared analogous to the SMC-PNA-CPP ones (Figure 31B). 
The sequences were assembled by automated SPPS on ChemMatrix resin, alternating PNA and 
GPNA monomers. This particular design was reported to have better hybridization and uptake 
properties compared to a consecutive arrangement.[373] Following cleavage off the resin and HPLC 
purification, the conjugates 68 and 69 were obtained in 10 and 6 % yield, respectively. Both SMC-
PNA-CPP and SMC-GPNA conjugates were tested in dose-response experiments on A549 cells for 
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their ability to induce apoptosis. To enhance endosomal release, the experiments were performed 
in the presence (or absence; see appendix 8.4) of 100 mM chloroquine (CQ).3 In each case, the 
double active conjugate was compared with its corresponding double inactive conjugate. This al-
lowed the calculation of the difference between activity and non-specific toxicity as ΔIC50. The re-
sults are summarized in Table 3 and Figure 32 (for the respective dose response curves, see ap-
pendix 8.4). 

The most cytotoxic conjugates were (SMC)2-PNA4-PDEP-Pip2b (48), followed by (SMC)2-PNA4-

PDEP-P14 (46) and (SMC)2-PNA4-TP10 (44), which reduced A549 viability with IC50 values of 
1.68, 2.12 and 2.16 µM, respectively. For the latter, the IC50 values of the corresponding negative 
control were the same (TP10) or only marginally higher (P14), which indicates that no delivery 
occurred or a potential effect of the conjugates was super-compensated by a higher non-specific 
toxicity. For TP10, this is consistent with reports from the literature, according to which this CPP 
is more toxic than others (TAT, Penetratin) and induces membrane leakage in HeLa and CHO 
cells.[374] Bendifallah et al. and El-Andaloussi et al. claim that the position of the cargo linkage has 
a strong influence on CPP delivery efficiency and toxicity, and a conjugation to the ε-amine of 7Lys 
seems to generally produce better results compared to an attachment to the N-terminus. [354,374] 
This provides a possible explanation for the poor performance of the TP10 conjugates. The group 
that developed PDEP-P14 only tested it with PNA sequences attached to its C-terminal end, so a 
similar position-dependence effect might apply here.[362] 

Table 3 IC50 values of different active and inactive (SMC)2-c-FLIP1-15-PNA-CPP conjugates on A549 cells. 

Conjugate SMC AS IC50 [µM] ΔIC50 [µM] 

(SMC)2-c-FLIP-1-15-PNA-TP10 44 + + 2.16 ± 0.45 
-0.04 (AcSMC)2-c-FLIP-1-15scr-PNA-TP10 45 - - 2.12 ± 0.61 

(SMC)2-c-FLIP-1-15-PNA-P14 46 + + 2.12 ± 0.51 
0.31 (AcSMC)2-c-FLIP-1-15scr-PNA-P14 47 - - 2.43 ± 0.61 

(SMC)2-c-FLIP-1-15-PNA-Pip2b 48 + + 1.68 ± 0.07 
1.22 (AcSMC)2-c-FLIP-1-15scr-PNA-Pip2b 49 - - 2.90 ± 0.30 

(SMC)2-c-FLIP-1-15-PNA-R8 50 + + 2.20 ± 0.16 
1.36 (AcSMC)2-c-FLIP-1-15scr-PNA-R8 51 - - 3.56 ± 0.48 

(SMC)2-c-FLIP-1-15-PNA-Pen 52 + + 3.29 ± 0.41 
1.87 (AcSMC)2-c-FLIP-1-15scr-PNA-Pen 53 - - 5.16 ±0.25 

(SMC)2-c-FLIP-1-15-CLIP6 54 + + 2.78 ± 0.24 
2.13 (AcSMC)2-c-FLIP-1-15scr-CLIP6 57 - - 4.91 ± 0.85 

(SMC)2-c-FLIP-1-15-PNA-TAT 58 + + 2.32 ± 0.22 
2.67 (AcSMC)2-c-FLIP-1-15scr-PNA-TAT 61 - - 4.99 ± 0.20 

(SMC)2-c-FLIP-1-15-GPNA 68 + + 3.24 ± 0.78 
0.15 (AcSMC)2-c-FLIP-1-15scr-GPNA 69 - - 3.38 ± 0.66 

A549 cells (5x103 cells seeded/well) were incubated with conjugate dilutions in OptiMEM + 100 µM CQ. After 6 h, 
solutions were replaced with growth medium. After 48 h, viability was determined by alamarBlue™ assay. Error = 
SD (N = 3). 

 
                                                             
3 Chloroquine was used in this experiment as L17E showed no significant benefit previously. A dose-re-
sponse titration of CQ revealed an IC50 value of 0.47 mM on A549 cells (data not shown), thus a concentra-
tion of 100 µM was considered safe. 
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Figure 32 IC50 values of different active and inactive (SMC)2-c-FLIP-1-15-PNA-CPP conjugates. Error bars 
= SD (N = 3). Unpaired t-test: ns = not significant, *** = p ≤ 0.001., **** = p ≤ 0.0001. 

The use of GPNA instead of a CPP was ineffective. No significant difference between active and 
inactive conjugate was found (3.24 vs. 3.38 µM). Also, their toxicity was not lower than that of the 
R8- conjugates. This contradicts a report by Dragulescu et al., who found no significant toxicity for 
16-mer GPNAs (with 8 γ-GPNA residues) on A549 cells, up to a concentration of 15 µM. However, 
it has to be noted that they used plain GPNA sequences for their study, whereas in this work, a 
relatively hydrophobic peptide was attached to the N-terminus. It is possible that the SMC unit 
has a similar effect to that of the PNA in the CPP conjugates, creating an overall amphipathic mol-
ecule. This is supported by the previous finding that (AcSMC)2-R8 (35) is still toxic (IC50 = 
16.6 µM), albeit less so than the PNA-R8 conjugates. It can be speculated that this effect is more 
pronounced for (AcSMC)2-c-FLIP-1-15scr-GPNA (69), since the (AcSMC)2 peptide is more hy-
drophobic than the (SMC)2 one. The resulting higher toxicity may mask a potential IC50 difference. 

  

Figure 33 Viability of A549 cells treated with (A) CLIP6 or (B) TAT conjugates, relative to an untreated 
control. Cells (5.0x103 cells seeded/well) were incubated with 5 µM conjugates in OptiMEM + 100 mM CQ. 
After 6 h, solutions were replaced with growth medium. After 48 h, viability was determined by alamar-
Blue™ assay. Error bars = SD (n = 3). One-way ANOVA (with post-hoc Tukey’s multiple comparisons test): 
** = p ≤ 0.01 *** = p ≤ 0.001. 

The other CPPs performed better. The Pip2b conjugates displayed a ΔIC50 value of 1.22 µM, com-
parable to that of the R8 conjugates (ΔIC50 = 1.36 µM). (SMC)2-PNA4-PDEP-Pen, (SMC)2-PNA4-

PDEP-CLIP6 and (SMC)2-PNA4-PDEP-TAT provided the best results. Here, a larger difference to 
the corresponding double negative controls 53, 57 and 61 could be observed. Also, the overall 
toxicity was somewhat lower. Conjugation to TAT produced the biggest ΔIC50 (2.67 µM), closely 

TP10 P14
Pip2b Arg 8

Pen
CLIP6

TAT
GPNA

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0
IC

50
 v

al
ue

 [µ
M

]

CPP =

ns ns ****
****

**** ***
****

ns

(SMC)2-PNA-CPP (AcSMC)2-scrPNA-CPP

0

20

40

60

80

100

120

Re
l. 

A5
49

 V
ia

bi
lit

y 
[%

]

SMC
c-FLIP AS

+
+

-
+

+
-

xx xx xx xx

+
-

100 µM
CQ

***
CLIP6

0

20

40

60

80

100

120

Re
l. 

A5
49

 V
ia

bi
lit

y 
[%

]

**
***

**

SMC
c-FLIP AS

+
+

-
+

+
-

xx xx xx xx

+
-

100 µM
CQ

TAT
A B 

54 55 56 57 
 
 
 
 

58 59 60 61 
 
 
 
 

44  45 46  47 48  49 50  51 52  53 54  57 58  61 68  69 
 
 



Results and Discussion 

 

- 47 - 

followed by CLIP6 (ΔIC50 = 2.13 µM). For these two CPPs an additional experiment with all four 
combinations of active/inactive SMC and PNA, respectively, was performed. This confirmed that 
the antisense PNA is contributing to the overall activity (Figure 33). Conjugates in which both the 
SMC and antisense-PNA units were active (54 and 58, respectively) decreased A549 cell viability 
more than those that carried a scrambled PNA sequence (56 and 60, respectively). 

Despite these promising results, the dose window for all conjugates tested remained very small. 
Their straight-forward synthesis made CPPs a natural choice for the delivery of PNA, but the non-
specific toxicity that seems to arise from this combination, complicates their use in cell experi-
ments. High concentrations are required to produce an effect, yet the toxic dose is very low. It is 
possible that a combination with uncharged or hydrophobic CPPs might circumvent this problem. 
However, very few examples for such peptides have been reported and the results of the TP10 
conjugates suggest that a lower overall charge does not necessarily produce lower toxicity.[375,376] 
Taken together, the use of CPPs proved more problematic than expected and an assessment of 
apoptosis induction in the presence of non-specific toxicity was difficult. 

 
4.1.3 SMC-PSO Conjugates Targeting the Coding Region of c-FLIP mRNA 

Although a synergistic action could be demonstrated for the SMC-PNA-CPP conjugates, the high 
concentrations required for delivery and the associated non-specific toxicity argued against a fur-
ther pursuit of this strategy. Instead, the focus was shifted to PSO conjugates, as they can be deliv-
ered by proven and relatively non-toxic techniques, such as transfection with cationic lipids.[377] 
In our group, Frank Abendroth previously successfully combined monovalent SMCs with PSOs to 
screen the optimal distance for a bivalent presentation.[378] 

In order to prepare SMC-PSO conjugates, the previously used peptidic linker was modified. It was 
unclear whether sulfur-containing phosphorothioates would be compatible with thiol-maleimide 
ligation, therefore a conjugation by strain-promoted azide-alkyne 1,3-dipolar cycloaddition 
(SPAAC) approach was chosen instead. In contrast to the classical “click”-chemistry, this reaction 
does not require a Cu(I) catalyst, which can be difficult to remove completely and traces of which 
are toxic to cells. As before, the linker was assembled on ChemMatrix® Rink amide resin, using 
Fmoc-protected building blocks and HCTU/Oxyma/NMM as coupling mixture (Scheme 3). In-
stead of regular L-lysine, L-azidolysine was used. To allow a comparison between PSO conjugates 
bearing mono- and bivalent SMCs, two linkers modified with only a single SMC unit were pre-
pared, one active and one inactive. To this end, the sequence was acetylated after Gly3 by treat-
ment with 5 % acetic anhydride (Ac2O) and 6 % 2,6-lutidine in DMF. Azido-peptides SMC-N3 (70), 
AcSMC-N3 (71), (SMC)2-N3 (72) and (AcSMC)2-N3 (73), were cleaved off the resin as usual. With 
59 % and 46 %, the yield of the bivalent peptides after HPLC-purification was somewhat lower 
than that of the monovalent ones (72 % and 62 %), likely due to the greater number of coupling 
reactions required. Also, both inactive peptides had a slightly reduced yield compared to the active 
ones, because the 2 min treatment with Ac2O/2,6-Lutidine after coupling 3Gly proved too for a 
complete acetylation and thus part of the product was lost. 

For the antisense part, two fully phosphorothioated, dibenzocyclooctyne (DBCO)-modified DNA 
oligonucleotides based on the ISIS 23296 sequence or the scrambled control ISIS 132383 were 
ordered from a commercial supplier. SPAAC with the azide-modified peptides 70-73 was per-
formed in 10 mM phosphate buffer adjusted to pH 7.5. As the solubility of the peptides in buffer 
was low (particularly for 73), they had to be dissolved in acetonitrile/buffer (1:1) before being 
added to the DBCO-PSOs. After mixing, the solution was briefly (5 min) heated to 80 °C to dissolve 
partially precipitated azido-peptide and then stirred at room temperature for 24 h. The solution 
was separated by HPLC and conjugates 74-81 were obtained in an average yield of 53 %. 
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Scheme 3 Synthesis of mono- and bivalent SMC-PSO conjugates targeting c-FLIP mRNA position 524-543. 
(i) Fmoc-SPPS: aa, HCTU, Oxyma, NMM, 2x 30 min coupling, Fmoc deprotection: 20 % piperidine/DMF 3+7 
min; (ii) 2 % TFA, DCM, 5x 2 min; (iii) Fmoc SPPS; (iv) 96 % TFA, 2 % TIS/H2O, 2 h; (v) 5’-DBCO-modified 
PSO, buffer (10 mM Na2HPO4/NaH2PO4, 137 mM NaCl, pH 7.5)/MeCN, 24 h; total yield: 30-70 %. 

Before the SMC-PSO conjugates could be compared in cell experiments, the delivery conditions 
had to be optimized. Two transfection reagents were tested, Lipofectamine™ LTX with PLUS™ re-
agent (ThermoFisher Scientific) and ViaFect™ (Promega). Both are cationic lipid-based formula-
tions, optimized to provide high transfection efficiency in many common cell lines, including A549. 
A screening of different lipid-to-cargo ratios was conducted according to the manufacturer’s in-
structions. A549 cells in 100 µl growth medium were transfected with the active, bivalent conju-
gate (SMC)2-PSO (78), which had been pre-complexed for 20 min with different amounts of trans-
fection agent (0:1 to 4:1 lipid:PSO) in OptiMEM reduced serum medium. The volume of cationic 
lipid required for each ratio was calculated based on the weight of the PSO-content in the conju-
gate and for Lipofectamine™ LTX, PLUS™ reagent (1 µl/µg PSO) was added to the conjugate before 
complexation. As vehicle control, the cells were treated with transfection reagent alone. 

Both Lipofectamine™ LTX and ViaFect™ displayed similar patterns regarding the optimal relative 
amount of transfection agent. (Figure 34). Generally, a ratio of 2:1 resulted in the biggest viability 
decrease and produced the largest difference to the negative control. Lipofectamine™ LTX was 
more effective (Δviability = 43 %) than ViaFect™ (Δviability = 30 %), but was also slightly more 
toxic in the absence of PSO conjugate. However, the viability loss was low (ca. 10 %), so Lipofec-
tamine™ LTX was considered superior and selected for the further experiments. 

To evaluate the ability of the different PSO conjugates to induce apoptosis, A549 cells were trans-
fected at a concentration of 100 nM. Dose-response experiments for IC50 determination could not 
be performed, as varying amounts of conjugate would have also required varying amounts of 
transfection reagent in order to maintain a constant ratio. However, cationic lipids themselves 
become toxic above a certain concentration.[379] It was also unclear how different total amounts of 
conjugate and transfection reagent would affect lipoplex formation and delivery efficiency, so in 
order to ensure that the results remain comparable, these parameters were kept constant. 
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Figure 34 Screening for optimal transfection conditions. A549 cells (5x103 cells /well; 100 µl) were 
treated with 1 µM PSO conjugate 78 and varying ratios of (A) Lipofectamine™ LTX with PLUS™ Reagent 
(LTX) or (B) ViaFect™. The absolute volume of cationic lipid added to each well is given in parentheses. After 
24 h, viability was determined by alamarBlue™ assay. Error bars = SD (from 3 technical replicates; N = 1). 

Although a much lower concentration was used than for the SMC-PNA-CPP conjugates, the PSO-
based compounds effectively reduced A549 cell viability (Figure 35A). Conjugates in which both 
the SMC and antisense PSO parts were active had the strongest effect. Bivalent (SMC)2-PSO (78) 
decreased viability by about 55 %, while its monovalent counterpart SMC-PSO (74) was some-
what less active at 40 %. Conjugates in which only the SMC or PSO part was active, SMC-scrPSO 
(76) and (SMC)2-scrPSO (80) or AcSMC-PSO (75) and (SMC)2-PSO (79), or the unconjugated 
PSO sequence ISIS 23296 reduced viability only slightly more than the double negative controls 
AcSMC-scrPSO (77) and (AcSMC)2-scrPSO (81), respectively. This confirms a synergistic effect, 
increasing conjugate activity when both Smac mimetic and antisense oligonucleotide are present 
and active. Of note, treatment with inactive conjugates 77 and 81 or the unconjugated, scrambled 
PSO sequence ISIS 132383 also led to a small viability loss of about 20 %. This might be related to 
the use of all-PSO sequences instead of 2’MOE gapmers for the antisense oligonucleotides. A well-
known issue with PSOs is their propensity for non-specific interactions. Although the underlying 
mechanisms are not fully understood, PSOs have been reported to bind to certain cellular proteins 
and transcription factors and cause toxicity.[380–383] This can be mitigated by the use of 2’MOE-
gapmers, but their synthesis is very expensive and was therefore not used for this proof-of-con-
cept study. 

A commonly used way to enhance the effects of Smac mimetics is the co-treatment with death 
receptor agonists. Cheung et al. screened a large panel of SMC-resistant human cell lines and found 
that many, including A549 were sensitized to SMC action through a combination of c-FLIP knock-
down and TNF-α or TRAIL.[96] It was therefore tested whether these cytokines could augment the 
activity of the SMC-PSO conjugates. As before, A549 cells were transfected with 100 nM of either 
double active or inactive bivalent compound 78 and 81, or a vehicle control. After 24 h the me-
dium was replaced with fresh DMEM containing different concentrations of either SuperKiller-

TRAIL™ or TNF-α. The former is an enhanced version of TRAIL, modified with an N-terminal linker 
peptide that stabilizes the active conformation. Cells were incubated for another 24 h, before their 
viability was assessed by alamarBlue assay™ (Figure 35C and D). As expected, addition of cyto-
kines to the medium had a positive effect on conjugate potency. Co-treatment with SuperKiller-

TRAIL™ further lowered viability of (SMC)2-PSO-, but not (AcSMC)2-scrPSO-treated A549 cells, 
reaching a half-maximal effect at a concentration of ca. 10 ng/ml. Interestingly, TNF-α failed to 
produce the same effect and the relative viabilities remained more or less constant. It is possible 
that the concentrations tested (0.38 – 2500 ng/ml) were too low or that A549 cells are less re-
sponsive for combinations of SMCs and TNF-α. This would agree with the aforementioned study, 
in which A549 cells also reacted somewhat more strongly to co-treatment with TRAIL than with 
TNF-α. 
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Figure 35 Viability of A549 cells transfected with 100 nM SMC-PSO conjugates (74-81) relative to an un-
treated control. Cells (5x103 cells seeded/well) were incubated for 48 h in the absence (A) or presence (B) 
of 20 ng/ml SuperKillerTRAIL™. Striped bars = PSO ISIS 23296 (antisense; +) or ISIS 132383 (scr; -). Vehicle 
(Veh) samples were treated with transfection agent only. Error bars = SD (N = 3). One-way ANOVA (with 
post-hoc Tukey’s test): * = p ≤ 0.05, ** = p ≤ 0.01 *** = p ≤ 0.001, ns = not significant. Effect of (C) Super-
KillerTRAIL™ or (D) TNF-α on transfected cells. 24 h after transfection, the medium was replaced with death 
ligand dilutions in growth medium. Error bars = SD (from 4 technical replicates; N = 1). 

The comparison of the mono- and bivalent conjugates was repeated, with the cells being co-
treated with 20 ng/ml SuperKillerTRAIL™ (Figure 35B). Consistent with the previous results, the 
activity of the SMC-conjugates was enhanced, resulting in a 31 % lower viability for cells treated 
with bivalent (SMC)2-PSO (78) and a 25 % lower one for those transfected with (SMC)2-scrPSO 
(78). Similar, albeit less pronounced results were obtained for monovalent conjugate 74 and 76 
(21 % and 10 % lower, respectively). In contrast, the activity of compounds bearing an inactive or 
no SMC remained almost constant. Valence did not matter for these conjugates (75 vs. 77 and 79 
vs. 81), indicating that the effect of the SMC unit is specific. Of note, the relative increase in potency 
was greatest, when an active antisense sequence was present in the conjugate (Table 4). This 
provides further evidence for the synergistic relationship between the peptide and PSO modules. 

The comparatively good performance of the monovalent conjugates in both assays was unex-
pected, given the much higher affinity of bivalent SMCs for IAPs. However, it must be noted that 
monovalent SMCs are an actively researched drug class of their own (mainly due to better phar-
macokinetic properties; see 2.4.2) and several candidates are currently undergoing clinical trials. 
In fact, in the original publication for BV6, Varfolomeev et al. reported that treatment with mono-
valent SMC MV1 resulted in the same rapid proteasomal degradation of cIAP1 and 2 as its bivalent 
counterpart, despite a lower IC50 value of the latter on SMC sensitive MDA-MB-231 cells.[178] It is 
therefore not surprising that the monovalent conjugates, too, are able to induce a pronounced loss 
of viability, especially when paired up with an agent that targets c-FLIP. 
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Table 4 Influence of SuperKillerTRAIL™ addition on SMC-PSO conjugate activity. 

Conjugate SMC AS Enhancement [-fold]* ΔViability [%] 

Bivalent      
(SMC)2-PSO 78 + + 2.9 -31 
(AcSMC)2-PSO 79 - + 1.1 -9 
(SMC)2-scrPSO 80 + - 1.6 -25 
(AcSMC)2-scPSO 81 - - 1.1 -4 

Monovalent      
SMC-PSO 74 + + 1.5 -21 
AcSMC-PSO 75 - + 1.1 -7 
SMC-scrPSO 76 + - 1.2 -10 
AcSMC-scPSO 77 - - 1.0 0 

ISIS 23296 (AS)  

 

+ 1.1 -5 
ISIS 132383 (scr)  

 
- 1.1 -4 

Vehicle control  
  

1.0 0 
*calculated as ratio of cell viability after treatment in the presence and absence of SuperKillerTRAIL™ 

 
To confirm apoptosis as the underlying cellular mechanism for the observed toxicity of the conju-
gates, caspase-3 and -7 activity was measured. The assay used for this purpose exploits the ability 
of the two executioner caspases to recognize and cleave a short DEVD tetrapeptide sequence. 
Linking this peptide to a coumarin dye yields a fluorogenic substrate that allows a photometric 
quantification of enzyme activity (Figure 36). 

 

Figure 36 Principle of the fluorometric DEVD caspase assay: Caspase-3/7 specifically recognize and cleave 
a DEVD tetrapeptide sequence to release fluorescent 7-Amino-4-trifluoromethyl-coumarin (AFC). 

As before, A549 cells were transfected with the PSO conjugates and incubated for 24 h in the pres-
ence of 20 ng/ml SuperKillerTRAIL™. To ensure a strong signal, the conjugate dose was increased 
to 200 nM. The cells were harvested and lysed in the absence of protease inhibitors, and the re-
sulting cell extract was mixed with 10 mM DEVD-AFC peptide. The evolving fluorescence was 
measured at different time points and caspase activity was determined as the rate of signal gen-
eration, using a second order polynomial fit (Figure 37B). The obtained results were consistent 
with the patterns observed in the viability assays (Figure 37A). Conjugates containing an active 
SMC elicited a strong caspase activation, with (SMC)2-PSO (78) increasing the rate of substrate 
cleavage by almost 40-fold compared to untreated cells. When the PSO unit was scrambled (80), 
this value dropped to 25-fold. The monovalent conjugates SMC-PSO (74) and SMC-scrPSO (76) 
produced slightly lower activity (31- and 21-fold, respectively), but the differences were not sig-
nificant. As in the viability assay, valency had no influence when the SMC part was inactive (75 vs. 
77 and 79 vs. 81). The comparison of conjugates bearing the active or the scrambled PSO se-
quence shows that the overall activity of the conjugates benefits from the presence of an active 
anti c-FLIP antisense agent. This supports the previous conclusion that both components act syn-
ergistically. 
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Figure 37 Caspase-3/7 activity in lysate of SMC-PSO conjugate-treated cells. A549 cells in a 6-well plate 
(2x105 cells seeded/well) were transfected with 200 nM conjugates (74-81) and incubated for 24 h in the 
presence of 20 ng/mL SuperKillerTRAIL™. (A) Caspase activity in lysate relative to a medium-treated con-
trol, measured by fluorogenic DEVD-AFC peptide cleavage assay. Error bars = SD (N = 3). One-way ANOVA 
(with post-hoc Tukey’s test): * = p ≤ 0.05, ** = p ≤ 0.01 *** = p ≤ 0.001, ns = not significant * = p ≤ 0.05, ** = 
p ≤ 0.01, ns = not significant. (B) Representative time-course data of the generated signal (λ = 575 nm). 

To prove that the antisense module contributes to activity by effecting c-FLIP mRNA degradation, 
a real-time quantitative polymerase chain reaction (RT-qPCR) analysis of the relative expression 
levels was performed. A549 cells transfected with 300 nM bivalent SMC-PSO conjugates, uncon-
jugated PSOs or a vehicle control were lysed and the total RNA was isolated with silica-based spin 
columns. After elution, all samples were treated with DNAse I to prevent interference of residual 
genomic DNA in the later amplification reaction. As the initially obtained RNA samples displayed 
low 260/230 nm ratios in the spectrophotometric characterization, indicative of guanidine thio-
cyanate4 contamination, they were precipitated from sodium acetate buffer (3 M, pH 5.4) and iso-
propanol, washed with 70 % ethanol and re-dissolved in nuclease-free water. The now pure RNA 
samples (260/230 nm ratios of 1.8-2.0) were reverse-transcribed into complementary DNA 
(cDNA) to be used in RT-qPCR. The relative expression level of c-FLIP in each sample was quanti-
fied by the ΔΔCq method,[384] using GAPDH (Figure 38), HPRT or α-tubulin as reference house-
keeping genes (see appendix 8.6, Figure 76). Prior to the actual analysis, the amplification effi-
ciency of the c-FLIP and GAPDH primers was verified. For this, a 10-fold dilution series of the cDNA 
was amplified and the obtained Cq values for each concentration were plotted against the loga-
rithm of the amount of starting material (Figure 38A). Both primer pairs demonstrated efficien-
cies close to 100 %, indicating that the amount of cDNA in the sample is in fact doubled every 
cycle. 

Depending on the reference gene that was used, the determined relative c-FLIP expression levels 
were subject to some variation. Nevertheless, all experiments revealed the same pattern. When 
compared against GAPDH, the unconjugated antisense PSO reduced c-FLIP levels by up to 50 %, 
which agrees with data from the original ISIS 23296 publication.[105] Here, the authors reported a 
knockdown by 70 %. However, they used potentially more efficient 2'-MOE-RNA/DNA gapmer 
PSOs. The SMC-PSO conjugates (SMC)2-PSO (78) and (AcSMC)2-PSO (79) were slightly less effi-
cient, but still lowered c-FLIP mRNA levels by around 40 % (Figure 38B). It is conceivable that 
the presence of the SMC peptide interferes with the ability of the antisense oligonucleotide to hy-
bridize to its target and effect a downregulation. In contrast, conjugates bearing the scrambled 
PSO sequence had no influence on c-FLIP expression. A puzzling observation was that the uncon-
jugated, scrambled PSO seemed to slightly upregulate it. This effect was consistent in all replicates 
and for all three reference genes tested (see appendix 8.6, Figure 76). 
                                                             
4 Guanidine thiocyanate is a main component of the lysis buffer used for RNA extraction. 
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Figure 38 RT-qPCR analysis of c-FLIP mRNA expression using GAPDH as reference gene. (A) c-FLIP mRNA 
levels relative to an untreated control. A549 cells in a 6-well plate (2x105 cells seeded/well) were trans-
fected with 300 nM bivalent PSO conjugates (78-81) or unconjugated PSO sequences ISIS 23296 (AS) and 
ISIS 132383 (scr) and incubated for 24 h before total RNA was extracted and analzyed (N = 3). (B) Deter-
mination of RT-qPCR efficiency. Error bars = SD (N = 3). One-way ANOVA (with post-hoc Tukey’s test): * = 
p ≤ 0.05, ** = p ≤ 0.01 *** = p ≤ 0.001, ns = not significant. 

It is possible that this is the result of an unspecific interaction of the PSO sequence. As described 
above, phosphorothioates can bind and influence certain cellular proteins. Among them is SP1, a 
transcription factor known to be involved in the regulation of c-FLIP expression.[77,385–387] In the 
conjugates, this interaction might be mitigated by the SMC unit, analogous to the observed reduc-
tion in antisense efficiency. This would explain why no (or only a weak) effect was observed for 
80 and 81. 

Taken together, conjugation to an anti c-FLIP PSO proved to be an effective method of enhancing 
SMC activity. The observed dependency of conjugate activity on SMC valency correlates with ex-
pectations based on binding affinity and indicates a specific effect of the peptide part, whereas the 
results of the RT-qPCR experiments prove that the ASO part is mechanistically active. Although 
the PSO-based sequences used appear to give rise to some non-specific effects, these are mitigated 
in conjugates and could potentially be further reduced by using more advanced gapmer designs. 
Of note, the successful delivery of peptide-oligonucleotide conjugates by lipofection represents an 
interesting reversal of the common strategy of using (cell penetrating) peptides to transport nu-
cleic acids across biological membranes. In contrast to the latter method, where the part of the 
conjugate used for delivery only serves this one purpose, this oligonucleotide-mediated conjugate 
transport provides an opportunity for additional functionality. Since cationic lipid-based transfec-
tion agents work based on charge, not sequence information, the oligonucleotide unit is free to 
encode a biological effect, such as antisense activity. The present thesis demonstrates the ad-
vantages of this approach, which works particularly well when both parts of a conjugate target 
complementary cellular targets. 
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4.2 Part II: mRNA-Templated Synthesis of SMCs 

In the second part of the thesis, strategies to control Smac mimetic activity with oligonucleotide 
templated reactions were explored. The central role of the P1 amine in the SAR of SMCs and their 
ability for a multivalent interaction with IAP BIR domains (see 2.4.1) provide two interesting op-
portunities for this: First, bivalent SMCs possess significantly higher binding affinities for their 
target proteins than monovalent ones. Second, SMC activity is highly dependent on the ability of 
the P1 residue to form hydrogen bridges with multiple residues in the BIR domain surface groove. 
The development and biological application of templated reaction systems that utilize these two 
properties for a conditional activation of SMCs, was the subject of part II of this work. 

 
4.2.1 Strategy A: SMC Dimerization by Acyl Transfer 

As outlined in 2.4.2, bivalent SMCs have much higher affinity for IAP proteins than monovalent 
ones. This stems from their ability to concurrently interact with two BIR domains, analogous to 
the binding mode of the homodimeric Smac protein they are derived from. It was envisioned that 
a templated acyl transfer reaction that dimerizes SMCs could act as molecular sensor that switches 
the molecule from a low affinity “inactive” state to a high affinity “active” state depending on the 
presence of a specific RNA (Figure 39). Using XIAP mRNA as template, this would create a “smart 
drug” system that recognizes XIAP overexpressing cells and activates the anti-cancer drug. 

 
Figure 39 Concept for SMC activation by dimerization through an mRNA-templated acyl transfer. 

A requirement for the NCL-based templated acyl transfer is the presence of a 1,2-aminothiol struc-
ture in the acceptor molecule. As Smac mimetics do not typically contain this motif, it was neces-
sary to find a way to modify them without compromising activity. As described in 2.4.2, the linker 
of bivalent SMCs does not contribute substantially to binding and tolerates modifications. A pre-
liminary experiment should therefore verify that dimerization of two monovalent binders by a 
cysteine-containing peptide allows the resulting bivalent SMC to still bind to XIAP. A second de-
sign concern was that in order to allow an efficient switching, the dimerization must induce a suf-
ficiently large affinity enhancement. For this, the right linker length and choice of SMC is im-
portant. Three binders, based on the potent peptidomimetic XIAP antagonists BV6 (Genentech; 
BIR2-BIR3 Ki = 1.3 nM) and AEG40730 (Aegera; BIR3 Ki =100 nM) were selected from the litera-
ture as candidates that could be easily modified with the peptide based linker design (Figure 

40).[178,388] BV6 has been described in detail in chapter 2.4.2 and 4.1. AEG40730 is the lead struc-
ture for a series of peptidomimetic SMCs containing a central (S)-2-((phenethylamino)me-
thyl)pyrrolidine (PAMP) structure as Pro-Phe dipeptide mimic. All three SMCs were dimerized 
with peptide linkers of varying lengths, containing a cysteine residue as ligation site for the later 
acyl transfer and a central lysine residue as an attachment point for conjugation to XIAP mRNA-
specific PNA probes. The latter was acetylated for the preliminary binding studies. Dimerization 
was achieved either via P4 (SMC1 and SMC3) or the side chain of P2 (SMC2). A diamino linker (Ln; 
H2N-(CH2)1-3-CO-Cys-Lys-NH-(CH2)1-3-NH2) was used for SMC1 and SMC2, a dicarboxy one (LCm; 
HOOC-(CH2)2-3-CO-Cys-Lys-NH-(CH2-CH2-O)1-2-COOH) for SMC3. 
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Figure 40 The three SMCs used and their bivalent versions, based on examples from the literature (A = 
MV1/BV6, B and C = AEG40730).[178,388] A cysteine residue was introduced in the peptidic linker at the posi-
tion of the later acyl transfer. The central lysine residue used for attachment to the PNA probes was acety-
lated during preliminary binding experiments. 

 
4.2.1.1 Synthesis of Bivalent SMCs with Cys-containing Linkers 

Preparation of the inhibitor molecules was conducted by Fmoc SPPS and conventional organic 
synthesis (Scheme 4). Boc-protected SMC1 monomer 82 and Trt-protected diamino-/dicarboxy 
linkers Ln(Trt)/LCm(Trt) of different length were synthesized on trityl chloride resin using com-
mercially available building blocks and HCTU, Oxyma and NMM as coupling mixture. To reduce 
racemization, the cysteine residues were coupled in the absence of base, using N,N′-diisopropyl-
carbodiimide (DIC) and Oxyma. The 2-((phenethylamino)methyl)pyrrolidine (PAMP) residue of 
SMC2 and SMC3 was synthesized in solution, starting from Boc-L-Proline. The amino acid was first 
converted into Weinreb amide 90, using N,O-dimethyl hydroxylamine, EDC∙HCl, DMAP, and NMM, 
then reduced to aldehyde 91 with LiAlH4 at -78 °C and finally reductively aminated with 2-phene-
thylamine and sodium cyanoborohydride. The resulting Boc-protected secondary amine 92 was 
obtained in 54 % total yield (3 steps). 

For SMC2, 92 was sulfonylated with mesityl chloride, followed by Boc-deprotection with 4 N HCl 
in dioxane and in-solution coupling of Boc-L-glutamic acid 1-benzyl ester and Boc-N-methyl-L-
alanine using EDC, Oxyma and DIPEA. Last, the benzyl ester on the side chain was removed by 
catalytic hydrogenolysis. For SMC3, 92 was protected with benzyl chloroformate before the Boc 
group was removed and Boc-L-valine and Boc-N-methyl-L-alanine were coupled. Again, the an-
chor point for dimerization was deprotected by catalytic hydrolysis. The Boc-protected inhibitors 
98 and 111 were obtained in 69 % and 46 % yield, respectively (6 steps).  
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Scheme 4 Synthesis of mono- and bivalent SMCs. (i) Fmoc-SPPS: aa, HCTU, Oxyma, NMM, DMF, 2x 30 min 
coupling, Fmoc deprotection: 20 % piperidine/DMF 3+7 min, final cleavage: 20 % HFIP/DCM 2x 60 min; (ii) 
Ln, HATU, DIPEA, DMF, 0 °C, 4 h, 27-46 %; (iii) 95 % TFA, DCM, rt, 2 h, 79-100 %; (iv) NMeOMe∙HCl, EDC∙HCl, 
DMAP, NMM, DCM, rt, 6 h, 98 %; (v) LiAlH4, THF, -78 °C, 2 h, 82 %; (vi) NaCNBH3, 2-phenethylamine∙HCl, 
THF/MeOH, 0 °C->rt, 21 h, 67 %; (vii a) MsCl, DIPEA, THF, rt, 1.5 h, 96 %; (vii b) CbzCl, NEt3, DCM, rt, 3 h, 94 %; 
(viii) 4 N HCl/1,4-dioxane, rt, 2 h, quant.; (ix) Boc-Glu(OBzl)-OH, EDC∙HCl, Oxyma, DIPEA, DMF/DCM, 0 °C->rt, 
16 h, 85 %; (x) Boc-N-Me-Ala-OH, EDC∙HCl, Oxyma, DIPEA, DMF/DCM, 0 °C->rt, 16 h, 85 %; (xi) H2, Pd/C, EtOH, 
rt, 15 h, 99 %; (xii) Ln(Trt)/LCm(Trt), EDC∙HCl, Oxyma, DIPEA, DMF, 0 °C->rt, 5 h, 47-79 %; (xiii) Boc-Val-OH, 
EDC∙HCl, Oxyma, DIPEA, DMF/DCM, 0 °C->rt, 16 h, 92 %; (xiv) H2, Pd/C, EtOH, rt, 4 h, quant. 

The monomeric SMCs were prepared by deprotecting 82, 98, and 111, with 95 % TFA in DCM. 
For the bivalent ones, 82, 98, and 111 were coupled to amino linkers L1(Trt), L2(Trt) and L3(Trt) 
(SMC1 and 2) or carboxy linkers LC1(Trt) and LC2(Trt) (SMC3). After deprotection with 95 % TFA 
in DCM and HPLC purification, the bivalent products were obtained in 33-46 % ((SMC1)2-Ln), 47-
79 % ((SMC2)2-Ln) and 34-77 % ((SMC3)2-LCm) yield, respectively. While the in-solution cou-
pling reaction proceeded smoothly for SMC2 and SMC3, using EDC, Oxyma, and DIPEA as coupling 
mixture, SMC1 displayed partial racemization of the C-terminal Dip residue under these condi-
tions. Optimization of the reaction showed that a coupling with HATU and DIPEA produces the 
least amount of diastereomer. Surprisingly, this mixture was more effective at suppressing race-
mization than a base-free coupling procedure with carbodiimides. It seems that given the steric 
bulk of the Dip residue, the superior reactivity provided by HATU is more important for an effi-
cient fragment condensation than the effect the absence of base has on racemization.  
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4.2.1.2 Expression of the XIAP-L-BIR2-BIR3 Construct 

To evaluate the binding affinity of the SMCs, a recombinant human XIAP protein construct com-
prising the BIR2 and BIR3 domains and the preceding linker region (XIAP-L-BIR2-BIR3; amino 
acids 120-356; for sequence, see 8.7.1) was used. A pET28a(+) plasmid containing the His-tagged 
fusion protein and a kanamycin-resistance gene was kindly provided by Prof. Shaomeng Wang 
from the university of Michigan. After amplifying the plasmid in E. coli DH5α, the protein was ex-
pressed in E. coli BL21(D3) cells. A liquid culture in LB medium was prepared and the following 
day protein expression was induced by addition of 1 mM isopropyl β-D-1-thiogalactopyranoside 
(IPTG). The cells were lysed in a hydraulic French press and the target protein was purified by 
immobilized metal ion affinity chromatography followed by buffer exchange on a size exclusion 
column. Finally, the concentration of the obtained protein solution was determined by Bradford 
assay. From 500 ml BL21(D3) culture, a total of 6 mg XIAP-L-BIR2-BIR3 could be isolated. This 
yield is somewhat lower than what has been described by Wangs group, however they used 2x YT 
medium for the liquid culture, which is richer than LB and a known method to enhance protein 
expression. 

  
Figure 41 Characterization of the purified XIAP L-BIR2-BIR3 protein. (A) 12 % SDS-PAGE of 7.5 µg (L1) or 
15 µg (L2) protein with Bio-Rad Precision Plus Protein™ standard (MW), stained with colloidal Coomassie. 
(B) ESI-MS spectrum of the purified protein recorded in water/MeCN + 0.1 % formic acid. 

Following purification, the protein was analysed by SDS-PAGE and ESI-MS (Figure 41). The gel 
showed a single major band at an apparent mass of 25 kDa. Although a second, very faint band 
could be detected near 75 kDa, when larger amounts of protein were loaded onto the gel, densi-
tometric analysis indicated a purity of >90 %. The mass spectrometric analysis gave a molecular 
weight of 29 485 Da after deconvolution, which is 129 Da lower than what was expected for the 
XIAP-L-BIR2-BIR3 protein plus the N-terminal thrombin cleavage site and His-tag. However, in 
prokaryotes, like E. coli, the initial, AUG-encoded Met of most nascent protein sequences is typi-
cally removed by a specific aminopeptidase.[389] For the expressed XIAP L-BIR2-BIR3 fusion pro-
tein this processing results in a 257 amino acid sequence with a mass of 29 483 Da, which matches 
the observed result with an error of <0.01 %. 
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4.2.1.3 Fluorescence Polarization Binding Assay 

The purified XIAP-L-BIR2-BIR3 protein was used to assess the relative affinities of the mono- and 
bivalent ligands in a competitive fluorescence polarization binding assay. This method is based on 
the different mobility of free and protein-bound molecules in solution. When a fluorescent mole-
cule is excited with linear polarized light, it typically re-emits photons of the same polarization. 
However, depending on the speed of its rotational motion, the orientation of the polarization 
plane may change slightly, resulting in a reduction of the relative intensity of the original polari-
zation. The magnitude of this effect is inversely proportional to the weight of the molecule. Com-
plexes between a ligand and its (much heavier) target protein rotate significantly slower, allowing 
a precise photometric determination of the concentration at which a fluorescently labeled ligand 
resides predominantly in the bound state. The method can also be used to measure the relative 
binding affinity of unlabeled compounds. For this, a complex of target protein and a fluorescently-
labeled reference binder with high affinity is titrated with the molecule of interest. Upon reaching 
a certain concentration (IC50), the labeled molecule is displaced from the complex, resulting in a 
measurable drop in fluorescence polarization intensity. 

As reference peptide in this work, Smac-1F, a fluorescently-labeled, bivalent, high affinity XIAP 
ligand (Ki = 2 nM) developed by Nikolovska-Coleska et al., was used.[390] The original synthesis was 
slightly modified to allow a convergent on-resin assembly (Scheme 5). First, two short peptides, 
Smac-1a and Smac-1b were prepared on Rink Amide and Sieber Amide resin, respectively. The 
latter was modified with an adipic acid linker, cleaved off the resin with 1 % TFA, and purified, to 
give the protected peptide in 60 % yield. The Alloc group was removed from Smac-1a with 
Pd(Ph3)4/phenylsilane and Smac-1b was coupled to the free ε-amino group of Lys4. Selective re-
moval of Mtt from Lys1 with 2 % TFA and subsequent coupling of 6-carboxyfluorescein, followed 
by cleavage from the resin, yielded fluorescent Smac-1F in 23 % total yield. 

 
Scheme 5 Synthesis of the fluorescently labeled reference peptide Smac-1F. (i) Fmoc SPPS: aa, PyBOP, 
NMM, DMF, 2x45 min coupling, Fmoc deprotection. 20 % piperidine/DMF 3+7 min; (ii) Pd(PPh3)4, PhSiH3, 
DCM, 2x30 min; (iii) DCC, DMF, rt, 1 h; (iv) adipic anhydride, DMAP, DMF, 3 h; (v) 1 % TFA/DCM, 10x2 min,, 
yield: 60 %; (vi) HATU, NMM, DMF, 2 h; (vii) 2 % TFA, DCM, 6x5 min; (viii) 6-carboxyfluorescein, HATU, 
NMM, DMF, 1.5 h; (ix) 95 % TFA, 2 % TIS, 2 % H2O, 2 h; total yield: 23 %.  
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For an accurate comparison of binding affinities, an exact knowledge of the applied inhibitor con-
centrations is required. Due to the relatively small amounts of compound available and a lack of 
sensitive scales, weighing was ruled out. Unfortunately, photometric quantification at 280 nm, as 
it can be performed for most proteins and certain peptides, was also not possible, as none of the 
prepared binders possess groups that strongly absorb at this wavelength. Other wavelengths (e.g. 
214 nm) were not considered due to the unknown absorbance of uncommon residues like diphe-
nylalanine or the PAMP proline mimic. Instead, an NMR-based quantification was carried out (Fig-

ure 42). For this, the samples were dissolved in D2O. A small amount was then mixed with a 
known concentration of p-nitrophenol, to serve as internal standard. The 1H-NMR spectrum of p-
nitrophenol shows two characteristic doublets at 6.98 and 8.18 ppm (2 H each), whose integrals 
could be compared with those of the aromatic proton signals of diphenylalanine at 7.58-7.20 
(SMC1; 10 H) or phenethylamine at 7.40-7.24 ppm (SMC2/3; 5 H). This way, the concentration 
could be inferred. 

 

 
Figure 42 Exemplary 1H-spectrum (300 MHz, D2O; 1024 scans) for the NMR-based quantification of SMCs. 
The concentration was determined from the ratio of aromatic proton signals (7.40-7.24, m, 5 H) to an inter-
nal p-nitrophenol standard (8.18 and 6.98 ppm, d, 2 H each). 

In a first fluorescence anisotropy assay, the binding affinity of Smac-1F to XIAP L-BIR2-BIR3 was 
verified. A solution of 2 nM Smac-1F in assay buffer (100 mM KH2PO4, 110 mM NaCl, 5 mM DTT, 
0.05 % NaN3, 0.1 mg/ml bovine γ-globuline, pH 7.5) was titrated with increasing amounts of L-
BIR2-BIR3 (data not shown). Initial experiments in standard polystyrene microwell plates gave 
relatively high Kd values, more than an order of magnitude higher than the literature value (Kd = 
2.0 nM). This was attributed to non-specific binding of protein or ligand to the plate. Eventually, a 
binding constant of 8.5 nM was measured using special low-binding assay plates and reaction 
tubes for sample preparation. The remaining difference to the literature may be due to to a lower 
purity of the protein construct used and measurement error. 
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Figure 43 Fluorescence polarization-based competition assay of mono- and bivalent, Cys-modified SMCs. 
Samples were titrated against reference binder Smac-1F (1 nM) in complex with XIAP L-BIR2-BIR3 (15 nM) 
in assay buffer (100 mM KH2PO4, 110 mM NaCl, 100 μg/ml bovine γ-globulin, 0.02 % NaN3, pH 7.5). Error 
bars = SD (N = 3). 

For competition binding assays, the molecules of interest were added to a solution of 1 nM 
Smac-1F and 15 nM L-BIR2-BIR3 in the same low-binding 96-well plates. The measurements 
showed a clear difference between the IC50 values for mono- and bivalent inhibitors (Figure 43 
and Table 5). For all three XIAP antagonists, the mean inhibitory concentration of the dimerized 
form was between one and two orders of magnitude higher than that of the monomer. The SMC3-
based inhibitors exhibited the highest binding affinity gain of up to 150-fold between monovalent 
SMC3 (IC50 = 80 nM) andbivalent (SMC3)2-LC2 (116; IC50 = 12 µM). Bivalent (SMC1)2-L1 (87) had 
the overall highest affinity (IC50 = 16 nM) with enhancements upon dimerization similar to the  
SMC2-based molecules (70-83-fold for SMC1 and 46-90-fold for SMC2). For the monomeric bind-
ers, SMC1 was about an order of magnitude better than SMC2 and SMC3 (IC50 = 1.3 µM vs. 11 µM 
and 12 µM). This agrees with the published dissociation constants of BV-6 (XIAP BIR2-BIR3 Ki = 
1.3 nM) and AEG40730 (XIAP BIR3 Ki = 100 nM).[178,388] Concerning the length of the linkers, no 
significant differences were found but for all three SMCs, the shorter lengths gave the lowest IC50. 

Table 5 Mean IC50 values for the competitive binding of mono- and bivalent SMCs to XIAP L-BIR2-BIR3. 

Inhibitor IC50 [nM] Inhibitor IC50 [nM] Inhibitor IC50 [nM] 

SMC1 83 1 330 SMC2 99 10 970 SMC3 112 12 000 
(SMC1)2-L1 87 16 (83x)a (SMC2)2-L1 103 120 (90x) (SMC3)2-LC1 115 80 (150x) 

(SMC1)2-L2 88 18 (74x) (SMC2)2-L2 104 180 (61x) (SMC3)2-LC2 116 110 (109x) 
(SMC1)2-L3 89 19 (70x) (SMC2)2-L3 105 240 (46x)    
a Values in brackets represent the x-fold increase of bivalent SMCs over their monovalent counterpart. 

 
Despite greater IC50 differences between the SMC3-based mono- and bivalent inhibitors, SMC1 
was selected for further templated-reaction studies, due to its smaller absolute IC50 value and the 
easier synthesis on solid phase and from commercially available building blocks. In contrast, 
SMC2 and 3 are prepared by stepwise in-solution chemistry and any alterations to the structure 
would have required laborious re-synthesis. Moreover, the parent structure of SMC1, BV-6, is a 
well-studied Smac mimetic, whereas the available literature for AEG40730 is less extensive.  
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4.2.1.4 Synthesis of Cysteinyl- and Thioester-SMC-PNA Conjugates 

To create a templated reaction system, SMC1 was conjugated to PNA probes complementary to 
XIAP mRNA. PNA was used, as it provides high affinity and sequence specificity while also being 
highly stable against enzymatic degradation. A sequence in the coding region (211-231)5, re-
ported to be amenable to antisense methodology, was chosen as hybridization site. In order to 
create a functional reaction system, the probes needed to meet certain requirements. On the one 
hand, they had to be of a certain length to provide specificity, yet on the other, they should be short 
enough to still provide turnover. A screening of the literature suggested that for PNA-based sys-
tems, 8-mers represent a good compromise.[320,326,328] Using melting temperature prediction and 
experimental confirmation, four adjacent 8- to 9-mer sequences within the target sequence with 
Tm values in the range of 40-50 °C were selected (Table 6). This was high enough to allow the 
probes to specifically hybridize to their target, even at low concentration, yet still enable dynamic 
strand exchange to occur. In addition, the sequence covered by both probes together is long 
enough to be unique within the transcriptome. 

Table 6 Melting temperatures (Tm) of different PNA- XIAP mRNA duplexes. 

PNA  Sequence Target RNA Tm [°C] 

XIAP211-219  ccatctatc 5'-GAUAGAUGGCA-3' 49.8 
XIAP213-220  gccatcta 5'-GAUAGAUGGCA-3' 55.6 
XIAP222-230  tctccatat 5'-AAUAUGGAGAC-3' 46.2 
XIAP223-231  gtctccata 5'-AAUAUGGAGAC-3' 55.1 

Measured using 1 µM probe and target RNA in buffer (10 mM sodium phosphate, 100 mM NaCl, pH 7.0). 
 
To facilitate the preparation of multiple different conjugates, a synthetic route was devised that 
allows a full assembly on solid phase. For the cysteine-modified acceptor conjugates (Scheme 6), 
first an orthogonally protected Boc-Cys(Trt)-Lys(ivDde)-Dap(Mtt) scaffold was prepared on 
Tentagel® XV Rink amide resin. To maximize coupling efficiency, a low loading of 0.23 mmol/g 
was used. Deprotection of the 1Dap side chain with 1 % TFA in DCM allowed coupling of the SMC1 
inhibitor. Afterwards, the ivDde group was removed from the ε-amino group of 2Lys with 2 % 
hydrazine in DMF. Different PNA sequences were assembled using an automated parallel peptide 
synthesizer and N-terminal Lys and Glu residues were added to each one to enhance solubility. 

In contrast, synthesis of the thioester-containing acceptor conjugates was carried out by manual 
Boc strategy synthesis on MBHA Rink amide resin, using Boc/Cbz-protected PNA monomers 
(Scheme 7). After assembly of the PNA sequence, S-Trt-protected 3-mercaptopropionic acid 117 
(MPA) was coupled and then deprotected using 1 % TFA in DCM. The thioester was formed by 
coupling of a Gly-modified SMC1 with HATU and NMM. Although preferable, Fmoc SPPS could not 
be used for this synthesis, as the acid-mediated removal of the trityl group from MPA also results 
in a loss of the highly acid-labile Bhoc exocyclic amine protecting groups from the Fmoc/Bhoc PNA 
monomers employed for this type of chemistry.6 The lower yield of the donor conjugates (120: 
24%; 121: 28 %), compared to their cysteinyl counterparts (70-85 %), is a result of the incom-
plete thioester formation (or partial hydrolysis) when coupling the inhibitor “en bloc”. Triple cou-
plings and long reaction times did not improve the yield significantly and using a stepwise syn-
thesis protocol would have presumably resulted in an equal or greater reduction of yield due to 
partial thioester hydrolysis occurring during each successive Fmoc deprotection. 

 
                                                             
5 Position relative to the AUG start codon of XIAP mRNA (NCBI accession number: NM_001167.4) 
6 A base-labile MPA protection, such as the 9-fluorenylmethyl group (Fm), could have resolved this issue 
but might have also led to disulfide formation during removal and was therefore not considered. 
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Scheme 6 Solid-phase synthesis of cysteinyl SMC-PNA acceptor conjugates. (i) Fmoc-SPPS: aa, HCTU, Ox-
yma, NMM, DMF, 2x30 min coupling, Fmoc deprotection: 20 % piperidine/DMF 3+7 min; (ii) 1 % TFA, DCM, 
4-10x 1 min; (iii) 2 % hydrazine/DMF, 8x 5 min; (iv) Ac2O, 2,6-Lutidine, DMF, 3 min; (v) 96 % TFA, 2 % TIS, 
2 % H2O, 2 h. Total yield: 70-85 %. 

 

 
Scheme 7 Solid-phase synthesis of thioester SMC-PNA donor conjugates. (i) Boc-SPPS: aa/HCTU/Ox-
yma/NMM, NMP, 2x 30 min coupling, Boc deprotection: 95 % TFA, 5 % m-cresol, 2x 5 min; (ii) S-Trt-3-mer-
captopropionic acid 117, HCTU, NMM, DMF, 2x 20 min; (iii) 95 % TFA, 5 % TIS, 3x 2 min; (iv) SMC1-Gly-OH, 
HATU, NMM, DMF, 2x 60 min; (v) 80 % TFA, 15 % TFMSA, 5 % m-cresol, 2 h. Total yield: 24-28 %. 
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4.2.1.5 Templated Acyl Transfer Reactions 

The four donor and acceptor conjugates were evaluated in test tube experiments using stoichio-
metric amounts of a short XIAP mRNA fragment (position 211-231 relative to AUG) as template. 
To uncover potential distance-dependent reactivity differences, the probes were combined in a 
way that utilizes their different adjacent hybridization sites on the template to create a gap of one 
to three unconjugated nucleotides between them (Figure 44). XIAP mRNA [211-231], acceptor 
and donor probes were mixed in buffer (10 mM MOPS, 200 mM NaCl, 2 mM TCEP, 0.1 % CHAPS, 
pH 7.0) at a concentration ratio of 1:1:2 µM, respectively, and incubated at 37 °C. The donor con-
jugates were used in excess to compensate for partial hydrolysis of the thioester during the ex-
periment and TCEP was included in the buffer to prevent disulfide formation. Samples were taken 
at different time points, quenched by addition of 0.5 µl TFA and analysed by UPLC (λ = 260 nm). 
For each probe combination, an untemplated control (NT) was measured for comparison. 

 

  
Figure 44 Templated acyl transfer between SMC donor and acceptor-PNA conjugates. (A) Conjugate posi-
tions on the template. (B) Kinetics for different gap sizes. Reactions were performed in buffer (10 mM MOPS, 
200 mM NaCl, 2 mM TCEP, 0.1 % CHAPS, pH 7.0) at 37 °C in the presence of 1 µM acceptor PNA, 2 µM donor 
PNA and 1 µM or no (NT) XIAP RNA template [211-231]. Error bars = SD (N = 2). (C) Representative UPLC 
traces for the reaction between 121 and 118 (λ = 260 nm; column 1; gradient: 10-50 % B1 in 5 min). SH = 
donor conjugate; TE = acceptor conjugate; TP = transfer product; TP2 = double transfer product. 
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For evaluation, the conversion of the thiol probe (R-SH) educt into transfer product (TP) was cal-
culated from the relative peak areas (A) in the UPLC traces, according to the following equation: 

Conversion =  
AProduct(s)

AEduct + AProduct(s)
∙ 100 % (1) 

The obtained results suggest that under the experimental conditions used, the transfer reaction 
of the SMC-PNA conjugates proceeds efficiently for all PNA probe positions on the template (Fig-

ure 44B and Table 7). In three of the four probe combinations tested, 50 % conversion was 
achieved within ca. 20 minutes (t1/2). The fastest reaction rate was observed when a gap of one 
unconjugated nucleotide was present between the probes XIAP222-230SH (118) and XIAP213-

220TE (121). Here, the measured t1/2 was only 13 minutes. This seemingly optimal distance has 
previously been used successfully by our group in several studies with templated acyl transfer 
reactions.[323,326,327] Except for the combination XIAP222-230SH (118) and XIAP211-219TE 
(120), all probe pairs achieved ≥90 % conversion within the timeframe of the experiment 
(270 min). In contrast, only 2-4 % product was obtained in the non-templated reactions after 180 
minutes. When the initial reaction rates v0 are used for comparison, an up to 900-fold acceleration 
is achieved by addition of the template. In all experiments, the signal of a secondary product (TP2) 
became visible after 30-60 minutes, accounting for up to 40 % of the combined product peak area 
after 180 minutes (Figure 44C). Its mass corresponded to a thioesterified transfer product, in 
which cysteine had reacted with another equivalent of the donor probe. This has previously been 
observed in other templated acyl transfer reactions.[391,392] As TP2 represents a daughter-product 
of the original transfer product, to which it would probably hydrolyse again in a biological setting, 
its peak area was included in the calculation of the reaction yield. Its occurrence is likely the result 
of the excess of donor probe used and can potentially be avoided at lower ratios and/or concen-
trations. 

Table 7 Initial reaction rate, half-life and yield of acyl transfer SMC-PNA conjugate combinations.  

Probe Combinations v0* [nM∙s-1] t1/2  [min] Yield [%] 

118 + 121 (gap = 1 nt) 1.82 (900x) 13.2 93 % 
118 + 120 (gap = 2 nt) 0.74(410x) 17.1 85 % 
119 + 121 (gap = 2 nt) 1.27 (580x) 22.9 90 % 
119 + 120 (gap = 3 nt) 1.19 (590x) 18.0 91 % 
*Rate during the first 120 s of the reaction. Measured at 37 °C. Values in brackets = -fold increase over the untem-
plated reaction. Acceptor-PNA/template: 1 µM, donor-PNA: 2 µM (N = 2). 

 
Although these were promising results, the data described in part I of the thesis indicated that the 
activity differences between mono- and bivalent Smac mimetics are likely smaller than originally 
assumed (see 4.1.3). Given the surprisingly strong caspase activation and viability reduction ob-
served in A549 cells treated with monovalent SMC-conjugates, it seemed unlikely that the envi-
sioned “on-switching” of SMC activity by a templated dimerization would produce an effect of the 
intended magnitude in biological experiments. In contrast to their binding affinity, the cellular 
activity of SMCs does not seem to depend on valence to the same extent. Therefore, no further 
experiments were conducted for the templated acyl transfer. Instead, efforts were concentrated 
on strategy B.  
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4.2.2 Strategy B: Restoration of SMC Binding Affinity by Azide Reduction 

As described above, the N-terminus of a Smac mimetics is of pivotal importance for its activity. 
The primary amine of the alanine in P1 is involved in multiple hydrogen bridges with the BIR2 
and BIR3 binding pockets, and contributes substantially to the overall SMC affinity (see 2.4.1). SAR 
studies have demonstrated that this residue tolerates very few alterations and any modification 
that reduces its ability to participate in these interactions (e.g. acylation), is highly detrimental for 
binding. In the course of this work, it was hypothesized that this property could be exploited to 
put SMC activity under the control of a templated reaction. If a reversible chemical modification 
is introduced at the P1 position, the SMC could be temporarily inactivated, allowing a later resto-
ration of its binding affinity by a selective, templated unmasking of the amine. It was speculated 
that a suitable functional group for this purpose could be an azide (Figure 45). Azides accept but 
cannot donate hydrogen bonds and can be conveniently converted back into amines by Staudinger 
chemistry or photoreduction. Both of these reactions have been successfully transferred into a 
templated format (see 2.6.2). Moreover, azides are highly stable, biorthogonal groups that may 
provide modified SMCs with an increased resistance against cellular enzymes until activation. 

 
Figure 45 Concept for SMC activation by an mRNA-templated reduction of a terminal azide to an amine. 

A preliminary study conducted by Justus Schöller as part of his Bachelor thesis confirmed that the 
replacement of the N-terminal amine of Smac mimetic peptides with an azide results in a strong 
reduction of their affinity to XIAP-L-BIR2-BIR3 (>3 orders of magnitude less compared to the free 
amine). The effect of this modification for was nearly as potent as acetylation (Figure 46). He also 
demonstrated that the affinity of azido-SMCs can be fully restored by treatment with TCEP.[344] Im-
portantly, the mono N-methylation of P1 Ala found in many SMCs does not significantly influence 
binding affinity and is merely used to confer increased biostability and better pharmacokinetic 
properties. This is advantageous, as N-methylamino groups cannot be produced by azide reduction.  

 

Peptide R = IC50 [M] 

R-Ala-Val-Pro-Ile-NH2 

H2N 3.28 ± 0.90 ∙ 10-6 

MeHN 3.63 ± 1.39 ∙ 10-6 

N3 1.50 ± 0.82 ∙ 10-3 
AcHN ≥1.00 ± 0.12 ∙ 10-2 

R-Ala-Chg-Pro-Dip-NH2 

H2N 0.49 ± 1.18 ∙ 10-6 
MeHN 1.12 ± 0.12 ∙ 10-6 

N3 5.61 ± 0.34 ∙ 10-4 
AcHN 1.98 ± 0.50 ∙ 10-3 

   

Figure 46 Binding affinities of Smac mimetic peptides bearing different N-terminal modifications to XIAP-
L-BIR2-BIR3, relative to H2N-AVPI (plot) or as IC50 values (table). Peptides were titrated to a solution of 
2 nM Smac-1F and 15 nM XIAP-BIR2-BIR3 in buffer (100 mM KH2PO4/K2HPO4, 100 μg/mL bovine γ-globu-
lin, 0.02 % NaN3, pH 7.5). Data kindly provided by Justus Schöller.[344] 

As mentioned above, two types of templated azide reductions have been described in the litera-
ture: Staudinger reduction with phosphines and a catalytic photoreduction using Ru(II) com-
plexes. In this work, the suitability of both of these approaches for a nucleic acid-controlled acti-
vation of N3-SMCs was investigated, using tris(2-carboxyethyl)phosphine dimethyl ester 
(dmTCEP) and Ru(bpy)2(mcbpy) as reducing agents.  
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4.2.2.1 Synthesis of Azido-SMC- and Reducing Agent-PNA conjugates 

In order to explore templated reductive unmasking of P1 as a way to control SMCs activity, a new 
set of probes was prepared. As for strategy A, PNA was used and the same sequence within the 
coding region of XIAP mRNA was targeted. Using the envisioned reaction system, it is in principle 
possible to subsequently reduce two azides moieties in a bivalent SMC. This generates an active 
inhibitor of much higher affinity. To investigate the feasibility of this approach in practice and 
compare it to a single reduction, both mono and bivalent azido SMC conjugates were prepared. 

The synthesis of the azide-modified SMC-PNA conjugates was conducted by standard Fmoc chem-
istry SPPS on TentaGel XV Rink amide resin (Scheme 8). As linker between the PNA and SMC 
components, 6-aminohexanoic acid (monovalent conjugates) or L-lysine (bivalent ones) was cou-
pled. The latter was introduced as Fmoc-Lys(Fmoc)-OH to allow a one-step deprotection of the α- 
and ε-amino functions and a simultaneous assembly of both SMC units. The terminal (S)-2-azido-
propionic acid (N3Ala) was purchased as dicyclohexylamine (DCHA) salt and following extraction 
from DCM and aqueous hydrochloric acid was also coupled on solid phase. After cleavage from 
the resin and HPLC purification, N3-SMC probes 122-125 were obtained in 9-16 % yield. 

Scheme 8 Synthesis of N3-SMC-PNA conjugates. (i) Fmoc-SPPS: aa, HCTU, NMM, DMF, 2x 30 min coupling, 
Fmoc deprotection: 20 % piperidine/DMF 3+7 min; (ii) 96 % TFA, 2 % TIS, 2 % H2O, 2 h. Total yield 9-16 %. 

The probes carrying the reducing agents were synthesized in a similar fashion (Scheme 9). Three 
different sequences were prepared for each, allowing the evaluation of different gap sized be-
tween the hybridization sites of the N3-SMC and reducing agent probes on the template (Figure 

47). For the conjugation of PNA and reducing agent, the resin was loaded with an Alloc-protected 
Lys or Dap. After assembly of the PNA sequence, the Alloc group was removed with Pd(PPh3)4 in 
DCM and PhSiH as allyl cation scavenger. dmTCEP was prepared from TCEP by cation-exchange- 

Scheme 9 Synthesis of reducing agent-PNA conjugates. (i) Fmoc-SPPS: aa, HCTU, NMM, DMF, 2x 30 min 
coupling, Fmoc deprotection: 20 % piperidine/DMF 3+7 min; (ii) Pd(PPh3)4, PhSiH, DCM, 2x 30 min; (iiia) 
dmTCEP, DIC, Oxyma, degassed DMF, 1 h; (iiib) Ru(bpy)2(mcbpy-O-Su-ester)(PF6)2, DIPEA, DMF, 24 h (iv) 
96 % TFA, 2 % TIS, 2 % H2O, 2 h. Total yield dmTCEP-PNAs: 3-11 %, Ru(II)-PNAs: 3-6 %. 
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resin-mediated esterification in methanol according to a literature procedure and coupled to the 
free ε-amino group of 1Lys.[336] To reduce air oxidation, base-free conditions with DIC and Oxyma 
were used. Ru(bpy)2(mcbpy) was coupled as N-succinimidyl ester in the presence of stoichio-
metric amounts of DIPEA. Cleavage off the resin was performed using the standard cleavage mix-
ture. For the dmTCEP probes the cleavage was performed under argon to avoid oxidation. In ad-
dition, the diethyl ether used for precipitation of the crude conjugates was filtered over activated 
alumina before use to remove residual peroxides. Despite these measures, a small amount of phos-
phine oxide was detected during analysis of the HPLC-purified dmTCEP conjugates.7 This could 
not be avoided and was compensated for in subsequent experiments by using an excess of the 
reducing agent probe. After purification, the dmTCEP-modified conjugates 126-128 were ob-
tained in 3-11 %, the Ru(II)-probes 129-131 in 3-6 % final yield. 

 
4.2.2.2 Templated Reduction of Azido-SMC- with Phosphino-PNA Conjugates 

The evaluation of the probes was performed in a test tube setup, analogous to strategy A. N3-SMC-
PNA conjugates 122 or 124 (1 µM) and phosphine-based reducing agent probes 126-128 (2 µM) 
were combined to create unpaired nucleotide gaps of 1-3 nt on the template (Figure 47). The 
reaction kinetics were measured in the presence or absence of 1 µM XIAP mRNA template [211-

231]. In contrast to the experiments performed in 4.2.1.5, the samples taken at different 
timepoints were not quenched. Instead the reactions were performed in the autosampler chamber 
of a UPLC instrument (System A), set to maintain a constant temperature. At set timepoints, the 
system automatically took samples and injected them onto the column. 

 

Figure 47 RNA-templated Staudinger reduction of mono- and bivalent N3-SMC-probes with dmTCEP- or 
Ru(bpy)2(mcbpy)-modified PNA. 
                                                             
7 The oxidized form of the dmTCEP conjugates had the same retention time as the reduced one, but it could 
be detected as a small [M+16] peak in the mass spectrometric analysis. 
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In contrast to the acyl transfer reactions, the initial phase of the templated Staudinger reductions 
proceeded much faster. To facilitate a comparison between the different positions on the tem-
plate, the experiments were conducted at 25 °C. This slowed down the kinetics somewhat (Figure 

48) and made performance differences between the probes more visible. At this temperature, the 
reaction demonstrated comparable speed to the NCL-based system (ca. 50 % yield within 
5 minutes; ca. 80% within 60 minutes) with minimal background reaction (<2%) in the absence 
of template. Interestingly, the higher temperature did not significantly speed up the non-tem-
plated reaction. It is possible that any heightened reactivity of the phosphine and azide groups is 
compensated by a decreased propensity of the PNA probes to non-specifically aggregate. 

 
Figure 48 Templated Staudinger reaction at different temperatures. Reactions were performed in buffer 
(10 mM MOPS, 200 mM NaCl, 0.1 % CHAPS, pH 7.0) at 25 or 37 °C in the presence of 1 µM N3-SMC-PNA 122, 
2 µM dmTCEP-PNA 126 and 1 µM or no (NT) XIAP RNA template [211-231]. Errors = SD (N = 2). 

Generally, the dmTCEP-mediated reactions appeared to proceed via a two-stage process. After a 
very fast initial phase, the reaction speed dropped off slightly. This is probably due to a quick con-
sumption of the probes upon initial hybridization, while the kinetics of the later reaction may be 
dominated by the need for a strand-displacement of probes bearing prematurely oxidized phos-
phinoxide. This matches the results of a study by Chang et al., who reported that for PNA probes 
>5 nt, the rate of dissociation from the duplex (koff) represented the bottleneck of their templated 
reaction.[393] The hypothesis is also supported by the observation that at higher temperatures (and 
thus faster koff) the curve more closely resembles the anticipated pseudo-first order kinetics (Fig-

ure 48). 

When comparing the dmTCEP-PNA probes, no significant difference was found between gap sizes 
of 1 or 2 nt (122 + 126, and 122 + 127, respectively). However, a gap of 3 nt (122 + 128) pro-
duced a noticeable drop in the maximum conversion (Figure 49A and Table 8). Although a dis-
tance-dependence seems to be the obvious explanation for this, it should be noted that the 
PNA:RNA duplex of 128 also possesses a higher melting temperature (55.1 °C) than the one of e.g. 
127 (46.2 °C). It is therefore also conceivable that the lower ratio of free to template-bound probe 
causes the reaction speed to drop off faster. Interestingly, the formation of two unidentified side 
products (SP), eluting between the product (R-NH2) and N3-SMC-probe (R-N3) peaks could be ob-
served for all probe pairs (Figure 49C). Although their peak area plateaued quickly and did not 
significantly increase during the remaining course of the reaction, it only occurred upon mixing of 
RNA, N3-SMC- and dmTCEP-PNA and prevented the system from reaching full conversion. Despite 
this drawback, the overall positive results prompted a test to see if the bivalent N3-SMC-conjugate 
124 could be activated with a similar efficiency as the monovalent one. Although this generally 
seemed to work, significantly less product formed in the same amount of time and the reaction 
plateaued at about 60 % conversion (Figure 49B). The reason for this was an accumulation of 
mono-reduced intermediate (H2N-R-N3), leading to product inhibition and thus reduced turnover 
(Figure 49D). The distance between dmTCEP- and N3-SMC-PNA appeared to be of greater im-
portance here, as a gap of 1 nt resulted in a significantly faster reaction (v0 = 0.31 vs. 0.15 nM∙s-1). 
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Figure 49 Templated Staudinger reduction of monovalent (A) or bivalent (B) N3-SMC-PNA- with dmTCEP-
PNA conjugates. Reactions were performed in buffer (10 mM MOPS, 200 mM NaCl, 0.1 % CHAPS, pH 7.0) at 
25 °C in the presence of 1 µM N3-SMC-PNA, 2 µM dmTCEP-PNA and 1 µM or no (NT) XIAP RNA template 
[211-231]. Error bars = SD (N = 2). Representative UPLC traces (260 nm; column 3; 10-80 % B1 in 3 min) 
for the reaction between 126 and (C) 122 or (D) 124. PR3 = dmTCEP-PNA; R-N3/N3-R-N3 = mono- or biva-
lent N3-SMC-PNA; H2N-R-N3 = mono-reduced bivalent intermediate; R-NH2/H2N-R-NH2 = mono- or bivalent 
product; SP = unidentified side product. 

Interestingly, the combination of 124 and 127 (gap = 2 nt) eventually reached the same conver-
sion level as 124 and 126 (60 %), whereas 124 and 128 stagnated at ca. 41 %. This is a similar 
behaviour as observed for the reduction of the monovalent conjugate and, as mentioned before, 
is possibly related to the higher Tm of 128. Overall, the kinetics for the reduction of the bivalent 
compound 124 were slower than for the monovalent conjugate (t1/2 >23 min vs. 4 min). This 
makes sense, given that the reaction proceeds sequentially – the mono-reduced intermediate has 
to be built up first before the product can be formed, and requires an additional strand-exchange. 

Table 8 Initial reaction rate, half-life and yield of N3-SMC and dmTCEP-PNA conjugate combinations 

Probes v0  [nM∙s-1]* t1/2  [min] Yield [%]

Monovalent 

122 + 126 (gap = 1 nt) 1.79 (710x) 4.7 77 % 
122 + 127 (gap = 2 nt) 1.98 (790x) 4.4 80 % 
122 + 128 (gap = 3 nt) 1.80 (700x) 4.2 72 % 

Bivalent 
124 + 126 (gap = 1 nt) 0.31 23.8 60 % 
124 + 127 (gap = 2 nt) 0.15 73.6 62 % 
124 + 128 (gap = 3 nt) 0.16 44.1 41 % 
*Rate during the first 120 s of the reaction. Measured at 25 °C. Values in brackets = -fold increase over the untem-
plated reaction. N3-SMC-PNA/XIAP RNA template [211-231]: 1 µM, dmTCEP-PNA: 2 µM (N = 2).

0 60 120 180 240 300 360
0

20

40

60

80

100

t [min]

C
on

ve
rs

io
n 

[%
]

xx + xx   (gap = 1 nt)
xx + xx  (gap = 2 nt)
xx + xx   (gap = 3 nt)

NT
NT
NT

dmTCEP-/N3-SMC-PNA/RNA 2:1:1 µM, 25°C

0 60 120 180 240 300 360
0

20

40

60

80

100

t [min]

C
on

ve
rs

io
n 

[%
] xx + xx   (gap = 1 nt)

xx + xx   (gap = 3 nt)
xx + xx   (gap = 2 nt) H2N-R-N3

Intermediate

dmTCEP-/(N3-SMC)2-PNA/RNA 3:1:1 µM, 25°C

1.0 1.5 2.0 2.5

350 min
230 min

130 min
65 min

45 min
30 min

20 min
15 min

10 min
5 min

1 min
Before Addition

t [min]

R-N3

R-NH2PR3

SP

1.0 1.5 2.0 2.5

350 min
230 min

130 min
65 min

45 min
30 min

20 min
15 min

10 min
5 min

1 min
Before Addition

t [min]

N3-R-N3

H2N-R-NH2

PR3

SP

H2N-R-N3

SP

A B 

C D 

122+126
122+127
122+128

124+126
124+127
124+128



Results and Discussion 

- 70 -

Figure 50 Non-specific adsorption of the bivalent (N3-SMC)2-PNA conjugate. (A) UPLC trace (260 nm; col-
umn 3; 10-80 % B1 in 3 min) of the non-templated reaction between 124 and 126, showing a reduced peak 
area of the latter (tR = 2.6 min). (B) Relative peak areas of (N3-SMC)2-PNA 124 and N3-SMC-PNA 122 after 
incubation in polypropylene (PP) vials and after mixing with standard or low-binding pipette tips. 

As with the monovalent system, an attempt was made to determine the extent of background re-
action that occurs. However, in the absence of RNA template the detectable peak areas of azido- 
and amino-SMC in the chromatograms was greatly reduced (Figure 50A). The reason for this was 
likely a non-specific adsorption of the more hydrophobic bivalent conjugates to test tubes, pipette 
tips and UPLC vials. A test showed that every time a solution of 124 in reaction buffer was mixed 
with polypropylene pipette tips, some of the compound was lost (Figure 50B). Neither the addi-
tion of 0.1 % CHAPS detergent to the reaction buffer, nor the use of low-binding plastic or glass-
ware eliminated this effect (although glass vials were slightly better than PP ones). The reason 
why templated reactions in the presence of RNA target could be measured is probably due to the 
negatively charged oligonucleotide mitigating the hydrophobic interactions of the conjugate. 

4.2.2.3 Templated Reduction Azido-SMC-PNA Conjugates by Ruthenium Photocatalysis 

The templated reduction of azido-SMCs by ruthenium photocatalysis should in principle have sev-
eral key advantages over the Staudinger reduction approach. First, in contrast to the latter, where 
phosphine and azido probe react as soon as they get in contact with each other, ruthenium com-
plexes require excitation with blue light (λmax = 452 nm) to be active. This adds an extra layer of 
control to the reaction. Product formation only occurs when two requirements are met: presence 
of target RNA and irradiation (Figure 51). Secondly, in the presence of a sacrificial (cellular) re-
ducing agent, such as ascorbate, glutathione or NADPH, the Ru(II)-species acts catalytically, which 
eliminates the need for a strand exchange of the reducing agent probe. This removes a bottleneck 
from the reaction, speeding up the overall kinetics. Finally, the probes should have higher stability. 
Unlike phosphines, Ru(II) complexes are insensitive to oxidation and will not readily react with 
disulphide-containing proteins. This makes them a more suitable choice for a use in living cells. 

Figure 51 Two-factor control of N3-SMC reduction by Ru(II)-photocatalysis. A reaction only occurs when 
both the target RNA and irradiation are present. Ru = Ru(II)-PNA; R-N3 = N3-SMC-PNA; R-NH2 = product. 
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For an evaluation of the Ru(II)-based probes in a templated reaction, the experimental setup was 
slightly modified. Instead of micro reaction tubes, the reactions were performed in black, low-
binding multiwell plates and a collimated LED light source (1 W, λ = 455 nm) was mounted 15 cm 
above. This maximized the number of samples that could be irradiated simultaneously. A custom-
built heating block connected to a thermostat was used to maintain a constant temperature in the 
wells. The entire setup was placed in a box to prevent the interference of ambient light. 

As expected, the Ru(II)-PNA-catalysed reactions proceeded significantly faster than the dmTCEP-
based ones (Figure 52A and Table 9). Using equimolar amounts of RNA template, up to 90 % 
conversion of N3-SMC-PNA 122 were achieved within in 15-20 minutes (t1/2 = 4.9 min). In the 
absence of template, only about 3 % product was formed after 90 minutes. The maximum speed 
of the templated reaction was about twice as fast as for dmTCEP-PNA 127 (4.44 vs. 1.98 nM∙s-1). 
The bivalent (N3-SMC)2-probe 124 reached yields close to 90 % in about 20 minutes (Figure 

52B). Here the relative increase in reaction speed was even bigger (5.49 vs. 0.31 nM∙s-1). The sim-
ilar kinetics for the reduction of the mono- and bivalent probe are indicative of the catalytic activ-
ity of the Ru(II)-PNA and the thus no longer required strand exchange. As before, the untemplated 
reaction of 124 could not be measured due to non-specific adsorption. Over the course of the re-
action, significantly less of the mono-reduced intermediate accumulated compared to the dmTCEP 
system. Also, no side-product was formed, resulting in a higher total conversion. (Figure 52C and 

D). Like before, a probe gap of 1 nt produced the fastest reaction rate for both the reduction of 
monovalent N3-SMC-PNA 122 and bivalent (N3-SMC)2-PNA 124 with Ru(II)-PNA 129. Probe pairs 
with distances of 2 nt (130) and 3 nt (131) were slightly slower but did not perform significantly 
different when compared to each other. 

  

  
Figure 52 Templated photoreduction of monovalent (A) or bivalent (B) N3-SMC-PNA- with Ru(II)-PNA 
conjugates. Reactions were performed in buffer (10 mM MOPS, 200 mM NaCl, 5 mM NaAsc, 0.1 % CHAPS, 
pH 7.0) at 25 °C in the presence of 1 µM N3-SMC-PNA, 2 µM Ru(II)-PNA and 1 µM XIAP RNA template [211-
231] and under irradiation (LED, 0.98 W, λ = 455 nm). Errors = SD (N = 3 for templated; N = 2 for non-
templated). Representative UPLC traces (260 nm; column 3; 10-80 % B1 in 3 min) for the reaction between 
129 and (C) 122 or (D) 124. Ru = Ru(II)-PNA; R-N3/N3-R-N3 = mono- or bivalent N3-SMC-PNA; H2N-R-N3 = 
mono-reduced bivalent intermediate; R-NH2/H2N-R-NH2 = mono- or bivalent product.  
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Table 9 Maximum reaction rate, half-life and yield of N3-SMC and Ru(II)-PNA conjugate combinations. 

Probes vmax* [nM∙s-1]* t1/2  [min] Yield [%] 

Monovalent    

122 + 129 (gap = 1 nt) 4.44 (870x) 4.9 86 % 
122 + 130 (gap = 2 nt) 1.71 (390x) 8.1 83 % 
122 + 131 (gap = 3 nt) 2.18 (650x) 6.9 81 % 

Bivalent    

124 + 129 (gap = 1 nt) 5.49 4.6 90 % 
124 + 130 (gap = 2 nt) 1.62 9.3 86 % 
124 + 131 (gap = 3 nt) 2.39 6.8 83 % 
*Due to an initial lag phase, the maximum slope of the reaction was used. Measured at 25 °C. Values in brackets = -
fold increase over the untemplated reaction. N3-SMC-PNA/template: 1 µM, Ru(II)-PNA: 2 µM (N = 2). 

 
When the temperature was increased to 37 °C to more closely resemble cellular conditions, the 
reaction was even faster. The reduction of 122 plateaued at almost 90 % after only 10 minutes 
(Figure 53). Surprisingly, the amount of product that formed in the absence of template at this 
temperature also appeared to be smaller than at 25 °C (2 % vs 3 %). As discussed before, it is 
possible that an elevated temperature reduces the propensity of the PNA probes to non-specifi-
cally interact and bring catalyst and N3-SMC in close proximity. However, due to the higher meas-
urement uncertainty of such small peak areas it is difficult to draw any conclusions. 

  
Figure 53 Influence of temperature on templated photoreduction speed, lag and background reaction. Re-
actions were performed in buffer (10 mM MOPS, 200 mM NaCl, 5 mM NaAsc, 0.1 % CHAPS, pH 7.0) at 25 or 
37 °C in the presence of 1 µM N3-SMC-PNA 122, 2 µM Ru(II)-PNA 129 and (A) 1 µM or (B) no XIAP RNA 
template [211-231] and under irradiation (LED, 0.98 W, λ = 455 nm). Error bars = SD (N = 2) 

Interestingly, all Ru(II)-based reactions exhibited a short lag phase of about 1-2 min before any 
product formation could be detected.8 The lag seemed to be dependent on temperature, being 
somewhat shorter at 37 °C than at 25 °C (Figure 53). This effect also largely contributed to the 
faster kinetics observed at this temperature. Initially, it was thought that the lag phase might be 
the result of a delayed association of the Ru(II)- or N3-SMC-PNA probes with the template. How-
ever, the fact that it was still present after inclusion of a 10 minute preincubation period to the 
experiment and the generally rapid hybridization kinetics of short oligonucleotide probes 
(kon ≈ 106 M−1 s−1)[393–395] argue against this hypothesis.  

                                                             
8 This effect was considered in the calculation of the reaction speed (Table 9). Instead of the initial speed 
(v0), the maximum slope of the reaction curve was used (vmax). 
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Instead, it is possible that the effect is connected to the kinetics of formation of the reductively 
active Ru(I) species. This is largely dependent on the irradiation intensity. Creutz et al. reported 
that for irradiation of a solution of Ru(bpy)3Cl2, the photoexcitation rate k1 can be calculated as: 

k1 = 2.3 ∙ 103 I0 ∙ ε ∙ φ ∙ l (2) 

where I0 is the light intensity in mol cm-1 s-1, ε = 14 600 M-1 cm-1 is the molar absorptivity of 
Ru(bpy)32+ at 455 nm, φ is the quantum yield for excitation at this wavelength (for simplicity, a 
value of 1 is assumed) and l is the path length (ca. 0.5 cm for a half-full microtiter plate well).[396,397] 
Using the parameters of the light source used in this work (LED power P = 0.98 W, λ = 455 nm, 
collimated light radius r = 1.8 cm), I0 can be calculated as  

I0 =
P ∙ λ ∙ NA

h ∙ c ∙ π ∙ r2
= 3.66 ∙ 10−7 mol ∙ cm−1 ∙ s−1 (3) 

Assuming equation (2) stays valid for the comparatively low I0 values provided by the LED, this 
gives a rate constant for the formation of excited Ru(II)* of k1 = 6.15 s-1. The extent of its subse-
quent conversion into reductively active Ru(I), is governed by the efficiency of the dynamic 
quenching of excited Ru(II)* (kq vs. k-1) and the diffusion-controlled escape of Ru1+ from the cage 
with HAsc⦁, before a back-reaction can occur (kd vs. kt; Figure 54A). The total yield Y is the product 
of the two terms: 

Y =
kq ∙ [HAsc−]

k−1 + kq ∙ [HAsc−]
∙ 1 −

kt

kd
 (4) 

Using literature values for these processes (kq = 2∙107 M-1 s-1; k-1 = 1.7∙106 s-1; kt = 1∙109 M-1 s-1; kd 
= 3.3∙109 M-1 s-1)[397] and an ascorbate concentration of 5 mM, Y can be estimated as ca 3.9 %, re-
sulting in an effective rate for the formation of Ru(I) of keff = 0.24 s-1. Based on this calculation, it 
takes at least several seconds to produce the active Ru(I) species (assuming a quantum yield of 
100 % and no quenching by other molecules occurs). This is on the same time scale as the ob-
served lag phase and might offer a potential explanation (Figure 54B). It would also provide a 
rationale for the shorter delay at 37 °C, as higher temperatures increase kd, resulting in a more 
efficient cage escape and thus proportionally faster build-up of Ru(I). 

 

 
Figure 54 Formation of the active Ru(I) species. (A) Scheme of the involved processes. () Estimated min-
imum time-course for the conversion of Ru2+ into Ru1+, assuming no consumption by oxidation or quenching 
occurs. 
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Figure 55 (A) Comparison between match (122) and scrambled (123) N3-SMC-PNA probe and a non-tem-
plated reaction (NT). (B) Influence of probe concentration on the background reaction. Reactions were per-
formed in buffer (10 mM MOPS, 200 mM NaCl, 5 mM NaAsc, 0.1 % CHAPS, pH 7.0) at 37 °C in the presence 
of 1, 5 or 10 µM N3-SMC-probe 122, 2, 5 or 10 µM Ru(II)-probe 129 and 1 µM or no XIAP RNA template 
[208-232] and under irradiation (LED, 0.98 W, λ = 455 nm). Error bars = SD (N = 2). 

As additional control, the templated reaction was performed using a N3-SMC-conjugate bearing a 
scrambled PNA sequence (123). As expected, no reaction beyond the untemplated background 
could be detected (Figure 55A). This indicates that the reaction system is specific for the target 
sequence, not just the general presence of RNA. The effect of higher conjugate concentrations on 
the level of background reaction was also assessed. For this, 2, 5 or 10 µM Ru(II)-PNA and match-
ing amounts of N3-SMC-PNA were irradiated in the absence of RNA template. Fortunately, even 
with 10 µM of both probes, only about 10 % conversion occurred within the 90-minute timeframe 
of the experiment. Interestingly, for all conditions tested, the conversion level of the non-tem-
plated reactions reached a plateau after about 60 minutes. Analysis of the UPLC chromatograms 
revealed that this is likely the result of a limited stability of the Ru(II)-probe during extended ir-
radiation (vide infra; Figure 60; also Figure 52C and D). 

In summary, the templated photoreduction can be considered the superior approach (Figure 56). 
Despite a short lag phase (which gives the phosphine-based system a slight edge in the measured 
t1/2), it is significantly faster than both Staudinger reduction or acyl transfer at 37 °C and, im-
portantly, displays the largest speed increase over background (>1100-fold). At stoichiometric 
template concentrations, 90 % conversion can be achieved within 10 minutes. The dependence of 
the reaction on light provides an extra element of spatio-temporal control, and in contrast to phos-
phines or thiols/thioesters, the ruthenium complex is fully compatible with biomolecules.[335] 

 

 

System 
vmax 

[nM∙s-1] 

t1/2  

[min] 
Yield 
[%] 

Acyl Transfer 1.82 
(900x) 

20.2 93 % 

N3+PR3 2.62 
(650x) 

2.7 78 % 

N3+Ru(II) 4.28 
(1120x) 

3.1 90 % 

 

Figure 56 Comparison of all three reaction systems at 37 °C. The maximum reaction speed (vmax) was de-
termined as the rate during the first 120 s of the reaction, or the maximum slope (Ru(II) system). Values in 
brackets = -fold increase over the non-templated reaction. Thiol- (118)/N3-SMC-PNA (122)/XIAP RNA tem-
plate [211-231]: 1 µM, thioester- (121)/dmTCEP- (126)/Ru(II)-PNA (129): 2 µM. Error bars = SD (N = 2). 
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4.2.2.4 Synthesis and Evaluation of 2’OMe-RNA-based Azido-SMC- and Ru(II)-Conjugates 

PNA conjugates can be delivered into cells by CPP conjugation or physical techniques, like elec-
troporation. However, both of these methods can be associated with reduced cell viability. DNA- 
or RNA-based conjugates are more conveniently transported over biological membranes by trans-
fection with cationic lipids (as demonstrated in part I). Like PNA, both types of oligonucleotides 
can be used for templated reactions. However, their low stability against enzymatic degradation 
necessitates the use of chemical modifications to allow an application in biological systems. A suit-
able choice for this is 2’OMe-RNA. It has a comparable RNA heteroduplex stability to PNA and is 
significantly more stable then unmodified oligonucleotides. Moreover, 2’OMe-RNA does not re-
cruit RNAse H, which would result in undesired target degradation. 

To determine whether the templated photoreduction of azido-SMCs would work as efficiently 
with 2’OMe-RNA-based probes as with PNA-based ones, a new set of N3-SMC and Ru(II)-conju-
gates was prepared. Aside from enabling easier cell delivery, it was thought that this might also 
allow a determination of the background reaction for the bivalent N3-SMCs, as the net negatively 
charged 2’OMe-RNA conjugates may not suffer from the previously encountered, non-specific ad-
sorption. To guarantee comparable affinity to the target RNA, the probe length had to be adjusted. 
An initial test with the same length (9 nt) gave a ca. 10 °C lower melting temperature then for the 
PNA analogues (Figure 57). By increasing it to 12 nt, nearly equivalent TM values were obtained. 

Probe Sequence TM [°C] 

PNA 

XIAP211-219 ccatctatc 49.8 
XIAP221-229 tctccatat 46.2 

2’OMe-RNA 

XIAP211-219 CCAUCUAUC 39.1 
XIAP208-219 CCAUCUAUCUAC 50.1 
XIAP221-229 CUCCAUAUU 33.7 
XIAP221-232 AGUCUCCAUAUU 45.0 

Figure 57 Position of 2’OMe-RNA probes on the XIAP RNA templates and their melting temperatures. 

To create the same chemical structure as for the PNA conjugates, the 2’OMe-RNA-based probes 
were synthesized by an in-solution coupling procedure instead of click chemistry (Scheme 10). 
Peptide acids N3-SMC-OH (132) and (N3-SMC)2-OH (133) were synthesized on TentaGel trityl 
chloride resin using the same synthesis strategy as before. After HPLC purification the conjugates 
were obtained in 60 and 68 % yield, respectively. A 5’-C6-amino linker-modified 2’OMe-RNA oli-
gomer was ordered from a commercial supplier and coupled to the peptides using HATU and DI-
PEA. Due to different solubilities of the oligonucleotide and peptide, the reaction was performed 
in a 10:1 DMSO/water mixture. Despite the higher hydrolysis risk of the activated acid, the reac-
tion proceeded smoothly, provided that a large excess (20 eq.) of peptide was used. The mono- 
and bivalent products 134 and 135 were obtained in 50 % and 16 % yield, respectively. Of note, 
the in-solution coupling of the L-lysine-linked, bivalent peptide 133 produced noticeable levels of 
racemization (see chromatograms in appendix 8.1). This was, however, deemed acceptable, as it 
was assumed that the stereochemistry of the linker should not influence the binding properties of 
the Smac mimetic or interfere with the templated reaction. The synthesis of the Ru(II)-probe was 
conducted by NHS-ester conjugation. For this, a 3’-amino-modified 2’OMe-RNA oligonucleotide 
was dissolved in borate buffer (100 mM Na2B4O7, pH 8.5) to which 3 eq. Ru(bpy)2(mcbpy-O-Su-
ester)(PF6)2 in DMSO were added. After 2 hours, the mixture was separated by HPLC and the pure 
Ru(II)-2’OMe-RNA 136 was obtained in 20 % yield. This could have been higher, had a longer re-
action time been chosen and/or more equivalents of NHS-ester been used. 
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Scheme 10 Synthesis of N3-SMC- and Ru(II)-2’OMe-RNA conjugates. (i) Fmoc-SPPS: aa, HCTU, NMM, DMF, 
2x 30 min coupling, Fmoc deprotection: 20 % piperidine/DMF 3+7 min; (ii) 96 % TFA, 2 % TIS, 2 % H2O, 
2 h. Total yield 60-68 %; (iii) HATU, DIPEA, DMSO/water, 1 h; yield: 50 % (134)/16 % (135); (iv) 
Ru(bpy)2(mcbpy-O-Su-ester)(PF6)2, DMSO/buffer (100 mM Na2B4O7, pH 8.5), 2 h; yield: 20 %. 

The evaluation of the probes was performed analogously to previous experiments at 37 °C. The 
UPLC-based analysis was conducted on a different instrument than before (System B), using a 
buffer (0.1 M TEAA, pH 7.4)/MeCN gradient to allow resolution of the negatively charged oligonu-
cleotide conjugates. Gratifyingly, the templated reaction proceeded with comparable efficiency to 
the PNA-based probes (Figure 58). For the monovalent conjugate 134, about 90 % conversion 
was achieved within 25 min (t1/2 = 3.9 min). Only 1.4 % product formed in the absence of template 

Figure 58 Templated photoreduction of monovalent (A) or bivalent (B) N3-SMC-2’OMe-RNA with Ru(II)- 
2’OMe-RNA conjugates. Reactions were performed in buffer (10 mM MOPS, 200 mM NaCl, 5 mM NaAsc, 
0.1 % CHAPS, pH 7.0) at 37 °C in the presence of 1 µM N3-SMC-probe, 2 µM Ru(II)-probe and 1 µM or no 
(NT) XIAP RNA template [208-232] and under irradiation (LED, 0.98 W, λ = 455 nm). Error bars = SD 
(N = 2). Representative UPLC traces (260 nm; column 4; 10-70 % B2 in 3 min) for the reaction between 136 
and (C) 134 or (D) 135. Ru = Ru(II)-2’OMe-RNA; R-N3/N3-R-N3 = mono- or bivalent N3-SMC-2’OMe-RNA; 
H2N-R-N3 = mono-reduced bivalent intermediate; R-NH2/H2N-R-NH2 = mono- or bivalent product. 
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in the same time period. The reduction of bivalent N3-SMC 135 was slightly less efficient but still 
provided a plateau yield of 80 % after 25 min. As suspected, the 2'OMe-based probes showed less 
non-specific adsorption to the multiwell plates and UPLC vials than the PNA-conjugates, although 
they were not devoid of it either. Still, a non-templated background reaction could be measured. 
In the absence of RNA, no conversion into the double-reduced product took place, but a relatively 
high level (>16 % after 60 min) of mono-reduced intermediate was detected. This large difference 
to the background reaction of the monovalent conjugate must likely be attributed to the still per-
sistent propensity of the bivalent probes for non-specific association. Because of this drawback, it 
was decided not to use them in further experiments, despite a potentially higher affinity of the 
reaction product. 

4.2.2.5 Turnover Experiments 

Before conducting cellular experiments, the performance of the different reaction systems at low, 
sub-stoichiometric template concentrations had to be assessed. This allows a determination of 
turnover and an estimation of the catalytic limits of the reaction in a biological context. Using 1 µM 
of XIAP RNA for the reduction, both the PNA- and 2’OMeRNA-based probes performed almost 
identically (Figure 59A and B). However, when the amount of template was decreased, it became 
apparent that the PNA-based system is catalytically more active than its counterpart. In the pres-
ence of 0.3 eq. template (300 nM), the PNA probes achieved the same yield as with 1 eq. (albeit 
slightly later; t1/2 = 7.1 vs. 3.1 min), while the maximum conversion for the 2’OMe-RNA probes 

Figure 59 Turnover experiments with substoichiometric amounts of target RNA. Influence of template 
concentration (0-1.0 µM) on the reduction of 1 µM (A) N3-SMC-PNA 122 or (B) N3-SMC-2’OMe-RNA 134 
with 2 µM Ru(II)-conjugate 129/136 or (C) of 1 µM N3-SMC-PNA 122 with 2 µM dmTCEP-PNA conjugate 
126. Reactions were performed in buffer (10 mM MOPS, 200 mM NaCl, 0.1 % CHAPS, [5 mM NaAsc], pH 7.0) 
at 37 °C. Ru(II) samples were irradiated (LED, 0.98 W, λ = 455 nm). (D) Background-corrected turnover cal-
culated from the ratio of plateau yield and the corresponding template equivalents. Error bars = SD (N = 2). 
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dropped to 56 %. With as little as 0.01 eq. (10 nM) of template RNA, the PNA-system still reached 
more than 15 % conversion (a turnover of 13.5). At this concentration, the 2’OMe-RNA-system 
was only marginally better than the non-templated background reaction, providing a yield of only 
ca. 5 % (a turnover of 2.5). The reasons for these differences in catalytic efficiency are unclear, but 
it might be related to the extended length or chemical nature of the 2’OMe-RNA probes. Despite a 
similar Tm, the dissociation kinetics of the longer probes might be slower. In fact, comparatively 
low koff values have been reported for other 2’-ribose modified oligonucleotides.[398] Another issue 
might be the stability of the Ru(bpy)2(mcbpy) complex. UPLC-measurements revealed that within 
30 minutes of irradiation, significant amounts of catalyst degrade (see Figure 60 and Figure 

52/58C-D). As discussed above, this effect is likely the cause for the observed plateauing of the 
non-templated reactions. The rate and extent of degradation seems to be more severe for the 
2’OMe-RNA-probes (Figure 60A). It was hypothesized that excited Ru(bpy)2(mcbpy) might pho-
tocatalytically cleave phosphodiester (but less so amide) bonds, as it has been reported for other 
ruthenium complexes.[399,400] However, a Urea-PAGE of irradiated and unirradiated Ru(II)-2’OMe-
RNA samples (Figure 60C) showed no detectable fragmentation or change in band migration be-
haviour. Mass spectrometric analysis revealed the appearance of an [M+16] peak (Figure 60B), 
so it is possible that the degradation is instead the result of an oxidative process. Ruthenium 
polypyridyl complexes have been shown to sensitize the photo-oxidation of nucleic acids, partic-
ularly guanine,[401,402] of which the 2’OMe-RNA probe has one more than the PNA one. It is also 
conceivable that the former has a generally higher susceptibility to oxidative damage than the 
latter, as PNA has been shown to be able to suppress DNA photooxidation. 

For comparison, the turnover experiments were also conducted with the dmTCEP-probes (Figure 

59C). As discussed in 4.2.2.2, the formation of a side product reduces the total conversion that is 
achievable with them. Taking this into account, the maximal turnover of the reaction (ca. 4) was 
slightly higher than for the photoreduction with Ru(II)-OMe-RNA, but still much lower than for 
the Ru(II)-PNA probes. As mentioned before, this is most likely due to the additional reducing 
agent strand exchange required for successive Staudinger reductions.  

Taken together, the results of the turnover experiments confirmed the superior performance of 
the PNA-based photoreduction system. Using a concentration of 1 µM N3-SMC-probe, significant 
amounts of product could be formed with only 10 nM template, a concentration that may realisti-
cally be achieved in overexpressing cells. For the 2’OMe-RNA-based system, higher concentrations 
are likely necessary but this may be compensated by a facilitated delivery. 

  
 

Figure 60 Stability of the Ru(II)-probes during irradiation. (A) Probe integrity of PNA and -2’OMe-RNA 
probes determined by their UPLC peak area relative to an unirradiated sample. Conditions: 2 µM Ru(II)-
conjugate 129 or 136, irradiated (LED, 0.98 W, λ = 455 nm) in buffer (10 mM MOPS, 200 mM NaCl, 0.1 % 
CHAPS, pH 7.0) at 37 °C. Error bars = SD (N = 8). (B) UPLC traces (260 nm; column 1; 10-80 % B1 in 3 min) 
for 2 µM Ru(II)-PNA irradiated for the indicated time. (C) Urea-PAGE (20 %, 8 M urea) of irradiated (60 min, 
LIGHT) and non-irradiated (DARK) Ru(II)-2’OMe-RNA probe. Stained with SYBR™ Gold. 
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4.2.3 Experiments in Living Cells 

Next, the templated reaction systems should be evaluated in living cells. To enable an efficient 
reaction and facilitate the readout, an SMC sensitive cell line with high levels of target mRNA was 
required. The previously used A549 lung cancer cells do not respond strongly to SMCs without a 
concurrent c-FLIP knockdown, so they were not considered suitable. Instead, Jurkat cells, an im-
mortalized line of human T lymphocytes, was selected. This suspension cell line is known to be 
susceptible to SMCs, especially in combination with death receptor agonists.[96] To ensure suffi-
ciently high levels of XIAP mRNA are present in the cells during initial proof-of-concept experi-
ments, a target-overexpressing cell line was created. 

 
4.2.3.1 Creation and Evaluation of a Target mRNA-overexpressing Cell Line 

The creation of a XIAP mRNA-overexpressing stable cell line was conducted by Dr. Peter Bou Dip, 
Dr. Christina Kutznia and Sophie Neuber via CRISPR/Cas9 genome editing. A short, non-functional 
XIAP mRNA fragment (coding for aa 43-109; see appendix 8.7.4) containing the target sequence 
was inserted into a pAAVS1 donor vector via Gibson assembly (for plasmid map see appendix 0). 
The resulting fusion sequence mCherry(NLS)-P2A-XIAP was put under the strong human cyto-
megalovirus (CMV) promotor to ensure high expression levels. The construct contains a P2A self-
cleaving peptide sequence, which separates the nuclear localization sequence (NLS)-tagged fluo-
rescent mCherry protein from the XIAP fragment upon translation. The former migrates to the 
nucleus and was used for evaluation of transfection efficiency and flow cytometric sorting of the 
cells by expression level. The sorted cells were singularized and individual clones expanded under 
puromycin selection. To compare their relative XIAP mRNA expression levels, a RT-qPCR analysis 
with primers spanning the target sequence was conducted (see 6.3.11). The highest expressing 
clone, C10, was subjected to an absolute quantification of the target copies per cell, using a syn-
thetic amplicon as reference (Figure 61A). Unfortunately, C10 demonstrated an only 22-fold 
higher expression level than wildtype (Wt) Jurkat cells. This corresponds to a copy number of 492 
molecules per cell. Given an average Jurkat cell volume of 0.66 pL,[403] this translates into an intra-
cellular concentration of about 1 nM (50 pM for Jurkat Wt), significantly below the previously es-
tablished limit of the templated reaction. Assuming that most of the cellular mRNA resides in the 
cytoplasm after nuclear export (which comprises about one-third of the cellular volume), this 
value may be slightly higher (3 nM), but based on results from the turnover experiments, this is 
still too low. The weak expression was attributed to the inefficient transfection of Jurkat cells, a 
well-known problem of this cell line. As an alternative, a new attempt was made with easier-to-
transfect HEK 293 human embryonic kidney cells. Although not a cancer cell line, HEK 293 cells 
 

  
Figure 61 Evaluation of target mRNA expression levels in engineered cell lines. (A) Comparison of abso-
lute XIAP mRNA expression levels in HEK 293 and Jurkat Wt cells and their highest expressing clones. (B) 
Relative XIAP mRNA overexpression in different HEK 293 clones, using GAPDH as reference gene. 
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Figure 62 Susceptibility of HEK Wt and XIAP A5 cells to (A) Smac mimetic BV6, (B) death ligand Super-
KillerTrail™ or (C) of HEK XIAP A5 to a combination of BV6 and 0, 10 or 25 ng/ml SuperKillerTrail™. Cells 
(1x104 cells/well) were seeded on a 96-well cell culture plate and, after 24 h, treated with compound dilu-
tions in medium. After 48 h, viability was determined by alamarBlue™ assay. Error bars = SD (N = 2). 

are tumorigenic in nude mice and can be considered a model for malignant neoplasms. Like cancer 
cells, they have a severely deregulated transcriptome and overexpress certain cancer associated 
genes.[404] No literature could be found about their susceptibility to Smac mimetics, but a test re-
vealed that they respond to combinations of BV-6 and SuperKillerTRAIL™ (Figure 62). It was thus 
reasoned that XIAP-overexpressing HEK 293 cells may serve as an easier-to-handle model system 
for the templated reaction. 

Indeed, the modification of HEK 293 cells proved to be more successful and several highly ex-
pressing clones could be obtained (Figure 61B). Out of five selected candidates, A5 had the best 
combination of overexpression and efficient growth. The absolute quantification of its XIAP mRNA 
levels by RT-qPCR revealed an increase over Wt levels by more than 146-fold, to an absolute num-
ber of 14 200 molecules per cell (Figure 61A). Assuming an average cell volume of 1.4 pL,9 this 
corresponds to an intracellular target mRNA concentration of ca. 17 nM (115 pM for HEK Wt), 
which may be in the range necessary to effectively catalyse a reaction in cellulo. Of note, this ex-
pression level corresponds to approximately 4 % of all cellular mRNA (assuming a total mRNA 
number of ca. 360 000 molecules/cell[406]). 

Before commencing with cell experiments, the PNA probes were tested for a potential cytotoxic 
effect on the HEK cells (Figure 63). Fortunately, neither the mono- or bivalent N3-SMC probes 
(122 and 124), nor the dmTCEP or Ru(II) reducing agent conjugates (126 and 129) produced any 
noticeable decrease in cell viability over the concentration range tested (0.16 – 15 µM). 

  
Figure 63  Toxicity test of () N3-SMC-/(N3-SMC)2-PNA 122/124 and (B) dmTCEP/Ru(II)-PNA 126/129 
on HEK 293 cells. Cells (1x104 cells/well) were seeded on a 96-well cell culture plate and, after 24 h, treated 
with compound dilutions (0.16-15 µM) in medium. After 48 h, viability was determined by alamarBlue™ 
assay. Error bars = SD (from 3 technical replicates; N = 1) 

                                                             
9 calculated from the average diameter of HEK 293 Wt cells of 13.9 μm, assuming spherical shape.[405] 
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4.2.3.2 Optimization of the Cellular Delivery 

Because the templated reactions were most effective with PNA-based probes, these were chosen 
for cellular experiments. Consequently, lipofection could not be used and another means for de-
livery was required. Based on the results of part I, it was decided to refrain from using CPPs in 
order to avoid problems arising from non-specific toxicity or alteration of the templated reaction 
efficiency by the extra charge. Instead, it was decided to employ electroporation for delivery. This 
technique utilizes high voltage electrical pulses to temporarily permeabilize the cellular mem-
brane, allowing molecules like peptides or nucleic acids to pass through.[407] Although it is a very 
efficient transfection method, careful optimization of the experimental conditions is required to 
avoid damaging the cells and causing excessive viability loss. 

To screen for suitable pulse settings, HEK cells were suspended in GenePulser® electroporation 
buffer, a proprietary formulation optimized for low cell mortality and high delivery efficiency, at 
a concentration of 5x106 cells/ml. This corresponded to the upper range of the manufacturer’s 
recommendations for adherent cells. 2 µM of a carboxyfluorescein-labeled PNA-probe (139) was 
added to the suspension to allow a quantification of the uptake by flow cytometry. Based on a 
reference protocol, an exponential decay pulse with a capacitance of 975 µF was chosen. Varying 
the voltage, it was learned that efficient delivery (>80 % positive cells) occurs at field strengths 
above 0.55 kV/cm (a voltage of 110 V for 0.2 cm cuvettes; Figure 64A). However, post-pulse cell 
viability was negatively correlated with increasing voltage. Only about 60 % of the electroporated 
cells remained viable 4 h after a 110 V pulse and of these, half died within the next 24 h. This could 
be improved with a small change to the experimental protocol. Electroporating the cells in ice-
cold buffer using pre-chilled electroporation cuvettes and recovering them in warm medium with 
20 % serum immediately after the pulse significantly enhanced viability without compromising 
transfection efficiency (Figure 64B). Using this procedure at a voltage of 110 V, more than 80 % 
of the cells survived, and around 45 % were still viable the next day. These conditions were thus 
selected for the delivery of the templated reaction system probes. 
With the experimental setup used, it was not possible to determine how much PNA-conjugate was 
introduced into the cells. Based on the mechanism of this transfection technique, it can be con-
cluded that the intracellular concentration after electroporation cannot be higher than the con-
centration of the medium. In fact, a systematic study by Canatella et al. revealed that even with an 
optimized protocol, the achievable concentration did not exceed 37 % of the concentration out-
side of the cell, indicating a sub-equilibrium delivery.[408] This has to be considered in the evalua-
tion of the biological experiments, as the probe concentration in the cells was likely lower than 
during the test tube setup. 

  
Figure 64 Optimization of electroporation conditions. HEK 293 cells were suspended in (A) 25 °C or (B) 
4 °C GenePulser buffer (5x106 cells/ml) containing 2 µM FAM-labeled PNA 139 and electroporated using 
pre-tempered 0.2 cm cuvettes and a single exponential decay pulse at 975 µF with varying voltage. Trans-
fection efficiency was assessed after 4 h by flow cytometry as the ratio of FAM-positive to negative cells. 
Viability was determined after 4 h by propidium iodide staining (FACS) or after 24 h by alamarBlue™ assay 
(N = 1). 
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4.2.3.3 Templated Azido-SMC Reduction in Target-Overexpressing HEK293 Cells 

With the optimized delivery conditions, an evaluation of the templated reduction of N3-SMCs in 
cells was conducted. Since the Ru(II)-PNA probes demonstrated superior performance in the pre-
vious experiments, it was decided to use this system instead of the dmTCEP-based Staudinger 
reduction. Likewise, the PNA-based conjugates were preferred over their 2-OMe-RNA congeners 
due to the higher turnover provided. For each experiment, HEK XIAP A5 and Wt cells were elec-
troporated with combinations of Ru(II)-PNA (129) and match (122) or scrambled (123) N3-SMC-
PNA probes using the optimized conditions. To provide sufficiently high intracellular concentra-
tions, up to 10 µM of the N3-SMC-probe was added to the transfection buffer. Due to its catalytic 
activity and the limited amount available, a smaller amount (up to 2 µM) of the Ru(II) conjugate 
was used. The cells were placed in a clear 48-well cell culture plate and irradiated (0.98 W, 
λ = 455 nm) for 30 minutes at 37 °C. As control, an identical plate was incubated in the dark. Af-
terwards, the cells from both plates were seeded in a 96-well plate and, after 24 hours, assayed 
for a reduction in viability. Each sample was compared with its dark control and the reference. 
Initial results revealed a significant problem with phototoxicity, which was present for all irradi-
ated samples, including the untreated negative control. Cells kept in the dark did not experience 
any loss of viability. A literature search revealed a possible link to the presence of riboflavin and 
other blue-light excitable micronutrients in the cell culture medium. Stockley et al. reported that 
excluding these components from irradiation media can prevent light toxicity.[409] Indeed, the 
problem could be resolved by suspending the cells in PBS during irradiation (Figure 65A). How-
ever, this would have necessitated an additional medium replacement step after irradiation, 
 

  

 
Figure 65 Templated photoreduction experiments in HEK XIAP A5 cells. (A) Phototoxicity of different me-
dia during HEK XIAP A5 cell (5∙105 cells/ml) irradiation (0.98 W; λ = 455 nm; 30 min), determined after 
24 h. (N = 2). Viability of HEK XIAP A5 cells 24 h after electroporation and irradiation with combinations of 
(B) 10 µM N3-SMC-PNA (122; N3) and 1 µM Ru(II)-PNA (129; Ru) in presence or absence of 0-5 ng/ml 
SuperKillerTRAIL™ (N = 1) or (C) combinations of 5 µM match (122) or scrambled (123; scr) N3-SMC-PNA 
and 0.25-2 µM Ru(II)-PNA (129) in the presence or absence of 0.5 ng/ml SuperKillerTRAIL™, relative to a 
corresponding non-irradiated (DARK) control. Error bars = SD (N = 3; 2 µM Ru+scr: N = 2). 
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complicating the experimental procedure and possibly introducing additional error. Fortunately, 
FluoroBrite™, a proprietary DMEM-reformulation with reduced phototoxic components proved 
similarly effective at reducing light toxicity. With this, the cells could remain in the irradiation 
medium, which was then mixed 1:1 with regular DMEM to provide the missing micronutrients. 

Despite this optimization, the further experiments failed to demonstrate a specific cytotoxic effect 
of the templated reaction system. Although a co-electroporation of Ru(II)-PNA 129 (Ru) and N3-
SMC-PNA 122 (N3) reduced cell viability more than N3-SMC-PNA alone (Figure 65B), this effect 
was only due to the presence of the ruthenium probe, which proved to be phototoxic over a wide 
concentration range. Moreover, no difference could be detected between cells that had been 
treated with Ru(II)-PNA and match conjugate N3-SMC-PNA (122), or those that received the 
scrambled control N3-SMC-scrPNA (123; scr), indicating that any detectable differences to the 
Ru(II)-PNA-only treated sample were likely not due to a templated reaction taking place (Figure 

65C). Importantly, the addition of death ligand SuperKillerTRAIL™ reduced the overall cell viabil-
ity, but failed to produce a specifically higher toxicity of the reaction system, which is another 
indicator for the absence of an active SMC reaction product. Of note, the initially determined 
SuperKillerTRAIL™ concentration of 10 ng/ml (Figure 62C) proved to be too toxic for cells al-
ready stressed by electroporation and the irradiation procedure. It was therefore reduced to 
0.5 ng/ml. 

  

 
Figure 66 (A) Synthesis of biotin- and carboxyfluorescein-labeled SMC-PNA conjugates. (i) Fmoc-SPPS: 
aa, HCTU, NMM, DMF, 2x 30 min coupling, Fmoc deprotection: 20 % piperidine/DMF 3+7 min; (ii) 
Pd(PPh3)4, PhSiH, DCM, 2x 30 min; (iii) 6-FAM, HATU, NMM, NMP, 1.5 h; (iv) 96 % TFA, 2 % TIS, 2 % H2O, 
2 h. Total yield 9-14 %. (B) Performance of labeled and unlabeled N3-SMC-PNA conjugates in a tube-based 
templated Staudinger reduction with Ru(II)-PNA in presence or absence of 1 µM RNA template. Conditions: 
2 µM Ru(II)-PNA 129, 1 µM N3-SMC-PNA/XIAP RNA template [211-231] in buffer (10 mM MOPS, 200 mM 
NaCl, 5 mM NaAsc, 0.1 % CHAPS, pH 7.0), irradiation (LED, 0.98 W, λ = 455 nm), 37 °C. 

It was conceivable that the yield of the templated reaction was not sufficient to produce a viability 
drop large enough to be detected by the assay. To determine whether a reaction is taking place in 
the cells at all, a set of analogous biotin- and carboxyfluorescein-labeled NH2/N3-SMC-PNA probes 
for product isolation and detection was prepared (Figure 66A). Comparing their templated reac-
tion performance with the unlabeled probes in test tube experiments, it was confirmed that they 
behave almost identically (Figure 66B), achieving more than 90 % conversion within 15 min. 
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Figure 67 Product extraction experiments with biotin/FAM-labeled PNA conjugates. FL-UPLC traces (λex 
= 495 nm, λem = 520 nm; column 4; 10-45 % B2 in 6 min) of (A) reference conjugates 140 (N3)/141 (NH2) 
and streptavidin bead-extracts of lysates of HEK XIAP A5 (A5) and HEK Wt (Wt) cells electroporated with 
1 µM Ru(II)-PNA (129) and 5 µM match (142) or scrambled (143; scr) N3-SMC-PNA /and irradiated for 
30 min (0.98 W; λ = 455 nm). (B) Templated reactions performed with 1 µM N3-SMC-PNA 122/2 µM Ru(II)-
PNA 129 in HEK Wt and XIAP A5 total RNA isolate, re-dissolved at physiological concentration (1 pL/cell) 
in buffer (10 mM MOPS, 200 mM NaCl, 5 mM NaAsc, 0.1 % CHAPS, pH 7.0) with/without XIAP RNA template 
[211-231]. 

To isolate the potential product of an intracellular templated reaction, HEK XIAP A5 and HEK Wt 
cells were electroporated with 1 µM Ru(II)-PNA (129)  and 5 µM match (144) or scrambled (145) 
biotin-/FAM-labeled N3-SMC conjugate and irradiated for 30 min. Immediately after, the cells 
were lysed in RIPA buffer with protease inhibitors and magnetic streptavidin-coated beads were 
used to isolate all biotin-bearing compounds. After 24 h, elution was effected with a mixture of 
70 %, MeCN, 5 % formic acid and 1 mM biotin. However, the subsequent analysis on a UPLC in-
strument equipped with a fluorescence detector did not reveal any significant product formation 
(Figure 67A). Although a very small peak with the same retention time as the NH2-SMC-PNA ref-
erence conjugate 146 (3.1 min) was present in all samples, its area under the curve did not exceed 
levels that would be expected from the background reaction. Moreover, samples isolated from A5 
and Wt cells gave identical chromatograms, indicating the absence of a catalytic effect by overex-
pressed XIAP mRNA.  

To address the question whether the cellular mRNA could catalyse a reaction in a less complex 
environment (i.e. in the absence of non-nucleic acid components and cellular compartmentaliza-
tion), total RNA was isolated from both HEK XIAP and HEK Wt cells and re-dissolved at physiolog-
ical concentration in buffer (10 mM MOPS, 100 mM NaCl, 0.1 % CHAPS, pH 7.0; 1 pL/cell lysed). 
1 µM N3-SMC-PNA 147 and 2 µM Ru(II)-PNA 129 were added and the mixtures were irradiated 
for 60 min. Subsequently, streptavidin bead extraction was performed. Like in the previous ex-
periment, no product formation beyond background reaction could be detected in either HEK 
XIAP or Wt RNA isolate (Figure 67B). However, when the RNA isolate was spiked with an addi-
tional 1 µM synthetic XIAP RNA, a nearly full conversion was observed. It was thus hypothesized 
that, despite significant target overexpression in the utilized cell line, the XIAP mRNA concentra-
tion is either not high enough or the expressed sequence is otherwise inaccessible to the conju-
gates, e.g. as a result of secondary structure elements. 
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To test wether the reaction could be carried out in a cellular environment when sufficient amounts 
of mRNA template are present, it was tried to co-electroporate synthetic target into the cells. Due 
to the abundance of nucleases in the cellular environment, a 2’OMe-stabilized RNA template (XIAP 
2’OMe-RNA template [208-232]) was used instead of regular RNA. To verify that it catalyses the 
templated reaction with the same efficiency, another test tube experiment was performed (Figure 

68A). Using stoichiometric concentrations of 2’OMe-RNA (1 µM), 90 % product were obtained in 
15 min, the same kinetics as for the RNA-templated reaction. At sub-stoichiometric concentra-
tions (0.1 µM) the reaction was slower, yielding only 60 % instead of 70 % product within the 60-
minute timeframe of the experiment, which might be due to a higher melting temperature of the 
PNA:2’OMe-RNA duplex. Regardless (and for lack of a more suitable alternative), the 2’OMe-RNA 
template was used in a cell experiment (Figure 68B). However, no increased toxicity from the 
combination of Ru(II)-PNA and match N3-SMC-PNA could be detected when co-electroporated 
with 3 µM template. Likewise, no product was found in a streptavidin bead extraction following 
co-transfection of 10 µM Ru(II)-PNA, N3-SMC-PNA and 2’OMe-RNA target (data not shown). It is 
possible that the intracellular concentration achieved by electroporation was still too low for an 
efficient reaction to occur or that the cellular reducing agents were ineffective at (re)generating 
the ruthenium catalyst. Yet, another test, in which 300 µM sodium ascorbate was added to the 
electroporation and recovery media to further boost cellular antioxidant levels (and thus facilitate 
regeneration of the ruthenium complex) was equally unsuccessful (data not shown). It is unclear, 
whether the short time the cells were exposed to those media was sufficient to result in meaning-
ful uptake or if a permanent addition to the culture medium would be required. 

  
Figure 68 Test tube experiment and co-electroporation with synthetic 2’OMe RNA template. (A) Tem-
plated reaction of 2 µM Ru(II)-PNA 129 and 1 µM N3-SMC-PNA 122 using XIAP 2’OMe-RNA template [208-
232]. Reaction performed in buffer (10 mM MOPS, 200 mM NaCl, 5 mM NaAsc, 0.1 % CHAPS, pH 7.0) at 
37 °C and under irradiation (LED, 0.98 W, λ = 455 nm). (B) Viability of HEK XIAP A5 cells electroporated 
with combinations of 5 µM match or scrambled N3-SMC-PNA, 1 µM Ru(II)-PNA and 0 or 3 µM XIAP 2’-OMe-
RNA template [208-232] in presence or absence of 0.5 ng/ml SuperKillerTRAIL™, relative to a correspond-
ing DARK control (N = 2). 

Interestingly, when testing the dmTCEP probes in a similar experiment, a slightly stronger re-
sponse to the combination of N3-SMC-PNA 122 and dmTCEP-PNA 126 seemed to occur than to 
126 alone or the combination with scrambled N3-SMC-scrPNA 123 (Figure 69A). Although not 
statistically significant, the difference persisted over multiple repetitions of the experiment. It was 
decided to further investigate, using an Annexin-V (Figure 69A) and Caspase 3/7 (appendix 8.5, 
Figure 75) flow cytometric apoptosis assay, respectively, which allow a finer discrimination be-
tween viable, dead, early and late apoptotic cell populations. Annexin V is a phospholipid-binding 
protein that recognizes phospatidylserine, which is presented by early apoptotic cells on their cell 
surface. For the assay, HEK XIAP A5 cells were electroporated with 5 µM match or scrambled N3- 
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SMC-PNA and 10 µM dmTCEP-PNA. After 24 hours of incubation, the cell populations were 
marked with Annexin V-AlexaFluor488 or CellEvent caspase 3/7 apoptosis detection reagent and 
SytoxAADVanced dead cell staining.10 

When the relative shares of viable, apoptotic and dead cell populations were plotted, the results 
were not drastically different from the previous viability assay (Figure 69A). Although the com-
bined treatment with both dmTCEP-PNA and N3-SMC-PNA appeared to produce a slightly larger 
proportion of late stage apoptotic and dead cells then dmTCEP-PNA alone, the difference between 
cells that received the match conjugate and those that were treated with the scrambled version 
remained negligible. Like before, SuperKillerTRAIL™ was added in an attempt to stimulate apop-
tosis, and although this treatment resulted in more apoptotic and fewer viable cells, it failed to 
amplify differences between treatments. Importantly, a second pulse-only control (Figure 69B; 
Pulse 2), which was performed last, after electroporation of all other samples, was included in this 
experiment. The fact that cells in this control were less viable than in the initial pulse-only control 
(Figure 69B; Pulse), hinted at a time-dependency of cell viability. It suggested that samples that 
were electroporated later demonstrated lower viability in the assay. This was possibly a result of 
the different time the cells spent on ice during the procedure. Cold shock has been shown to induce 
apoptosis under certain conditions.[410] This effect might mask weak differences between the sam-
ples and, together with the relatively large error, this precludes statistically meaningful conclu-
sions of the experiment. 

  
Figure 69 Treatment of HEK XIAP A5 cells with N3-SMC and dmTCEP-conjugates. (A) Viability 24 h after 
electroporation with combinations of 5 µM match (122; N3) or scrambled (123; scr) N3-SMC-PNA and 
5/10 µM dmTCEP-PNA (126; dmTCEP) and incubation in the presence or absence of 0.5 ng/ml SuperKiller-
TRAIL™, relative to a pulse-only control. Determined by alamarBlue assay (N = 5). (B) Flow cytometric An-
nexin V-AlexFluor488/Sytox AADVanced apoptosis assay of cell populations 24 h after electroporation with 
combinations of 5 µM 122 or 123 and 10 µM 126 and incubation in presence or absence of 0.5 ng/ml Super-
KillerTRAIL™ (N = 4; ≥ 50 000 events recorded per sample). Two pulse-only controls: before (Pulse) and 
after (Pulse 2) electroporation of all other conjugates. Error bars = SD. 

                                                             
10 Due to the high expression of mCherry in the HEK XIAP cell line, background fluorescence in the 700 nm 
channel used for dead cell discrimination was high, but the available laser/filter configuration of the flow 
cytometer limited the selection of usable dyes. Background fluorescence was mitigated as much as possible 
with careful gating (see appendix 8.5, Figure 74). 
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In summary, the use of a templated reaction system for the expression-specific activation of pro-
apoptotic Smac mimetics inside living cells could not be demonstrated with either the Ru(II)- or 
dmTCEP-based system. Although the templated reduction of N3-SMCs proceeded sufficiently fast 
and very specific in a cell-free context (particularly the Ru(II)-catalysed photoreduction), this 
mechanism could not be transferred into a cellular environment. The observed lack of a biological 
response specific to the reaction system could stem from multiple issues: First, and most likely, 
the levels of template RNA in the cells might not suffice to catalyze the templated reaction to an 
appreciable extent. RT-qPCR experiments revealed that HEK XIAP clone A5 reaches an intracellu-
lar target concentration of up to 10 nM. Although this corresponds to approximately 4 % of all 
cellular mRNA, the turnover experiments indicated that this concentration is still at the low end 
of what could effectively catalyze a reaction (albeit with only 15% yield). In a crowded cellular 
environment where competing sequences are present, it may not be enough. This is supported by 
the results of the templated reaction in RNA isolate, where a target concentration of 10 nM did not 
yield product, yet exogenous addition of 1 uM RNA template triggered a reaction. Another possi-
bility is that the target sequence is inaccessible to the conjugates. This could be the case if, for 
example, secondary or tertiary structure elements are present that would first have to be broken 
up to allow a hybridization. Finding suitable annealing sites is a key issue in the development of 
effective antisense molecules, and one that has been the subject of extensive research.[411–413] Alt-
hough a sequence reported to be accessible by antisense methodologies was chosen as target for 
the templated reaction, it cannot be excluded that the overexpressed mCherry(NLS)-XIAP RNA 
adopts a different structure than the natural XIAP mRNA. In fact, a minimum free energy (MEF) 
secondary structure prediction of the sequence shows that the target region is likely part of a 
stem-loop structure and engages in intra-strand base pairing with high probability (Figure 70A). 
Computational studies have reported that paired nucleotides represent inefficient targets for an-
tisense oligonucleotides and, despite a higher per-base affinity, the same might be true for the 
short PNA-probes used in this work.[411,412] It should be mentioned that polypyrimidine PNAs can 
successfully invade DNA duplexes, but no extended complementary homopurine tracts (>5 nt) are 
present in the XIAP target sequence.[235,236] 

 

 

Figure 70 Minimum free energy (MFE) secondary structure prediction for (A) the target-containing part 
of the overexpressed XIAP mRNA fragment used in this work (see 8.7.4; bold letters) and (B) the processed 
miR-22 fragment targeted by Winssinger and co-workers. Base-pairing probability is encoded by the grey-
scale (white = 0 %, dark grey = 100 %). The templated reaction target sequence is highlighted in blue. Cal-
culated and plotted with RNAfold.[414] 
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Of note, other groups have successfully reported the application of templated azide reduction 
chemistries in living cells.[338,339,342,415] However, these studies either aimed at uncaging fluorescent 
dyes or employed self-immolative pyridinium or azidobenzyl linkers, which react significantly 
faster (kapp = 138 x 10-3 sec-1 for the pyridinium linker) than aliphatic azides (kapp ≈ 1 x 10-3 sec-1) 
and produce much higher turnover.[393] The authors of these studies also highlighted the im-
portance of the available template concentrations. Gorska et al. successfully used a phosphine-
based reaction system on a highly expressed miRNA-21 template in MCF-7 cells, but could not 
confirm a reaction in HeLa cells.[320] From RT-qPCR studies the absolute copy numbers in these 
cell lines are known: MCF-7 strongly expresses miRNA-21 (>33 000 copies per cell; ca 100-
300 nM),[416] while HeLa has reduced (but still high) levels (ca. 12 000 copies per cell).[417] The ex-
pression level of XIAP mRNA in the HEK XIAP A5 cell line created in this work (14 200 copies per 
cell) is similar to the one of miRNA-21 in HeLa, which did not yield fluorescence in the templated 
reaction of Gorska et al. It should also be mentioned that fluorescent signals are more easily de-
tected in low concentrations than drug-like molecules and the only 22 nt long, mature miR-21 
sequence utilized by the authors of the study does not form extensive secondary structures (Fig-

ure 70B). Moreover, after its integration into the RISC complex, it is presented as a single strand, 
which likely results in a highly accessible target. 

It is possible that shifting the position of the PNA-probes by circa 30 nt upstream might improve 
the efficiency of the templated reaction on the overexpressed XIAP sequence. The MEF calcula-
tions indicate that the RNA forms a relatively large loop structure there. Due to the absence of 
intrastrand RNA base pairing, this region may be significantly more accessible, potentially in-
creasing the in cellulo reaction efficiency. 

Assuming that a templated reaction does take place, it may also be conceivable that it fails to pro-
duce enough active peptide to exert a biological effect. The previous experiments showed that 
HEK XIAP A5 cells are susceptible to a combined treatment with Smac mimetics and SuperKiller-

TRAIL™, but a concentration of more than 100 nM BV-6 was required to produce a noticeable de-
crease in viability. Monovalent SMCs, such as the one created by the templated reduction of N3-
SMC-PNA 122 might be less effective and could require even higher concentrations. To achieve 
this, turnover is critical. Although it was demonstrated that one molecule of template instructs the 
activation of up to 13 SMC molecules in the Ru(bpy)2(mcbpy)-catalyzed photoreduction reaction, 
this is likely insufficient to produce the necessary amounts of product. A key issue here could be 
probe length. Shorter PNAs are known to give higher turnover, but a certain length is required for 
specificity.[296] The 8- to 9-mer probes used in this work were a trade-off between these two con-
siderations. Nevertheless, it may be possible to further shorten them, reducing their melting tem-
perature and accelerating strand exchange. In a test tube setup, Di Pisa et al. used 1-2 nt shorter 
probes (6-/8-mers) and achieved 10-fold higher turnover numbers (up to 150).[328] Although 
probes of this length will likely undergo off-target binding in a cellular environment, this could be 
compensated by the faster dissociation kinetics and might help to further reduce the required 
template concentrations. 

A final consideration concerns the structure of the activated SMC-conjugates: The templated re-
duction can only convert the N-terminal azide into a primary amine, whereas most literature-
known Smac mimetics carry an N-methylamine in this position. Although this exchange only mar-
ginally affects binding affinity, it may have implications for the biological stability of the reaction 
product.[158] While N-methylated peptides have a certain resistance against cellular enzymes, the 
amino-SMC might be more fragile. A rapidly degraded reaction product will not accumulate in the 
cell and may fail to reach the concentration levels required for biological activity. This may also 
offer an alternative explanation as to why no meaningful amounts of product could be isolated by 
streptavidin bead extraction.  
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5. Summary and Outlook 

In summary, the present thesis demonstrated how the unique functionalities of the nucleic acid 
and peptide world can be combined to enhance and control the activity of Smac mimetic peptides. 

In the first part, the synergistic enhancement of a BV6-derived Smac mimetic by a conjugation to 
a c-FLIP antisense sequence was shown. For the latter, both PNA and PSO-based architectures 
were tested. The former combination was attractive due to its facile synthesis, but needed to be 
targeted against the AUG start codon of c-FLIP RNA to be effective, a region known to be sensitive 
to steric block ASOs. The c-FLIP-1-15 sequence resulted in the strongest knockdown, reducing c-
FLIP protein levels by up to 90 %. Cellular delivery of the conjugates was achieved with the help 
of cell-penetrating peptides, particularly octaarginine, TAT and CLIP6. However, the combination 
of positively charged CPPs and the relatively hydrophobic PNA and SMC structures gave rise to a 
pronounced non-specific toxicity on SMC-resistant MCF-7 and A549 cells. This effect greatly nar-
rowed the therapeutic window of the conjugates. It persisted with seven different CPPs and also 
occurred when backbone-modified, purportedly less toxic γ-GPNA was used instead. The largest 
IC50 difference between an active conjugate and one where SMC and PNA had been inactivated by 
N-terminal acetylation and scrambling of the sequence, respectively, was measured for TAT (ΔIC50 
= 2.67 µM). Despite this small dose window, a synergistic effect between SMC and antisense mod-
ule could be demonstrated. 

Conjugates of the SMC and a phosphorothioate sequence, directed against the coding region, were 
found to be less toxic and showed significantly higher activity. Due to the negatively charged PSO 
backbone, delivery into A549 cells could be accomplished by lipofection with the cationic lipid 
Lipofectamine LTX™. This represents an interesting reversal of the commonly used technique of 
delivering peptide-oligonucleotide conjugates with CPPs, which shows that, conversely, transport 
of a conjugate can also occur by oligonucleotide-based methods. Significant viability reduction 
occurred at concentrations as low as 100 nM, when both an active SMC and an antisense PSO se-
quence were present. Conjugates in which only one part was active were less effective. The rela-
tive differences could be further enhanced by a co-treatment with a death receptor agonist, Super-
KillerTRAIL™, which indicates a specific effect of the active conjugates on the apoptosis pathways. 
Surprisingly, conjugates bearing monovalent SMC were only slightly less effective than those with 
a bivalent one, which shows that a less valence-dependent induction of cIAP1/2 degradation is 
probably more important for their mechanism of action than direct XIAP inhibition. Finally, the 
cellular effects of the SMC-PSO conjugates were studied by enzyme assay and RT-qPCR and found 
to be a combination of caspase-3/7 activation and a concurrent reduction of cellular c-FLIP mRNA 
levels. This proved that both parts of the conjugates are mechanistically active and together they 
contribute to a higher overall activity. The results of these experiments were recently published 
in Bioconjugate Chemistry.[418] 

In the second part of the thesis, new approaches to utilize oligonucleotide-templated chemistry 
for the synthesis of drug-like molecules were explored. It was shown that Smac mimetics possess 
two interesting properties that make them suitable for a conditional control by templated reac-
tions: Their affinity for IAPs can be enhanced by dimerization or temporarily abolished by a sub-
stitution of the terminal P1 amino group with an azide. Three templated reaction systems were 
evaluated for this: templated acyl transfer between thiol and thioester conjugates or Staudinger 
reduction with phosphines and a photocatalytic reaction using a ruthenium complex, respectively. 

For the first strategy, it was tested whether dimerization via a peptide-based linker would still 
increase the affinity of three monovalent SMCs for XIAP. This was required to introduce a cysteine 
residue into the molecule structure, to serve as ligation site for the NCL-based acyl transfer. A 
competitive fluorescence polarization binding assay on a recombinantly expressed XIAP-BIR2-
BIR3 protein confirmed that this indeed works and affinity increases of up to 150-fold could be 
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achieved. Using a BV-6 derived SMC and PNA sequences directed against XIAP mRNA, a set of 
thiol- (acceptor) and thioester (donor) probes was prepared. Testing them in a templated reaction 
with 2 µM donor and 1 µM acceptor/RNA target, a relatively fast conversion occurred and more 
than 90 % product was obtained in 180 minutes. In contrast, the reaction was approximately 900 
times slower in the absence of RNA template, yielding only 2-4 % product in the same amount of 
time. By screening different numbers of unpaired nucleotide between the annealing sites of the 
probes on the template, it was found that a gap of 1 nt produces the fastest reaction. 

For the second strategy, a templated reduction of P1 azido-modified SMCs, two different reaction 
systems were compared. The first one was based on classical Staudinger chemistry and utilized 
dmTCEP, a more reactive and cell-permeable derivative of TCEP, as reducing agent. The reaction 
proceeded faster than the acyl transfer, reaching its maximum yield in ca. 60 minutes. However, 
the occurrence of a side-product prevented a full conversion and the reaction plateaued at 80 %. 
In the absence of RNA template, less than 2 % product formed in the same time. The capability of 
a bivalent N3-SMC conjugate to be activated by the same system was also tested. Although the 
reaction was somewhat slower, close to 60 % double-reduced product could be obtained within 
360 minutes. A non-templated reaction could not be measured, as the bivalent probes showed a 
strong non-specific adsorption to plastic and glassware in the absence of RNA. Again, the optimal 
number of unconjugated nucleotides between the two annealing sites of the probes was studied 
and found to be 1 nt.  

The second reaction system used photoredoxcatalyst Ru(bpy)2(mcbpy) instead of phosphines. 
Probes modified with this complex require an excitation by blue light (λmax = 452 nm) to be active, 
which provides the reaction with an additional element of control. They also have the advantage 
of being able to catalyse multiple reductions without strand exchange. This was reflected in sig-
nificantly faster reaction kinetics. Using Ru(II)-PNA for the reduction of the N3-SMC conjugates, 
90 % conversion was achieved in as little at 10 minutes and the speed increase over the back-
ground reaction was more than 1100-fold. The advantage of not requiring Ru(II)-PNA strand ex-
change was particularly evident in the reduction of bivalent N3-SMC2 conjugates, which, in stark 
contrast to the dmTCEP system, exhibited the same reaction kinetics as the monovalent ones. 
Turnover experiments with sub-stoichiometric amounts of RNA template revealed that the mini-
mum template concentration required by the Ru(II)-PNA probes to produce significant amounts 
of product is around 10 nM. A set of 2’OMe-RNA based probes, which were synthesized to facilitate 
a later delivery into cells, were less effective. This was possibly due to worse dissociation kinetics. 

For an evaluation of the templated azido-SMC reduction system in cellulo, a stable, XIAP mRNA-
overexpressing cell line was generated. The initially used Jurkat cells proved difficult to transfect, 
which resulted in mediocre expression levels. The best clone, C10, produced only 22 times more 
target RNA than wild-type cells. A second attempt using HEK cells was more successful and re-
sulted in a clone with an overexpression factor of 146. This corresponds to an intracellular con-
centration of ca. 17 nM, which was deemed sufficient for further experiments. Yet, a successful 
transfer of the templated reaction system into living cells could not be demonstrated. The 
Ru(bpy)2(mcbpy) complex proved to be phototoxic and the combined treatment of HEK XIAP cells 
with Ru(II)- and N3-SMC probe did not result in a greater viability loss than treatment with Ru(II)-
PNA alone or the combination with a scrambled N3-SMC-PNA control. Efforts to isolate the product 
using a biotinylated probe and magnetic streptavidin-coated beads showed no intracellular prod-
uct formation. A control experiment in total cellular RNA isolate revealed that the templated re-
action can in principle proceed in a complex system with competing sequences being present, 
however the mixture had to be spiked with 1 µM synthetic target. It was concluded that either the 
requirements regarding the template concentration are much higher in a crowded environment 
or the overexpressed sequence is inaccessible for the probes. The latter hypothesis is supported 
by the results of an MFE calculation, which suggests that the target sequence is involved in intra-
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strand base pairing. For future experiments, the position of the probes on the template should be 
shifted by ca. 30 nt upstream. Here, the overexpressed RNA forms a loop structure of unpaired 
nucleotides which should be more accessible. This resulting reaction system may be more effec-
tive in vivo. It would also be advisable to test shorter probes for higher turnover and switch to a 
highly SMC-sensitive cell line to maximize the response to a successful formation of product. A 
suitable choice for this would be MDA-MB-231. This breast cancer cell line reacts strongly to even 
low concentrations of IAP antagonists and has previously been utilized by many groups who study 
these compounds.[158,178,189] 

Combining the two approaches presented in part I and II to create a system that benefits from a 
synergistic activity of SMC and ASO, while simultaneously utilizing its target sequence for tem-
plated chemistry, will be challenging. To provide the high turnover required for an efficient reac-
tion, the probes should be as short as possible. Yet, for a potent antisense effect, they must be long 
enough to stably and specifically hybridize to their target. RNAse H-recruiting antisense oligonu-
cleotides, like the phosphorothioates successfully used in the first part of this work, are ill-suited 
candidates for a combination with templated chemistry, as the induced target degradation would 
negatively affect catalytic efficiency. As evident from part II of the thesis, the available cellular 
concentration of target RNA is probably the most crucial factor for the feasibility of such a concept 
and anything that reduces it must be avoided. Steric block ASOs, such as PNA, on the other hand 
are even more dependent on high binding affinity and thus probe length. A possible solution for 
this dilemma could be probes bearing a Ru(II) complex. Due to its catalytic action, they may re-
main bound to a target and still provide turnover. This would allow the design of long reducing 
agent probes that double as steric block ASOs. Since a strand exchange is not required, dissocia-
tion kinetics are less important and both PNA or 2'-ribose modified RNA could be used. While the 
former has the advantage of binding very strongly to its target and possessing excellent stability 
against enzymatic degradation, the latter would be more easily delivered by lipofection, reducing 
cellular stress and facilitating experimental procedures. 

 

Figure 71 Concept for a system that combines a steric block ASO, targeting the start codon region of c-FLIP 
with a templated reaction system for a P1-unmasking of SMCs, using an immolative pyridinium linker. The 
dashed line indicates where the Ru2+ catalysed cleavage of the pyridinium linker occurs. 

In contrast to the Ru(II)-ASO conjugate, the SMC probe could be very short (5-7 nt). This might 
increase turnover and lower the template concentration required for an efficient reaction. The 
genomic specificity of the reaction system would be provided by the longer Ru(II) probe. Interac-
tions of the short SMC-probe with non-target sequences would be less important due to its low 
melting temperature and thus fast re-binding. To further increase turnover, the Ru(II)-based re-
action system described in this work could be modified. Winssinger et al. recently reported a novel 
immolative pyridinium linker, which cleaves upon photocatalytic reduction by a ruthenium com-
plex at a speed more than 10-times faster (kapp = 138∙103 sec-1) than the fastest previously 
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reported templated reaction.[393] With it, they constructed a reaction system that achieved a turn-
over frequency of more than 100 h-1 with only 1 nM of DNA. The same linker could be used to 
enhance the system described above. Instead of inactivating the SMC with an N-terminal azide, 
the P1 amine would instead be blocked by using it for attachment to a pyridinium-modified PNA 
(Figure 71). The RNA-templated, Ru(II)-catalysed immolation of the linker would restore the 
amine and thus the SMCs ability to bind IAPs. An additional advantage of this chemistry is that the 
active SMC is released from the conjugate, allowing it to interact with its target proteins unhin-
dered by an attached PNA. 

As demonstrated in this work, a number of factors will have to be considered before such a system 
could be tested in cellulo. First, it should be verified that attachment of the P1 amine to the pyri-
dinium linker is as inactivating as acetylation or a substitution by an azide. This is crucial to pre-
vent pre-reaction activity of the drug payload. Secondly, a target sequence needs to be chosen that 
is both an efficient, accessible antisense target and expressed at very high abundance. Although in 
an experimental setting the latter might be achieved by creating a new stable cell line with an even 
higher overexpression factor than the HEK 293 cells used in this work (e.g. by introducing the 
target sequence as multiple repeats), it may be advisable to use a template that is naturally occur-
ring in high concentrations. This would allow the application of the reaction system in wild-type 
cells. Winssinger et al. have demonstrated that certain miRNAs have high enough expression (e.g. 
miRNA-21, of which MCF-7 cells express up to 300 nM)[416] to successfully catalyse a templated 
activation of a fluorescent dye in vivo.[342] Some of these short, single-stranded RNAs are known to 
negatively regulate the apoptotic pathways (e.g. miRNA-221 and -222) and a synergistic relation-
ship with IAP inhibitors might exist.[419] Importantly, miRNAs can be efficiently targeted by steric 
block ASOs.[420] Last, the identity of the SMC used should be scrutinized. As the amount of product 
produced by a templated reaction is limited by the available target RNA concentration and the 
turnover achieved, the generated drug should have the highest possible efficacy. More active can-
didates exist than the MV-1/BV-6 derived SMC used in this work, and although the synthesis of 
conjugates between PNA (or other oligonucleotides) and cutting-edge sub-nanomolar affinity 
SMCs like ASTX660 might be more challenging, the resulting reaction systems will have superior 
potency. 
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6. Experimental Section 

6.1 Materials and Reagents 

The following commercially available reagents and solvents were used in this work. Unless spec-
ified, all reagents and solvents were of analytical grade or the highest available purity. Chemicals 
not listed were ordered from Sigma-Aldrich (Ward Hill, MA, USA) or TCI Deutschland (Eschborn, 
Germany). Micro reaction vessels and centrifuge tubes were ordered from Sarstedt (Nümbrecht, 
Germany). Ultrapure water for HPLC, preparation of buffers and dissolution of conjugates was 
prepared with an Astacus system (membraPure, Henningsdorf, Germany). 

Primers, XIAP amplicon, RNA templates and DBCO-modified/unmodified phosphorothioate oligo-
nucleotides were synthesized and HPLC-purified by Biomers.net (Ulm, Germany). N-Maleoyl-β-
alanine was a kind gift of Dario Remmler. 

 
6.1.1 Solvents, Resins and Chemicals 

2,6-Lutidine, >98 % TCI Deutschland (Eschborn, Germany) 

6-Carboxyfluorescein abcr (Karlsruhe, Germany) 

Acetic anhydride, 99 % abcr (Karlsruhe, Germany) 

Acetonitrile, ≥99.9 %, HPLC gradient grade VWR (Darmstadt, Germany) 

Amberlyst 15, Ion Exchange Resin, H+ Form abcr (Karlsruhe, Germany) 

Biotin, 99 % Sigma-Aldrich (St. Louis, MO, USA) 

Boc- and Fmoc-protected amino acids (standard) Carbolution (St. Ingbert, Germany) 

Boc- and Fmoc-protected building blocks (special): 
Boc-Chg-OH, Boc-Dip-OH,  
Fmoc-Chg-OH, Fmoc-Dip-OH 

abcr (Karlsruhe, Germany) 

Boc- and Fmoc-protected building blocks (special): 
Boc-N-Me-Ala-OH, Fmoc-Ahx-OH,  
Fmoc-Dap(Mtt)-OH, Fmoc-GABA-OH,  
Fmoc-Lys(Ac)-OH, Fmoc-Lys(Biotin)-OH,  
Fmoc-Lys(Fmoc)-OH, Fmoc-Lys(N3)-OH, 
Fmoc-aea-OH, Fmoc-aeea-OH, Fmoc-β-Ala-OH 

Iris Biotech (Marktredwitz, Germany) 

Boc/Cbz- and Fmoc/Bhoc-protected PNA monomers Link Technologies (Bellshill, UK) 

CHAPS, >98 % Alfa Aesar (Ward Hill, MA, USA) 

ChemMatrix® Rink Amide resin  
(35-100 mesh, 0.5-0.7 mmol/g) 

Sigma-Aldrich (St. Louis, MO, USA) 

Coupling agents: 
DCC, DIC, EDC∙HCl, HATU, HCTU, PyAOP, PyBOP 

Carbolution (St. Ingbert, Germany) 

Ethanol, absolute, for molecular biology AppliChem (Darmstadt, Germany) 

Fmoc-Lys(Alloc)-OH Merck (Darmstadt, Germany) 

Glutaric anhydride, synthesis grade Merck (Darmstadt, Germany) 

Hexafluoroisopropanol, ≥99 % Sigma-Aldrich (St. Louis, MO, USA) 

L-(+)-Ascorbic acid, 99 % Acros (Fair Lawn, NJ, USA) 

MBHA Rink Amide resin 
(100-200 mesh, 0.40-0.90 mmol/g) 

Sigma-Aldrich (St. Louis, MO, USA) 

m-Cresol TCI Deutschland (Eschborn, Germany) 

MOPS, 99 %, biochemistry grade Acros (Fair Lawn, NJ, USA) 
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N,N-Diisopropylamine, ≥99 %, synthesis grade Carl Roth (Karlsruhe, Germany) 

N,N-Dimethyl formamide, low in water (<150 ppm) VWR (Darmstadt, Germany) 

N3-Ala-OH∙cyclohexalamine salt, ≥98 % ChemPep (Wellington, FL, USA) 

N-Methyl-2-pyrrolidon, 99.8 %, pep. synth. grade Carl Roth (Karlsruhe, Germany) 

N-Methylmorpholine, 99 % Alfa Aesar (Ward Hill, MA, USA) 

OxymaPure, ≤100 % Iris Biotech (Marktredwitz, Germany) 

Pd(PPh3)4, >97 % TCI Deutschland (Eschborn, Germany) 

Phenylsilane, 97 % Sigma-Aldrich (St. Louis, MO, USA) 

Piperidine, ≥99.5 %, pep. synth. grade Carl Roth (Karlsruhe, Germany) 

Pre-loaded diamine trityl resins  
(PS, 1 % DVB, 200-400 mesh, 0.2-1.25 mmol/g) 

Sigma-Aldrich (St. Louis, MO, USA) 

Ru(bpy)2(mcbpy-O-Su-ester)(PF6)2, BioReagent grade Sigma-Aldrich (St. Louis, MO, USA) 

Sieber Amide resin 
(PS, 1 % DVB, 100-200 mesh, 0.4-0.8 mmol/g) 

Sigma-Aldrich (St. Louis, MO, USA) 

Sodium diethyldithiocarbamate, 98 % Alfa Aesar (Ward Hill, MA, USA) 

Succinic anhydride, synthesis grade Merck (Darmstadt, Germany) 

TentaGel® S TRT Cl resin 
(90 µm; 0.2-0.3 mmol/g) 

Rapp Polymere (Tübingen, Germany) 

TentaGel® XV Rink Amide resin 
(100-200 mesh; 0.23 mmol/g) 

Rapp Polymere (Tübingen, Germany) 

Trifluoroacetic acid, ≥99.9 % Carl Roth (Karlsruhe, Germany) 

Triisopropylsilane, 98 % Sigma-Aldrich (St. Louis, MO, USA) 

Tris-(2-carboxyethyl)-phosphine∙HCl, ≥98 %,  Carl Roth (Karlsruhe, Germany) 

 
6.1.2 Kits, Cell Culture Supplies and Molecular Biology  

96/386-well non-binding microplates, f-bottom, black Greiner Bio-One (Kremsmünster, Austria) 

96-well PCR microplate, PP, natural, without skirt Greiner Bio-One (Kremsmünster, Austria) 

Agarose Standard, ROTI®Garose Carl Roth (Karlsruhe, Germany) 

alamarBlue™ Cell Viability Reagent Invitrogen (Carlsbad, CA, USA) 

Amicon® Ultra-15 Centrifugal Filters (10 kDa) Merck (Darmstadt, Germany) 

Annexin V, Alexa Fluor™ 488 Conjugate Thermo Fisher Scientific (Waltham, MA, USA) 

Anti-FLIP (D5J1E) Rabbit mAb Cell Signaling Technology (Danvers, MA, USA) 

Anti-rabbit IgG, HRP-linked antibody Cell Signaling Technology (Danvers, MA, USA) 

BL21(DE3), competent E. coli cells Thermo Fisher Scientific (Waltham, MA, USA) 

Bovine serum albumin, fraction V Carl Roth (Karlsruhe, Germany) 

Bovine y-globulin, ≥99 % Sigma-Aldrich (St. Louis, MO, USA) 

Cell culture flasks, Cellstar®,250 ml, 75 cm2 Greiner Bio-One (Kremsmünster, Austria) 

Cell culture plates, Cellstar®, t-bottom, clear Greiner Bio-One (Kremsmünster, Austria) 

CellEvent™ Caspase 3/7 Green Ready Flow™ reagent Thermo Fisher Scientific (Waltham, MA, USA) 

cOmplete™ Mini Protease Inhibitor tablets Sigma-Aldrich (St. Louis, MO, USA) 

Coomassie® Brilliant Blue G-250 Sigma-Aldrich (St. Louis, MO, USA) 

CRISPR/Cas9 Genome Knockout Kit  OriGene Technologies (Rockville, MD, USA) 
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Crystal RNA Mini Kit  Biolabproducts (Bebensee, Germany) 

DEVD-AFC Caspase Reagent AAT Bioquest (Sunnyvale, CA, USA). 

