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Nucleic acid-templated chemistry opens the intriguing prospect of triggering the

synthesis of drugs only in diseased cells. Herein, we explore the feasibility of using

RNA-templated chemical reactions for the activation of a known Smac

peptidomimetic compound (SMC), which has proapoptotic activity. Two peptide

nucleic acid (PNA) conjugates were used to enable conditional activation of a masked

SMC by reduction of an azide either by Staudinger reduction or catalytic

photoreduction using a ruthenium complex. The latter provided �135 nM SMC-PNA

on as little as 10 nM (0.01 eq.) template. For the evaluation of the templated

azido-SMC reduction system in cellulo, a stable HEK 293 cell line was generated,

which overexpressed a truncated, non-functional form of the XIAP mRNA target. We

furthermore describe the development of electroporation protocols that enable a

robust delivery of PNA conjugates into HEK 293 cells. The action of the reactive

PNA conjugates was evaluated by viability and flow cytometric apoptosis assays. In

addition, electroporated probes were re-isolated and analyzed by ultra-high

performance liquid chromatography (UPLC). Unfortunately, the ruthenium-PNA

conjugate proved phototoxic, and treatment of cells with PNA-linked reducing agent

and the azido-masked SMC conjugate did not result in a greater viability loss than

treatment with scrambled sequence controls. Intracellular product formation was not

detectable. A control experiment in total cellular RNA isolate indicated that the

templated reaction can in principle proceed in a complex system. The results of this

first-of-its-kind study reveal the numerous hurdles that must be overcome if RNA

molecules are to trigger the synthesis of pro-apoptotic drugs inside cells.
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1 | INTRODUCTION

Targeted tumor 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 expres-

sion patterns, for example, of molecules involved in signal transduc-

tion and/or regulation of apoptosis. Thus, the genetic information of a

cell represents a fundamental marker for the presence of disease.

However, most available drugs act on proteins rather than nucleic

acids.1 Nucleic acid-templated reactions offer a way to translate the

recognition of genetic information into a therapeutic principle acting

on proteins (Figure 1A).2,3 Such a templated reaction would only pro-

ceed in diseased cells expressing disease-specific RNA molecules and

instruct the formation or activation of a peptide that antagonizes a

protein critically involved in cancer.

The idea to use cellular RNA molecules as triggers for drug syn-

thesis4 requires methods that couple RNA recognition with a change

of chemical reactivity. Reactive molecules must be able to “read” and
“translate” the sequence of an RNA molecule into a drug-like output.

A diverse set of nucleic acid programmed chemical reactions is avail-

able for applications in diverse areas such as nucleic acid detection/

imaging,5,6 DNA nanotechnology,7 and DNA-encoded libraries.8,9

Commonly, oligonucleotides are used for recognition of DNA and

RNA templates. For reactions involving peptides, the use of peptide

nucleic acid (PNA) is attractive (Figure 1B). PNA is an oligomer of ami-

noethylglycine that has carboxymethylated nucleobases scaffolded to

the glycine amino group via amide bonds.10–12 Its peptidic nature

facilitates combination of nucleic acid recognition motifs and peptides

in one molecule.13–15 First examples demonstrating the use of PNA in

templated chemistry have been contributed by the groups of Orgel,16

Taylor,17 and our group.18,19 Cai et al. had proposed to use nucleic

acid templated reactions for the release of drugs and used phosphine-

induced Staudinger reduction of azido-dyes as a model (Figure 2A).20

Our work focused on templated peptide coupling reactions such as

the native chemical ligation21 (NCL, Figure 2B).22–33 Very recently, we

extended the scope of NCL chemistry to the DNA/RNA-encoded syn-

thesis of receptor tyrosine kinase inhibitors.34 We, and others, sought

reactions that proceed with turnover in template.30,35,36 This is a

desired feature as the catalytic efficiency provides a means of amplifi-

cation, which increases the sensitivity for nucleic acid detection. Turn-

over is also important for the envisaged templated synthesis/

activation of drug molecules in diseased cells because the proteins

targeted by drugs are usually expressed in higher copy numbers than

the targeted mRNA. To improve upon turnover, we introduced tem-

plated acyl transfer reactions26 (Figure 2C) and applied them to DNA-

and RNA-templated peptide synthesis.29,37–39 In a notable example,

we demonstrated alanine transfer reactions forming a tetrapeptide

motif known to antagonize the X-linked inhibitor of apoptosis protein

(XIAP).29 Using exogenously added DNA template, the reaction pro-

ceeded in cell lysate and the formed product proved able to restore

the activity of caspases. In another example, the synthesis of a cyto-

toxic peptide was put under the control of an RNA template.37 The

reaction outside cells established a cell-penetrating peptide, which

enabled delivery of the cytotoxic peptides into cells. The Winssinger

group focused on the development of templated reactions proceeding

with high speed. After initial work involving phosphine-induced reduc-

tion of azido dyes,40 Gorska et al. published a method that allows the

release of estradiol (Figure 2D).41 They also developed the [Ru2+]-

catalyzed photoreductive cleavage of azido-dyes (Figure 2E)42 and N-

picolinium-quenched dyes (Figure 2F).43 We took advantage of this

chemistry in new reaction formats inducing cleavage of nucleic acid

probes.44,45 The [Ru]-photocatalyzed reduction of N-picolinium

groups as well as the recently reported templated PNA ligation via

selenoester methodology46 proceeds at remarkably high speed

(Figure 2H). Diederichsen used PNA-PNA recognition to direct the

NCL of two peptides (Figure 2G) and photocleavable linkers to enable

the removal of the PNA units after ligation.47

In spite of the variety of template-controlled reactions of PNA-

peptide hybrids that have been reported, the formation of a bioactive

peptide in living cells instructed by endogenous RNA molecules

remained an elusive goal. In this report, we describe our efforts to

F IGURE 1 Principle of a mRNA-triggered
activation of drug-nucleic acid conjugates.
Act = generic reagent inducing drug activation;
NB = nucleobase
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F IGURE 2 Overview of templated reactions with PNA applicable for drug activation
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achieve this aim. For this purpose, we took recourse to a recently

described reaction (Figure 2I), which restores the N-terminal amino

group of an azide-modified Smac peptidomimetic compound (SMC).48

SMCs are based on the AVPI tetrapeptide found at the N-terminus of

the second mitochondria-derived activator of caspases (Smac).49–51

These compounds have pro-apoptotic activity because they bind the

IAP baculoviral repeat (BIR) domains of IAPs and thereby prevent

action of IAP on caspases. Their N-terminal amino group is a require-

ment for high affinity interactions with the BIR domains,52,53 and con-

sequently, azido-SMCs have negligible binding affinity.48 In addition to

having introduced a templated reaction inducing the reduction of a

PNA-linked azido-SMC, we have demonstrated the pro-apoptotic

activity of nucleic acid-SMC conjugates.54 Herein, we describe an

exploration of the templated azido-SMC reduction in live cells. We

assessed reductions induced by a PNA-linked phosphine and reactions

photocatalyzed by a PNA-linked ruthenium complex. Furthermore, the

study included the construction of cell lines expressing mRNA targets

at defined levels, optimization of cellular delivery, establishment of via-

bility/apoptosis assays, and methods for re-extraction of cell-delivered

compounds for detection of reaction products by high-performance

liquid chromatography (HPLC) analysis. The results point to the poten-

tial pitfalls that can be encountered when RNA molecules are sup-

posed to trigger the synthesis of pro-apoptotic drugs inside cells.

2 | MATERIALS AND METHODS

2.1 | Materials

Unless specified, all reagents and solvents were of analytical grade or

the highest available purity. A detailed list of chemicals is available in

the Supporting Information. 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, and RNA templates were obtained from

Biomers.net GmbH (Ulm, Germany). A detailed list of kits, cell culture

supplies, and molecular biology materials is available in the Supporting

Information. The synthesis of the PNA conjugates dmTCEP, Ru, and

N3 was described previously.48 The synthesis of scrambled sequence

control PNA conjugate scr and labeled PNA conjugates N3_biot,

scr_biot, and H2N_biot is described in the Supporting Information.

2.2 | Templated reactions in buffer

Templated reactions were performed in degassed

3-morpholinopropane-1-sulfonic acid (MOPS) buffer (10 mM MOPS,

200 mM NaCl, 0.1% [w/v] CHAPS, pH 7.0) and analyzed by reversed-

phase ultra-high performance liquid chromatography (RP-UPLC)

(System A, Column 3; see Table S4 for details). Reactions were

performed in poplypropylene microvolume inserts (dmTCEP probes)

or black, non-binding 96-well F-bottom plates (Ru(II)-probes) at 25�C

or 37�C using a thermoshaker or a custom-built multiwell plate heat-

ing element connected to a thermostat. For reactions with the

dmTCEP-PNA conjugate, a stock solution of N3-SMC-PNA (2 μM)

and stoichiometric/substoichiometric amounts of RNA or 20OMe

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 N3-SMC-PNA probe: 1 μM,

dmTCEP probe: 2 μM), and the mixture allowed to react for up to 6 h.

For reactions with the Ru(II)-PNA, 5 mM ascorbic acid was added to

the buffer. The stock solution of N3-SMC-PNA (2 μM) and RNA

template (1, 0.3, 0.1, 0.03, 0.01, or 0 eq.) in buffer was prepared

and added to the wells of a non-binding 96-well plate. An equal vol-

ume of Ru(II)-PNA (4 or 6 μM) in buffer was added, the plate sealed

with EASYseal™ adhesive sealer (Greiner Bio-One, Kremsmünster,

Austria) and incubated for 10 min in the dark. The wells were then

irradiated (λ = 455 nm, 1 W) using a M455L3-C1 collimated LED

lamp mounted 15 cm above the plate and controlled by a DC2200

LED driver (Thorlabs, Newton, NJ, USA). 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 analyzed by RP-UPLC. The plate was

resealed and the irradiation continued. Conversion was calculated

from the area under the curve obtained by measuring absorption at

λ = 260 nm.

2.3 | Cell culture

HEK 293 and Jurkat cell lines were maintained at 37�C in a humidified

5% CO2 atmosphere and sub-cultivated in T-75 flasks twice a week.

Cells were cultured in DMEM, supplemented with 10% (v/v) heat-

inactivated fetal calf serum (FCS), 1% (v/v) Penicillin/Streptomycin

mixture (100 U/ml) and 0.5 mM L-glutamine. Stable, XIAP-

overexpressing cell lines HEK 293-XIAP and Jurkat-XIAP were cul-

tured in the presence of 3 μg/ml puromycin selection antibiotic. For

passaging and plating, cells in the exponential growth phase were

washed with phosphate-buffered saline (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 HEK 293 cells). Cells were taken up in DMEM, centrifuged

(5 min, 200 � g) and suspended in fresh medium before being plated

or passaged to new cultivation flasks. Cell density was determined

using a Countess™ II automated cell counter (Thermo Fisher Scientific,

Waltham, MA, USA).

2.4 | Generation of stable cell lines

Stable cell lines were created by using the CRISPR/Cas9 Genome

Knockout Kit (OriGene Technologies, Rockville, MD, USA) and donor

vector pAAVS1-mCherry(NLS)-P2A-XIAP (see Supporting Information
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for plasmid map) generated through Gibson assembly with the manu-

facturer's commercially available pAAVS1-Puro-DNR vector (see

Table S1 for sequence). The target sequence-containing P2A-XIAP

(43–109) fragment was amplified by polymerase chain reaction (PCR)

from a pcDNA3.1-XIAP ORF clone vector (accession number

NM_001167.3; Biozol, Eching, Germany), the mCherry(NLS) fragment

from a plasmid (mCherry-Ftag)55 constructed by Dr. Dhana Friedrich

(Alexander Löwer Group, Technical University Darmstadt, Germany).

The sequence overlaps for Gibson assembly were introduced with

primer overhangs. For each fragment, 10 ng template was mixed with

25 μl 2� Q5® High-Fidelity 2X Master Mix (new England Biolabs,

Ipswich, MA, USA) and 500 nM (final concentration) P2A-XIAP(43–

109) or mCherry(NLS) forward and reverse primer, respectively (for

sequences see Table S2) and filled up to a final volume of 20 μl with

nuclease-free water. Samples were placed in a Biometra T-Gradient

thermocycler (Analytik Jena GmbH, Jena, Germany) and amplified

(initial denaturation: 98�C, 30 s; denaturation: 98�C, 10 s, 30�;

annealing/extension: 72�C, 50 s, 30�; final extension: 72�C, 15 s).

Following amplification, PCR products were mixed with 10 μl 6�
DNA Gel Loading Dye (Thermo Fisher Scientific, Waltham, MA, USA)

and purified by electrophoresis on 1% agarose gels. Prior to Gibson

assembly, the pAAVS1-Puro-DNR plasmid was linearized by double

digest with EcoR1/Not1 restriction enzymes (New England Biolabs,

Ipswich, MA, USA); 1 μg plasmid was mixed with 10� 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. 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 2� 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. For transfection, HEK 293 cells or

Jurkat cells were seeded on a 6-well cell culture plate in 2 ml growth

medium at a density of 3.5 � 105 cells/well and propagated over

24 h to a confluency of 50–70%. Prior to transfection, the medium

was replaced with 900 μl fresh growth medium. For each well, 1 μg

of donor DNA (pAAVS1-mCherry(NLS)-P2A-XIAP) and 1 μg of guide

RNA (pCas-Guide-AAVS1) vectors were diluted with 250 μl Opti-

MEM™, to which 2 μl (1 μl/μg DNA) PLUS™ Reagent was added.

After 5 min, 6 ml Lipofectamine LTX was added and the mixture

incubated for 20 min at room temperature, before being added drop-

wise 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 bright-

est clones was quantified by RT-PCR.

2.5 | Real-time quantitative polymerase chain
reaction

Stable Jurkat XIAP and HEK XIAP cell lines, 2 � 106–4 � 107 cells

were harvested and pelleted by centrifugation (5 min, 200 � g).

The total RNA was extracted using the QIAShredder and RNeasy

Plus Mini kit according to the manufacturer's instructions. RNA

was eluted in nuclease-free water. The extracted RNA was quanti-

fied on a NanoDrop spectrophotometer using its absorption at

260 nm and stored at �80�C. For qPCR measurements, 1 μg total

RNA was reverse-transcribed using the iScript™ cDNA synthesis kit

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, 2.5 ng cDNA were mixed with 10 μl 2� Fast

SYBR Green RT-qPCR Master Mix (Thermo Fisher Scientific) and

250 nM of forward and reverse primers (for sequences see

Table S2) 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, Hercules, CA, USA). Samples were

amplified (polymerase activation: 95�C, 45 s; denaturation: 95�C,

10 s, 40�; annealing/extension: 60�C, 30 s, 40�; final extension:

60�C, 30 s). Following amplification, a melting curve analysis was

performed to assess product homogeneity. Relative expression

levels were calculated by the ΔΔCq method using GAPDH as ref-

erence gene and compared against vehicle treated or wild-type

(WT) cells. Absolute expression levels of XIAP mRNA were

determined using a calibration curve of synthetic XIAP amplicon

(see Table S3; 1:10 dilution series, 10�13 to 10�21 mol). Statistical

analysis (analysis of variance [ANOVA] with post hoc Tukey's test)

was performed on ΔΔCq values with GraphPad Prism (GraphPad

Software, San Diego, CA, USA).

2.6 | Cell delivery by electroporation

Electroporations were performed at room temperature or 4�C, using

a Gene Pulser® Xcell™ electroporation system. Freshly harvested

HEK-WT or HEK-XIAP cells were washed with PBS, spun down

(5 min, 200 � g) and resuspended in room temperature or 4�C Gene

Pulser® electroporation buffer at a concentration of 5 � 106

cells/ml. For each electroporation, 200 μl (800 μl) cell suspension

was introduced in a room temperature 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 single exponential decay pulse (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 � g). To

screen for the optimal electroporation conditions, HEK-WT cells

were electroporated with labeled PNA scr_biot. After recovery, cells

were washed with 15 ml PBS (3�) and split 1:4 before being spun
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down (5 min, 200 � g). The smaller pellet (ca. 2.5 � 105 cells) was

resuspended in 1.25 ml growth medium and seeded on a 96-well

plate at a density of 2 � 104 cells/well. The plate was incubated at

37�C and 5�% CO2 for 24 h. Cell viability was determined by ala-

marBlue™ assay. The bigger pellet (ca. 7.5 � 105 cells) was resus-

pended in 750 μl PBS (theoretical concentration: 1.000 cells/ml). A

solution of propidium iodide in PBS was added (final concentration:

1 μg/ml) and after 1 min incubation, cells were analyzed by flow

cytometry (FAM = transfection efficiency: λEx = 488 nm,

λEm = 700 nm; PI = viability: λEx = 561 nm, λEm = 613 nm).

30.000–50,000 events were recorded for each sample.

2.7 | Cell viability assay

To assess cell viability, the resazurin-based alamarBlue™ cell viability

reagent 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 fluores-

cence intensity was measured on a plate reader (λEx = 530 nm and

λEm = 590 nm). After subtraction of a blank, the fluorescence inten-

sity 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.

2.8 | Flow cytometric apoptosis assay

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 � g) and washed with PBS (1�) before being

stained. 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.

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; 1 � 106 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; 1 � 106 cells/ml)

SYTOX™ AADvanced™ dead cell stain was added, and the cells

stored on ice until analysis. Flow cytometric Annexin V assays were

performed with Annexin V Alexa Fluor™ 488 conjugate. Dead cells

were stained with SYTOX™ AADvanced™ Dead Cell Stain; 1�
Annexin Binding Buffer was prepared by diluting 5� 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 1� Annexin Binding

Buffer; 5 μl Annexin V Alexa Fluor™ 488 conjugate (5 μl per 100 μl

cell suspension; �1 � 106 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; 1 � 106 cells/ml) SYTOX™ AADvanced™

dead cell stain was added, and the cell suspension stored on ice

until analysis. Cells were analyzed 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™ positive). For gating strategy see Figure S3; 30 000–

50 000 events were recorded for each sample.

2.9 | Treatment of cells with reactive 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 (approximately 500 000 cells)

was transferred 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 (approximately 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 alamar-

Blue™ assay.

For alamarBlue™ viability assays with cells that were electropo-

rated with N3-SMC- and dmTCEP-PNA conjugates, cells were resus-

pended in 2.4 ml normal growth medium; 150 μl (approximately

62 500 cells) 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 medium or a dilution of SuperKillerTRAIL™ in medium

(8 ng/ml; final concentration 0.5 ng/ml) was added, and the cells incu-

bated for another 23 h. The following day, viability was evaluated by

alamarBlue™ assay. For flow cytometry-based apoptosis assays, cells

electroporated with N3-SMC- and dmTCEP-PNA conjugates were

resuspended in 4 ml normal growth medium (theoretical concentra-

tion: 250 cells/μl); 1 ml (approximately 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 dilu-

tion 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 evaluated by a flow cytometry-based apo-

ptosis assay.
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2.10 | Isolation of probes from electroporated cells

The cell suspensions of 2–4 electroporations in 0.4 cm cuvettes were

combined (8–16 � 106 cells). After recovery, cells were washed with

15 ml PBS (3�) and optionally irradiated as described above. Cells

were spun down (5 min, 200 � 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 � 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 (3�) 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 solution, and incubating then at 37�C for 2 h. The

eluted peptides in the supernatant were analyzed by fluorescence-

monitored UPLC (system B, column 4; see Table S4 for details).

2.11 | Templated reactions in total RNA isolate

To prepare total RNA isolate, 2 � 108 HEK-WT or HEK-XIAP cells

were harvested and pelleted by centrifugation (5 min, 500 � g). Total

RNA was isolated with TRIzol™ reagent (Thermo Fisher Scientific,

Waltham, MA, USA) according to the manufacturer's instructions:

10 ml TRIzol™ reagent was 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 � g, 4�C), and the colorless upper aqueous phase

transferred to a new tube; 5 ml isopropanol (0.5 ml per 1 ml TRIzol™

used) were added, and the mixture incubated at �18�C for 1 h. The

resulting precipitate was collected by centrifugation (10 min,

12 000 � 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 centrifigation (5 min,

7.500 � g, 4�C). After removing the supernatant, the pellet was air

dried (approximately 10 min) and re-dissolved in 200 μl (1 μl per

1 � 106 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 iso-

late was placed in low-binding micro tubes (Sarstedt, Nümbrecht,

Germany) and warmed to 37�C on a thermoshaker. After addition of

5 mM sodium ascorbate fluorescein- and biotin-labeled N3-SMC-PNA

(2 μM), RNA template (1 eq. if added) and Ru(II)-PNA (4 μM) were

added, and the mixture was irradiated (λ = 455 nm) at 37�C for

60 min. 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 streptavidin beads Dynabeads® M 280 (binding capacity:

100 pmol; Thermo Fisher Scientific, Waltham, MA, USA) were washed

with 500 μl RIPA buffer (3�) 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 incu-

bating then at 37�C for 2 h. The supernatant was analyzed by RP-

UPLC as described in Section 2.10.

3 | RESULTS AND DISCUSSION

3.1 | Design of a nucleic acid templated reaction
leading to activation of an SMC

SMCs such as BV656 (Figure 3A) confer a pro-apoptotic effect by

binding to the BIR2 and BIR3 domains of the XIAP, which can then no

longer block caspase-9.57,58 In addition, SMCs also bind cIAP-1 and -2

and induce their ubiquitylation causing degradation by the protea-

some.56,59,60 Both proteins counteract the activation of the extrinsic

apoptosis pathway by inducing the expression of anti-apoptotic genes

upon signaling through the tumor necrosis factor receptor 1 (TNFR1).

As a result, SMC treatment restores a cell's ability to respond to apo-

ptotic stimuli.

The activity of most SMCs depends on their N-terminal amino

group, which forms multiple hydrogen bridges with the BIR domain

binding pocket.52 Modifications such as dimethylation or acetylation

that prevent protonation are detrimental for binding.52,61 We have

F IGURE 3 (A) The peptidomimetic BV6 antagonizes inhibitor of
apoptosis proteins XIAP, cIAP-1, and cIAP-2. BV6 binds baculovirus
IAP repeat (BIR) domains 2 and 3 of XIAP with nanomolar affinity.
(B) An N-terminally azido-modified derivative of MV1 reduces XIAP
affinity by three orders of magnitude. Reduction of the azido group
restores XIAP affinity.48

ALTRICHTER ET AL. 7 of 17



shown that the replacement of the N-terminal amine of MV1, the

monovalent version of BV6, by an azido group reduces the affinity by

three orders of magnitude (Figure 3B).48 For an RNA-templated reac-

tion, which restores the pro-apoptotic activity of an azido-inactivated

SMC, we had considered two types of templated reactions acting on

N3-SMC-PNA (N3): Staudinger reduction with a PNA-linked phos-

phine and a photocatalyzed reduction using a Ru(II)-complex attached

to PNA (Figure 4). Both reactions have previously been employed for

the RNA-templated reduction of dye azides.20,42

To explore templated unmasking of an N3-SMC, we prepared

PNA conjugates that would bind mRNA templates encoding for XIAP.

This way, overexpression of XIAP mRNA in tumor cells would trigger

the formation of a SMC antagonizing the overexpressed protein. XIAP

mRNA has recently been targeted by antisense molecules.62 As an

N3-SMC, we used the MeAla-Chg-Pro-Dip tetrapeptide also known as

MV1.56 For the synthesis of a conjugate, a lysine residue at the N-

terminus of PNA was extended via the side chain during solid phase

synthesis. For the synthesis of the PNA-linked reducing agents, PNA

was prepared with an Alloc-side chain protected lysine residue at the

C-terminus, which, after deallylation, was used for on-resin coupling

of dimethyl protected TCEP. A similar approach was used for the

introduction of the Ru(bpy)2(mcpy) complex.

3.2 | Templated reduction of azido-SMC-PNA
in vitro

Prior to experiments in cells, the two templated N3-SMC reduction

reactions were analyzed by UPLC analysis. Two equivalents of the

reducing conjugate were combined with one equivalent of N3 and

RNA template. At 37�C, the Staudinger reaction proceeded quickly

and provided 60% yield of H2N-SMC-PNA in only 15 min (Figure 5A).

F IGURE 4 RNA-templated reduction of azido-Smac mimetic
peptide-PNA conjugate N3 with phosphine-armed peptide nucleic
acid (PNA) dmTCEP or Ru(bpy)2(mcbpy)-modified PNA Ru

F IGURE 5 Templated reduction of N3 in (A) Staudinger reaction

with phosphine-peptide nucleic acid (PNA) dmTCEP or
(B) photocatalytic reduction with ruthenium-PNA Ru at varying
amounts of RNA template XIAP[211–231]. Conditions: (A) 1 μM N3,
2 μM dmTCEP in buffer (10 mM MOPS, 200 mM NaCl, 0.1% CHAPS,
pH 7.0), 37�C. (B) 1 μM N3, 2 μM Ru in buffer (10 mM MOPS,
200 mM NaCl, 0.1% CHAPS, 5 mM NaAsc, pH 7.0), 37�C, irradiation
with 0.98 W LED, λ = 455 nm
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The reaction reached a plateau at 70% after 60 min. Without tem-

plate, product formation was negligible. Next, we assessed the reac-

tion on substoichiometric amounts of template. On 0.1 eq template,

the reaction afforded 40% yield. Given the 1 μM concentration of N3

involved, this corresponds to 400 nM product. Of note, 30 nM con-

centration of template (0.03 eq) induced the formation of 100 nM

product.

For an evaluation of the Ru(II)-based probe Ru, the experimental

setup was slightly modified. Instead of micro reaction tubes, the reac-

tions were performed in black, low-binding multiwell plates under a

collimated LED light source (1 W, λ = 455 nm). The Ru(II)-PNA-

catalyzed reactions proceeded significantly faster than the Staudinger

reactions. Using equimolar amounts of RNA template, up to 90%

H2N-SMC-PNA was formed within in 15–20 min. Again, background

in absence of template was extremely low. When the amount of tem-

plate was decreased, it became apparent that the [Ru]-based reduc-

tion is catalytically more active than the Staudinger reduction. In the

presence of 0.03 eq. template (30 nM), the Ru probe provided 40%

yield after 60 min, as opposed to only 10% in the Staudinger reduc-

tion. Most noteworthy was the reaction on 0.01 eq template. Under

these conditions, the Staudinger reduction was inefficient. By con-

trast, 10 nM template instructed the formation of 150 nM product

when Ru was used. The different catalytic efficiencies are due to dif-

ferences of the reaction mechanism. The Staudinger reduction

depletes the concentration of both the N3-SMC-PNA and the reduc-

ing agent dmTCEP-PNA. Therefore, two strand exchange reactions

are necessary to enable turnover. Only a single strand exchange is suf-

ficient for Ru, because the photoreductively active [Ru]-species is

regenerated in presence of ascorbate as stoichiometric reductant. We

concluded: Using a concentration of 1 μM N3-SMC-PNA (N3), signifi-

cant amounts of product H2N-SMC-PNA could be formed with only

10 nM template, a concentration that may realistically be achieved in

overexpressing cells.

3.3 | Creation and evaluation of a cell line
overexpressing a XIAP mRNA segment

Next, we constructed a cell line that overexpresses XIAP mRNA. To

maintain responsiveness to apoptotic stimuli, we designed a short,

non-functional XIAP mRNA fragment (coding for aa 43–109) contain-

ing the target sequence. This gene fragment was inserted into a

pAAVS1 donor vector via Gibson assembly (for plasmid map, see Sup-

porting Information). The resulting fusion sequence mCherry(NLS)-

P2A-XIAP was put under the strong human cytomegalovirus (CMV)

promotor to ensure high expression levels. The construct contains a

P2A self-cleaving peptide sequence, which separates the nuclear

localization sequence (NLS)-tagged fluorescent mCherry protein from

the XIAP fragment upon translation. The former migrates to the

nucleus and was used for evaluation of transfection efficiency and for

flow cytometric sorting of the cells according to their expression level.

The sorted cells were singularized, and individual clones expanded

under puromycin selection.

Our initial attempts focused on transfection of a Jurkat cell line,

which is susceptible to treatment with SMCs. To compare their rela-

tive XIAP mRNA expression levels, a RT-qPCR analysis with primers

spanning the target sequence was conducted. The highest expressing

clone, C10, was subjected to quantification of the target copies per

cell, using a synthetic amplicon as reference (Figure 6). Unfortunately,

C10 demonstrated an only 22-fold higher expression level than WT

Jurkat cells. This corresponds to a copy number of approx. 490 mole-

cules per cell. Given an average Jurkat cell volume of 0.66 pl,63 this

translates into an intracellular concentration of about 1 nM (50 pM

for Jurkat WT), significantly below the previously established 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 turn-over experiments, this was

considered 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

are tumorigenic in nude mice and can be considered a model for malig-

nant neoplasms. Like cancer cells, they have a severely deregulated

transcriptome and overexpress certain cancer associated genes.64

Control experiments revealed that HEK 293 cells respond to proapto-

tic stimuli set by the combined action of the enhanced TNF-based

agent SuperKillerTRAIL™ and an SMC such as BV6 (Figure S1). 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 expressing clones were obtained (Figure S2). 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 number of 14 200 molecules per cell

(Figure 6). Assuming an average cell volume of 1.4 pl (calculated from

F IGURE 6 Evaluation of target mRNA expression levels in
engineered cell lines. Comparison of absolute X-linked inhibitor of
apoptosis protein (XIAP) mRNA expression levels in Jurkat wild-type
(WT) cells and HEK 293 cells and clones stably expressing the
target gene
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the average diameter of HEK 293 WT cells of 13.9 μm65 and assuming

spherical shape), this corresponds to an intracellular target mRNA con-

centration of approximately 17 nM (115 pM for HEK WT).

3.4 | Cellular delivery of PNA conjugates

Lipofection is a convenient and efficient approach for delivery of

oligonucleotides into cells. Unfortunately, PNA cannot be lipo-

fected. A frequently used delivery method takes advantage of cell

penetrating peptides (CPPs).66 However, previous research from

our group exposed the high cytotoxicity of conjugates combining

an SMC agent, a PNA unit, and a CPP module.54 We, therefore,

decided to employ electroporation for delivery. To screen for suit-

able pulse settings, HEK cells were suspended in electroporation

buffer at a concentration of 5 � 106 cells/ml. A

carboxyfluorescein-labeled PNA-probe (2 μM N3-Ala-Chg-Pro-Dip-

Ahx-accttacct-Lys(FAM)-Lys(Biotin)-Glu-NH2, scr_biot) was added to

the suspension to allow a quantification of the uptake by flow

cytometry. Varying the voltage of an exponential decay pulse with

a capacitance of 975 μF, it was learned that efficient delivery

(>80% positive cells) occurs at field strengths above 0.55 kV/cm

(Figure 7A). However, post-pulse cell viability, assessed after 4 h

by propidium iodide staining (flow cytometry) or after 24 h by ala-

marBlue™ assay, 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.

Electroporating the cells in ice-cold buffer using pre-chilled electro-

poration cuvettes and recovering them in warm (37�C) medium

supplemented with 20% serum immediately after the pulse signifi-

cantly enhanced viability without compromising transfection effi-

ciency (Figure 7B). 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 selected for the deliv-

ery of the reactive probes.

3.5 | Exploring templated photocatalytic reaction
with azido-SMC-PNA in target-overexpressing HEK
293 cells

The evaluation of the templated reduction of N3-SMCs in cells was

commenced with Ru(II)-PNA probe Ru, which in test tubes provided a

higher reactivity than the phosphine-based Staudinger probe

dmTCEP. For each experiment, HEK XIAP A5 and WT cells were elec-

troporated with combinations of Ru(II)-PNA (Ru) and match (N3) or

scrambled (scr) N3-SMC-PNA probes using the optimized electropora-

tion conditions. To provide sufficiently high intracellular concentra-

tions, up to 10 μM of the N3-SMC-PNA conjugate was added to the

electroporation buffer. Due to its catalytic activity, a smaller amount

(up to 2 μM) of the Ru(II) conjugate Ru was used. To avoid toxic

effects caused by irradiation of cells at 455 nm, we used a proprietary

DMEM-reformulation (FluoroBrite™), which has reduced

concentration of phototoxic components. Ru(II)-PNA (Ru) and N3-

SMC-PNA (N3) were co-electroporated and, after a 20 min recovery

phase, irradiated for 30 min. Cell viability was evaluated in an alamar-

Blue™ assay after 24 h. Compared with incubation of cells with Ru

and N3 in the dark, irradiation reduced cell viability by more than 40%

(Figure 8A). After 1 h of irradiation, cells were treated with the

enhanced TNF derivative SuperKillerTRAIL™. This reduced viability in

a dose-dependent fashion. Compared with experiments with the N3-

SMC-PNA conjugate N3, the co-electroporation of N3 and Ru was

significantly more potent in reducing viability. However, control

experiments revealed that this effect was also achieved with the

ruthenium probe Ru alone. In an additional set of experiments, we

varied the concentration of the Ru-probe Ru while keeping the con-

centrations of matched (N3) and a scrambled (scr) N3-SMC-PNA con-

stant. The viability decrease caused by irradiation was positively

correlated with the concentration of Ru, which proved phototoxic

over a wide concentration range (Figure 8B). Moreover, no difference

F IGURE 7 Optimization of electroporation conditions. HEK
293 cells were suspended in (A) 25�C or (B) 4�C GenePulser buffer
(5 � 106 cells/ml) containing 2 μM N3-Ala-Chg-Pro-Dip-Ahx-
accttacct-Lys(FAM)-Lys(Biotin)-Glu-NH2 (scr_biot) and electroporated
using tempered 0.2 cm cuvettes and a single exponential decay pulse
at 975 μF with varying voltage. Transfection 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.
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could be detected between cells that had been treated with Ru and

match conjugate N3-SMC-PNA (N3), or those that received the

scrambled control N3-SMC-scrPNA (scr), indicating that any detect-

able differences to the Ru-only treated sample were likely not due to

a templated reaction taking place. The addition of death ligand Super-

KillerTRAIL™ reduced the overall cell viability but failed to produce a

specifically higher toxicity of the reaction system.

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 (N3_biot and scr_biot,

Figure 9). The templated photocatalytic reduction of the FAM-N3-

SMC-PNA (N3_biot) was analyzed by UPLC. Again, in test tubes,

the templated reaction proceeded smoothly (Figure 9A), showing

that conjugation of the N3-SMC-PNA with biotin and FAM is not

perturbing. To isolate the potential product of an intracellular tem-

plated reaction, HEK XIAP A5 and HEK WT cells were electropo-

rated with Ru(II)-PNA (Ru) and match (N3_biot) or scrambled

(scr_biot) biotin-/FAM-labeled N3-SMC conjugate and irradiated for

30 min. Immediately after, the cells were lysed in RIPA buffer with

protease inhibitors. Magnetic streptavidin-coated beads were used

to isolate all biotin-bearing compounds. However, the subsequent

analysis on a UPLC instrument equipped with a fluorescence

detector did not reveal any significant product formation

(Figure 9B). Although a very small peak with the same retention

time as the NH2-SMC-PNA reference conjugate H2N_biot (3.1 min)

was present in all samples, samples isolated from WT cells gave

identical chromatograms, indicating the absence of a catalytic effect

by overexpressed XIAP mRNA. To address the question whether

the cellular mRNA could catalyze a reaction in a less complex envi-

ronment (i.e., in the absence of non-nucleic acid components and

cellular compartmentalization), total RNA was isolated from both

HEK XIAP and HEK WT cells and re-dissolved at physiological con-

centration in buffer (10 mM MOPS, 100 mM NaCl, 0.1% CHAPS,

pH 7.0; 1 pl/cell lysed). The reactive probes (N3_biot and Ru) were

added, and the mixtures were irradiated for 60 min. Subsequently,

streptavidin bead extraction was performed. Like in the previous

experiment, no product formation beyond background reaction

could be detected in either HEK XIAP or WT RNA isolate

(Figure 9C). To verify the reactivity of the probes, RNA extract was

spiked with an additional 1 μM synthetic XIAP RNA. A nearly full

conversion was observed.

