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Single-stranded RNA and DNA can fold into defined three-dimensional structures
that can bind molecules and catalyze reactions

http://www.annualreviews.org/doi/pdf/10.1146/annurev.biochem.68.1.611

http://www.annualreviews.org/doi/pdf/10.1146/annurev.biochem.68.1.611


SELEX:  Systematic Evolution of 
Ligands by EXponential
Enrichment



How to make RNA libraries
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http://www.ncbi.nlm.nih.gov/pubmed/17627883


















Fig. 1 Imaging SAM in living cells with RNA. (A) The sensor RNA comprises Spinach (black), a 
transducer (orange), and a target-binding aptamer (blue). 

Jeremy S. Paige et al. Science 2012;335:1194

Published by AAAS



Goal of DNA imaging: 

Time-resolved, 3D positions of the entire

genome, with information on sequence and

epigenetic modification.
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https://www.cancer.gov/about-
nci/organization/ccg/research/structural-
genomics/tcga, 29/5/2020



Outline

1. Why should we study DNA in cells?

2. DNA labeling methods: 
a) DNA dye staining

b) Unnatural nucleosides and pro-nucleotides
c) CASFISH – a CRISPR-dCas9 method

3. Paper

Rieder et al. – Alkene-Tetrazine Ligation for Imaging Cellular DNA 
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1. DNA is involved in many cellular processes that occur on a time scale that can be 
observed with common imaging techniques

Biochem. Soc. Trans. 2018, 46, 729–740.
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1. Questions that could be addressed with DNA imaging
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• To what extent does the structuring of chromatin in topological regions (e.g., chromatin domains) 

contribute to nuclear functioning? On what length scales does this structuring occur? 
• How is it dynamically organized e.g., during the cell cycle or during DNA replication or transcription? 

• How are the dynamical processes themselves responsible for the possibly induced structural changes
of chromatin? 

Genes 2019, 10, 493.



1. Key applications of DNA imaging

Application Labeling method

Cell viability test

Imaging chromatin
Cell cycle analysis, DNA replication and repair

Tracking repetitive loci
Tracking specific, nonrepetitive loci 

Cell impermeable DNA stain

Cell permeable DNA stain
DNA stain, Unnatural nucleosides or pro-nucleotides

DNA binding proteins (Zinc finger proteins)
DNA binding proteins (CRISPR-dCas9 method)
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2. DNA labeling methods: a) DNA dye staining

• Intercalating between base pairs 

• Cyanine monomers and dimers 
(Mono- and bisintercalator)

• Phenanthridines and acridines

• Minor groove binder

• Indoles and imidazoles

https://www.thermofisher.com/de/de/home/references/molec
ular-probes-the-handbook/nucleic-acid-detection-and-
genomics-technology/nucleic-acid-stains.html, 29/5/20
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2. DNA labeling methods: a) DNA dye staining
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Cyanine Dyes:

Properties:
• High turn-on upon DNA binding

• Mostly cell impermeable

Applications:
• Ultrasensitive nucleic acid detection

and quantification in solution or gels

• Dead-live stain to determine cell

cytotoxicity
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2. DNA labeling methods: a) DNA dye staining

Classical Intercalators: phenanthrines and acridines
Properties:
• EtBr and PI are potent mutagens.

• Acridine orange has an emission maximum at 

525 nm when bound to DNA that is shifted to

650 nm when bound to RNA.

Applications:

• PI is a commonly used as chromosome and

nuclear counterstain e. g. in flow cytometry.

• Acridine Orange is a dual-fluorescence nucleic
acid stain that can be used for RNA/DNA 

discrimination measurements. 
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2. DNA labeling methods: a) DNA dye staining

Properties:
• AT-selective.

• DAPI is cell-impermeable whereas

Hoechst33342 and SiR-Hoechst are cell

peremable. 

Applications:

• Nuclear counterstains for fluorescence

microscopy.

• Cell cycle analysis for flow cytometry or
fluorescence microscopy.

Minor groove binders: Indoles and Imidazoles
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2. DNA labeling methods: a) DNA dye staining can give super-resolved images of chromatin
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Chem. Sci. 2019, 10, 1962–1970.

STED nanoscopy images of nuclei in living
fibroblast stained 5-610CP-Hoechst.

Arrows indicate heterochromatin exclusion

zones (HEZs). Scale bar: 1 mm in the large

image and 0.5 mm in the inset.
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2. DNA labeling methods: b) Labeling newly synthesized DNA
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(i) Metabolic processing of nucleoside or pro-nucleotide analogues in living cells.