DH5α, competent E. coli cells Merck (Darmstadt, Germany) 

DMEM cell medium Thermo Fisher Scientific (Waltham, MA, USA) 

DNA Gel Loading Dye Thermo Fisher Scientific (Waltham, MA, USA) 

Dynabeads® M-280 Streptavidin Thermo Fisher Scientific (Waltham, MA, USA) 

EcoR1 and NotR1 restriction enzymes New England Biolabs (Ipswich, MA, USA) 

Fast SYBR Green RT-qPCR Master Mix Thermo Fisher Scientific (Waltham, MA, USA) 

Fetal Bovine Serum, value grade Thermo Fisher Scientific (Waltham, MA, USA) 

FluoroBrite™ DMEM Thermo Fisher Scientific (Waltham, MA, USA) 

Gene Pulser® Electroporation Buffer and Cuvettes Bio-Rad (Hercules, CA, USA) 

GeneJET Gel Extraction Kit Thermo Fisher Scientific (Waltham, MA, USA) 

GeneJET™ Plasmid Miniprep kit Thermo Fisher Scientific (Waltham, MA, USA) 

Gibson Assembly® Master Mix New England Biolabs (Ipswich, MA, USA) 

iScript™ cDNA Synthesis Kit Bio-Rad (Hercules, CA, USA) 

Isopropyl-β-D-1-thiogalactopyranoside (IPTG) Sigma-Aldrich (St. Louis, MO, USA) 

Lipofectamine™ LTX with PLUS™ Reagent Thermo Fisher Scientific (Waltham, MA, USA) 

Non-fat, dried milk powder Carl Roth (Karlsruhe, Germany) 

Nuclease-free water Qiagen (Venlo, Netherlands) 

OptiMEM reduced serum medium Thermo Fisher Scientific (Waltham, MA, USA) 

pcDNA3.1-XIAP ORF clone vector (NM_001167.3)  Biozol, Eching, Germany 

Penicillin-Streptomycin (10.000 U/ml) Thermo Fisher Scientific (Waltham, MA, USA) 

PhosSTOP™ Phosphatase Inhibitor tablets Sigma-Aldrich (St. Louis, MO, USA) 

Pierce™ BCA™ Protein-Assay Thermo Fisher Scientific (Waltham, MA, USA) 

Precision Plus Protein™ Standard Bio-Rad (Hercules, CA, USA) 

Propidium iodide, ≥94 % Sigma-Aldrich (St. Louis, MO, USA) 

Q5® High-Fidelity 2X Master Mix New England Biolabs (Ipswich, MA, USA) 

QIAShredder Qiagen (Venlo, Netherlands) 

Quick-Load® Purple 50 bp DNA Ladder New England Biolabs (Ipswich, MA, USA) 

RNeasy Plus Mini Kit Qiagen (Venlo, Netherlands) 

ROTIPHORESE® NF-Acrylamide/Bis 40 % (19:1) Carl Roth (Karlsruhe, Germany) 

SOC medium Thermo Fisher Scientific (Waltham, MA, USA) 

SuperKillerTRAIL™, soluble (human, recombinant) Biomol (Hamburg, Germany) 

SYBR™ Gold Nucleic Acid Gel Stain Thermo Fisher Scientific (Waltham, MA, USA) 

SYTOX™ AADvanced™ Dead Cell Stain Thermo Fisher Scientific (Waltham, MA, USA) 

TNF-α, (human, recombinant) Biomol (Hamburg, Germany) 

TRIzol™ Reagent Thermo Fisher Scientific (Waltham, MA, USA) 

Trypsin-EDTA (0.25 % (w/v)) Thermo Fisher Scientific (Waltham, MA, USA) 

TURBO DNA-free™ DNAse I Kit Thermo Fisher Scientific (Waltham, MA, USA) 

ViaFect™ Transfection Reagent Promega (Madison, WI, USA) 
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6.2 Analytical Methods and Instrumentation 

6.2.1 Thin Layer and Column Chromatography 

Thin layer chromatography was performed on silica gel 60 F245 aluminium sheets (Merck Millipore, 
Billerica, MA, USA). Spots were visualized by UV light (λ = 254 nm), iodine vapor or by immersion 
in an appropriate staining solution (ninhydrin, KMnO4 or anisaldehyde)[421] followed by heating. 

Column chromatography was conducted at 0.5-1.0 bar pressure (flash chromatography)[422] on sil-
ica gel 60 (0.063 – 0.200 mm; Merck Millipore) as stationary phase. Fritted columns were used and 
packed with silica slurry in solvent. 

 
6.2.2 NMR Spectroscopy 

NMR spectra were recorded at 298 K on an Avance III 500 MHz spectrometer (Bruker, Billerica, 
MA, USA). Samples were dissolved in deuterated solvents (Deutero, Kastellaun, Germany) and 
measured in 5 mm NMR tubes. 1H spectra were typically acquired from 128 accumulated scans 
and were referenced to the signal from residual protic solvent (CDCl3: δH = 7.26 ppm, CD3OD: 
δH = 4.84 ppm, D2O: δH = 4.79 ppm, DMSO-d6: δH = 2.50 ppm). 13C and Attached Proton Test (APT) 
spectra were typically acquired from 256 accumulated scans and were referenced to residual pro-
tic solvent signal (CDCl3: δC = 77.0 ppm, CD3OD: δC = 49.05 ppm, DMSO-d6: δC = 39.52 ppm). The 
spectra were analysed with MestReNova 14 software (Mestrelab Research, Santiago de Compo-
stela, Spain). 1D spectra were processed by applying an exponential window function, phase cor-
rection and a spline baseline correction. 2D spectra were processed by applying a sine square 
window function (COSY: 0°, HSQC: 90°), phase correction and a 3rd order Bernstein polynomial fit 
baseline correction. Multiplicities are indicated with s = singlet, d = doublet, dd = doublet of dou-
blets, dt = doublet of triplets, t = triplet, tt = triplet of triplets, q = quartet, m = multiplet, br = broad 
signal). For assignments, see spectra (appendix 8.2). 

 
6.2.3 Mass Spectrometry 

MALDI-TOF mass spectrometry was carried out on an AXIMA Performance mass spectrometer 
(Shimadzu, Kyoto, Japan). For peptide samples, a saturated solution of α-cyano-4-hy-
droxycinnamic acid (CHCA) in acetonitrile/water (1:1 v/v) containing 0.1 % TFA was used as ma-
trix. For oligonucleotide samples, a 50 mg/ml solution of 3-hydroxypicolinic acid in acetoni-
trile/water (1:1 v/v) was mixed with a 100 mg/ml solution of diammonium hydrogen citrate 
(10:1 v/v). Matrix and analyte were co-crystallized using the dried droplet method: 1.0 μl of ma-
trix and 0.8 μl of analyte solution were mixed on a 96-spot ground steel MALDI target and dried 
at room temperature. Samples were measured in positive reflectron mode, with an ion gate of 
600 Da and pulsed extraction set to the respective analyte mass. The laser was operated at 50 Hz 
and at a power of 90-120. Between 200 and 600 single shots were accumulated per mass spec-
trum. Recorded spectra were calibrated to the singly protonated ion signals of Sequazyme™ Pep-
tide Mass Standard Kit (PE Biosystems, Foster City, CA, USA), Protein Standard II or Oligonucleo-
tide Calibration Standard (Bruker Daltonics, Bremen, Germany). 

ESI spectra were recorded on an Acquity H-Class UPLC-MS system (Waters Corporation, Milford, 
MA, USA) equipped with QDa mass detector. Samples were measured in positive ion mode with a 
cone voltage of 15 V and at a range of 120-1250 Da. Calculated and reported masses are average 
masses. 
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6.2.4 High/Ultra High-Performance Liquid Chromatography (HPLC/UPLC) 

Analytical and semi-preparative high- and ultra-high-performance liquid chromatography 
(HPLC/ UPLC) separations were performed on one of the following systems, depending on the 
analyte: 

System A Analytical Acquity H-Class UPLC-MS system (Waters Corporation, Milford, MA, 
USA) equipped with a PDA photodiode array detector (λ = 210 - 400 nm; 
1.2 nm resolution) and a QDa mass detector. 

System B Analytical Acquity UPLC system (Waters Corporation, Milford, MA, USA) 
equipped with a TUV tuneable UV-detector (set to λ = 260 nm) and an FLR flu-
orescence detector (λEx = 495 nm, λEm = 520 nm). 

System C Analytical/semi-preparative (oligonucleotides/-conjugates) HPLC system 
(321 Pump, 402 Dilutor, GX-271 Liquid Handler) (Gilson, Middleton, WI, USA) 
equipped with a 171 diode array detector (λ = 210 nm and 260 nm). 

System D Semi-preparative (peptides/-conjugates) 1100 Series HPLC system (Agilent, 
Santa Clara, CA, USA) equipped with a MWD multiple wavelength detector 
(λ = 210 nm, 260 nm and 280 nm) 

As mobile phase system one of the following binary or ternary mixtures was used: 

A1 Water (+1 % MeCN, 0.1 % TFA) or A2 TEAA buffer (0.1 M, pH 7.4) 
B1 Acetonitrile (+1 % water, 0.1 % TFA) B2 Acetonitrile 

The following stationary phases from Waters Corporation, YMC Europe (Dinslaken, Germany) or 

Macherey-Nagel (Düren, Germany) were used with the indicated systems, temperatures, flow 
rates and mobile phases mixtures: 

Table 10 HPLC/UPLC column, system, temperature, flow rate and mobile phase combinations used  

Column Type System 
Temp. 

[°C] 
Flow rate 
[ml∙min-1] 

Mobile 
Phase 

1 Acquity UPLC CSH C18 
(2.1 x 50 mm, 1.7 µM, 130Å, Waters) A 50 0.5 A1/B1 

2 Acquity UPLC BEH C18 
(2.1 x 50 mm, 1.7 µM, 130Å, Waters) A 50 0.5 A1/B1 

3 Acquity UPLC BEH C18 
(2.1 x 100 mm, 1.7 µm, 130Å, Waters) A 50 0.5 A1/B1 

4 Acquity UPLC Oligonucleotide BEH C18 
(2.1 x 50 mm; 1.7 µm; 130Å, Waters) B 70 0.4 A2/B2 

5 Triart C18 
(4.6 x 250 mm, 5 µm, 120 Å; YMC) C 55 1.5 A2/B2 

6 Triart C18 
(10 x 150 mm, 5 µm, 120 Å; YMC) C 55 7 A2/B2 

7 Nucleodur Gravity C18 
(10 x 250 mm, 5 µm, 110 Å, MN) D RT 6 A1/B1 

8 Nucleodur Gravity C18 
(21 x 250 mm, 5 µm, 110 Å, MN) D RT 15 A1/B1 
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6.2.5 UV/Vis Spectroscopy 

Oligomer/-conjugate solution concentration was determined by measuring the optical density at 
λ = 260 nm on a NanoDrop ND-1000 (PeqLab, Erlangen, Germany) spectrophotometer against a 
water or buffer blank. For PNA oligomers, the molar extinction coefficients at 260 nm were calcu-
lated as the sum of the respective monomer extinction coefficients (ε260 (a) = 13 700 M-1∙cm-1, 
ε260 (c) = 6 600 M-1∙cm-1, ε260 (g) = 11 700 M-1∙cm-1, ε260 (t) = 8 800 M-1∙cm-1) using the PNA Tool 
from PNA Bio.[423] Molar extinction coefficients of oligonucleotides at 260 nm were calculated by 
the nearest neighbour method using the OligoAnalyzer Tool from Integrated DNA Technologies.[424] 
For PNA- and oligonucleotide-conjugates, the extinction coefficients of relevant modifications 6-
carboxyfluorescein (ε260 = 20 960 M-1∙cm-1) and Ru(bpy)2(mcbpy) (ε260 = 13 100 M-1∙cm-1)[397] 
were added to the ε260 of the unmodified sequence. The contribution of amino acid residues other 
than tryptophane (ε260 = 3 760 M-1∙cm-1)[425] was neglected. 

Absorption, fluorescence, and fluorescence polarization measurements in assay microplates were 
conducted on a Victor X5 Multilabel plate reader (PerkinElmer, Waltham, MA, USA), equipped with 
P405 nm, F485/10 nm and F531 nm CW-lamp filters and F535/30 nm, 575/10 nm and 
590/10 nm emission filters. Absorption in the BCA and Bradford assays was read using the 
575/10 or 590/10 CW-lamp filter, normal aperture and a reading time of 0.1 s. AlamarBlue™ as-
say fluorescence was read from the bottom, using the F531 and 590/10 filter combination at a 
CW-lamp energy of 6656, with small excitation and emission apertures and a counting time of 
0.5 s. Fluorescence emission from the AFC-DEVD caspase assay was read from the top, using the 
P405 and F535/30 filter combination at a CW-lamp energy of 2064, with a normal excitation and 
small emission aperture and a counting time of 0.1 s. Fluorescence polarization in the XIAP L-
BIR2-BIR3 binding assay was read using the FP-Fluorescein factory preset with a F485/10 and 
F535/30 filter combination at a CW-lamp energy of 65535, normal polarizer and emission aper-
tures, a G factor of 1 and a counting time of 0.2 s.  

Melting curves were measured on a V-750 spectrophotometer equipped with a PAC-743R Peltier 
cell changer (Jasco, Tokio, Japan) and connected to a F250 recirculating cooler (Julabo, Seelbach, 
Germany). The duplex absorption (λ = 260 nm) was determined between 18-90 °C with a heating 
rate of 0.5 °C/min and a sampling rate of 5 points/°C. Three measurements were averaged and 
the Tm was determined as maximum of the first derivative of a sigmoidal fit (for curves see 8.3.) 

 
6.2.6 Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) 

Knockdown of c-FLIP mRNA and XIAP mRNA expression levels were determined on an iQ5 real-
time PCR detection system (Bio-Rad, Hercules, CA, USA) using filter position 2 (excitation filter: 
485/30, emission filter: 530/30). The system was calibrated (mask alignment, background cali-
bration and persistent well factor generation) using External Well Factor Solution (Bio-Rad, Her-
cules, CA, USA) prior to all experiments. For gradients, volumes and primers, see 6.3.11 and 8.7.6. 

 
6.2.7 Flow Cytometry 

Flow cytometry was performed on a FACSMelody™ cell sorter (Beckton-Dickinson, Franklin Lakes, 
NJ, USA), equipped with a blue (488 nm) and yellow-green (561 nm) laser and five mirror/filters 
pairs (2B-2YG configuration): set A: 665LP, 700/54, set B: 507LP, 527/32, set C: 605LP, 613/18, 
set D: 582LP, 582/15, side scatter: ND10, 488/15. Drop delay was automatically adjusted with BD 
FACS™ Accudrop beads prior to each run. During measurement or sorting, samples were agitated 
at 200 rpm, and the stream speed was adjusted to produce an event rate of ≤ 1000 s-1.  Samples 
were analysed using FlowJo v10.7 software (FlowJo LLC, Ashland, OR, USA).  
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6.3 Protocols and Assays 

6.3.1 Templated Reactions 

Templated reactions were performed at 25 or 37 °C and analysed by RP-UPLC. Conversion was 
calculated from the area under the curve ratio of product (AUCP), thiol or azide probe (AUCE) and 
potential side product (AUCSP) absorption at λ = 260 nm, according to the following equation: 

Conversion = [ 
AUCP

(AUCP + AUCE  + AUCSP )
 ] ∙ 100 % (5) 

6.3.1.1 Native Chemical Ligation 

Templated native chemical ligation reactions were performed in freshly prepared, degassed MOPS 
buffer (10 mM MOPS, 200 mM NaCl, 2 mM TCEP, 0.1 % (w/v) CHAPS, pH 7.0) and analysed by RP-
UPLC (System A/ Column 1) with an optimized linear gradient (10-50 % B1 in 5 min). Reactions 
were performed in low-binding micro reaction tubes (Sarstedt, Nümbrecht, Germany). 

For the reaction, a stock solution of thiol probe (2 µM) and stoichiometric/substoichiometric 
amounts of RNA template (1, 0.3, 0.1, 0.03, 0.01 or 0 eq.) in buffer was prepared and incubated for 
5 min at 37 °C. One volume of thioester probe (4 µM) in preheated (37 °C) buffer was added (final 
concentration thiol probe: 1 µM, thioester probe: 2 µM), and the mixture allowed to react for 4.5 h. 
At different time points (0, 2, 5, 10, 20, 30, 45, 60, 90, 120, 180 and 270 min) 25 µl aliquots were 
taken, quenched with 0.5 µl TFA and analysed by RP-UPLC. 

6.3.1.2 Azide Reduction 

Templated azide reductions were performed in degassed MOPS buffer (10 mM MOPS, 200 mM 
NaCl, 0.1 % (w/v) CHAPS, pH 7.0) and analysed by RP-UPLC (PNA-probes: System A/ Column 3, 
2’OMe probes: System B/ Column 4) with an optimized linear gradient (PNA probes: 10-80 % B1 
in 3 min, 2’OMe probes: 3-70 % B2 in 3 min). Reactions were performed in poplypropylene mi-
crovolume inserts (dmTCEP system; Sigma-Aldrich, St. Louis, MO, USA) or black, non-binding 96-
well F-bottom plates (Ru(II) system; Greiner Bio-One, Kremsmünster, Austria), at 25 or 37 °C using 
a thermoshaker or a custom-built multiwell plate heating element connected to a thermostat. 

For reactions with the dmTCEP system, a stock solution of mono- or bivalent azidopeptide-probe 
(2 µM) and stoichiometric/substoichiometric amounts of RNA or 2’OMe RNA template (1, 0.3, 0.1, 
0.03, 0.01 or 0 eq.) in (preheated) buffer was prepared. One volume of dmTCEP probe (4 or 6 µM) 
in tempered buffer was added (final concentration thiol probe: 1 µM, thioester probe: 2 or 3 µM) 
and the mixture allowed to react for up to 6 h. Reactions were performed in the sample manager 
compartment of a UPLC system (System A), set to the respective temperature. Aliquots were taken 
and measured automatically by the system at different time-points, without quenching. 

For reactions with the Ru(II) system, 5 mM ascorbic acid was added to the buffer. A stock solution 
of mono- or bivalent azidopeptide-probe (2 µM) and stoichiometric/substoichiometric amounts 
of RNA template (1, 0.3, 0.1, 0.03, 0.01 or 0 eq.) in buffer was prepared and placed in the centre 
wells of a non-binding 96-well plate. One volume of Ru(II) probe (4 or 6 µM) in buffer was added 
(final concentration N3-SMC probe: 1 µM, Ru(II) probe: 2 or 3 µM), the plate sealed with EASYs-
eal™ adhesive sealer (Greiner Bio-One, Kremsmünster, Austria) and incubated at 25 or 37 °C for 
10 min in the dark. The wells were then irradiated (λ = 455 nm) using a M455L3-C1 collimated 
LED lamp mounted 15 cm above the plate and controlled by a DC2200 LED driver (Thorlabs, New-
ton, NJ, USA). The lamp was operated at a current limit of 1000 mA and an intensity of 98 %. At 
different time points (0, 1, 2, 3.5, 5, 7.5, 10, 15, 20, 40, 60 and 90 min), the irradiation was paused, 
25 µl aliquots were taken, placed in poplypropylene microvolume inserts and analysed by RP-
UPLC. The plate was resealed, and the irradiation continued. 
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6.3.1.3 Reactions in Total RNA Isolate 

To prepare total RNA isolate, 2x108 HEK-WT or HEK-XIAP cells were harvested and pelleted by 
centrifugation (5 min, 500 x g). Total RNA was isolated with TRIzol™ reagent (Thermo Fisher Sci-

entific, Waltham, MA, USA) according to the manufacturer’s instructions: 10 ml TRIzol™ reagent 
were added to the pellets and the mixture homogenized by pipetting up and down (5 min). 2 ml 
chloroform (0.2 ml per 1 ml TRIzol™ used) were added and the samples mixed by inversion. After 
2 min incubation on ice the samples were centrifuged (15 min, 12 000 x g, 4 °C) and the colourless 
upper aqueous phase transferred to a new tube. 5 ml isopropanol (0.5 ml per 1 ml TRIzol™) were 
added and the mixture incubated at -18 °C for 1 h. The resulting precipitate was collected by cen-
trifugation (10 min, 12 000 x g, 4 °C) and the supernatant removed with a pipette. The pellet was 
washed by vortexing it for 1 min in 10 ml cold 75 % (v/v) ethanol (1 ml per 1 ml TRIzol™ used) 
and centrifuged again (5 min, 7 500 x g, 4 °C). After removing the supernatant, the pellet was air 
dried (ca. 10 min), and re-dissolved in 200 µl (1 µl per 1x106 cells) buffer (10 mM MOPS, 200 mM 
NaCl, 0.1 % (w/v) CHAPS, pH 7.0) by gentle shaking and intermittent heating in a 40 °C water bath. 

For templated Staudinger reductions, 50 µl total RNA isolate was placed in low-binding micro 
tubes (Sarstedt, Nümbrecht, Germany) and warmed to 37 °C on a thermoshaker. For the 
Ru(bpy)2(mcbpy) system, 5 mM ascorbate was added. Fluorescein- and biotin-labeled N3-SMC-
PNA 138(2 µM), stoichiometric/substoichiometric amounts of RNA template (1, 0.1 or 0 eq.) and 
dmTCEP or Ru(II) probe (4 µM) were added to the prewarmed RNA isolate and the mixture incu-
bated at 37 °C for 60 min. micro tubes containing the Ru(bpy)2(mcbpy) probe were covered with 
EASYseal™ adhesive sealer and irradiated (λ = 455 nm). After the incubation, the samples were 
diluted 1:20 with RIPA buffer (50 mM Tris, 150 mM NaCl, 1 % Triton X-100, 0.1 % (w/v) SDS, 
1 mM EDTA, pH 7.4, 1 cOmplete™ Mini protease inhibitor tablet per 10 ml). 50 µl magnetic strep-
tavidin beads Dynabeads® M-280 (binding capacity: 100 pmol; Thermo Fisher Scientific, Waltham, 
MA, USA) were washed with 500 µl RIPA buffer (3x) and added to the samples. The mixture was 
incubated overnight at 4 °C with constant rotation. The next day, the supernatant was removed, 
and the beads were washed with TBS-T (10 mM Tris, 150 mM NaCl, 0.05 % (v/v) Tween-20, pH 
7.4). Biotinylated peptides were eluted by suspending the beads in 25 µl of an aqueous 70 % (v/v) 
MeCN, 5 % formic acid, 1 mM biotin and incubating then at 37 °C for 2 h. The eluted peptides in 
the supernatant were analysed by RP-UPLC (System B/Column 4) using an optimized linear gra-
dient (3-70 % B2 in 3 min).  
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6.3.2 XIAP L-BIR2-BIR3-Protein Expression 

The pET28a plasmid, containing the XIAP L-BIR2-BIR3 protein (for plasmid map see appendix 0) 
was a kind gift of Prof. Dr. Shaomeng Wang from the University of Michigan. The plasmid was 
received on filter paper and eluted by soaking a cut-out in 40 µl sterile TE buffer (10 mM Tris, 
1 mM EDTA, pH 8.0) for 1 h at room temperature. The plasmid solution was stored at -20 °C. 

6.3.2.1 Transformation into DH5α (Plasmid Cloning) 

To amplify the pET28a-XIAP L-BIR2-BIR3 plasmid, it was first transformed into competent DH5α 

E. coli cells. 500 µl competent cells were thawed on ice (30 min), then 100 ng plasmid were added. 
The suspension was mixed by gentle shaking. After 30 min incubation on ice, the cells were sub-
jected to a heat-shock at 42 °C for 45 sec (no shaking). Immediately after, the cells were cooled 
down on ice for 2 min, then 500 µl pre-warmed (37 °C) SOC medium was added and the cells were 
incubated for 60 min at 37 °C with shaking (250 rpm). 50, 100 or 200 µl of the suspension was 
plated on LB agar plates containing kanamycin selection antibiotic (30 ng/ml) and incubated at 
37 °C overnight. The following day the plates were analysed for bacterial growth.  

6.3.2.2 Plasmid Isolation 

Plasmid was isolated using the GeneJET™ Plasmid-Miniprep-Kit (Thermo Fisher Scientific, Wal-
tham, MA, USA). First, a liquid overnight culture was prepared: 10 ml LB medium + kanamycin 
(30 ng/ml) were inoculated with a single bacterial colony using a sterile inoculation loop. The 
liquid culture was incubated overnight at 37 °C, 250 rpm. The following day 4 ml culture were 
pelleted by centrifugation (2 min, 6800 x g). The plasmid was isolated according to the manufac-
turer’s instruction and eluted in sterile, ultra-pure water. The plasmid concentration was deter-
mined on a NanoDrop ND-1000 spectrophotometer (PeqLab, Erlangen, Germany). 

6.3.2.3 Transformation into BL21(DE3) (Expression System) 

For protein expression, BL21(DE3) E. coli were used. An aliquot of 20 µl competent cells was 
thawed on ice (30 min), then 100 ng plasmid were added. The suspension was mixed by gentle 
shaking. After 5 min incubation on ice, the cells were subjected to a heat-shock at 42 °C for 30 sec. 
(no shaking). The cells were cooled down on ice for 2 min and 80 µl pre-warmed (37 °C) SOC me-
dium was added. Then the cells were incubated for 60 min at 37 °C with shaking (250 rpm). 100 µl 
of the suspension was plated on LB agar plates containing kanamycin antibiotic (30 ng/ml) and 
incubated at 37 °C overnight. The following day, the plates were analysed for bacterial growth. A 
single colony was picked, and the plasmid isolated for verification by sequencing (Microsynth Se-

qlab, Göttingen, Germany; ID: B1768500). As sequencing primer, the company’s T7 primer (5’-
TAATACGACTCACTATAGG-3’) was used. 

6.3.2.4 XIAP Protein Expression and Lysate Preparation 

For XIAP protein expression, a BL21(DE3)-XIAP overnight culture was prepared by inoculating 
10 ml LB medium + kanamycin (30 ng/ml) with a single colony. The next day, the overnight cul-
ture was added to 500 ml LB medium + kanamycin (30 ng/ml) in a 2 l baffled culture flask. The 
optical density was monitored and after reaching an OD600 ≥ 0.6, protein expression was induced 
by adding 0.4 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG). The culture was incubated at 
20 °C for 20 h and then pelleted by centrifugation (2 min, 3345 x g). Pellets were lysed mechani-
cally in 10 ml ice-cold buffer (50 mM Tris, 200 mM NaCl, 50 µM ZnAc2, 1 mM DTT, pH 7.5) supple-
mented with cOmplete™ Mini protease and PhosSTOP phosphatase inhibitor cocktails (1 crushed 
tablet per 20 ml each), using a French press cell disruptor (Thermo Electron, Waltham, MA, USA; 
1000 psi). The cell suspension was passed through the press three times, then the lysate was sub-
jected to ultracentrifugation (30 min, 45 000 x g, 4 °C). 
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6.3.2.5 Protein Purification 

The lysate supernatant was purified by His-tag affinity chromatography on a 5 ml HisTrap™ HP Ni 
column connected to an Äkta pure FPLC system (Cytiva, Washington, D.C, USA) at 4 °C. Prior to 
injection, the lysate was adjusted to 25 mM imidazole. XIAP L-BIR2-BIR3 protein was eluted using 
a step gradient (Table 11) of buffer (50 mM Tris, 200 mM NaCl, 50 µM ZnAc2, 1 mM DTT, pH 7.5) 
with increasing amounts of imidazole (25 mM→ 62.5 mM → 200 mM → 350 mM → 500 mM) at a 
flow rate of 1.5 ml/min (elution at 200 mM imidazole). Product-containing fractions were com-
bined in an Amicon® Ultra-15 centrifugal filter (Merck, Darmstadt, Germany) with a molecular 
weight cut-off of 10 kDa and concentrated to 1-1.5 ml (3345 x g, 4 °C). 

Table 11 Imidazole step gradient used for protein purification by affinity chromatography 

Step Conditions 

Equilibration 5 column volumes (25 ml), flow rate: 1.5 ml/min, 25 mM imidazole 

Injection Injection volume: 1-2 ml, flow rate:0.5 ml/min 

Wash 10 column volumes (50 ml), flow rate: 1.5 ml/min, 62.5 mM imidazole 

Elution 10 column volumes for each step (50 ml), flow rate: 1.5 ml/min 
200 mM → 350 mM → 500 mM imidazole 

 
The concentrated XIAP L-BIR2-BIR3 protein solution was desalted on a HiTrap™ desalting column 
(Cytiva, Washington, D.C, USA). Two 5 ml columns were connected and washed (4-5 column vol-
umes) with desalting buffer (50 mM Tris, 200 mM NaCl, 50 µM ZnAc2, 1 mM DTT, 10 % glycerol, 
pH 7.5) at a flow rate of 1.5 ml/min. The protein solution was adjusted to 1.6 ml with desalting 
buffer and injected. Care was taken not to inject any bubbles. After desalting, the DTT concentra-
tion was adjusted to 10 mM and the protein concentration measured by Bradford assay. Using a 
BSA standard curve, a concentration of 2.42 mg/ml (81.72 µM) was determined. The obtained 
protein solution was aliquoted and stored at -80 °C. The same batch was used for all assays. 

6.3.2.6 Bradford Assay 

To prepare the Bradford reagent, 1 mg Coomassie® Brilliant Blue G-250 was dissolved in 0.5 ml 
95 % ethanol. 1 ml 85 % (w/v) phosphoric acid was added, and the solution filled up to 10 ml with 
ultra-pure water. 

XIAP L-BIR2-BIR3 concentration was determined against a BSA standard curve. BSA standards 
(2.5, 5.0, 10, 15, 20 and 25 µg/ml) were prepared by diluting a 1 mg/ml BSA stock (Thermo Fisher 

Scientific; Waltham, MA, USA) with buffer (50 mM Tris, 200 mM NaCl, 50 µM ZnAc2, 10 mM DTT, 
10 % glycerol, pH 7.5). 150 µl of each BSA standard solution or 150 µl of the XIAP L-BIR2-BIR3 
protein solution diluted with buffer (1:100 and 1:200) were then mixed with 150 µl Bradford re-
agent in a clear 96-well microtiter plate (Greiner Bio-One; Kremsmünster, Austria). After 5 min 
incubation at room temperature, the absorbance at λ = 595 nm was measured on the plate reader. 
Each sample was measured in duplicates. Protein concentration was determined from a cubic re-
gression of the BSA standard curve.  
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6.3.3 Polyacrylamide Gel Electrophoresis (PAGE) 

The purified XIAP L-BIR2-BIR3 protein and cell lysates for Western blotting were separated by 
SDS-PAGE on 12 % gels; short DNA-Oligos were separated by Urea-PAGE on 20 % gels + 8 M urea 
using the Mini-PROTEAN II gel electrophoresis system and a PowerPac™ Basic power supply (Bio-

Rad, Hercules, CA, USA). Stacking and separating gels were cast from ROTIPHORESE® NF-Acryla-
mide/Bis-solution 40 % (19:1; Carl Roth, Karlsruhe, Germany) and 4x Upper Gel buffer (0.5 M 
Tris, 0.4 % SDS, pH 6.8), 4x Lower Gel buffer (1.5 M Tris, 0.4 % SDS, pH 8.8) or 10x TBE buffer 
(0.89 M Tris, 0.89 M boric acid, 20 mM EDTA, pH 8.3) and layered with isopropanol during 
polymerization. 

Table 12 Stacking and separating gel compositions for PAGE 

 Stacking Gel 
(5 %) 

 Separating Gel 
(12 %) 

 Separating Gel 
(20 %) + 8 M Urea 

4x Stacking Gel Buffer 500 µl  ---  --- 
4x Separating Gel Buffer ---  1 250 µl  --- 
10x TBE buffer ---  ---  1 000 µl 
Urea+ ---  ---  4.8 g 
Acrylamid/Bis-solution (40 %) 250 µl  1 500 µl  2 500 µl 
Ammonium persulfate (10 %) 10 µl  20 µl  70 µl 
TEMED 5 µl  5 µl  5 µl 
Water 1245 µl  2 225 µl  fill up  
Total Volume 2 ml  5 ml  5 ml 

+After addition of Urea, carefully heat solution (<40 °C) and stir until fully dissolved 

Cast gels were submerged in running buffer (protein gels: 25 mM Tris, 192 mM glycine, pH 8.3; 
oligonucleotide gels: 1x TBE) and the pockets washed with buffer. Urea gels were pre-run at con-
stant power (20 W) for ca. 30 minutes to heat them up to a temperature of 45-55 °C. Protein sam-
ples were mixed 1:5 (v/v) with 5x loading buffer (30 mM Tris, 100 mM DTT, 10 % (w/v) SDS, 
50 % (v/v) glycerol, 0.1 % (w/v) bromophenol blue), oligonucleotide samples 1:6 (v/v) with 6x 
Gel Loading Dye, purple (New England Biolabs, Ipswich, MA, USA). Samples (except XIAP L-BIR2-
BIR3) were heated to 90 °C for 1 min and loaded in the gel pockets. As molecular weight marker, 
5 µl Precision Plus Protein™ standard (Bio-Rad, Hercules, CA, USA; for proteins) or Quick-Load® 
Purple 50 bp DNA ladder (New England Biolabs, Ipswich, MA, USA; for oligonucleotides) were 
loaded in a free gel pocket as reference. SDS-PAGE gels were run at constant voltage (60 V) until 
the tracking dye entered the separating gel (ca. 15 min), then voltage was increased (100 V) until 
the dye reached the anodic end of the gel. Oligonucleotide Urea-PAGE gels were run at constant 
power (15-25 W), maintaining a temperature of around 55 °C. 

To visualize bands, protein gels were incubated in the colloidal Coomassie staining solution de-
veloped by Kang et al.[426] was employed: A solution of 50 g Al2(SO4)3∙18 H2O in 500 ml water was 
mixed with 50 ml ethanol until everything was dissolved. Then, 4 ml of an aqueous 5 % (w/v) 
Coomassie Brilliant Blue G-250 solution and 23.5 ml ortho-phosphoric acid were added, and the 
homogenous mixture filled up to 1 l with water. For staining, the gels were first washed with ul-
trapure water (3x) and then kept in staining solution overnight, under gentle agitation. First 
stained proteins were usually visible after 2-3 h. Nucleic acid bands were visualized using the 
SYBR® Gold Nucleic Acid Gel Stain (Thermo Fisher Scientific, Waltham, MA, USA). Gels were incu-
bated in a 1:10 000 dilution of SYBR® Gold in TBE buffer overnight. For gel documentation, a Chem-
iDoc™ MP Imaging System (Bio-Rad, Hercules, CA, USA) was used. 
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6.3.4 Western Blot 

For Western blot analysis, proteins separated by SDS-PAGE were transferred onto Protran™ NC 
Nitrocellulose membranes (Cytiva, Washington, D.C, USA) using the Mini-PROTEAN® Tetra Cell in 
combination with a Mini Trans-Blot Module (Bio-Rad, Hercules, CA, USA). After electrophoresis, 
gels were briefly washed (1x) with transfer buffer (25 mM Tris, 192 mM glycin, 20 % MeOH, 1 % 
SDS, pH 8.3). PVDF membranes were activated in methanol (15 sec). A sandwich consisting of gel, 
membrane and a sheet of wet Whatman® GB005 filter paper (Sigma-Aldrich, St. Louis, MO, USA) 
on each side was prepared and placed in a blotting tank filled with pre-chilled (4 °C) transfer 
buffer. The protein transfer was run at room temperature at a constant voltage of 100 V for 1-
1.5 h. After blotting, membranes were washed (3x 5 min) with TBS-T buffer (10 mM Tris, 150 mM 
NaCl, 0.1 % (v/v) Tween-20, pH 7.4) and blocked with 5 % (w/v) non-fat milk powder (Carl Roth, 
Karlsruhe, Germany) in TBS-T for 2 h at room temperature. After blocking, membranes were 
washed (3x 5 min) with TBS-T and incubated overnight with 1:1000 anti-FLIP (D5J1E) monoclo-
nal rabbit antibody (Cell Signalling Technology, Danvers, MA, USA) in TBS-T + 1 % (w/v) BSA (Carl 

Roth, Karlsruhe, Germany) at 4 °C. The next day, membranes were washed with TBS-T (3x 5 min) 
and incubated with 1:2000 HRP-goat anti-rabbit IgG (Cell Signalling Technology, Danvers, MA, 
USA) in TBS-T +1 % (w/v) milk powder for 1 h at room temperature. The membranes were 
washed (3x 5 min) with TBS-T, placed between two plastic sheets and 0.5 ml of Immobilon Forte 
Western HRP substrate (Merck, Darmstadt, Germany) was dribbled onto the membrane. After 
2 min incubation in the dark, chemiluminescence was recorded on a ChemiDoc™ MP Imaging Sys-
tem (Bio-Rad, Hercules, CA, USA). To detect the loading control, the membranes were washed 
again (3x 15 min) with TBS-T and incubated overnight with 1:1000 anti-β-Actin (13E5) monoclo-
nal rabbit antibody (Cell Signalling Technology, Danvers, MA, USA) in TBS-T + 1 % (w/v) BSA at 
4 °C. The next day, membranes were washed (3x 5 min) with TBS-T and incubated with 1:2000 
HRP-conjugated goat anti-rabbit IgG in TBS-T + 1 % (w/v) milk powder for 1 h at room tempera-
ture. The membranes were washed (3x 5 min) with TBS-T, placed between two plastic sheets and 
0.5 ml of Immobilon Classico Western HRP substrate (Merck, Darmstadt, Germany) was added 
directly onto the membrane and incubated for 2 min. 

 
6.3.5 Fluorescence Polarization Binding Assay 

Binding affinity to the XIAP L-BIR2-BIR3 protein was determined using the fluorescence polariza-
tion assay developed by Nikolovska et al.[177,427] Samples were prepared in non-binding, f-bottom, 
black 96- or 386-well plates (Greiner Bio-One, Kremsmünster, Austria) and the fluorescence po-
larization measured on a plate reader (λEx = 485 nm, λEm = 535 nm). For filters and exact settings 
see 6.2.5. For the synthesis of reference peptide Smac-1F see 6.4.2.1. 

6.3.5.1 Kd Determination of the XIAP L-BIR2-BIR3 Construct 

To determine its binding constant (Kd) to the XIAP L-BIR2-BIR3 protein construct, 45 µl of a solu-
tion of 1.1 nm Smac-1F in degassed assay buffer (100 mM KH2PO4/K2HPO4, 100 μg/ml bovine γ-
globulin, 0.02 % NaN3, pH 7.5) was placed in the wells of a 386-well low binding microplate. In 
parallel a 1:2 dilution series of XIAP L-BIR2-BIR3 in assay buffer was prepared (20 dilutions, 
40.52 µM - 77.29 pM). 5 µl of each dilution was added to the wells containing Smac-1F, to a final 
volume of 50 µl (final concentration Smac-1F: 1 nM, XIAP L-BIR2-BIR3: 4.05 µM – 7.73 pM). On 
each plate, one well with 50 µl buffer containing 1 nm Smac-1F was included as a background 
control. The plates were shaken for 5 min and incubated in the dark for 2 hours at room temper-
ature. The anisotropy values determined on a plate reader. The inhibitor constants were deter-
mined through non-linear curve fitting as the concentration at which 50 % of the reference pep-
tide is bound (Ki), using GraphPad Prism software (GraphPad Software, San Diego, CA, USA). 
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6.3.5.2 NMR-Based concentration determination of Smac mimetics 

The concentration of mono- and bivalent Smac mimetic stock solutions was determined by NMR. 
Lyophilized inhibitors were dissolved in 1000 µl D2O + 0.01 % (v/v) d-TFA. 544.5 µl of each stock 
solution was mixed with 5.5 µl of a 50 mM p-nitrophenol standard solution in D2O (final concen-
tration: 500 µM) and transferred to an NMR tube.1H-NMR spectra (1024 scans) were recorded, 
processed and the inhibitor concentrations determined through the ratio of aromatic Ph (7.40-
7.24, m, 5 H) or Dip (7.58-7.20, m, 10 H) signals to the p-nitrophenol internal standard (8.18 and 
6.98 ppm, d, 2 H each). 

6.3.5.3 Competitive Binding Assay 

To determine the relative binding affinity (IC50) of the mono- and bivalent Smac mimetics to XIAP 
L-BIR2-BIR3, 90 µl of a solution of 1.1 nM competitive binder Smac-1F and 16.5 nM XIAP L-BIR2-
BIR3 in degassed assay buffer (100 mM KH2PO4/K2HPO4, 100 μg/ml bovine γ-globulin, 0.02 % 
NaN3, pH 7.5) were placed in the wells of a 96-well low-binding microplate. In parallel a 2:3 dilu-
tion series of Smac mimetic in assay buffer was prepared (20 dilutions, bivalent inhibitors: 
74.82 µM - 10 nM, monovalent inhibitors: 748.18 µM – 100 nM). 10 µl of each dilution was added 
to the wells containing Smac-1F, to a final volume of 100 µl (final concentration Smac-1F: 1 nM, 
XIAP L-BIR2-BIR3: 15 nm, bivalent inhibitors: 7.48 µM – 1 nM, monovalent inhibitors: 74.2 µM – 
10 nM). On each plate, two additional wells with 100 µl buffer containing only 1 nm Smac-1F 
(equivalent to a fully displaced reference peptide), or 1 nm Smac-1F and 15 nm XIAP-L-BIR2-BIR3 
(equivalent to a fully bound reference peptide) were included as controls. The plates were shaken 
for 5 min and incubated in the dark for 2 hours at room temperature. The anisotropy values de-
termined on a plate reader. The inhibitor concentration at which 50 % of bound reference peptide 
is displaced (IC50) was determined from the plots through a non-linear curve fit, using GraphPad 
Prism software (GraphPad Software, San Diego, CA, USA). 
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6.3.6 Cell Culture 

A549, MCF-7, HEK 293 and Jurkat cell lines were maintained at 37 °C in a humidified 5 % CO2 

atmosphere and sub-cultivated in T-75 flasks (Greiner Bio-One, Kremsmünster, Austria) twice a 
week. Cells were cultured in DMEM, supplemented with 10 % (v/v) heat-inactivated fetal calf se-
rum (FCS), 1 % (v/v) Penicillin/Streptomycin mixture (100 U/ml) and 0.5 mM L-glutamine. Sta-
ble, XIAP-overexpressing cell lines Hek 293-XIAP and Jurkat-XIAP were cultured in the presence 
of 3 µg/ml puromycin selection antibiotic. For passaging and plating, cells in the exponential 
growth phase were washed with PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 
KH2PO4, pH 7.4) and detached with Trypsin-EDTA solution (0.25 %) for 3-5 min at 37 °C (only 
adherent cells). Adherent (A549, MCF-7, Hek 293) and suspension cells (Jurkat) were taken up in 
DMEM, centrifuged (5 min, 200 x g) and suspended in fresh medium before being plated or pas-
saged to new cultivation flasks. Cell density was determined using a Countess™ II automated cell 
counter (Thermo Fisher Scientific, Waltham, MA, USA). 

 
6.3.7 Stable Cell Line Generation 

Stable, XIAP cell lines were created by Dr. Peter Bou Dip and Sophie Neuber using the 
CRISPR/Cas9 Genome Knockout Kit (OriGene Technologies, Rockville, MD, USA). The donor vector 
pAAVS1-mCherry(NLS)-P2A-XIAP was generated through Gibson assembly from the manufac-
turer’s commercially available pAAVS1-Puro-DNR vector. 

6.3.7.1 Amplification of P2A-XIAP (43-109) and mCherry(NLS) Fragments 

The target sequence-containing P2A-XIAP (43-109) fragment was amplified by PCR from a 
pcDNA3.1-XIAP ORF clone vector (accession number NM_001167.3; Biozol, Eching, Germany), the 
mCherry(NLS) fragment from a plasmid kindly provided by Dr. Christina Kuznia. The sequence 
overlaps for Gibson assembly were introduced with primer overhangs. For each fragment, 10 ng 
template were mixed with 25 µl 2x Q5® High-Fidelity 2X Master Mix (New England Biolabs, Ips-
wich, MA, USA) and 500 nM (final concentration) P2A-XIAP (43-109) or mCherry(NLS) forward 
and reverse primer, respectively (for sequences see 8.7.6) and filled up to a final volume of 50 µl 
with nuclease-free water. Samples were placed in a Biometra T-Gradient thermocycler (Analytik 

Jena GmbH, Jena, Germany) and amplified using a temperature gradient (Table 14).  

Table 13 PCR temperature gradient used for fragment amplification. 

Step Temperature [°C] Time [s]  Cycles 

Initial Denaturation 98 30    x1 

Denaturation 98 10   
  X30 

Annealing/Extension 72 50   

Final Extension 72 15    x1 

 
Following amplification, PCR products were mixed with 10 µl 6X DNA Gel Loading Dye (Thermo 

Fisher Scientific, Waltham, MA, USA) and purified by agarose gel electrophoresis on 1 % agarose 
gels. Gels were cast from 0.45 g agarose dissolved in 45 ml hot TAE buffer (40 mM Tris, 20 mM 
acetic acid, 1 mM EDTA, pH 8.0). The cooled gels were placed in a Sub-Cell GT horizontal electro-
phoresis cell (Bio-Rad, Hercules, CA, USA), overlaid with buffer and run for 30 min at a constant 
voltage of 100 V. DNA bands were stained with SYBR™ Gold Nucleic Acid Gel Stain (Thermo Fisher 

Scientific, Waltham, MA, USA) and cut out under UV light. The gel pieces were then purified with 
the GeneJET Gel Extraction Kit (Thermo Fisher Scientific, Waltham, MA, USA), according to the 
manufacturer’s instructions. 
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6.3.7.2 Linearization of the Donor Plasmid and Gibson Assembly 

Prior to Gibson assembly, the pAAVS1-Puro-DNR plasmid was linearized by double digest with 
EcoR1/Not1 resctriction enzymes (New England Biolabs, Ipswich, MA, USA). 1 µg plasmid was 
mixed with 10X NEBuffer r3.1, 1 µl (20 units) EcoR1 and 1 µl (10 units) Not1, and filled up to 50 µl 
with nuclease-free water. The mixture was incubated for 15 min at 37 °C and then purified on a 
1 % agarose gel as described above. 

For the assembly, 100 ng linearized pAAVS1-Puro-DNR plasmid and 0.5 pmol of each of the two 
fragments were mixed with 10 µl 2X Gibson Assembly Master Mix (New England Biolabs, Ipswich, 
MA, USA) and filled up to 20 µl with nuclease-free water. The mixture was incubated at 50 °C for 
1 h and then stored at -20 °C. 

6.3.7.3 Cell Transfection, Selection and Singularization 

Hek 293 or Jurkat cells were seeded on a 6-well cell culture plate in 2 ml growth medium at a 
density of 3.5x105 cells/well and propagated over 24 h to a confluency of 50-70 %. Prior to trans-
fection, the medium was replaced with a 900 µl fresh growth medium. For each well, 1 ug of donor 
DNA (pAAVS1-mCherry(NLS)-P2A-XIAP) and 1 ug of guide RNA (pCas-Guide-AAVS1) vectors 
were diluted with 250 ul OptiMEM, to which 2 µl (1 µl/µg DNA) PLUS™ Reagent was added. After 
5 min, 6 ul Lipofectamine LTX was added and the mixture incubated for 20 min at room tempera-
ture, before being added dropwise to the corresponding wells. Cells were incubated for 72 h post 
transfection or until they reached 100 % confluency and split 1:10. Puromycin (3 µg/ml) was 
added to the growth medium as selection antibiotic and the cells were cultivated for 2 weeks, with 
medium replacement every 3-4 days. The surviving, polyclonal cells were sorted for the highest 
mCherry fluorescence on a FACSMelody™ flow cytometer (Beckton-Dickinson, Franklin Lakes, NJ, 
USA). The obtained sub-population was singularized through dilution (20 cells/ml) in medium 
containing puromycin (3 µg/ml) and expanded on 96-well cell culture plates (100 µl/well ≈ 2 
cells/well). To evaluate target expression, XIAP mRNA expression of the brightest clones was 
quantified by RT-qPCR. 
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6.3.8 Treatment with SMC-PNA-CPP Conjugates 

For viability assays with SMC-PNA-CPP conjugates, A549 cells were seeded on clear, 96-well cell-
culture plates (Greiner Bio-One, Kremsmünster, Austria) in 50 µl DMEM per well at a density of 
2.5x103 cells/well and propagated 24 h. The medium was removed and 100 µl of a dilution of 
SMC-PNA-CPP conjugates in OptiMEM with or without 100 µM chloroquine was added to each 
well. The plates were incubated for 6 h at 37 °C and 5 % CO2, then either 1 volume DMEM + 20 % 
FCS and 2 % Penicillin/Streptomycin mix was added to the wells, or the conjugate solutions were 
removed and replaced with normal growth medium. After 24 h, optionally 20 ng/ml SuperKiller-

TRAIL™ was added to the wells and the plates were incubated for another 24 h. 

 

6.3.9 Treatment with SMC-PSO Conjugates 

6.3.9.1 Screening for Lipofection Conditions 

For the transfection of A549 cells, cells were seeded on a clear, 96-well cell culture plate (Greiner 

Bio-One, Kremsmünster, Austria) in 100 µl DMEM per well at a density of 5x103 cells/well and 
propagated 24 h to a confluency of ca. 70 %. The medium was removed and replaced with 90 µl 
DMEM without antibiotics. Per well, a dilution of SMC-PSO conjugate 74 in 5 µl OptiMEM (20 µM) 
was mixed and precomplexed with a dilution of ViaFect™ or Lipofectamine™ LTX (1-4 µl/µg PSO; 
relative to the oligonucleotide part of the conjugate) in 5 µl OptiMEM for 20 min at room temper-
ature or mixed with PLUS™ Reagent (1 µl/µg PSO), incubated for 5 min and then precomplexed 
with a dilution of Lipofectamine LTX (1-4 µL/µg PSO) in 5 µl OptiMEM for 20 min at room tem-
perature. The lipoplex solutions were added to the wells (final concentration: 1 µM) and the plate 
was incubated at 37 °C in a humidified 5 % CO2 atmosphere. After 6 h, the medium was replaced 
with normal growth medium and the plate was incubated for another 42 h. Transfection effi-
ciency/viability was determined by alamarBlue™ assay (see 6.3.13). 

6.3.9.2 Lipofection of SMC-PSO Conjugates 

For viability assays with SMC-phosphorothioate conjugates, A549 cells were seeded on clear, 96-
well cell-culture plates (Greiner Bio-One, Kremsmünster, Austria) in 100 µl DMEM per well at a 
density of 5x103 cells/well and propagated 24 h to a confluency of ca. 70 %. The medium was re-
moved and replaced with 90 µl DMEM without antibiotics. Per well, a dilution of SMC-phos-
phorothioate conjugate in 5 µl OptiMEM (2 µM) was mixed with PLUS™ Reagent (1 µl/µg PSO) and 
incubated for 5 min at room temperature. 5 µl of a dilution of Lipofectamine™ LTX (2 µl/µg PSO; 
relative to the oligonucleotide part of the conjugate) in OptiMEM were added and the mixture 
incubated for 20 min at room temperature. The lipoplex solutions were added (final concentra-
tion per well: 100 nM) and the plate was incubated at 37 °C in a humidified 5 % CO2 atmosphere. 
After 6 h, the transfection solution was replaced with normal growth medium. After 24 h, option-
ally 20 ng/mL SuperKillerTRAIL was added to the wells and the plates were incubated for another 
24 h. 

  



Experimental Section 

 

- 109 - 

6.3.10 Caspase 3/7 Activity Assay 

24 h before treatment, A549 cells were seeded on a 6-well plate in 2 ml growth medium at a den-
sity of 2x105 cells/well and propagated to a confluency of ca. 70 %. The medium was removed and 
replaced with 1350 µl DMEM without antibiotics. Per well, a dilution of SMC-phosphorothioate 
conjugate in 75 µl OptiMEM (4 µM) was mixed with PLUS™ Reagent (1 µl/µg PSO) and incubated 
for 5 min at room temperature. 75 µl of a dilution of Lipofectamine™ LTX (2 µl/µg PSO; relative to 
the oligonucleotide part of the conjugate) in OptiMEM was added and the mixture incubated for 
20 min at room temperature. The lipoplex solutions were added to the wells (final concentration: 
200 nM) and the plate was incubated at 37 °C in a humidified 5 % CO2 atmosphere. After 6 h the 
medium was replaced with normal growth medium and the cells incubated for another 18 h. 

The next day, cells were carefully scraped off, transferred to a microcentrifuge tube and pelleted 
by centrifugation (1000 x g, 5 min). The cells were washed with 2 ml PBS, centrifuged (8500 x g, 
3 min) and treated with 40 µl lysis buffer (20 mM HEPES, 150 mM NaCl, 1 mM EDTA, 1 % Triton 
X-100, pH 7.4, no inhibitors) for 20 min on ice with intermittent sonication every 5 min (3 s, duty 
cycle: constant, output: 7; Sonifier 450, Branson Ultrasonics, Danbury, CT, USA). Cellular debris 
was removed by centrifugation (16 900 x g, 10 min, 4 °C) and the protein concentration in the 
supernatant determined by BCA assay according to the manufacturer’s instructions. 35 µg protein 
was pipetted in each well of a black, non-binding, 96-well assay plate (Greiner) and filled up to 
50 µl with lysis buffer. Caspase reagent DEVD-AFC was dissolved in DMSO (10 mM) and added to 
2x caspase assay buffer (20 mM HEPES, 20 mM DTT, 20 % glycerol, pH 7.5) at a final concentra-
tion of 50 µM. 50 µl of this solution was added to each well and the plate incubated for 2 h at 37 °C 
in the dark. The absorbance (λ = 575 nm) of the released dye was measured on a plate reader. 

 
6.3.11 Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) 

To assess c-FLIP knockdown by SMC-phosphorothioate conjugates, A549 cells were seeded on a 
6-well plate in 2 ml growth medium at a density of 2x105 cells/well. The medium was removed 
and replaced with 1800 µl DMEM without antibiotics. Per well, a dilution of SMC-phosphorothio-
ate conjugate in 100 µl OptiMEM (6 µM) was mixed with PLUS™ Reagent (1 µl/µg PSO) and incu-
bated for 5 min at room temperature. 100 µl of a dilution of Lipofectamine™ LTX (2 µl/µg PSO; 
relative to the oligonucleotide part of the conjugate) in OptiMEM were added and the mixture 
incubated for 20 min at room temperature. The lipoplex solutions were added to the wells (final 
concentration: 300 nM) and the plate was incubated at 37 °C in a humidified 5 % CO2 atmosphere. 
After 6 h the medium was replaced with normal growth medium and the cells were incubated for 
another 18 h. The next day, the cells were washed with 500 µl PBS and the total RNA was extracted 
using the Crystal RNA Mini kit (Biolabproducts, Bebensee, Germany) and treated with TURBO 
DNA-free™ DNAse I (Thermo Fisher Scientific, Waltham, MA, USA) according to the corresponding 
manufacturer’s instructions. The isolated RNA was precipitated from 0.1 volume sodium acetate 
buffer (3 M, pH 5.4) and 1 volume isopropanol, washed with 70 % (v/v) ethanol and re-dissolved 
in nuclease-free water. The extracted RNA was quantified on a NanoDrop spectrophotometer us-
ing its absorption at 260 nm and stored at -80 °C. 

To assess XIAP (43-109) mRNA overexpression in stable Jurkat XIAP and HEK XIAP cell lines, 
2x106 – 4x107 cells were harvested and pelleted by centrifugation (5 min, 200 x g). The total RNA 
was extracted using the QIAShredder and RNeasy Plus Mini kit (Qiagen, Venlo, Netherlands) ac-
cording to the manufacturer’s instructions. RNA was eluted in nuclease-free water. The extracted 
RNA was quantified on a NanoDrop spectrophotometer using its absorption at 260 nm and stored 
at -80 °C. 
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For qPCR measurements, 1 µg total RNA was reverse-transcribed using the iScript™ cDNA synthe-
sis kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions. The resulting 
cDNA was either directly used or stored at -20 °C. For each well of a 96-well qPCR plate (Greiner 
Bio-One, Kremsmünster, Austria), 2.5 ng cDNA were mixed with 10 µl 2x Fast SYBR Green RT-
qPCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) and 250 nM of forward and re-
verse primers (for sequences see 8.7.6) and filled up to a final volume of 20 µl with nuclease-free 
water. The plate was sealed and placed in an iQ5 real-time PCR detection system (Bio-Rad, Hercu-
les, CA, USA). Samples were amplified and analysed using a temperature gradient (Table 14) and 
following amplification, a melting curve analysis was performed to assess product homogeneity. 

Table 14 RT-qPCR temperature gradient used for amplification and melting curve analysis 

Step Temperature [°C] Time [s]  Cycles 

Polymerase Activation 95 45    x1 

Denaturation 95 10   
  x40 

Annealing/Extension 60 30   

Final Extension 60 30    x1 

Melting curve analysis 60-95 (+0.5 °C/cycle) 15    x71  

Relative expression levels were calculated by the ΔΔCq method using GAPDH, HPRT or TUBA1B 
reference genes and compared against vehicle treated or wildtype cells. Absolute expression of 
XIAP mRNA was determined using a calibration curve of synthetic XIAP amplicon (see 8.7.5; 1:10 
dilution series, 10-13 to 10-21 mol). Statistical analysis (ANOVA with post hoc Tukey’s test) was 
performed on ΔΔCq values with GraphPad Prism (GraphPad Software, San Diego, CA, USA). 

 
6.3.12 Cell Delivery by Electroporation 

Electroporations were performed at room temperature or 4 °C, using a Gene Pulser® Xcell™ elec-
troporation system (Bio-Rad, Hercules, CA, USA). Freshly harvested HEK-WT or HEK-XIAP cells 
were washed with PBS, spun down (5 min, 200 x g) and resuspended in room temperature or 4 °C 
Gene Pulser® electroporation buffer (Bio-Rad, Hercules, CA, USA) at a concentration of 5x106 
cells/ml. For each electroporation, 200 µl (800 µl) cell suspension was introduced in a room tem-
perature or pre-chilled 0.2 cm (0.4 cm) gap size electroporation cuvette (Bio-Rad, Hercules, CA, 
USA) and the appropriate volume of PNA-conjugate was added. After a quick resuspension, a sin-
gle exponential decay pulse (condition screening: 0.5 -0.7 kV/cm at 975 µF or 875-975 µF at 
0.55 kV/cm; routine electroporation: 0.55 kV/cm, 975°µF) was applied. Immediately after the 
pulse, 1.6 ml warm (37 °C) recovery medium (DMEM + 20 % (v/v) FCS, no antibiotics) was added 
and the cuvette placed in an incubator at 37 °C and 5 % CO2. After 20 min, the cell suspension was 
taken up in 15 ml PBS and centrifuged (5 min, 200 x g). 

6.3.12.1 Screening for Electroporation Conditions 

To screen for the optimal electroporation conditions, HEK-WT cells were electroporated with la-
beled PNA 139. After recovery, cells were washed with 15 ml PBS (3x) and split 1:4 before being 
spun down (5 min, 200 x g). The smaller pellet (ca. 2.5x105 cells) was resuspended in 1.25 ml 
growth medium and seeded on a 96-well plate at a density of 2x104 cells/well. The plate was in-
cubated at 37 °C and 5°% CO2 for 24 h. Cell viability was determined by alamarBlue™ assay. The 
bigger pellet (ca. 7.5x105 cells) was resuspended in 750 µl PBS (theoretical concentration: 
1000 cells/ml). A solution of propidium iodide in PBS was added (final conc.: 1 µg/ml) and after 
1 min incubation, cells were analysed by flow cytometry using filter set A (λEx = 488 nm, λEm = 
700 nm; FAM, transfection efficiency) and filter set C (λEx = 561 nm, λEm = 613 nm; PI, viability).  
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6.3.12.2 Treatment with N3-SMC and dmTCEP-PNA conjugates 

For alamarBlue™ cell viability assays, cells electroporated with N3-SMC- and dmTCEP-PNA conju-
gates were resuspended in 2.4 ml growth medium (theoretical concentration 417 cells/ml). 
150 µl (ca. 62 500 cells) of the suspension was transferred to each well of a 96-well cell culture 
plate. The plates were placed in an incubator at 37 °C and 5°% CO2. After 1 h, 10 µl growth medium 
or a dilution of SuperKillerTRAIL™ in medium (8 ng/ml; final concentration 0.5 ng/ml) was added 
and the cells incubated for another 23 h. The following day, viability was determined by alamar-
Blue™ assay (see 6.3.13). 

For flow cytometry-based apoptosis assays, cells electroporated with N3-SMC and dmTCEP-PNA 
conjugates were resuspended in 4 ml normal growth medium (theoretical concentration: 250 
cells/µl). 1 ml (ca. 250 000 cells) was transferred to each well of a 12-well cell culture plate. The 
plates were placed in an incubator at 37 °C and 5°% CO2. After 1 h, 50 µl medium or a dilution of 
SuperKillerTRAIL™ in medium (10.5 ng/ml; final concentration 0.5 ng/ml) was added and the 
cells incubated for another 23 h. The following day, viability was determined by a flow cytometry-
based apoptosis assay. 

6.3.12.3 Treatment with N3-SMC and Ru(II)-PNA conjugates 

Cells electroporated with N3-SMC and Ru(II)-PNA conjugates were resuspended in 1 ml Fluoro-
Brite™ DMEM (theoretical concentration: 1000 cells/ml). 500 µl (ca. 500 000 cells) was trans-
ferred to 8 wells each of two 48-well cell culture plates. One plate was placed on a custom-built 
microplate heater set to 37 °C and irradiated (λ = 455 nm) for 30 min using an M455L3-C1 LED 
lamp mounted 15 cm above. The lamp was controlled by a DC2200 LED driver (Thorlabs, Newton, 
NJ, USA) and operated at a current limit of 1000 mA and an intensity of 98 %. The other plate was 
incubated 30 min at 37 °C in the dark. After incubation, 500 µl DMEM supplemented with 20 % 
(v/v) FCS and 2 % (v/v) Penicillin/Streptomycin mixture (100 U/ml) was added to each well. 
180 µl (ca. 100 000) and the cell suspension was transferred to a 96-well cell culture plate. The 
plates were placed in an incubator at 37 °C and 5°% CO2. After 1 h, 20 µl medium or a dilution of 
SuperKillerTRAIL™ in medium (10 ng/ml; final concentration 0.5 ng/ml) was added and the cells 
incubated for another 23 h. The next day, viability was evaluated by alamarBlue™ assay. 

6.3.12.4 Isolation of Biotinylated Probes from Electroporated Cells 

For the isolation of biotinylated and carboxyfluorescein-labeled probes, the cell suspensions of 2-
4 electroporations in 0.4 cm cuvettes were combined (8-16 x106 cells). After recovery, cells were 
washed with 15 ml PBS (3x) and optionally irradiated as described above. Cells were spun down 
(5 min, 200 x g) and lysed in 1 ml RIPA buffer (50 mM Tris, 150 mM NaCl, 1 % Triton X-100, 0.1 % 
(w/v) SDS, 1 mM EDTA, pH 7.4, 1 cOmplete™ Mini protease inhibitor tablet per 10 ml) on ice for 
20 min with intermittent sonication every 5 min (3 s, duty cycle: constant, output: 7; Sonifier 450, 
Branson Ultrasonics, Danbury, CT, USA). Cellular debris was removed by centrifugation (16 
900 x g, 10 min, 4 °C). 50 µl magnetic streptavidin beads Dynabeads® M-280 (binding capacity: 
100 pmol; Thermo Fisher Scientific Waltham, MA, USA) were washed with 500 µl RIPA buffer (3x) 
and added to the samples. The mixture was incubated overnight at 4 °C with constant rotation. 
The next day, the supernatant was removed, and the beads were washed with TBS-T (10 mM Tris, 
150 mM NaCl, 0.05 % (v/v) Tween-20, pH 7.4). Biotinylated peptides were eluted by suspending 
the beads in 25 µl of an aqueous 70 % (v/v) MeCN, 5 % (v/v) formic acid, 1 mM biotin and incu-
bating then at 37 °C for 2 h. The eluted peptides in the supernatant were analysed by RP-UPLC 
(System B/Column 4) using an optimized linear gradient (3-70 % B2 in 3 min). 
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6.3.13 AlamarBlue™ Cell Viability Assay 

To assess cell viability the viability, the resazurin-based alamarBlue™ cell viability reagent 
(Thermo Fisher Scientific, Waltham, MA, USA) was used. After treatment, cells were washed with 
100 µl PBS and 100 µl of a 10 % alamarBlue™ solution in PBS was added to each well. Plates were 
incubated for 1.5-2 h at 37 °C and the fluorescence intensity was measured on a plate reader (λEx 
= 530 nm and λEm = 590 nm). After subtraction of a blank, the fluorescence intensity relative to an 
untreated control was plotted and the graph fitted using a non-linear regression. IC50 values were 
determined from the resulting dose-response curves, as the concentration that produced half-
maximal response. 

 
6.3.14 Flow Cytometric Apoptosis Assays  

After treatment, the medium containing dead cells and cell debris was removed from the wells 
and stored in a microcentrifuge tube. Cells were washed with 1 ml PBS and the washing solution 
was likewise added to the microcentrifuge tube. Cells were detached with Trypsin-EDTA solution 
(0.25 %) for 3-5 min at 37 °C and taken up in the medium from the microcentrifuge tube. Cells 
were spun down (5 min, 200 x g) and washed with PBS (1x) before being stained. 

6.3.14.1 Caspase 3/7 Staining 

Flow cytometric Caspase 3/7 assays were performed with the CellEvent™ Caspase 3/7 Green 
Ready Flow™ Reagent. Dead cells were stained with SYTOX™ AADvanced™ Dead Cell Stain 
(Thermo Fisher Scientific, Waltham, MA, USA). 
Washed cells were taken up in 200 µl PBS with 0.5 % BSA (w/v). 16.5 µl CellEvent™ Caspase-3/7 
Green Ready Flow™ Reagent (2 drops or 82 µl per 1 ml cell suspension; 1x106 cells/ml) was 
added, and the cells incubated for 30 min at 37 °C and 5 % CO2. 16.5 µl (2 drops or 82 µl per 1 ml 
cell suspension; 1x106 cells/ml) SYTOX™ AADvanced™ dead cell stain was added, and the cells 
stored on ice until analysis. 
Cells were analysed using filter set A (λEx = 488 nm, λEm = 700 nm; SYTOX™ AADvanced™ dead cell 
stain), filter set B (λEx = 488 nm, λEm = 527 nm; CellEvent™ Caspase-3/7 stain) and filter set C (λEx 
= 561 nm, λEm = 613 nm; mCherry). Cells were divided in three populations: alive (CellEvent™/ 
SYTOX™ negative), apoptotic (CellEvent™ positive/ SYTOX™ negative) and dead (SYTOX™ posi-
tive). 30 00-50 000 events were recorded for each sample. For gating strategy see appendix 8.5. 

6.3.14.2 Annexin V Staining 

Flow cytometric Annexin V assays were performed with Annexin V Alexa Fluor™ 488 conjugate 
(Thermo Fisher Scientific, Waltham, MA, USA). Dead cells were stained with SYTOX™ AADvanced™ 
Dead Cell Stain. 1X Annexin Binding Buffer was prepared by diluting 5X Buffer (50 mM HEPES, 
700 mM NaCl, 12.5 mM CaCl2, pH 7.4) 1:5 with ultrapure water. Washed cells were taken up in 
200 µl 1X Annexin Binding Buffer. 5 µl Annexin V Alexa Fluor™ 488 conjugate (5 µl per 100 µl cell 
suspension; ~1x106 cells/ml) was added, and the cells incubated for 15 min at room temperature. 
16.5 µl (2 drops or 82 µl per 1 ml cell suspension; 1x106 cells/ml) SYTOX™ AADvanced™ dead cell 
stain was added, and the cell suspension stored on ice until analysis. 

Cells were analysed using filter set A (λEx = 488 nm, λEm = 700 nm; Annexin V Alexa Fluor™ 488), 
filter set B (λEx = 488 nm, λEm = 527 nm; CellEvent™ Caspase-3/7 stain) and filter set C (λEx = 
561 nm, λEm = 613 nm; mCherry). Cells were divided in three populations: alive (Alexa Fluor™ 
488/ SYTOX™ negative), apoptitc (Alexa Fluor™ 488 positive/ SYTOX™ negative) and dead 
(SYTOX™ positive). 30 00-50 000 events were recorded for each sample. For the applied gating 
strategy see appendix 8.5.  
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6.4 Syntheses 

6.4.1 Organic Synthesis 

(N6-bis-Boc-adenosin-9-yl)-acetic acid   (a) 

 

(N6-bis-Boc-adenosin-9-yl)-acetic acid a was prepared from adenine (7.00 g, 51.8 mmol) accord-
ing to a literature procedure.[372] Sequential protection with di-tert-butyl dicarbonate and DMAP, 
acylation with methyl bromoacetate and NaH, and saponification with LiOH afforded the product 
as white solid (7.31 g, 18.6 mmol, 92 %; 3 steps: 36 %). 

TLC: (MeOH/DCM = 1:9 + 0.5 % AcOH) Rf = 0.28 

ESI-MS: m/z calc. for C17H23N5O6 [M+H+] 394.41, found: 394.48 

1H NMR: (500 MHz, DMSO-d6): δ (ppm) 13.39 (br, 1H), 8.83 (s, 1H), 8.60 (s, 1H), 5.14 (s, 1H), 1.38 
(s, 18H). 

13C NMR: (126 MHz, DMSO-d6): δ (ppm) 168.8, 153.3, 151.6, 150.0, 149.0, 147.3, 127.4, 83.3, 44.5, 
27.3. 

 

 

(N4-bis-Boc-cytosine-1-yl)-acetic acid   (b) 

 

(N4-bis-Boc-cytosine-1-yl)-acetic acid b was prepared from cytosine (10.00 g, 90.0 mmol) accord-
ing to a literature procedure.[372] Sequential protection with di-tert-butyl dicarbonate and DMAP, 
acylation with methyl bromoacetate and NaH, and saponification with LiOH afforded the product 
as white solid (27.31 g, 73.9 mmol, 96 %; 3 steps: 82 %). 

TLC: (MeOH/DCM = 1:9 + 0.5 % AcOH) Rf = 0.31 

ESI-MS: m/z calc. for C16H23N3O7 [M+H+] 370.38, found: 370.42 

1H NMR: (500 MHz, DMSO-d6): δ (ppm) 13.10 (br, 1 H), 8.13 (d, J = 7.3 Hz, 1H), 6.82 (d, J = 7.2 Hz, 
1H), 4.56 (s, 2H), 1.50 (s, 18H). 

13C NMR: (126 MHz, DMSO-d6): δ (ppm) 169.1, 162.1, 154.1, 151.1, 149.2, 95.5, 84.6, 50.8, 27.2.  
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(N2-bis-Boc-O6-benzylguanin-9-yl)-acetic acid   (c) 

 

(N2-bis-Boc-O6-benzylguanin-9-yl)-acetic acid c was prepared from O6-Benzylguanine (10.00 g, 
41.5 mmol) according to a literature procedure.[372] Sequential protection with di-tert-butyl dicar-
bonate and DMAP, acylation with methyl bromoacetate and NaH, and saponification with LiOH 
afforded the product as white solid (8.37 g, 16.8 mmol, 91 %; 3 steps: 20 %). 

TLC: (MeOH/DCM = 1:9 + 0.5 % AcOH) Rf = 0.39 

ESI-MS: m/z calc. for C24H29N5O7 [M+H+] 500.53, found: 500.42 

1H NMR: (500 MHz, DMSO-d6): δ (ppm) 13.33 (br, 1 H), 8.40 (s, 1H), 7.48-7.52 (m, 2H), 7.33-7.43 
(m, 3H), 5.61 (s, 2H), 5.05 (s, 2H), 1.35 (s, 18H). 

13C NMR: (126 MHz, DMSO-d6): δ (ppm) 168.9, 160.0, 153.2, 151.0, 150.3, 145.1, 135.9, 128.5, 
128.3, 118.6, 82.7, 68.1, 44.5, 27.3. 

 

 

Thymine-1-acetic acid   (d) 

 

Thymine-1-acetic acid d was prepared from thymine (5.00 g, 39.6 mmol.) according to a literature 
procedure.[372]. Acylation with bromoacetic acid and KOH afforded the product as white solid 
(4.38 g, 23.8 mmol, 60 %). 

TLC: (MeOH/DCM = 1:9 + 0.5 % AcOH) Rf = 0.12 

ESI-MS: m/z calc. for C7H8N2O4 [M+H+] 185.16, found: 185.17 

1H NMR: (500 MHz, DMSO-d6): δ (ppm) 13.10 (bs, 1 H), 11.32 (s, 1H), 7.49 (q, J = 1.2 Hz, 1H), 4.36 
(s, 1H), 1.75 (d, J = 1.2 Hz; 3H). 

13C NMR: (126 MHz, DMSO-d6): δ (ppm) 169.6, 164.4, 151.0, 141.8, 108.3, 48.4, 11.9.  



Experimental Section 

 

- 115 - 

Nα-Fmoc-Nω-Pbf-L-arginine N'-methoxy-N'-methylamide   (63) 

 

63 was prepared from Nα-Fmoc-Nω-Pbf-L-arginine (60.80 g, 94.02 mmol, 1.0 eq.) and N,O-dime-
thylhydroxylamine∙HCl (11.46 g, 117.54 mmol, 1.25 eq.) according to a literature procedure.[428] 
Deviating from this, EDC∙HCl (22.54 g11.54 mmol, 1.25 eq.), DMAP (1.15 g, 9.40 mmol, 0.10 eq.) 
and triethylamine (16.30 ml, 117.54 mmol, 1.25 eq.) were used as coupling mixture. The pure 
product was obtained as colourless foam (64.40 g, 93.08 mmol, 99 %) and used in the next step 
without purification. 

TLC: (EtOAc/Cy = 5:1) Rf = 0.23 

ESI-MS: m/z calc. for C36H45N5O7S [M+H+] 692.85, found: 692.50 

1H NMR: (500 MHz, DMSO-d6): δ (ppm) 7.78 – 7.71 (m, 2H), 7.62 – 7.52 (m, 2H), 7.41 – 7.34 (m, 
2H), 7.31 – 7.26 (m, 2H), 5.95 (d, J = 8.2 Hz, 1H), 5.29 (s, 1H), 4.74 – 4.57 (m, 1H), 4.43 – 4.26 (m, 
2H), 4.17 (t, J = 6.9 Hz, 1H), 3.72 (s, 3H), 3.45 – 3.20 (m, 2H), 3.18 (s, 3H), 2.92 (s, 2H), 2.56 (s, 3H), 
2.49 (s, 3H), 2.07 (s, 3H), 1.85 – 1.47 (m, 4H), 1.43 (s, 6H). 

13C NMR: (126 MHz, DMSO-d6): δ (ppm) 172.28, 158.48, 156.96, 143.81, 143.66, 141.41, 141.36, 
127.92, 127.89, 127.25, 127.22, 125.23, 124.47, 120.16, 120.12, 86.97, 77.48, 76.84, 67.33, 67.20, 
61.76, 53.57, 50.39, 47.19, 43.16, 41.09, 32.25, 30.48, 28.68, 24.78, 19.54, 18.14, 12.59.  
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Nα-Fmoc-Nω-Pbf-L-argininal   (64) 

 

64 was prepared from Nα-Fmoc-Nω-Pbf-L-arginine N'-methoxy-N'-methylamide 63 (63.14 g, 
91.3 mmol, 1.0 eq.) and lithium aluminium hydride (3.5 M in THF, 52.15 ml, 182.5 mmol, 2.0 eq.) 
according to a literature procedure.[428] The product as pale yellow foam (46.16 g, 73.0 mmol, 
80 %) and immediately used in the next step without purification. 

TLC: (EtOAc/Cy = 5:1) Rf = 0.55 

ESI-MS: m/z calc. for C34H40N4O6S [M+H+] 633.79, found: 633.53 

1H NMR: (500 MHz, DMSO-d6): δ (ppm) 7.77 – 7.73 (m, 2H), 7.58 – 7.54 (m, 2H), 7.41 – 7.37 (m, 
2H), 7.32 – 7.28 (m, 2H), 6.31 (br, 1H), 6.13 (br, 1H), 4.40 (d, J = 7.0 Hz, 2H), 4.19 (t, J = 6.9 Hz, 1H), 
3.73-3.47 (s, 2H), 2.94 (s, 2H), 2.59 (s, 3H), 2.52 (s, 3H), 2.23 (s, 1H), 2.08 (s, 3H), 1.92 – 1.75 (m, 
3H), 1.47-1.39 (m, 1 H), 1.45 (s, 6H). 

13C NMR: (126 MHz, DMSO-d6): δ 172.97, 158.84, 157.11, 156.35, 143.99, 143.91, 141.41, 138.46, 
133.05, 132.39, 127.82, 127.19, 125.22, 124.73, 120.08, 117.60, 86.48, 77.48, 76.84, 66.73, 53.07, 
52.04, 50.58, 47.36, 43.32, 41.09, 30.51, 28.69, 25.48, 19.42, 18.07, 12.60. 
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Nα-Fmoc-Nω-Pbf-L-Arg-Ψ(CH2N)-Gly-OBn   (GPNA Backbone; 65) 

 

Nα-Fmoc-Nω-Pbf-L-arginal 64 (42.75 g, 67.6 mmol, 1.0 eq.) was dissolved in 500 ml 1:2 (v/v) dry 
MeOH/THF and cooled to 0 °C. Glycine benzyl ester∙HCl (20.43 g, 101.3 mmol, 1.5 eq.) was added 
and the reaction stirred for 30 min at 0 °C. Sodium cyanoborohydride (8.49 g, 135.1 mmol, 2.0 eq.) 
were added. The mixture was allowed to warm to room temperature and stirred for 16 h. The 
solvent was removed under reduced pressure and the residue partitioned between 500 ml sat. 
aqueous NaHCO3 solution and 750 ml ethyl acetate. The organic layer was separated and washed 
with NaHCO3 solution (3x250 ml) and brine (1x250 ml) and dried over MgSO4. After removing the 
solvent in vacuo, the crude product was purified by flash column chromatography (MeOH/DCM = 
7:93) affording Nα-Fmoc-Nω-Pbf-L-Arg-Ψ(CH2N)-Gly-OBn as colourless foam (47.07 g, 60.2 mmol, 
89 %). 

TLC: (MeOH/DCM = 7:93) Rf = 0.40 

ESI-MS: m/z calc. for C43H51N5O7S [M+H+] 782.98, found: 782.51 

1H NMR: (500 MHz, DMSO-d6): δ (ppm) 7.93 – 7.83 (m, 2H), 7.74 – 7.58 (m, 2H), 7.45 – 7.27 (m, 
9H), 6.86 (br, 1H), 6.50 (br, 1H), 5.25 (s, 2H), 4.50 – 4.43 (m, 1H), 4.31 – 4.19 (m, 2H), 4.14 – 3.96 
(m, 2H), 3.82-3.71 (m, 1H), 3.07 – 2.95 (m, 4H), 2.94 (s, 2H), 2.50 (s, 3H), 2.43 (s, 3H), 2.00 (s, 3H), 
1.52-1.24 (m, 4H), 1.39 (s, 6H).f 

13C NMR: (126 MHz, DMSO-d6): δ (ppm) 166.52, 157.47, 156.20, 156.13, 143.88, 143.66, 140.77, 
137.29, 135.10, 134.18, 131.44, 128.49, 128.42, 128.26, 127.65, 127.07, 127.03, 125.21, 125.10, 
124.34, 120.15, 120.12, 116.29, 86.30, 66.99, 65.50, 50.75, 47.73, 47.06, 46.75, 45.70, 42.46, 39.76, 
29.34, 28.27, 25.29, 18.95, 17.62, 12.28, 8.57. 

  



Experimental Section 

 

- 118 - 

Fmoc-γ-GPNA(Pbf)-A(Boc,Boc)-OH   (67a) 

 

EDC∙HCl (2.21 g, 11.5 mmol, 1.5 eq.) and Oxyma (1.64 g, 11.5 mmol; 1.5 eq.) were dissolved in 
35 ml DMF. (N6-bis-Boc-adenosin-9-yl) acetic acid a (4.52 g, 11.5 mmol, 1.5 eq.) was added and 
the mixture stirred for 5 min at room temperature. GPNA backbone 65 (6.00 g, 7.67 mmol, 1.0 eq.) 
in DMF was added and the reaction mixture was stirred 16 h at room temperature. The solvent 
was removed in vacuo and the residue diluted with ethyl acetate (500 ml). The organic layer was 
washed with 1 N HCl (4x250 ml), 10 % aqueous K2CO3 solution (4x250 ml) and brine (1x250 ml) 
and dried over MgSO4. After removal of the solvent under reduced pressure the crude product 
was purified by flash column chromatography (gradient: [EtOAc + 0.25 % EtOH]/Cy = 1:4 to 5:1). 
The benzyl-protected adenine monomer 66a was obtained as a pale-yellow foam (7.95 g, 
6.87 mmol, 90 %; TLC (7 % MeOH in DCM) Rf = 0.41). 

For deprotection, the product of the previous reaction was dissolved in degassed methanol 
(150 ml) kept under argon. Pd/C (10 %; 400 mg, ca. 0.5 % w/w) was added and H2 was bubbled 
through the solution for 15 min. The mixture was stirred under H2 atmosphere for 15 h. The cata-
lyst was removed by filtration through celite and the solvent removed under reduced pressure. 
Fractionation by filtration through silica (gradient: 2 % MeOH/DCM to 4 % MeOH/DCM, then 
100 % MeOH) afforded the product as pale-yellow foam (5.13 g, 4.81 mmol, 70 %). 

To remove potential residual acetate contamination interfering with coupling reactions, the prod-
uct was recrystallized by dissolving it in DMF (20 ml/g), adding 0.1 N aqueous NaOH (2 ml/g), 
followed by 0.1 N aqueous HCl (20 ml/g). The precipitate was collected by centrifugation, washed 
twice with water and lyophilized from water/acetonitrile. 

TLC: (MeOH/DCM = 1:9 + 0.5 % AcOH) Rf = 0.35; (C18 silica; H2O/MeOH = 1:9) Rf = 0.70 

ESI-MS: m/z calc. for C53H66N10O12S [M+H+] 1068.24, found: 1067.52 

1H NMR: (500 MHz, DMSO-d6): δ (ppm) 8.77-8.70 (s, 1H, rotamers), 8.45-8.40 (s, 1H, rotamers), 
7.91 – 7.85 (m, 2H), 7.72 – 7.64 (m, 2H), 7.42 – 7.24 (m, 4H), 7.38-7.26 (d, J = 9.3 Hz, 1H, rotamers), 
6.56 (br, 1H), 5.52-5.19 (d, J = 17.1 Hz, 1H, rotamers), 5.40-5.11 (d, J = 17.0 Hz, 1H, rotamers), 4.46 
– 4.18 (m, 3H), 4.46 – 3.90 (m, 2H, rotamers), 3.88 – 3.57 (m, 1H, rotamers), 3.55 – 2.96 (m, 4H, 
rotamers), 2.94 – 2.90 (s, 2H, rotamers), 2.50 – 2.46 (s, 3H, rotamers), 2.45 – 2.40 (s, 3H, rotamers), 
2.01 – 1.97 (s, 3H, rotamers), 1.58 – 1.18 (m, 4H, rotamers), 1.39 – 1.35 (s, 24H, rotamers). 

13C NMR: (126 MHz, DMSO-d6): δ (ppm) 170.62, 170.12, 167.04, 166.60, 157.51, 156.04, 153.51, 
150.06, 149.99, 148.95, 148.91, 143.88, 143.80, 140.78, 137.33, 134.13, 131.50, 127.62, 127.28, 
127.25, 127.05, 125.16, 125.08, 124.36, 120.12, 116.30, 86.32, 83.27, 65.35, 50.84, 49.46, 49.16, 
47.75, 46.86, 44.28, 42.46, 40.11, 29.24, 28.95, 28.26, 27.28, 18.97, 17.57, 12.26. 
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Fmoc-γ-GPNA(Pbf)-C(Boc,Boc)-OH   (67b) 

 

EDC∙HCl (2.21 g, 11.5 mmol, 1.5 eq.) and Oxyma (1.64 g, 11.5 mmol; 1.5 eq.) were dissolved in 
DMF (35 ml). (N4-bis-Boc-cytosine-1-yl)-acetic acid b (4.25 g, 11.5 mmol, 1.5 eq.) was added and 
the mixture stirred for 5 min at room temperature. GPNA backbone 65 (6.00 g, 7.67 mmol, 1.0 eq.) 
in DMF was added and the reaction mixture was stirred 16 h at room temperature. The solvent 
was removed in vacuo and the residue diluted with ethyl acetate (500 ml). The organic layer was 
washed with 1 N HCl (4x250 ml), 10 % aqueous K2CO3 solution (4x250 ml) and brine (1x250 ml) 
and dried over MgSO4. After removal of the solvent under reduced pressure the crude product 
was purified by flash column chromatography (gradient: [EtOAc + 0.25 % EtOH]/Cy = 1:4 to 5:1). 
The benzyl-protected cytosine monomer 66b was obtained as a pale-yellow foam (7.48 g, 
6.92 mmol, 90 %; TLC (7 % MeOH in DCM) Rf = 0.44). 

For deprotection, the product of the previous reaction was dissolved in degassed methanol 
(150 ml) kept under argon. Pd/C (10 %; 400 mg, ca. 0.5 % w/w) was added and H2 was bubbled 
through the solution for 15 min. The mixture was stirred under H2 atmosphere for 15 h. The cata-
lyst was removed by filtration through celite and the solvent removed under reduced pressure. 
Fractionation by filtration through silica (gradient: 2 % MeOH/DCM to 4 % MeOH/DCM, then 
100 % MeOH) afforded the product as pale-yellow foam (4.98 g, 4.77 mmol, 69 %). 

To remove potential residual acetate contamination interfering with coupling reactions, the prod-
uct was recrystallized by dissolving it in DMF (20 ml/g), adding 0.1 N aqueous NaOH (2 ml/g), 
followed by 0.1 N aqueous HCl (20 ml/g). The precipitate was collected by centrifugation, washed 
twice with water and lyophilized from water/acetonitrile. 

TLC: (MeOH/DCM = 1:9 + 0.5 % AcOH) Rf = 0.40; (C18 silica; H2O/MeOH = 1:9) Rf = 0.59 

ESI-MS: m/z calc. for C52H66N8O13S [M+H+] 1044.21, found: 1043.58 

1H NMR: (500 MHz, DMSO-d6): δ (ppm) 7.96-7.90 (d, J = 7.3 Hz, 1H, rotamers), 7.89 – 7.84 (m, 2H), 
7.72 – 7.62 (m, 2H), 7.44 – 7.35 (m, 2H), 7.35 – 7.28 (m, 2H), 7.28-7.12 (d, J = 8.8 Hz, 1H, rotamers), 
6.80 (d, J = 7.3 Hz, 1H), 6.41 (s, 2H), 4.98-4.63 (d+s, J = 16.1 Hz, 1H, rotamers), 4.85-4.63 (d+s, J = 
16.1 Hz, 1H), 4.38 – 4.26 (m, 2H), 4.26 – 4.14 (m, 1H), 4.26 – 3.88 (m, 1H, rotamers), 3.82 – 3.57 
(m, 1H, rotamers), 3.58 – 2.95 (m, 4H, rotamers), 2.95-2.90(s, 2H, rotamers), 2.50-2.46 (s, 3H, ro-
tamers), 2.45-2.39 (s, 3H, rotamers), 2.03-1.95 (s, 3H, rotamers), 1.55-1.18 (m, 4H), 1.50-1.45 (s, 
18H, rotamers), 1.38 (s, 6H). 

13C NMR: (126 MHz, DMSO-d6): δ (ppm) δ 170.62, 170.12, 167.04, 166.60, 157.51, 156.04, 153.51, 
150.06, 149.99, 148.95, 148.91, 143.88, 143.80, 140.78, 137.33, 134.13, 131.50, 127.62, 127.28, 
127.25, 127.05, 125.16, 125.08, 124.36, 120.12, 116.30, 86.32, 83.27, 65.35, 50.84, 49.46, 49.16, 
47.75, 46.86, 44.28, 42.46, 40.11, 29.24, 28.95, 28.26, 27.28, 18.97, 17.57, 12.26. 
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Fmoc-γ-GPNA(Pbf)-G(Boc,Boc)-OH   (67c) 

 

EDC∙HCl (2.21 g, 11.5 mmol, 1.5 eq.) and Oxyma (1.64 g, 11.5 mmol; 1.5 eq.) were dissolved in 35 
ml DMF. (N2-bis-Boc-O6-benzylguanin-9-yl] acetic acid c (5.75 g, 11.5 mmol, 1.5 eq.) was added 
and the mixture stirred for 5 min at room temperature. GPNA backbone 65 (6.00 g, 7.67 mmol, 
1.0 eq.) in DMF was added and the reaction mixture was stirred 16 h at room temperature. The 
solvent was removed in vacuo and the residue diluted with ethyl acetate (500 ml). The organic 
layer was washed with 1 N HCl (4x250 ml), 10 % aqueous K2CO3 solution (4x250 ml) and brine 
(1x250 ml) and dried over MgSO4. After removal of the solvent under reduced pressure the crude 
product was purified by flash column chromatography (gradient: [EtOAc + 0.25 % EtOH]/Cy = 1:4 
to 5:1). The benzyl-protected guanine monomer 66c was obtained as a pale-yellow foam (6.69 g, 
5.29 mmol, 69 %; TLC (7 % MeOH in DCM) Rf = 0.37). 

For deprotection, the product of the previous reaction was dissolved in degassed methanol 
(150 ml) kept under argon. Pd/C (10 %; 330 mg, 0.5 % w/w) was added and H2 was bubbled 
through the solution for 15 min. The mixture was stirred under H2 atmosphere for 15 h. The cata-
lyst was removed by filtration through celite and the solvent removed under reduced pressure. 
Fractionation by filtration through silica (gradient: 2 % MeOH/DCM to 4 % MeOH/DCM, then 
100 % MeOH) afforded the product as pale-yellow foam (4.64 g, 4.28 mmol, 81 %). 

To remove potential residual acetate contamination interfering with coupling reactions, the prod-
uct was recrystallized by dissolving it in DMF (20 ml/g), adding 0.1 N aqueous NaOH (2 ml/g), 
followed by 0.1 N aqueous HCl (20 ml/g). The precipitate was collected by centrifugation, washed 
twice with water and lyophilized from water/acetonitrile. 

TLC: (MeOH/DCM = 1:9 + 0.5 % AcOH) Rf = 0.27; (C18 silica; H2O/MeOH = 1:9) Rf = 0.70 

ESI-MS: m/z calc. for C53H66N10O13S [M+H+] 1084.24, found: 1083.68 

1H NMR: (500 MHz, DMSO-d6): δ (ppm) 7.97-7.94 (s, 1H, rotamers), 7.91 – 7.87 (m, 2H), 7.72 – 
7.65 (m, 2H), 7.44 – 7.37 (m, 2H), 7.37 – 7.28 (m, 3H), 7.35-7.17 (d, J = 8.5 Hz, 1H, rotamers), 6.70 
(br, 1H), 6.42 (br, 1H), 5.21 (d, J = 17.0 Hz, 1H, rotamers), 5.09 (d, J = 17.0 Hz, 1H, rotamers), 4.47 
– 4.15 (m, 3H, rotamers), 4.47-3.98 (d, J = 17.3 Hz, 2H, rotamers), 3.86-3.59 (m, 1H, rotamers), 
3.59 – 2.95 (m, 4H, rotamers), 2.94-2.91 (s, 2H, rotamers), 2.51-2.46 (s, 3H, rotamers), 2.45-2.40 
(s, 3H), 2.01-1.98 (s, 3H, rotamers), 1.53 – 1.16 (m, 4H, rotamers), 1.40-1.31 (s, 24H, rotamers). 

13C NMR: (126 MHz, DMSO-d6): δ (ppm) 170.56, 170.11, 166.95, 166.51, 157.51, 156.94, 156.18, 
156.03, 155.97, 148.75, 148.60, 148.48, 145.19, 143.85, 143.75, 140.78, 137.33, 134.16, 131.50, 
127.62, 127.06, 125.17, 125.05, 124.36, 121.96, 121.79, 120.12, 116.30, 86.32, 83.83, 83.77, 65.28, 
65.16, 51.08, 47.42, 46.86, 44.42, 42.46, 40.03, 28.26, 27.39, 27.32, 18.97, 18.95, 17.63, 17.59, 
12.26. 
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Fmoc-γ-GPNA(Pbf)-T-OH   (67d) 

 

EDC∙HCl (2.21 g, 11.5 mmol, 1.5 eq.) and Oxyma (1.64 g, 11.5 mmol; 1.5 eq.) were dissolved in 
DMF (35 ml). Thymine-1-acetic acid d (2.12 g, 11.5 mmol, 1.5 eq.) was added and the mixture was 
stirred for 5 min at room temperature. GPNA backbone 65 (6.00 g, 7.67 mmol, 1.0 eq.) in DMF was 
added and the reaction mixture stirred 16 h at room temperature. The solvent was removed in 

vacuo and the residue diluted with ethyl acetate (500 ml). The organic layer was washed with 1 N 
HCl (4x250 ml), 10 % aqueous K2CO3 solution (4x250 ml) and brine (1x250 ml) and dried over 
MgSO4. After removal of the solvent under reduced pressure the crude product was purified by 
flash column chromatography (gradient: [EtOAc + 0.25 % EtOH]/Cy = 1:4 to 5:1). The benzyl-pro-
tected thymine monomer 66d was obtained as a pale-yellow foam (4.91 g, 5.18 mmol, 67 %; TLC 
(7 % MeOH in DCM) Rf = 0.41). 

For deprotection, the product of the previous reaction was dissolved in degassed methanol 
(150 ml) kept under argon. Pd/C (10 %; 250 mg, ca. 0.5 % w/w) was added and H2 was bubbled 
through the solution for 15 min. The mixture was stirred under H2 atmosphere for 15 h. The cata-
lyst was removed by filtration through celite and the solvent removed under reduced pressure. 
Fractionation by filtration through silica (gradient: 2 % MeOH/DCM to 4 % MeOH/DCM, then 
100 % MeOH) afforded the product as pale-yellow foam (3.56 g,4.14 mmol, 80 %). 

To remove potential residual acetate contamination interfering with coupling reactions, the prod-
uct was recrystallized by dissolving it in DMF (20 ml/g), adding 0.1 N aqueous NaOH (2 ml/g), 
followed by 0.1 N aqueous HCl (20 ml/g). The precipitate was collected by centrifugation, washed 
twice with water and lyophilized from water/acetonitrile. 

TLC: (MeOH/DCM = 1:9 + 0.5 % AcOH) Rf = 0.17; (C18 silica; H2O/MeOH = 1:9) Rf = 0.75 

ESI-MS: m/z calc. for C43H51N7O10S [M+H+] 858.98, found: 858.59 

1H NMR: (500 MHz, DMSO-d6): δ (ppm) 11.28 (s, 1H, rotamers), 7.91 – 7.84 (m, 2H), 7.72 – 7.62 
(m, 2H), 7.43 – 7.37 (m, 2H), 7.35 – 7.25 (m, 2H), 7.20 (d, J = 1.3 Hz, 1H, rotamers), 7.35-7.14 (d, J 
= 8.9 Hz, 1H, rotamers), 6.67 (br, 1H), 6.40 (br, 1H), 4.80-4.40 (d+s, J = 16.6 Hz, 1H, rotamers), 
4.65-4.40 (d+s, J = 16.6 Hz, 1H, rotamers) 4.39 – 4.25 (m, 2H), 4.25 – 4.09 (m, 2H), 4.25 – 3.86 (m, 
J = 17.3 Hz, 2H, rotamers), 3.79 – 3.55 (m, 1H, rotamers), 3.55 – 2.95 (m, 4H, rotamers), 2.93 (s, 
2H), 2.50-2.46 (s, 3H, rotamers), 2.45-2.39 (s, 3H, rotamers), 2.02-1.96 (s, 3H, rotamers), 1.75-
1.65 (s, 3H, rotamers), 1.51 – 1.19 (m, 4H, rotamers), 1.38 (s, 6H). 

13C NMR: (126 MHz, DMSO-d6): δ (ppm) 170.62, 170.24, 167.82, 167.46, 164.37, 157.51, 156.12, 
156.02, 155.99, 151.00, 144.02, 143.88, 143.83, 143.77, 141.92, 140.77, 140.74, 137.33, 134.14, 
131.50, 127.64, 127.61, 127.08, 127.06, 125.18, 125.13, 124.37, 120.11, 116.31, 108.17, 86.33, 
65.35, 51.26, 50.85, 49.47, 47.83, 47.71, 46.86, 42.46, 28.27, 18.96, 17.61, 12.28, 12.26, 11.89. 
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(Boc-N-Me-Ala-Chg-Pro-Dip)2-Ln(Trt)   (84-86) 

 
Boc-protected, monovalent inhibitor 83 (10.0 mg, 15.0 µmol, 2.0 eq; prepared by SPPS, see 
6.4.2.2), HATU (5.7 mg, 15.0 mmol, 2.0 eq.) and linker L1(Trt)/L2(Trt)/L3(Trt) (4.7/5.0/5.2 mg, 
13.7 µmol, 1.0 eq., prepared by SPPS, see 6.4.2.2) were dissolved in 150 µl DMF. DIPEA (2.6 µl, 
15.0 µmol, 2.0 eq.) in 50 µl DMF was added and the mixture stirred for 2 h at 0 °C. The solvent was 
removed under reduced pressure and the residue dissolved in water/MeCN (2:3). Purification by 
HPLC (Column 8, 60-100 % B1 in 40 min) and lyophillization afforded the product as white pow-
der (6.6/4.0/6.7 mg, 3.42/2.1/3.4 µmol, 46/27/45 %). 

ESI-MS: m/z calc. for C108H140N14O16S [M+H]+: 1923.46, found: 1923.85. 
 m/z calc. for C110H144N14O16S [M+H]+: 1951.51, found: 1951.35. 
 m/z calc. for C112H148N14O16S [M+H]+: 1979.57, found: 1979.23. 
 

 

(N-Me-Ala-Chg-Pro-Dip)2-Ln   ((SMC1)2-Ln; 87-89) 

 
Conjugate 84/85/86 (2.5/2.5/2.6 mg, 1.3 µmol) was dissolved in 100 µl deprotection solution 
(96 % TFA, 2 % TIS, 2 % water) and shaken for 1 h at room temperature. The solvent was blown 
off under an argon stream and the product precipitated by addition of 1.5 ml ice-cold diethyl ether. 
The precipitate was collected by centrifugation, washed with diethyl ether (2x) and dried under 
an argon stream. The residue was dissolved in water + 0.1 % TFA, purified by HPLC (Column 7, 
40-70 % B1 in 30 min) and lyophilized to give the product as white powder (1.9/2.0/2.0 mg, 
1.3 µmol, 100 %.). 

ESI-MS: m/z calc. for C79H110N14O12S [M+H]+: 1480.91, found: 1480.76 
 m/z calc. for C81H114N14O12S [M+H]+: 1508.96, found: 1508.85. 
 m/z calc. for C83H118N14O12S [M+H]+: 1537.02, found: 1536.79. 
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N-Boc-L-proline N'-methoxy-N'-methylamide   (90) 

 
90 was prepared from N-(tert-butoxycarbonyl)-L-proline (20.00 g, 92.92 mmol, 1.0 eq.) and N,O-
dimethylhydroxylamine∙HCl (18.13 g, 185.83 mmol, 2.0 eq.) according to a literature proce-
dure.[428] Deviating from this, DMAP (1140 mg, 9.29 mmol, 0.10 eq.) and N-methylmorpholine 
(19.27 ml, 185.83 mmol, 2.0 eq.) were used as coupling mixture. The pure product was obtained 
as colourless oil (23.10 g, 89.42 mmol, 96 %) and used in the next step without purification. 

TLC: (EtOAc/Cy = 1:1) Rf = 0.41 

ESI-MS: m/z calc. for C12H22N2O4 [M+H]+: 259.32, found: 159.32 [M+H-Boc]+. 

1H NMR: (500 MHz, CDCl3): δ (ppm) 4.66 (dd, J = 8.4, 2.3 Hz, 0.5H, rotamer), 4.56 (dd, J = 8.4, 3.7 
Hz, 0.5H), 3.74 (s, 1.5H, rotamer), 3.68 (s, 1.5H, rotamer), 3.58 – 3.48 (m, 1H), 3.43 (dt, J = 10.4, 6.8 
Hz, 0.5H, rotamer), 3.36 (dt, J = 10.3, 7.2 Hz, 0.5H, rotamer), 3.15 (s, 3H), 2.21 – 2.08 (m, 1H), 2.00 
– 1.88 (m, 1H), 1.87 – 1.75 (m, 2H), 1.41 (s, 4.5H, rotamer), 1.37 (s, 4.5H, rotamer). 
13C NMR: (126 MHz, CDCl3): δ (ppm) 173.49, 154.54, 153.93, 79.58, 79.40, 77.41, 76.91, 61.39, 
61.28, 56.86, 56.57, 46.93, 46.64, 32.48, 32.33, 30.56, 29.66, 28.57, 28.47, 24.11, 23.46. 

 

 

N-Boc-L-Prolinal   (91) 

 
91 was prepared from N-Boc-L-proline N'-methoxy-N'-methylamide 90 (8.00 g, 30.97 mmol, 
1.00 eq.) and lithium aluminium hydride (3.5 M in THF; 17.70 ml, 61.94 mmol, 2.00 eq.) according 
to a literature procedure.[428] Purification by flash column chromatography (EtOAc/Cy = 1:2) af-
forded the product as colourless oil (5.07 g, 25.45 mmol, 82 %). 

TLC: (EtOAc/Cy = 1:2) Rf = 0.37 

ESI-MS: m/z calc. for C10H17NO2 [M+H]+: 200.26, found: 222.19 [M+Na]+. 

1H NMR: (500 MHz, CDCl3): δ (ppm) 9.54 (d, J = 1.6 Hz, 0.4H, rotamer), 9.44 (d, J = 3.0 Hz, 0.6H, 
rotamer), 4.18 (ddd, J = 7.5, 5.3, 1.6 Hz, 0.4H, rotamer), 4.03 (ddd, J = 8.7, 6.4, 3.0 Hz, 1H, rotamer), 
3.58 – 3.40 (m, 2H), 2.17 – 1.90 (m, 2H), 1.90-1.78 (m, 2H), 1.46 (s, 4H), 1.41 (s, 6H). 
13C NMR: (126 MHz, CDCl3): δ (ppm) 200.80, 200.57, 80.75, 80.33, 77.41, 76.91, 65.14, 46.97, 
46.84, 28.51, 28.39, 28.12, 26.84, 24.75, 24.08. 
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(S)-1-Boc-2-((phenethylamino)methyl)pyrrolidine   (Boc-PAMP; 92) 

 
92 was prepared according to a modified literature procedure.[430] N-Boc-L-Prolinal 91 (5.07 g, 
25.45 mmol, 1.0 eq.) was dissolved in 280 ml 1:3 (v/v) dry MeOH/THF and cooled to 0 °C in an ice 
bath. 2-Phenethylamine∙HCl (4.01 g, 25.45 mmol, 1.0 eq.) and sodium cyanoborohydride (3.20 g, 
50.90 mmol, 2.0 eq.) were added. After stirring for 1.5 h at 0 °C, the mixture was allowed to warm 
to room temperature and stirred for another 4 h. The solvent was removed under reduced pres-
sure and the residue partitioned between 150 ml saturated, aqueous NaHCO3 solution and 250 ml 
ethyl acetate. The organic layer was separated and washed with NaHCO3 solution (3x100 ml) and 
brine (1x50 ml). After drying over MgSO4, the solvent was removed under reduced pressure. Pu-
rification by flash column chromatography (gradient: MeOH/DCM 1:19 to 1:9 + 1 % NEt3) af-
forded the product as colourless, waxy crystals (5.18 g, 17.04 mmol, 67 %). 

TLC: (MeOH/DCM = 4:96) Rf = 0.51 

ESI-MS: m/z calc. for C18H28N2O2 [M+H]+: 305.44, found: 305.29. 

1H NMR: (500 MHz, CDCl3): δ (ppm) 7.32 – 7.25 (m, 2H), 7.23 – 7.15 (m, 3H), 3.97 – 3.74 (m, 1H), 
3.45 – 3.25 (m, 2H), 2.93 – 2.76 (m, 5H), 2.65 – 2.50 (m, 1H), 1.94 – 1.74 (m, 4H), 1.44 (s, 9H). 
13C NMR: (126 MHz, CDCl3): δ (ppm) 154.89, 140.10, 128.83, 128.56, 126.24, 79.38, 77.42, 76.91, 
57.21, 53.04, 51.36, 47.02, 46.47, 36.50, 29.86, 29.36, 28.65, 23.93, 23.15.  
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(S)-1-Boc-2-((N-phenethylmethylsulfonamido)methyl)pyrrolidine   (93) 

 
93 was prepared according to a modified literature procedure.[430] A solution of 92 (2.00 g, 
6.57 mmol, 1.0 eq.), methanesulfonyl chloride (1.02 ml, 13.14 mmol, 2.0 eq.) and DIPEA (2.29 ml, 
13.14 mmol, 2.0 eq.) in 50 ml THF was stirred for 1 h at room temperature. 120 ml water and 
120 ml ethyl acetate were added. The organic layer was separated and washed with sat. aqueous 
NaHCO3 solution (3x50 ml) and brine (1x50 ml) and dried over MgSO4.The residue was purified 
by silica column chromatography (EtOAc/Cy = 1:2). The product was obtained as pale-yellow, vis-
cous oil (2.51 g, 6.57 mmol, 100 %). 

TLC: (EtOAc/Cy = 1:2) Rf = 0.32 

ESI-MS: m/z calc. for C19H30N2O4S [M+H]+: 383.53, found: 283.27 [M+H-Boc]+. 

1H NMR: (500 MHz, CDCl3): δ (ppm) 7.35 – 7.17 (m, 5H), 4.03 – 3.73 (m, 1H), 3.60 – 3.41 (m, 1.6H, 
rotamers), 3.40 – 3.07 (m, 4.4H, rotamers), 3.06 – 2.94 (m, 2H), 2.64 (s, 3H), 2.12 – 1.99 (m, 1H), 
1.95 – 1.70 (m, 3H), 1.47 (s, 9H). 

13C NMR: (126 MHz, CDCl3): δ (ppm) 154.93, 138.41, 129.24, 128.74, 126.71, 79.57, 77.41, 76.91, 
55.63, 51.19, 50.40, 50.02, 49.27, 46.95, 46.57, 37.47, 37.30, 35.93, 35.55, 28.67, 28.03, 27.65, 
23.51, 22.45. 

 

 

(S)-2-((N-phenethylmethylsulfonamido)methyl)pyrrolidine hydrochloride   (94) 

 
94 was prepared by treating 93 (2.53 g, 6.61 mmol) with 4 M HCl in 1,4-dioxane according to a 
literature procedure.[430] The product was obtained as white solid (1.53 g, 4.80 mmol, 73 %) and 
used in the next step without purification. 

ESI-MS: m/z calc. for C14H22N2O2S [M+H]+: 283.41, found: 283.21. 

1H NMR: (500 MHz, MeOD): δ (ppm) 7.36 – 7.27 (m, 4H), 7.27 – 7.19 (m, 1H), 3.62 – 3.50 (m, 4H), 
3.49 – 3.42 (m, 1H), 3.36 (ddd, J = 11.7, 8.0, 7.0 Hz, 1H), 3.24 (ddd, J = 11.7, 9.0, 6.0 Hz, 1H), 2.98 
(t, J = 7.7 Hz, 2H), 2.84 (s, 3H), 2.15 – 1.94 (m, 3H), 1.69 (m, 1H). 

13C NMR: (126 MHz, MeOD): δ (ppm) 139.82, 130.14, 129.78, 127.82, 61.37, 52.62, 50.31, 49.51, 
49.34, 49.17, 48.83, 48.66, 48.49, 46.40, 37.32, 36.18, 28.48, 23.55.  
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(S)-1-(N-Boc-γ-benzyl-L-Glu)-2-((N-phenethylmethylsulfonamido)methyl)pyrrolidine   (95) 

 
95 was prepared according to a modified literature procedure.[430] A solution of (S)-2-((N-
phenethylmethylsulfonamido)methyl)pyrrolidine∙HCl 94 (1.06 g, 3.76 mmol, 1.0 eq.), Boc-
Glu(OBn)-OH (1.60 g, 3.76 mmol, 1.0 eq.) and OxymaPure (534 mg, 3.76 mmol, 1.0 eq.) in 100 ml 
1:1 DMF/DCM was cooled to 0 °C with an ice bath. N-methylmorpholine (413 µl, 3.76 mmol, 
1.0 eq.) und EDC∙HCl (901 mg, 4.70 mmol, 1.25 eq.) were added. The flask was flushed with nitro-
gen and the brightly yellow mixture stirred overnight at room temperature. The solvent was re-
moved under reduced pressure and the residue partitioned between water (200 ml) and ethyl 
acetate (200 ml). The organic layer was separated and was washed with 10 % (w/v) citric acid 
(3x100 ml), sat. aqueous NaHCO3 solution (3x100 ml) and brine (1x100 ml) and dried over MgSO4. 
After the solvent was removed in vacuo the residue was purified by flash column chromatography 
(EtOAc/Cy = 3:2), affording the product as white foam (2.03 g, 3.37 mmol, 90 %). 

TLC: (EtOAc/Cy = 3:2) Rf = 0.40 

ESI-MS: m/z calc. for C31H43N3O7S [M+H]+: 602.77, found: 602.45. 

 

 

(S)-1-(γ-Benzyl-L-Glu)-2-((N-phenethylmethylsulfonamido)methyl)pyrrolidine 

hydrochloride   (96) 

 
96 was prepared by treating 95 (2.03 g, 3.37 mmol) with 4 M HCl in 1,4-dioxane according to a 
literature procedure.[430] The product was obtained as white foam (1.81 g, 3.37 mmol, 100 %) and 
used in the next step without purification. 

ESI-MS: m/z calc. for C26H35N3O5S [M+H]+: 502.65, found: 502.35.  
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(S)-1-(N-Boc-N-methyl-L-Ala-γ-benzyl-L-Glu)-2-((N-phenethylmethylsulfonamido)methyl)- 

pyrolidine   (97) 

 
97 was prepared according to a modified literature procedure.[430] A solution of (S)-1-(γ-benzyl-
L-Glu)-2-((N-phenethylmethylsulfonamido)methyl)pyrrolidine∙HCl 96 (1.00 g, 1.86 mmol, 
1.0 eq.), Boc-N-Me-Ala-OH (454 mg, 2.23 mmol, 1.2 eq.) and OxymaPure (317 mg, 2.23 mmol, 
1.2 eq.) in 50 ml 1:1 DMF/DCM was cooled to 0 °C with an ice bath. N-methylmorpholine (245 µl, 
2.23 mmol, 1.2 eq.) and EDC∙HCl (427 mg, 2.23 mmol, 1.20 eq.) were added. The flask was flushed 
with nitrogen and the brightly yellow mixture stirred overnight at room temperature. The solvent 
was removed under reduced pressure and the residue partitioned between water (100 ml) and 
ethyl acetate (100 ml). The organic layer was separated and was washed with 10 % (w/v) citric 
acid (3x50 ml), sat. aqueous NaHCO3 solution (3x50 ml) and brine (1x50 ml) and dried over 
MgSO4. After the solvent was removed in vacuo, the residue was purified by flash column chroma-
tography (MeOH/DCM = 1:19), affording the product as white foam (1.09 g, 1.85 mmol, 85 %). 

TLC: (MeOH/DCM = 1:19) Rf = 0.29 

ESI-MS: m/z calc. for C35H50N4O8S [M+H]+: 687.88, found: 687.49. 

 

 

(S)-1-(N-Boc-N-methyl-L-Ala-L-Glu)-2-((N-phenethylmethylsulfonamido)methyl)pyrrolidine  (98) 

 
98 was prepared by hydrogenolysis of 97 (1.09 g, 1.85 mmol) with Pd/C (10 %; 50 mg, ca. 0.5 % 
w/w) and H2 in degassed ethanol according to a literature procedure.[430] The product was ob-
tained as white solid (937 mg, 1.57 mmol, 99 %) and used in the next step without purification. 

TLC: (MeOH/DCM = 8:92) Rf = 0.34 

ESI-MS: m/z calc. for C28H44N4O8S [M+H]+: 597.74, found: 597.46. 
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(S)-1-(N-methyl-L-Ala-L-Glu)-2-((N-phenethylmethylsulfonamido)methyl)pyrrolidine 

(SMC2; 99) 

 

99 was prepared according to a modified literature procedure.[430] 98 (16.3 mg, 27.3 µmol) was 
dissolved in 100 µl deprotection solution (95 % TFA, 2.5 % TIS, 2.5 % water) and shaken for 1 h 
at room temperature. The solvent was blown off under an argon stream and the deprotected con-
jugate precipitated by addition of 1.5 ml ice-cold diethyl ether. The precipitate was collected by 
centrifugation, washed with cold diethyl ether (1x) and dried under an argon stream. The residue 
was dissolved in water + 0.1 % TFA, purified by HPLC (Column 8, 5-50 % B1 in 35 min) and ly-
ophilized to give the product (10.7 mg, 21.5 µmol, 79 %.). 

ESI-MS: m/z calc. for C23H36N4O6S [M+H]+: 497.63, found: 497.25. 

 

 

(Boc-N-Me-Ala-Glu-PAMP-SO2Me)2-Ln(Trt)   (100-102) 

 
Boc-protected, monovalent inhibitor 98 (16.6 mg, 27.8 µmol, 2.2 eq) EDC∙HCl (5.3 mg, 27.8 mmol, 
2.2 eq.), OxymaPure (3.9 mg, 27.8 µmol, 2.2 eq.) and DIPEA (9.5 µl, 55.6 µmol, 4.4 eq.) were dis-
solved in 150 µl DMF and pre-activated for 15 min. linker L1(Trt)/L2(Trt)/L3(Trt) 
(8.0/8.4/8.7 mg, 12.6 µmol, 1.00 eq.; prepared by SPPS, see 6.4.2.2) in 50 µl DMF was added and 
the mixture stirred for 6 h at room temperature. The solvent was removed under reduced pres-
sure and the residue dissolved in water/MeCN (2:3). Purification by HPLC and (Column 8, 55-
85 % B1 in 30 min) and lyophillization afforded the product as white powder (10.6/15.2/18.6 mg, 
5.9/18.3/10.0 µmol, 47/66/79 %). 

ESI-MS: m/z calc. for C90H128N14O18S [M+H]+: 1790.28, found: 1791.17. 
 m/z calc. for C92H132N14O18S [M+H]+: 1819.34, found: 1819.27. 
 m/z calc. for C94H136N14O18S [M+H]+: 1847.39, found: 1847.29. 
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(N-Me-Ala-Glu-PAMP-SO2Me)2-Ln   ((SMC2)2-Ln; 103-105) 

 
Conjugate 100/101/102 (10.6/15.2/18.6 mg, 5.9/18.3/10.0 µmol) was dissolved in 100 µl 
deprotection solution (95 % TFA, 2.5 % TIS, 2.5 % water) and shaken for 1 h at room temperature. 
The solvent was blown off under an argon stream and the product precipitated by addition of 
1.5 ml ice-cold diethyl ether. The precipitate was collected by centrifugation, washed with cold 
diethyl ether (2x) and dried under an argon stream. The residue was dissolved in water + 0.1 % 
TFA, purified by HPLC (Column 8, 30-60 % B1 in 30 min) and lyophilized to give the product as 
white powder (10.6/15.2/18.6 mg, 5.9/18.3/10.0 µmol, 100 %.). 

ESI-MS: m/z calc. for C61H98N14O14S3 [M+H]+: 1348.72, found: 1348.67. 
 m/z calc. for C62H102N14O14S3 [M+H]+: 1376.77, found: 1376.64. 
 m/z calc. for C63H104N14O14S3 [M+H]+: 1404.83, found: 1404.79.  
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(S)-1-Boc-2-(((benzyloxy)carbonyl)(phenethylamino)methyl)pyrrolidine   (106) 

106 was prepared according to a modified literature procedure.[431] (S)-1-Boc-2-((phenethyla-
mino)methyl)pyrrolidine 92 (1.00 g, 3.28 mmol, 1.0 eq.) was dissolved in 13 ml DCM and cooled 
to 0 °C. Benzyl chloroformate (516 µl, 3.61 mmol, 1.1 eq.) and triethylamine (916 µl, 6.57 mmol, 
2.0 eq.) were added and the resulting white suspension stirred for 3 h at room temperature. The 
reaction mixture was diluted with sat. aqueous NaHCO3 solution (75 ml) and ethyl acetate (75 ml). 
The organic layer was separated, washed with brine (1x50 ml) and dried over MgSO4. After re-
moval of the solvent under reduced pressure, the residue was purified by flash column chroma-
tography (EtOAc/Cy = 1:2). The product was obtained as white solid (1.29 g, 2.95 mmol, 90 %). 

TLC: (EtOAc/Cy = 1:2) Rf = 0.53 

ESI-MS: m/z calc. for C26H34N2O4 [M+H]+: 439.58, found: 439.35. 

1H NMR: (500 MHz, CDCl3): δ (ppm) 7.41 – 7.04 (m, 10H), 5.20 – 5.01 (m, 2H), 4.03 – 3.79 (m, 1H, 
rotamers), 3.61 – 2.98 (m, 6H), 2.98 – 2.76 (m, 2H, rotamers), 1.97 – 1.64 (m, 4H), 1.48-1.43 (s, 9H, 
rotamers). 

13C NMR: (126 MHz, CDCl3): δ (ppm) δ 156.86, 154.49, 139.10, 136.79, 129.04, 128.90, 128.62, 
128.49, 128.29, 128.09, 126.56, 126.31, 79.56, 79.22, 77.41, 76.91, 67.36, 67.25, 56.13, 55.86, 
50.23, 49.52, 49.07, 48.68, 46.66, 46.28, 35.24, 34.31, 28.63, 28.27, 28.16, 23.89, 22.76. 

(S)-2-(((benzyloxy)carbonyl)(phenethylamino)methyl)pyrrolidine hydrochloride   (107) 

107 was prepared by treating 106 (1.29 g, 2.95 mmol, 1.0 eq.) with 4 M HCl in 1,4-dioxane ac-
cording to a literature procedure.[431] The product was obtained as a white solid (1.11 g, 
2.95 mmol, 100 %) and used in the next step without further purification. 

ESI-MS: m/z calc. for C21H26N2O2 [M+H]+: 339.46, found: 339.35. 

1H NMR (500 MHz, CDCl3): δ (ppm) 7.44 – 7.30 (m, 5H), 7.28 – 7.09 (m, 5H), 5.29 – 5.02 (m, 2H), 
3.75 – 3.51 (m, 4H), 3.43 – 3.29 (m, 2H), 3.23 (td, J = 11.8, 10.5, 5.9 Hz, 1H), 2.93 – 2.77 (m, 2H), 
2.17 – 1.88 (m, 3H), 1.75 – 1.57 (m, 1H). 

13C NMR (126 MHz, MeOD): δ (ppm) 158.89, 139.94, 137.63, 129.99, 129.56, 129.53, 129.27, 
129.16, 127.45, 68.81, 61.85, 51.30, 49.98, 46.33, 35.69, 28.56, 23.70. 
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(S)-1-(N-Boc-L-Val)-2-(((benzyloxy)carbonyl)(phenethylamino)methyl)pyrrolidine     (108) 

108 was prepared according to a modified literature procedure.[431] (S)-2-(((benzyloxy)car-
bonyl)(phenethylamino)methyl)pyrrolidine HCl 107 (1.10 g, 2.94 mmol, 1.0 eq.), Boc-L-Val-OH 
(766 mg, 3.53 mmol, 1.2 eq.) and OxymaPure (502 mg, 3.53 mmol, 1.2 eq.) were dissolved in 
30 ml 1:1 DMF/DCM and cooled to 0 °C with an ice bath. N-methylmorpholine (388 µl, 
3.53 mmol, 1.2 eq.) and EDC∙HCl (677 mg, 3.53 mmol, 1.2 eq.) were added. The flask was flushed 
with nitrogen and the brightly yellow mixture stirred overnight at room temperature. The sol-
vent was removed under reduced pressure and the residue re-dissolved in ethyl acetate (100 
ml). The organic layer was separated and was washed with 10 % (w/v) citric acid (3x60 ml), sat. 
aqueous NaHCO3 solution (3x60 ml) and brine (1x60 ml) and dried over MgSO4. After the 
solvent was removed in vacuo the residue was purified by flash column chromatography 
(EtOAc/Cy = 1:1), affording the product as white foam (1.46 g, 2.72 mmol, 92 %). 

TLC: (EtOAc/Cy = 1:1) Rf = 0.67 

ESI-MS: m/z calc. for C31H43N3O5 [M+H]+: 538.71, found: 538.49 

(S)-1-(L-Val)-2-(((benzyloxy(carbonyl)(phenethylamino)methyl)pyrrolidine hydrochloride      (109)

109 was prepared by treating pyrrolidine 108 (1.46 g, 2.72 mmol, 1.0 eq.) with 4 M HCl in 1,4-
dioxane according to a literature procedure.[431] The product was obtained as a white solid (1.28 g, 
2.71 mmol, 100 %) and used in the next step without further purification. 

ESI-MS: m/z calc. for C27H35N3O5 [M+H]+: 438.59, found: 438.39. 



Experimental Section 

- 132 - 

(S)-1-(N-Boc-N-Me-L-Ala-L-Val)-2-(((benzyloxy)carbonyl)(phenethylamino)methyl)pyrrolidine   

(110) 

110 was prepared according to a modified literature procedure.[431] (S)-1-(L-Val)-2-(((ben-
zyloxy(carbonyl)(phenethylamino)methyl)pyrrolidine∙HCl 109 (600 mg, 1.27 mmol, 1.0 eq.), 
Boc-N-Me-L-Ala-OH (309 mg, 1.52 mmol, 1.2 eq.) and OxymaPure (216 mg, 1.52 mmol, 1.2 eq.) 
were dissolved in 15 ml 1:1 DMF/DCM and cooled to 0 °C with an ice bath. N-methylmorpholine 
(167 µl, 1.52 mmol, 1.2 eq.) and EDC∙HCl (291 mg, 1.52 mmol, 1.2 eq.) were added. The flask was 
flushed with nitrogen and the brightly yellow mixture stirred overnight at room temperature. The 
solvent was removed under reduced pressure and the residue re-dissolved in ethyl acetate (50 
ml). The organic layer was separated and was washed with 10 % citric acid (3x20 ml), sat. aque-
ous NaHCO3 solution (3x20 ml) and brine (1x20 ml) and dried over MgSO4. After the solvent was 
removed in vacuo the residue was purified by flash column chromatography (MeOH/DCM = 4:96), 
affording the product as white foam (428 mg, 703 µmol, 55 %). 

TLC: (MeOH/DCM = 4:96) Rf = 0.30 

ESI-MS: m/z calc. for C35H50N4O6 [M+H]+: 623.81, found: 623.59. 

(S)-1-(N-Boc-N-Me-L-Ala-L-Val)-2-((phenethylamino)methyl)pyrrolidine   (111) 

111 was prepared by hydrogenolysis of 110 (416 mg, 667 µmol, 1.0 eq) with Pd/C (10 %; 42 mg, 
ca. 0.5 % w/w) and H2 in degasse ethanol according to a literature procedure.[431] The product was 
obtained as colourless oil (317 mg, 667 µmol, 100 %) and used in the next step without further 
purification. 

ESI-MS: m/z calc. for C27H44N4O4 [M+H]+: 489.64, found: 489.47. 
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(S)-1-(N-methyl-L-Ala-L-Val)-2-((phenethylamino)methyl)pyrrolidine   (SMC3; 112) 

112 was prepared according to a modified literature procedure.[431] 111 (11.5 mg, 23.5µmol) was 
dissolved in 100 µl deprotection solution (95 % TFA, 2.5 % TIS, 2.5 % water) and shaken for 1 h 
at room temperature. The solvent was blown off under an argon stream and the deprotected con-
jugate precipitated by addition of 1.5 ml ice-cold diethyl ether. The precipitate was collected by 
centrifugation, washed with cold diethyl ether (1x) and dried under an argon stream. The residue 
was dissolved in water + 0.1 % TFA, purified by HPLC (Column 8, 10-40 % B1 in 30 min) and ly-
ophilized to give the product (9.1 mg, 23.5 µmol, 100 %.). 

ESI-MS: m/z calc. for C21H34N4O2 [M+H]+: 389.57, found: 389.61. 

(Boc-N-Me-Ala-Val-PAMP)2-LCm(Trt)   (113-114)

Boc-protected, monovalent inhibitor 111 (12.4 mg, 26.0 µmol, 1.9 eq) EDC∙HCl (5.3 mg, 27.5 
mmol, 2.0 eq.), OxymaPure (3.9 mg, 27.5 µmol, 2.0 eq.) and linker LC1(Trt)/ LC2(Trt) (10.8/10.8 
mg, 13.7 µmol, 1.0 eq.; prepared by SPPS, see 6.4.2.2) were dissolved in 150 µl DMF. DIPEA (9.4 
µl, 55.0 µmol, 4.0 eq.) in 50 µl DMF was added and the mixture stirred 5 h at room temperature. 
The solvent was removed under reduced pressure and the residue was dissolved in water/
MeCN (2:3). Purification by HPLC (Column 8, 60-90 % B1 in 30 min) and lyophillization af-
forded the product as white powder (8.4/13.5 mg, 5.0/8.8 µmol, 34/77 %). 

ESI-MS: m/z calc. for C92H130N12O15S [M+H]+: 1677.19, found: 1677.25. 
 m/z calc. for C95H136N12O16S [M+H]+: 1735.27, found: 1735.43. 



Experimental Section 

- 134 - 

(N-Me-Ala-Val-PAMP)2-LCm    ((SMC3)2-LCm; 115-116) 

Conjugate 113/114 (2.5/3.0 mg, 1.5/2.0 µmol) was dissolved in 100 µl deprotection solution 
(96 % TFA, 2 % TIS, 2 % water) and shaken for 1 h at room temperature. The solvent was blown 
off under an argon stream and the product precipitated by addition of 1.5 ml ice-cold diethyl ether. 
The precipitate was collected by centrifugation, washed with diethyl ether (2x) and dried under 
an argon stream. The residue was dissolved in water + 0.1 % TFA, purified by HPLC (Column 8, 
30-60 % B1 in 30 min) and lyophilized to give the product as white powder (1.8/2.5 mg, 
1.5/2.0 µmol, 100 %.). 

ESI-MS: m/z calc. for C63H100N12O11S [M+H]+: 1234.64, found: 1234.73 
 m/z calc. for C66H106N12O12S [M+H]+: 1291.72, found: 1291.84. 
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(2-Carboxyethyl)bis(3-methoxy-3-oxopropyl)phosphine   (dmTCEP) 

 

(2-Carboxyethyl)bis(3-methoxy-3-oxopropyl)phosphine was prepared from tris(2-carboxy-
ethyl)phosphine∙HCl (1.00 g, 3.49 mmol) and amberlyst 15 sulfonic acid ion exchange resin (hy-
drogen form; 1.00 g) according to a literature procedure.[336] Purification by flash column chroma-
tography (gradient: 1, 5, 10, 15 % MeOH in DCM; dmTCEP elutes after the triester, in the second 
fraction) afforded the product as colourless, visous oil (311 mg, 1.12 mmol, 32 %). 

TLC: (10 % MeOH in DCM) Rf = 0.34 

ESI-MS: m/z calc. for C11H19O6P [M+H+] 279.25, found: 279.13 

 

 

 

S-Trityl-3-mercaptopropionic acid   (MPA; 117) 

 

S-Trityl-3-mercaptopropionic acid was prepared from 3-mercaptopropionic acid (1.58 g, 
14.90 mmol, 1.0 eq.) and triphenylmethyl chloride (4.57 g, 16.42 mmol, 1.1 eq.) according to a lit-
erature procedure.[433] The product was obtained as white solid. (4.81 g, 13.80 mmol, 94 %). 

MP: (DCM) 204 °C. 

TLC: (EtOAc/Cy = 3:7 + 1 % AcOH) Rf = 0.50 

ESI-MS: m/z calc. for C22H20O2S [M+H+] 349.47, found: 243.20 (Trt+) 

1H NMR: (500 MHz, DMSO-d6): δ (ppm) 12.23 (br, 1H), 7.38 – 7.22 (m, 15H), 2.28 (t, J = 6.4 Hz, 2H), 2.16 
(t, J = 6.4 Hz, 2H). 

13C NMR: (126 MHz, DMSO-d6): δ (ppm) 172.72, 144.37, 129.11, 128.06, 126.75, 66.18, 40.02, 
39.86, 39.69, 39.36, 39.19, 39.02, 32.90, 26.70.  
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6.4.2 Solid-Phase Peptide Synthesis (SPPS) 

6.4.2.1 Protocols 

PNA oligomers, peptides and CPP-conjugates were prepared by automated solid-phase peptide 
synthesis on a ResPep parallel peptide synthesizer (Intavis Bioanalytical Instruments, Cologne, 
Germany), using Fmoc/Bhoc (PNA) or Fmoc/tBu (peptides) chemistry. Unless stated otherwise, 
PNA and PNA-conjugate syntheses were performed on TentaGel® XV Rink Amide resin (100-
200 µm, 0.23 mmol/g; Rapp-Polymere, Tübingen, Germany) and peptide syntheses on ChemMa-
trix® Rink Amide resin (35-100 mesh, 0.5-0.7 mmol/g; Sigma-Aldrich, St. Louis, MO, USA). Pro-
tected peptides were synthesized on TentaGel® S TRT Cl resin (90 µm; 0.2-0.3 mmol/g; Rapp-

Polymere, Tübingen, Germany) or Sieber Amide resin (PS, 1 % DVB, 100-200 mesh, 0.4-
0.8 mmol/g; Sigma-Aldrich, St. Louis, MO, USA). 

Thioester conjugates were prepared by manual solid-phase peptide synthesis on 4-methylben-
zhydrylamine (MBHA) Rink Amide resin (100-200 mesh, 0.40-0.90 mmol/g; Sigma-Aldrich, St. 
Louis, MO, USA), using Boc/Bzl chemistry. 

Automated SPPS was performed in 1-5 or 5-10 µmol miniscale columns (Intavis Bioanalytical In-

struments, Cologne, Germany). Manual SPPS (Boc/Bzl chemistry SPPS, orthogonal deprotections 
and special coupling procedures) was performed in 2 ml fritted polypropylene syringe reactors 
(Multisyntech, Witten, Germany). 

 

General Protocol for Solid Phase Synthesis by Fmoc or Boc Strategy: 

 

Swelling:  Prior to each synthesis, the resin was swelled in an appropriate volume of 
DMF for 30 min, and subsequently washed with DMF (3x). 

Deprotection: For the removal of the transient Fmoc protecting group, the resin was 
treated twice with 20 % (v/v) piperidine in DMF for (3+7 min). Subse-
quently, the resin was washed with DMF (8x). 

For the removal of the transient Boc protecting group, the resin was washed 
with DCM (3x) and treated with 5 % (v/v) m-Cresol in TFA (2x5 min). Sub-
sequently, the resin was washed with DCM (8x), DMF (3x), 1 % (v/v) NMM 
in DMF (1x) and DMF (3x). 

Coupling: For coupling, PNA/GPNA monomers (4 eq. relative to the resin loading) 
were dissolved in NMP (0.2 M) and activated with HCTU (3.9 eq., 0.55 M in 
NMP) and NMM (8 eq., 4 M in NMP). Amino acids and special building blocks 
(6 eq.) were mixed with OxymaPure (6 eq.), dissolved in NMP (0.6 M) and 
activated with HCTU (5.9 eq., 0.55 M in NMP) and NMM (12 eq., 4 M in NMP). 
To avoid racemization, Cys was coupled in the absence of base, using DIC (6 
eq.) and OyxmaPure (6 eq.). After 2 min of pre-activation, the mixture was 
added to the resin and shaken for 30 min. The coupling time for Cys and Chg 
was increased to 60 min. 

Subsequently, the resin was washed with DMF (3x). The coupling procedure 
was usually repeated once (“double coupling”). 

Capping: To block unreacted amino groups, the resin was treated with 5 % (v/v) Ac2O, 
6 % (v/v) 2,6-lutidine in DMF (2x1 min). Subsequently, the resin was 
washed with DMF (8x).  
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Removal of the Allyloxycarbonyl (Alloc) Protecting Group  

To remove Alloc protecting groups, the resin was washed with degassed, dry DCM (3x). Pd(PPh3)4 
(0.1 eq. relative to Alloc) and phenylsilane (20 eq) were dissolved in degassed, dry DCM (min. 
50 µl/mg Pd(PPh3)4) and added to the resin. The mixture was shaken under exclusion of oxygen 
for 20 min, then the procedure was repeated. The resin was washed with DCM (3x), DMF (3x), 
0.5 % (v/v) DIPEA in DMF (3x), 0.5 % (w/v) sodium diethyldithiocarbamate in DMF (3x10 min) 
and DMF (5x).  

Removal of the 4-Methyltrityl (Mtt) Protecting Group 

To remove Mtt protecting groups, the resin was first washed with DCM (3x), then with 2 % TFA 
in DCM (1 min) until the deprotection solution turned from yellow to transparent (ca. 4-10x). The 
resin was washed with DCM (8x) and DMF (3x). 

Removal of the Triphenylmethyl (Trt) Protecting Group from Thiols on MBHA resin 

To remove SH-Trt protecting groups on MBHA resin, the resin was first washed with DCM (3x), 
then with 5 % TIS in TFA until the deprotection solution turned from yellow to transparent (ca. 
3x). The resin was washed with DCM (8x), DMF (3x), 1 % (v/v) NMM in DMF (1x) and DMF (3x). 

Removal of the 1-(4,4-Dimethyl-2,6-dioxocyclohexylidene)-3-methylbutyl (ivDde) Protecting Group 

To remove ivDde protecting groups, the resin was treated with 2 % (v/v) hydrazine in DMF 
(5x5 min). The resin was washed with DMF (5x). 

Coupling of SMC Peptides onto MPA-PNA (Thioester Formation) 

For the formation of SMC-PNA thioesters, a solution of Gly-modified Smac mimetic (3 eq.), HATU 
(2.9 eq.) and NMM (6 eq.) in DMF (final concentration Smac mimetic: 0.1 M) was added to resin-
bound thiol-modified PNA and shaken at room temperature for 1 h. This procedure was repeated 
once. After coupling, the resin was washed with DMF (3x). 

Coupling of Smac-A and Smac-B 

To link Smac-A and Smac-B, a solution of protected Smac-A peptide (2 eq.), HATU (2.9 eq.) and 
NMM (4 eq.) in DMF (final concentration Smac A: 0.1 M) was pre-activated for 2 min and added to 
resin-bound Smac-B. The mixture was shaken for 12 h at room temperature. After coupling, the 
resin was washed with DMF (3x). 

Modification with Dicarboxylic Acids Anhydrides 

For the modification of peptides with dicarboxylic acids, commercially available anhydrides (suc-
cinic/glutaric anhydride) were used. Adipic anhydride was prepared by mixing a solution of adipic 
acid (2 eq.) in DCM (0.5 M) with DCC (1 eq.) in DCM (0.6 M) and stirring the solution at room tem-
perature for 1 h. The precipitated urea derivative was filtered off and the solvent removed under 
reduced pressure. The crude product was used without further purification. 

Anhydrides (10 eq., relative to the free amine) and DMAP (1 eq.) were dissolved in dry DMF 
(0.6 M). The mixture was added to the resin and shaken for 2 h at room temperature. After cou-
pling, the resin was washed with DMF (3x). 

Coupling of dmTCEP 

For the modification with (2-carboxyethyl)bis(3-methoxy-3-oxopropyl)phosphine, a solution of 
dmTCEP (6 eq., relative to the free amine), DIC (24 eq.) and Oxyma (12 eq.) in degassed DMF (final 
concentration dmTCEP: 0.2 M) was added to the resin. The mixture was shaken at room temper-
ature for 1 h. After coupling, the resin was washed with DMF (3x), without introducing air to the 
resin. 
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Coupling of Ru(bpy)2(mcbpy)-NHS 

For the modification with bis(2,2′-bipyridine)-4′-methyl-4-carboxybipyridine-ruthenium, a solu-
tion of Ru(bpy)2(mcbpy-O-Su-ester)(PF6)2 (1.1 eq., relative to the free amine) and DIPEA (1.2 eq.) 
in dry DMF (final concentration Ru(bpy)2(mcbpy)-NHS: 20 mM) was added to the resin. The sy-
ringe reactor was wrapped with aluminium foil and the mixture shaken in the dark for 24 h. After 
coupling, the resin was washed with DMF (3x). 

Coupling of FAM 

For the modification with 6-carboxyfluorescein, a solution of 6-FAM (3 eq., relative to the free 
amine), HATU (2.9 eq.) and NMM (6 eq.) in NMP (final concentration 6-FAM: 0.2 M) was pre-acti-
vated for 2 min and added to the resin. The syringe reactor was wrapped with aluminium foil and 
the mixture shaken in the dark for 1.5 h. After coupling, the resin was washed with DMF (3x). 

Coupling of N-Maleoyl-β-Alanine 

For the modification with N-Maleoyl-β-alanine, a solution of MalβAla (6 eq., relative to the free 
amine), PyAOP (6 eq.) and NMM (12 eq.) in NMP (final concentration MalβAla: 0.6 M) was added 
to the resin. The mixture was shaken at room temperature for 1 h. After coupling, the resin was 
washed with DMF (3x). 

Cleavage from TentaGel® and ChemMatrix® RAM resins and Global Deprotection 

Prior to cleavage, resins were washed with DCM (3x) and ethanol (3x) and dried under high vac-
uum (<1x10-4 bar). Resins were transferred to a 2 ml syringe reactor and TFA/TIS/water (96:2:2, 
v/v) cleavage mixture was added (2 ml/g resin). For thiol-containing sequences, 
TFA/EDT/TIS/water (94:2:2:2, v/v) was used. The suspension was shaken for 2 h at room tem-
perature (3 h for sequences with more than one Pbf group) and filtered off into a centrifuge tube. 
The resin was washed with TFA (2x), and the combined filtrates concentrated to 10-20 % of their 
volume under an argon stream. 10 volumes of cold diethyl ether were added, and the resulting 
precipitate was collected by centrifugation (3300 x g, 5 min, 4 °C). The precipitate was washed 
with cold diethyl ether and dried under a gentle argon stream. The crude peptide was dissolved 
in water/MeCN and lyophilized or purified by RP-HPLC. 

Cleavage of Protected Peptides from TRT resins 

Prior to cleavage, resins were washed with DCM (3x) and ethanol (3x) and dried under high vac-
uum (<1x10-4 bar). Resins were transferred to a 2 ml syringe reactor and DCM/HFIP (4:1, v/v) 
cleavage mixture was added (2 ml/g resin). The suspension was shaken for 1 h at room tempera-
ture and filtered off into a centrifuge tube. Then the procedure was repeated. The resin was 
washed with DCM (2x), and the combined filtrates dried under an argon stream. The crude pep-
tide was dissolved in water/MeCN and lyophilized or purified by RP-HPLC. 

Cleavage from MBHA RAM resin and Global Deprotection 

Prior to cleavage, resins were washed with DCM (3x) and ethanol (3x) and dried under high vac-
uum (<1x10-4 bar). Resins were transferred to a 2 ml syringe reactor and 2 ml/g resin ice-cold 
TFA/TFMSA/m-Cresol (16:3:1, v/v) cleavage mixture was added (2 ml/g resin). The suspension 
was shaken on ice for 10 min, then for 2 h at room temperature and filtered off into a centrifuge 
tube. The resin was washed with TFA (2x), and the combined filtrates concentrated to 10-20 % of 
their volume under an argon stream. 10 volumes of cold diethyl ether were added, and the result-
ing precipitate was collected by centrifugation (3345 x g, 5 min, 4 °C). The precipitate was washed 
with cold diethyl ether and dried under a gentle argon stream. The crude peptide was dissolved 
in water/MeCN and lyophilized or purified by RP-HPLC. 
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6.4.2.2 Sequences 

The synthesis of the following sequences was performed by automated Fmoc chemistry on Chem-
Matrix® RAM resin (0.5-0.7 mmol/g) or TentaGel® S TRT Cl resin (0.2-0.3 mmol/g) according to 
the general protocol. 

M-Lycotoxin L17E  

IWLTALKFLGKHAAKHEAKQQLSKL-NH2 

Yield: OD280 = 67.6 (ε280 = 5 500 M-1·cm-1), 12.3 µmol, 53 %. 
ESI-MS: m/z calc. for C134H220N38O31 [M+H]+: 2860.48 found: 2860.44. 
UPLC: tR = 2.35 min (Column 1, 3→80 % B1 in 4 min). 
 

HS-c-FLIP524-534-PNA-R8   (12) 

HS-(CH2)2-CO-tgctccttgaa-aea-Arg8-NH2 

Yield: OD260 = 80.02 (ε260 = 105 800 M-1·cm-1), 756.3 nmol, 15 %. 
ESI-MS: m/z calc. for C173H257N93O46 [M+H]+: 4408.63, found: 4408.69. 
UPLC: tR = 1.31 min (Column 1, 3→80 % B1 in 4 min). 
 

HS-c-FLIP526-536-PNA-R8   (13) 

HS-(CH2)2-CO-cctgctccttg-aea-Arg8-NH2 

Yield: OD260 = 50.2 (ε260 = 91 600 M-1·cm-1), 548.0 nmol, 11 %. 
ESI-MS: m/z calc. for C171H257N89O48S [M+H]+: 4360.58, found: 4360.25. 
UPLC: tR = 1.34 min (Column 1, 3→80 % B1 in 4 min). 
 

HS-c-FLIP528-538-PNA-R8   (14) 

HS-(CH2)2-CO-tccctgctcct-aea-Arg8-NH2 

Yield: OD260 = 54.68 (ε260 = 86 500 M-1·cm-1), 632.1 nmol, 13 %. 
ESI-MS: m/z calc. for C170H257N87O48S [M+H]+: 4320.56, found: 4320.46. 
UPLC: tR = 1.35 min (Column 1, 3→80 % B1 in 4 min). 
 

HS-c-FLIP530-540-PNA-R8   (15) 

HS-(CH2)2-CO-tgtccctgctc-aea-Arg8-NH2 

Yield: OD260 = 66.2 (ε260 = 91 600 M-1·cm-1), 723.1 nmol, 14 %. 
ESI-MS: m/z calc. for C171H257N89O48S [M+H]+: 4360.58, found: 4360.76. 
UPLC: tR = 1.35 min (Column 1, 3→80 % B1 in 4 min). 
 

HS-c-FLIP532-542-PNA-R8   (16) 

HS-(CH2)2-CO-cttgtccctgc-aea-Arg8-NH2 

Yield: OD260 = 86.8 (ε260 = 91 600 M-1·cm-1), 947.5 nmol, 19 %. 
ESI-MS: m/z calc. for C171H257N89O48S [M+H]+: 4360.58, found: 4360.53. 
UPLC: tR = 1.34 min (Column 1, 3→80 % B1 in 4 min). 
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HS-c-FLIP524-538-PNA-R8   (17) 

HS-(CH2)2-CO-tccctgctccttgaa-aea-Arg8-NH2 

Yield: OD260 = 96.9 (ε260 = 134 400 M-1·cm-1), 720.8 nmol, 14 %. 
ESI-MS: m/z calc. for C214H310N112O59S [M+H]+: 5428.63, found: 5428.75. 
UPLC: tR = 1.36 min (Column 1, 3→80 % B1 in 4 min). 
 

HS-c-FLIP530-540-scrPNA-R8   (30) 

HS-(CH2)2-CO-ctgctcttccg-aea-Arg8-NH2 

Yield: OD260 = 69.3 (ε260 = 91 600 M-1·cm-1), 756.6 nmol, 15 %. 
ESI-MS: m/z calc. for C171H257N89O48S [M+H]+: 4360.58, found: 4360.80. 
UPLC: tR = 1.33 min (Column 1, 3→80 % B1 in 4 min). 
 

HS-R8   (31) 

HS-(CH2)2-CO-Arg8-NH2 

Yield: 14.84 µmol, 59 % (used as crude without further purification). 
ESI-MS: m/z calc. for C51H103N33O9S [M+H]+: 1355.68, found: 1355.82. 
UPLC: tR = 1.06 min (Column 2, 3→80 % B1 in 4 min). 
 

Ac-c-FLIP530-540-PNA-R8   (36) 

Ac-tgtccctgctc-aea-Arg8-NH2 

Yield: OD260 = 47.0 (ε260 = 91 600 M-1·cm-1), 513.4 nmol, 9 %. 
ESI-MS: m/z calc. for C170H255N89O48 [M+H]+: 4314.49, found: 4313.96. 
UPLC: tR = 1.15 min (Column 1, 3→80 % B1 in 4 min). 
 

Ac-c-FLIP530-540-scrPNA-R8   (37) 

Ac-ctgctcttccg-aea-Arg8-NH2 

Yield: OD260 = 37.9 (ε260 = 91 600 M-1·cm-1), 206.8 nmol, 3 %. 
ESI-MS: m/z calc. for C170H255N89O48 [M+H]+: 4314.49, found: 4314.66. 
UPLC: tR = 1.22 min (Column 1, 3→80 % B1 in 4 min). 
 

Octaarginine   (38) 

Ac-Arg8-NH2 

Yield: 1.8 µmol, 18 %. 
ESI-MS: m/z calc. for C50H101N33O9 [M+H]+: 1309.59, found: 1309.72. 
UPLC: tR = 1.19 min (Column 1, 3→80 % B1 in 4 min). 
 

c-FLIP-30--15-PNA-R8   (39) 

H-agggaagctcacaagg-aeea-Arg8-NH2 

Yield: OD260 = 42.7 (ε260 = 181 000 M-1·cm-1), 94.3 nmol, 4 %. 
ESI-MS: m/z calc. for C227H319N137O54 [M+H]+: 5831.96, found: 5831.97. 
UPLC: tR = 1.24 min (Column 1, 3→80 % B1 in 4 min). 
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c-FLIP-13-3-PNA-R8   (40) 

H-catcctactcttagac-aeea-Arg8-NH2 

Yield: OD260 = 38.9 (ε260 = 150 100 M-1·cm-1), 103.7 nmol, 6 %. 
ESI-MS: m/z calc. for C224H323N119O60 [M+H]+: 5643.83, found: 5643.38. 
UPLC: tR = 1.25 min (Column 1, 3→80 % B1 in 4 min). 
 

c-FLIP-5-11-PNA-R8   (41) 

H-tcagcagacatcctac-aeea-Arg8-NH2 

Yield: OD260 = 48.2 (ε260 = 157 900 M-1·cm-1), 122.1 nmol, 6 %. 
ESI-MS: m/z calc. for C224H321N125O57 [M+H]+: 5677.86, found: 5678.01. 
UPLC: tR = 1.24 min (Column 1, 3→80 % B1 in 4 min). 
 

c-FLIP-1-15-PNA-R8   (42) 

H-gacttcagcagacatc-aeea-Arg8-NH2 

Yield: OD260 = 61.1 (ε260 = 163 000 M-1·cm-1), 150.0 nmol, 8 %. 
ESI-MS: m/z calc. for C225H321N127O57 [M+H]+: 5717.89, found: 5718.40. 
UPLC: tR = 1.25 min (Column 1, 3→80 % B1 in 4 min). 
 

c-FLIP530-540-PNA-R8   (43) 

H-tgtccctgctc-aeea-Arg8-NH2 

Yield: OD260 = 61.3 (ε260 = 91 600 M-1·cm-1), 267.8 nmol, 7 %. 
ESI-MS: m/z calc. for C170H257N89O48 [M+H]+: 4316.51, found: 4316.52. 
UPLC: tR = 1.22 min (Column 1, 3→80 % B1 in 4 min). 
 

Monovalent SMC1   (83) 

MeAla-Chg-Pro-Dip-Gly-OH 

Yield: 79.4 µmol, 84 %. 
ESI-MS: m/z calc. for C34H46N5O6 [M+H]+: 620.77, found: 620.53. 
UPLC: tR = 2.65 min (Column 1, 3→80 % B1 in 4 min). 
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(SMC)2-c-FLIP-1-15-PNA-CPP Conjugates 

The synthesis of the following sequences was performed by automated Fmoc chemistry on 
TentaGel® XV resin (0.23 mmol/g), followed by deprotection of Fmoc-Lys(Fmoc-OH) and contin-
ued automated Fmoc SPPS with double equivalents (8 eq. amino acids, 7.8 eq. HCTU and 16 eq. 
NMM). 

 

 
(SMC)2-c-FLIP-1-15-PNA-TP10   (44) 

MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-gacttcagcagacatc-aeea-AGYLLGKINLKALAALAKKIL-NH2 

Yield: OD260 = 59.6 (ε260 = 163 000 M-1·cm-1), 219.3 nmol, 5 %. 
ESI-MS: m/z calc. for C351H499N131O81 [M+H]+: 7850.70, found: 7850.58. 
UPLC: tR = 2.65 min (Column 1, 3→80 % B1 in 4 min). 
 

(AcSMC)2-c-FLIP-1-15-scrPNA-TP10   (45) 

AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-acgacataactcgcgt-aeea-AGYLLGKINLKALAALAKKIL-NH2 

Yield: OD260 = 55.4 (ε260 = 163 000 M-1·cm-1), 221.1 nmol, 6 %. 
ESI-MS: m/z calc. for C353H499N131O85 [M+H]+: 7938.71, found: 7938.85 
UPLC: tR = 2.77 min (Column 1, 3→80 % B1 in 4 min). 
 

(SMC)2-c-FLIP-1-15-PNA-PDEP14   (46) 

MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-gacttcagcagacatc-aeea-RKKRWFRRRRPKWKK-NH2 

Yield: OD260 = 74.9 (ε260 = 163 000 M-1·cm-1), 229.8 nmol, 6 %. 
ESI-MS: m/z calc. for C349H485N145O73 [M+H]+: 7880.67, found: 7880.56. 
UPLC: tR = 2.11 min (Column 1, 3→80 % B1 in 4 min). 
 

(AcSMC)2-c-FLIP-1-15-scrPNA-PDEP14   (47) 

AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-acgacataactcgcgt-aeea-RKKRWFRRRRPKWKK-NH2 

Yield: OD260 = 68.9 (ε260 = 163 000 M-1·cm-1), 126.8 nmol, 3 %. 
ESI-MS: m/z calc. for C351H485N145O77 [M+H]+: 7968.69, found: 7968.32. 
UPLC: tR = 2.24 min (Column 1, 3→80 % B1 in 4 min). 
 

(SMC)2-c-FLIP-1-15-PNA-Pip2b   (48) 

MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-gacttcagcagacatc-aeea-(R-Ahx-R)3IHLFQNrRMKWHK-NH2 

Yield: OD260 = 76.9 (ε260 = 163 000 M-1·cm-1), 141.5 nmol, 4 %. 
ESI-MS: m/z calc. for C383H548N160O82S [M+H]+: 8738.70, found: 8738.02. 
UPLC: tR = 2.14 min (Column 1, 3→80 % B1 in 4 min). 
 

(AcSMC)2-c-FLIP-1-15-scrPNA-Pip2b   (49) 

AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-acgacataactcgcgt-aeea-(R-Ahx-R)3IHLFQNrRMKWHK-NH2 

Yield: OD260 = 71.0 (ε260 = 163 000 M-1·cm-1), 87.1 nmol, 2 %. 
ESI-MS: m/z calc. for C385H548N160O86S [M+H]+: 8826.73, found: 8826.02. 
UPLC: tR = 2.24 min (Column 1, 3→80 % B1 in 4 min). 
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(SMC)2-c-FLIP-1-15-PNA-R8   (50) 

MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-gacttcagcagacatc-aeea-RRRRRRRR-NH2 

Yield: OD260 = 88.7 (ε260 = 163 000 M-1·cm-1), 108.8 nmol, 3 %. 
ESI-MS: m/z calc. for C295H413N137O66 [M+H]+: 6935.45, found: 6934.60. 
UPLC: tR = 2.17 min (Column 1, 3→80 % B1 in 4 min). 
 

(AcSMC)2-c-FLIP-1-15-scrPNA-R8   (51) 

AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-acgacataactcgcgt-aeea-RRRRRRRR-NH2 

Yield: OD260 = 52.6 (ε260 = 163 000 M-1·cm-1), 64.5 nmol, 2 %. 
ESI-MS: m/z calc. for C297H413N137O70 [M+H]+: 7023.47, found: 7022.63. 
UPLC: tR = 2.27 min (Column 1, 3→80 % B1 in 4 min). 
 
(SMC)2-c-FLIP-1-15-PNA-Penetratin   (52) 

MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-gacttcagcagacatc-aeea-RQIKIWFQNRRMKWKK-NH2 

Yield: OD260 = 65.9 (ε260 = 163 000 M-1·cm-1), 161.7 nmol, 4 %. 
ESI-MS: m/z calc. for C351H483N139O77S [M+H]+: 7914.69, found: 7914.53. 
UPLC: tR = 2.19 min (Column 1, 3→80 % B1 in 4 min). 
 

(AcSMC)2-c-FLIP-1-15-scrPNA-Penetratin   (53) 

AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-acgacataactcgcgt-aeea-RQIKIWFQNRRMKWKK-NH2 

Yield: OD260 = 72.3 (ε260 = 163 000 M-1·cm-1), 155.3 nmol, 4 %. 
ESI-MS: m/z calc. for C353H483N139O81S [M+H]+: 8002.71, found: 8002.23. 
UPLC: tR = 2.30 min (Column 1, 3→80 % B1 in 4 min). 
 

(SMC)2-c-FLIP-1-15-PNA-CLIP6   (54) 

MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-gacttcagcagacatc-aeea-KVRVRVRVpPTRVRERVK-NH2 

Yield: OD260 = 76.2 (ε260 = 163 000 M-1·cm-1), 373.8 nmol, 9 %. 
ESI-MS: m/z calc. for C344H495N143O79 [M+H]+: 7898.68, found: 7898.40. 
UPLC: tR = 2.14 min (Column 1, 3→80 % B1 in 4 min). 
 

(AcSMC)2-c-FLIP-1-15-PNA-CLIP6   (55) 

AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-gacttcagcagacatc-aeea-KVRVRVRVpPTRVRERVK-NH2 

Yield: OD260 = 39.3 (ε260 = 163 000 M-1·cm-1), 12.6 nmol, 3 %. 
ESI-MS: m/z calc. for C346H495N143O83 [M+H]+: 7986.70, found: 7986.58. 
UPLC: tR = 2.26 min (Column 1, 3→80 % B1 in 4 min). 
 

(SMC)2-c-FLIP-1-15-scrPNA-CLIP6   (56) 

MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-acgacataactcgcgt-aeea-KVRVRVRVpPTRVRERVK-NH2 

Yield: OD260 = 40.6 (ε260 = 163 000 M-1·cm-1), 124.5 nmol, 3 %. 
ESI-MS: m/z calc. for C344H495N143O79 [M+H]+: 7898.68, found: 7898.49. 
UPLC: tR = 2.12 min (Column 1, 3→80 % B1 in 4 min). 
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(AcSMC)2-c-FLIP-1-15-scrPNA-CLIP6   (57) 

AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-acgacataactcgcgt-aeea-KVRVRVRVpPTRVRERVK-NH2 

Yield: OD260 = 53.1 (ε260 = 163 000 M-1·cm-1), 146.6 nmol, 4 %. 
ESI-MS: m/z calc. for C346H495N143O83 [M+H]+: 7986.70, found: 7986.17. 
UPLC: tR = 2.26 min (Column 1, 3→80 % B1 in 4 min). 
 

(SMC)2-c-FLIP-1-15-PNA-TAT   (58) 

MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-gacttcagcagacatc-aeea-GRKKRRQRRRPPQ-NH2 

Yield: OD260 = 76.2 (ε260 = 163 000 M-1·cm-1), 257.2 nmol, 6 %. 
ESI-MS: m/z calc. for C317H446N140O73 [M+H]+: 7386.97, found: 7386.31. 
UPLC: tR = 2.15 min (Column 1, 3→80 % B1 in 4 min). 
 

(AcSMC)2-c-FLIP-1-15-PNA-TAT   (59) 

AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-gacttcagcagacatc-aeea-GRKKRRQRRRPPQ-NH2 

Yield: OD260 = 40.1 (ε260 = 163 000 M-1·cm-1), 122.9 nmol, 3 %. 
ESI-MS: m/z calc. for C319H446N140O77 [M+H]+: 7474.99, found: 7475.10. 
UPLC: tR = 2.27 min (Column 1, 3→80 % B1 in 4 min). 
 

(SMC)2-c-FLIP-1-15-scrPNA-TAT   (60) 

MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-acgacataactcgcgt-aeea-GRKKRRQRRRPPQ-NH2 

Yield: OD260 = 54.3 (ε260 = 163 000 M-1·cm-1), 166.4 nmol, 4 %. 
ESI-MS: m/z calc. for C317H446N140O73 [M+H]+: 7386.97, found: 7386.36. 
UPLC: tR = 2.11 min (Column 1, 3→80 % B1 in 4 min). 
 

(AcSMC)2-c-FLIP-1-15-scrPNA-TAT   (61) 

AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-acgacataactcgcgt-aeea-GRKKRRQRRRPPQ-NH2 

Yield: OD260 = 85.2 (ε260 = 163 000 M-1·cm-1), 209.1 nmol, 5 %. 
ESI-MS: m/z calc. for C319H446N140O77 [M+H]+: 7474.99, found: 7474.43. 
UPLC: tR = 2.26 min (Column 1, 3→80 % B1 in 4 min). 
 

(SMC)2-c-FLIP-1-15-GPNA   (68) 

MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-g*ac*tt*ca*gc*ag*ac*at*c-NH2 

Yield: OD260 = 88.2 (ε260 = 163 000 M-1·cm-1), 381.5 nmol, 10 %. 
ESI-MS: m/z calc. for C273H378N128O55 [M+H]+: 6333.88, found: 6333.80. 
UPLC: tR = 2.11 min (Column 1, 3→80 % B1 in 4 min). 
 

(AcSMC)2-c-FLIP-1-15-scrGPNA   (69) 

AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-a*cg*ac*at*aa*ct*cg*cg*t-NH2 

Yield: OD260 = 91.2 (ε260 = 163 000 M-1·cm-1), 251.8 nmol, 6 %. 
ESI-MS: m/z calc. for C275H378N128O59 [M+H]+: 6421.90, found: 6420.94. 
UPLC: tR = 2.27 min (Column 1, 3→80 % B1 in 4 min). 
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Linkers 

The synthesis of the following sequenceswas performed by automated Fmoc chemistry on regular 
or diamine pre-loaded trityl PS resins (0.2-1.25 mmol/g), followed by HFIP cleavage of the pro-
tected peptide linkers. 

 

 
Linker L1(Trt) 

Gly-Cys(Trt)-Lys(Ac)-NH-(CH2)2-NH2 

Yield: 29.0 µmol, 49 % (used as crude without further purification). 
ESI-MS: m/z calc. for C34H45N6O4S [M+H]+: 633.83, found: 633.55. 
UPLC: tR = 2.56 min (Column 2, 3→80 % B1 in 4 min). 
 

Linker L2(Trt) 

βAla-Cys(Trt)-Lys(Ac)-NH-(CH2)3-NH2 

Yield: 71.8 µmol, 83 % (used as crude without further purification). 
ESI-MS: m/z calc. for C36H49N6O4 [M+H]+: 661.89, found: 661.47. 
UPLC: tR = 2.56 min (Column 2, 3→80 % B1 in 4 min). 
 

Linker L3(Trt) 

GABA-Cys(Trt)-Lys(Ac)-NH-(CH2)4-NH2 

Yield: 37.0 µmol, 63 % (used as crude without further purification). 
ESI-MS: m/z calc. for C38H53N6O4S [M+H]+: 689.94, found: 689.60. 
UPLC: tR = 2.57 min (Column 1, 3→80 % B1 in 4 min). 
 

Linker LC1(Trt) 

HOOC-(CH2)2-CO-Cys(Trt)-Lys(Ac)-aea-OH 

Yield: 21.2 mol, 45 % (used as crude without further purification). 
ESI-MS: m/z calc. for C38H47N4O9S [M+H]+: 735.88, found: 493.28 (-Trt). 
UPLC: tR = 3.08 min (Column 2, 3→80 % B1 in 4 min). 
 

Linker LC2(Trt) 

HOOC-(CH2)3-CO-Cys(Trt)-Lys(Ac)-aeea-OH 

Yield: 37.4 µmol, 79 % (used as crude without further purification) 
ESI-MS: m/z calc. for C41H53N4O10S [M+H]+: 793.26, found: 551.41 (-Trt) 
UPLC: tR = 3.07 min (Column 2, 3→80 % B1 in 4 min). 
 

  



Experimental Section 

 

- 146 - 

SMC-MalβAla 

The synthesis of the following sequences was performed by automated Fmoc chemistry SPPS on 
ChemMatrix® RAM resin (0.5-0.7 mmol/g), followed by Fmoc deprotection of Gly, Mtt deprotec-
tion of Dap and continued automated Fmoc SPPS with double equivalents. Last, Alloc was removed 
to couple MalβAla to Lys. 

 

 
(SMC)2-MalβAla   (10) 

MeAla-Chg-Pro-Dip-Gly-Gly-Lys(N3)-Dap(MeAla-Chg-Pro-Dip)-NH2 

Yield: 47.9 µmol, 80 %. 
ESI-MS: m/z calc. for C84H112N16O15 [M+H]+: 1586.93, found: 1587.27. 
UPLC: tR = 2.82 min (Column 2, 3→80 % B1 in 4 min). 
 

(AcSMC)2-MalβAla   (11) 

MeAla-Chg-Pro-Dip-Gly-Gly-Lys(N3)-Dap(MeAla-Chg-Pro-Dip)-NH2 

Yield: 50.7 µmol, 84 % (used as crude without further purification). 
ESI-MS: m/z calc. for C86H112N16O19 [M+H]+: 1674.95, found: 1674.60. 
UPLC: tR = 3.31 min (Column 2, 3→80 % B1 in 4 min). 
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SMC-N3 

The synthesis of the following sequences was performed by automated Fmoc chemistry SPPS on 
ChemMatrix® RAM resin (0.5-0.7 mmol/g), followed by Fmoc deprotection of Gly and Mtt depro-
tection of Dap and continued automated Fmoc SPPS with 8 eq. amino acids, 7.8 eq. HCTU and 
16 eq. NMM.  

 

 

SMC-N3   (70) 

Ac-Gly-Lys(N3)-Dap(MeAla-Chg-Pro-Dip)-NH2 

Yield: 17.89 µmol, 72 %. 
ESI-MS: m/z calc. for C45H64N12O8 [M+H]+: 902.09, found: 902.00 
UPLC: tR = 2.64 min (Column 1, 3→80 % B1 in 4 min). 
 

AcSMC-N3   (71) 

Ac-Gly-Lys(N3)-Dap(AcSer-Chg-Pro-Dip)-NH2 

Yield: 15.45 µmol, 62 %. 
ESI-MS: m/z calc. for C46H64N12O10 [M+H]+: 946.10, found: 945.86. 
UPLC: tR = 1.88 min (Column 2, 3→80 % B1 in 4 min). 
 

(SMC)2-N3   (72) 

MeAla-Chg-Pro-Dip-Gly-Gly-Lys(N3)-Dap(MeAla-Chg-Pro-Dip)-NH2 

Yield: 29.57 µmol, 59 %. 
ESI-MS: m/z calc. for C77H105N17O12 [M+H]+: 1461.80, found: 1461.95. 
UPLC: tR = 2.89 min (Column 2, 3→80 % B1 in 4 min). 
 

(AcSMC)2-N3   (73) 

AcSer-Chg-Pro-Dip-Gly-Gly-Lys(N3)-Dap(AcSer-Chg-Pro-Dip)-NH2 

Yield: 23.05 µmol, 46 %. 
ESI-MS: m/z calc. for C79H105N17O16 [M+H]+: 1549.82, found: 1549.59. 
UPLC: tR = 3.50 min (Column 2, 3→80 % B1 in 4 min). 
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Smac-1 and Smac-1F 

Smac-1F was synthesized from two precursors, Smac-A and Smac-B. Smac A was synthesized on 
Sieber Amide resin (0.4-0.8 mmol/g), followed by Alloc removal, modification with adipic acid an-
hydride and cleavage with 20 % HFIP in DCM. Smac-B was synthesized by manual Fmoc SPPS on 
ChemMatrix RAM resin (0.5-0.7 mmol/g). After Alloc removal from Smac-B, both fragments were 
condensed on-resin. Last, the Mtt group was removed, 6-FAM was coupled to the free Nε and the 
peptide was cleaved off the resin. Smac-1F was purified by semi-preparative HPLC (column 7, 25-
65 % B1 in 45 min). 

 

 
Smac-A 

Boc-Ala-Lys(CO(CH2)4COOH)-Pro-Phe-NH2 

Yield: 25 µmol, 54 %. 
ESI-MS: m/z calc. for C29H44N6O7 [M+H]+: 689.83, found: 689.50 
UPLC: tR = 2.52 min (Column 2, 3→80 % B1 in 4 min). 
 

Smac-1F 

Ala-Lys(CO(CH2)4CO-Pro-Phe-Lys(6-FAM))-Pro-Phe-NH2 

Yield: 2.9 µmol, 23 %. 
ESI-MS: m/z calc. for C79H100N14O17 [M+H]+: 1518.76, found: 1518.57. 
UPLC: tR = 2.24 min (Column 1, 3→80 % B1 in 4 min).  
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SH-SMC-PNA Conjugates 

The synthesis of the following sequences was performed by manual Fmoc chemistry SPPS on 
TentaGel® XV RAM resin (0.23 mmol/g), followed by Mtt removal, synthesis of the SMC peptide, 
ivDde removal and automated Fmoc SPPS of the acceptor PNA. 

 

 
SH-SMC-XIAP222-230-PNA   (118) 

MeAla-Chg-Pro-Dap-Lys(Ac-Lys-Glu-tctccatat)-Cys-NH2 

Yield: OD260 = 54.1 (ε260 = 82 400 M-1·cm-1), 750.2 nmol, 35 %. 
ESI-MS: m/z calc. for C153H208N58O41S [M+H]+: 3548.78, found: 3548.68. 
UPLC: tR = 1.92 min (Column 1, 3→80 % B1 in 4 min). 
 

SH-SMC-XIAP223-231-PNA   (119) 

MeAla-Chg-Pro-Dap-Lys(Ac-Lys-Glu-gtctccata)-Cys-NH2 

Yield: OD260 = 61.5 (ε260 = 85 300 M-1·cm-1), 852.1 nmol, 42 %. 
ESI-MS: m/z calc. for C153H207N61O40S [M+H]+: 3573.80, found: 3571.01. 
UPLC: tR = 1.88 min (Column 1, 3→80 % B1 in 4 min). 
 

 

TE-SMC-PNA Conjugates 

The synthesis of the following sequences was performed by manual Boc chemistry SPPS on MBHA 
RAM resin (0.40-0.90 mmol/g), followed by Trt removal and thioester formation. 

 

 
TE-SMC-XIAP211-219-PNA   (120) 

MeAla-Chg-Pro-Dip-Gly-MPA-ccatctatc-Lys-Glu-NH2 

Yield: OD260 = 25.7 (ε260 = 80 200 M-1·cm-1), 160 nmol, 8 %. 
ESI-MS: m/z calc. for C143H189N55O38S [M+H]+: 3319.50, found: 3319.91. 
UPLC: tR = 1.93 min (Column 1, 3→80 % B1 in 4 min). 
 

TE-SMC-XIAP213-220-PNA   (121) 

MeAla-Chg-Pro-Dip-Gly-MPA-gccatcta-Lys-Glu-NH2 

Yield: OD260 = 42.8 (ε260 = 62 800 M-1·cm-1), 340 nmol, 17 %. 
ESI-MS: m/z calc. for C133H175N53O34S [M+H]+: 3093.27, found: 3093.38. 
UPLC: tR = 1.96 min (Column 1, 3→80 % B1 in 4 min).  
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N3-SMC-PNA Conjugates  

The synthesis of the following sequences was performed by automated Fmoc chemistry SPPS on 
TentaGel® XV RAM resin (0.23 mmol/g), followed by deprotection of Fmoc-Lys(Fmoc-OH) or 
Fmoc-Ahx-OH and continued automated Fmoc SPPS with double equivalents. 

 

 
N3-SMC-XIAP211-219-PNA   (122) 

N3Ala-Chg-Pro-Dip-Ahx-ccatctatc-Lys-Glu-NH2 

Yield: OD260 = 25.8 (ε260 = 80 200 M-1·cm-1), 321.9 nmol, 11 %. 
ESI-MS: m/z calc. for C143H189N57O37 [M+H]+: 3299.46, found: 3299.18. 
UPLC: tR = 2.26 min (Column 1, 3→80 % B1 in 4 min). 
 

N3-SMC-scrPNA   (123) 

N3Ala-Chg-Pro-Dip-Ahx-accttacct-Lys-Glu-NH2 

Yield: OD260 = 64.4 (ε260 = 80 200 M-1·cm-1), 481.8 nmol, 16 %. 
ESI-MS: m/z calc. for C143H189N57O37 [M+H]+: 3299.46, found: 3299.33 
UPLC: tR = 2.25 min (Column 1, 3→80 % B1 in 4 min). 
 

(N3-SMC)2-XIAP211-219-PNA   (124) 

N3Ala-Chg-Pro-Dip-Lys(N3Ala-Chg-Pro-Dip)-ccatctatc-Lys-Glu-NH2 

Yield: OD260 = 22.6 (ε260 = 80 200 M-1·cm-1), 282.0 nmol, 9 %. 
ESI-MS: m/z calc. for C174H226N64O41 [M+H]+: 3871.14, found: 3870.50. 
UPLC: tR = 2.92 min (Column 1, 3→80 % B1 in 4 min). 
 

(N3-SMC)2-scrPNA   (125) 

N3Ala-Chg-Pro-Dip-Lys(N3Ala-Chg-Pro-Dip)-accttacct-Lys-Glu-NH2 

Yield: OD260 = 64.8 (ε260 = 80 200 M-1·cm-1), 484.7 nmol, 16 %. 
ESI-MS: m/z calc. for C174H226N64O41 [M+H]+: 3871.14, found: 3870.77. 
UPLC: tR = 2.90 min (Column 1, 3→80 % B1 in 4 min). 
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dmTCEP-PNA Conjugates 

The synthesis of the following sequences was performed by automated Fmoc chemistry SPPS on 
TentaGel® XV RAM resin (0.23 mmol/g), followed by Alloc removal from Lys and coupling of 
dmTCEP. 

 

 
dmTCEP-XIAP221-229PNA   (126) 

Ac-Glu-Lys-ctccatatt-Lys(dmTCEP)-NH2 

Yield: OD260 = 47.6 (ε260 = 82 400 M-1·cm-1), 578.1 nmol, 10 %. 
ESI-MS: m/z calc. for C126H175N51O40P [M+H]+: 3075.08, found: 3075.38. 
UPLC: tR = 1.14 min (Column 1, 3→80 % B1 in 4 min). 
 

dmTCEP-XIAP222-230-PNA   (127) 

Ac-Glu-Lys-tctccatat-Lys(dmTCEP)-NH2 

Yield: OD260 = 55.7 (ε260 = 82 400 M-1·cm-1), 676.5 nmol, 11 %. 
ESI-MS: m/z calc. for C126H175N51O40P [M+H]+: 3075.08, found: 3075.04. 
UPLC: tR = 1.17 min (Column 1, 3→80 % B1 in 4 min). 
 

dmTCEP-XIAP223-231-PNA   (128) 

Ac-Glu-Lys-gtctccata-Lys(dmTCEP)-NH2 

Yield: OD260 = 14.0 (ε260 = 85 300 M-1·cm-1), 164.4 nmol, 3 %. 
ESI-MS: m/z calc. for C126H173N54O39P [M+H]+: 3100.09, found: 3099.96. 
UPLC: tR = 1.16 min (Column 1, 3→80 % B1 in 4 min). 
 

 

Ru(II)-PNA Conjugates  

The synthesis of the following sequences was performed by automated Fmoc chemistry SPPS on 
TentaGel® XV RAM resin (0.23 mmol/g), followed by Alloc removal from Dap and coupling of 
Ru(bpy)2(mcbpy)-NHS on resin. 

 

 
Ru(II)-XIAP221-229-PNA   (129) 

Ac-Glu-Lys-ctccatatt-Dap(Ru(bpy)2(mcbpy))-NH2 

Yield: OD260 = 75.0 (ε260 = 95 200 M-1·cm-1), 236.2 nmol, 6 %. 
ESI-MS: m/z calc. for C144H175N57O36Ru2+ [M]2+: 3381.42, found: 3381.12. 
UPLC: tR = 1.48 min (Column 1, 3→80 % B1 in 4 min). 
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Ru(II)-XIAP222-230-PNA   (130) 

Ac-Glu-Lys-tctccatat-Dap(Ru(bpy)2(mcbpy))-NH2 

Yield: OD260 = 59.8 (ε260 = 95 200 M-1·cm-1), 125.6 nmol, 3 %. 
ESI-MS: m/z calc. for C144H175N57O36Ru2+ [M]2+: 3381.42, found: 3381.82. 
UPLC: tR = 1.48 min (Column 1, 3→80 % B1 in 4 min). 
 

Ru(II)-XIAP223-231-PNA   (131) 

Ac-Glu-Lys-gtctccata-Dap(Ru(bpy)2(mcbpy))-NH2 

Yield: OD260 = 68.0 (ε260 = 98 100 M-1·cm-1), 138.7 nmol, 3 %. 
ESI-MS: m/z calc. for C144H174N60O35Ru2+ [M]2+: 3406.43, found: 3406.16. 
UPLC: tR = 1.46 min (Column 1, 3→80 % B1 in 4 min). 
 

 

N3-SMC Acid  

The synthesis of the following sequences was performed by automated Fmoc chemistry SPPS on 
TentaGel® XV RAM resin (0.23 mmol/g), followed by Fmoc deprotection of Lys/Ahx and auto-
mated Fmoc SPPS with double equivalents. 

 

 
N3-SMC-OH   (132) 

N3Ala-Chg-Pro-Dip-Ahx-OH 

Yield: 29.8 nmol, 60 %. 
ESI-MS: m/z calc. for C37H49N7O6 [M+H]+: 688.85, found: 688.62. 
UPLC: tR = 3.61 min (Column 1, 3→90 % B1 in 4.5 min). 
 

(N3-SMC)2-OH   (133) 

N3Ala-Chg-Pro-Dip-Lys(N3Ala-Chg-Pro-Dip)-OH 

Yield: 34.2 nmol, 68 %. 
ESI-MS: m/z calc. for C68H86N14O10 [M+H]+: 1260.53, found: 1260.41. 
UPLC: tR = 4.46 min (Column 1, 3→90 % B1 in 4.5 min). 
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N3-SMC-PNA-FAM-Biotin Conjugates  

The synthesis of the following sequences was performed by automated Fmoc chemistry SPPS on 
TentaGel® XV RAM resin (0.23 mmol/g), followed by Fmoc deprotection and continued auto-
mated SPPS (bivalent: double equivalents). After main sequence completion, Alloc was removed 
to couple 6-FAM. 

 

 
H2N-SMC- XIAP211-219-PNA-FAM/Biotin   (137) 

Ala-Chg-Pro-Dip-Ahx-accttacct-Lys(6-FAM)-Lys(Biotin)-Glu-NH2 

Yield: OD260 = 59.8 (ε260 = 101 160 M-1·cm-1), 591.2 nmol, 15 %. 
ESI-MS: m/z calc. for C180H228N59O46S [M+H]+: 3986.23, found: 3986.49 
UPLC: tR = 2.10 min (Column 1, 3→80 % B1 in 4 min). 
 

N3-SMC-XIAP211-219-PNA-FAM-Biotin   (138) 

N3Ala-Chg-Pro-Dip-Ahx-ccatctatc-Lys(6-FAM)-Lys(Biotin)-Glu-NH2 

Yield: OD260 = 55.8 (ε260 = 101 160 M-1·cm-1), 551.8 nmol, 14 %. 
ESI-MS: m/z calc. for C180H225N61O46S [M+H]+: 4012.23, found: 4012.35 
UPLC: tR = 2.43 min (Column 1, 3→80 % B1 in 4 min). 
N3-SMC-scrPNA-FAM/Biotin   (139) 

N3Ala-Chg-Pro-Dip-Ahx-accttacct-Lys(6-FAM)-Lys(Biotin)-Glu-NH2 

Yield: OD260 = 36.1 (ε260 = 101 160 M-1·cm-1), 356.9 nmol, 9 %. 
ESI-MS: m/z calc. for C180H225N61O46S [M+H]+: 4012.23, found: 4012.08 
UPLC: tR = 2.45 min (Column 1, 3→80 % B1 in 4 min). 
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6.4.3 Thiol-Maleimide Ligations 

6.4.3.1 Protocol 

For thiol-maleimide ligations, thiol-modified PNAs 12-17 (1 eq.) and TCEP (0.2 eq.) were dis-
solved in degassed phosphate buffer (100 mM sodium phosphate, pH 6.7) at a concentration of 
1 µM and shaken at room temperature for 30 min. Maleimido-peptide 10 or 11 (1.2 eq.) was dis-
solved in in 1 volume of buffer/MeCN 1:1 (v/v) and added to the mixture (final concentration SH-
PNA: 0.5 µM). The solution was shaken for 2 h at room temperature and purified by semi-prepar-
ative HPLC (Column 7; 25-50 % B1 in 25 min). 

 

 
6.4.3.2 Sequences 

(SMC)2-c-FLIP524-534-PNA-R8   (18) 

MeAla-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-tgctccttgaa-aea-Arg8-NH2)-Dap(MeAla-Chg-Pro-

Dip)-NH2 

Yield: OD260 = 43.7 (ε260 = 105 800 M-1·cm-1), 134.0 nmol, 22 %. 
ESI-MS: m/z calc. for C257H370N109O61S [M+H]+: 5994.55, found: 5994.26. 
UPLC: tR = 2.20 min (Column 1, 3→80 % B1 in 4 min). 
 

(AcSMC)2-c-FLIP524-534-PNA-R8   (19) 

AcSer-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-tgctccttgaa-aea-Arg8-NH2)-Dap(AcSer-Chg-Pro-

Dip)-NH2 

Yield: OD260 = 18.5 (ε260 = 105 800 M-1·cm-1), 70.7 nmol, 14 %. 
ESI-MS: m/z calc. for C259H370N109O65S [M+H]+: 6082.87, found: 6083.10. 
UPLC: tR = 2.28 min (Column 1, 3→80 % B1 in 4 min). 
 

(SMC)2-c-FLIP526-536-PNA-R8   (20) 

MeAla-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-cctgctccttg-aea-Arg8-NH2)-Dap(MeAla-Chg-Pro-

Dip)-NH2 

Yield: OD260 = 43.0 (ε260 = 91 600 M-1·cm-1), 127.6 nmol, 26 %. 
ESI-MS: m/z calc. for C255H370N105O63S [M+H]+: 5946.50, found: 5946.37. 
UPLC: tR = 2.38 min (Column 1, 3→80 % B1 in 4 min). 
 

(AcSMC)2-c-FLIP526-536-PNA-R8   (21) 

AcSer-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-cctgctccttg-aea-Arg8-NH2)-Dap(AcSer-Chg-Pro-

Dip)-NH2 

Yield: OD260 = 29.2 (ε260 = 91 600 M-1·cm-1), 131.8 nmol, 26 %. 
ESI-MS: m/z calc. for C257H370N105O67S [M+H]+: 6034.51, found: 6034.79 
UPLC: tR = 2.30 min (Column 1, 3→80 % B1 in 4 min). 
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(SMC)2-c-FLIP528-538-PNA-R8   (22) 

MeAla-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-tccctgctcct-aea-Arg8-NH2)-Dap(MeAla-Chg-Pro-

Dip)-NH2 

Yield: OD260 = 44.1 (ε260 = 86 500 M-1·cm-1), 254.0 nmol, 27 %. 
ESI-MS: m/z calc. for C254H370N103O63S [M+H]+: 5906.47, found: 5906.37. 
UPLC: tR = 2.34 min (Column 1, 3→80 % B1 in 4 min). 
 

(AcSMC)2-c-FLIP528-538-PNA-R8   (23) 

AcSer-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-tccctgctcct-aea-Arg8-NH2)-Dap(AcSer-Chg-Pro-

Dip)-NH2 

Yield: OD260 = 28.5 (ε260 = 86 500 M-1·cm-1), 254.0 nmol, 27 %. 
ESI-MS: m/z calc. for C256H370N103O67S [M+H]+: 5994.49, found: 5995.13. 
UPLC: tR = 2.30 min (Column 1, 3→80 % B1 in 4 min). 
 

(SMC)2-c-FLIP530-540-PNA-R8   (24) 

MeAla-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-tgtccctgctc-aea-Arg8-NH2)-Dap(MeAla-Chg-Pro-

Dip)-NH2 

Yield: OD260 = 48.4 (ε260 = 91 600 M-1·cm-1), 105.6 nmol, 21 %. 
ESI-MS: m/z calc. for C255H369N105O63S [M+H]+: 5946.50, found: 5946.41. 
UPLC: tR = 2.32 min (Column 1, 3→80 % B1 in 4 min). 
 

(AcSMC)2-c-FLIP530-540-PNA-R8   (25) 

AcSer-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-tgtccctgctc-aea-Arg8-NH2)-Dap(AcSer-Chg-Pro-

Dip)-NH2 

Yield: OD260 = 21.8 (ε260 = 91 600 M-1·cm-1), 95.3 nmol, 19 %. 
ESI-MS: m/z calc. for C257H369N105O67S [M+H]+: 6034.51, found: 6034.21. 
UPLC: tR = 2.33 min (Column 1, 3→80 % B1 in 4 min). 
 

 (SMC)2-c-FLIP532-542-PNA-R8   (26) 

MeAla-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-cttgtccctgc-aea-Arg8-NH2)-Dap(MeAla-Chg-Pro-

Dip)-NH2 

Yield: OD260 = 40.8 (ε260 = 91 600 M-1·cm-1), 185.0 nmol, 22 %. 
ESI-MS: m/z calc. for C255H370N105O63S [M+H]+: 5946.50, found: 5946.53. 
UPLC: tR = 2.35 min (Column 1, 3→80 % B1 in 4 min). 
 

(AcSMC)2-c-FLIP532-542-PNA-R8   (27) 

AcSer-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-cttgtccctgc-aea-Arg8-NH2)-Dap(AcSer-Chg-Pro-

Dip)-NH2 

Yield: OD260 = 28.2 (ε260 = 91 600 M-1·cm-1), 122.6 nmol, 25 %. 
ESI-MS: m/z calc. for C257H370N105O67S [M+H]+: 6034.51, found: 6034.67. 
UPLC: tR = 2.35 min (Column 1, 3→80 % B1 in 4 min). 
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(SMC)2-c-FLIP524-538-PNA-R8   (28) 

MeAla-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-tccctgctccttgaa-aea-Arg8-NH2)-Dap(MeAla-Chg-

Pro-Dip)-NH2 

Yield: OD260 = 38.3 (ε260 = 134 400 M-1·cm-1), 185.4 nmol, 27 %. 
ESI-MS: m/z calc. for C298H422N128O74S [M+H]+: 7014.54, found: 7014.59 
UPLC: tR = 2.30 min (Column 1, 3→80 % B1 in 4 min). 
 

(AcSMC)2-c-FLIP524-538-PNA-R8   (29) 

AcSer-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-tccctgctccttgaa-aea-Arg8-NH2)-Dap(AcSer-Chg-

Pro-Dip)-NH2 

Yield: OD260 = 38.3 (ε260 = 134 400 M-1·cm-1), 114.1 nmol, 23 %. 

ESI-MS: m/z calc. for C300H422N128O78S [M+H]+: 7102.56, found: 7102.87 
UPLC: tR = 2.30 min (Column 1, 3→80 % B1 in 4 min). 
 

(SMC)2-c-FLIP530-540-scrPNA-R8   (32) 

MeAla-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-ctgctcttccg-aea-Arg8-NH2)-Dap(MeAla-Chg-Pro-

Dip)-NH2 

Yield: OD260 = 40.8 (ε260 = 91 600 M-1·cm-1), 102.0 nmol, 20 %. 
ESI-MS: m/z calc. for C255H369N105O63S [M+H]+: 5946.50, found: 5946.78. 
UPLC: tR = 2.18 min (Column 1, 3→80 % B1 in 4 min). 
 

(AcSMC)2-c-FLIP530-540-scrPNA-R8   (33) 

AcSer-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-ctgctcttccg-aea-Arg8-NH2)-Dap(AcSer-Chg-Pro-

Dip)-NH2 

Yield: OD260 = 29.7 (ε260 = 91 600 M-1·cm-1), 129.7 nmol, 26 %. 
ESI-MS: m/z calc. for C257H369N105O67S [M+H]+: 6034.51, found: 6034.38 
UPLC: tR = 2.31 min (Column 1, 3→80 % B1 in 4 min). 
 

(SMC)2-R8   (34) 

MeAla-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-Arg8-NH2)-Dap(MeAla-Chg-Pro-Dip)-NH2 

Yield: 201.7 nmol, 40 %. 
ESI-MS: m/z calc. for C135H215N49O24S [M+H]+: 2941.60, found: 2941.56. 
UPLC: tR = 2.29 min (Column 1, 3→80 % B1 in 4 min). 
 

(AcSMC)2-R8   (35) 

AcSer-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-Arg8-NH2)-Dap(AcSer-Chg-Pro-Dip)-NH2 

Yield: 329.9 nmol, 66 %. 
ESI-MS: m/z calc. for C137H215N49O28S [M+H]+: 3029.62, found:3029.79. 
UPLC: tR = 2.48 min (Column 1, 3→80 % B1 in 4 min).  
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6.4.4 Azide-Alkyne Cycloaddition Reactions 

6.4.4.1 Protocol 

For strain-promoted alkyne-azide cycloaddition reactions, DBCO-modified PSOs (1 eq.) were dis-
solved in phosphate buffer (10 mM sodium phosphate, 137 mM NaCl, pH 7.5) to a concentration 
of 1 mM. Azide-modified SMC 70 or 72 (5 eq.) was dissolved in 1 volume of buffer/MeCN 1:1 (v/v) 
and added to the reaction mixture (final concentration DBCO-PSO: 0.5 mM). The solution was 
heated to 80 °C for 5 min to redissolve precipitated azide and then incubated for 24 h at room 
temperature. The mixture was centrifuged (1 min, 16 900 x g) and the supernatant diluted with 
TEAA buffer (0.1 M, pH 7.4)/MeCN and purified by semi-preparative HPLC (Column 6; 20-70 % 
B2 in 25 min). Product-containing fractions were combined, lyophilized and re-dissolved in 270 µl 
water. 30 µl sodium acetate (3 M, pH 5.4) was added to a buffer concentration of 0.3 M. Three vol-
umes of isopropanol were added, and after 1-3 h at -20 °C, the resulting precipitate was collected 
by centrifugation (10 min, 16 900 x g, 4 °C). The pellet was washed with 200 µl cold, 70 % (v/v) 
ethanol and spun down (5 min, 16 900 x g, 4 °C). After gentle drying under an argon stream for 
5 min, the oligonucleotide conjugates were dissolved in nuclease-free water. 

 

 
6.4.4.2 Sequences 

SMC-PSO   (74) 

Ac-Gly-Lys(N3-DBCO-ACTTGTCCCTGCTCCTTGAA)-Dap(MeAla-Chg-Pro-Dip)-NH2 

Yield: OD260 = 49.5 (ε260 = 198 200 M-1·cm-1), 25.0 nmol, 44 %. 
MALDI-MS: m/z calc. for C262H337N79O115P20S20 [M+H]+: 7694.70, found: 7696.56. 
HPLC: tR = 16.5 min (Column 5, 3→70 % B2 in 20 min). 
 

AcSMC-PSO   (75) 

Ac-Gly-Lys(N3-DBCO-ACTTGTCCCTGCTCCTTGAA)-Dap(AcSer-Chg-Pro-Dip)-NH2 

Yield: OD260 = 57.5 (ε260 = 198 200 M-1·cm-1), 29.0 nmol, 51 %. 
MALDI-MS: m/z calc. for C263H337N79O117P20S20 [M+H]+: 7738.71, found: 7740.45. 
HPLC: tR = 16.1 min (Column 5, 3→70 % B2 in 20 min). 
 

SMC-scrPSO   (76) 

Ac-Gly-Lys(N3-DBCO-AGTTCTCTCTGCCCCTAGAT)-Dap(MeAla-Chg-Pro-Dip)-NH2 

Yield: OD260 = 35.1 (ε260 = 198 200 M-1·cm-1), 17.7 nmol, 30 %. 
MALDI-MS: m/z calc. for C262H337N79O115P20S20 [M+H]+: 7694.70, found: 7696.91. 
HPLC: tR = 16.3 min (Column 5, 3→70 % B2 in 20 min). 
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AcSMC-scrPSO   (77) 

Ac-Gly-Lys(N3-DBCO-AGTTCTCTCTGCCCCTAGAT)-Dap(AcSer-Chg-Pro-Dip)-NH2 

Yield: OD260 = 61.8 (ε260 = 198 200 M-1·cm-1), 31.2 nmol, 55 %. 
MALDI-MS: m/z calc. for C263H337N79O117P20S20 [M+H]+: 7738.71, found: 7740.80. 
HPLC: tR = 16.1 min (Column 5, 3→70 % B2 in 20 min). 
 

(SMC)2-PSO   (78) 

MeAla-Chg-Pro-Dip-Gly-Gly-Lys(N3-DBCO-ACTTGTCCCTGCTCCTTGAA)-Dap(MeAla-Chg-Pro-Dip)-NH2 

Yield: OD260 = 86.3 (ε260 = 198 200 M-1·cm-1), 43.5 nmol, 54 %. 
MALDI-MS: m/z calc. for C294H378N84O119P20S20 [M+H]+: 8254.41, found: 8255.56. 
HPLC: tR = 17.1 min (Column 5, 3→70 % B2 in 20 min). 
 

(AcSMC)2-PSO   (79) 

AcSer-Chg-Pro-Dip-Gly-Gly-Lys(N3-DBCO-ACTTGTCCCTGCTCCTTGAA)-Dap(AcSer-Chg-Pro-Dip)-NH2 

Yield: OD260 = 99.7 (ε260 = 198 200 M-1·cm-1), 50.3 nmol, 62 %. 
MALDI-MS: m/z calc. for C296H378N84O123P20S20 [M+H]+: 8342.43, found: 8343.70. 
HPLC: tR = 18.5 min (Column 5, 3→70 % B2 in 20 min). 
 

(SMC)2-scrPSO   (80) 

MeAla-Chg-Pro-Dip-Gly-Gly-Lys(N3-DBCO-AGTTCTCTCTGCCCCTAGAT)-Dap(MeAla-Chg-Pro-Dip)-NH2 

Yield: OD260 = 112.1 (ε260 = 198 200 M-1·cm-1), 56.6 nmol, 58 %. 
MALDI-MS: m/z calc. for C294H378N84O119P20S20 [M+H]+: 8254.41, found: 8256.10. 
HPLC: tR = 17.8 min (Column 5, 3→70 % B2 in 20 min). 
 

(AcSMC)2-scrPSO   (81) 

AcSer-Chg-Pro-Dip-Gly-Gly-Lys(N3-DBCO-AGTTCTCTCTGCCCCTAGAT)-Dap(AcSer-Chg-Pro-Dip)-NH2 

Yield: OD260 = 135.4 (ε260 = 198 200 M-1·cm-1), 68.3 nmol, 70 %. 
MALDI-MS: m/z calc. for C296H378N84O123P20S20 [M+H]+: 8342.43, found: 8344.78. 
HPLC: tR = 18.2 min (Column 5, 3→70 % B2 in 20 min). 
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6.4.5 In-Solution Coupling of Peptides and Oligonucleotides 

6.4.5.1 Protocol 

5’-C6 amino-linker-modified 2’OMe-RNA (1 eq.) was dissolved in DMSO/water 10:1 (v/v) at a con-
centration of 2 µM and DIPEA (10 eq.) was added. N3-SMC acid 132 or 133 (20 eq.), HATU (19 eq) 
and DIPEA (20 eq.) dissolved in DMSO were mixed (final concentration N3-SMC: 0.2 M), pre-acti-
vated for 2 min and added to the 2’OMe-RNA solution. The mixture was shaken for 4 hours at 
room temperature and the product isolated by semi-preparative HPLC (Column 7; 25-50 % B1 in 
25 min). 

 

 
6.4.5.2 Sequences 

N3-SMC-XIAP208-219-2’OMe   (134) 

N3Ala-Chg-Pro-Dip-Ahx-NH-(CH2)6-C C A U C U A U C U A C-3' 

Yield: OD260 = 53.5 (ε260 = 112 800 M-1·cm-1), 118.6 nmol, 50 %. 
MALDI-MS: m/z calc. for C166H226N46O91P12 [M+H]+: 4694.56, found: 4695.60. 
HPLC: tR = 2.53 min (Column 4, 3→70 % B2 in 5 min). 
 

(N3-SMC)2-XIAP208-219-2’OMe   (135) 

(N3Ala-Chg-Pro-Dip)2-Lys-NH-(CH2)6-C C A U C U A U C U A C -3' 

Yield: OD260 = 29.1 (ε260 = 112 800 M-1·cm-1), 38.7 nmol, 16 %. 
MALDI-MS: m/z calc. for C197H263N53O95P12 [M+H]+: 5266.24, found: 5267.25. 
HPLC: tR = 3.29 min (Column 4, 3→70 % B2 in 5 min). 
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6.4.6 NHS-Ester Conjugations 

6.4.6.1 Protocol 

3’-C6 amino-linker-modified 2’OMe-RNA (1 eq.) was dissolved in borate buffer (100 mM Na2B4O7, 
pH 8.5) at a concentration of 500 µM. Ru(bpy)2(mcbpy)-NHS∙(PF6)2 (3 eq.) was dissolved in DMSO 
(15 mM) and added to the mixture. The solution was shaken at room temperature for 2 h and the 
product isolated by semi-preparative HPLC (Column 7; 25-50 % B1 in 25 min). 
 