To test whether the templated reaction could be carried out in a

cellular environment when sufficient amounts of mRNA template are

present, synthetic target was co-electroporated into the cells. Due to

the abundance of nucleases in the cellular environment, a 20OMe-

stabilized RNA template (XIAP 20OMe-RNA[208–232]) was used

instead of regular RNA. Control experiments in test tubes were

F IGURE 8 Viability of HEK XIAP A5 cells 24 h after electroporation and irradiation with combinations of (A) 10 μM N3-SMC-PNA (N3) and
1 μM Ru(II)-PNA (Ru) in presence or absence of 0–5 ng/ml SuperKillerTRAIL™ or (B) combinations of 5 μM match (N3) or scrambled (scr) N3-
SMC-PNA and 0.25–2 μM Ru(II)-PNA (Ru) in the presence or absence of 0.5 ng/ml SuperKillerTRAIL™, relative to a corresponding non-irradiated
(DARK) control
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performed to verify that 20-OMe template was able to promote the

reduction of the N3-SMC-PNA probe (Figure 10A). Using stoichiomet-

ric concentrations of 20OMe-RNA (1 μM), 90% product were obtained

in 15 min, the same kinetics as for reactions on the unmodified RNA

template XIAP RNA[211–231]. At sub-stoichiometric concentrations

(0.1 μM), the reaction was slower, yielding only 60% instead of 70%

product within the 60 min timeframe of the experiment, which might

be due to a higher melting temperature of the PNA:20OMe-RNA

duplex. Regardless, the 20OMe-RNA template was used in a cell

experiment (Figure 10B). The combination of Ru(II)-PNA (Ru), match

N3-SMC-PNA (N3), and template decreased the viability to 30% com-

pared with 36% when N3 was lacking or replaced by a scrambled

sequence. Considering the standard deviation, this is not significant.

Furthermore, no product was found in a streptavidin bead extraction

following co-transfection of 10 μM Ru, N3, and 20OMe-RNA template

(data not shown).

3.6 | Exploring templated Staudinger reduction of
azido-SMC-PNA in target-overexpressing HEK
293 cells

We considered the possibility that the cellular reducing agents are

ineffective at (re)generating the ruthenium catalyst. Therefore, we

decided to explore the reactivity of electroporated probes that can

trigger the Staudinger reduction, which does not depend on additional

reducing agents.

The dmTCEP-PNA probe dmTCEP and N3-SMC-PNA N3 were

electroporated into the modified HEK 293 cells as described. Interest-

ingly, a slightly stronger response to the combination of N3 and

dmTCEP seemed to occur than to dmTCEP alone or the combination

with scrambled N3-SMC-PNA scr (Figure 11A). Although not statisti-

cally significant, the difference persisted over multiple repetitions of

the experiment. It was decided to further investigate, using an

F IGURE 9 Evaluation of reactions in (A) test tubes, (B) cells, and (C) RNA extract. Conditions: (A) 2 μM Ru, 1 μM N3, or N3_biot; 1 μM RNA
template if added, 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.
(B) HEK XIAP A5 (A5) or HEK wild-type (WT) cells were electroporated with 5 μM authentic reference H2N_biot or N3_biot or scrambled
sequence control scr_biot with or without 1 μM Ru and irradiated for 30 min (0.98 W; λ = 455 nm). Streptavidin bead extracts of lysates were
evaluated by FL-UPLC analysis (λex = 495 nm, λem = 520 nm). (C) RNA isolates from HEK Wt cells or HEK A5 cells were 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), treated with 2 μM Ru, 1 μM
N3_biot or scr_biot and XIAP RNA[211–231] template (if added) and irradiated for 60 min (0.98 W; λ = 455 nm) prior to analysis of streptavidin
bead extracts by fluorescence-monitored ultra-high performance liquid chromatography (UPLC)
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Annexin-V and Caspase-3/7 flow cytometric apoptosis assay, respec-

tively, which allow a finer discrimination between viable, dead, early,

and late apoptotic cell populations. Annexin V is a phospholipid-

binding protein that recognizes phosphatidylserine, which is pre-

sented by early apoptotic cells on their cell surface. For the assay,

HEK XIAP A5 cells were electroporated with 5 μM match (N3) or

scrambled (scr) N3-SMC-PNA and 10 μM dmTCEP. After 24 h of incu-

bation, the cell populations were marked with Annexin V-

AlexaFluor488 or CellEvent Caspase-3/7 apoptosis detection reagent

and a dead cell stain. When the relative shares of viable, apoptotic,

F IGURE 10 (A) Templated reaction between [Ru(II)]-PNA
(Ru) and N3-SMC-PNA (N3) on synthetic 20OMe RNA template (50-
GUAGAUAGAUGGCAAUAUGGAGACU-30). Conditions: 2 μM Ru,
1 μM N3 and 1 μM template (if added) in buffer (10 mM MOPS,
200 mM NaCl, 5 mM NaAsc, 0.1% CHAPS, pH 7.0), 37�C, irradiation
(LED, 0.98 W, λ = 455 nm). (B) Viability of HEK XIAP A5 cells
electroporated with combinations of 5 μM match (N3) or scrambled
(scr) N3-SMC-PNA, 1 μM Ru(II)-PNA (Ru) and 0 or 3 μM XIAP 20-
OMe-RNA template [208–232] in presence or absence of 0.5 ng/ml
SuperKillerTRAIL™, relative to a non-irradiated (DARK) control.