(ii) Visualization with fluorophores in fixed cells.
TK = thymidine kinase
h = human
HSV = herpes simplex virus
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2. DNA labeling methods: b) Labeling newly synthesized DNA: Unnatural nucleosides

Hum Genet 1986, 72, 129-132. 
Proc Natl Acad Sci USA 2008, 105, 2415-20.
Angew Chem Int Ed Engl 2014, 53, 9168-72.
ACS Chem. Biol. 2014, 9, 16−20.
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Immunostaining with antibody

Cupper-catalyzed azide-alkyne cycloaddition (CuAAC)
k ~ 10 – 200 M-1 s-1

Inverse electron-demand Diels Alder reaction (iEDDA)
kVdU ~ 0.021 M-1 s-1, (other dienophiles: ktetrazines ~ 1 - 104 M-1 s-1)

5-Bromo-
2‘-deoxyuridine 
(BrdU) 

5-Ethynyl-
2‘-deoxyuridine 
(EdU) 

5-Vinyl-
2‘-deoxyuridine 
(VdU) 
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2. DNA labeling methods: b) Labeling newly synthesized DNA: EdU

Org. let. 2006, 8, 17, 3639-42.

• Postsynthethic modification of oligonucleotides using Cu(I) catalyzed azide-alkyne
cycloaddition was first demonstrated by Carell in 2006.

• Applications in mammalian cells were published two years later in 2008.
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2. DNA labeling methods: b) Labeling newly synthesized DNA: EdU

PNAS 2008, 105, 2415-20.

• EdU incorporation can be diminished with
the DNA synthesis inhibitor hydroxyurea.
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2. DNA labeling methods: b) Labeling newly synthesized DNA: EdU

PNAS 2008, 105, 2415-20.

• EdU signals
colocalize with

BrdU signals. 
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2. DNA labeling methods: b) Labeling newly synthesized DNA: EdU

• Whole-mount fluorescent
images of mouse small

intestine, stained to detect

EdU incorporation. 

PNAS 2008, 105, 2415-20.
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2. DNA labeling methods: b) Labeling newly synthesized DNA: EdU

Confocal images of HeLa cells treated with EdU (10 μM, 16 h) before PFA fixation and labeling with
Alexa647-azide and Hoechst33342, scale 25 μm.

Hoechst Alexa Overlay



2. DNA labeling methods: b) Labeling newly synthesized DNA: Unnatural pro-nucleotides
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Chembiochem 2018, 19, 1939-1943. 
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Pivaloyloxymethyl
phosphotriester (=POM) is

cleaved by endogenous

esterases

Bio-orthogonal handle for strain-promoted
azide-alkyne cycloaddition (SPAAC)

k ~ 0.01 – 1 M-1 s-1

→ The larger the handle, the less likely to

be a substrate of endogenous enzymes.

More efficient incorporation into DNA through
protected monophosphate.

→ First phosphorylation is critical for incorporation

into DNA.



2. DNA labeling methods: c) CASFISH – a CRISPR-dCas9 method for fixed cells
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• In vitro assembled dCas9/sgRNA fluorescently labels genomic DNA in cells
• System is derived from Fluorescence-in situ hybridization (FISH), but no DNA denaturation needed.

(i) CRISPR (clustered regularly interspaced short palindromic repeats) -dCas9 (nuclease-deficient

caspase 9) mutant fused HaloTag labelled with JF646 (A)

(ii) sgRNA that is targeting the desired sequences in the genome (B)



2. DNA labeling methods: c) CASFISH – a CRISPR-dCas9 method for fixed cells
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PNAS 2015, 112, 38, 11870-1187.



3. Paper: a) VdU: Rieder et al. - Alkene-Tetrazine Ligation for Imaging Cellular DNA 
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https://onlinelibrary.wiley.com/doi/epdf/10.1002/anie.201403580



3. Paper: a) VdU reacts with pyridyl-tetrazine but not EdU
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→ The VdU ligation is bio-orthogonal to EdU.



3. Paper: a) VdU is incorporated into DNA and can be visualized with Tamra-Tz
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3. Paper: a) VdU is less toxic than EdU

38

→ VdU less toxic as phosphorylation of histones H2AX is less pronounced. 
→ γH2AX formation is associated with DNA strand breakage.



3. Paper: a) VdU can be used for multicolor imaging of newly synthesized DNA
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G1 (11 h)

S (8 h)

G2 (4 h)

M (1 h)

Cell cycle:


