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Development of site-specific artificial ribonucleases 
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Many years ago, we investigated anion receptor molecules composed of guanidinium ions. Such 
compounds formed host-guest complexes and accelerated phosphoryl transfer reactions when 
conducted in DMF to promote ion pair formation. However, RNA cleavage under physiological 
conditions was hardly catalyzed by simple guanidines. It was found later that heterocyclic guanidine 
analogs with pKa values shifted towards neutrality (e.g. 2-aminobenzimidazoles) are much better 
suited for this purpose. This observation finally led us to the development of phosphoramidite 1 (A). 
Compound 1 can be attached in high yield to the 5’ end of DNA or LNA oligonucleotides (B). Panel C 
depicts a duplex formed by such DNA-catalyst conjugates and dye-labeled RNA substrates (deoxy-
nucleotides in blue and ribonucleotides in black letters). D shows the resulting cleavage experiment, 
analyzed by gel electrophoresis on an ALFexpress sequencer (Lane 1: RNA substrate; lane 2: RNA 
substrate after incubation with the complementary DNA-catalyst conjugate; lane 3: RNA substrate 
after incubation with a non-complementary DNA-catalyst conjugate; lane 4: hydrolysis ladder of the 
RNA substrate. Comparison with lane 2 identifies the cleavage site of the conjugate). Replacing DNA 
nucleotides by LNA in selected positions further enhances RNA cleavage (substrate half-life about 3.5 
h). Such conjugates can be used as universal artificial RNA scissors without sequence restrictions for 
all kinds of analytical purposes.                                  
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Redirection of RNA/DNA-binding proteins by synthetic adaptor molecules 
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A. Micro RNAs (miRs) are embedded in Argonaute proteins to form RISC complexes (RNA 
induced silencing complex). Binding of such RISCs to the 3’-UTR of mRNAs results in a 
downregulation of protein production, in part by blocking translation, in part by induced 
degradation of the bound mRNA. This mechanism is responsible for the fine-tuning of gene 
expression and affects a large number of human genes. A RISC complex charged with a specific 
miRNA (symbolized here by red color) would bind to the complementary “red” RNA sequence, 
not present in the mRNA example shown above. This mRNA, however, has a different binding 
site, symbolized by blue color. Adaptor 1 consists of a first oligonucleotide part which matches 
the RISC complex (“red”). The second part is complementary to the “blue” sequence of the 
mRNA. Thus, adaptor 1 mediates indirect binding to the 3’-UTR: the “red” RISC is redirected 
to the non-native “blue” binding site. Specifically, the 3’ end of adaptor 1 (“red”) binds to miR-
20a while the 5’ end targets a sterically accessible site in the mRNA of the proto-oncogenic 
kinase PIM1 (“blue”; DNA nucleotides are represented by regular, LNA nucleotides by 
underlined letters). 
B. The human transcription factor SP1 binds to a GC rich consensus sequence. Adaptor 
molecule 2 was synthesized to redirect this protein to a non-cognate site rich in AT. The 
adaptor consists of a DNA duplex (SP1 consensus sequence highlighted in yellow) and a DNA-
binding hairpin polyamide. The problem of self-complexation was solved by eliminating all AT 
rich sequence elements from the DNA part of 2: the hairpin polyamide selectively binds to the 
minor groove of TTGTTA and related duplexes. Adaptor mediated recruitment of SP1 was 
demonstrated by pulldown experiments with a biotinylated capture DNA containing TTGTTA 
and subsequent western blots. 
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Site-directed crosslinking of RNA by quinone methides conjugated to PNA 
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Crosslinking of RNA to complementary oligonucleotides is the chemical background of important 
bioanalytical protocols and may also help to recruit and redirect Argonaute proteins charged with 
specific micro RNAs (see above). For the covalent capture of RNA, we have used conjugates of the 
general structure 5: the PNA part (peptide nucleic acids) ensures sequence specific hybridization with 
the target and the quinone methide (highlighted in yellow) as a potent electrophile reversibly alkylates 
nucleophilic sites within the RNA (RNA nucleotides shown in black, PNA nucleotides in magenta). 
Quinone methides, however, are labile intermediates that cannot be kept in stock. They must be 
formed from appropriate precursors directly before use (QMP: quinone methide precursor). In a first 
approach, we have investigated the conjugate 1. This compound is completely stable in the dark. Upon 
irradiation, however, the nitrobenzyl group is cleaved off and subsequent elimination of acetic acid 
liberates the reactive intermediate 5. Crosslinking yields of 70 % are possible with purine rich target 
RNAs (general product structure 6). 
In a second approach, we have investigated the activation of quinone methide precursors 2 – 4 by 
redox reactions. Due to the presence of glutathione (GSH) at low millimolar concentrations in the 
cytosol, the disulfide bonds of these conjugates are expected to be cleaved upon cell entry. After 
elimination of formaldehyde and of acetic acid, the same reactive intermediated 5 would be formed, 
ready to alkylate complementary RNA (or DNA) strands. The thiol group of GSH, on the other hand, 
might also quench the quinone methides, a reaction that would prevent the alkylation of RNA. 
Contrary to such concerns, we could observe similar rates and crosslinking yields around 70 % as found 
with conjugate 1 (see above) when conjugate 2 was incubated with complementary RNA in the 
presence of 0.5 mM of GSH. The increased steric hindrance in conjugates 3 – 4, however, limited rates 
and yields and high GSH concentrations (10 mM) indeed interfered with RNA crosslinking. 
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Novel tools for the spin-labeling of DNA and RNA 
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Nitroxide radicals are valuable spin labels to study the structure and dynamics of nucleic acids by EPR 
spectroscopy. Although long-living under air and in neutral aqueous solution, conditions typical for the 
solid-phase synthesis of oligonucleotides and for enzymatic ligation steps can lead to partial or even 
complete decomposition of nitroxides. To find a general solution of this problem, we have started to 
develop photolabile protective groups. The coumarin moiety present in phosphoramidites 1 and 2, for 
example, can be removed after oligonucleotide synthesis by irradiation at 405 nm. The nitroxide radical 
is then formed by spontaneous air oxidation of the liberated N-OH group. However, depending on the 
buffer pH, a significant fraction of the material is permanently reduced to the amine.  
A second generation therefore separated the light sensitive part of the protecting group from the labile 
N-O bond by a methylene spacer: the 2-nitrobenzyloxymethyl group present in phosphoramidites 3 – 
7 can be removed without the problem of amine formation. Samples ready for PELDOR studies are 
obtained by irradiation of the protected oligonucleotides at 365 nm and brief heating to eliminate 
formaldehyde - avoiding the need of further purification steps. The steric impact of spin labels is known 
to destabilize folded structures to some extent. This effect is minimized by using the TPA label present 
in phosphoramidite 7. However, to avoid misinterpretations of PELDOR data, we recommend in any 
case to verify the proper fold of spin labeled nucleic acids by secondary structure mapping (e.g. in-line 
probing in the case of RNA). 
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Small molecule ligands acting on viral RNAs 

N

N

NH2

NH2

H
N

N

N

NH2

NH2

H2N N
H

N

N

NH2

H2N

1 2  

TAR, the transactivation response element of HIV, is a stable stem-loop structure of 59 ribonucleotides 
located at the 5’ end of all viral transcripts. TAR binds the arginine rich viral protein Tat in a way that 
mimics the 7SK complex with HEXIM1. The Tat-TAR complex recruits the human positive transcription 
elongation factor b (P-TEFb) to viral mRNAs, causing a phosphorylation of RNA polymerase II and thus 
a dramatic upregulation of viral transcription. Therefore, the search for small molecules binding to TAR 
and blocking its function has been a long-standing field of research. Our group has investigated short 
cationic peptides containing synthetic heteroaromatic amino acids. Some of these peptides show 
significant Tat-TAR inhibition. 
In a different approach, we have combined small ligand fragments into simple heteroaromatic 
molecules. Within few iteration steps, the IC50 value in a Tat-TAR displacement assay could be 
improved from ˃20 mM to 40 µM (compound 1). Subsequent NMR studies with quinazoline 1 
demonstrated the presence of two high affinity binding sites within TAR. We then connected two 
copies of 1 by spacers of different length and rigidity (unpublished work). With dimer 2 a sharp peak 
of activity was found with an IC50 value of 150 nM. 
The lessons learned from HIV-TAR are presently applied to a search for ligands of conserved RNA 
elements from SARS-CoV-2. 
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Anion receptors with nucleophilic side chains: Cleavage of phosphodiesters 
and of DNA  
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Phosphodiester anions are known for their exceptional kinetic stability. Phosphoryl transfer reactions 
catalyzed by enzymes, on the other hand, can be very fast – rate increases up to 17 orders of magnitude 
are known. The active sites of such enzymes typically contain positively charged amino acids and metal 
ions as electrophiles, water or tyrosine side chains as nucleophiles. None of these groups are very 
potent by themselves. The catalytic power of enzymes emerges from the specific arrangement of 
functional groups in the active site. Amidinium alcohol 1 was designed as a simplified model of 
phosphodiesterase enzymes. In dipolar aprotic solvents, the protonated amidine forms ion pairs with 
catechol cyclic phosphate. In comparison with uncharged alcohols, the phosphorylation of the OH 
group of 1 is accelerated by a factor of 2700. This rate effect is explained in part by the proximity of 
reacting groups, in part by electrophilic activation of the phosphate within the ion pair complex. Much 
larger effects (106 to 107fold) are observed with the dicationic alcohol 2. However, the kinetic 
advantage shrinks with less reactive substrates and phosphorylation occurs at the guanidine nitrogens 
preferentially. Systematic variation of the hydroxy side chain (e.g. 3 and 4) finally led us to alcohol 5. 
This compound reacts with several less activated phosphodiesters with high rates and at oxygen 
selectively. Bisguanidinium alcohol 5 at millimolar concentration also cleaves plasmid DNA in aqueous 
buffer. When attached to a minor groove binding hairpin polyamide, plasmid cleavage above 
background by the resulting conjugate 6 is observed at concentrations as low as 78 nM (corresponding 
to 3-4 copies of conjugate 6 per plasmid). The mechanism of cleavage, however, is not yet fully 
characterized. 
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Previous research activities of the group: 
Enantioselective organocatalysis 
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Axially chiral amidines. The rotation around the biaryl axis of amino nitrile 1 is slow and thus two 
diastereomeric rotamers can be separated by HPLC at room temperature. At elevated temperature 
the interconversion of rotamers becomes fast. When the amino group of 1 is deprotonated at high 
temperature, a nucleophilic addition to the nitrile occurs, forming an amidine which can be isolated in 
form of picrate 2. Interestingly, both rotamers react in a stereoconvergent way: a single isomer of 2 is 
produced and the S-configurated stereocenter controls the configuration of the chiral axes and planes 
with perfect selectivity. The reason for this is the chair-like conformation of the newly formed ten-
membered ring in structure 2 and the equatorial position of the methyl group. Cyclization of the other 
rotamer of 1 would force the methyl group into an axial position. This is not possible for steric reasons. 
The same principle also governs the cyclization of other axially-chiral amidines such as compounds 3 
and 4.  

A tailor-made catalyst for the synthesis of (+)-estrone (8). The CD spectrum of amidinium picrate 2 
shows a strong induced band around 420 nm demonstrating the chiral perturbation of the achiral 
picrate ion in the host-guest complex. Similar effects occur with the yellow-colored diketone 6, a 
building block for estrone. Catalyzed by traditional chiral Lewis acids, the Diels-Alder reaction of Dane’s 
diene 5 and diketone 6 had been used previously as a key step in the total synthesis by Quinkert and 
coworkers. As early as in 1992 we believed that binding of 6 to a chiral hydrogen bond donor should 
be an alternative approach to control cycloadditions enantioselectively. Since then, we have been 
active to develop amidinium catalysts for the Diels-Alder reaction of compounds 5 and 6. After 
exchange of picrate against non-coordinating anions (TFPB-: tetrakis(3,5-bis(trifluoromethyl)phenyl)-
borate), the axially chiral amidinium ion 2 indeed accelerates the cycloaddition and induces low levels 
of enantioselectivity. To improve the selectivity via three-point recognition, amidinium ions with 
additional H-bond donors have been synthesized (e.g. 3 and 4). Best results are obtained with 15 mol% 



of catalyst 4 in CH2Cl2 at -30 °C. Estrone precursor 7 is formed in 91 % yield (81 % ee). Further steps 
and a single recrystallization give access to (+)-estrone (99,9 % ee) in a total yield of 24 % based on 
diketone 6. 

Chiral bisamidines and guanidines. Over the years, some other chiral bisamidines 9 – 11 and the 
guanidine 12 have been synthesized and tested as catalysts for enantioselective transformations.  
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Synthetic amino acids and peptidomimetics 
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In a project related to peptidic RNA ligands (see above), we synthesized a variety of synthetic α-amino 
acids with aromatic and heteroaromatic side chains. The S-configurated compounds 1 – 5, for example, 
were prepared from L-glutamic acid with retention of configuration. Analogous methods to obtain 
compounds with a C2 linker started from L-aspartic acid or L-methionine. The R-configurated amino 
acids like 6 and 7 could be prepared from R-allyl glycine via Myers alkylation. 

Compounds designed to mimic α-peptide helices are interesting candidates to block protein-protein 
interactions. A well-studied class of helix mimetics are terphenyls decorated with appropriate side 
chains. As a structural alternative to terphenyls we have developed the related teroxazoles. The 
synthesis of compounds 8 – 10 started from serine, threonine or threonine derivatives with extended 
side chains. The amino acids were then assembled by solid-phase peptide synthesis, and ring closure 
was achieved by a Robinson-Gabriel oxazole synthesis. 

The Catellani reaction is a versatile three-component reaction catalyzed by palladium and norbornene. 
We have applied this reaction to synthesize a number of non-natural amino acids like 11, building 
blocks used to prepare the peptidomimetics 12, 13 and others. Such peptidomimetics interfere with 
the aggregation of Aβ towards amyloid plaques, a phenomenon involved in the development of 
Alzheimer’s disease. 

Selected references: 

1. Stark, T., Lieblein, T., Pohland, M., Kalden, E., Freund, P., Zangl, R., Grewal, R., Heilemann, 
 M., Eckert, G. P., Morgner, N., and Göbel, M. W. (2017). Peptidomimetics that inhibit and 
 partially reverse the Aggregation of Aβ1-42. Biochemistry 56, 4840–4849.  
 https://doi.org/10.1021/acs.biochem.7b00223 

 2.  Stark, T., Suhartono, M., Göbel, M. W., and Lautens, M. (2013). A Palladium-Catalyzed 
 Domino Reaction as Key Step for the Synthesis of Functionalized Aromatic Amino Acids. 
 Synlett 24, 2730–2734.  
 https://doi.org/10.1055/s-0033-1339892 

https://doi.org/10.1021/acs.biochem.7b00223
https://doi.org/10.1055/s-0033-1339892


3. Cernescu, M., Stark, T., Kalden, E., Kurz, C., Leuner, K., Deller, T., Göbel, M., Eckert, G. P., and 
 Brutschy, B. (2012). Laser-Induced Liquid Bead Ion Desorption Mass Spectrometry: An 
 Approach to Precisely Monitor the Oligomerization of the β-Amyloid Peptide. Anal. Chem. 84, 
 5276–5284.  
 https://doi.org/10.1021/ac300258m 

4. Pinto Gomes, C., Metz, A., Bats, J. W., Gohlke, H., and Göbel, M. W. (2012). Modular Solid-
 Phase Synthesis of Teroxazoles as a Class of α-Helix Mimetics. Eur. J. Org. Chem., 3270–3277.  
 https://doi.org/10.1002/ejoc.201200339 

5. Suhartono, M., Schneider, A. E., Dürner, G., and Göbel, M. W. (2010). Synthetic aromatic 
 amino acids from a Negishi cross-coupling reaction. Synthesis, 293–303. 
 https://doi.org/10.1055/s-0029-1217124 

6. Breitung, S. T., Lopez, J. J., Dürner, G., Glaubitz, C., Göbel, M. W., and Suhartono, M. 
 (2008). A practical synthesis of the 13C/15N-labeled tripeptide N-Formyl-Met-Leu-Phe, useful 
 as a reference in solid-state NMR spectroscopy. Beilstein J. Org. Chem. 4, No. 35. 
 https://doi.org/10.3762/bjoc.4.35 

7. Suhartono, M., Weidlich, M., Stein, T., Karas, M., Dürner, G., and Göbel, M. W. (2008). 
 Synthesis of non-natural aromatic alpha -amino acids by a Heck reaction. Eur. J. Org. Chem., 
 1608–1614. 
 https://doi.org/10.1002/ejoc.200701124 

8. Ludwig, V., Krebs, A., Stoll, M., Dietrich, U., Ferner, J., Schwalbe, H., Scheffer, U., Dürner, G., 
 and Göbel, M. W. (2007). Tripeptides from synthetic amino acids block the Tat-TAR 
 association and slow down HIV spread in cell cultures. Chembiochem 8, 1850–1856. 
 https://doi.org/10.1002/cbic.200700232 

9. Krebs, A., Ludwig, V., Pfizer, J., Dürner, G., and Göbel, M. W. (2004). Enantioselective 
 synthesis of non-natural aromatic alpha-amino acids. Chemistry 10, 544–553. 
 https://doi.org/10.1002/chem.200305421 

 

 

 

 

 

 

  

https://doi.org/10.1021/ac300258m
https://doi.org/10.1002/ejoc.201200339
https://doi.org/10.1055/s-0029-1217124
https://doi.org/10.3762/bjoc.4.35
https://doi.org/10.1002/ejoc.200701124
https://doi.org/10.1002/cbic.200700232
https://doi.org/10.1002/chem.200305421


Template controlled oligomerization of RNA 

O
O

OH

N

N

N

NH

O

NH2

P
O

O

O
O

HO OH

N

N

N

NH

O

NH2

_ O

N
P

O

O

O
O

HO

N

OH

H3C N

N

N

NH

O

NH2

_

primer

activated nucleotide

Mg2+ G*

N
P

O

O

O
O

HO

N

OH

H3C N

N

N

NH

O

NH2

_
N

P
O

O

O
O

HO

N

OH

H3C N

N

N

N

NH2_

A*

N
P

O

O

O
O

HO

N

OH

H3C N

N

N

N

NH2

NH2

_

D*

N
P

O

O

O
O

HO

N

OH

H3C N

_

U*

NH

O

O

N
P

O

O

O
O

HO

N

OH

H3C N

_

C*

N

O

NH2

G*

3´

3´

3´

3´

5´ 3´

3´

3´

3´

primer 1

primer 2

+ G* + D*

5´ + G* + D*

1.

2.

3.

4.

G G C C T T C C

G G C C T T C C

T3

T3

CC C C CC

CC C C CC G

G G

CC C C CC

UC U C CC

G

CC C C CC

UC U C CC

D

T16T16

T16 T16

D

D

DD

D

D

G G

G

G

GG Cy5 G

G Cy5

Cy5

Cy5G

G

G

Cy5

G G

G GCy5

G G

G

G

G

G

A

B

 

A. Classical experiments by Leslie Orgel have shown that template-controlled primer extension is 
possible with ribonucleoside 5’-phosphates activated by 2-methyl imidazole (e.g. G*). 3’,5’ bonds are 
formed preferentially in this enzyme-free reaction. Although surprisingly effective, spontaneous self-
replication and Darwinian evolution have never been observed in such experiments. Some years ago, 
we have inspected the Orgel system and found solutions to overcome some of the obstacles.   
1. The primer-template duplex should adopt the A-helix conformation. Thus, at least one of the 
strands, primer or template, should consist of ribonucleotides. 
2. High concentrations of Na+, which have been used previously, do not accelerate the primer 
extension. In contrast, they induce quadruplex formation of G-rich strands. At low Na+ concentrations, 
the assembly of C* on oligo-G templates works quite effectively. 
3. Replacement of adenosine (A*) by the corresponding diamino purine analog (D*) impressively 
improves the primer extension opposite to U or T sites in the template as a result of increased base 
pair stability. 

B. Taking advantage of our experimental improvements, we were able to carry out an PCR-inspired 
experiment: Step 1. The dye-labeled RNA primer 1 is incubated with G* and D* in presence of a DNA 
template (RNA: black letters; DNA: grey; freshly assembled RNA: red). Step 2. Primer 1 has been 
extended by the sequence GGDDGG (red). Step 3. After isolation, the red part of the extended primer 
now serves as a binding site for the orthogonal primer 2. Chain extension starts in the presence of the 
activated monomers G* and D*. Step 4. Full extension of primer 2 completes the replication of the 
template sequence introduced in step 1. In contrast to PCR, however, a purification of the extended 
primer 1 is indispensable for the success of the reverse reaction in steps 3 and 4. Although mixed 
sequences of G and D are easily obtained in Orgel-type oligomerization experiments, the yield drops 
with pyrimidine monomers (C*) and each change between purines and pyrimidines has a deleterious 
effect on chain extension. 
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