F IGURE 11 Legend on next page.
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and dead cell populations were plotted, the results were not drasti-

cally different from the previous viability assay (Figure 11B). Although

the combined treatment with both dmTCEP and N3 appeared to pro-

duce a slightly larger proportion of late stage apoptotic and dead cells

then dmTCEP alone, the difference between cells that received the

match conjugate and those that were treated with the scrambled ver-

sion remained insignificant. Like before, SuperKillerTRAIL™ was added

in an attempt to stimulate apoptosis, 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 11B; Pulse 2), which was performed last, after electro-

poration 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 11B; 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.67

This effect might mask weak differences between the samples, and

together with the relatively large error, this precludes statistically

meaningful conclusions of the experiment.

4 | DISCUSSION

Although the templated reduction of N3-SMCs proceeded sufficiently

fast and very specific in a cell-free context (particularly the Ru(II)-

catalyzed photoreduction), the approach could not be transferred into

a cellular environment. The observed lack of a biological response spe-

cific to the reaction system could stem from multiple issues. The tar-

get sequence may be inaccessible to the conjugates. This could be the

case if, for example, secondary or tertiary structure elements are pre-

sent. Finding suitable annealing sites is a key issue in the development

of effective antisense molecules. Although a truncated sequence XIAP

mRNA sequence was chosen as target for the templated reaction, it

cannot be excluded that the overexpressed mCherry(NLS)-XIAP RNA

adopts a structure that hinders accessibility.

Another possibility is that the levels of template RNA in the cells

might not suffice to catalyze the templated reaction to the necessary

extent. RT-qPCR experiments revealed that HEK XIAP clone A5

reaches an intracellular target concentration of up to 10 nM. Although

this corresponds to approximately 4% of all cellular mRNA, the turn-

over 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, this may not be enough. Of note, other groups have suc-

cessfully reported the application of templated azide reduction chem-

istries in living cells.68–70 However, these studies either aimed at

uncaging fluorescent dyes or employed self-immolative pyridinium or

azidobenzyl linkers, which react significantly faster

(kapp = 138 � 10�3 s�1) than aliphatic azides (kapp ≈ 1 � 10�3 s�1)

and produce much higher turnover.43 The authors of these studies

also highlighted the importance of the available template concentra-

tions. Gorska et al. successfully used a phosphine-based reaction sys-

tem on a highly expressed miRNA-21 template in MCF-7 cells but

could not confirm a reaction in HeLa cells.68 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; approximately

100–300 nM),71 whereas HeLa has reduced (but still high) levels

(approximately 12 000 copies per cell).72 The expression level of XIAP

mRNA in HEK XIAP A5 (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.

Our experiments involving coelectroporated template point to

another possibility. The 20OMe-modified RNA template was used in

micromolar concentration. Furthermore, 20OMe-RNA is relatively sta-

ble against degradation by nucleases, and the affinity for PNA is

higher than that of RNA for PNA. In spite of these beneficial proper-

ties, UPLC analysis of extracted probes revealed that the templated

reaction did not occur in a cellular context. Perhaps, SMC-PNA probes

are sequestered in the intracellular environment upon interaction with

proteins or intracellular compartments. In previous work, we noticed a

high unspecific cytotoxicity of SMC-PNA-CPP conjugates that we did

not observe with PNA-CPP conjugates.54 This effect may be due to

the SMC's hydrophobicity.

5 | CONCLUSION

In summary, our investigations demonstrated how the unmasking of a

masked SMC can be put under the control of a nucleic template.

Using a set of two PNA conjugates, one bearing an azido-modified

SMC and the other providing a reducing agent, we showed that syn-

thetic RNA templates trigger the formation of an amino-SMC. We

compared two PNA-linked reducing agents:

(i) dimethyltriscarboxyethylphosphine and (ii) Ru(bpy)2(mcbpy). The

latter afforded higher rates, yields, and turnover in template. The

experiments revealed that 10 nM template was sufficient to trigger

the formation of approximately 135 nM amino-SMC-PNA. For an

evaluation of the templated azido-SMC reduction system in cellulo, a

stable HEK 293 cell line was generated, which overexpressed a trun-

cated, non-functional form of XIAP mRNA. Quantitative PCR sug-

gested an intracellular template concentration of approximately

F IGURE 11 Treatment of HEK XIAP A5 cells with N3-SMC- and
dmTCEP-PNA conjugates. (A) Viability 24 h after electroporation with
combinations of 5 μM match (N3) or scrambled (scr) N3-SMC-PNA
and 5/10 μM dmTCEP-PNA (dmTCEP) and incubation in the presence
or absence of 0.5 ng/ml SuperKillerTRAIL™, relative to a pulse-only
control. Determined by alamarBlue assay. (B) Flow cytometric
Annexin V-AlexFluor488/Sytox AADVanced apoptosis assay of cell

populations 24 h after electroporation with combinations of 5 μM N3
or scr and 10 μM dmTCEP and incubation in presence or absence of
0.5 ng/ml SuperKillerTRAIL™. Pulse-only controls were performed at
different times after cells were incubated at 4�C: before (Pulse) and
after (Pulse 2) other cells were electroporated.
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17 nM, which was deemed sufficient for further experiments. How-

ever, 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 product formation. A control experiment in total cellu-

lar RNA isolate revealed that the templated reaction can in principle

proceed in a complex system with competing sequences being pre-

sent; however, the mixture had to be spiked with 1 μM synthetic tar-

get. 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. Consider-

ing the lack of reactivity that was observed when reactive probes

were coelectroporated with synthetic templates, it is also conceivable

that the hydrophobicity of SMC-PNA conjugates impedes reactions in

the intracellular context.

For a given cell target, the concentration and structure of the tar-

geted RNA set unalterable barriers. On the contrary, the drug-like

molecule activated or formed by the envisaged RNA-templated reac-

tion is only limited by the imagination of the researcher. Considering

the results obtained in this study, the focus should be set on com-

pounds that avoid a high hydrophobicity and provide high bioactivity

in the low nanomolar or even subnanomolar range. In future scenar-

ios, PNA-based RNA recognition units may be replaced by oligonucle-

otide strands. Though PNA seems to facilitate turnover,

oligonucleotide-based systems have higher solubility, and delivery

into cells is easier. On these grounds, the science fiction idea of a gene

expression specific synthesis of drugs inside disease cells is still a valid

research objective.
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