 
 

6.4.6.2 Sequences 

Ru(II)-XIAP221-232-2’OMe   (136) 

5’-A G U C U C C A U A U U-(CH2)6-NH-(Ru(bpy)2(mcbpy)) 

Yield: OD260 = 62.0 (ε260 = 133 500 M-1·cm-1), 69.6 nmol, 20 %. 
MALDI-MS: m/z calc. for C162H202N46O88P12Ru2+ [M]2+: 4674.39, found: 4675.10. 
HPLC: tR = 1.41 min (Column 4, 3→70 % B2 in 5 min). 
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8. Appendix

8.1 Chromatograms and Mass Spectra 
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(AcSMC)2-MalβAla   (11) 
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HS-c-FLIP524-534-PNA-R8   (12) 
HS-(CH2)2-CO-tgctccttgaa-aea-Arg8-NH2 

 
HS-c-FLIP526-536-PNA-R8   (13) 
HS-(CH2)2-CO-cctgctccttg-aea-Arg8-NH2 

 
HS-c-FLIP528-538-PNA-R8   (14) 
HS-(CH2)2-CO-cctgctccttg-aea-Arg8-NH2 
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HS-c-FLIP532-542-PNA-R8   (16) 
HS-(CH2)2-CO-cttgtccctgc-aea-Arg8-NH2 

 
HS-c-FLIP524-538-PNA-R8   (17) 
HS-(CH2)2-CO-tccctgctccttgaa-aea-Arg8-NH2 
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(SMC)2-c-FLIP526-536-PNA-R8   (20) 
MeAla-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-cctgctccttg-aea-Arg8-NH2)-Dap(MeAla-Chg-Pro-Dip)-NH2 

 
(AcSMC)2-c-FLIP526-536-PNA-R8   (21) 
AcSera-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-cctgctccttg-aea-Arg8-NH2)-Dap(AcSer-Chg-Pro-Dip)-NH2 

 
(SMC)2-c-FLIP528-538-PNA-R8   (22) 
MeAla-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-tccctgctcct-aea-Arg8-NH2)-Dap(MeAla-Chg-Pro-Dip)-NH2 

 
(AcSMC)2-c-FLIP528-538-PNA-R8   (23) 
AcSer-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-tccctgctcct-aea-Arg8-NH2)-Dap(AcSer-Chg-Pro-Dip)-NH2 
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(SMC)2-c-FLIP530-540-PNA-R8   (24) 
MeAla-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-tgtccctgctc-aea-Arg8-NH2)-Dap(MeAla-Chg-Pro-Dip)-NH2 

 
(AcSMC)2-c-FLIP530-540-PNA-R8   (25) 
AcSer-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-tgtccctgctc-aea-Arg8-NH2)-Dap(AcSer-Chg-Pro-Dip)-NH2 

 
(SMC)2-c-FLIP532-542-PNA-R8   (26) 
MeAla-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-cttgtccctgc-aea-Arg8-NH2)-Dap(MeAla-Chg-Pro-Dip)-NH2 

 
(AcSMC)2-c-FLIP532-542-PNA-R8   (27) 
AcSer-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-cttgtccctgc-aea-Arg8-NH2)-Dap(AcSer-Chg-Pro-Dip)-NH2 
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(SMC)2-c-FLIP524-538-PNA-R8   (28) 
MeAla-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-tccctgctccttga-aea-Arg8-NH2)-Dap(MeAla-Chg-Pro-Dip)-NH2 

 
(AcSMC)2-c-FLIP524-538-PNA-R8   (29) 
AcSer-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-tccctgctccttga-aea-Arg8-NH2)-Dap(AcSer-Chg-Pro-Dip)-NH2 

 
HS-c-FLIP530-540-scrPNA-R8   (30) 
HS-(CH2)2-CO-ctgctcttccg-aea-Arg8-NH2 

 
(SMC)2-c-FLIP530-540-scrPNA-R8   (3226) 
MeAla-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-ctgctcttccg-aea-Arg8-NH2)-Dap(MeAla-Chg-Pro-Dip)-NH2 
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(AcSMC)2-c-FLIP530-540-scrPNA-R8   (33) 
AcSer-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-ctgctcttccg-aea-Arg8-NH2)-Dap(AcSer-Chg-Pro-Dip)-NH2 

 
(SMC)2-R8   (34) 
MeAla-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-Arg8-NH2)-Dap(MeAla-Chg-Pro-Dip)-NH2 

 
(AcSMC)2-R8   (35) 
AcSer-Chg-Pro-Dip-Gly-Gly-Lys(MalβAla-S-(CH2)2-CO-Arg8-NH2)-Dap(AcSer-Chg-Pro-Dip)-NH2 

 
Ac-c-FLIP530-540-PNA-R8   (36) 
Ac-tgtccctgctc-aea-Arg8-NH2 
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Ac-c-FLIP530-540-scrPNA-R8   (37) 
Ac-ctgctcttccg-aea-Arg8-NH2 

 
Octaarginine   (38) 
Ac-Arg8-NH2 

 
c-FLIP-30--15-PNA-R8   (39) 
H-agggaagctcacaagg-aeea-Arg8-NH2 

 
c-FLIP-13-3-PNA-R8   (40) 
H-catcctactcttagac-aeea-Arg8-NH2 
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c-FLIP-5-11-PNA-R8   (41) 
H-tcagcagacatcctac-aeea-Arg8-NH2 

 
c-FLIP-1-15-PNA-R8   (42) 
H-gacttcagcagacatc-aeea-Arg8-NH2 

 
c-FLIP530-540-PNA-R8   (43) 
H-tgtccctgctc-aeea-Arg8-NH2 

 
(SMC)2-c-FLIP-1-15-PNA-TP10   (44) 
MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-gacttcagcagacatc-aeea-AGYLLGKINLKALAALAKKIL-NH2 
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(AcSMC)2-c-FLIP-1-15-scrPNA-TP10   (45) 
AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-acgacataactcgcgt-aeea-AGYLLGKINLKALAALAKKIL-NH2 

 
(SMC)2-c-FLIP-1-15-PNA-PDEP14   (46) 
MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-gacttcagcagacatc-aeea-RKKRWFRRRRPKWKK-NH2 

 
(AcSMC)2-c-FLIP-1-15-scrPNA-PDEP14   (47) 
AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-acgacataactcgcgt-aeea-RKKRWFRRRRPKWKK-NH2 

(SMC)2-c-FLIP-1-15-PNA-Pip2b   (48) 

MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-gacttcagcagacatc-aeea-(R-Ahx-R)3IHLFQNrRMKWHK-NH2 
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(AcSMC)2-c-FLIP-1-15-scrPNA-Pip2b   (49) 
AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-acgacataactcgcgt-aeea-(R-Ahx-R)3IHLFQNrRMKWHK-NH2 

 
(SMC)2-c-FLIP-1-15-PNA-R8   (50) 
MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-gacttcagcagacatc-aeea-RRRRRRRR-NH2 

 
(AcSMC)2-c-FLIP-1-15-scrPNA-R8   (51) 
AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-acgacataactcgcgt-aeea-RRRRRRRR-NH2 

 
(SMC)2-c-FLIP-1-15-PNA-Penetratin   (52) 
MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-gacttcagcagacatc-aeea-RQIKIWFQNRRMKWKK-NH2 
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(AcSMC)2-c-FLIP-1-15-scrPNA-Penetratin   (53) 
AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-acgacataactcgcgt-aeea-RQIKIWFQNRRMKWKK-NH2 

 
(SMC)2-c-FLIP-1-15-PNA-CLIP6   (54) 
MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-gacttcagcagacatc-aeea-KVRVRVRVpPTRVRERVK-NH2 

 
(AcSMC)2-c-FLIP-1-15-PNA-CLIP6   (55) 
AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-gacttcagcagacatc-aeea-KVRVRVRVpPTRVRERVK-NH2 

 
(SMC)2-c-FLIP-1-15-scrPNA-CLIP6   (56) 
MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-acgacataactcgcgt-aeea-KVRVRVRVpPTRVRERVK-NH2 
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(AcSMC)2-c-FLIP-1-15-scrPNA-CLIP6   (57) 
AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-acgacataactcgcgt-aeea-KVRVRVRVpPTRVRERVK-NH2 

 
(SMC)2-c-FLIP-1-15-PNA-TAT   (58) 
MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-gacttcagcagacatc-aeea-GRKKRRQRRRPPQ-NH2 

 
(AcSMC)2-c-FLIP-1-15-PNA-TAT   (59) 
AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-gacttcagcagacatc-aeea-GRKKRRQRRRPPQ-NH2 

 
(SMC)2-c-FLIP-1-15-scrPNA-TAT   (60) 
MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-acgacataactcgcgt-aeea-GRKKRRQRRRPPQ-NH2 
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(AcSMC)2-c-FLIP-1-15-scrPNA-TAT   (61) 
AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-acgacataactcgcgt-aeea-GRKKRRQRRRPPQ-NH2 

 
(SMC)2-c-FLIP-1-15-GPNA   (68) 
MeAla-Chg-Pro-Dip-Lys(MeAla-Chg-Pro-Dip)-g*ac*tt*ca*gc*ag*ac*at*c-NH2 
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AcSer-Chg-Pro-Dip-Lys(AcSer-Chg-Pro-Dip)-a*cg*ac*at*aa*ct*cg*cg*t-NH2 

 
SMC-N3   (70) 
Ac-Gly-Lys(N3)-Dap(MeAla-Chg-Pro-Dip)-NH2 
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AcSMC-N3   (71) 
Ac-Gly-Lys(N3)-Dap(AcSer-Chg-Pro-Dip)-NH2 

 
(SMC)2-N3   (72) 
MeAla-Chg-Pro-Dip-Gly-Gly-Lys(N3)-Dap(MeAla-Chg-Pro-Dip)-NH2 

 
(AcSMC)2-N3   (73) 
AcSer-Chg-Pro-Dip-Gly-Gly-Lys(N3)-Dap(AcSer-Chg-Pro-Dip)-NH2 

 
SMC-PSO   (74) 
Ac-Gly-Lys(N3-DBCO-ACTTGTCCCTGCTCCTTGAA)-Dap(MeAla-Chg-Pro-Dip)-NH2 
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AcSMC-PSO   (75) 
Ac-Gly-Lys(N3-DBCO-ACTTGTCCCTGCTCCTTGAA)-Dap(AcSer-Chg-Pro-Dip)-NH2 

 
SMC-scrPSO   (76) 
Ac-Gly-Lys(N3-DBCO-AGTTCTCTCTGCCCCTAGAT)-Dap(MeAla-Chg-Pro-Dip)-NH2 

 
AcSMC-scrPSO   (77) 
Ac-Gly-Lys(N3-DBCO-AGTTCTCTCTGCCCCTAGAT)-Dap(AcSer-Chg-Pro-Dip)-NH2 

 
(SMC)2-PSO   (78) 
MeAla-Chg-Pro-Dip-Gly-Gly-Lys(N3-DBCO-ACTTGTCCCTGCTCCTTGAA)-Dap(MeAla-Chg-Pro-Dip)-NH2 
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(AcSMC)2-PSO   (79) 
AcSer-Chg-Pro-Dip-Gly-Gly-Lys(N3-DBCO-ACTTGTCCCTGCTCCTTGAA)-Dap(AcSer-Chg-Pro-Dip)-NH2 

 
(SMC)2-scrPSO   (80) 
MeAla-Chg-Pro-Dip-Gly-Gly-Lys(N3-DBCO-AGTTCTCTCTGCCCCTAGAT)-Dap(MeAla-Chg-Pro-Dip)-NH2 

 
(AcSMC)2-scrPSO   (81) 
AcSer-Chg-Pro-Dip-Gly-Gly-Lys(N3-DBCO-AGTTCTCTCTGCCCCTAGAT)-Dap(AcSer-Chg-Pro-Dip)-NH2 

 
Smac-A 
Boc-Ala-Lys(CO(CH2)4COOH)-Pro-Phe-NH2 
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Smac-1F 
Ala-Lys(CO(CH2)4CO-Pro-Phe-Lys(6-FAM))-Pro-Phe-NH2 

 
Monovalent SMC1   (83) 
MeAla-Chg-Pro-Dip-OH 

 
(SMC1)2-L1   (87) 
MeAla-Chg-Pro-Dip-Gly-Gly-Cys-Lys(Ac)-NH-(CH2)2-NH(MeAla-Chg-Pro-Dip-Gly) 

 
(SMC1)2-L2   (88) 
MeAla-Chg-Pro-Dip-Gly-βAla-Cys-Lys(Ac)-NH-(CH2)3-NH(MeAla-Chg-Pro-Dip-Gly) 
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(SMC1)2-L3   (89) 
MeAla-Chg-Pro-Dip-Gly-GABA-Cys-Lys(Ac)-NH-(CH2)4-NH(MeAla-Chg-Pro-Dip-Gly) 

 
Monovalent SMC2   (99) 
MeAla-Glu-PAMP-SO2Me 

 
(SMC2)2-L1   (103) 
MeAla-Glu(Gly-Cys-Lys(Ac)-NH-(CH2)2-NH(MeAla-Glu-PAMP-SO2Me))-PAMP-SO2Me 

 
(SMC2)2-L2   (104) 
MeAla-Glu(βAla-Cys-Lys(Ac)-NH-(CH2)3-NH(MeAla-Glu-PAMP-SO2Me))-PAMP-SO2Me 
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(SMC2)2-L3   (105) 
MeAla-Glu(GABA-Cys-Lys(Ac)-NH-(CH2)4-NH(MeAla-Glu-PAMP-SO2Me))-PAMP-SO2Me 

 
(SMC3)2-LC1   (115) 
MeAla-Val-PAMP-CO-(CH2)2-CO-Cys-Lys(Ac)-aea-NH(MeAla-Val-PAMP) 

 
Monovalent SMC3   (112) 
MeAla-Val-PAMP-H 

 
(SMC3)2-LC2   (116) 
MeAla-Val-PAMP-CO-(CH2)3-CO-Cys-Lys(Ac)-aeea-NH(MeAla-Val-PAMP) 
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SH-SMC-XIAP222-230-PNA   (118) 
MeAla-Chg-Pro-Dap-Lys(Ac-Lys-Glu-tctccatat)-Cys-NH2 

 
SH-SMC-XIAP223-231-PNA   (119) 
MeAla-Chg-Pro-Dap-Lys(Ac-Lys-Glu-gtctccata)-Cys-NH2 

 
TE-SMC-XIAP211-219-PNA   (120) 
MeAla-Chg-Pro-Dip-Gly-MPA-ccatctatc-Lys-Glu-NH2 

 
TE-SMC-XIAP213-220-PNA   (121) 
MeAla-Chg-Pro-Dip-Gly-MPA-gccatcta-Lys-Glu-NH2 
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N3-SMC-XIAP211-219-PNA   (122) 
N3Ala-Chg-Pro-Dip-Ahx-ccatctatc-Lys-Glu-NH2 

 
N3-SMC-scrPNA   (123) 
N3Ala-Chg-Pro-Dip-Ahx-accttacct-Lys-Glu-NH2 

 
(N3-SMC)2-XIAP211-219-PNA   (124) 
N3Ala-Chg-Pro-Dip-Lys(N3Ala-Chg-Pro-Dip)-ccatctatc-Lys-Glu-NH2 

 
(N3-SMC)2-scrPNA   (125) 
N3Ala-Chg-Pro-Dip-Lys(N3Ala-Chg-Pro-Dip)-accttacct-Lys-Glu-NH2 
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dmTCEP-XIAP221-229-PNA   (126) 
Ac-Glu-Lys-ctccatatt-Lys(dmTCEP)-NH2 

 
dmTCEP-XIAP222-230-PNA   (127) 
Ac-Glu-Lys-tctccatat-Lys(dmTCEP)-NH2 

 
dmTCEP-XIAP223-231-PNA   (128) 
Ac-Glu-Lys-gtctccata-Lys(dmTCEP)-NH2 

 
Ru(II)-XIAP221-229-PNA   (129) 
Ac-Glu-Lys-ctccatatt-Dap(Ru(bpy)2(mcbpy))-NH2 
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Ru(II)-XIAP222-230-PNA   (130) 
Ac-Glu-Lys-tctccatat-Dap(Ru(bpy)2(mcbpy))-NH2 

 
Ru(II)-XIAP223-231-PNA   (131) 
Ac-Glu-Lys-gtctccata-Dap(Ru(bpy)2(mcbpy))-NH2 

 
N3-SMC-OH   (132) 
N3Ala-Chg-Pro-Dip-Ahx-OH 

 
(N3-SMC)2-OH   (133) 
N3Ala-Chg-Pro-Dip-Lys(N3Ala-Chg-Pro-Dip)-OH 
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N3-SMC-XIAP208-219-2’OMe-RNA   (134) 
N3Ala-Chg-Pro-Dip-Ahx-NH-(CH2)6-mCmCmAmUmCmUmAmUmCmUmAmC-3' 

 
(N3-SMC)2-XIAP208-219-2’OMe-RNA   (135) 
(N3Ala-Chg-Pro-Dip)2-Lys-NH-(CH2)6-mCmCmAmUmCmUmAmUmCmUmAmC-3' 

 
Ru(II)-XIAP221-232-2’OMe -RNA    (136) 
5’-mAmGmUmCmUmCmCmAmUmAmUmU-(CH2)6-NH-(Ru(bpy)2(mcbpy)) 
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Ala-Chg-Pro-Dip-Ahx-ccatctatc-Lys(6-FAM)-Lys(Biotin)-Glu-NH2 
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N3-SMC-XIAP211-219-PNA-FAM/Biotin   (138) 
N3Ala-Chg-Pro-Dip-Ahx-ccatctatc-Lys(6-FAM)-Lys(Biotin)-Glu-NH2 

 
N3-SMC-scrPNA-FAM/Biotin   (139) 
N3Ala-Chg-Pro-Dip-Ahx-accttacct-Lys(6-FAM)-Lys(Biotin)-Glu-NH2 
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8.2 NMR Spectra 

8.2.1.1 (N6-bis-Boc-adenosin-9-yl) acetic acid 

1H-NMR-Spektrum (500 MHz, CDCl3): 

 
13C-NMR-Spektrum (126 MHz, CDCl3): 
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1H,1H-COSY-Spektrum (500 MHz, CDCl3): 

 
1H,13C-NMR-Spektrum (500/126 MHz, CDCl3): 
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8.2.1.2 (N4-bis-Boc-cytosine-1-yl)-acetic acid 

1H-NMR-Spektrum (500 MHz, CDCl3): 

 
13C-NMR-Spektrum (126 MHz, CDCl3): 
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1H,1H-COSY-Spektrum (500 MHz, CDCl3): 

 
1H,13C-NMR-Spektrum (500/126 MHz, CDCl3): 
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8.2.1.3 (N2-bis-Boc-O6-benzylguanin-9-yl] acetic acid 

1H-NMR-Spektrum (500 MHz, CDCl3): 

 
13C-NMR-Spektrum (126 MHz, CDCl3): 
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1H,1H-COSY-Spektrum (500 MHz, CDCl3): 

 
1H,13C-NMR-Spektrum (500/126 MHz, CDCl3): 
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8.2.1.4 Thymine-1-acetic acid 

1H-NMR-Spektrum (500 MHz, DMSO-d6): 

 

APT-NMR-Spektrum (126 MHz, DMSO-d6): 
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1H,1H-COSY-Spektrum (500 MHz, DMSO-d6): 

 
1H,13C-NMR-Spektrum (500/126 MHz, DMSO-d6): 
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8.2.1.5 Nα-Fmoc-Nω-Pbf-L-arginine N'-methoxy-N'-methylamide   (63) 

1H-NMR-Spektrum (500 MHz, CDCl3): 

 
13C-NMR-Spektrum (126 MHz, CDCl3): 
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1H,1H-COSY-Spektrum (500 MHz, CDCl3): 

 
1H,13C-NMR-Spektrum (500/126 MHz, CDCl3): 
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8.2.1.6 Nα-Fmoc-Nω-Pbf-L-argininal   (64) 

1H-NMR-Spektrum (500 MHz, CDCl3): 

 

APT-NMR-Spektrum (126 MHz, CDCl3): 
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13C-NMR-Spektrum (126 MHz, CDCl3): 
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8.2.1.7 Nα-Fmoc-Nω-Pbf-L-Arg-Ψ(CH2N)-Gly-OBn    (GPNA Backbone; 65) 

1H-NMR-Spektrum (500 MHz, DMSO-d6): 

 

APT-NMR-Spektrum (126 MHz, DMSO-d6): 
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1H,1H-COSY-Spektrum (500 MHz, DMSO-d6): 

 
1H,13C-NMR-Spektrum (500/126 MHz, DMSO-d6): 
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8.2.1.8 Nα-Fmoc-Nω-Pbf-γ-GPNA-A(Boc,Boc)-OH   (67a) 

1H-NMR-Spektrum (500 MHz, DMSO-d6): 

 

APT-NMR-Spektrum (126 MHz, DMSO-d6): 
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1H,1H-COSY-Spektrum (500 MHz, DMSO-d6): 

 
1H,13C-NMR-Spektrum (500/126 MHz, DMSO-d6): 
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8.2.1.9 Fmoc-γ-GPNA(Pbf)-C(Boc,Boc)-OH   (67b) 

1H-NMR-Spektrum (500 MHz, DMSO-d6): 

 

APT-NMR-Spektrum (126 MHz, CDCl3): 
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1H,1H-COSY-Spektrum (500 MHz, DMSO-d6): 

 
1H,13C-NMR-Spektrum (500/126 MHz, DMSO-d6): 

  



Appendix 

 

- 215 - 

8.2.1.10 Fmoc-γ-GPNA(Pbf)-G(Boc,Boc)-OH   (67c) 

1H-NMR-Spektrum (500 MHz, DMSO-d6): 

 

APT-NMR-Spektrum (126 MHz, CDCl3): 
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1H,1H-COSY-Spektrum (500 MHz, DMSO-d6): 

 
1H,13C-NMR-Spektrum (500/126 MHz, DMSO-d6): 
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8.2.1.11 Fmoc-γ-GPNA(Pbf)-T-OH   (67d) 

1H-NMR-Spektrum (500 MHz, CDCl3): 

 

APT-NMR-Spektrum (126 MHz, CDCl3): 
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1H,1H-COSY-Spektrum (500 MHz, DMSO-d6): 

 
1H,13C-NMR-Spektrum (500/126 MHz, DMSO-d6): 
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8.2.1.12 N-Boc-L-proline N'-methoxy-N'-methylamide   (90) 

1H-NMR-Spektrum (500 MHz, CDCl3): 

 
APT-NMR-Spektrum (126 MHz, CDCl3): 

  



Appendix 

 

- 220 - 

1H,1H-COSY-Spektrum (500 MHz, CDCl3): 

 
1H,13C-NMR-Spektrum (500/126 MHz, CDCl3): 
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8.2.1.13 N-Boc-L-Prolinal   (91) 

1H-NMR-Spektrum (500 MHz, CDCl3): 

 

APT-NMR-Spektrum (126 MHz, CDCl3): 
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1H,1H-COSY-Spektrum (500 MHz, CDCl3): 

 
1H,13C-NMR-Spektrum (500/126 MHz, CDCl3): 
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8.2.1.14 (S)-1-Boc-2-((phenethylamino)methyl)pyrrolidine   (Boc-PAMP; 92) 

1H-NMR-Spektrum (500 MHz, CDCl3): 

 

APT-NMR-Spektrum (126 MHz, CDCl3): 
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1H,1H-COSY-Spektrum (500 MHz, CDCl3): 

 
1H,13C-NMR-Spektrum (500/126 MHz, CDCl3): 
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8.2.1.15 (S)-1-Boc-2-((N-phenethylmethylsulfonamido)methyl)pyrrolidine   (93) 

1H-NMR-Spektrum (500 MHz, CDCl3): 

 
13C-NMR-Spektrum (126 MHz, CDCl3): 
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1H,1H-COSY-Spektrum (500 MHz, CDCl3): 

 
1H,13C-NMR-Spektrum (500/126 MHz, CDCl3): 
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8.2.1.16 (S)-2-((N-phenethylmethylsulfonamido)methyl)pyrrolidine hydrochloride   (94) 

1H-NMR-Spektrum (500 MHz, CD3OD): 

 
13C-NMR-Spektrum (126 MHz, CD3OD): 
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1H,1H-COSY-Spektrum (500 MHz, CD3OD): 

 
1H,13C-NMR-Spektrum (500/126 MHz, CD3ODc): 
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8.2.1.17 (S)-1-Boc-2-(((benzyloxy)carbonyl)(phenethylamino)methyl)pyrrolidine   (106) 

1H-NMR-Spektrum (500 MHz, CDCl3): 

 
13C-NMR-Spektrum (126 MHz, CDCl3): 
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1H,1H-COSY-Spektrum (500 MHz, CDCl3): 

 
1H,13C-NMR-Spektrum (500/126 MHz, CDCl3): 
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8.2.1.18 (S)-2-(((benzyloxy)carbonyl)(phenethylamino)methyl)pyrrolidine hydrochloride   (107) 

1H-NMR-Spektrum (500 MHz, CDCl3): 

 
13C-NMR-Spektrum (126 MHz, CDCl3): 
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1H,1H-COSY-Spektrum (500 MHz, CDCl3): 

 
1H,13C-NMR-Spektrum (500/126 MHz, CDCl3): 
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8.2.1.19 3-(Tritylthio)propionic acid   (MPA; 117) 

1H-NMR-Spektrum (500 MHz, CDCl3): 

 

APT-NMR-Spektrum (126 MHz, CDCl3): 
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1H,1H-COSY-Spektrum (500 MHz, CDCl3): 

 
1H,13C-NMR-Spektrum (500/126 MHz, CDCl3): 
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8.3 Melting Curves 

Shown is the average of three measurements (full) + the first derivative of a sigmoidal fit (dashed). 
 
cFLIP424-434 PNA + c-FLIP RNA [524-543] 

         Ac-tgctccttgaaEK-NH2
 

 ׀׀׀׀׀׀׀׀׀׀׀            
3‘-UGAACAGGGACGAGGAACUU-5‘ 
 

 
cFLIP424-438 PNA + cFLIP RNA [524-543] 

   Ac-tgtccctgctccttgaaEK-NH2
 

 ׀׀׀׀׀׀׀׀׀׀׀׀׀׀׀׀׀      
3‘-UGAACAGGGACGAGGAACUU-5‘ 
 

 
XIAP211-219 PNA + XIAP RNA [211-221] 

  Ac-ccatctatcEK-NH2 
 ׀׀׀׀׀׀׀׀׀     
3‘-ACGGUAGAUAG-5‘ 

 

 
XIAP222-230 PNA +XIAP RNA [221-231] 

 Ac-tctccatatEK-NH2 
 ׀׀׀׀׀׀׀׀׀    
3‘-CAGAGGUAUAA-5‘ 
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XIAP213-220 PNA + XIAP RNA [211-221] 

 Ac-gccatctaEK-NH2 
 ׀׀׀׀׀׀׀׀׀    
3‘-ACGGUAGAUAG-5‘ 

 

 
 
XIAP223-231 PNA + XIAP RNA [221-231] 

Ac-gtctccataEK-NH2 
׀׀׀׀׀׀׀׀׀     
3‘-CAGAGGUAUAA-5‘ 

 

 
 
XIAP211-219 2’OMe-RNA + XIAP RNA [208-232] 

             5‘-CCAUCUAUC-3‘ 

 ׀׀׀׀׀׀׀׀׀                
3‘-UCAGAGGUAUAACGGUAGAUAGAUG-5‘ 

 

 
 
XIAP221-229 2’OMe-RNA + XIAP RNA [208-232] 

   5‘-CUCCAUAUU-3‘ 

 ׀׀׀׀׀׀׀׀׀      
3‘-UCAGAGGUAUAACGGUAGAUAGAUG-5‘ 
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XIAP208-219 2’OMe-RNA + XIAP RNA [208-232] 

             3‘-CCAUCUAUCUAC-5‘ 

׀׀׀׀׀׀׀׀׀׀׀׀                  
3‘-UCAGAGGUAUAACGGUAGAUAGAUG-5‘ 

 

 
 
XIAP221-232 2’OMe-RNA + XIAP RNA [208-232] 

5‘-AGUCUCCAUAUU-3‘ 

׀׀׀׀׀׀׀׀׀׀׀׀     
3‘-UCAGAGGUAUAACGGUAGAUAGAUG-5‘ 
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8.4 Additional Plots 

  

  

  

  

Figure 72 Dose-response experiments for different active and inactive (SMC)2-c-FLIP-1-15-PNA-CPP con-
jugates. A549 cells (2.5x103 cells seeded/well) were incubated with conjugate dilutions in OptiMEM + 100 
µM CQ. After 6 h, conjugate solutions were replaced with growth medium. After 48 h, viability was deter-
mined by alamarBlue™ assay. Error bars = SD (N = 3). 
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Figure 73 Dose-response experiments for different active and inactive (SMC)2-c-FLIP-1-15-PNA-CPP con-
jugates. A549 cells (2.5x103 cells seeded/well) were incubated with conjugate dilutions in OptiMEM. After 
6 h, conjugate solutions were replaced with growth medium. After 48 h, viability was determined by ala-
marBlue™ assay. Error bars = SD (N = 3). 
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88.5 Flow Cytometry 

Figure 74 

Figure 75
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8.6 RT-qPCR Curves 

A B 

C D 

E F 

Figure 76 RT-qPCR analysis on total RNA isolated from A549 cells transfected with 300 nM bivalent 
(SMC)2-PSO conjugates and incubated for 24 h. Representative qPCR amplification curves using primers for 
(A) c-FLIP, (B) GAPDH, (C) HPRT, (D) α-Tubulin. +/+ = (SMC)2-PSO, +/- = (SMC)2-scrPSO, -/+ = (AcSMC)2-
PSO, -/- = (AcSMC)2-scrPSO, AS = PSO, NS = scrPSO, Veh = treated with only transfection agent, NT = no
cDNA. Relative c-FLIP mRNA expression levels determined using (E) HPRT (N = 3) or (F) α-Tubulin (N =1)
as reference genes. (+) indicates the presence of an active (SMC)2 peptide or antisense PSO sequence, (-)
represents an inactivated (AcSMC)2 peptide or scrambled PSO sequence. Error bars = SD. ** = p ≤ 0.01 .
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8.7 Protein and Nucleotide Sequences 

 

8.7.1 XIAP-L-BIR2-BIR3 (120-356) Protein Sequence 

Table 15 Amino acid sequence of the XIAP L-BIR2-BIR3 (120-356)1 construct 

I H-MGSSHHHHHH SSGLVPRGSH M XXI 

120 YLGSRDHFAL DRPSETHADY LLRTGQVVDI SDTIYPRNPA MYSEEARLKS 169 

170 FQNWPDYAHL TPRELASAGL YYTGIGDQVQ CFCCGGKLKN WEPCDRAWSE 219 

220 HRRHFPNCFF VLGRNLNIRS ESDAVSSDRN FPNSTNLPRN PSMADYEARI 269 

270 FTFGTWIYSV NKEQLARAGF YALGEGDKVK CFHCGGGLTD WKPSEDPWEQ 319 

320 HAKWYPGCKY LLEQKGQEYI NNIHLTHSLE ECLVRTT-OH 356 

The N-terminal leader, including His-tag and thrombin cleavage site is highlighted bold. 
1NCBI accession number of the parent protein sequence: NP_001158.2 

 

 

 

8.7.2 XIAP-L-BIR2-BIR3 (120-356) DNA Sequence 

Table 16 DNA sequence of the XIAP L-BIR2-BIR3 (120-356) construct 

001 5’-ATGGGCAGCA GCCATCATCA TCATCATCAC AGCAGCGGCC TGGTGCCGCG 050 

051 CGGCAGCCAT ATGTATCTGG GAAGCAGAGA TCATTTTGCC TTAGACAGGC 100 

101 CATCTGAGAC ACATGCAGAC TATCTTTTGA GAACTGGGCA GGTTGTAGAT 150 

151 ATATCAGACA CCATATACCC GAGGAACCCT GCCATGTATA GTGAAGAAGC 200 

201 TAGATTAAAG TCCTTTCAGA ACTGGCCAGA CTATGCTCAC CTAACCCCAA 250 

251 GAGAGTTAGC AAGTGCTGGA CTCTACTACA CAGGTATTGG TGACCAAGTG 300 

301 CAGTGCTTTT GTTGTGGTGG AAAACTGAAA AATTGGGAAC CTTGTGATCG 350 

351 TGCCTGGTCA GAACACAGGC GACACTTTCC TAATTGCTTC TTTGTTTTGG 400 

401 GCCGGAATCT TAATATTCGA AGTGAATCTG ATGCTGTGAG TTCTGATAGG 450 

451 AATTTCCCAA ATTCAACAAA TCTTCCAAGA AATCCATCCA TGGCAGATTA 500 

501 TGAAGCACGG ATCTTTACTT TTGGGACATG GATATACTCA GTTAACAAGG 550 

551 AGCAGCTTGC AAGAGCTGGA TTTTATGCTT TAGGTGAAGG TGATAAAGTA 600 

601 AAGTGCTTTC ACTGTGGAGG AGGGCTAACT GATTGGAAGC CCAGTGAAGA 650 

651 CCCTTGGGAA CAACATGCTA AATGGTATCC AGGGTGCAAA TATCTGTTAG 700 

701 AACAGAAGGG ACAAGAATAT ATAAACAATA TTCATTTAAC TCATTCACTT 750 

751 GAGGAGTGTC TGGTAAGAAC TACTTAG-3’ 777 
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8.7.3 c-FLIP mRNA Sequence  

Table 17 mRNA sequence (partial) of human c-FLIP with antisense targeting sites. 

-0051 5’-CCGGAGCUGU ACUGCAAGAC CCUUGUGAGC UUCCCUAGUC UAAGAGUAGG -0001 

0001 AUGUCUGCUG AAGUCAUCCA UCAGGUUGAA GAAGCACUUG AUACAGAUGA 0050 

0051 GAAGGAGAUG CUGCUCUUUU UGUGCCGGGA UGUUGCUAUA GAUGUGGUUC 0100 

0101 CACCUAAUGU CAGGGACCUU CUGGAUAUUU UACGGGAAAG AGGUAAGCUG 0150 

0151 UCUGUCGGGG ACUUGGCUGA ACTGCTCTAC AGAGTGAGGC GATTTGACCT 0200 

0201 GCTCAAACGT ATCTTGAAGA TGGACAGAAA AGCTGTGGAG ACCCACCTGC 0250 

0251 TCAGGAACCC TCACCTTGTT TCGGACTATA GAGTGCTGAT GGCAGAGATT 0300 

0301 GGTGAGGATT TGGATAAATC TGATGTGTCC TCATTAATTT TCCTCATGAA 0350 

0351 GGATTACATG GGCCGAGGCA AGATAAGCAA GGAGAAGAGT TTCTTGGACC 0400 

0401 TTGTGGTTGA GTTGGAGAAA CTAAATCTGG TTGCCCCAGA TCAACTGGAT 0450 

0451 TTATTAGAAA AATGCCTAAA GAACATCCAC AGAATAGACC TGAAGACAAA 0500 

0501 AAUCCAGAAG UACAAGCAGU CUGUUCAAGG AGCAGGGACA AGUUACAGGA 0550 

0551 AUGUUCUCCA AGCAGCAAUC CAAAAGAGUC UCAAGGAUCC UUCAAAUAAC 0600 

0601 UUCAGGCUCC AUAAUGGGAG AAGUAAAGAA CAAAGACUUA AGGAACAGCU 0650 

0651 UGGCGCUCAA CAAGAACCAG UGAAGAAAUC CAUUCAGGAA UCAGAAGCUU 0700 

0701 UUUUGCCUCA GAGCAUACCU GAAGAGAGAU ACAAGAUGAA GAGCAAGCCC 0750 

0751 CUAGGAAUCU GCCUGAUAAU CGAUUGCAUU GGCAAUGAGA CAGAGCUUCU 0800 

0801 UCGAGACACC UUCACUUCCC UGGGCUAUGA AGUCCAGAAA UUCUUGCAUC 0850 

0851 UCAGUAUGCA UGGUAUAUCC CAGAUUCUUG GCCAAUUUGC CUGUAUGCCC 0900 

0901 GAGCACCGAG ACUACGACAG CUUUGUGUGU GUCCUGGUGA GCCGAGGAGG 0950 

0951 CUCCCAGAGU GUGUAUGGUG UGGAUCAGAC UCACUCAGGG CUCCCCCUGC 1000 

1001 AUCACAUCAG GAGGAUGUUC AUGGGAGAUU CAUGCCCUUA UCUAGCAGGG 1050 

1051 AAGCCAAAGA UGUUUUUUAU UCAGAACUAU GUGGUGUCAG AGGGCCAGCU 1100 

1101 GGAGGACAGC AGCCUCUUGG AGGUGGAUGG GCCAGCGAUG AAGAAUGUGG 1150 

1151 AAUUCAAGGC UCAGAAGCGA GGGCUGUGCA CAGUUCACCG AGAAGCUGAC 1200 

1201 UUCUUCUGGA GCCUGUGUAC UGCGGACAUG UCCCUGCUGG AGCAGUCUCA 1250 

1251 CAGCUCACCA UCCCUGUACC UGCAGUGCCU CUCCCAGAAA CUGAGACAAG 1300 

1301 AAAGAAAACG CCCACUCCUG GAUCUUCACA UUGAACUCAA UGGCUACAUG 1350 

1351 UAUGAUUGGA ACAGCAGAGU UUCUGCCAAG GAGAAAUAUU AUGUCUGGCU 1400 

1401 GCAGCACACU CUGAGAAAGA AACUUAUCCU CUCCUACACA UAA-3’ 1443 

The AUG start codon is boxed, targeting regions for antisense sequences are underscored. 
NCBI accession number: NM_003879.7 
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8.7.4 mCherry(NLS)-P2A-XIAP (43-109) DNA Sequence 

Table 18 DNA sequence of the mCherry(NLS)-P2A-XIAP (43-109) construct. 

0001 5’-ATGGTGAGCA AGGGCGAGGA GGATAACATG GCCATCATCA AGGAGTTCAT 0050 

0051 GCGCTTCAAG GTGCACATGG AGGGCTCCGT GAACGGCCAC GAGTTCGAGA 0100 

0101 TCGAGGGCGA GGGCGAGGGC CGCCCCTACG AGGGCACCCA GACCGCCAAG 0150 

0151 CTGAAGGTGA CCAAGGGTGG CCCCCTGCCC TTCGCCTGGG ACATCCTGTC 0200 

0201 CCCTCAGTTC ATGTACGGCT CCAAGGCCTA CGTGAAGCAC CCCGCCGACA 0250 

0251 TCCCCGACTA CTTGAAGCTG TCCTTCCCCG AGGGCTTCAA GTGGGAGCGC 0300 

0301 GTGATGAACT TCGAGGACGG CGGCGTGGTG ACCGTGACCC AGGACTCCTC 0350 

0351 CCTGCAGGAC GGCGAGTTCA TCTACAAGGT GAAGCTGCGC GGCACCAACT 0400 

0401 TCCCCTCCGA CGGCCCCGTA ATGCAGAAGA AGACAATGGG CTGGGAGGCC 0450 

0451 TCCTCCGAGC GGATGTACCC CGAGGACGGC GCCCTGAAGG GCGAGATCAA 0500 

0501 GCAGAGGCTG AAGCTGAAGG ACGGCGGCCA CTACGACGCT GAGGTCAAGA 0550 

0551 CCACCTACAA GGCCAAGAAG CCCGTGCAGC TGCCCGGCGC CTACAACGTC 0600 

0601 AACATCAAGT TGGACATCAC CTCCCACAAC GAGGACTACA CCATCGTGGA 0650 

0651 ACAGTACGAA CGCGCCGAGG GCCGCCACTC CACCGGCGGC ATGGACGAGC 0700 

0701 TGTACAAGCC TGCAGCCAAA CGAGTTAAGC TCGACGGAAG CGGAGCTACT 0750 

0751 AACTTCAGCC TGCTGAAGCA GGCTGGCGAC GTGGAGGAGA ACCCTGGACC 0800 

0801 TGGTCTCCGG CCGTCAGCAT CAACACTGGC ACGAGCAGGG TTTCTTTATA 0850 

0851 CTGGTGAAGG AGATACCGTG CGGTGCTTTA GTTGTCATGC AGCTGTAGAT 0900 

0901 AGATGGCAAT ATGGAGACTC AGCAGTTGGA AGACACAGGA AAGTATCCCC 0950 

0951 AAATTGCAGA TTTATCAACG GCTTTTATCT TGAAAATAGT GCCACGCAGT 0100 

1001 CTACAAATTC TGGTATGCTC GAGCAGAAAC TCATCTCAGA AGAGGATCTG 1050 

1051 GCAGCAAATG ATATCCTGGA TTACAAGGAT GACGACGATA AGGTTTAA-3’ 1098 

The templated reaction target sequence (≙ XIAP template RNA [211-231]) is underscored, the XIAP (43-
109) sequence is highlighted bold. 
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8.7.5 XIAP Amplicon for RT-qPCR 

Table 19 DNA sequence of the XIAP amplicon used for RT-qPCR. 

001 5’-ACCGTGCGGT GCTTTAGTTG TCATGCAGCT GTAGATAGAT GGCAATATGG 050 

051 AGACTCAGCA GTTGGAAGAC ACAGGAAAGT ATCCCCAAAT TGCAGATTTA 100 

101 TCAACGGCTT TTATCTTGAA AATAGTGCCA CGCA-3’ 134 

NCBI accession number of the parent mRNA sequence: NM_001167.4 

 

 

 

8.7.6 Primers 

Table 20 DNA sequences of the primers used for sequencing, PCR /RT-qPCR 

Name  Sequence 

T7 sequencing primer  5'-TAATACGACTCACTATAGG-3' 

c-FLIP forward  5'-TGTGCCGGGATGTTGCTATA-3' 

c-FLIP reverse  5'-CAGCTTACCTCTTTCCCGTAAAAT-3' 

GAPDH forward  5'-GAAGGTGAAGGTCGGAGTC-3' 

GAPDH reverse  5'-GAAGATGGTGATGGGATTTC-3' 

HPRT forward  5'-CCTGGCGTCGTGATTAGTGAT-3' 

HPRT reverse  5'-AGACGTTCAGTCCTGTCCATAA-3' 

TUBA1B forward  5'-CCTGGCGTCGTGATTAGTGAT-3' 

TUBA1B reverse  5'-AGACGTTCAGTCCTGTCCATAA-3' 

XIAP forward  5'-ACCGTGCGGTGCTTTAGTT-3' 

XIAP reverse  5'-TGCGTGGCACTATTTTCAAGATA-3' 

mCherry(NLS) forward  5'-CTCACTATAGGGCGGCCGGGATGGTGAGCAAGGGCGAG-3' 

mCherry(NLS) reverse  5'-AAGTTAGTAGCTCCGCTTCCGTCGAGCTTAACTCGTTT-
GGCTGCAGGCTTGTACAGCTCGTCCATGC-3' 

P2A-XIAP (43-109) forward 
 

5'-GGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGC-
TGGCGACGTGGAGGAGAACCCTGGACCTGGTCTCCGGC-

CGTCAGCATCAACACTGGCACG-3' 

P2A-XIAP (43-109) reverse  
5'-GAGATGAGTTTCTGCTCGAGCATACCAGAATTTGTAGA-

CTGCGTG-3' 
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8.7.7 RNA Template Sequences 

Table 21 RNA sequences used for templated reactions and melting curve analysis 

Name Sequence 

c-FLIP RNA [524-543] 5'-UUCAAGGAGCAGGGACAAGU-3' 

XIAP RNA template [211-231] 5'-GAUAGAUGGCAAUAUGGAGAC-3' 

XIAP RNA template [208-232] 5'-GUAGAUAGAUGGCAAUAUGGAGACU-3' 

XIAP 2’OMe-RNA template [208-232] 5'-GUAGAUAGAUGGCAAUAUGGAGACU-3' 

XIAP RNA [211-221] 5'-GAUAGAUGGCA-3' 

XIAP RNA [221-231] 5'-AAUAUGGAGAC-3' 

2’OMe-RNA nucleotides are underscored. Position in brackets relative to AUG start codon in NCBI acces-
sion number: NM_001167.4.  

 

 

 

8.7.8 Other PSO Sequences 

Table 22 Other PSO sequences  

Name Sequence 

ISIS 23296 (antisense) 5'-A*C*T*T*G*T*C*C*C*T*G*C*T*C*C*T*T*G*A*A-3' 

ISIS 132383 (scrambled) 5'-A*G*T*T*C*T*C*T*C*T*G*C*C*C*C*T*A*G*A*T-3' 

FAM-ISIS132383  5'-6-FAM-A*G*T*T*C*T*C*T*C*T*G*C*C*C*C*T*A*G*A*T-3' 

PS linkages are indicated with an asterisk (*). 
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8.8 Plasmid Maps 
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8.9 Abbreviations 

Ac Acetyl 
ACD Accidental cell death 
AcSer, AcS N-acetyl-L-serine 
aea 5-Amino-3-oxopentanoic acid 
aeea 8-Amino-3,6-dioxaoctanoic acid 
AFC 7-Amino-4-trifluoromethyl-coumarin 
Ahx, X 6-Aminohexamoic acid 
Ala, A L-Alanine 
Alloc Allyloxycarbonyl 
Apaf-1 Apoptotic peptidase activating  

factor-1 
Arg, R L-Arginine 
ARTS Apoptosis-related protein in the 

TGFb signalling pathway 
Asn, N L-Asparagine 
ASO Antisense oligonucleotide 
Asp, D L-Aspartic acid 
AU Arbitrary unit 
BAD BCL2-associated agonist of cell death 
BAK BCL-2 homologous antagonist/killer 
BAX BCL-2-associated X protein 
BCL-2 B-cell lymphoma 2 
BCL-w Bcl-2-like protein 2 
BCL-xL B-cell lymphoma-extra large 
BH BCL-2 homology 
Bhoc Benzhydryloxycarbonyl 
BID BH3-interacting domain death 

agonist 
BIM BCL2-interacting mediator of cell 

death 
BIR Baculoviral IAP repeat 
BMF BCL2-modifying factor 
Bn Benzyl 
Boc tert-Butyloxycarbonyl 
bp Base pairs 
Bpy 2,2’-Bipyridine 
BRUCE BIR repeat-containing ubiquitin-

conjugating enzyme 
BSA Bovine serum albumin 
CARD Caspase recruitment domain 
Cbz, Z Benzyloxycarbonyl 
cDNA Complementary DNA 
c-FLIP Cellular FLICE-like inhibitory pro-

tein 
CHAPS 3-[(3-Cholamidopropyl)dimethyl-

ammonio]-1-propanesulfonate 
CHCA α-Cyano-4-hydroxycinnamic acid 
Chg 2-Cyclohexyl-L-glycine 
cIAP Cellular IAP 
CPP Cell-penetrating peptide 
CQ Chloroquine 
Cy Cyclohexane 
CYLD CYLD lysine 63 deubiquitinase 
Cys, C L-Cysteine 
CytC Cytochrome C 
Dap L-2,3-diaminopropionic acid 
DBCO Dibenzocyclooctyne 
DCM Dichloromethane 

DD Death domain 
DED Death effector domain 
DIC N,N’-Diisopropylcarbodiimide 
Dip 3,3-Diphenyl-L-alanine 
DIPEA N,N-Diisopropylethylamine 
DISC death-inducing signalling complex 
DMAP 4-Dimethylaminopyridine 
DMEM Dulbecco's Modified Eagle Medium 
DMF N,N-Dimethylformamide 
DMSO Dimethyl sulfoxide 
dmTCEP (2-Carboxyethyl)bis(3-methoxy-3-

oxopropyl)phosphine 
DNA Deoxyribonucleic acid 
DTT 1,4-Dithiothreitol 
EDC∙HCl 1-Ethyl-3-(3-dimethylaminopro-

pyl)carbodiimide hydrochloride 
EDTA Ethylenediaminetetraacetic acid 
eq. Equivalents 
ESI Electrospray ionization 
et al. et alii 
FADD Fas-associated protein with DD 
FAM Carboxyfluorescein 
FASL FAS ligand 
FASR FAS receptor 
FCS Fetal calf serum 
Fmoc 9-Fluorenylmethyloxycarbonyl 
GABA γ-Aminobutyric acid 
Gln, Q L-Glutamine 
Glu, E L-Glutamic acid 
Gly, G Glycine 
GPNA Guanidinium PNA 
HATU O-(7-Azabenzotriazol-1-yl)-

N,N,N′,N′-tetramethyluronium  
hexafluorophosphate 

HCTU 2-(6-Chlorobenzotriazole-1-yl)-
N,N,N’,N’-tetramethyluronium  
hexafluorophosphate 

HEPES 2-[4-(2-hydroxyethyl)piperazin-1-
yl]ethanesulfonic acid 

HFIP Hexafluoroisopropanol 
His, H L-Histidine 
HPLC High-performance liquid chroma-

tography 
HRK BCL2-interacting protein harakiri 
HTR2 High temperature requirement pro-

tein A2 
IAP Inhibitor of apoptosis protein 
IBM IAP binding motif 
ICAD Inhibitor of caspase-activated 

DNase 
IgG Immunoglobulin G 
IKK IκB kinase 
Ile, I L-Isoleucine 
ILP-2 IAP-like protein 2 
IPTG Isopropyl β-D-1-thiogalactopyra-

noside 
ivDde 1-(4,4-Dimethyl-2,6-dioxocyclo-

hexylidene)-3-methylbutyl 
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IκB Inhibitor of nuclear factor kappa B 
JNK JUN N-terminal kinase 
Leu, L L-Leucine 
LNA Locked nucleic acid 
LRR Leucine-rich repeat 
LUBAC Linear ubiquitin chain assembly 

complex 
Lys, K L-Lysine 
mAb Monoclonal antibody 
MALDI-TOF Matrix-assisted laser desorption/ 

ionization – time of flight 
MalβAla N-Maleoyl-β-alanine 
MAPK Mitogen-activated protein kinase 
MBHA 4-methylbenzhydrylamine 
mcbpy 4’-Methyl-4-carboxy-2,2’-bipyridine 
MCL1 Induced myeloid leukaemia cell 

differentiation protein 
MeAla, MeA N-methyl-L-alanine 
MeCN Acetonitrile 
Met, M L-Methionine 
MIL Minimum inactivating length 
miRNA Micro RNA 
ML-IAP Melanoma IAP 
MOE Methoxyethyl 
MOMP Mitochondrial outer membrane per-

meabilization 
MOPS 3-Morpholinopropane-1-sulfonic 

acid 
MPA 3-Mercaptopropionic acid 
mRNA Messenger RNA 
MS Mass spectrometry 
MsCl Methanesulfonyl chloride 
MTT 4-Methyltrityl 
N3Ala (S)-2-Azido-propionic acid 
NADPH Nicotinamide adenine dinucleotide 

phosphate 
NAIP Neuronal apoptosis inhibitory  

protein 
NCL Native chemical ligation 
NF-κB nuclear factor-κB 
NHS N-Hydroxysuccinimide 
NIK NF-κB-inducing kinase 
NLS Nuclear localization sequence 
NMM N-methylmorpholine 
NMR Nuclear magnetic resonance 
NOXA Phorbol-12-myristate-13-acetate-

induced protein 1 
nt Nucleotides 
Oxyma Ethyl cyanohydroxyiminoacetate 
Pbf 2,2,4,6,7-PentamethyIdlhydroben-

zofuran-5-sulfonyl 
PCD Programmed cell death 
PCR Polymerase chain reaction 
PDB Protein Data Bank 
Phe, F L-Phenylalanine 
PMO Phosphorodiamidate morpholino 

oligomers 
PNA Peptide nucleic acid 
Pro, P L-Proline 
PS Phosphorothioate 

PSO Phosphorothioate oligonucleotide 
PUMA p53-upregulated modulator of 

apoptosis 
RAM Rink Amide 
RFU Relative fluorescence unit 
RING Really interesting new gene 
RIPK Receptor-interacting serine/threo-

nine-protein kinase 
RNA Ribonucleic acid 
RT Room temperature 
RT-qPCR Real-time quantitative PCR 
SAR Structure activity relationship 
Scr Scrambled 
SDS Sodium dodecyl sulfate 
Ser, S L-Serine 
SET Single electron transfer 
SH Thiol 
Smac Second mitochondria-derived acti-

vator of caspases 
SMC Smac mimetic compound 
SPAAC Strain-promoted azide-alkyne 1,3-

dipolar cycloaddition 
SPPS Solid-phase peptide synthesis 
TAB TAK1 and MAP3K7-binding protein 
TAK1 TGF-β-activated kinase 1 
tBID Truncated BID 
TE Thioester 
TEAA Triethylammonium acetate 
TFA Trifluoroacetic acid 
TFMSA Trifluoromethanesulfonic acid 
THF Tetrahydrofuran 
Thr, T L-Threonine 
TIS Triisopropylsilane 
TLC Thin layer chromatography 
TM Transmembrane domain 
TNF Tumour necrosis factor 
TNFR TNF receptor 
TP Transfer product 
TP² Double transfer product 
TRADD TNFR1-associated death domain 
TRAF2 TNF receptor associated factor 2 
TRAIL TNF-related apoptosis-inducing  

ligand 
Tris Tris(hydroxymethyl)aminomethane 
Trp, W L-Tryptophane 
Trt Triphenylmethyl 
Tyr, Y L-Tyrosine 
U Units 
UBA Ubiquitin-associated 
UBC Ubiquitin-conjugating 
UPLC Ultra-performance liquid chroma-

tography 
UTR Untranslated region 
Val, V L-Valine 
Veh Vehicle 
Wt Wildtype 
XAF1 XIAP-associated factor 1 
XIAP X-linked inhibitor of apoptosis pro-

tein 
βAla β-Alanine 
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